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ABSTRACT: Identifying and mapping the wide range of sulfur species within complex matrices presents a challenge for under-

standing the distribution of these important biomolecules within environmental and biological systems. Here, we present a coupled 

micro X-ray fluorescence (µXRF) and X-ray absorption near edge structure (XANES) spectroscopy method for determining the 

presence of specific sulfur species in coral tissues and skeletons at high spatial resolution. By using multiple energy stacks and prin-

cipal component analysis of a large spectral database, we were able to more accurately identify sulfur species components and dis-

tinguish different species and distributions of sulfur formerly unresolved by previous studies. Specifically, coral tissues were domi-

nated by more reduced sulfur species, such as glutathione disulfide, cysteine and sulfoxide, as well as organic sulfate as represented 

by chondroitin sulfate. Sulfoxide distributions were visually correlated with the presence of zooxanthellae endosymbionts. Coral 

skeletons were composed primarily of carbonate-associated sulfate (CAS), along with minor contributions from organic sulfate and 

a separate inorganic sulfate likely in the form of adsorbed sulfate. This coupled XRF-XANES approach allows for a more accurate 

and informative view of sulfur within biological systems in situ, and holds great promise for pairing with other techniques to allow 

for a more encompassing understanding of elemental distributions within the environment. 

Scleractinian corals compose the structural and biological 

framework of corals reefs, which are vital ocean ecosystems 

that host hotspots of biodiversity, provide ample marine re-

sources and help to drive tourism-based economies.1 Sulfur (S) 

is ubiquitous as an essential element for life, as it is involved 

in organosulfur compounds such as amino acids (cysteine, me-

thionine) and as a cofactor in proteins such as glutathione di-

sulfide. It is also common in many oxidation states as building 

blocks for minerals ranging from elemental sulfur, to reduced 

sulfide minerals (pyrite) and oxidized sulfate minerals (gyp-

sum). In corals, sulfur is present in both the living tissues and 

non-living skeletal components as both organic and inorganic 

phases. Thus, sulfur in corals has been studied from many per-

spectives, including characterizing sulfate incorporations into 

aragonitic skeletons as a way to better understand skeletal 

growth and deduce the role of organics in biomineralization 

mechanisms,2,3,4,5,6 quantifying dimethylsulphoniopropionate 

(DMSP) production in the tissues and endosymbionts as an el-

evated temperature stress signal during coral bleaching 

events,7 and measuring S isotopes in carbonate-associated sul-

fate (CAS) as a paleoproxy.8 Furthermore, sulfur is an im-

portant trace metal ligand and its cycling and attenuation in 

coral reefs may be intricately linked to bio-limiting trace metal 

cycles that control biological productivity in these oligotrophic 

ecosystems. Understanding the spatial distributions of the 

many sulfur species in corals is thus essential to further un-

locking questions surrounding these biogeochemical pro-

cesses.  

     The utility of synchrotron radiation techniques for speciat-

ing sulfur and investigating the role of sulfur molecules and 

ligands in situ has proven useful in environmental contexts 

such as organic matter,9 metabolites,10 soils,11 brachiopods,12 

mollusks,13 and coral skeletons.3,6,14 Specifically, synchrotron-

based studies on corals (mostly on precious red octocorals) 

have identified a range of sulfur species present in corals via 

single-point X-ray absorption near edge structure (XANES) 

spectroscopy. While this approach tells us what S functional 

groups are most likely present in corals as a whole, the extent 

to which each species plays a role in the coral and where it is 

distributed depends on visual correlations.4,6,14 Some studies 

have taken this approach further and mapped the distributions 

of reduced versus oxidized sulfur regions by using micro X-

ray fluorescence spectroscopy (µXRF) raster maps to overlay 

two single-energy maps representing reduced versus oxidized 

S energies. These studies observed that oxidized S regions vis-

ually correlated with skeletal regions and are made up of sul-

fate-dominated XANES points, while reduced sulfur regions 

align with the coenenchyme and comprise XANES points of 

reduced organosulfur species.6,14  

     In this study, we extend the capacity for pairing synchro-

tron-based XANES with µXRF maps to better interrogate the 

distribution of individual sulfur functional groups within skel-

etons and specific coral tissues at micron-scale resolution. 

