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ABSTRACT 
 
 

Paleoceanographers utilize geochemical proxies, such as oxygen isotopic ratios (δ18O), 

that are recorded in coral colonies to reconstruct past ocean conditions. Massive hermatypic 

corals precipitate skeletal aragonite with a δ18O composition that is in disequilibrium with 

seawater; therefore, compromising their use as a direct proxy for the δ18O of seawater 

(δ18Oseawater). Previous studies on the family Stylasteridae, an ahermantypic coral, demonstrate 

that these corals precipitate aragonite in isotopic equilibrium with seawater. Stylasterid corals 

contain infilled pore spaces of secondary aragonite within the skeletal microstructure, 

presumably precipitated later in time. The δ18O values of these infilled areas have not been 

studied in detail to determine if they complicate paleoceanographic reconstructions. Stylaster 

erubescens coral colonies were collected from the Charleston Bump (31.4°N, –78.8°W), in the 

Blake Plateau. Infilled and primary skeletal material was analyzed for δ18O values using 

secondary ion mass spectrometry (SIMS) on the micrometer scale. SIMS analysis determined 

that nine of the eleven infilled areas have δ18O values within analytical precision (±0.4‰, 2σ) of 

the adjacent primary skeleton. The two infilled areas with differences in primary and secondary 

δ18O values outside 2σ analytical precision have δ18O values that are both higher and lower than 

the surrounding primary skeleton suggesting environmental changes between the time of initial 

precipitation and later infilling are the source of the variation. The primary skeleton is composed 

of 1.9% infilled area by area; therefore, when using conventional millimeter-scale sampling 

infilled areas would not produce a detectable offset in the geochemical record, in this coral 

species in this location. These results suggest S. erubescens can be used as an environmental 
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proxy data source in those regions and times where environmental change is minimal and coral 

contain few infilled pore spaces. 
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LIST OF ABBREVIATIONS AND SYMBOLS 

≈ approximately 

‰ per mil 

δ18O  delta notation δ18O={ (Rsample-Rstandard/Rstandard)}*103‰ Where Rsample= 18O/16O 
ratio of the sample, and Rstandard= 18O/16O ratio of the standard 

 
δ13C delta notation δ13C={ (Rsample-Rstandard/Rstandard)}*103‰ Where Rsample= 13C/12C 

ratio of the sample, and Rstandard= 13C/12C ratio of the standard 
 
σ  standard deviation 

s  seconds 

hrs  hours 

cps  counts per second 

°  degree 

in  inch 

cm  centimeter 

mm  millimeter 

nm  nanometer 

µm  micrometer 

mL  milliliter 

µg  microgram 

nÅ  nanoampere 

wt. %  weight per cent 

BEI  backscattered electron imaging 
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CAF  Central Analytical Facility 

COC  centers of calcification 

DI  deionized water 

SEI  secondary electron imaging 

SEM  scanning electron microscope 

SIMS  Secondary Ion Mass Spectrometer 

SEI  secondary electron imaging 

VPDB  Vienna Pee Dee Belemnite 

VSMOW Vienna Standard Mean Ocean Water 

WISC  Wisconsin 

XRD x-ray diffraction 
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1. INTRODUCTION 

Paeloclimatologists study hermatypic massive corals, which live for several centuries, 

because they have annual density bands for establishing a chronology and geochemical 

variations within record environmental variability (e.g. sea surface temperature (SST), light, 

salinity, and pH) (Knutson et al., 1972; Aharon, 1991; Risk et al., 2002; Shirai et al., 2005; 

Corrège et al., 2006; Holcomb et al., 2010). A complicating factor in analyzing coral based proxy 

reconstructions is that scleractinian corals do not precipitate their skeleton in oxygen isotopic 

equilibrium with seawater (e.g. Adkins et al., 2003; Rollion-Bard et al., 2010; Wisshak et al., 

2006; Juillet-Leclerc et al., 2009). Vital and/or kinetic effects cause disequilibrium between the 

environmental oxygen isotope ratio (δ18O) and the coral δ18O precipitate (Adkins et al. 2003; 

Rollion-Bard et al., 2010). Differences in skeletal precipitation rates can change oxygen isotope 

ratios (δ18O) (McConnaughey, 1989). In contrast to scleractinian corals, several studies suggest 

that ahermatypic hydrocorals in the family Stylasteridae grow in oxygen isotope equilibrium 

with seawater (Weber and Woodhead, 1972b; Andrus, 2007; Mienis, 2008; Wisshak et al., 

2009). Stylasteridae are a potentially useful archive of temperature and/or δ18O values of 

seawater (δ18Oseawater) data (Cairns, 1986). 

Stylaster erubescens (Pourtalès, 1868) is a colonial, deep-water hydrocoral that produces 

a calcium carbonate (CaCO3) skeleton in the form of aragonite, as shown in Figure 1.1. Like 

other hydrocorals of the family Stylasteridae, S. erubescens is ahermatypic (non-reef building) 

(Cairns, 1986). This species depth range is documented from 146 – 965 m, although it is most 

commonly found in depths from 650 – 850 m (Cairns, 1986). In waters off the United States, 
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S. erubescens is found along the continental shelf and slope, from the Blake Plateau off the coast 

of South Carolina, to off the south bank of Florida (Cairns, 1986). This species is not reported 

north of the coast of South Carolina to the North Atlantic, but is documented near Greenland and 

Iceland (Cairns, 1986).  

 

Figure 1.1. Colonies of S. erubescens. Note difference in colony morphology. A Harmotho sp. 
polychaete is growing on the leeward side of the coral colony in (B). The morphology of (A) is 
typical of the colonies sampled in this study in terms of branching and size. 
 

Colony morphology varies greatly in terms of height as well as the inconsistent 

development of fine branches (Figure 1.1). The polyps of the colony face towards the current 

with maximum skeletal growth occurring perpendicular to the flow of direction (Cairns, 1983). 

This alignment allows the polyps, located on only one side of the colony to face the current, 

maximizing the amount of nutrients gathered by filter feeding. Some colonies live with 

commensal polychaetes, Harmotho sp., in which a large calcareous tube forms on the posterior 

of the colony and is often an identifying feature for S. erubescens (Figure 1.1, ‘B’) (Cairns, 

1986). 
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The internal microstructures of stylasterids are different than other coral species, such as 

scleractinians and bamboo corals, in the family Isididae (Cairns, 1983; Wisshak et al., 2009). 

Three-dimensional networks of canals traverse through the internal skeleton of stylasterids 

(Cairns, 1983; Wisshak et al., 2009; Puce et al., 2011). Stylasterids sometimes contain faint 

increment-like structures unlike the more obvious increments seen in bamboo corals or density 

bands seen via x-radiographs in scleractinians (Wisshak et al., 2009). Secondary aragonite is 

occasionally precipitated in pore spaces and canals in both scleractinians (e.g. Sharai et al., 2008) 

and hydrocorals (e.g. Wisshak et al., 2009). However, it is unclear if the organism actively 

precipitates the secondary carbonate or if it is abiotic in origin (Wisshak et al., 2009).  

Secondary carbonate precipitation in pore spaces can complicate oxygen isotope analysis. 

To date, published isotopic studies on Stylasteridae analyzed crushed fragments of colonies that 

were 1 – 3 mm in length (Weber and Woodhead, 1970; Weber and Woodhead; 1972a), or 

powders from micromilled transects ≈0.2 – 0.4 mm in length and ≈0.5 – 1.4 mm in width 

(Andrus, 2007; Wisshak et al., 2009). The size of infilled areas is ≤50 µm2, with most areas 

averaging from 20 – 30 µm in diameter in this study. Precipitation of the infilled areas occurs 

after the precipitation of the primary skeleton (Wisshak et al., 2009) with different environmental 

signals presumably incorporated into the skeleton, assuming the environment varies at such 

timescales. Infilled areas included in samples may create geochemical profiles with altered δ18O 

values as they are precipitated after primary skeletal growth. The infilled skeleton affects total 

bulk δ18O values in an unknown manner. 

Avoiding extensive time averaging is possible by using a higher resolution sampling 

method in comparison to bulk (centimeter scale) and micromill (millimeter [mm] scale) samples. 

The secondary ion mass spectrometer (SIMS) microprobe beam size creates transects across the 
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colony with spatial resolutions (micrometer scale) that can exclude infilled areas. The SIMS 

electron beam has a spot size of 10 – 15 µm, which allows for precise spatial control for δ18O 

analysis (Kita et al., 2009). The small beam size allows detailed transects to be created and 

adjusted around infilled areas located along the sample transect. In addition, SIMS analysis 

permits the creation of a higher resolution record than possible with bulk and mm-scale 

sampling. 

The majority of coral analyses use conventional isotope ratio mass spectrometry (IRMS) 

with bulk and mm-scale sampling resolutions. It is important to understand how δ18O values of 

infilled areas differ from primary skeletal material in order to assess the utility of S. erubescens 

as environmental geochemical proxy. This study reports on SIMS analyses that compare δ18O 

values among infilled areas and primary skeleton. Such analysis furthers the understanding of the 

effects of secondary precipitation in S. erubescens skeletons on geochemical signals on a scale 

attributable to different skeletal features. 
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2. METHODS 

2.1 Collection Methods 

Samples were collected between 563 – 565 m depths on the Charleston Bump 

(Figure 2.1) in 2003 by F. Andrus using the Johnson Sea Link 2 via suction tube and claw 

(unpublished data courtesy of F. Andrus). Table 2.1 shows collection information taken during 

the cruise. The Gulf Stream heavily influences the environment at the Charleston Bump, 

providing fast current and clear waters to the region (ONMS, 2008). Little sediment exists in the 

collection area other than coral detritus, with most coral colonies growing on rocky manganese-

phosphorite covered outcrops or dead coral, as noted during collection and in the study of 

Wenner and Barans (2001). During the time of collection, the current velocity varied between 

0.6 – 0.8 m/s. Temperatures between 500 – 550 m ranged from 9° to 14°C (unpublished data 

courtesy of George Sedberry, NOAA). 

 
Table 2.1. Samples used for analysis. 

Sample 
Date 

Collected 
Site Name Dive # Depth (m) Location T (˚C) 

T10031010t 3/8/2003 B Cubes (site #1) JSL2 3406 563 31.69’N, -78.82’W 13.5 

T10031116 11/8/2003 Velvet Steps (Site #10) JSL2 3415 565 31.39’N, -78.76’W - 
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Figure 2.1. Graphical representation of sample locations in the Blake Plateau within the Mid-
Atlantic Blight region. 
 

