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Strontium heterogeneity and speciation in coral aragonite: Implications for
the strontium paleothermometer
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Abstract—Sea surface temperatures (SSTs) have been inferred previously from the Sr/Ca ratios of coral
aragonite. However, microanalytical studies have indicated that Sr in some coral skeletons is more hetero-
geneously distributed than expected from SST data. Strontium may exist in two skeletal phases, as Sr
substituted for Ca in aragonite and as separate SrCO3 (strontianite) domains. Variations in the size, quantity,
or both of these domains may account for small-scale Sr heterogeneity. Here, we use synchrotron X-ray
fluorescence to map Sr/Ca variations in aPorites lobataskeleton at a 5mm scale. Variations are large and
unrelated to changes in local seawater temperature or composition. Selected area extended X-ray absorption
fine structure (EXAFS) spectroscopy of low- and high-Sr areas indicates that Sr is present as a substitute ion
in aragonite i.e., domains of Sr carbonate (strontianite) are absent or in minor abundance. Variations in
strontianite abundance are not responsible for the Sr/Ca fluctuations observed in this sample. The Sr
microdistribution is systematic and appears to correlate with the crystalline fabric of the coral skeleton,
suggesting Sr heterogeneity may reflect nonequilibrium calcification processes. Nonequilibrium incorporation
of Sr complicates the interpretation of Sr/Ca ratios in terms of SST, particularly in attempts to extend the
temporal resolution of the technique. The micro-EXAFS technique may prove to be valuable, allowing the
selection of coral microvolumes for Sr/Ca measurement where strontium is incorporated in a known structural
environment. Copyright © 2001 Elsevier Science Ltd

1. INTRODUCTION

The substitution of Sr for Ca in aragonite is temperature
dependent, and it is possible to use Sr/Ca ratios in coral
aragonite as an indicator of local sea surface temperatures
(SST; Beck et al., 1992; Evans et al., 1998). The analysis of
coralline Sr/Ca has the potential to extend the instrumental
record of past SSTs and therefore improve our understanding of
climate variability over a range of time scales, including dec-
adal rises in SST and the frequency of El Nin˜o/La Niña events.

However, not all corals exhibit the expected Sr/seawater
temperature relationship, and microanalytical studies have in-
dicated that Sr in some coral skeletons is more heterogeneously
distributed than expected from SST data (Allison, 1996; Hart
and Cohen, 1996). The Sr concentration of coral skeletons
(;7000 ppm) exceeds the thermodynamic solubility of Sr in
aragonite and Sr may exist in at least two phases: as Sr-
substituted for Ca in aragonite, and as separate SrCO3 (stron-
tianite) domains (Greegor et al., 1997). Variations in the size,
quantity, or both of these domains may account for small-scale
Sr heterogeneity and may explain the departure of some corals
from the expected Sr-temperature relationship.

The development of synchrotron radiation techniques allows
the determination of both Sr heterogeneity (at a micron scale)
and local structural state in materials. Here, we report the in situ
application of the X-ray microprobe (5mm resolution) by
synchrotron X-ray fluorescence (SXRF) to map Sr/Ca varia-

tions in aPorites lobataskeleton and extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy to ascertain Sr spe-
ciation.

2. METHODS

2.1. Samples

Analyses were performed on aP. lobata skeleton collected from
Tarawa Atoll, Western Pacific (1° N, 172° E) by Dr. Glen Shen.P.
lobata is probably the most commonly used coral species in paleoen-
vironmental reconstruction. The core was collected in 1990. An X-ra-
diograph of the core indicated that the material studied here was
deposited in approximately 1939 (assuming that high- and low-density
band couplets are annual). The oxygen isotope record of this coral is
discussed in Cole et al. (1993). The coral material was fixed in epoxy
resin, mounted on a pure fused quartz slide (Heraeus Silica and Metals
Ltd.) and ground to a thickness of;15 mm.

2.2. Synchrotron X-ray Fluorescence Microprobe

X-ray fluorescence (XRF) is an analytical method whereby an inci-
dent X-ray beam causes excitation of the sample and the emission of
characteristic, secondary X-rays (fluorescence). XRF is well under-
stood and widely used to determine composition to the level of parts
per million in a variety of materials. SXRF differs from conventional
XRF only in that the primary X-ray source is a synchrotron; in all other
aspects, the method is analogous. In a synchrotron, charged particles
(electrons) move at the speed of light in a circular vacuum chamber,
and as they are accelerated through the bending magnet and insertion
device components of the accelerator, photons are emitted in highly
collimated and intense beams. In a high-energy synchrotron with elec-
tron beams at several GeV, the emitted photons have energies in X-ray
regime of the electromagnetic spectrum. SXRF has three key benefits
over traditional XRF: the intensity of the X-ray beam is many orders of
magnitude greater than that from a conventional X-ray generator; the
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X-rays can be focused into a small (at the micron level), intense beam;
and monochromators can be used to select the optimum X-ray energy
for a particular experiment.