Similar approaches have been successful in evaluating the dis-

tributions and bonding environments of metals within other 

environmental and geological systems.15,16 For instance, May-

hew et al.,17 introduced a method combining Fe XANES with 

Fe multiple energy µXRF maps to determine oxidation state, 

speciation, and distributions of Fe in heterogeneous samples of 

fluid-mineral interactions that resulted in the successful map-

ping of a wide range of reduced and oxidized Fe species 

within a single sample. Our study builds on previous sulfur in 

coral synchrotron-based studies that map reduced sulfur (or or-

ganic sulfur) versus oxidized sulfur (or sulfate)6,14 by adapting 

the multiple energy (ME) µXRF mapping technique by 

Mayhew et al. ,17 with extensive XANES points to obtain 

high-resolution spatially-resolved maps of specific sulfur spe-

cies in tissues and skeletons. Using these S species-specific 

maps, we detail how sulfur species relate to specific coral tis-

sues and endosymbiont distributions in aragonitic scleractinian 

corals. 
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MATERIALS AND METHODS  

     Samples. We obtained scleractinian coral samples of 

Diploria labyrinthiformis from Carmabi, Curaҫao, Porites 

astreoides from Water Factory, Curaҫao, and Diploastrea heli-

opora from Yap Island, Federated States of Micronesia. Sam-

ples were rinsed of excess mucus, preserved in trace-metal 

grade paraformaldehyde (Electron Microscopy Sciences), di-

luted with sterile seawater (4% final concentration), and stored 

at 4C. Samples were later partially dehydrated and kept in 

70% ethanol at -20C. Samples from Carmabi, Curaҫao repre-

sent corals growing in more anthropogenically-influenced wa-

ters (some samples from Carmabi were growing on metal 

structures) while those from Water Factory, Curaҫao, Florida 

Keys, USA and Yap Island, Micronesia represent corals grown 

in a range of other geographic locations. 

     Thin Sections. Tissues and skeletons were impregnated 

with a low-sulfur and low-fluorescence Struers® EpoFix 

epoxy to preserve the tissue morphologies for thin-sectioning. 

The samples were cut vertically across the polyps (to expose 

tissue layers and cross-sections of coral septa) and polished 

into 30 µm-thick standard geologic thin-sections using Beta 

Diamond Inc. products and a polishing paper with minimal 

trace metals (confirmed via µXRF). All thin-sections were 

made by High Mesa Petrographics, Los Alamos, New Mexico. 

Optical images (Life Technologies, EVOS FL Auto, Woods 

Hole Oceanographic Institution) and environmental scanning 

electron microscopy (ESEM) (Hitachi TM300, Woods Hole 

Oceanographic Institution) images were taken of the thin-sec-

tions to identify regions of interest for µXRF mapping and to 

confirm that these regions contained minimal algal boring or 

other alterations. 

     Low Energy X-ray µXRF mapping. For determining in 

situ sulfur distributions, Synchrotron-based fluorescence maps  

(µXRF) and sulfur X-ray absorption near edge spectroscopy (S 

XANES) were measured at BL 14-3 at the Stanford Synchro-

tron Radiation Lightsource (SSRL) using a Si(111) (Φ = 90) 

double crystal monochromator. The monochromator was cali-

brated at the thiol pre-edge energy of a sodium thiosulfate 

powder to be 2472.02 eV.  The fluorescence lines of interest 

were measured with a Si Vortex Si drift detector (SII Nano 

Technology) using Xspress3 pulse processing electronics 

(Quantum Detectors) that deliver superior count rates without 

significant dead times. The X-ray beam was focused using 

Kirkpatrick-Baez (K-B) mirrors to a size of 5 x 5 µm at a flux 

of ~2 x 1010 photons per second. To determine sulfur specia-

tion at specific points within the sample, absorption spectra (S 

XANES) were collected from 2460 to 2536 eV at 0.2 eV steps 

to capture the range of energies for the absorption edges of 

possible common sulfur compounds. Multiple sweeps were ac-

quired at each point to confirm that the absorption edge ener-

gies did not shift to lower energies due to photoreduction by 

beam damage to the sample.  

     To map the distributions of different sulfur species within 

the corals, fluorescence maps were obtained at multiple ener-

gies (2472.8, 2473.9, 2475.1, 2476.4, 2481.4, 2482.4, and 

2484.7 eV, as well as 2488.0 for normalization). These ener-

gies were chosen based on unique absorption edge positions of 

common biologically-relevant sulfur species (Figure 1) and 

preliminary S XANES points taken across the P. astreoides 

sample from Water Factory, Curaҫao. Multiple energy (ME) 

µXRF maps were collected with a 5 x 5 µm pixel resolution 

and a dwell time of 50 ms per pixel.

