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Figure 6. MicroCT image strips and line profiles of O. annularis. Line profile analyses 

were collected from vertical transects in the center of each cropped microCT image. Refer 

to Figure 2B for precise location of each vertical transect within each coral head. Blue line 
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profiles are average intensity volume projections and red line profiles are Enhanced Local 

Contrast (CLAHE) intensity volume projections. Small black arrows represent prominent 

HDB peaks distinguished by the bright white HDB layers in the adjacent image. Known 

outermost growth surfaces at the time of sampling in 2006 and 2019 are shown with black 

dashed lines. Major peaks at the base of PK2019 and SB2019 CLAHE plots (<0.5 cm from 

the base) are interpreted as false peaks due to the contrast between the skeleton and 

background.  
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Figure 7. X-radiograph image strips and line profiles of O. annularis. Line profile analyses 

were collected from vertical transects in the center of each cropped x-radiograph image. 

Precise location of each vertical transect within each coral head is shown in Figure 3B. 
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Blue line profiles are average intensity volume projections and red line profiles are 

Enhanced Local Contrast (CLAHE) intensity volume projections. Small black arrows 

represent prominent HDB peaks distinguished by the bright white HDB layers in the 

adjacent image. Known outermost growth surfaces at the time of sampling in 2006 and 

2019 are shown with black dashed lines. 
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Original Skeletal Structure and Nomenclature of O. annularis 

Detailed micro- and nanoscale skeletal structural analyses of O. annularis coral 

skeletons have been used to determine the numerical taxonomy and the evolutionary 

relationship of O. annularis with other coral species (e.g. Stolarski and Roniewicz 2001; 

Budd et a. 2012; Kitano et al. 2014). Skeleton nomenclature and architecture are discussed 

in the following section in order to accurately analyze coral skeleton architecture in the 

context of CSDB stratigraphy. The individual skeletal cups (corallite or calyx) in which 

the O. annularis polyp sits, is on average 2.3 mm in diameter and contains 24 radially-

distributed vertical skeletal walls (septa) within each corallite that support and anchor the 

living polyp based on previous research (Fig. 8; Weil and Knowlton 1994; Budd et al. 

2012). Spacing between corallites in O. annularis is approximately 2 mm in O. annularis 

(Weil and Knowlton, 1994). The Orbicella annularis skeleton in thin section exhibits the 

original coral skeletal architecture secreted by multiple individual polyps within the coral 

animal. The complex crystalline microstructure of O. annularis skeletons has been studied 

in detail and combined with molecular analyses to determine the phylogenetic history of 

the Family Merulinidae (Budd et al. 2012). In the present study, the names of individual 

skeletal elements will follow the nomenclature presented in Budd et al. (2012).  
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Figure 8. Terminology for skeletal components in O. annularis. (A-B) Photographs of the 

PK2006 coral skeleton surface showing the corallite (C), septa (S), columnella (CM) and 

costae (CS) skeletal components. (C) Horizontal virtual microCT cross section from 

PK2006 showing the corallite (C), theca (T), septa (S), columnella (CM), coenosteum 

(CE), costae (CS), and exothecal dissepiment (ExD) skeletal components. Note the distinct 

shift in growth trajectory within just a few millimeters. 
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The coral skeleton thin sections are dominated by individual skeletal cups 

(corallites) composed of various complex elements (Fig. 8). Individual coral polyps form 

corallites through secretion of an aragonite (CaCO3) skeleton for structural support. A 

single coral animal can include hundreds to thousands of coral polyps and corallites that 

form a rigid skeleton. Approximately 50 µm-thick circular walls (theca) define the edge of 

a single corallite in thin section (labelled T in Fig. 8C). Theca are often jagged and thicker 

than the surrounding skeletal elements in order to provide adequate support for the coral 

polyp (Fig. 8). Corallites are composed of smaller skeletal features that lie within the theca 

(endothecal) and outside the theca (exothecal). Major skeletal endothecal components 

include 5 µm-thick vertical walls (septa) that radially grow from the theca, irregular and 

globular structures (columnella) in the center of the corallite, and thin ~0.5 µm-thick 

horizontal skeletal elements (endothecal dissepiments). The exothecal skeletal elements 

form in the space between different corallites (coenosteum). On the surface of the skeleton, 

small ridges (costae) run between corallites and connect to the theca and septa within a 

corallite (Budd et al. 2012; Fig. 8B). As the coral grows, costae walls form as the coral 

skeleton grows vertically upwards that provide structural support for the overall skeleton 

and to maintain the shape of the skeleton (labelled CS in Fig. 8 B, C). 1-2 µm-thick 

horizontal skeletal elements (exothecal dissepiments) form between the costae walls (Fig. 

8).  
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Figure 9. Photomicrographs of costae and exothecal dissepiments in O. annularis. (A-C) 

A representative costae cross-section photomicrograph in (A) brightfield (BF), (B) phase 

contrast (PC), and (C) polarization (POL). Multiple centers of calcification (COC) occur 

along the center of the costae. Sclerodermite (SC) aragonite needle bundles radiate from 

each COC and combine to form the costae. Fine concentric layering (L) occurs within the 
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sclerodermites. Individual sclerodermites abut and terminate against each other along their 

margins (M). (D-F) A representative cross-section of the attachment of an exothecal 

dissepiment to a costae in (D) BF, (E) PC, and (F) POL. Each dissepiment is composed of 

small COCs that form several sclerodermites (SC) which connect to the costae at a defined 

margin (M). The bottom side of the dissepiment is lined with fine 2-3 µm-thick acicular 

aragonite needles (A). 

