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ABSTRACT

Structures made by scleractinian corals support diverse ocean ecosystems. Despite the importance of coral
skeletons and their predicted vulnerability to climate change, few studies have examined the mechanical
and crystallographic properties of coral skeletons at the micro- and nano-scales. Here, we investigated
the interplay of crystallographic and microarchitectural organization with mechanical anisotropy within
Porites skeletons by measuring Young’s modulus and hardness along surfaces transverse and longitudinal
to the primary coral growth direction. We observed micro-scale anisotropy, where the transverse sur-
face had greater Young’s modulus and hardness by ~ 6 GPa and 0.2 GPa, respectively. Electron backscat-
ter diffraction (EBSD) revealed that this surface also had a higher percentage of crystals oriented with
the a-axis between + 30-60°, relative to the longitudinal surface, and a broader grain size distribution.
Within a region containing a sharp microscale gradient in Young’s modulus, nanoscale indentation map-
ping, energy dispersive spectroscopy (EDS), EBSD, and Raman crystallography were performed. A correla-
tive trend showed higher Young’s modulus and hardness in regions with individual crystal bases (c-axis)
facing upward, and in crystal fibers relative to centers of calcification. These relationships highlight the
difference in mechanical properties between scales (i.e. crystals, crystal bundles, grains). Observations of
crystal orientation and mechanical properties suggest that anisotropy is driven by microscale organization
and crystal packing rather than intrinsic crystal anisotropy. In comparison with previous observations of
nanoscale isotropy in corals, our results illustrate the role of hierarchical architecture in coral skeletons
and the influence of biotic and abiotic factors on mechanical properties at different scales.

Statement of significance

Coral biomineralization and the ability of corals’ skeletal structure to withstand biotic and abiotic forces
underpins the success of reef ecosystems. At the microscale, we show increased skeletal stiffness and
hardness perpendicular to the coral growth direction. By comparing nano- and micro-scale indentation
results, we also reveal an effect of hierarchical architecture on the mechanical properties of coral skele-
tons and hypothesize that crystal packing and orientation result in microscale anisotropy. In contrast to
previous findings, we demonstrate that mechanical and crystallographic properties of coral skeletons can
vary between surface planes, within surface planes, and at different analytical scales. These results im-
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prove our understanding of biomineralization and the effects of scale and direction on how biomineral
structures respond to environmental stimuli.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Corals, a key structural component in reef environments, are
among the fastest calcifying marine organisms [1-3]. Coral skele-
tons provide critical habitat, supporting marine biodiversity, and
also form the primary substrate of reef platforms [3-6]. During
biomineralization, corals precipitate calcium carbonate extracellu-
larly in the form of orthorhombic aragonite crystals [7]. The skele-
tal ultra-structure consists of two components, centers of calci-
fication (COCs) (a.k.a rapid accretion deposits) and fibers (a.k.a
thickening deposits) [2,7,8]. Although precipitation occurs simul-
taneously in both regions [8-11], COCs and fibers have differ-
ent nanostructural organizations and heterogenous growth rates
[12,13]. COCs are composed of nanometer aragonite globules with
a higher content of organic molecules and amorphous calcium car-
bonate [1,13-15]. Fibers consist of bundles of aragonite crystals in
grains of crystallographic continuity arranged in fan-like bundles
around COCs, forming plumose spherulites [15,16]. Skeletal fibers
compete for space and display a wide range of crystallographic ori-
entations [16,17]. This high space filling rate has been hypothesized
as an evolutionary mechanism to increase the ability of aragonite
to withstand mechanical deformation [16].

The ability of coral skeletons to withstand mechanical deforma-
tion is important for reef health and ecosystem functioning [18-
20]. However, the majority of mechanical deformation studies on
coral skeletons have employed bulk-scale measurements of struc-
tural properties (e.g density, porosity, breaking strength) [19-22].
In contrast, micro- and nano-scale measurements of coral mechan-
ical properties can tell us how resistant the skeletal material is
to deformation [23] while also providing insight into crystal or-
ganization and composition, which may ultimately drive changes
in mechanical deformation [16]. Yet, despite widespread studies of
coral biomineralization, the mechanical properties of coral skele-
tons have rarely been studied at the micro- and nano-scale [24,25].
Recent studies have attributed rapid calcification rates in coral to
crystal organization patterns [16]; however, no study has directly
compared patterns of crystal organization with micro-scale me-
chanical measurements. We hypothesize that multi-length scale in-
dentation measurements, in which the mechanical response of the
individual crystals and crystal bundles can be probed, can disen-
tangle the mechanical characteristics of the individual crystallites
from bundle crystals and clarify the role of microarchitectural ar-
rangement of crystallite packing on the mechanical performance of
the corals.

