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Next-generation high resolution brightfield microscopy, x-radiography, and
microcomputed tomography (microCT) analyses indicate that coral skeleton high
density band (HDB) and low density band (LDB) stratigraphic sequences record
dynamic changes in coral growth history. HDB-LDB sequences were studied within
three small heads of Orbicella annularis, an ecological keystone species in the Caribbean
Sea, collected from the leeward fringing reefs on Curacao. Results indicate that HDB
layers are formed by the thickening of exothecal and endothecal dissepiments, costae,
and theca located at the margin and external to individual skeletal cups (corallites).
Conversely, septa and columellas located inside individual corallites do not change
in thickness. HDB-LDB stratigraphic sequences were laterally traced from the center
to the margins of individual coral heads, demonstrating that shifts took place in the
trajectory of coral skeleton growth. Normal HDB layers in the center of individual coral
heads are formed at the same time (age-equivalent) as surfaces of erosion and no
skeleton growth (hiatuses) on the margins of the heads. These hiatus surfaces within
HDB-LDB stratal geometries indicate that multiple marine ecological and environmental
processes affect the orientation, size, shape, and geometry of coral skeletons during
coral growth history. The presence of these hiatus surfaces in other large coral heads
would strongly impact sclerochronology and the interpretation of multiple environmental
factors including sea surface temperature (SST).

Keywords: Orbicella annularis, coral skeleton growth, density bands, crystalline structure, stratigraphy, hiatuses,
coral ecology

INTRODUCTION

The calcium carbonate (CaCOs3) aragonite skeletons of modern and ancient scleractinian corals
have been studied for more than 150 years from a wide variety of perspectives. This has included
analyses of: (1) the natural beauty and symmetry of coral skeletons (Haeckel, 1899); (2) use
of coral art as a means to promote coral reef conservation and preservation (Chindapol et al.,
2013; Beans, 2018); (3) implications of the optical properties of coral skeleton aragonite on light
absorption by symbiotic algae and coral physiology (Enriquez et al., 2017; Scheufen et al., 2017a;
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Sivaguru et al, 2021b); (4) coral skeleton morphology and
crystalline structure to establish numerical taxonomy and
phylogeny (Weil and Knowlton, 1994; Stolarski, 2003; Budd et al.,
2012; Kitano et al., 2014); (5) modern coral species ecological
distributions within reef ecosystems (Bak and Luckhurst, 2004);
(6) development of carbonate depositional facies models in
order to reconstruct ancient reef ecosystems and sea level
change (Wilson, 1975; Flugel, 2004); (7) high-resolution climate
and environmental reconstructions including high-frequency sea
surface temperature (SST) reconstructions from coral skeleton
isotopic and trace element chemostratigraphy (e.g., Barnes
et al., 1989; Beck et al, 1992; McCulloch et al., 1994; Lough
and Barnes, 2000; Swart et al., 2002; Carricart-Ganivet, 2004;
Helmle and Dodge, 2011); (8) original coral skeleton crystalline
structure and post-depositional physical, chemical and biological
alteration (diagenesis) (McGregor and Gagan, 2003; Hendy
et al, 2007; Nothdurft and Webb, 2007; Sivaguru et al,
2019); (9) mechanisms of coral skeleton biomineralization by
calcifying tissues (calicoblastic epithelium) and their response to
environmental change (Allemand et al., 2011; Cuif et al., 2012;
Coronado et al,, 2019; Sevilgen et al., 2019); (10) coral skeleton
size, shape, and growth rate as a predictor of demography,
fecundity, life history, and response to ecological disturbance
and climate change (Dornelas et al., 2017; Zawada et al., 2019;
Fontoura et al., 2020); and even (11) coral skeleton geochemistry
and crystalline structure for use in human and animal bone grafts
(Guillemin et al., 1987; Demers et al., 2002; Fessenden, 2014;
Akiva et al., 2018).