Seasonal changes in the Gulf Stream influence temperature and salinity on the Charleston 

Bump (ONMS, 2008), as seen in Figure 2.2. Seasonal changes in environmental conditions at 

depths are difficult to record because of the technical and logistical difficulty of collecting long-

term in situ measurements. Temperature measured at different dive sites at depth varied by 5°C 

(unpublished data courtesy of George Sedberry). Seasonal changes in temperature at depth may 

vary 3.6°C, as determined by the World Ocean Atlas Select (WOAS) database (Locarnini et al., 

2010). Additionally, the range of δ18O values of water samples collected at the dive sites varied 

by 0.5‰ on the cruises in 2003 and 2004 (not seasonal) (seen in Appendix E). Salinity and 
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δ18Owater vary with depth (Craig and Gordon, 1965, unpublished data courtesy of F. Andrus). 

Collectively these data indicate that the corals analyzed in this research likely experienced 

variable temperature and δ18Owater conditions on multiple temporal and spatial scales. 

 

Figure 2.2. Illustration demonstrating the seasonal variations in Gulf Stream flow at the sampling 
location. SST shown is 5° gridded from the NOAA OISST data set. “A” shows temperature 
averages for the months of December, January, and February. “B” shows temperature averages 
for the months of June, July, and August. 
 
2.2 Laboratory Methods 

XRD Analysis 

One colony of S. erubescens was analyzed for mineral content using x-ray diffraction 

(XRD) at the University of Alabama Department of Geological Sciences. A small portion of a 

colony was ground in an agate mortar and pestle until homogeneously fine-grained. Ground 

samples were mounted to achieve a random crystal orientation. A Brucker D8 XRD was used to 

analyze the crystal structure of the samples, and EVA software to process the results. The 

instrumental detection limit of the XRD is ≈5%. 

SEM Analysis 

Samples for SEM analysis were bisected using a variable speed hand-held Dremel saw. 

Sample sections were mounted on a petrographic slides plate using CrystalBond thermal 
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adhesive. Samples were bisected longitudinally using a water-cooled, slow speed, diamond-

wafering saw to expose the center of the colony along the vertical axis. The samples were 

removed from the petrographic slides to reduce charging during SEM imaging and polished on 

600 – 800 grit wet sandpaper to remove saw marks. Samples were etched in a 10% HCl acid 

solution for less than 30 s and cleaned in an ultrasonic bath using DI water. Samples were dried 

overnight in an oven at cool temperatures (less than 100°C to prevent mineral alteration). The 

samples were gold coated for 30 s to prevent charging during SEM analysis. 

SEM images were taken using a JEOL 8600 electron microprobe under SEI to determine 

if incremental growth structures and secondary precipitation were present. Samples that were 

imaged via SEM were not reported in δ18O analysis because of gold coating; however, future 

studies with coated samples are possible, as the gold does not react during acid digestion. 

SIMS Analysis 

Five coral colonies were analyzed for isotopic composition using a secondary isotope 

mass spectrometer at the University of Wisconsin - Madison SIMS Laboratory (WISC-SIMS). 

Colonies used in SIMS isotope analysis were soaked in 30% hydrogen peroxide (H2O2) for seven 

consecutive days to remove organic materials. Afterwards samples were cut smaller than 9 mm 

in length (the maximum sample size analyzed in the SIMS) using a hand-held Dremel saw. 

Samples were ground by hand using large grit wet sandpaper to expose the center of the colony 

using methods modified from methods used in the study of Pérez-Huerta and Cusack (2009). 

Each sample was sonicated in deionized (DI) water after polishing to remove dust and clean 

debris out of the pore spaces. 

Samples were mounted in Buehler Epothin two-part epoxy for SIMS analysis. Each coral 

sample was placed in the center of a 1 in diameter mount over a SIMS sample template with two 
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calcite standard grains of UCW-3 (δ18O = 12.49‰ [VSMOW]) (Kozdon et al., 2009; Kozdon et 

al., 2011) placed on either side of the sample. Standard grains were provided by WISC-SIMS 

Laboratory. To ensure the sample and standard grains were located within the center of the 

epoxy mount, the UCW-3 grains and sample were secured by double adhesive tape to a glass 

plate and the epoxy mold lowered and secured over the sample template. 

A cast embedding method removed air within the pores and canals, and filled the colony 

with epoxy based on techniques used in the studies of Wisshak (2006) and Wisshak et al. (2009); 

modified from methods used in the study of Golubic et al. (1970). Coral samples were 

impregnated with Buehler EpoThin two-part epoxy while under vacuum in a Struers EpoVac. 

Sample mounts cured for 24 hours under normal pressure to reduce the occurrence of bubbles 

caused by out-gassing while the epoxy hardened. After sample mounts cured, they were polished 

using methods used in the study of Pérez-Huerta and Cusack (2009) on fine grit wet sandpaper. 

Once mounts were polished, the samples were etched in 10% HCl for less than 30 s to enhance 

the visibility of skeletal features in an electron microscope. After etching, samples were coated 

for 30 s on all sides using a BioRad Gold Sputter Coater to ensure that the sample would be 

grounded during microprobe analysis. The low coating time ensured that surface features were 

not smoothed. 

The sample mounts were imaged at the University of Alabama Central Analytical Facility 

(CAF), using a JEOL 8600 electron microprobe with secondary electron imaging (SEI) to create 

detailed images mapped with Esprit software. A 10% overlap during imaging to allowed the 

Esprit software to stitch together individual images into one image map. The samples were 

imaged at 180 times magnification to create individual images that were 500 µm in width in the 

x-direction, which is the scale of the field of view in the Point Logger Software at WISC-SIMS. 
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The map created was used to plot SIMS ion beam sampling locations for isotopic analysis. 

Sample maps included the two standard grains used for reference points, as these grains are 

visible under reflected light used in the SIMS. These reference points were used to align samples 

with the image maps during sampling with the SIMS. 

After SEM imaging, mounts with samples were repolished; including a final 1 µm 

diamond-paste polishing step to a standard sufficient for SIMS analysis. Epoxy mounts were 

placed in Buehler, 1 in diameter mount-holders with parafilm between the samples and mount to 

ensure no contamination. A Buehler diamond-wafering saw cut epoxy mounts to a width of 

5 mm to be able to fit inside machine sample holders at the WISC-SIMS laboratory. Once the 

epoxy mount and parafilm was removed, the sample mounts were washed under DI water with 

an alkaline liquid soap to remove contaminates and then dried with compressed air. 

The epoxy mounts were further cleaned to remove contaminates before they were loaded 

in the high vacuum chamber. Sample mounts were washed under DI water with an alkaline 

liquid soap to remove any oils before the final cleaning step. A 40 ml beaker was filled with 

10 ml DI water and the sample mount, then swirled for 30 s. The same process was repeated with 

10 ml ethyl alcohol. These steps were repeated twice, and included a final rinse in DI water. 

Samples were blown dry with pure nitrogen gas to limit contaminates. Samples were placed in a 

vacuum oven at 40°C for ≈2 hrs to remove remaining moisture. Afterwards, sample mounts were 

gold coated in a Bal-Tec SCD 005 Sputter coater for 200 s to create a ≈1 nm gold coat, then 

placed in SIMS sample holders and placed in the vacuum chamber to outgas overnight. 

Sample δ18O measurements were made using a CAMECA IMS-1280 ion microprobe, a 

large radius, double focusing, mass spectrometer equipped with two primary ion sources (cesium 

(Cs) and oxygen (O)), shown in Figure 2.3 (Kozdon et al., 2011). For the measurement of 
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oxygen isotopes, a 133Cs+ primary ion beam with an intensity of ≈1.4 nÅ was focused to a 

diameter of ≈18 µm. The typical secondary 16O ion intensity was 2.2 x 109 cps; two Faraday cup 

detectors collected 18O and 16O simultaneously. Charging of the sample surface was 

compensated by gold coating the sample and an electron flood gun (Kozdon et al., 2011). The 

force of the Cs+ beam on the sample causes a collision of primary ions with target atoms, 

sputtering a shallow pit (≤1 µm depth). Data is reported in parts per mil (‰) 

Consecutive measurements of 4 – 5 samples of UWC-3 calcite were taken before and 

after every set of 6 – 17 coral samples, and will be hereafter referred to as bracketed analysis. 

The average 2σ precision for a set of bracketed samples of standard analysis was ±0.4‰ (2σ). 

The study of Kita et al. (2009) describes detailed analytical protocols used in this study. A total 

of 543 measurements were performed, including 161 bracketed standard analyses. For this study, 

121 measurements were used, including 48 bracketed analyses. The results of the total 543 

samples can be seen in Appendix F. The other 382 samples and 113 bracketed analyses were not 

used in this study as they were used in transects across the colony, in primary skeleton, and will 

be used in a later study. 
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Figure 2.3. Schematics of the CAMECA IMS-1280 ion microprobe. Illustration provided by 
Reinhard Kozdon. 
 

Bracketed analyses were composed of four standard samples creating an average 

precision (2σ) for each bracket of samples run throughout the sampling process. Bracketed 

analyses are calculated using standard value of UCW-3 = 12.49‰ [VSMOW (Vienna Standard 

Mean Ocean Water)] (Kozdon et al., 2009): 

Bracketed analysis = 1 + (AVG error / 1000) / (1 + 12.49[‰VSMOW] / 1000) 

A linear correction for instrumental drift was applied to the bracketed analyses based on the 

analysis of standards measured throughout the sampling. Machine output in the form of 

measured δ18Om (δ18Omeasured) was converted to drift-corrected δ18O (δ18OWISC) values using the 

following equation in the methods described in Kita et al. (2009). 

δ18OWISC = (1 + (δ18Om / 1000) / drift corrected bracketed analysis – 1) × 1000 

During SIMS analysis, a calcite standard was run during δ18O measurements, as an 

aragonite standard had not been developed. Later analysis in the WISC-SIMS Laboratory using 

the aragonitic standard revealed a difference in δ18O values from this analysis that could not be 
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corrected to the VSMOW or VBDB scale. An unexplained fractionation occurred when the 

δ18OWISC values were converted to the VPDB scale. The data is precise within internal 

comparison although the accuracy cannot be determined; therefore, numbers reported in this 

paper will be reported as δ18OWISC values that are not standardized to VSMOW or VPDB scale. 

After SIMS analysis, the appearance and location of the sample pits were imaged using a 

JEOL 7000 SEM at the University of Alabama CAF. Oxygen isotope data collected from pits 

that overlapped with cracks, cavities, and inclusions were considered compromised (Kozdon et 

al., 2011); thus, data from these measurements were not used for analysis. The microprobe did 

not measure highly porous areas, as the secondary yield levels were reduced and a non-

reproducible shift in δ18O values may result. SIMS analysis did not target infilled areas that had 

not completely infilled. Infilled areas with values within the acceptable yield range and good 

SIMS pits are referred to as valid for the remainder of this paper. Additional analyses and results 

supplementary to this study are presented in Appendix E. 
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3. RESULTS 

3.1 Infilled Area Identification 

The SEM images in Figure 3.1 show various stages of infilling within the canals of 

S. erubescens colonies. These images aided in the identification of completely infilled canals 

used in SIMS analysis. Canals and pores of the infilled areas are often nearly circular or elliptical 

in shape when cross-sectioned. In Figure 3.1, ‘A’ and ‘B’ demonstrate canals that are captured in 

initial stages of infilling progressing to completely infilled, as seen in ‘D’. Origins of the dark 

areas in ‘C’ have not been determined. These areas are speculated to be organic materials in the 

skeleton that remained after soaking in H2O2, or charging of the sample caused by poor 

grounding. 