 

Figure 1. Normalized standard S XANES spectra selected for fitting multiple energy (ME) sulfur maps (with the exception of inorganic 

sulfate). Energies (eV) selected for ME maps are marked with filled black circles and dashed lines through the spectra. Asterisk denotes S 

XANES spectra used as internal standards obtained directly from our coral samples and identified as an end-members via PCA analysis. 
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     Fitting Sulfur ME Maps with S XANES. In order to suc-

cessfully describe the distribution of sulfur bonding environ-

ments in a heterogeneous coral sample using ME maps, it was 

crucial to select the appropriate number and variety of stand-

ard sulfur compounds that best describes the coral sulfur sys-

tem. Rather than only relying on the main absorption peak en-

ergies of a set of standards and assuming that XRF maps col-

lected at those energies reflect the distributions of those stand-

ards,4,6 we utilized a stack of ME maps and fit standard S 

XANES spectra to the entire stack of maps to provide a more 

accurate distribution of each sulfur standard. Utilizing a stack 

of energies and several representative absorption features, ra-

ther than only one dominant peak, eliminates bias from over-

lapping XRF signals from neighboring lower energies and al-

lows for better resolution between standards that have main 

peaks at similar energies. This method of using XANES spec-

tral analysis to fit XANES to ME maps was first reported by 

Mayhew et al.,17 to investigate the distribution of iron com-

pounds in fluid-mineral reactions and is also similarly em-

ployed in scanning X-ray transmission microscopy near edge 

X-ray absorption fine structure (STXM-NEXAFS) spectro-

scopic imaging.18,19  

     Properly fitting ME maps with XANES, as described by 

Mayhew et al., 2011 and as modified in this study for sulfur, 

requires combining PCA analysis of ME µXRF maps, PCA of 

XANES, and linear combination fitting of XANES spectra us-

ing XANES standards and XANES PCA end-members using 

SIX-PACK20 and Microanalysis Toolkit21 software in order to 

identify the number of components required to properly fit the 

stack of maps with the most representative standards for the 

sample with the following steps: 1) ME S µXRF maps were 

collected at energies selected based on positions on prelimi-

nary S XANES spectra that differed significantly from one an-

other. These energies correspond to main peak positions of S 

XANES standards (Figure 1) used to fit the ME maps in the 

following steps. These multiple energy maps were stacked us-

ing Microanalysis Toolkit21. 2) 30–43 S XANES were col-

lected per sample to represent the variability found in the sam-

ples, as guided by distinct components identified via PCA of 

the stacked ME maps, Kmeans clustering, and visual features 

identified in optical microscopic analysis of the thin-sections 

(Supporting Information (SI), Figures S1, S2). S XANES 

spectra of typical coral tissues and skeletons are presented in 

Figure 2 with linear combination fits using the S species used 

to represent the system in Figure 1. 3) PCA analyses of the S 

XANES taken from the ME sulfur µXRF maps were con-

ducted (at a 2470 to 2490 eV span) using the SIXPACK soft-

ware package20. The number of principal components (6 to 7 

in this study) was identified from the S XANES by determin-

ing where additional components no longer contributed to the 

signal and the scree plot reached a plateau. 4) Next, end-mem-

ber spectra identified by PCA component score plots were fit 

using linear combination fitting in SIXPACK20 with S 

XANES standards from sulfur spectral libraries acquired from 

the European Synchrotron Radiation Facility (it includes more 

than 60 sulfur standards, including a broad spectrum of inor-

ganic and organic sulfur species) and a set of spectra from our 

personal S XANES library measured at SSRL, BL14-3, in-

cluding glutathione, cysteine and sulfoxide. Spectra obtained 

from the ESRF database are consistent with those collected at 

SSRL in peak shape and position (SI, Figure S3). Overall, 

most end-members were describable using these standards, 

however a few end-members were not sufficiently described 

by the standard library compounds and were thus selected to 

be internal standards for fitting the coral ME maps. These 

spectra include a sulfonate-like compound, carbonate-associ-