A common theme in many of these studies has been
to reconstruct a history of environmental change from the
crystalline structure and chemical composition of coral skeletons
(Knutson et al, 1972; Lough and Barnes, 1990; Alibert and
McCulloch, 1997; Gagan et al, 1998; Moses et al, 2006;
De’ath et al,, 2009; Helmle and Dodge, 2011; Alpert et al,
2016). A combination of x-radiography and autoradiography
first showed that coral skeletons are composed of high-
frequency alternations of high density band (HDB) and low
density band (LDB) layers (Knutson et al., 1972). These HDB-
LDB stratigraphic sequences create a relative time framework
(sclerochronology; Helmle and Dodge, 2011) used to better
constrain the age and time of growth of coral skeletons for
their use as environmental records (proxies) of changes in SST
and other environmental factors. The isotopic and trace element
chemostratigraphy of coral skeletons less than approximately
150 years old have been compared with direct instrument
measurements of SST (i.e., thermometers and satellites) to verify
the reliability of this approach (e.g., Barnes et al., 1989; Beck
et al., 1992; McCulloch et al., 1994; Lough and Barnes, 2000;
Swart et al., 2002; Carricart-Ganivet, 2004; Helmle and Dodge,
2011; Sayani et al., 2011; Alpert et al., 2016; DeCarlo and Cohen,
2017). It has been shown that HDB layers precipitate during
warm summer-fall SST, while LDB layers precipitate during
cool winter-spring SST (e.g., Knutson et al., 1972; Beck et al,
1992; McCulloch et al,, 1994; Lough and Barnes, 2000; Swart
et al., 2002). However, it has also been demonstrated that HDB
and LDB layer formation is also strongly influenced by coral
and zooxanthellae physiological responses to climate parameters

related to SST such as salinity, light availability, lunar cycles, and
solar irradiance (Barnes and Lough, 1993; Dévalos-Dehullu et al.,
2008; Winter and Sammarco, 2010; DeCarlo and Cohen, 2017).

Detailed analyses of the crystalline structure and alteration
on coral skeletons used for these types of reconstructions have
previously been completed to understand the formation and
characteristics of HDB-LDB sequences and their application
as proxies for ecological and environmental reconstructions.
HDB-LDB stratigraphic sequences have previously been analyzed
with x-radiography, optical microscopy, scanning electron
microscopy (SEM), and transmission electron microscopy
(TEM) (Barnes et al., 1989; Dodge et al., 1993; Cruz-Pifi6n
et al., 2003; Cuif and Dauphin, 2005; Hendy et al., 2007; Klaus
et al., 2007, 2017; Helmle and Dodge, 2011; Decarlo et al,
2018; Sivaguru et al.,, 2019; Brachert et al., 2020; Spreter et al,,
2020). Collectively, this coral skeleton imaging has demonstrated
that multiple complex ecological and environmental factors
can change coral skeleton development with respect to growth
direction, linear extension rate, bulk density, and calcification
rate (Barnes and Devereux, 1988; Barnes et al., 1989; Dodge et al.,
1993; Kleypas et al., 1999; Cruz-Pindn et al., 2003; Helmle and
Dodge, 2011). In turn, these factors have been shown to influence
basic coral skeletal structure and sometimes complicate direct
correlations of HDB-LDB stratigraphy with past SST and other
environmental factor profiles (Cohen and Hart, 2004; Sayani
etal., 2011; Sivaguru et al., 2019).

The present study was undertaken to apply a suite of recently
developed optical and x-ray microscopy technologies to further
elucidate the history of coral skeleton growth recorded by
crystalline structure and HDB-LDB stratigraphy (Salih et al,,
2000; Decarlo et al., 2018; Sivaguru et al., 2019; Brachert et al,,
2020; Drake et al., 2020; Spreter et al., 2020). Optical and
laser microscopy in thin section uniquely provides information
on the internal growth structure, paragenetic history, and
mineralogy of individual and aggregate coral skeleton crystals.
The commonly used technique of SEM provides information on
external growth geometry and only on small sample fragments
or thin sections. Conversely, new imaging techniques such as 3D
micro-computed tomography (microCT) x-ray analyses provide
comprehensive non-invasive contextualization of the growth
history and crystalline structure and composition of whole coral
skeletons that cannot be derived from either optical, laser or
x-ray analyses (Sivaguru et al., 2019). Future characterization of
coral skeleton crystalline structure and formation will require the
integration of next-generation optical, laser, electron and x-ray
imaging techniques to provide external and internal information
across multiple length scales of observation.

Orbicella annularis was chosen because of its role as
an ecological keystone species on modern and ancient
reefs throughout the Caribbean Sea (van Duyl, 1985; Bak
and Luckhurst, 2004), its use in many paleoceanographic
reconstructions (Carricart-Ganivet et al., 2000; Cruz-Pindén
et al,, 2003), and the influence of multiple environmental factors
including lunar cycles (Barnes and Lough, 1993; Davalos-
Dehullu et al, 2008). Optical brightfield (BF; transmitted
light) and polarization (POL) microscopy of coral skeleton
thin sections has previously used standard research grade
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petrographic microscopes with a maximum spatial resolution of
~3-5 pm (Nothdurft and Webb, 2007). However, microscopes
used in the present study permit high-resolution and super-
resolution imaging of thin sections to be routinely completed at
a spatial resolution of 140-250 nm (Sivaguru et al., 2019, 2020,
2021a,b; Saw et al., 2021). This represents a 10-fold enhancement
over previous optical microscopy and is nearing the resolution
attained with SEM imaging. Another example is microCT x-ray
analyses, which now permit external surface rendering and

virtual cross-sectioning of entire coral heads that are mms to 1 m
in diameter at spatial resolutions as high as ~1-3 pm (Sivaguru
etal., 2019, 2020, 2021a,b; Saw et al., 2021). This represents a 10-
to 100-fold improvement in resolution over previous standard
two-dimensional (2D) x-radiography imaging of coral skeleton
slices (Helmle and Dodge, 2011; Duprey et al., 2019). These
combined high-resolution and super-resolution optical and
x-ray microscopy techniques have been used in present study to
determine the crystalline architecture of HDB layers, as well as