Young’s modulus and hardness are two principal mechanical
properties that can be measured using depth sensing nanoinden-
tation. Young’s modulus is a measure of resistance to elastic de-
formation, and hardness is a measure of resistance to inelastic de-
formation induced by compression forces. In contrast to conven-
tional Vickers hardness, which has also been measured in coral
skeletons [26], nanoindentation hardness uses smaller loads and
forms minute tip-sample interaction volumes, providing location-
specific mechanical information with submicron spatial resolution,
resulting in more accurate ultrastructure-property interrelation-
ships. Materials that have the same properties when measured in
different directions are isotropic, and those with different proper-
ties when measured in different directions are anisotropic. Biolog-
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ical materials often possess hierarchical architectures resulting in
superior mechanical properties, which frequently surpass those of
their basic constituents. Given differences in skeletal architecture
between coral species and morphologies, hierarchical architecture
may also result in organismal-level differences in mechanical prop-
erties between corals. Moreover, the presence of hierarchical archi-
tectures inevitably induces anisotropies and heterogeneities in me-
chanical properties.

Bulk-scale studies have reported anisotropic properties in coral
skeletons, with compressive strength varying along transverse and
longitudinal axes of branching coral [20,21]. Significant differences
in compressive strength were also observed between branching
and massive morphologies [19-21]. In contrast, studies of coral
samples from the Mediterranean and Red Sea found that microme-
chanical properties (e.g. Young’s modulus) were isotropic and con-
stant between species [25]. Studies of crystal orientation using
applied atomic force microscopy and X-ray diffraction (XRD) also
found no preferred orientation of Stylophora pistillata and Bal-
anophyllia europaea [25]. However, biogenic aragonite is anisotropic
by nature [27-29], and anisotropy has been documented in coral
aragonite crystals across a range of environments [30]. The wide
range of crystallographic orientations observed in coral skeletons,
driven by spherulitic growth, is hypothesized to result in isotropic
properties at the micromechanical scale [16]. Yet, the spatial res-
olution of XRD analysis is limited in comparison with microme-
chanical measurements, and to date, paired high resolution crys-
tal orientation mapping and micromechanical measurements have
yet to be performed in tropical scleractinian corals. Due to diffi-
culties in obtaining crystal orientation data in carbonate samples,
such data is generally lacking in the literature and limited to small
areal measurements [16,17,22,24,31], with only one study mapping
a continuous area greater than 0.07 mm?, in the slow-growing and
azooxanthellate cold-water coral Lophelia pertusa [32]. Work com-
bining crystal orientation mapping and bulk scale mechanical mea-
surements has revealed that both crystal fiber organization and
breaking strength can decrease as a result of ocean acidification
[22]. Such studies highlight the need for paired crystallographic
and finer scale micro- and nano- mechanical data.

To address these knowledge gaps, this study combines me-
chanical measurements (micro- and nano-indentation) of Porites
skeletons with high-resolution crystal orientation mapping. We
test the assumption that coral skeletons are isotropic, as previ-
ously documented [25], and perform repeated measurements along
growth axes and between cores, to test the robustness of observed
trends. Along regions with sharp gradients in microscale mechan-
ical properties, we then map Young’'s modulus and hardness at a
higher spatial resolution, and compare these nanoscale mechani-
cal properties with crystal orientation from both electron backscat-
ter diffraction (EBSD) and Raman spectroscopy, as well as mineral
composition using Energy-Dispersive X-ray Spectroscopy (EDS). By
comparing crystal orientation with nanoindentation, we directly
test the hypothesis that spherulitic growth enhances skeletal me-
chanical properties. These findings offer insight into the hierarchi-
cal architecture and biomineralization patterns of Porites skeletons,
which are important contributors to reef structure and substrate
[4,33] and are widely used in geochemical, biological, and ecologi-
cal studies of tropical reefs.
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2. Materials & methods
2.1. Sample collection and preparation

Coral samples used in this study were from massive Porites
cores collected in Hengchun, Taiwan: Wanlitung (21.97° N, 120.71°
E) (WLT) and Houbihu (21.94° N, 120.75° E) (HBH), approximately
7km apart. WLT and HBH were both cored using a hydraulic drill
at depths of 3 m and 5 m, respectively. An additional core (KRD)
from Phuket, Thailand (7.6131° N, 98.3728° E) was used to validate
trends in WLT. Core collection is detailed in [23]. Coral slabs were
immersed in sodium hypochlorite shortly after collection. From
each coral core, small fragments were cut below the tissue layer,
cleaned with ultra-sonication, and embedded in epoxy resin. Cold
mounting epoxy resin (EpoFix, Struers) was used to avoid any al-
teration of the intracrystalline skeletal organic components, and
samples were cured under low-vacuum allowing the resin to in-
fuse only into large cavities while avoiding the skeletal ultrastruc-
ture. Absence of resin inside the skeletal ultrastructure, including
the COCs, was verified using collected Raman spectra (see below)
(Fig. S1). Embedded samples were polished with sand paper of de-
creasing mesh size (1000 down to 4000 grit) and finally with a
colloidal silica suspension (particle size 40 nm) (Struers), followed
by ultrasonication. The WLT sample was polished to expose three
faces of a single corallite: 1 transverse surface (surface 1; perpen-
dicular to the primary vertical growth direction) and 2 longitudinal
surfaces (surfaces 2 & 3; parallel to the primary vertical growth di-
rection) (Fig. 1). HBH was only polished to expose the longitudinal
surface (surface 2).