ated sulfate, and another inorganic sulfate, all three of which 

are presented with an asterisk in Figure 1. In total we selected 

seven (the number determined by Step #3) S standard com-

pounds representing different S bonding environments needed 

to describe the system. S XANES of these seven compounds 

are plotted in Figure 1. 5) Target transforms of these standard 

S XANES spectra to the seven principal components identified 

via PCA in part 3 (using PC Analysis in SIXPACK20) were 

used to confirm the effectiveness of the seven standard S 

XANES spectra in defining the coral sulfur system. 6) Due to 

some maps being over-constrained with seven standards, six 

of the seven standard S XANES (Figure 1) were fit to the 

stack of ME maps using MicroAnalysis Toolkit21, resulting in 

maps of the distributions of six standard sulfur species (Figure 

3). It is important to stress that while PCA analysis, linear 

combination fittings, and target transforms are used to select 

the final standard S XANES (steps 2, 4, 5, and 6), these S 

XANES are real data from discrete points on our samples or 

from data repositories and they are not subject to any statisti-

cal treatments or changes that would alter their peak position 

or shape. 7) In order to validate the accuracy of our fitted  

maps, we plotted the contributions of S standards to all of our 

S XANES collected in a sample by linear combination fitting,  

Figure 2. Linear combination fits (grey dotted lines) of micro-S XANES spectra from typical tissues and skeletons of D. labyrinthiformis 

and D. heliopora (black lines) underlain by the relative contributions from S XANES standards used for the fitting.   
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versus the contributions of the standards determined by the fit-

ted maps for each position where the S XANES points were 

collected (SI, Figures S1, S2, S4, Table S1). A highly accurate 

fit should be a 1:1 line between linear combination fits versus 

map fits.  

 

RESULTS 

Using our approach for fitting ME µXRF maps with real S 

XANES spectra, we mapped the distributions of six S bonding 

environments across heterogeneous coral samples using S 

XANES of the following standard compounds: glutathione di-

sulfide (hereinafter referred to as glutathione), cysteine, sul-

foxide, a sulfonate-like S XANES spectrum (hereinafter re-

ferred to as sulfonate), organic sulfate (represented by a chon-

droitin sulfate standard, hereinafter referred to as organic sul-

fate), CAS, and another form of sulfate that is unlike CAS or 

chondroitin sulfate (hereinafter referred to as inorganic sul-

fate) (Figure 1). Four of these standards were selected from 

spectral libraries, while sulfonate, CAS and inorganic sulfate 

components are internal standards identified from coral S 

XANES collected in this study (marked with an asterisk in 

Figure 1). Upon validating our results, we removed the inor-

ganic sulfate standard from our map fits because the seven-

standard fits proved to be over-constrained, however the inor-

ganic sulfate standard was kept in the S XANES linear combi-

nation fits. 

     Reduced sulfur species. Three reduced sulfur species were 

identified via PCA analysis and spectral fitting—glutathione, 

cysteine and sulfoxide—all of which have biological relevance 

in coral tissues. Of the various glutathione standards, the oxi-

dized form, glutathione disulfide, fit the data best and was 

used to represent glutathione-like molecules. The amino acids, 

cysteine and methionine, have overlapping absorption edges, 

thus only one was used for the fitting. Cysteine was chosen as 

the representative species for these absorption energies be-

cause it fit better in the target transform analyses. A sulfoxide 

standard was selected as representative for dimethyl-

sulfoniopropionate (DMSP). Finally, a distinct sulfonate-like 

endmember was also identified from the coral S XANES spec-

tra PCA analysis (2481.20 eV, labeled as “sulfonate”). Sul-

fonate was identified as a minor component in some maps and 

thus the spectrum was included in the fit, however it is im-

portant to note that these signals came from areas that may 

represent contamination from either detritus or a filled bubble 

in the epoxy and polishing process (SI, Figure S5). 

     Sulfate species. Our study identified three different bond-

ing environments for sulfate in coral skeletons and tissues: 