D
Playa

=12°15

Snake Bay

each head represent the area of living coral tissue at time of collection.

FIGURE 1 | (A) Map of Curagao in the southern Caribbean Sea (insert). (B-D) Underwater photographs at the 10 m water depth (WD) shelf break with columnar
heads of O. annularis in the back reef environment at Playa Kalki. White arrow in panel (B) indicates location behind ridge in which coral heads were growing and
collected. (E) Maximum intensity 3D microCT volume surface projections of the three columnar heads of O. annularis. The upper two-thirds of pristine surface on
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FIGURE 2 | X-radiographs of 5 mm-thick vertical slices of O. annularis heads.
Note alternating high density band (HDB, light gray to white layers) and low
density band (LDB, dark gray to black layers) stratigraphic sequences occur
throughout each head. (A) White boxes indicate locations in which billets were
cut to prepare standard-sized petrographic thin sections. (B) Yellow lines
indicate location and orientation of line profile analyses presented in

Figures 3,4.

to identify discontinuities (hiatuses) within HDB-LDB sequences
that represent shifts in coral skeleton growth history. In turn,
this integration of cutting-edge imaging techniques will serve to
improve future reconstructions of environmental change from
coral skeletons.

MATERIALS AND METHODS

Sample Location and Collection

The 45 km-long leeward coast of Curacao (Figure 1A) exhibits
both modern (Figure 1B) and ancient fringing coral reefs
that have experienced uplift during strike-slip motions of
the Caribbean and South American plates (Fouke et al,
1996; Muhs et al,, 2012). O. annularis (Figures 1C-E) was
chosen for the present study because it has been extensively
studied with respect to its ecology, evolution, and well-
developed HDB-LDB stratigraphic sequences (van Duyl,
1985;  van Veghel and Bak, 1993;  Weil and Knowlton, 1994;
van Veghel and Bosscher, 1995; Fitt et al., 2000; Bak and

Luckhurst, 2004; Carricart-Ganivet, 2004; Carricart-Ganivet and
Barnes, 2007; Budd et al., 2012; Scheufen et al., 2017a,b). Three
small 10-30 cm-tall O. annularis columnar heads (Figures 1C-
E) were sampled in laterally equivalent back reef depositional
environments at 8 m water depth (WD; Figure 1B) at Playa
Kalki (PK; 12°2229”N, 69°0929”"W) and Snake Bay (SB;
12°08'19"N, 68°59'52""W). Playa Klaki and Snake Bay are
protected and environmental healthy reef tract sites (van Duyl,
1985; Frias-Lopez et al., 2002; Klaus et al., 2007).

Samples were collected under a research permit from
the Caribbean Research and Management of Biodiversity
(CARMABI) research station and the Curagao Ministry of
the Health, Environment, and Nature. The permit included
development of a careful detailed sampling plan limited to areas
of the reef that strategically minimized impact on the ecosystem
(van Duyl, 1985). In August 2019, one small O. annularis
head was sampled at Playa Kalki (PK2019) and one small head
was collected at Snake Bay (SB2019; Figure 1). In addition,
one small head of O. annularis, from which the coral tissues
were previously described (Sivaguru et al., 2021b), was collected
in March 2006 at Playa Kalki (PK2006). This sample was
provided for this study by the Carl R. Woese Institute for
Genomic Biology (IGB) at the University of Illinois Urbana-
Champaign (Illinois). Each O. annularis head was collected using
a hammer and clean steel chisel with gloved hands on standard
compressed-air SCUBA and stored for three months in dilute
2.5% sodium hypochlorite bleach to fully remove the tissues
(Love and Woronow, 1991).