The crystal structures within the infilled areas are long acicular or lath shaped aragonite 

needles ~10 µm in length. Crystals in the infilled canals originate at angles perpendicular to the 

walls of the canals; whereas, crystalline structures in the primary skeleton appear to have more 

random orientations. Areas with clear, long, crystalline structures surrounded by an area without 

clear crystal structures indicate completely infilled canals, as seen in ‘D’ in Figure 3.1. 
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Figure 3.1. SEM images of S. erubescens. Figures ‘A’ – ‘D’ demonstrates the procession of 
infilled areas from 10% infilled to 100% infilled, with ‘A’ representing the beginning of an 
infilled canal (% area) and ‘D’ representing a completely infilled canal. Image ‘E’ and ‘F’ 
demonstrates other fully infilled areas. The darker areas in the images are possibly caused by 
residual organic matter or charging. 
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S. erubescens do not contain centers of calcification (COC) as seen in SEM images in 

scleractinian coral colonies. The COC’s are the nucleation sites of aragonite precipitation in the 

coral skeleton (Cuif et al., 1999; Rollion-Bard et al., 2003). COC’s in scleractinian corals are 

located along the axial spines of corallites and facilitate the precipitation of aragonite bundles 

(Allison et al., 2005). Aragonite crystals radiating from a central site denote COC’s in SEM 

images. S. erubescens colonies imaged do not contain these aragonite bundles, suggesting that 

they do not contain COC’s. The study of Allison et al. (2005) noted geochemical differences in 

COC’s; however, as S. erubescens do not contain COC’s, changes in the geochemistry are not 

expected. 

One small coral colony was cross-sectioned prior to SEM imaging, rather than laterally as 

used in SIMS analysis. The SEM images in this colony reveal possible growth increment-like 

features in the form of smaller canals as seen in Figure 3.2. The basal portion of the colony 

shows several canals along the edge of the colony that appears to be organized in a linear fashion 

structurally similar to growth increments. Similar lines of canals along the edge were seen in 

other colonies imaged in the SEM. The cross section of a colony revealed a large central canal 

with several smaller canals surrounding it as seen in Figure 3.2 ‘A’ – ‘D’. Other basal portions of 

colonies have a depression that appears to be a central canal (not shown). SEM images taken of 

the tip of the colony reveal the main canal is located in the center of the cross section with 

smaller canals radiating from the main canal (as seen in Figure 3.2 ‘E’ – ‘H’). Possible 

incremental bands are seen between the smaller canals, as seen in Figure 3.2 ‘G’. Additional 

images of growth increments are located in Appendix B. 
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Figure 3.2. SEM images of cross sections of a coral colony. Raised areas in the images are canals 
that have been infilled with epoxy before acid etching. Images ‘A’ – ‘D’ are a basal cross 
section. ‘E’ – ‘F’ were imaged on a distal tip. 
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A higher percentage of infilled areas are located in the basal portion of the colony. 

Distinct bands of pores were located along the edges the basal portion of the colony and are 

lacking in the distal tips as seen in Figure 3.3.  

 
Figure 3.3. SEM images showing pores along the edge of the colony in the basal portion of the 
colony as seen in 'A’, a basal cross section. Image ‘B’ is the distal tip of the colony with a 
dactylopore cross sectioned. 
 

Figure 3.4 contains images of partially infilled areas in a colony that was polished after 

acid digestion using the methods described in the study of Pérez-Huerta and Cusack (2009). The 

primary skeleton is polished and does not have surface relief; therefore, the primary skeleton 

does not appear with SEM imaging, allowing only partially filled infilled areas to remain visible. 

The images reveal several canals and pores that have not been completely infilled. Image ‘A’ 

shows a partially infilled canal that was sectional laterally. These images contain acicular and 

lath shaped crystals that are ~10 µm in length. 
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Figure 3.4. SEM images of S. erubescens of polished colonies. (‘A’) Sample T10031116. (‘B’ – 
‘D’) Sample T1003125. 
 

Infilled area distribution is not homogenous throughout the entire colony. Based on 

qualitative SEM imaging, the colonies imaged have more infilled areas in the basal portion of the 

colony in comparison to the distal tip. However, after quality control of the SIMS data, the same 

numbers of valid δ18O analyses were measured in the base as in the tip. SEM images additionally 

indicate that more infilled areas are located along the outer edges of the imaged colonies in 

comparison to the inner portions. Seventy-eight percent of the infilled areas analyzed in the basal 
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section of colony T1003116 were located along the outer edge, and 56% of the infilled areas in 

the distal tip of T10031010t were located along the edge of the colony. 

3.2 SIMS Analysis 

Out of the 73 sample analyses for infilled analysis, nine were omitted as yields were 

lower or higher than the standard yield. An additional 18 were omitted because of poor pit 

cavities using the criteria described in the Methods section. A table of results used during infilled 

analysis is presented in Appendix A. 

Ranges in the drift corrected δ18OWISC values in sample T10031010t vary from 26.8‰ to 

27.8‰ for infilled areas and 26.8‰ to 28.1‰ for primary skeletal areas. Ranges in δ18OWISC 

values in sample T10031116 vary from 25.4‰ to 28.2‰ for infilled areas and 26.7‰ to 28.1‰ 

for primary skeletal areas. Mean values for T10031010t are 27.3 ± 0.4‰ (2σ, n = 10) for infilled 

areas and 27.4 ± 0.4‰ (2σ, n = 18) for primary skeletal areas. Mean values for T10031116 are 

26.8 ± 0.3‰ (2σ, n = 9) for infilled areas and 27.4 ± 0.3‰ (2σ, n = 13) for primary skeletal 

areas. The mean of the combined infilled areas is 27.1± 0.4‰ (2σ, n = 19) and the mean of the 

combined primary areas is 27.3 ± 0.4‰ (2σ, n = 31). Mean values for the primary and secondary 

areas are identical within 2σ analytical precision; however, not all infilled areas are within 2σ of 

the nearest adjacent primary skeleton. 

Figures 3.5 – 3.8 show infilled areas after SIMS analysis with δ18OWISC values plotted 

over corresponding SIMS pits. Figure 3.5 and Figure 3.6 show infilled skeleton, or parts thereof, 

with δ18OWISC values within analytical precision of that from the primary skeleton. Figure 3.7 

and Figure 3.8 illustrate infilled skeleton, or parts thereof, with differences in δ18OWISC values of 

primary and infilled skeletal material outside 2σ analytical precision (separated by more than 2σ 

analytical precision). Overall, 83% of the sampled infilled areas (n = 9) are within analytical 
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precision of the primary skeleton (2σ) and 17% (n = 2) of the sampled infilled areas are different 

from primary skeleton outside analytical precision (2σ). 

 

Figure 3.5. Infill No. 24 of sample 10031116 demonstrating primary and secondary skeleton 
δ18O values, within 2σ analytical precision. Pit numbers are plotted against corresponding 
δ18OWISC values. Pit numbers are labeled on the image back ground for spatial comparison. Red 
values are primary skeleton blue values are infilled areas. 
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Figure 3.6. Infill No. 10 of sample T10031010t has δ18OWISC values identical in the primary and 
infilled skeleton, within 2σ analytical precision. 
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Figure 3.7. Infill No 6 of sample T10031010t has a δ18OWISC values higher than the primary 
skeleton, greater than the 2σ analytical precision. Pit numbers are plotted against corresponding 
δ18OWISC values. The bottom right pit marked by × is deemed unusable because of low yield. 
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Figure 3.8. Infill No. 11 of sample T10031116 demonstrating differences in δ18OWISC values. 
Some areas of primary skeleton have δ18OWISC values outside 2σ analytical precision, while 
others do not vary within in 2σ analytical precision. The pits marked by * are deemed unusable 
because of poor pit cavities.
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4. DISCUSSION 

In order to assess if S. erubescens can be used as a climate data proxy source, it must be 

demonstrated that time-series environmental conditions are recorded during the life of organism 

and can be extracted from the skeleton. It is hypothesized that the pores along the edge of the 

colony are infilled later by the coral for stability as the colony increases in circumference for 

structural support. As discussed earlier, differences in primary and secondary skeletal material 

can confound environmental proxy reconstruction; therefore, comparisons of primary and 

secondary skeletal δ18O values are necessary. Nine of the valid analyses of infilled areas are 

identical to the adjacent primary skeleton. Two of the remaining valid analyses of infilled areas 

are offset from the adjacent primary skeletal material greater than 2σ analytical precision. One of 

the two infilled areas outside 2σ analytical precision has a higher δ18OWISC value than 

surrounding primary skeleton with a difference of only 0.01‰. The second infilled area outside 

2σ analytical precision has two samples with lower δ18OWISC values (with a difference of –0.6‰ 

and –0.7‰) than adjacent primary skeletal material. This infilled area is larger than the others 

and consequently seven more samples were measured within the secondary precipitation, 

whereas only one sample was measured in other infilled areas. 

In order to assess the impact of secondary carbonate precipitation on oxygen isotope 

proxy records in stylasterids, the causes of the offsets needs to be explained. Several potential 

sources of offsets must be taken into consideration, including organic content, sample porosity, 

mineralogy, kinetic effects, vital effects, and the timing of precipitation in areas with changing 
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environmental conditions. Each of these considerations will be treated individually in the 

following sections. 

Measured SIMS Analysis 

There are several problems that can skew the δ18O determined by the SIMS such as 

samples porosity and organic matter. Organic matter within the coral skeleton can affect the 

δ18OWISC values in carbonate materials (personal communications with R. Kozdon, 2011). 

However, the colonies were soaked in H2O2 for seven days to remove organic matter within the 

colony, and it is not suggested to cause shifts in the δ18O values in this study. Furthermore, an 

earlier study revealed that scleractinian corals typically have a low percentage of organic 

material: 0.19 wt. % in shallow water Porites lutea and 3 wt. % in deep-sea coral Lophelia 

pertusa (Rollion-Bard et al., 2003). Deep-sea corals may contain similar or smaller percentage of 

organic material than scleractinians as the internal skeleton of S. erubescens is denser than 

scleractinian corals. 