2.2. Indentation

Indentation measurements were performed using a TI 950 Tri-
bolndenter (Bruker-Hysitron, MN, USA) equipped with a 2D stan-
dard transducer (10mN max force). To evaluate the mechanical
anisotropy, directional robustness, and heterogeneities in our coral
samples, a series of three indentation experiments were designed
and performed. On surface 1 (transverse) the direction of force ap-
plied during indentation was parallel to the primary macroscale
vertical growth direction, whereas on surfaces 2 & 3 (longitudinal),
the direction of force applied was perpendicular to this growth di-
rection.

Microindentation - (i) To study the micromechanical anisotropy
of the samples in X, y, and z planes (surfaces 1-3) (Fig. 1) within
a single corallite, a cono-spherical indenter with a tip radius of
5 wm was used. The cono-spherical tip (rather than a sharp
and pyramid-shaped tip) postpones inelastic damages and cracking
events, resulting in a more precise measurement of elastic modu-
lus [23,34]. To avoid surface defects (e.g., scratches, porosities, etc),
the indentation locations were analysed by scanning probe mi-
croscopy (SPM) prior to the nanoindentation measurement. For the
measurements, a maximum load of 10 mN and a load function of
5s loading - 2s holding - 5s unloading were used. Areas of 60 pm x
60 wm were probed in grids of 20 indents, with indents separated
by 10 wm. These measurements were performed within a single
corallite on three surfaces of the Taiwan WLT core and on two sur-
faces of the Thailand KRD core, for verification that anisotropy was
not specific to a given corallite, coral, or location. (ii) To test for
the robustness of directional measurements across different mi-
croscale features, indentation was performed twice along surface
2 of HBH, once after re-polishing and exposing a different set of
crystals. When repeating indentation along the re-polished core,
measurements were performed at similar depths within the coral
core (i.e. deposited at a similar time along the same surface), but
at random positions within a given depth of the core. Repeated
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measurements spanned four years of growth. A cono-spherical tip
was used, as described above.

Nanoindentation - (iii) To investigate the heterogeneities of
nanomechanical properties and possible correlations with the crys-
tallographic orientation of the aragonite crystals, high-resolution
indentation mapping was done using a Berkovich indenter (tip ra-
dius of 140 nm), which can provide a higher spatial resolution in
comparison with cono-spherical tips. A maximum load of 4 mN, a
load function of 5s loading - 2s holding - 5s unloading and spacing
of 5 wm was used to probe an area of 110 wm x 220 pwm.

For all measurements, the tip areas were calibrated using stan-
dard fused quartz and aluminium samples for the required contact
depths. Hardness was determined by the maximum load divided
by the contact area, and Young’s modulus was determined using
the Oliver and Pharr [35] method. Indents that displayed severe
pop-in events due to micro-cracking around the indents were dis-
carded from Young’s modulus and hardness calculations.

2.3. Crystal orientation and elemental mapping

A JEOL JSM-7800F field emission scanning electron microscope
(FESEM), equipped with an electron back scatter diffraction (EBSD)
detector (Oxford NordlysNano) and two energy dispersive x-ray
spectrometers (EDS) (Oxford X-Max 150 mm?), was used to im-
age samples and to determine both crystal orientation (EBSD) and
mineral composition (EDS). EBSD determines the orientation of
solid crystals using diffraction patterns, known as Kikuchi patterns,
which are generated by interactions between the electron beam
and the crystal lattice. EDS determines the elemental composition
of the skeleton, as minerals emit characteristic X-rays after being
excited by an electron beam.

For EBSD measurements and EDS mapping, the system was op-
erated in low vacuum mode with a 3.1 nA probe current and 15 kV
accelerating voltage. For EBSD, a 18.7 mm working distance was
used, step-size ranged from 0.5-1.5 mm and exposure time from
82 to 246 ms, depending on the scan area. Binning mode was set
to 1 x 1, with a frame average of 1 and low gain. EDS mapping
was performed at 10 mm working distance, using 1024 pixels per
frame and 500 ms pixel dwell time. For FESEM imaging in Fig. 1,
samples were etched in 0.1% formic acid for 45 s [36,37]. Prior to
EBSD, EDS, and Raman spectroscopy analysis (details below), sam-
ples were polished with decreasing mesh size (1000 down to 4000
grit) followed by a colloidal silica suspension (particle size 40 nm)
(Struers) and ultrasonication.