X-Ray and Micro-Computed Tomography

Analyses

Each bleached O. annularis head was kept wrapped in clean
plastic after sampling until being placed in a clean room in the
IGB at Illinois. Here each coral head was soaked and thoroughly
rinsed in distilled water and air dried in the clean room for
several weeks in preparation for analysis. MicroCT imaging was
completed on a North Star X5000 (Feinfocus 225 kV) with 63
pm resolution at the University of Texas High-Resolution X-Ray
Computed Tomography Facility (Figure 1E). Three-dimensional
(3D) microCT data sets were analyzed in the Core Facility
of the Illinois IGB. Several thousand microCT images were
compressed and converted into a maximum intensity 3D volume
projection as virtual 5 mm-thick slices. These images guided
optimal orientation for cutting slices on a diamond embedded tile
saw for x-radiography and billet thin sectioning. Resulting 5 mm-
thick vertical skeleton slices through the center of each head were
imaged on a x-radiograph system (Siemens Model #10092624,
70kV) at 150 pm resolution in the Veterinary School of Medicine
at Illinois (Figure 2). Image compression, averaging, gray scale
corrections, and line profile analyses (Figures 2B, 3, 4) were
conducted using open-source NIH Image ] software. Averaged
microCT and x-radiograph images were converted to TIFF
files at 8-bit gray scales for line transect analyses. Line widths
were adjusted to 200 pixels for PK2006 and 500 pixels for
PK2019 and SB2019.
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FIGURE 3 | MicroCT images of O. annularis representing virtual 5 mm-thick average intensity volume projection (left panel) and Enhanced Local Contrast (CLAHE)
intensity volume projection (right panel) sections from the center of heads PK2006, PK2019 and SB2019. Figure 2B shows precise location of each vertical
transect. Blue line profiles record gray scale values from the average intensity volume projections and red line profiles record gray scale values from the CLAHE
intensity volume projections. Gray scale intensities measure the brightness value (from O to 256) of each pixel along the profile where the higher values are brighter
(white) pixels. 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.

Thin Sectioning and Optical Microscopy

Thin section billets cut from PK2006, PK2019, and SB2019
(Figure 2A) were prepared by Wagner Petrographic (Linden,
Utah) as standard-sized, doubly polished, uncovered, 25 pm-
thick sections impregnated with blue-dyed epoxy. Optical
microscopy was conducted at a resolution of 250 nm on a
Zeiss AxioObserver Z1 and Zeiss Axioscan Z1 whole slide
scanning system with 20x, Plan Apochromat 0.8 NA and 50x
Plan Neofluar 0.95 NA POL objectives for both BF and POL
microscopy in the Illinois IGB. Digital x-radiograph image
transparencies were then precisely overlaid at 50% opacity on
thin section photomicrographs to determine the exact position
of all HDB and LDB layers. Optical microscopy images were
processed using Zeiss Zen Blue software. Red, green, and blue
(RGB) curves for each image were adjusted and presented as

linear or with a gamma adjustment of 0.4-0.5, min/max, best
mode or manually adjusted using Zeiss Zen software for optimal
brightness, contrast and clarity. Final image adjustments were
performed in Adobe Photoshop and Adobe Illustrator (Adobe
systems, San Jose, CA, United States). 3D microCT visualization
and image creation was completed with Imaris 3D Visualization
software (Bitplane, Zurich, Switzerland).

RESULTS

Coral Skeleton Elements

Terminology for coral skeleton morphology and crystalline
structure follows that of previous studies (Stolarski, 2003;
Budd et al., 2012; Kitano et al., 2014; Sivaguru et al., 2019, 2021b)
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FIGURE 4 | X-radiograph images of 5 mm-thick O. annularis coral skeleton slices representing average intensity volume projection (left panel) and Enhanced Local
Contrast (CLAHE) intensity volume projection (right panel) sections from the center of heads PK2006, PK2019 and SB2019. Figure 2B shows precise location of
each vertical transect. Blue line profiles record gray scale values from the average intensity volume projections and red line profiles record gray scale values from the
CLAHE intensity volume projections. Gray scale intensities measure the brightness value (from 0 to 256) of each pixel along the profile where the higher values are
brighter (white) pixels. 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.

and is briefly summarized here (Figure 5). The individual skeletal
cup (corallite or calyx; labeled “C” in Figures 5B,D), in which
the living O. annularis polyp sits, is on average 2.3 mm in
diameter and contains 24 radially distributed vertical primary
and secondary skeletal walls (septa; labeled “S” in Figure 5B).
Septa that extend across the outer circular 50 pm-thick skeletal
wall of each corallite (thecal wall; labeled “T” in Figure 5D)
continue as costae skeletal walls (labeled “CS” in Figures 5B,D)
into the region that separates individual corallites (coenosteum;
labeled “CE” in Figure 5D). Thin 1-5 pm-thick horizontal
skeleton elements (dissepiments) occur both within the corallite
(endothecal dissepiments; labeled “EnD” in Figures 4, 5D) and
external to the corallite (exothecal dissepiments) (labeled “ExD”
in Figure 5D). The thecal walls, as well as the columella located