 

  



 

 

39 

 
 

Figure 10. Photomicrographs of an exothecal dissepiment in O. annularis. (A) Brightfield 

(BF) and (B) polarization (POL). The dissepiment exhibits a sharp contact (M) with the 

costae on either side. Centers of calcification (COC) and sclerodermites (SC) grow 

horizontally away from the costae and eventually abut in the center to form an exothecal 

dissepiment. Directionality of growth is indicated by the orientation of aragonite needles 

in the sclerodermites in the dissepiment pointing away from the costae. Fine aragonite 

needles (A) line the bottom side of the dissepiment. Borings (B) occur along the entire 

dissepiment and the costae walls. The borings appear to track the distribution of COCs in 

the dissepiment. 
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Due to the multiple directions coral polyps grow on the seafloor, the corallite and 

coenosteum are cut at various different angles from oblique to nearly vertical cross sections 

of the skeletal structures. In an oblique cut, the circular corallite structure is distorted to an 

oblong shape with thin septal walls pointing towards the center of the corallite (Fig. 8). In 

a subvertical cross section view, the long subvertical to vertical columns of theca and 

columnella are shown (Fig. 8C). The columella is located in the center of the corallite and 

can be tracked down through the corallite (Fig. 8C). Horizontal endothecal dissepiments 

are fragile and connect to the septa, theca, and columnella within each corallite. Septa are 

not present in the subvertical cross section view. The coenosteum structure is not highly 

distorted due to the various orientation of skeleton cuts. Exothecal dissepiments and costae 

walls form multiple, adjacent ladder-like structures that are 0.5 mm in width (Fig. 8C).  

The corallite and coenosteum structures consist of multiple 5-20 µm-diameter 

bundles of needle-like (acicular) aragonite crystals that grow from regions of granular 

(microcrystalline) aragonite crystals (Figs. 9A-C). The microcrystalline aragonite region 

was termed by Ogilvie 1896 as a center of calcification (COC) which is the terminology 

that will applied in this study. COCs create a pathway through the theca and costae walls 

as the coral polyps secrete new skeleton and grow upwards from the seafloor (Figs. 9A-C). 

An individual COC region produces a fan-shape cluster of acicular aragonite crystals 

(sclerodermite) that grows horizontally away from the COC in all directions (labelled SC 

in Figs. 9A-C). 0.1 µm-thick high frequency layering is produced in the sclerodermites as 

they grow towards the outside of the skeleton walls (Fig. 9B). As the walls in the skeleton 

grow upward through time, multiple sclerodemites grow and collide with one another to 
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produce a distinctive margin defined by microcrystalline aragonite cement (labelled M in 

Fig. 9). These sclerodermites meld together to create the robust, structurally-supported 

theca and costae walls that define the corallite and coensteum regions of the coral skeleton.  

The endothecal and exothecal dissepiments in the coral skeleton utilize the same 

building block elements of COC and sclerodermites as the skeletal wall structures (Figs. 

9D-F, 10). The dissepiments consist of two pathways of COCs that connect to two adjacent 

theca and/or costae walls (Fig. 10). At the edges of the dissepiment, a COC grows upward 

at an oblique angle into the pore space of the skeleton. As the COC pathway is tracked 

across the dissepiment, the COC orientation becomes horizontal (Figs. 9D-F, 10). The 

orientation of the aragonite crystals within sclerodermites follow the same pattern as the 

COCs in the dissepiment (Figs. 9D-F, 10). The sclerodermites abut against the theca and/or 

costae walls and form a margin between the dissepiment and the skeletal wall (labelled M 

in Figs. 9D-F, 10). In the center of the dissepiment, the orientation of the aragonite needles 

in the sclerodermites become pointed upward (Fig. 10). The underside of the dissepiment 

is nearly completely covered by ~500 nm-thick acicular aragonite crystals (labelled A in 

Figs. 9D-F, 10). These thin aragonite crystals grow on top of COCs (Figs. 9D-F, 10). 

  

Thickened Skeletal Walls and Dissepiments within HDBs 
 
 Under high resolution thin section microscopy, density bands within the CSDB 

stratigraphy are original skeleton bands. Original skeleton density bands are composed of 

differences in the thickness of exothecal dissepiments and costae walls moving vertically 

through the skeleton. The skeletal elements in the exothecal areas are consistently thicker 
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in HDBs than LDBs (Fig. 11). The slight variations of thickness are further expressed and 

more readily shown in a 5 mm slice of coral skeletons to create different density layers 

observed in CSDB stratigraphy. Three prominent HDBs in the PK2019 and SB2019 coral 

skeletons show abnormally thickened costae walls that form denser HDBs (Fig. 12). No 

exothecal dissepiments are developed in these bands as the costae walls are overthickened 

and adjacent walls abut against one another (Fig. 12C-F). The aragonite crystals in 

sclerodermites point toward each other and abut against one another to form an irregular 

margin between adjacent costae walls (Fig. 12E, F). As a result, pore space between the 

costae walls are not formed to produce a bright, white HDB in standard XRD (Fig. 12A, 

B). The thickened skeletal walls are not horizontally continuous across the prominent band 

as the endothecal dissepiments and columnella elements maintain their shape and regular 

thickness (Fig. 12D, F). The pore space within the endothecal area is maintained as well. 

Another type of band, diagenetic bands, has been observed within Porites coral species on 

the Great Barrier Reef in Australia (Sivaguru et al. 2019). During the present study these 

digenetic bands were not observed within the three O. annularis coral skeletons. 

 