EBSD was performed on all three surfaces of the WLT core and
on surface 2 of the HBH core. Due the high variability in Young’s
modulus observed along surface 2 of the Taiwan HBH core [23],
EDS mapping and Raman spectroscopy (details below) were per-
formed on HBH. The MTEX Matlab (R2020a) toolbox was used for
EBSD analysis and to determine grain size [38]. Inverse pole fig-
ure (IPF) maps display color-coded orientation information using
Miller indices ([100], [010]. [001]). The [001] direction is parallel
to the morphological axis of the crystal fiber (c-axis). Orientation
density functions (ODFs) are used to show the stereographic pro-
jection of the (100), (010), (001) and (222) aragonite planes. Note
that these planes are not related to indentation surfaces defined in
Fig. 1, but rather pertain to the orientation of crystals within grains
of a given surface. ODFs reveal both crystallographic orientations
and the volume percentage of crystals in specific orientations.

To visualize patterns in crystal orientation, trichromic EBSD
maps were generated with orientations binned by + 0-30°, &+ 30-
60°, + 60-90° about the a-axis. The number of pixels correspond-
ing to each color was counted to determine the percent contribu-
tion of crystals from each orientation bins (n pixels counted per
surface: 1 = 2,716,917; 2 = 2,117117; 3 = 2,518,557).
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Surface 1
Surface 1
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Fig. 1. Micrographs illustrating the coral surfaces analyzed in this study. (A) Optical micrograph of a non-embedded Porites skeleton sample showing the direction of
analysis for surface 1 and surface 2, with an arrow indicating the primary vertical growth direction at the macroscale. (B) Porites skeleton embedded in resin and polished
to expose the three perpendicular surfaces: surface 1 (transverse) and surfaces 2 & 3 (longitudinal). Indentation measurements on surface 1 were parallel to the primary
vertical growth direction, and indentation measurements on surfaces 2 & 3 were perpendicular to the primary vertical growth direction. Field Emission Scanning Electron
Microscope (FESEM) micrographs of (C, D) etched surface 1 and (E,F) surface 2. Note that growth directions within individual fine-scale components (i.e. COCs and fibers)
can differ from the primary vertical growth direction.
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Fig. 2. Micromechanical anisotropy in WLT sample. (A) Young’s modulus (GPa) and (B) hardness (GPa) measured using depth-sensing microindentation in surfaces 1 (coral
growth direction) (n = 16), 2 (n=17), and 3 (n = 16) of the WLT Porites sample. Young's modulus and hardness differed between surfaces (ANOVA, p < 0.05) and were
higher in the primary vertical growth direction (surface 1) than surfaces 2 and 3. Statistically different groupings indicated by a and b.

2.4. Raman crystallography

Polarized Raman spectroscopy was performed on the Taiwan
HBH core using a confocal Raman spectroscope (Alpha 300, WITec,
Germany) equipped with a 532 nm laser wavelength and 20x
magnification objective lens. To obtain the orientation dependent
spectral from the samples [39], an analyzer filter at 0° and 90° was
used for parallel and cross polarization. Accordingly, all the mea-
surements were done twice to collect the Raman spectra or maps
in parallel and cross polarizations. Monocrystal geological arago-
nite was used as a standard to determine the crystallographic ori-
entation of aragonite. During point measurements of the geological
aragonite sample, an integration time of 1 s and an accumulation
of 30 were used. For the mapping of the coral sample, an area of
85 wm x 200 wm with a spatial resolution of 1 pm was mapped
using an integration time of 5 s. The measurements were done us-
ing a 1800 grooves/mm grating, which provides a spectral resolu-
tion of 1 cm~! when combined with the 532 nm laser wavelength.
WITec Project 5.2 and OriginPro 2020 were used for data analysis
and spectra plotting, respectively.

2.5. Data analysis

Data analysis and plotting were done using MTEX [38], R [40],
Datagraph, WIiTec, and OriginPro software. The number of repli-
cates (n) varied by experiment and is listed the respective text.
Trichromic EBSD maps were generated in MTEX using groupings
of £0-30°, £30-60°, £60-90° relative to the a-axis, and total pixel
counts of each color were determined. Associated scripts are pro-
vided along with raw data files (see Supplementary Material).

Shapiro-Wilk’s test was used to test for normality of nanoin-
dentation data, and the Anderson Darling test was used to test
for normality of grain size data, due to the large number of data
points. Analysis of Variance (ANOVA) with TukeyHSD post hoc tests
and Welch t-tests were used on nanoindentation data. Due to out-
liers in hardness measurements along surface 1, TukeyHSD post
hoc tests determined only nearly statistically significant hardness
groupings. Additional testing was performed to show that hard-
ness along surface 2 and surface 3 were not statistically different
(t-test, p > 0.05) from each other, while surface 1 hardness differed
from surfaces 2 and 3 (t-test, p < 0.05). An additional nonparamet-
ric test less sensitive to outliers (Kruskal-Wallis, Fisher post hoc,
Hochberg adjustment) was used to confirm that surface 1 hard-
ness differed significantly from surfaces 2 & 3. A Kruskal-Wallis
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Table 1
Percent contribution of crystals with orientation bins (+ 0-30°, &+ 30-60°, + 60-
90°) relative to the a-axis in surfaces 1 - 3.