in the center of each corallite (labeled “CM” in Figure 5D), can
be tracked vertically through successive generations of HDB-LDB
stratigraphic sequences (Figure 5D). Variability in the direction
of corallite accretionary growth relative to the orientation of the
plane of cross-section, may result in strong distortion of the
corallite growth geometries over small distances (Figure 5D). All
O. annularis skeletal elements are constructed of 5-20 pm-long
needle-like (acicular) aragonite crystals that radiate away from
regions of fine organic matter-rich granular (microcrystalline)
center of calcification (COC; labeled in Figures 6, 7). COCs
combine to form concentrically layered fans of aragonite needles
(sclerodermites; labeled “SC” in Figures 6, 7) that coalesce to
create the crystalline infrastructure of all coral skeletal elements.
Both endothecal and exothecal dissepiments display horizontal
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endothecal dissepiment.

FIGURE 5 | Skeleton element structure and terminology in O. annularis using examples from PK2006. (A) Photograph of the pristine outermost growing skeletal
surface of the coral head at the time of collection. (B) Photograph of a polished cross-section of the outermost coral head surface. Labels include: C, corallite; S,
septa; CM, columella; CS, costae. (C) Inverted x-radiograph of 5 mm-thick slice of the coral head. Three distinct HDB-LDB stratigraphic sequences of skeletal
growth are shown: before hiatus event (blue); laterally equivalent to and during hiatus event (red); and after hiatus event (green). Yellow line denotes hiatus surface.
(D) Horizontal microCT virtual cross-section through the coral head. The transition from circular to apparently elongated corallites is caused by an abrupt change in
corallite growth orientation. Labels include: C, corallite; CE, coenosteum; CM, columella; S, septa; CS, costae; T, thecal wall; EXD, exothecal dissepiment; EnD,

tracks of COCs (Figures 6, 7). In addition, coatings of small 1 to
20 pm-long acicular diagenetic aragonite cements on all skeletal
elements are common throughout the coral head (labeled “A” in
Figures 6, 7; Sivaguru et al., 2019).

Thicker Skeleton Elements Within High
Density Bands

Thin section photomicrographs precisely overlaid on microCT
and x-radiograph images indicate that HDB layers are created by
the thickening of exothecal and endothecal dissepiments, costae

and thecal walls (labeled “ExD,” EnD;” “C,” and “T” respectively,
Figures 8-10). Because of the circular structure of corallites,
as well as the internal versus external corallite thickening of
skeletal elements, HDB layers appear discontinuous in thin
section (Figure 10). In addition, HDB skeletal element thickening
is further supported by quantitative analyses of 3D microCT
scans of the volume percent of skeletal aragonite versus pore
space (Miller, 2014). These analyses indicate that HDB layers
(61 & 1% skeletal aragonite and 39 & 1% porosity; n = 20) are
~5% denser than LDB layers (56 £ 2% skeletal aragonite and
44 £ 2% porosity; n = 20; Miller, 2014). Although seemingly
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walls. The borings appear to track the distribution of COCs in the dissepiment.

FIGURE 6 | Photomicrographs of an exothecal dissepiment in O. annularis head SB2019. (A) Brightfield (BF) and (B) polarization (POL) images. The contextual
growth position of these exothecal dissepiments (ExD) within the overall structure of the coral skeletons is indicated in Figure 5D. 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 within 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

small, this 5% difference becomes noticeable in microCT and
x-radiograph images. In addition to skeletal thickening, porosity
reduction within HDB layers can be caused by diagenetic
aragonite cementation (Cuif et al., 1999; Hendy et al., 2007;
Sivaguru et al., 2019; Brachert et al., 2020; Spreter et al., 2020).

Density Band Stratal Geometries

The overall shape of HDB-LDB stratigraphic sequences in vertical
cross section is hemispherical (Figures 2, 5C, 11). While these
HDB-LDB stratal geometries are generally continuous across
coral heads, they also locally exhibit lateral and vertical changes in
their bedding geometries. These sedimentary stratal relationships
are well-defined in the fields of sedimentology and stratigraphy
(e.g., Miall, 2010), and include: (1) downlap: created when
overlying younger and more steeply dipping layers terminate
against underlying older less steeply inclined layers; (2) onlap:
formed when overlying younger and less steeply dipping layers
terminate against underlying older and more steeply inclined

layers; (3) condensed sections: created when the individual
thickness of successive layers become extremely thin, therefore
creating a thin sequence of multiple layers that represent a larger
amount of depositional time; (4) hiatus: formed when layers no
longer accumulate and are deposited, creating a time gap in
the stratigraphic record prior to deposition of the next layers;
(5) lateral thinning and pinch out: created when layers laterally
decrease in thickness until they are no longer deposited and
therefore have no laterally age-equivalent layers; and (5) cross-
cutting relationships: formed when a layer physically cuts across
another layer or succession of layers, then that layer is younger
than the layers through which it cuts (Figures 2, 11B,C). HDB
and LDB layers occur at two different size scales, which include
thicker ~0.5 to 1 cm thick HDB and LDB layers, which are in
turn composed of thin HDB and LDB microlayers 100’s pwm’s
to mm’s in thickness (Figure 11D). Line profile analyses of
the microCT and x-radiograph images are dominated by the
thin HDB and LDB microlayers and their cumulative overall
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FIGURE 7 | Photomicrographs of costae and exothecal dissepiments in