Sample porosity was calculated using the measured 18O ion yield during analysis. As 

mentioned in the Methods section yields that were less than 97% of the bracketed analysis were 

not used in analysis. Therefore, the sample porosity and organic matter does not to affect the 

overall δ18O values determined from the sample. 

Mineralogy 

The mineralogy of the sample can affect the geochemistry of the coral skeleton. XRD 

analysis (results shown in Appendix E) did not detect calcite in the colony, within the 5% 

detection limit. Similarly, the study of Wisshak et al. (2009) tested the infilled areas of a 

different species of Stylasteridae for calcite using a Feigl solution and found that the skeleton 

does not contain calcite. Therefore, the infilled areas of the S. erubescens corals analyzed for 



 

27 
 

stable isotopes in this study appear to be composed solely of aragonite and it is unlikely that 

calcite affects the measured δ18O values. 

On a related issue, the crystal habit of the aragonite in the coral skeleton may suggest the 

presence of diagenesis in the coral skeleton as explained in further detail below. SEM images 

(Figure 3.1 and 3.4) reveal that within the infilled areas the aragonite crystals are elongated 

needles that are ~10 µm in length as described in the Results. Primary skeletal crystals are 

smaller and have less distinct edges, as seen in Figure 3.1. The longer crystals in the infilled 

pores may indicate that the precipitation of this secondary aragonite occurred over a longer 

period of time than the primary skeleton and was possibly grown by a different mechanism than 

the primary skeleton. This change in mineralization process could introduce differences in the 

carbonate geochemistry, although the SIMS data do not suggest this is occurring in most cases. 

The infilled areas in hydrocorals are similar in appearance to secondary aragonite 

precipitation, a type of diagenesis found in scleractinian aragonite coral colonies (Hubbard and 

Swart, 1982; Ribaud-Laurenti et al., 2001; Hendy et al., 2007; Nothdurft and Webb, 2009; 

Sayani et al., 2011). SEM images of S. erubescens reveal areas of the skeleton with ~10 µm long 

acicular and lath shaped crystalline structures that originate perpendicular to canal walls, similar 

to that of scleractinians. Diagenetic secondary precipitation is inorganic in nature and may be a 

product of dissolution elsewhere in the colony or may inorganically precipitate from ambient 

seawater. Dissolution of the skeletal material is seen in scleractinian corals containing secondary 

aragonite as reported in the study of Hendy et al. (2007). During imaging of the S. erubescens 

colonies in this study no clear areas of dissolution were discovered. 

Typically coral colonies that display evidence of diagenesis are considered unusable for 

paleoenvironmental reconstructions. Scleractinian corals are offset from equilibrium; therefore, 
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precipitation of inorganic aragonite shifts the geochemical signal towards seawater δ18O or 

equilibrium. S. erubescens is argued to grow in isotopic equilibrium with water (e.g. Weber and 

Woodhead, 1972b; Andrus, 2007; Mienis, 2008; Wisshak et al., 2009); therefore, a shift between 

the infilled areas and primary skeleton may not be seen and may not affect the overall 

environmental record unless conditions changed between the two time intervals of organic and 

inorganic precipitation. 

Kinetic and Vital Effects 

Vital or metabolic effects can impact δ18O values in a coral skeleton (Weber and 

Woodhead, 1972a; Heikoop et al., 2000; Adkins et al., 2003). The term ‘vital effect’ is used to 

describe the offset between inorganically precipitated aragonite and biologically mediated 

aragonite (McConnaughey, 1989; Rollion-Bard et al., 2003). Vital effects may cause 

reconstructed values to have more negative δ18O values than inorganically precipitated aragonite 

grown in the same environmental conditions such as would a carbonate grown in oxygen isotope 

equilibrium (Weber and Woodhead, 1972a; Rollion-Bard et al., 2003; Shirai et al., 2005; 

Thiagarajan et al., 2011). Variations caused by metabolic CO2, inorganic HCO3
–, and 

photosynthesis can alter the δ18O values within a scleractinian coral skeleton (Weber and 

Woodhead, 1972a; Rollion-Bard et al., 2003). S. erubescens does not contain zooxanthellae; 

therefore, variations caused by photosynthesis will not be present in these colonies. The observed 

offsets between primary and secondary carbonate in the styalsterid δ18OWISC data presented here 

are both positive and negative; therefore, vital effects are not a likely explanation. 

Similarly kinetic effects may alter skeletal geochemistry. One definition of kinetic effects 

is described as the depletion of 18O through the hydration or hydroxylation of CO2 in the skeleton 

(McConnaughey, 1989). The study of Rollion-Bard et al. (2003) describes kinetic effects as the 
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depletion of 18O with increases in skeletal growth or with changes in density within the skeleton. 

The depletion of 18O causes coral-biased SST reconstructions to be skewed towards apparently 

warmer temperatures. The changes in S. erubescens’ infilled areas are both positive and negative 

relative to the primary skeleton. There is no constant offset of the infilled areas from the primary 

skeleton suggesting that kinetic effects do not influence the secondary precipitation. In the distal 

tip of the colony an even number of infilled areas (within analytical precision) are both positive 

and negative of the adjacent skeleton. In the basal portion of the skeleton, five in filled areas 

were positive and two negative, with infilled area No. 11 having values that are both positive and 

negative of the adjacent skeleton. This suggests that there are no kinetic effects occurring in the 

distal tips of the colony where faster growth is presumed. 

Environmental Changes 

The observed differences in skeletal δ18O values may be due to changes in environmental 

conditions in the coral habitat between the time of initial coral growth and later infilling of pore 

spaces, assuming both the primary and secondary aragonite are both precipitated in oxygen 

isotopic equilibrium with seawater (Weber and Woodhead, 1972b; Andrus, 2007; Mienis, 2008; 

Wisshak et al., 2009). Sample collection at the Charleston Bump occurred at a depth where 

changes in the environment are not typically expected; however the Gulf Stream introduces 

changes into the collection area at multiple temporal and spatial scales that could lead to 

differences in δ18O values in carbonate precipitated at different times. The environmental 

changes could be manifest in both temperature and δ18Owater values. As discussed in the 

Introduction. Long-term in situ measurements of temperature and δ18Owater variations have not 

been established at the Charleston Bump; therefore, the actual variations are unknown. However, 

WOAS data (Locarnini et al., 2010) suggest seasonal water temperatures may vary at depth here 
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by ~3.6°C. Variation of up to 5°C was noted between different dive sites during the brief cruise 

when the corals were collected (unpublished data courtesy of George Sedberry). Measurements 

of δ18Owater over the same period detected 0.5‰ of variation (details are seen in Appendix E). 

Differences in δ18O values between primary carbonate and the infilled areas are therefore likely 

to be explained by environmental changes that occurred between the time of original coral 

growth and later infilling. 

Effects on Proxy Development 

The amount of the skeleton that is composed of infilled pores may determine the degree 

of impact these areas have when analyzing stylasterid corals for environmental records via 

lower-resolution techniques, such as micromill with IRMS. The area of an infilled area was 

calculated using the SEM maps previously used for SIMS analysis. The basal portion of the 

colony was selected for analysis as it is suggested to have a higher percentage of infilled areas 

(Shirai et al., 2008). The area of one infilled pore was multiplied by the total number of infilled 

pores counted on the map. This calculation reveals that 1.9% of the colony is composed of 

infilled areas. Assuming the difference in δ18O values between primary and secondary CaCO3 

approximates the natural variability in the coral, it seems unlikely that infilled pores would have 

greatly influence the δ18O values of the overall skeleton as measured with low spatial resolution 

techniques. For example, using the data measured in this study the δ18O values of the infilled 

areas would alter a low-resolution analysis of the same portion of the colony by 0.02‰ 

(calculated using the maximum range in δ18OWISC measured via SIMS). However, this impact 

could intensify with an increase in abundance of infilled areas as might be found in different 

Stylasterid corals. 
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This paper is not suggesting that the differences between all infilled and primary skeletal 

δ18O values are within analytical precision in other deep-sea coral species. The Charleston 

Bump, while dynamic at 500 m depths, may not introduce as much δ18O variability as other 

regions around the globe. Infilled area abundance may be species dependent, which could 

increase the impact of the δ18O variation between primary and secondary skeletal precipitation. 

Fossil and sub-fossil corals may have recorded environmental conditions that are more dynamic 

than at present. Each coral species and sampling location must be taken into consideration before 

the importance of infilled areas can be disregarded. Other species containing infilled areas must 

analyze the differences in primary and infilled skeletal areas to determine the impact on the 

overall skeletal geochemistry.
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5. CONCLUSION 

SIMS analysis indicates few infilled areas have δ18O values that differ from the 

surrounding skeleton, with nine of the eleven infilled areas falling within 2σ analytical precision 

of the primary skeleton. The two infilled areas that are outside 2σ analytical precision appear to 

be influenced by environmental changes along the Charleston Bump that occurred between the 

periods of primary and secondary aragonite precipitation.  

Future work on S. erubescens should take into account the sampling resolution and the 

small size of the infilled areas when analyzing the coral skeleton for geochemical records. 

During micro-scale sampling, infilled areas may influence skeletal transects and transect paths 

should be adjusted around infilled areas. Traditional mm-scale sampling methods may include 

infilled areas; however, the inclusion of infilled areas does not appear to alter the environmental 

record on mm-scale analysis in this location and species.  

The use of S. erubescens as direct proxy for the δ18O composition of seawater is still 

promising. S. erubescens is responsive to changes in the environment and can record these 

changes within the skeleton. The development of an aragonite standard that is homogenous at the 

micro-scale will allow for the comparison of SIMS determinations to other δ18O studies and 

methods of analysis. Further work with the species needs to be performed to establish a time 

chronology before its full potential as a proxy data source is understood. 
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APPENDIX A 

Sample Measurement for Infilled Area Analysis 

Accuracy and Precision of SIMS data1 

At the time of the analytical session (September 2011), an aragonite standard for δ18O 

measurements by SIMS was not yet established and the calcite standard UWC-3 (δ18O = 12.49‰ 

VSMOW; Kozdon et al., 2009) was used instead. This poses some challenges when converting 

the measured δ18O values to the VSMOW or VPDB scale. Later studies using the now 

established aragonite standard (UWArg-7, δ18O = 20.04‰ VSMOW; Orland, 2012) revealed a 

difference in instrumental mass fractionation (IMF) between calcite and aragonite that varies 

between –0.43‰ and –0.97‰ (Orland, 2012; Kozdon, unpublished). This value is expected to 

change between analytical sessions caused by various factors such as differences in primary 

beam condition, pit shape, secondary-beam and electron-gun alignment, but remained constant 

over several days within the same analytical session. The measured δ18O values in the aragonitic 

coral, which were all acquired within a single session, show a consistent offset of ~1‰ or less; 

therefore, the precision of the data (±0.36‰, average 2σ) is much better than their accuracy. 