Percent of a-axis rotational bins

Surface

+ 0-30° + 30-60° + 60-90°
Surface 1 40.57% 45.21% 14.23%
Surface 2 46.11% 38.83% 15.06%
Surface 3 43.92% 40.68% 15.40%

test (Fisher post hoc, Hochberg adjustment) was used to analyze
grain size data between surfaces.

3. Results
3.1. Anisotropy, crystal orientation, and grain size between surfaces

Microindentation of three corallite surfaces from Taiwan (WLT)
revealed significantly greater Young’s modulus and hardness val-
ues parallel to the primary macroscale direction of coral growth
by approximately 6 GPa (Fig. 2) (ANOVA, p < 0.0001) and 0.2 GPa
(ANOVA, p < 0.05), respectively (n = 49). To confirm that this trend
was not unique to WLT or a single corallite, additional tests were
performed in the KRD core, which also displayed even more pro-
nounced anisotropy, with surface 1 having an average Young's
modulus of 81.98 GPa + 4.91 and the surface 2 Young’s modulus
was 48.53 £ 3.79 GPa (n = 20).

Crystal orientation mapping of the three WLT surfaces were rel-
atively similar (Fig. 3). When grouped by crystallographic angle rel-
ative to the a-axis (Fig. 4), patterns in crystallographic orientations
were more apparent. Surface 1 had a higher percentage of crys-
tals oriented with the a-axis between + 30-60°, and surfaces 2
& 3 had a higher percentage of crystals with the a-axis between
0-30° (Table 1). Orientation density functions (ODFs) showed that
(001) and (100) planes were more dispersed in surface 2 and sur-
face 3, relative to surface 1 (Fig. 3). Centers of calcification (COCs),
also known as rapid accretion deposit areas, were visible as non-
indexed areas. These regions did not produce Kikuchi patterns and
thus did not index as any crystalline polymorph of calcium car-
bonate (e.g. aragonite, calcite). In surface 1, COCs were typically
surrounded by crystals with the [010] and [100] axis perpendic-
ular to the surface, whereas in surfaces 2 & 3, COCs were predom-
inately surrounded by crystals with the [010] axis perpendicular to
the surface.
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Fig. 3. Inverse pole figures (IPF) and orientation density functions (ODFs) of crystal orientation data from electron backscatter diffraction (EBSD) analysis of surfaces 1 -
3 of the WLT Porites sample. Two locations within each surface are displayed in columns. Colors in IPF figures correspond with crystallographic directions (Miller indices)
of pixels that are perpendicular to the map surface. ODF plots (spheres) show the density and distribution of orientations within given crystallographic planes (100), (010),
(001), and (222). Centers of calcification (COCs) are non-indexed regions surrounded by indexed crystals, and an example COC is demarcated in Surface 2. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Trichromic mapping of crystal orientation data from electron backscatter diffraction (EBSD) analysis of surfaces 1 — 3 of the WLT Porites sample. Two locations within
each surface are displayed in columns. Crystallographic directions were clustered based on their orientation about the a-axis (cyan = 0 - 30°; yellow = 30 - 60°; magenta
= 60 - 90°). Centers of calcification (COCs) are non-indexed regions surrounded by indexed crystals, and an example COC is demarcated in Surface 2. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Grain size measurements from EBSD data using MTEX [38] re- 3.2. Chemical composition, crystal orientation, and nanoindentation

vealed a variable size, averaging 10.0 + 12.1 wm?. Surface 1 had a mapping within a surface

broader distribution pattern and had significantly higher grain size

than surfaces 2 or 3 (Kruskal-Wallis, Fisher post hoc, Hochberg ad- HBH was selected for further mechanical testing and orien-
justment, p < 0.001) (Fig. 5). With an average cono-spherical in- tation mapping, because its properties were observed to change
dentation contact depth of 200 nm, each indent compresses an more drastically on a small spatial scale with depth along the coral
area of approximately 6 wm?. In comparison with aragonite crystal core, relative to WLT [23]. Due to the sharp decrease in Young's
diameter (< 1wm), we estimate that individual indents comprised modulus observed in 2012 - 2011 in the HBH core [23], the sam-
several tens of crystals from a single grain and indentation grids ple was polished and indentation measurements were repeated.
(2000 wm?2) contained over 100 neighboring grains. Re-polishing this surface exposed different crystals, and indent re-
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Fig. 5. Grain size (um?) relative frequency distribution from surfaces 1 (n=
13,409), 2 (n=14,547), 3 (n=18,688) of the WLT Porites sample. Grain size
was determined from electron backscatter diffraction (EBSD) data. Grain areas are
binned by increments of 5 m?. All three surfaces had significantly different grain
size distributions, with surface 1 having the largest average grain size (Kruskall-
Wallis, Fisher post hoc, Hochberg adjustment, p < 0.001).