O. annularis head PK2019. (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 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
wm-thick acicular aragonite needles (A).

thickening and thinning. As a result, it was therefore not possible
to convincingly correlate stratigraphic sequences between heads
despite the known PK2006 sample date (Figures 3, 4).

DISCUSSION

Thickening of High Density Band
Skeleton Elements and Dissepiment

Development

The O. annularis heads PK2006, PK2019, and SB2019 analyzed
in this study grew as radiating columns within back reef patch
reefs (Figures 1C,D; Weil and Knowlton, 1994; Humann and
DeLoach, 2001). These columnar morphologies result from each
colony having healthy polyps on the leading hemispherical
growing edge of each head and senescent polyps around
the sides of each colony due to differences in the light
environment and type of symbiont algae within the coral tissue

FIGURE 8 | A 250 nm-resolution phase contrast (PC) transmitted light
photomicrograph enlargement of a representative contact between LDB and
HDB layers within O. annularis head SB2019. The contextual growth position
of these LDB and HDB skeletal elements within the overall structure of the
coral skeletons is indicated in Figures 5A-D, 7A-F. Within the HDB layer,
note the noticeable thickening of the exothecal and endothecal dissepiments,
costa walls and thecal walls. Labels include: CS, costae; HDB, high density
band; LDB, low density band; EnD, endothecal dissepiment; ExD, exothecal
dissepiment; S- septa; CM, columella; T, thecal wall; CS, costa wall.

(Weil and Knowlton, 1994). As a result, HDB-LDB stratigraphic
sequences observed in vertical x-radiograph and microCT cross-
sections exhibit the overall hemispherical curvature of the
growing columnar head, the thinning of HDB-LDB layers at the
margins, and the growth of corallite thecal walls and dissepiments
(Figures 2, 5). Deposition of these skeletal components result
from the combination of complexly intertwined biological and
environmental influences (Darke and Barnes, 1993; Cohen and
McConnaughey, 2003; Gower, 2008; Allemand et al., 2011;
Weiner and Addadi, 2011; von Euw et al., 2017).

Two important aspects of O. annularis skeleton crystallization
have resulted from the high-resolution optical and x-ray
microscopy analyses conducted in the present study. The first is
that HDB layers are consistently formed by the coral thickening
the exothecal and endothecal dissepiments, costae, and theca
that are external to, and at the margin of, individual corallites,
which is consistent with previous observations (Dévalos-Dehullu
et al., 2008). In contrast, skeletal components within individual
corallites (septa, and columella) are not thickened. While these
observations are generally consistent with previous studies of
density band structure in O. annularis (Cruz-Pién et al., 2003;
Davalos-Dehullu et al., 2008; Helmle et al., 2011; DeCarlo and
Cohen, 2017), an important exception documented here is that
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FIGURE 9 | Polarization (POL) photomicrographs of O. annularis
cross-sections. Sample collected from the uppermost 2 cm of the PK2019
head (location shown in Figure 2A). (A) Photomicrograph of the entire thin
section. (B) Thin section overlain on the x-radiograph image from the same
location. This technique permits precise spatial orientation of the position of
HDBs and LDBs on the thin section, which can only be identified with
x-radiographs. White box denotes enlarged area shown in panel (D).

(C) Enlargement of a corallite cross-section. Skeletal structures shown include
theca (T), septa (S), columella (CM), endothecal dissepiment (EnD), costae
(CS), and exothecal dissepiment (ExD). (D) Cropped enlargement of the
coenosteum skeletal structures that include exothecal dissepiments (ExD) and
costae (CS). Note that exothecal dissepiments and costae are substantially
thicker in HDBs and thinner in LDBs.

the thecal walls were also observed to be thickened within HDB
layers (Figures 8-10).