Organic matter may have an additional effect on the precision and accuracy of in situ ion 

microprobe δ18O measurements in corals. In comparison to other biocarbonates, such as the 

shells of planktic foraminifera that have previously been analyzed by ion microprobe with high 

                                                
1 Portions of the following section were written primarily by Reinhard Kozdon at the University 
of Wisconsin – Madison, based on his unique knowledge in the subject matter. These passages 
were not rewritten to avoid confusion or ambiguity. 
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precision and accuracy (Kozdon et al., 2009; Kozdon et al., 2011; Vetter et al., 2013), coral 

skeletons contain a higher percentage of organic matter that may have not been fully removed 

during the H2O2 oxidation step applied in this study. Notably, measurements in domains possibly 

containing more organic matter had higher secondary ion yields. Therefore, data from analyses 

with a secondary ion yield higher than 103% of the average yield of the eight bracketing standard 

measurements on UWC-3, a coarse-grained metamorphic calcite, were excluded. 

Furthermore, sample porosity, indicated by lower secondary count rates, may additionally 

affect the precision and accuracy of in situ analyses. Analyses of δ18O with a secondary ion yield 

lower than 97% of the average yield of the eight bracketing standard measurements were 

removed from the data set. The remaining data show no correlation between secondary ion yield 

and measured δ18O, suggesting that the effect of organic remains or sample porosity on these 

“yield-filtered” data is minor (Figure A.1). 

SIMS data was corrected to VPDB and compared to conventional IRMS generated data 

detected a significant offset between the methods, likely caused by the factors discussed above 

The IRMS-analyzed samples ranged from 0.7 to 1.9‰ with an average of +1.4 ± 0.3‰ (n = 70) 

in the VPDB scale. Therefore, the δ18O measurements reported in this study are not converted to 

the VPDB scale and are left as drift corrected raw δ18O values. We suggest caution when 

comparing these in situ data to absolute values from conventional measurements. The main focus 

of the work is to demonstrate relative changes of δ18O values within the coral sample; therefore, 

precision is more important than accuracy. 
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Figure A.1. SIMS ion yields. SIMS δ18O measurements plotted against ion yield. Data plotted 
outside of the dashed lines (<97% or >103% of the yield of the bracketing standards) were 
excluded. High yield analyses are not linked solely to infilled areas. 
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Table A.1. Sample T10031010t 

File Comment δ18OWISC ±2σ Yield 
(E9cps/nÅ) 

20110919@345.asc Infilling  3-1 26.83 0.21 2.38 
20110919@346.asc Adjacent 3-1 27.32 0.21 2.47 
20110919@347.asc Adjacent 3-2 27.53 0.21 2.47 
20110919@349.asc Adjacent 3-4 27.19 0.21 2.46 
20110919@350.asc Infilling 3-1 27.70 0.21 2.43 
20110919@351.asc Infilling 3-1.2 27.30 0.21 2.45 
20110919@352.asc Adjacent 3-1.2 27.60 0.21 2.47 
20110919@378.asc Infill 4 27.04 0.40 2.41 
20110919@380.asc Infill 4.3 26.80 0.40 2.38 
20110919@382.asc Adjacent 4.2 26.99 0.40 2.38 
20110919@383.asc Infill 5 26.96 0.40 2.45 
20110919@384.asc Adjacent 5.1 26.84 0.40 2.41 
20110919@385.asc Adjacent 5.2 27.52 0.40 2.39 
20110919@386.asc Infill 6 27.62 0.40 2.45 
20110919@388.asc Adjacent 6.2 26.81 0.40 2.41 
20110919@394.asc Adjacent 8.1 27.60 0.52 2.46 
20110919@395.asc Adjacent 8.2 27.46 0.52 2.46 
20110919@397.asc Adjacent 7.1 27.63 0.52 2.43 
20110919@398.asc Adjacent 7.2 27.82 0.52 2.46 
20110919@402.asc Infill 9 27.28 0.52 2.48 
20110919@403.asc Adjacent 9.1 27.66 0.52 2.45 
20110919@404.asc Adjacent 9.2 28.06 0.52 2.46 
20110919@405.asc Infill 10 27.82 0.52 2.46 
20110919@406.asc Adjacent 10.1 27.04 0.52 2.48 
20110919@410.asc Adjacent 10.2 27.34 0.52 2.46 
20110919@416.asc Infill 11 27.78 0.46 2.44 
20110919@417.asc Adjacent 11.1 27.19 0.46 2.41 
20110919@418.asc Adjacent 11.2 27.30 0.46 2.43 
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Table A.2. Sample T10031116 

File Comment δ18OWISC ±2σ Yield 
(E9cps/nÅ) 

20110919@468.asc Adjacent 5.1 26.91 0.28 2.53 
20110919@470.asc Infill 6 26.78 0.28 2.49 
20110919@479.asc Adjacent 7.1 27.58 0.28 2.50 
20110919@481.asc Infill 8 26.52 0.28 2.52 
20110919@482.asc Adjacent 8.1 26.81 0.28 2.51 
20110919@483.asc Adjacent 8.2 26.75 0.28 2.51 
20110919@486.asc Adjacent 10.2 27.05 0.28 2.53 
20110919@491.asc Infill 11.1 26.95 0.39 2.48 
20110919@493.asc Infill 11.3 27.34 0.39 2.48 
20110919@494.asc Infill 11.4 25.56 0.39 2.47 
20110919@496.asc Infill 11.6 27.49 0.39 2.48 
20110919@497.asc Infill 11.7 25.42 0.39 2.49 
20110919@499.asc Adjacent 11.2 27.35 0.39 2.50 
20110919@500.asc Adjacent 11.3 28.09 0.39 2.46 
20110919@510.asc Adjacent 16.2 27.69 0.31 2.50 
20110919@511.asc Infill 18 28.22 0.31 2.43 
20110919@512.asc Adjacent 18.1 27.59 0.31 2.47 
20110919@513.asc Adjacent 18.2 27.73 0.31 2.48 
20110919@514.asc Infill 24 27.32 0.31 2.47 
20110919@515.asc Adjacent 24.1 27.73 0.31 2.45 
20110919@516.asc Adjacent 24.2 27.23 0.31 2.48 
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APPENDIX B 

Additional SEM Images 

The skeletal structures in Figure B.1 contain features that indicate incremental growth 

within the coral colony; however, these structures are not seen in most of the colonies imaged. 

Figure B.2 demonstrates porous areas in a colony cross section. The colony imaged in Figure B.2 

was soaked in 30% HCl for 30 s prior to imaging instead of the 10% HCl used in the rest of the 

study. The images demonstrate pore spaces that follow what appears to be growth related 

increments. The organized distribution of pore spaces was not seen in other colonies, which were 

soaked in a 10% HCl solution. 

Figure B.3 and Figure B.4 illustrates the SEM image maps created using the JEOL 8600 

at the University of Alabama CAF. SEM images were taken at a resolution such that the image 

was 500 µg in width. The individual images were stitched together using the Esprit software. 

Image maps were used to plot sample transects and infilled areas for SIMS analysis. 

 

Figure B.1. Skeletal microstructures that may indicate incremental growth. 
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Figure B.2. Skeletal structures demonstrating pore spaces where growth bands would be 
expected.  
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Figure B.3 Composite SEM image map of T10031010t. 
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Figure B.4 Composite SEM image map of T10031116. Note SIMS standard grains above and 
below coral sample. 
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APPENDIX C 

Additional Sample Locations 

This section contains the additional sample locations of colonies not used during this 

study. Samples listed in this appendix were analyzed via SIMS analysis along transects that 

excluded infilled areas. Site information is listed in Table C.1 and sample locations can be seen 

in Figure C.1. The complete list of δ18OWISC determinations is located in Appendix F.  

 

Table C.1. Samples analyzed via SIMS that are not used in this study. Environmental conditions 
during the dive are listed in the table. 
 

Sample ID Date Site name Dive # Depth (m) Location Temperature 

T10031010t 8/3/2003 B Cubed (site #1) JSL2 3406 563 31.69’N, -78.82’W 13.5 

T10031010b 8/3/2003 B Cubed (site #1) JSL2 3406 563 31.69’N, -78.82’W 13.5 

T10031116 8/11/2003 Velvet Steps (Site #10) JSL2 3415 565 31.39’N, -78.76’W - 

T10031125 8/12/2003 Slab Garden (Site #11) JSL2 3416 545 31.41’N, -78.85’W 14 

T10031126 8/12/2003 Slab Garden (Site #11) JSL2 3416 545 31.41’N, -78.85’W 14 

T10031137 8/12/2003 Velvet Steps (Site #10) JSL2 3417 565 31.39’N, -78.76’W 14 
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Figure C.1. Graphical representation of sample locations, including those not used in this study.  
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APPENDIX D 

Methods for Micromill Analysis 

The study of Shirai et al. (2008) found that basal portions of an Acropora nobilis colony 

have a higher percentage of infilled areas in the skeleton in contrast to newer growth located at 

the distal tips of the colony. Corals colonies for micromill analysis were not cleaned in H2O2 

before sampling, such as the samples for SIMS analysis. The study of Andrus et al. (2007) 

prepared a longitudinal and a cross section of a coral colony. Micromill transects were milled 

along the basal and distal portions of the colony to determine the differences in older and 

younger portions of the colony. 

Samples that were not processed for SEM analysis as described in Methods were milled 

along visible growth features across the colony to produce samples for δ18O analysis. Samples 

were milled using a Merchantek/New Wave micromill to produce 50 – 70 µg samples of 

powdered carbonate. The sample surface was milled away to a depth of 10 µm before sampling 

to remove contaminates on the surface of the colony. Sample transects were plotted along 

skeletal features that could be seen under reflected light using the micromill software. Samples 

were interpolated at a set increment between the visible features using the micromill software. 

The milled powder was weighed and transferred with stainless steel blades to 4.5 ml 

borosilicate vials for δ13C and δ18O analysis using a Gasbench II coupled to a Thermo Delta Plus 

isotope ratio mass spectrometer (IRMS) operating under continuous helium flow at the 

University of Alabama Stable Isotope Lab in the Department of Geological Sciences. Samples 
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reacted at a constant temperature of 50°C. Analytical precision was calculated using 15 samples 

of NBS-19 interspersed in each sample run. In addition, precision (2σ) for δ13C was ±0.13‰ and 

δ18O was ±0.13‰. NBS-19 samples were measured to assess and correct for drift and sample 

size linearity. Samples were corrected for differences in acid fractionation between the aragonite 

coral samples and the calcite NBS-19 by 0.13‰ for all samples reacted at 50°C using values 

derived from the study of Kim et al. (2007). Determinations of δ13C and δ18O are shown below 

for micromill transects for sample JSL-NA. Values are reported in VPDB. 