gions were performed within different skeletal features and coral-
lites. Yet, the same trend in Young’s modulus was observed on
the re-polished track (Fig. 6). This finding suggests that crystals
deposited at a similar time along a given surface have preferred
microscale mechanical and crystallographic properties, despite the
fact that coral growth is heterogeneous. EDS analysis along the re-
gion with the sharpest gradient in Young's modulus (2012-2011)
revealed no evident trend in mineral composition of atom % C, O,
Ca, Mg, Sr, or Ba (only Ca, Mg shown here) (Fig. 6B & C). Within
the non-indexed regions, atom % Ca appeared higher and atom %
Mg lower, relative to the surrounding crystals. However, electron
micrographs reveal that this region may be less smooth than the
surrounding region (Fig. 7C), likely due to its amorphous phase or
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higher porosity, causing it to damage more easily during polishing.
This would result in a rough surface, which could lead to erroneous
EDS measurements. In addition, EDS data for elements with less
than <2 atom% are likely unreliable, including Mg, which had ~
0.3 atom?%.

Aragonite single crystals possess a significantly higher stiffness
[41] and elastic modulus [42] along their c-axis. Accordingly, we
used correlative Raman crystallography-nanoindentation to inves-
tigate whether variations in crystal orientation could be directly
correlated to a location-specific nanomechanical response. Raman
spectra from the basal and prism facets of monocrystal geologi-
cal aragonite were measured and collected in 0° and 90° orienta-
tions using parallel and cross polarizations (Fig. 7A). By comparing
the collected spectra and filtering them for the in-plane and out-
plane bending peaks [43], we confirmed that the presence of the
707 cm~! peak in parallel-polarized measurements denoted the
basal facet of the crystal. In addition, we determined crystal orien-
tations along the c-axis using the 274 cm~! and 854 cm~! peaks,
based on parallel and polarized measurements, respectively. Lastly,
we extracted confocal Raman maps by filtering based differences
in revealed peak intensities (Fig. 7B).

Both polarized Raman spectroscopy and EBSD revealed com-
parable orientation data, such that crystals with the base an-
gle oriented outward (Fig. 7C, upper right) corresponded with
crystals with [100] and [001] (purple/red) directions perpendicu-
lar to the surface (Fig. 7D, upper right). Crystals with the base
angle oriented outward had the highest Young’'s modulus and
hardness in the mapped region (Fig. 7E). Despite variations in
Young's modulus and hardness in the mapped region (Fig. 7E),
this trend between nanomechanical properties and crystal orien-
tation was weak, suggesting that aragonite crystals in this coral
sample did not behave as a single crystal. Within the skeletal ul-
trastructure, the COC displayed lower Young's modulus and hard-
ness than surrounding fibers (Fig. 7E). The COC was predomi-
nately surrounded by crystals with the [010] direction perpen-
dicular to the surface (Fig. 7C & D), as was found surrounding
COCs in surfaces 2 & 3 of the WLT sample (Fig. 3). EDS maps
showed higher atom% Ca in the COC region (~21 atom% Ca) than
the fibers (~16 atom% Ca) (Fig. 7F), which may be an analytical
artifact.
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tom % |
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01/2012

Fig. 6. (A) Repeated measurements along re-polished surface of the HBH Porites sample. (B) Energy-Dispersive X-ray Spectroscopy (EDS) was performed in the 2012-2011
region of the HBH core, due to its high variability in mechanical properties. Approximate dates are provided at the top and bottom of both images. The area indicated in (D)

was used for high resolution nano-indentation mapping (see Fig. 7).
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Fig. 7. Correlative Raman crystallography, EBSD, and nanoindentation on the longitudinal plane (surface 2) of the HBH Porites sample. Extracted Raman spectra from different
crystallographic orientations of single crystal aragonite measured with (A) parallel polarization and (B) cross-polarization were used as a reference for orientation mapping of
the coral sample. (C) FESEM micrograph of analyzed region (not-etched) and high-resolution Raman maps extracted from the coral sample filtered for 707 cm~!, 274 cm™!,
and 854 cm~! belong to CO; vibrational modes were used to investigate crystal orientations of the aragonite crystallites. These data were compared with (D) EBSD maps and
used for correlative analysis of (E) elastic modulus and hardness nanoindentation maps with crystal orientation maps. Centers of calcification (COC) are non-indexed regions
surrounded by indexed crystals. (F) EDS mapping of atom % Ca. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