A second important observation is that endothecal and
exothecal dissepiments are composed of small sclerodermites
with COCs that connect them to the septa or costae. At the
point of connection (Figures 6, 7), the sclerodermites grow
outward into the pore space of the skeleton at an oblique angle.
A succession of sclerodermites then coalesce laterally to form
the dissepiments as they grow outward and extend into the
skeletal pore space, forming a succession of COCs near the
base of each dissepiment (Figures 6, 7). In laterally accreting
dissepiments that eventually grow together in the center of the
skeletal pore space, the sclerodermite bundles grow toward the
outermost surface of the corallite (Figures 6, 7). At the same
time, the underside of each dissepiment is often covered by
~500 nm-thick acicular aragonite crystals (Figures 6, 7). Finally,

the laterally extending dissepiments become joined via formation
of a single sclerodermite, after which marine borings appear
to track the organic matter-rich distribution of COCs within
the dissepiment (Figures 6, 7). If similar dissepiment growth
histories occur in species such as Porites commonly used for
sclerochronology and SST paleothermometry (Barnes et al., 1989;
Sayani et al., 2011; Alpert et al., 2016; Sivaguru et al., 2019),
it may permit dissepiment crystalline structure to be correlated
with monthly lunar cyclicity and other environmental factors
(Dévalos-Dehullu et al., 2008; Winter and Sammarco, 2010;
DeCarlo and Cohen, 2017).

Density Band Stratal Geometries and
Hiatuses

The integrated optical, x-radiography, and microCT microscopy
analyses completed in the present study indicate that O. annularis
HDB-LDB stratigraphic sequences record changes in the
trajectory of coral growth (Figure 11). These changes will have
important influence on ecological comparison and functional
interpretations of zooxanthellae activity (e.g., Enriquez et al.,
2017; Scheufen et al., 2017a) between coral heads of the same
or different species growing under changing environmental
conditions. In addition, these variations in skeletal growth
trajectory would impact sclerochronology analyses conducted on
these same coral heads (Figure 11). Stratal pattern preservation
includes downlap, onlap, condensed sections, hiatus surfaces,
lateral thinning, pinch out, and cross-cutting relationships,
recording distinct changes in the orientation of coral skeleton
growth trajectories (Figure 11). Although these skeletal patterns
result from ecological and biological processes that are distinctly
different from the downstream sedimentologic and hydraulic
processes that control sandstone stratigraphy (Figure 11; Miall,
2010), it is nevertheless valuable to have these types of sequence
stratigraphic patterns in mind when evaluating coral HDB-
LDB stratal geometries. Importantly, these stratal relationships
are best expressed when laterally tracing groupings of HDB-
LDB layers from the center to the margins of individual coral
heads (Figure 11). It is important to recognize that these stratal
geometries provide reliable relative age determinations, however
absolute age dating was not attempted in the present study. It is
also possible that some hiatuses form parallel to the coral skeleton
layering, which could not be identified without absolute dating
unless erosional features were petrographically observed along
the HDB-LDB stratal layers.

A striking example is a prominent HDBlhorizon in the
center of the PK2006 O. annularis head (Figures 11A,B), which
transitions laterally across the coral into a marine hardground
of coral skeletal non-deposition (hiatus) on the margin of
the corallum (Figures 10, 11A,B). At first glance, this HDB
appears that it may be similar to other HDB layers within the
center of the coral head that grew under normal conditions.
However, the HDB-LDB stratal relationships and thecal wall
orientation indicate the coral sharply changed its primary
growth direction by several degrees. In addition, cessation of
skeletal growth resulted in exposure of the marginal portion
of the coral head surface to seafloor diagenetic aragonite
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porosity.

FIGURE 10 | Polarization (POL) photomicrographs of O. annularis thin-sections from 10 cm below the growth surface in heads PK2019 and SB2019. (A) PK2019
x-radiograph overlain on thin section photomicrograph (white box in Figure 2A). (B) SB2019 x-radiograph overlain on thin section photomicrograph (white box in

Figure 2A). (C,D) Enlargement of thickened skeletal elements within HDB layers in the PK2019 [white box in panel (A)] and SB2019 [white box in panel (B)]. (E,F)
Porosity between costae in PK2019 [white box in panel (E)] and SB2019 [white box in panel (F)]. White arrows indicate thickened costae that completely occlude

cements (Figures 11A,B, 12). Petrographic examination of
this marginal surface indicates the presence of fungal borings
and seafloor erosion, as well as encrustation by serpulid tube
worms, fungi, coralline algae and bryozoans (Figure 12). These
processes truncated corallites comprising the underlying skeletal
hardground (Figures 11A,B, 12). Furthermore, lateral tracing
from the center to the margin of the PK2006 head indicate that
~1 cm of coral skeleton grew in the center of the head, while the
margin of the head was simultaneously exposed and encrusted
(Figures 11A,B). Although absolute growth rates for the PK2006
head are uncertain, previously published skeletal growth rates for
O. annularis range from 0.5 to 2.6 cm/yr (Madin et al., 2016).