 

Kim, S-T, Mucci, A., and B. E. Taylor  (2007) Phosphoric acid fractionation factors for calcite 
and aragonite between 25 and 75 C: revisited. Chemical Geology 246: 135–146. 

 

 

 
Figure D.1. Cross Section A. Note the difference in scale. 
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Figure D.2. Cross Section B 

 

 
Figure D.3. Longitudinal Section (Base) 
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Figure D.4. Longitudinal Section (Tip). Note the difference in scale. 

 

Table D.1. Micromill Transect Cross Section A δ18OValues 

Sample δ13C δ18O Corrected for 
fractionation 

JSLNA_CS1.1 1.706 2.224 1.884 
JSLNA_CS1.2 1.501 1.603 1.263 
JSLNA_CS1.3 1.205 1.740 1.400 
JSLNA_CS1.4 1.181 1.817 1.477 
JSLNA_CS1.5 -0.404 1.080 0.740 
JSLNA_CS1.6 -0.448 1.381 1.041 
JSLNA_CS1.7 0.280 1.651 1.311 
JSLNA_CS1.8 -0.164 1.439 1.099 
JSLNA_CS1.9 1.184 1.632 1.292 
JSLNA_CS1.10 1.236 1.665 1.325 
JSLNA_CS1.11 1.616 1.516 1.176 
JSLNA_CS1.12 1.643 1.747 1.407 
JSLNA_CS1.13 1.725 2.142 1.802 
JSLNA_CS1.14 1.457 1.269 0.929 
JSLNA_CS1.15 1.492 2.092 1.752 
JSLNA_CS1.16 1.234 1.427 1.087 
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Table D.2. Micromill Transect Cross Section B δ18OValues 

Sample δ13C δ18O Corrected for 
fractionation 

JSLNA_CS2.1 1.208 2.115 1.775 
JSLNA_CS2.2 1.053 1.739 1.399 
JSLNA_CS2.3 1.007 1.738 1.398 
JSLNA_CS2.4 1.390 1.666 1.326 
JSLNA_CS2.5 1.197 1.717 1.377 
JSLNA_CS2.6 1.444 1.569 1.229 
JSLNA_CS2.7 1.567 1.827 1.487 
JSLNA_CS2.8 1.314 1.450 1.110 
JSLNA_CS2.9 1.428 1.625 1.285 
JSLNA_CS2.10 1.550 1.906 1.566 
JSLNA_CS2.11 1.065 1.387 1.047 
JSLNA_CS2.12 1.300 1.524 1.184 
JSLNA_CS2.13 1.602 1.802 1.462 
JSLNA_CS2.14 1.496 1.708 1.368 
JSLNA_CS2.15 1.582 2.064 1.724 
JSLNA_CS2.16 1.396 1.882 1.542 
JSLNA_CS2.17 1.477 1.819 1.479 
JSLNA_CS2.18 1.130 1.441 1.101 
JSLNA_CS2.19 1.115 1.559 1.219 
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Table D.3. Micromill Transect Longitudinal Base δ18OValues 

Sample δ13C δ18O Corrected for 
fractionation 

JSLNA_LSB.1 1.187 2.029 1.689 
JSLNA_LSB.2 0.796 1.763 1.423 
JSLNA_LSB.3 1.317 1.778 1.438 
JSLNA_LSB.4 1.138 1.806 1.466 
JSLNA_LSB.5 1.346 1.742 1.402 
JSLNA_LSB.6 1.548 1.823 1.483 
JSLNA_LSB.7 1.597 2.029 1.689 
JSLNA_LSB.8 1.617 2.019 1.679 
JSLNA_LSB.9 1.118 1.639 1.299 
JSLNA_LSB.10 1.311 1.611 1.271 
JSLNA_LSB.11 1.119 1.548 1.208 
JSLNA_LSB.12 1.150 1.636 1.296 
JSLNA_LSB.13 1.340 1.541 1.201 
JSLNA_LSB.14 1.456 1.642 1.302 
JSLNA_LSB.15 1.579 1.621 1.281 
JSLNA_LSB.16 1.376 1.572 1.232 
JSLNA_LSB.17 1.435 2.170 1.830 
JSLNA_LSB.18 1.324 1.936 1.596 
JSLNA_LSB.19 1.374 2.224 1.884 
JSLNA_LSB.20 1.328 2.105 1.765 
JSLNA_LSB.21 1.267 2.296 1.956 
JSLNA_LSB.22 1.267 2.063 1.723 
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Table D.4. Micromill Transect Longitudinal Tip δ18OValues 

Sample δ13C δ18O Corrected for 
fractionation 

JSLNA_LST.1 1.239 2.147 1.807 
JSLNA_LST.2 0.990 1.994 1.654 
JSLNA_LST.3 0.646 1.721 1.381 
JSLNA_LST.4 0.170 1.374 1.034 
JSLNA_LST.5 -0.112 1.117 0.777 
JSLNA_LST.6 0.031 1.507 1.167 
JSLNA_LST.7 0.350 1.440 1.100 
JSLNA_LST.8 0.316 1.335 0.995 
JSLNA_LST.9 0.787 1.438 1.098 
JSLNA_LST.10 1.017 2.181 1.841 
JSLNA_LST.11 1.225 2.186 1.846 
JSLNA_LST.12 1.158 1.802 1.462 
JSLNA_LST.13 0.887 1.958 1.618 
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APPENDIX E 

Supporting Data Collected During This Study 

Figure E.1 demonstrates varying water δ18O values from samples collected during the 

2003 and 2004 cruises studied in the study of Andrus et al. (2007). Values shown are analyzed 

from the cruise in 2003 (Andrus et al., 2007). Samples taken at depth in 2003 and 2004 have 

δ18O values that range from 0.6 – 1.1‰ related to VSMOW (Andrus et al. 2007). Samples at 

depth during a later cruise in 2010 (not shown) had δ18O values that range from 0.4 –

 0.5 ± 0.06‰ (not shown). This reveals that bottom-water and open seawater δ18O values vary 

and are not constant. This may be caused by variations in Gulf Stream flow or seasonality. 
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Figure E.1. Illustration demonstrating varying water δ18O values at depth during cruises in 2003 
and 2004. Values are shown in parts per mil. Image provided by Andrus. 
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Elemental analysis 

Elemental mapping was performed on the sample previously used in micromill analysis. 

This colony was not cleaned with hydrogen peroxide (H2O2) and was imaged without acid 

etching. Samples were gold coated for 30 s to prevent charging during analysis.  

Trace elemental maps demonstrated in Figure E.2, illustrates trace elemental maps 

created using a JEOL 8600 electron microprobe at the University of Alabama CAF using Esprit 

software. Elemental maps do not reveal elemental changes in infilled and primary skeletons as 

seen in the study of Shirai (2008). Elements analyzed (Ca, Sr, Mg) were used in the study of 

Shirai (2008), including Na as it can vary with environmental changes. Elemental maps in 

Figure E.2 reveals that the coral skeleton is homogenous (to within the capabilities of the 

method) in terms of elemental composition. This is unlike the study of Shirai et al. (2008), which 

demonstrated infilled areas in Acropora nobilis vary in elemental concentrations from primary 

skeleton. 
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Figure E.2. Elemental maps demonstrating homogenous skeletal composition. Green represents 
Ca, red represents Mg, blue represents Sr, and aqua represents Na. Dark lines indicate 
micromilled sample transects. 
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Demonstrated in Figure E.3 is a plot of XRD data created at the University of Alabama 

Department of Geological Sciences revealing that within the analytical precisions of the 

instrumentation the coral skeleton is comprised completely of aragonite. 

 

Figure E.3. XRD plot revealing pure aragonite within the detection limits of the equipment. 
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APPENDIX F 

All Measurement from WISC-SIMS Analysis 

Table F.1. Measurements from Sample T1003125. 

File Comment δ18OWISC ±2σ Yield 
(E9cps/nÅ) 

20110919@55.asc Traverse 1-1 27.33 0.2 2.34 
20110919@56.asc Traverse 1-2 26.49 0.2 2.32 
20110919@57.asc Traverse 1-3 27.20 0.2 2.33 
20110919@58.asc Traverse 1-4 27.78 0.2 2.32 
20110919@59.asc Traverse 1-5 27.08 0.2 2.34 
20110919@60.asc Traverse 1-6 27.55 0.2 2.32 
20110919@61.asc Traverse 1-7 27.89 0.2 2.29 
20110919@62.asc Traverse 1-8 26.62 0.2 2.35 
20110919@63.asc Traverse 1-9 27.28 0.2 2.33 
20110919@68.asc Traverse 1-10 27.45 0.2 2.29 
20110919@69.asc Traverse 1-11 27.34 0.2 2.32 
20110919@70.asc Traverse 1-12 27.90 0.2 2.26 
20110919@71.asc Traverse 1-13 27.25 0.2 2.29 
20110919@72.asc Traverse 1-14 27.19 0.2 2.31 
20110919@73.asc Traverse 1-15 27.53 0.2 2.31 
20110919@74.asc Traverse 1-16 27.24 0.2 2.31 
20110919@75.asc Traverse 1-17 26.95 0.2 2.29 
20110919@76.asc Traverse 1-18 27.23 0.2 2.28 
20110919@78.asc Traverse 1-20 27.81 0.2 2.27 
20110919@79.asc Traverse 1-21 27.33 0.2 2.31 
20110919@84.asc Traverse 1-22 26.91 0.2 2.32 
20110919@85.asc Traverse 1-23 27.53 0.2 2.36 
20110919@86.asc Traverse 1-24 27.13 0.2 2.34 
20110919@87.asc Traverse 1-25 26.89 0.2 2.36 
20110919@88.asc Traverse 1-26 27.30 0.2 2.30 
20110919@91.asc Traverse 1-29 27.30 0.2 2.29 
20110919@92.asc Traverse 1-30 26.58 0.2 2.30 
20110919@93.asc Traverse 1-31 27.18 0.2 2.35 
20110919@94.asc Traverse 1-32 27.10 0.2 2.36 
20110919@95.asc Traverse 1-33 26.86 0.2 2.31 
20110919@96.asc Traverse 1-34 26.97 0.2 2.35 
20110919@97.asc Traverse 1-35 27.34 0.2 2.36 
20110919@98.asc Traverse 1-36 26.92 0.2 2.33 
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File Comment δ18OWISC ±2σ Yield 
(E9cps/nÅ) 