SXRF and EXAFS measurements were carried out with the X-ray
microprobe (Smith and Rivers, 1995; Sutton et al., 1995; Sutton and
Rivers, 1999) at the Advanced Photon Source (APS), GeoSoilEnviro-
CARS Sector 13 (Newville et al., 1999a), Argonne National Labora-
tory, Illinois, USA. A schematic diagram of the experimental setup is
shown in Figure 1. An APS undulator was the X-ray source with a
Si(220) channel-cut monochromator used to tune the energy of the
incident X-ray beam. For elemental mapping, a monochromatic energy
of 16.17 keV was chosen to straddle the Sr K absorption edge to ensure
that Sr fluorescence did not saturate the detector. For XAFS spectra, the
monochromator and undulator were scanned in unison to keep the
energy of the peak of the undulator third harmonic in the Bragg
condition defined by the silicon crystal angle. The incident X-ray beam
was focused with a novel Kirkpatrick-Baez microfocusing mirror as-
sembly (Eng et al., 1995, 1998; Yang et al., 1995). The Kirkpatrick-
Baez mirrors have the advantages of achromaticity (all energies are
focused to the same spot), high flux density gains, and long working
distances (centimeters) to accommodate an array of ancillary instru-
ments (microscopes, detectors, etc.). The Kirkpatrick-Baez system con-
sisted of two mirrors (100 mm length), one in the horizontal plane and
one in the vertical plane, which focused the X-ray beam from 350mm
down to 33 4 mm (flux density gain of;104 photons s21 mm22). The
mirrors were float glass coated with;700 Å of Rh. The flat surfaces
were dynamically bent to elliptical shapes by use of a mechanical
bender. This “double-bounce” focusing system provides excellent har-
monic rejection capabilities for EXAFS applications.

The sample was mounted on a motorized stage at 45° to the incident
X-ray beam and to the detector (detector at 90° to incident beam and
within the horizontal plane of the synchrotron). The beam was scanned

at steps of 5mm each with a residence time of 8 s over an area of 4103
200 mm of the thin section. The depth of each analysis was;20 mm
(see below). The core X-radiograph indicated that the linear extension
rate of the skeleton was;12 mm yr21 at the time the material studied
here was deposited. An analytical spatial resolution of 20mm is
nominally equivalent to less than 1 day’s skeletal growth. Ca and Sr
X-ray emissions were measured simultaneously by a 13-element Ge
fluorescence detector with energy windows from 3.47 to 3.84 keV (Ca
Ka) and from 13.78 to 14.40 keV (Sr Ka), respectively. Two ionization
chambers (100 mm, nitrogen) were used for normalization, one up-
stream of the mirrors (I0) and one downstream of the sample (I1). The
signal from I0 was used to normalize the counts in each pixel of the map
and each energy step in the XAFS scans.

The efficiency of X-ray emission from the sample is dependent on
the sample composition, density, its effective thickness (a product of
thickness and porosity), the incident beam energy and the emitted
fluorescence energy. All estimates of XRF sensitivity were made by the
NRLXRF program (Criss, 1977).

The thickness of coral material in a thin section can be highly
variable.Poritesare perforate corals, and the skeletal structure can be
basically described as a series of vertical rods linked by horizontal
rungs (Barnes and Lough, 1996). A polished thin section contains areas
where the coral fills the depth of the section, voids filled by epoxy resin,
and areas where both coral and epoxy resin occur. To minimize errors
in Sr/Ca due to thickness variations, we limited our final calculation of
Sr/Ca values to points where aragonite appeared to fill the depth of the
thin section (as determined by petrographic viewing from front and
back of section) and to a narrow range of Ca counts (and therefore a
narrow range in effective sample thickness). The typical reduction of
beam intensity (I0/I1) with the beam on the coral (compared with off the
coral) was 19% and is consistent with an analytical depth of;20 mm
of aragonite (r 5 2.94 g cm23). The primary beam encounters the

Fig. 1. A schematic diagram of the experimental setup. The coral thin section is mounted onto a motorized stage and
moved in steps across the X-ray beam. An optical microscope allows the section to be viewed during the analysis.
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sample at 45° (Fig. 1), and an analytical depth of this value is consistent
with a thin section depth of 15mm. Thus, the effective sample thick-
ness was calculated at each pixel from Ca counts, assuming that Ca was
homogeneously distributed throughout the sample and that the maxi-
mum counts in the restricted Ca count range equated with the maxi-
mum sample depth of 20mm. In this way, the effective coral thickness
was determined to vary from 16 to 20mm.