This implies that it took 6 months to 2 years for the ~1 cm of
coral skeleton to grow in the center of the head, which is also the
time duration over which the hiatus surface would have formed
(Figures 11A,B). No direct evidence was observed to explain the
shifts in coral head growth orientation in PK2006. However, it
is possible that these changes were caused by corals response
to storm events dislodging the columnar colonies, patches of
sedimentation, inter-colony aggression, the effect of encrusting
and grazing organisms, and unsuccessful responses to stress or
environmental changes (Weil and Knowlton, 1994).

Another important category of HDB hiatus was observed
in the center of the PK2019 and SB2019 heads within an
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PK2006

microlayers (white arrows).

FIGURE 11 | X-radiographs of 5 mm-thick slices of O. annularis showing HDB-LDB stratigraphic sequences seen in all sample heads PK2006, PK2019 and
SB2019. (A) Inverted x-radiograph images of 5 mm-thick coral skeleton slices express alternating HDB layers (dark gray to black) and LDB layers (light gray to
white). Similar HDB-LDB stratigraphic patterns occur in all heads. Light gray irregular voids are cross-sections of marine borings. (B) Inverted x-radiograph image of
HDB and LDB layers become thinner and eventually pinch out laterally. Yellow lines trace notable HDB layers. Labels include: CSc, condensed section; DL, downlap
on previously deposited layers. (C) Inverted x-radiograph image of HDB condensed sections occur in the middle of SB2019. Yellow lines trace notable HDB layers.
(D) Non-inverted x-radiograph image showing the thicker HDB layers and LDB layers are in turn each composed of thinner high frequency HDB and LDB

otherwise seemingly continuous and uninterrupted HDB-LDB
stratigraphic sequence (Figures 11A,C). Lateral tracing indicates
that skeletal accretion, growing on the coral head margins,
lapped onto this HDB surface toward the center of the head
to form a condensed section on the center top (Figure 11C).
Again, assuming skeletal growth rates of 0.5-2.6 cm/yr (Madin
et al., 2016), both ~0.5 cm-thick coral skeleton growth on both
margins and the hiatus in the center likely represent a duration
of 3 months to 1 year (Figures 11A,C). The top center of
larger O. annularis heads have been drilled and analyzed for
sclerochronology and SST paleothermometry reconstructions on
other reefs around the Caribbean (Carricart-Ganivet et al., 2000
Cruz-Pifidn et al., 2003; Dévalos-Dehullu et al., 2008). However,
because cores were collected from only the center of each head
in these studies, it was not possible for individual HDB-LDB
sequences to be tracked from the center to the margins of these

larger heads. If the type of hiatuses observed in the present
study occurred within these larger heads, they would have an
impact on sclerochronology and the correlation of associated SST
reconstructions (Sayani et al., 2011; Sivaguru et al., 2019).

CONCLUSION

A suite of high resolution brightfield microscopy (250 nm-
resolution), x-radiography (150 mme-resolution) and 3D
microCT (63 pm-resolution) analyses of HDB-LDB stratigraphic
sequences have been applied to three small coral heads of
O. annularis on the leeward reef tract of Curagao. Results
indicate that HDB layers form by thickening skeletal components
(exothecal and endothecal dissepiments, costae, and theca) external
to, and at the margin of, individual skeletal cups (corallites).
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FIGURE 12 | Photomicrographs of the O. annularis PK2006 hiatus surface. (A) Polarization (POL) photomicrograph of the lateral transition from the hiatus surface (S)
into a pronounced age-equivalent HDB layer. Note that corallites directly below the hiatus surface are truncated and corallite growth orientation above the hiatus
surface is completely different. Conversely, corallite growth is continuous across the HDB that is laterally equivalent to the hiatus surface (Figure 5B). However, the
corallite growth trajectories are distinctly different above the HDB. (B~E) Brightfield (BF) photomicrographs of encrusting organisms on the hiatus surface including
bryozoans (BY), serpulid tube worms (TW), fungal borings (FB), and coralline algae (AL).

Skeletal components within individual corallites (septa, and
columella) do not change between HDB and LDB layers. Lateral
tracing of HDB-LDB stratigraphic sequences from the center to
the margins of individual coral heads record dynamic changes
in the trajectory of coral growth. Two fundamental types of
HDB-LDB stratal geometry shifts include: (1) coral skeleton
growth in the center of the head with age-equivalent hiatuses at
the margins; and (2) skeletal growth on the margins with age-
equivalent hiatuses in the center of the head. While the ecological

processes that form these stratal geometries are uncertain, the
resulting hiatuses would have an impact on sclerochronology
and the correlation of associated SST reconstructions.
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