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abstraCt

Understanding the mineralization of coral is significant for the formation of coral reefs and paleocli-
matic reconstructions. However, the fundamental mechanisms involved in biomineralization are poorly 
understood. A combination of Raman spectral and cross-polarized reflected light microscopy imaging 
was used to examine the three-dimensional spatial distribution of the skeletal ultrastructures and their 
associated mineral, organic, and water chemistry in coral, which enable insight into the spatial growth 
features of the ultrastructures and possible formation processes. A possible mechanism is proposed that 
controls the formation of skeletal ultrastructures, which likely involves compartmentalized calcify-
ing cells and their related cellular activities. This could clarify the association between coral skeletal 
mineralization and biology, and it may be beneficial to better protection and application of coral reefs.
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introDuCtion

Biomineralization results in the Earth’s spectacular coral reefs 
and forms high-resolution archives of past environmental change 
(Cohen and McConnaughey 2003; Meibom et al. 2003; Otter 
2019). Mineralization by coral has significance for geochemistry, 
climatology, and biology (DeCarlo et al. 2019a; McCulloch et 
al. 2012; Motai et al. 2012), and a better understanding of the 
biology of coral skeletogenesis might provide new insights into 
reef growth patterns (Cuif and Dauphin 2005a; DeCarlo et al. 
2019b; Meibom et al. 2003), future responses of coral reefs to 
environmental change (Cohen et al. 2009a; Farfan et al. 2018a; 
Georgiou et al. 2015; Hennige et al. 2015; Meibom et al. 2006), 
and quantitative paleoenvironmental proxies (Chen et al. 2015; 
Meibom et al. 2007; Thompson 2022).

Despite the widespread significance of coral mineralization 
and extensive investigations (Cusack and Freer 2008; DeCarlo et 
al. 2019a; Mann 2001; Meldrum 2003), the fundamental mecha-
nisms of mineralization remain poorly understood (Allemand et 
al. 2011). Several models of coral mineralization have been pro-
posed, including diurnal growth (Cohen et al. 2001; Gladfeiter 
1983a), the organic template/envelope (Constantz 1986; Cuif et 
al. 2003; Le Tissier 1988), growth related to amorphous calcium 
carbonate (Mass et al. 2017; Von Euw et al. 2017), cyclical 
changes in the saturation state of calcifying fluids (Al-Horani et 
al. 2003; Holcomb et al. 2009), and control by different calcifying 
cells (Cuif and Dauphin 1998; Meibom et al. 2008). However, 
these hypotheses are based on either the skeletal chemistry 
(elemental, isotopic, and organic) or crystalline morphologies 
and have not considered the spatial growth features (i.e., the 
various orientations) of ultrastructures.

Understanding the biological controls on coral mineraliza-
tion requires a robust knowledge of coral ultrastructures and 
growth (Gilis et al. 2015; Otter 2019; Stolarski 2003). The coral 
skeleton consists primarily of two ultrastructures, which are 
centers of calcification (COC) and fibers (Cohen and Thorrold 
2007; Cusack and Freer 2008; Meibom et al. 2008). The former 
accounts for only ~3% of the entire skeletal weight, is embedded 
within the fibers (i.e., the host medium), and has an important 
role in skeletal formation (Allison 1996; Cuif and Dauphin 1998). 
The longitudinal and lateral extensions of the COC determine 
the overall architecture of the coral skeleton (Cuif and Dauphin 
1998; Meibom et al. 2006; Sugiura et al. 2021). Moreover, the 
COC are generally considered to be nucleation sites for fiber 
crystallization (Cohen and McConnaughey 2003; Cohen et al. 
2001; Constantz 1986). Therefore, the COC are fundamental to 
coral skeletogenesis (Cohen et al. 2001; Constantz 1986).

Investigating the nature, growth, and chemistry of the 
COC is challenging because of their small diameter (generally 
<10 µm) and concealed occurrence (Cuif and Dauphin 2005b; 
Cuif et al. 2003; Meibom et al. 2006). Conventional physical 
separation followed by solution-based analyses, and even mi-
croanalysis by laser ablation inductively coupled plasma mass 
spectrometry and secondary ion mass spectrometry, are unable 
to analyze the COC without contamination from adjacent fiber 
materials (Chen et al. 2020; Cuif and Dauphin 1998; Meibom et 
al. 2003). A limited number of previous studies have focused on 
identifying the distinctions between the COC and fibers in terms 
of either their crystalline morphology (Cuif and Dauphin 1998; 
Motai et al. 2012), organic phase (Cuif et al. 2003; DeCarlo 
et al. 2018), or elemental and isotopic compositions (Cuif and 
Dauphin 1998; Holcomb et al. 2009). However, few studies 
have examined the distribution of the COC, particularly within 
the three-dimensional coral skeleton, which might provide 
insights into the formation of ultrastructures and biological 
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