20110919@103.asc Traverse 1-37 27.81 0.3 2.33 
20110919@104.asc Traverse 1-38 27.18 0.3 2.39 
20110919@106.asc Traverse 1-40 27.33 0.3 2.36 
20110919@107.asc Traverse 1-41 27.06 0.3 2.42 
20110919@108.asc Traverse 1-42 27.84 0.3 2.37 
20110919@109.asc Traverse 1-43 27.22 0.3 2.41 
20110919@110.asc Traverse 1-44 26.99 0.3 2.38 
20110919@111.asc Traverse 1-45 27.01 0.3 2.42 
20110919@112.asc Traverse 1-46 27.18 0.3 2.43 
20110919@113.asc Traverse 1-47 27.07 0.3 2.42 
20110919@114.asc Traverse 1-48 27.45 0.3 2.42 
20110919@115.asc Traverse 1-49 27.30 0.3 2.41 
20110919@116.asc Traverse 1-50 26.95 0.3 2.42 
20110919@122.asc Traverse 1-52 26.89 0.4 2.38 
20110919@123.asc Traverse 1-1 Repeat 27.27 0.4 2.37 
20110919@124.asc Traverse 1-2 Repeat 27.40 0.4 2.36 
20110919@125.asc Traverse 1-2 Repeat2 27.24 0.4 2.37 
20110919@127.asc Traverse 1-4 Repeat 27.90 0.4 2.39 
20110919@128.asc Traverse 1-5 Repeat 26.91 0.4 2.41 
20110919@130.asc Traverse 2-1 27.34 0.36 2.43 
20110919@132.asc Traverse 2-3 27.10 0.36 2.37 
20110919@133.asc Traverse 2-4 26.60 0.36 2.40 
20110919@134.asc Traverse 2-5 27.24 0.36 2.42 
20110919@145.asc Traverse 2-11 27.66 0.46 2.32 
20110919@146.asc Traverse 2-12 27.53 0.46 2.42 
20110919@147.asc Traverse 2-13 27.44 0.46 2.39 
20110919@148.asc Traverse 2-14 27.50 0.46 2.37 
20110919@149.asc Traverse 2-15 27.70 0.46 2.38 
20110919@150.asc Traverse 2-16 27.51 0.46 2.38 
20110919@151.asc Traverse 2-17 27.15 0.46 2.38 
20110919@152.asc Traverse 2-18 27.19 0.46 2.42 
20110919@153.asc Traverse 2-19 27.35 0.46 2.39 
20110919@154.asc Traverse 2-20 27.08 0.46 2.39 
20110919@159.asc Traverse 2-21 27.38 0.57 2.31 
20110919@160.asc Traverse 2-22 27.35 0.57 2.32 
20110919@161.asc Traverse 2-23 27.02 0.57 2.34 
20110919@163.asc Traverse 3-2 27.17 0.57 2.31 
20110919@165.asc Traverse 3-4 27.17 0.57 2.31 
20110919@166.asc Traverse 3-5 26.97 0.57 2.35 
20110919@167.asc Traverse 3-6 27.22 0.57 2.34 
20110919@170.asc Traverse 3-9 27.39 0.57 2.38 
20110919@171.asc Traverse 3-10 27.11 0.57 2.32 
20110919@178.asc Traverse 3-13  27.20 0.42 2.35 
20110919@179.asc Traverse 3-14 26.92 0.42 2.37 
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File Comment δ18OWISC ±2σ Yield 
(E9cps/nÅ) 

20110919@181.asc Traverse 3-16 (Darker area) 24.70 0.42 2.38 
20110919@182.asc Traverse 3-16-2 26.91 0.42 2.38 
20110919@183.asc Traverse 3-17 26.72 0.42 2.38 
20110919@184.asc Traverse 3-18 26.80 0.42 2.37 
20110919@185.asc Traverse 3-19 

(placed in darker area) 
26.08 0.42 2.36 

20110919@186.asc Traverse 3-20 27.15 0.42 2.38 
20110919@187.asc Traverse 3-21 26.86 0.42 2.37 
20110919@188.asc Traverse 3-22 27.00 0.42 2.35 
20110919@197.asc Traverse 3-23 27.32 0.21 2.38 
20110919@198.asc Traverse 3-24 27.10 0.21 2.43 
20110919@199.asc Traverse 3-25 27.04 0.21 2.41 
20110919@200.asc Traverse 3-26 26.82 0.21 2.39 
20110919@201.asc Traverse 4-1 27.09 0.21 2.42 
20110919@205.asc Traverse 4-5 27.32 0.21 2.42 
20110919@206.asc Traverse 4-6 27.19 0.21 2.38 
20110919@207.asc Traverse 4-7 27.24 0.21 2.40 
20110919@208.asc Traverse 4-8 27.24 0.21 2.41 
20110919@209.asc Traverse 4-9 27.14 0.21 2.44 
20110919@210.asc Traverse 4-10 infill 

(missed) 
26.87 0.21 2.41 

20110919@215.asc Traverse 4-11 infill 26.92 0.24 2.43 
20110919@216.asc Traverse 4-12 infill 26.92 0.24 2.43 
20110919@217.asc Traverse 4-13 infill 27.58 0.24 2.41 
20110919@218.asc Traverse 4-14 infill 27.51 0.24 2.42 
20110919@219.asc Traverse 4-15 infill  (low 

yield) 
26.94 0.24 2.29 

20110919@220.asc Traverse 4-16 infill 26.82 0.24 2.44 
20110919@221.asc Traverse 4-17 27.49 0.24 2.45 
20110919@222.asc Traverse 4-18 27.04 0.24 2.46 
20110919@223.asc Traverse 4-19 26.97 0.24 2.43 
20110919@224.asc Traverse 4-20 27.37 0.24 2.39 
20110919@225.asc Traverse 4-21 26.92 0.24 2.44 
20110919@230.asc Traverse 4-25 27.10 0.24 2.45 
20110919@235.asc Traverse 5-1 27.05 0.24 2.39 
20110919@236.asc Traverse 5-2 26.86 0.24 2.41 
20110919@237.asc Traverse 5-3 27.08 0.24 2.42 
20110919@238.asc Traverse 5-4 27.35 0.24 2.39 
20110919@239.asc Traverse 5-5 27.16 0.24 2.38 
20110919@240.asc Traverse 6-1 27.46 0.24 2.38 
20110919@241.asc Traverse 6-2 27.35 0.24 2.41 
20110919@242.asc Traverse 6-3 27.49 0.24 2.39 
20110919@243.asc Traverse 6-4 27.34 0.24 2.39 
20110919@244.asc Traverse 6-5 27.17 0.24 2.41 
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File Comment δ18OWISC ±2σ Yield 
(E9cps/nÅ) 

20110919@245.asc Traverse 7-1 27.39  2.40 
20110919@246.asc Traverse 7-2 26.98  2.42 
20110919@247.asc Traverse 7-3 27.22  2.41 
20110919@248.asc Traverse 7-4 27.04  2.41 
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Table F.2. Measurements from sample T1003126. 

File Comment δ18OWISC ±2σ Yield 
(E9cps/nÅ) 

20110919@261.asc Traverse 1-1 26.99 0.37 2.38 
20110919@262.asc Traverse 1-2 27.88 0.37 2.36 
20110919@263.asc Traverse 1-3 27.71 0.37 2.33 
20110919@264.asc Traverse 1-4 27.56 0.37 2.34 
20110919@265.asc Traverse 1-5 27.16 0.37 2.38 
20110919@266.asc Traverse 1-6 27.50 0.37 2.38 
20110919@267.asc Traverse 1-7 27.00 0.37 2.39 
20110919@268.asc Traverse 1-8 26.69 0.37 2.39 
20110919@269.asc Traverse 1-9 27.92 0.37 2.35 
20110919@270.asc Traverse 1-10 26.68 0.37 2.35 
20110919@271.asc Traverse 1-11 25.09 0.37 2.42 
20110919@272.asc Traverse 1-12 27.54 0.37 2.43 
20110919@277.asc Traverse 1-13 

(next to @261) 
26.89 0.41 2.02 

20110919@278.asc Traverse 1-14 
(next to @262) 

26.77 0.41 2.03 

20110919@279.asc Traverse 1-15 
(next to @263) 

27.49 0.41 2.00 

20110919@280.asc Traverse 2-1 27.37 0.41 2.38 
20110919@281.asc Traverse 2-2 27.57 0.41 2.41 
20110919@282.asc Traverse 2-3 27.35 0.41 2.38 
20110919@283.asc Traverse 2-4 27.19 0.41 2.42 
20110919@284.asc Traverse 2-5 27.40 0.41 2.42 
20110919@285.asc Traverse 2-6 

(darker domain) 
26.80 0.41 2.43 

20110919@286.asc Traverse 2-7 27.29 0.41 2.43 
20110919@287.asc Traverse 2-8  

(next to @285) 
27.75 0.41 2.41 

20110919@288.asc Traverse 2-9 27.68 0.41 2.42 
20110919@289.asc Traverse 2-10 27.73 0.41 2.41 
20110919@290.asc Traverse 2-11 27.32 0.41 2.45 
20110919@291.asc Traverse 2-12 27.14 0.41 2.45 
20110919@297.asc Traverse 2-13 27.91 0.44 2.45 
20110919@298.asc Traverse 2-14 27.30 0.44 2.48 
20110919@299.asc Traverse 2-15  

(darker domain) 
26.47 0.44 2.44 

20110919@300.asc Traverse 2-16  
(next to @299) 

27.11 0.44 2.43 

20110919@301.asc Traverse 2-17 27.49 0.44 2.38 
20110919@302.asc Traverse 2-18 27.57 0.44 2.39 
20110919@303.asc Traverse 2-19 26.43 0.44 2.47 
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File Comment δ18OWISC ±2σ Yield 
(E9cps/nÅ) 

20110919@304.asc Traverse 2-20 27.06 0.44 2.46 
20110919@305.asc Traverse 2-21 27.13 0.44 2.46 
20110919@306.asc Traverse 2-22 27.12 0.44 2.48 
20110919@307.asc Traverse 2-23 27.64 0.44 2.44 
20110919@308.asc Traverse 2-24 27.57 0.44 2.45 
20110919@309.asc Traverse 2-25 27.23 0.44 2.43 
20110919@310.asc Traverse 2-26 26.82 0.44 2.41 
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Table F.3. Measurements from sample T10031010t. 