4. Discussion

In contrast with previous studies of coral skeletons, which
have reported homogenous and isotropic skeletal properties in
three scleractinian species [25,44|, we observe anisotropy in Porites
skeletons, marking the first time that mechanical anisotropy has
been documented outside of bulk-scale measurements in corals
[20]. In natural single-crystal form, anisotropy is well documented
in aragonite, with a preferred orientation and along the c-axis
and increased Young’s modulus by a factor by approximately 1.8-
fold [42,45,46]. As aragonite crystals are anisotropic, anisotropy
was hypothesized to be a property of coral skeletons at crystallo-
graphic scales, and it has been observed in other aragonite biomin-
erals [25,28,47]. Additionally, anisotropic elongation has been de-
tected in coral skeletons by measuring aragonite unit cell parame-
ters [30,48], and heterogeneous distributions of fiber bundles and
growth regions are well documented [10,11].
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Here, anisotropy was more pronounced at the scale of crystal
bundles (5 pwm tip radius) than at the nanoscale (140 nm tip ra-
dius), but overall, anisotropy was less pronounced than in single-
crystal aragonite [42,46]. Together, these results suggest that pack-
ing and microarchitectural organization of the crystals affect skele-
tal mechanics at different scales. At the crystal bundle scale (mi-
croscale), slight differences in preferred crystal orientation, crystal
packing, and grain size likely explain the observed anisotropy. Al-
though reducing coral growth to three surfaces is a simplification
of a complicated, three-dimensional biomineralization process, re-
peated measurements performed in the re-polished HBH sample
demonstrate the robustness of these microscale mechanical trends
(Fig. 6A), along with repeated microscale anisotropy measurements
in core KRD. When comparing crystal orientation with mechanical
properties at the nanoscale, we observed a correlative trend be-
tween Young's modulus and hardness and crystal orientation along
the bases (perpendicular to the c-axis) (Fig. 7), yet this relation-
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c

Fig. 8. (A) Idealized spherulite and (B) spherulitic growth pattern observed in Sun et al. [15] (copyright request number: 5250290496280). The rectangle in (A) represents
how the transverse surface may capture spherulitic patterns. (C) EBSD crystal orientation mapping from surface 1 (transverse) with circles showing proposed spherulites.

ship was weaker than at the microscale. Differences between mi-
cromechanical and nanomechanical properties may be a result of
biological nanogranular deposition. Aragonite crystals are formed
by biologically driven nanoparticle agglomeration [1,13,15], which
may not display a preferred orientation at the nanoscale, yet a pre-
ferred orientation could arise from crystal packing and organiza-
tion. Across skeletal features, we also observed nanoscale trends
between Young’s modulus and crystal orientation within COCs,
with COCs having lower mechanical properties and similar crys-
tal orientations. As different species have different skeletal archi-
tecture with different COC and fiber dimensions [49,50], species-
specific differences in micro- and nano-scale mechanical properties
are also likely to occur.

Although we observed anisotropy, several similar studies have
documented isotropy in coral skeletons [25,44|. Differences in
anisotropy versus isotropy between studies may be a result of dif-
ferences in coral species or sampling techniques. In contrast with
existing nanoindentation studies of scleractinian coral, which use a
sharp indenter [24,25,44|, we document anisotropy using a blunt
indenter, which produces a relatively smaller initial stress over a
larger area, compressing a bundle of crystals. This difference in tip
geometry does not appear to influence the validity of measured
mechanical values, as evidenced by comparable values of nano-
and micro-indentation measurements on the HBH coral using both
a Berkovich indenter and a blunt indenter (Figs. 6 & 7). Instead,
results from different tip geometries likely reflect the architectural
organization of crystals at different scales.

In addition, differences in mechanical properties may also be
species-specific, as massive and mounding corals, such as Porites,
have lower compressive and tensile strength [19] than branching
corals. Previously studied species using nanoindentation include
the tropical branching coral S. pistillata [25], solitary Mediterranean
corals B. europaea and Leptopsammia pruvoti [25], and the branch-
ing cold-water coral Lophelia pertusa [24]. Each coral species has
unique corallite dimensions, and within the skeletal ultrastruc-
ture, different species contain different ratios of COCs to fibers
[49,50], which could result in species-specific mechanical proper-
ties (Fig. 7E). Species from different environments have also been
found to have different crystal structure anisotropy [30]. These ob-
servations suggest that different coral species may have intrin-
sically different mechanical properties at the nano- and micro-
scales, due to differences in skeletal morphology, growth rate,
and hierarchical architectures. Further studies should characterize
micro- and nanomechanical properties across a wider range of
scleractinian species and environments, particularly key reef build-
ing species in ecologically important regions.