CAS (absorption edge peak at 2482.44 eV), another inorganic 

sulfate (2482.65 eV) and organic sulfate (strongest peak at 

2482.74 eV split with a minor peak at 2481.4 eV, represented 

by chondroitin sulfate). We designate our dominant sulfate 

signal associated with the aragonite skeletons as CAS because 

its absorption peak is shifted to lower energies than the gyp-

sum standard and the other inorganic sulfate, as would be ex-

pected for a structurally (substituted) bound sulfate within the 

aragonite lattice. The inorganic sulfate end member is also dis-

similar to gypsum because its S XANES spectrum lacks a post 

edge feature observed in gypsum at 2486 eV. While the bond-

ing environment of this other inorganic sulfate species is un-

known at present, it is likely a sorbed species within the skele-

ton based on the higher energy shift. Despite gypsum being 

used as a representative sulfate standard in previous studies,4,6 

skeletal sulfate spectra fit more accurately with our CAS and 

inorganic sulfate end-members, rather than gypsum, using lin-

ear combination fitting in SIXPACK (Figure 2). Furthermore, 

gypsum was not included in our fits because it was not observ-

able in coral skeletons via Raman spectroscopy3 and S 

XANES studies of sulfate in carbonates confirm that sulfate is 

not incorporated as gypsum or anhydrite in carbonates.21    

      Fitted ME µXRF Maps. Fitted ME µXRF maps of sulfur 

species distributions are presented as heat maps (Figure 3) and 

tricolor plots (Figure 4). The major sulfur components within 

the tissue regions are sulfur species most similar to glutathione 

disulfide, cysteine, sulfoxide and organic sulfate. Cysteine- 

and glutathione-like compounds are mostly anti-correlated 

throughout the tissues with glutathione occurring in concen-

trated points, especially in P. astreoides (Figure 4B). Sulfox-

ide-like species are loosely correlated with cysteine and gluta-

thione distributions and anti-correlated with organic sulfate. 

Zoomed-in views of tissue regions rich in zooxanthellae in the 

gastroderm (labeled g), correlate visually with distributions of 

sulfoxide (Figure 5). CAS is dominant in the skeletons and 

mostly anti-correlated with all other sulfur species.  

 

DISCUSSION 

     Comparison to previous XRF mapping techniques. Pre-

vious studies have provided spatial maps detailing the distribu-

tion of oxidized and reduced S regions of corals.6,14 Here, we 

expand on synchrotron-based paired XANES-µXRF methods 

to identify and map specific S functional groups and species in 

situ at high spatial resolution. Further, rather than relying on 

single-energy maps that contain background fluorescence sig-

nals from lower energy absorption peaks or subtracting re-

duced energy maps from total energy maps, ME fitting sepa-

rates the signals from individual species and allows for more 

accurate species-specific mapping. To aid in presenting this 

distinction, comparisons of single energy maps versus ME fit-

ted maps are included in the Supporting Information (Figure 

S6) along with validation steps for our fitting method (Figures 

S1, S2, S4; Table S1). PCA analysis of an extensive XANES 

library further increases the accuracy of this method by 

properly constraining the number of components necessary to 

describe the system. Lastly, smaller energy step-sizes (0.2 eV) 

in XANES spectra and higher-resolution µXRF maps (5 x 5 

µm steps) allowed for differentiating between previously unre-

solved sulfate variations in corals. In combination, this ap-

proach allowed for high-resolution, species-specific maps of 

sulfur within and across the tissue-skeleton interface in corals. 

In our validation step, compound compositions extracted from 

our map fits compared to the XANES linear combination fits 

of our standards in our D. heliopora example did not always 

fit ideal 1:1 lines (SI, Figure S4). This is likely due to the 

highly heterogeneous nature of the sample and the relatively 

low concentrations of certain compounds throughout the D. 

heliopora example that makes fitting more difficult. 

     Sulfur species in tissues. Four representative sulfur com-

pounds, glutathione, cysteine, sulfoxide and organic sulfate, 

represent the array of sulfur species observed in the coral  
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Figure 3. Multiple energy (ME) sulfur µXRF maps fit with the sulfur XANES standards (Fig. 1) presented as heat maps (blue= low rela-

tive concentration, red= high relative concentrations) of A. D. labyrinthiformis, Carmabi, Curaҫao (scale bar = 100 µm), B. P. astreoides, 

Water Factory, Curaҫao (scale bar = 200 µm) and C. D. heliopora, Yap Island, Federated States of Micronesia (scale bar = 100 µm). Less-

abundant skeletal chondroitin sulfate and inorganic sulfate features in the skeletons are pointed out with yellow arrows. Top optical images 

illustrate the location of the skeleton (s = skeleton) and tissues (t = tissue). Specific tissue layers are also labeled on C: g = gastroderm, m = 

mesoglea, c = coelenteron, ca = calicoderm. 
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Figure 4. Tricolor plots of distributions of different sulfur species in A. D. labyrinthiformis, Carmabi, Curaҫao (scale bar = 100 µm), B. P. 

astreoides, Water Factory, Curaҫao (scale bar= 200 µm) and C. D. heliopora, Yap Island, Federated States of Micronesia (scale bar = 100 

µm). The location of the skeleton is indicated by the bottom panel as carbonate-associated sulfate. Specific tissue layers are labeled on C: g 

= gastroderm, m = mesoglea, c = coelenteron, ca = calicoderm. 