File Comment δ18OWISC ±2σ Yield 
(E9cps/nÅ) 

20110919@321.asc Adjacent 1-1 27.18 0.25 2.47 
20110919@322.asc Adjacent 1-2 27.45 0.25 2.47 
20110919@323.asc Adjacent 1-3 27.91 0.25 2.39 
20110919@325.asc Adjacent 2-1 27.42 0.25 2.39 
20110919@326.asc Adjacent 2-2  26.99 0.25 2.46 
20110919@327.asc Adjacent 2-2 26.88 0.25 2.45 
20110919@328.asc Adjacent 2-2 27.08 0.25 2.37 
20110919@329.asc Infilling 1 27.70 0.25 2.47 
20110919@330.asc Adjacent 3-1 27.30 0.25 2.49 
20110919@331.asc Adjacent 3-2 25.32 0.25 2.36 
20110919@332.asc Adjacent 3-3 26.01 0.25 2.39 
20110919@343.asc Adjacent 4-5 (missed?) 27.70 0.21 2.29 
20110919@344.asc Adjacent 4-6 (missed?) 27.38 0.21 2.35 
20110919@345.asc Infilling  3-1 26.83 0.21 2.38 
20110919@346.asc Adjacent 5-1 27.32 0.21 2.47 
20110919@347.asc Adjacent 5-2 27.53 0.21 2.47 
20110919@349.asc Adjacent 5-4 27.19 0.21 2.46 
20110919@350.asc Infilling 5-1 27.70 0.21 2.43 
20110919@351.asc Infilling 5-1.2 27.30 0.21 2.45 
20110919@352.asc Adjacent 5-1.2 27.60 0.21 2.47 
20110919@354.asc Infill 2-2 25.78 0.21 2.42 
20110919@360.asc Infill 2-3 25.87 0.28 2.37 
20110919@361.asc Infill 2-4 26.99 0.28 2.36 
20110919@362.asc Infill 4-4 27.49 0.28 2.36 
20110919@365.asc Infill 3-4 27.11 0.28 2.45 
20110919@368.asc Margin 1-3 27.59 0.28 2.33 
20110919@376.asc Margin 1-7 27.56 0.40 2.42 
20110919@377.asc Margin 1-8 27.38 0.40 2.43 
20110919@378.asc Infill 4 27.04 0.40 2.41 
20110919@379.asc Infill 4.2 26.87 0.40 2.40 
20110919@380.asc Infill 4.3 26.80 0.40 2.38 
20110919@381.asc Adjacent 4.1 26.77 0.40 2.48 
20110919@382.asc Adjacent 4.2 26.99 0.40 2.38 
20110919@383.asc Infill 5 26.96 0.40 2.45 
20110919@384.asc Adjacent 5.1 26.84 0.40 2.41 
20110919@385.asc Adjacent 5.2 27.52 0.40 2.39 
20110919@386.asc Infill 6 27.62 0.40 2.45 
20110919@388.asc Adjacent 6.2 26.81 0.40 2.41 
20110919@389.asc Infill 8 27.23 0.40 2.43 
20110919@394.asc Adjacent 8.1 27.60 0.52 2.46 
20110919@395.asc Adjacent 8.2 27.46 0.52 2.46 
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File Comment δ18OWISC ±2σ Yield 
(E9cps/nÅ) 

20110919@396.asc Infill 7 27.59 0.52 2.41 
20110919@397.asc Adjacent 7.1 27.63 0.52 2.43 
20110919@398.asc Adjacent 7.2 27.82 0.52 2.46 
20110919@399.asc Margin 1-9 27.55 0.52 2.48 
20110919@400.asc Margin 1-10 27.39 0.52 2.48 
20110919@401.asc Margin-1-11 28.04 0.52 2.44 
20110919@402.asc Infill 9 27.28 0.52 2.48 
20110919@403.asc Adjacent 9.1 27.66 0.52 2.45 
20110919@404.asc Adjacent 9.2 28.06 0.52 2.46 
20110919@405.asc Infill 10 27.82 0.52 2.46 
20110919@406.asc Adjacent 10.1 27.04 0.52 2.48 
20110919@410.asc Adjacent 10.2 27.34 0.52 2.46 
20110919@416.asc Infill 11 27.78 0.46 2.44 
20110919@417.asc Adjacent 11.1 

Margin 1-12 
27.19 0.46 2.41 

20110919@418.asc Adjacent 11.2 27.30 0.46 2.43 
20110919@419.asc Margin 1-13.1 26.61 0.46 2.42 
20110919@420.asc Margin 1-14 28.03 0.46 2.41 
20110919@421.asc Margin 1-15 27.89 0.46 2.42 
20110919@422.asc Margin 1-16 27.57 0.46 2.45 
20110919@423.asc Margin 1-17 27.57 0.46 2.40 
20110919@424.asc Margin 1-18 27.74 0.46 2.40 
20110919@425.asc Margin 1-13.2 27.49 0.46 2.44 
20110919@426.asc Margin 1-13.3 26.71 0.46 2.47 
20110919@427.asc Margin 1-13.4 27.49 0.46 2.43 
20110919@428.asc Margin 1-13.5 26.91 0.46 2.41 
20110919@429.asc Margin 1-13.7 27.81 0.46 2.41 
20110919@430.asc Margin 1-13.8 27.59 0.46 2.43 
20110919@448.asc Margin 2-7 26.45 0.22 2.45 
20110919@450.asc Margin 2-9 27.61 0.22 2.45 
20110919@451.asc Margin 2-10 27.01 0.22 2.44 
20110919@453.asc Margin 2-12 27.13 0.22 2.49 
20110919@454.asc Margin 2-13 27.02 0.22 2.51 
20110919@455.asc Margin 2-14 25.63 0.22 2.44 
20110919@456.asc Margin 2-15 27.44 0.22 2.55 
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Table F.4. Measurements from sample T10031010b. 

File Comment δ18OWISC ±2σ Yield 
(E9cps/nÅ) 

20110919@448.asc Margin 2-7 26.45 0.22 2.45 
20110919@450.asc Margin 2-9 27.61 0.22 2.45 
20110919@451.asc Margin 2-10 27.01 0.22 2.44 
20110919@453.asc Margin 2-12 27.13 0.22 2.49 
20110919@454.asc Margin 2-13 27.02 0.22 2.51 
20110919@455.asc Margin 2-14 25.63 0.22 2.44 
20110919@456.asc Margin 2-15 27.44 0.22 2.55 
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Table F.5. Measurements from sample T10031116. 

File Comment δ18OWISC ±2σ Yield 
(E9cps/nÅ) 

20110919@467.asc Infill 5 28.18 0.28 2.50 
20110919@468.asc Adjacent 5.1 26.91 0.28 2.53 
20110919@469.asc Adjacent 5.2 27.11 0.28 2.52 
20110919@470.asc Infill 6 26.78 0.28 2.49 
20110919@471.asc Adjacent 6.1 27.87 0.28 2.49 
20110919@472.asc Adjacent 6.2 27.15 0.28 2.52 
20110919@473.asc Infill 6.2 27.75 0.28 2.52 
20110919@478.asc Infill 7 27.71 0.28 2.51 
20110919@479.asc Adjacent 7.1 27.58 0.28 2.50 
20110919@480.asc Adjacent 7.2 27.38 0.28 2.52 
20110919@481.asc Infill 8 26.52 0.28 2.52 
20110919@482.asc Adjacent 8.1 26.81 0.28 2.51 
20110919@483.asc Adjacent 8.2 26.75 0.28 2.51 
20110919@484.asc Infill 10 27.63 0.28 2.54 
20110919@485.asc Adjacent 10.1 27.91 0.28 2.52 
20110919@486.asc Adjacent 10.2 27.05 0.28 2.53 
20110919@491.asc Infill 11.1 26.95 0.39 2.48 
20110919@492.asc Infill 11.2 27.60 0.39 2.47 
20110919@493.asc Infill 11.3 27.34 0.39 2.48 
20110919@494.asc Infill 11.4 25.56 0.39 2.47 
20110919@495.asc Infill 11.5 27.65 0.39 2.46 
20110919@496.asc Infill 11.6 27.49 0.39 2.48 
20110919@497.asc Infill 11.7 25.42 0.39 2.49 
20110919@498.asc Adjacent 11.31 27.33 0.39 2.49 
20110919@499.asc Adjacent 11.2 27.35 0.39 2.50 
20110919@500.asc Adjacent 11.3 28.09 0.39 2.46 
20110919@508.asc Infill 16 28.59 0.31 2.47 
20110919@509.asc Adjacent 16.1 27.79 0.31 2.47 
20110919@510.asc Adjacent 16.2 27.69 0.31 2.50 
20110919@511.asc Infill 18 28.22 0.31 2.43 
20110919@512.asc Adjacent 18.1 27.59 0.31 2.47 
20110919@513.asc Adjacent 18.2 27.73 0.31 2.48 
20110919@514.asc Infill 24 27.32 0.31 2.47 
20110919@515.asc Adjacent 24.1 27.73 0.31 2.45 
20110919@516.asc Adjacent 24.2 27.23 0.31 2.48 
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Table F.6. Measurements from sample T10031137. 

File Comment δ18OWISC ±2σ Yield 
(E9cps/nÅ) 

20110919@529.asc Transect 1-1 27.59 0.44 2.46 
20110919@530.asc Transect 1-2 27.58 0.44 2.42 
20110919@531.asc Transect 1-3 26.43 0.44 2.45 
20110919@532.asc Transect 1-4 27.28 0.44 2.47 
20110919@533.asc Transect 1-5 27.26 0.44 2.47 
20110919@534.asc Transect 1-6 27.90 0.44 2.46 
20110919@535.asc Transect 1-7 27.43 0.44 2.41 
20110919@537.asc Transect 1-9 27.81 0.44 2.52 
20110919@539.asc Transect 1-11 28.00 0.44 2.39 
20110919@546.asc Transect 1-14 26.99 0.53 2.46 
20110919@548.asc Transect 1-16 infilled 27.09 0.53 2.44 
20110919@549.asc Transect 1-17 27.57 0.53 2.44 
20110919@550.asc Transect 1-16.1 27.76 0.53 2.40 
20110919@551.asc Transect 1-16.2 27.23 0.53 2.45 
20110919@552.asc Transect 1-18 27.64 0.53 2.43 
20110919@553.asc Transect 1-19 27.59 0.53 2.48 
20110919@554.asc Transect 1-20 27.49 0.53 2.50 
20110919@555.asc Transect 1-21 26.98 0.53 2.46 
20110919@570.asc Transect 2-9 28.18 0.47 2.44 
20110919@571.asc Transect 2-8 below 9 27.78 0.47 2.43 
20110919@572.asc Transect 2-10 28.38 0.47 2.42 
20110919@573.asc Transect 2-11 27.72 0.47 2.46 
20110919@585.asc Transect 2-17 27.55 0.25 2.44 
20110919@586.asc Transect 2-18 27.14 0.25 2.42 
20110919@587.asc Transect 2-19 27.53 0.25 2.41 
20110919@588.asc Transect 2-19 27.09 0.25 2.43 
20110919@591.asc Transect 3-3 27.82 0.25 2.44 
20110919@592.asc Transect 3-4 26.92 0.25 2.51 
20110919@593.asc Transect 3-5 iP drop, 

running out of Cs 
27.99 0.25 2.58 

20110919@594.asc Transect 3-6 iP drop, 
running out of Cs 

28.00 0.25 2.59 

20110919@595.asc Transect 3-7 iP drop, 
running out of Cs 

28.43 0.25 2.92 

20110919@596.asc Transect 3-8 iP drop, 
running out of Cs 

28.62 0.25 5.16 

 