Similar to previous orientation mapping studies on coral skele-
tons, aragonite crystals were grouped into bundles with the c-axis
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oriented radially from the COC [13,15,16,24,25]. Recent studies of
crystal orientation have documented spherulitic growth across a
range of scleractinian coral species, including Porites lobata [15].
Here, analysis between surfaces supports the spherulitic growth
model, as we see different patterns surrounding COCs between
transverse (surface 1) and longitudinal (surfaces 2 & 3) planes.
COCs along surface 1 displayed spherulitic-like range of orienta-
tions, similar to growth patterns to that of an idealized spherulite
(Fig. 8A-C). In contrast, along the longitudinal surfaces, crystal
orientations surrounding the COCs were predominately along one
plane, rather than opposing planes. Cutting through spherulites
longitudinally may expose crystals with parallel orientations along
COCs (Fig. 8A), resulting in COCs surrounded by crystals of similar
orientations (Fig. 3).

In addition to orientation, grain size also differed slightly be-
tween transverse and longitudinal surfaces, with the transverse
surface (surface 1) having larger grains. Grains may be larger from
the transverse perspective, as more crystals are aligned with the
coral’s primary macroscale growth direction. In non-biogenic ma-
terials (e.g. ceramics, copper, diamond), numerous studies have ob-
served that Young’s modulus and hardness can increase with in-
creasing grain size [51-53]; yet, this relationship does not always
hold true, as an increase in grain boundaries (i.e. smaller grains)
can also increase hardness and yield strength [54]. In biominerals,
the relationship between grain size and mechanical properties is
poorly studied; however, a correlation between hardness and grain
size was also observed in parrotfish enamel [34].

Aside from grain size and crystal orientation, chemical compo-
sition and lattice defects are also known to alter material prop-
erties [27,29,55,56]. Defects cause local deformation of the crystal,
essentially stretching or compressing ionic bonds creating atomic
scale defects, known as dislocations. Due to the sharp gradient in
Young’s modulus in one of our Taiwan samples (Fig. 6), we hy-
pothesized that a gradient in chemical composition would be de-
tectable by EDS mapping. However, no difference was detected in
the region analyzed. While EDS mapping in this study revealed an
unusual trend, of the COC being more enriched in Ca and depleted
in Mg, this result should be interpreted with caution as it may be
an analytical artifact related to both polishing and the sensitivity
of EDS analysis. COC regions appeared to have a negative relief in
FESEM micrographs (non-etched) (Fig. 7C). Although etched FESEM
micrographs (Fig. 1C-F) and Raman spectra (Fig. S1) show that the
COC was not resin infilled, COC structures did not have a crystalline
index in EBSD maps. Higher organic content and amorphous cal-
cium carbonate in COCs may cause these regions to polish more
readily than the surrounding fibers, impacting both EBSD indexing
and EDS mapping. Higher Mg content in COCs is well documented,
as these regions have the highest mineral growth rate [57-59] and
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higher Mg incorporation into calcium carbonate is associated with
higher mineral growth rates [60,61]. Previous studies show that Mg
is typically 1.3- to 4-fold higher in the COC than the surround-
ing aragonite fibers [57-59] and may stabilize amorphous calcium
carbonate during mineral formation [14,57,62]. Here, atom% Mg is
likely unreliable due to its low concentration (~ 0.3 atom% Mg)
and the sensitivity of EDS analysis. Regarding the higher Ca content
observed in COCs, which is well-within detection range of EDS,
we hypothesize that this could be an analytical artifact associated
with uneven polishing of the weaker, amorphous COC region. Fu-
ture studies should combine mechanical measurements with more
sensitive chemical mapping techniques, such as laser ablation in-
ductively coupled plasma mass spectrometry (LA-ICP-MS) or ion
microprobe analysis [57-59,61].

As Porites corals are likely to incur higher forces in the direc-
tion parallel to corallite growth, particularly from predation and
environmental stimuli, anisotropy may provide the skeleton with a
structural advantage. Here, we not only document anisotropy, but
also propose that grain size and crystal orientation are likely to
play a key role in controlling micromechanical properties. While
these findings do not contradict recent mineralization models
centered around spherulitic growth and robust micromechanical
properties [15,16,24], they demonstrate Porites skeletons are not
isotropic and that mechanical and crystallographic properties can
vary within skeletons. This is consistent with both the anisotropic
nature of aragonite [41], observations of aragonite crystals in coral
[30], and coral growth models, which show that skeletal exten-
sion is spatially heterogeneous [10]. Understanding what drives
differences in mechanical properties of coral skeletons not only
improves our fundamental knowledge of coral biomineralization
and geochemistry, but can also provide insight into the skeleton’s
ability to withstand environmental and anthropogenic forces, in-
cluding grazing, micro- and macro-boring, destructive fishing, se-
vere storms, and ocean acidification. Work coupling mechanical
measurements with mineralogy and geochemistry [23] is critical
in the context of climate change, as ocean acidification has been
shown to change coral crystal structures and crystallite orienta-
tion [22,63,64] and increase bioerosion rates [65-67]. By incorpo-
rating micromechanical measurements into future studies, we can
better understand and predict how changing environmental condi-
tions may impact the integrity of coral skeletons and the ecosys-
tem services they provide.
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