                          
Figure 5. Correlations observed between the distributions of zooxanthellae and tissues (optical and fluorescence maps) with sulfoxide 

(µXRF maps). Samples include A). D. labyrinthiformis, Carmabi, Curaҫao, B). P. astreoides, Water Factory, Curaҫao, and C). D. helio-

pora, Yap Island, Federated States of Micronesia. Black open circles with arrows point out zooxanthellae. Specific tissue layers (g = gas-

troderm, m = mesoglea, c = coelenteron, ca = calicoderm) and skeleton (s) and are labeled on C. Scale bars are 100 µm. 

 

tissues explored here (Figures 1 & 3). Until recently, synchro-

tron-based studies had only utilized cysteine and methionine 

as standards to describe the reduced sulfur species observed in 

the coenenchyme of octocorals;6,23 however, a recent study has 

identified or inferred a similar assemblage of sulfur species in 

octocoral tissues (i.e. glutathione, thioether, disulfide, sulfox-

ide, sulfonate and sulfate) as we observe in scleractinian cor-

als, and which we use to fit our ME maps.14 Our fitted ME 

maps and S XANES spectra demonstrate that overall abun-

dances and distributions of these selected sulfur bonding envi-

ronments remain similar across coral species (Figures 2 & 3). 



7 

 

     The distributions of these different S species point to their 

biological roles within coral tissues. Individual tissue layers 

were identified by referencing Allemand et al.24,25 The most 

distinct sulfur feature identified across the coral tissues meas-

ured in this study is the presence of a sulfoxide-like compound 

concentrated in the gastroderm, the layer of tissue which hosts 

zooxanthellae, and which co-occurs with high concentrations 

of zooxanthellae (Figure 5, gastroderm labeled with a “g”). 

This sulfoxide signal is likely dimethylsulfoniopropionate 

(DMSP), an antioxidant which is produced at elevated levels 

by zooxanthellae, as well as by the coral tissues themselves 

(but to a lesser degree) when these organisms are exposed to 

oxidative and heat stress.7,26 This sulfoxide is also correlated 

with a cysteine-like component, a sulfur-bearing amino acid, 

which occurs in high concentrations in protein-rich regions, 

such as around zooxanthellae or other metabolically-active 

coral tissues (Figures 4 & 5). One difference is that that sul-

foxide is mostly restricted to the gastroderm while the cyste-

ine-like species is also present in other areas of the tissue (Fig-

ures 3-5). Cysteine and a sulfur species resembling glutathione 

both occur throughout the tissues, however, they are loosely 

anti-correlated. A glutathione-like species is likewise present 

in the gastroderm but also occurs as hot spots in other tissues 

likely associated with high concentrations of endosymbiotic 

bacteria known to use glutathione for their sulfur metabolisms 

and redox regulation, especially in P. astreoides (Figures 3B 

& 4B).27 Organic sulfate (represented by a chondroitin sulfate 

S XANES standard) is anti-correlated with all of the reduced 

sulfur species, likely because chondroitin sulfate is a common 

structure-building polysaccharide in animal tissues and in our 

samples is present in the mesoglea, an extracellular matrix 

composed predominantly of water and collagen most clearly 

detailed in D. heliopora (Figures 3C & 4C).24 Furthermore, 

this organic sulfate is not associated with the unicellular endo-

symbionts correlating with the sulfoxide, cysteine and gluta-

thione distributions. 

     Sulfur in the skeletons. This study introduces a method to 

speciate and localize the variety of sulfate bonding environ-

ments in the skeleton. We observe that carbonate-associated 

sulfate (CAS) is the dominant sulfur signal observed in the 

aragonitic coral skeletons and that it is especially concentrated 

along centers of calcification (Figure 3). This finding corrobo-

rates previous studies that focused on mapping sulfur in coral 

skeletal microstructures and similarly observed a higher con-

centration of sulfate in centers of calcification. 3 Our CAS is 

distinguishable via S XANES from another inorganic sulfate 

species within the skeleton and from gypsum. The presence of 

CAS corroborates previous studies of other aragonite and cal-

cite coral skeletons suggesting that skeletal sulfur is composed 

predominantly of substitutions of SO4
2- for CO3

2- in the crystal 

structure,4,6,22 despite the incorporation of SO4
2- into the arago-

nite structure being energetically unfavorable compared to 

other carbonates such as calcite.28,29,30 This inorganic substitu-

tion of sulfate for carbonate groups in the crystal structure was 

originally proposed as a mechanism for the incorporation of 

sulfate in marine biogenic carbonates based on IR measure-

ments and is still considered to be the most likely method for 

sulfate incorporation in biogenic carbonates.31 Since then, pos-

tulated mechanisms for sulfur incorporation in carbonates 

have included sulfide, sulfite and sulfate substitutions for car-

bonate, sulfate-bearing mineral inclusions, native sulfur incor-

porations, sulfate fluid inclusions, adsorption of sulfate onto 

carbonate surfaces and intra- and inter-crystalline S-bearing 

organic matter.14,22,28 CAS is also described in calcite and cal-

citic corals as structurally substituted sulfur (SSS).5,32 

     Another inorganic sulfate component was clearly differen-

tiated from the CAS by a 0.2 eV shift in the absorption edge 

for these two species (Figure 1), however it was present in too 

low of concentrations to be included in our map fits (Figure 3). 

We propose that this is likely a sorbed sulfate species within 

the skeleton. By using PCA on the extensive collection of S 

XANES points to identify representative end-member species 

in the corals, this minor sulfate species was able to observed 

and identified.  

     Results of our fitted ME maps reveal a minor presence of 

organic sulfur species in the skeletons which is anti-correlated 

with CAS. This observation is consistent with previous studies 

that identified both inorganic sulfate and organic sulfur species 

in calcite and aragonite coral skeletons (Figure 3).4,5,6,22 As 

these are natural, heterogeneous samples, this organic sulfate 

signal in the skeletons could be associated with boring algae or 

with a skeletal organic matrix. While organic sulfate has been 

proposed as both a major3 and minor4,6 sulfur component 

within coral skeletons, our S XANES observations, along with 

more recent synchrotron-based and complementary studies, 

suggest that organic sulfate is a minor sulfur component in 

coral skeletons and that CAS comprises most of the observed 

sulfur signal. Mass balance calculations from previous studies 

indicate that structurally-substituted sulfur and organo-sulfur 

species were present at approximately a 20:1 ratio in the cal-

cite skeletons of P. japonicum4,5,33 with an upper bound for to-

tal sulfate in biogenic carbonates as 5000 ppm in aragonitic 

coral skeletons22 and 3100 ± 400 µg/g in calcitic Corallium 

rubrum skeletons.5 Despite the lack of a major organic sulfate 

presence in the skeletons, our thin-sectioned samples of com-

bined skeleton and tissues reveal that organic sulfate species 

are much more pronounced in coral tissues relative to in the 

skeleton (Figures 3 & 4). 

 

CONCLUSIONS 

     Synchrotron-based methods offer a unique approach to ob-

serving in situ elemental distributions and bonding environ-

ments in complex environmental samples. Here, sulfur µXRF 

ME maps with end-members and standards from extensive S 

XANES observations and analyses allowed for distinguishing 

between different species and distributions of sulfur formerly 

unresolved by previous studies. Specifically, tissues are com-

posed of reduced sulfur species similar to glutathione, cysteine 

and sulfoxide, as well as organic sulfate, while skeletal sulfur 

is dominated by CAS with very minor amounts of (ad)sorbed 

sulfate and organic sulfate. Sulfur distributions follow con-

sistent spatial patterns in coral tissues and skeletons, regard-

less of species and locality. For example, CAS is concentrated 

along centers of calcification, along the septa of skeletons, 

while sulfoxide is located in tissues that are especially concen-

trated with zooxanthellae. Our method of coupling µXRF with 

XANES produces more accurate representations of sulfur spe-

cies distributions compared to single-energy maps or XANES 

fittings with µXRF maps that use less-representative stand-

ards, such as gypsum to represent sulfate, from spectral data-

bases. Future directions for this method could include combin-

ing these low-energy X-ray maps with metal species data ob-

tained on high-energy beamlines as well as microbial distribu-

tions using spatial biological techniques such as fluorescent in 

situ hybridization probes. 
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