To estimate the maximum contributions of background counts from
the epoxy resin and the silica slide, analyses were completed on spots
where coral filled the depth of the section, where epoxy resin filled the
depth of the section, and on an area of the silica slide containing no
coral and no epoxy resin. Multiple analyses indicated that Sr and Ca
were homogeneously distributed throughout the epoxy resin and silica
slide. Ca and Sr counts from the silica slide were 0.3 and 11%,
respectively, of counts on the coral. These are overestimates of the
potential contamination because during coral mapping, the silica slide
is overlain by 16 to 20mm of aragonite that will absorb some of these
counts. The efficiency of Ca and Sr emission from the front of the silica
slide through 16 to 20mm of coral will be 22 to 15% and 73 to 67%,
respectively. The silica slide therefore has the potential to increase Ca
and Sr counts by a maximum of,0.1% and 7 to 8%, respectively. The
potential Sr background signal was corrected for the reduction in
analytical time used when producing the maps (8 s compared to the 10 s
used in the spot analyses) and was used to correct all Sr counts for
potential background counts from the slide. We have made no correc-
tion for Ca counts from the slide.

Ca and Sr counts from the 20mm depth of epoxy resin were 4 and
2%, respectively, of counts on the 20mm depth of coral. We estimate
that the maximum depth of epoxy contamination on the coral material
will be 4 mm, resulting in a potential increase in Ca and Sr counts in the
sample of 0.8 and 0.4%, respectively. Once again, this is an overesti-
mate, as emissions from the epoxy resin will be shielded from the
detector by the overlying coral material. Because these figures are
minimal, we have made no correction for epoxy resin contamination.

2.3. Ion Probe Microanalysis

The coral Sr/Ca ratios were standardized by means of ion probe
microanalyses. Analyses were performed on high- and low-Sr areas of
the section with a Cameca ims-4f ion probe at the Department of
Geology and Geophysics, University of Edinburgh, UK. Allison (1996)
outlines the use of ion probe microanalysis for the detection of trace
and minor elements in coralline aragonite. The section was gold-coated
and analyzed with a16O2 ion beam, accelerated at 14.5 keV, with a
beam current of;7 nA. An energy offset of 756 20 eV was used, and
the spot size was;10 mm in diameter. Secondary ions were collected
at masses48Ca and88Sr. Finding suitable standards to calibrate the ion
probe has proved difficult. Most carbonate standards are heterogeneous
with respect to Sr, making it impossible to ensure an accurate calibra-
tion. Despite this difficulty, analytical precision is good, and concen-
tration differences between samples reflect true variations in geochem-
istry. Relative ion yields were estimated by similar analyses on two
carbonate standards, OKA carbonatite (Sr5 12.356 mmol mol21) and
Iceland Spar (Sr5 0.210 mmol mol21), to provide two independent
estimates of absolute Sr/Ca in the coral sample. Estimates from the two
standards varied by 5%. We used the average of these (8.69 mmol
mol21 in a Sr-rich area) to standardize the SXRF map. A second ion
probe analysis on the Sr-poor area of the section gave an average Sr/Ca
concentration of 7.54 mmol mol21, which is in good agreement with
the normalized SXRF map (7.53 mmol mol21, averaged over four
points).

2.4. EXAFS Spectroscopy

X-ray absorption spectroscopy is a family of analytical methods that
considers the manner in which X-rays are absorbed by materials as a
function of X-ray energy. As the energy of an X-ray approaches the
ionization energy of a core electron of an atom, a sudden increase in
X-ray absorption is seen. This absorption edge corresponds to the X-ray
being absorbed and a core electron being promoted out of the atom.
This process is sensitive to the bonding environment of the selected
element. Above the absorption edge, the absorption coefficient oscil-
lates with energy, giving EXAFS, which is due to the interference

between the photoelectron wave emitted from the absorbing atom and
the wave back-scattered from neighboring atoms. These EXAFS oscil-
lations can be related to the radial distribution of atoms about an
element by a Fourier transform and quantitatively analyzed to give
precise measurements of near-neighbor bond distances and coordina-
tion number. In this way, EXAFS provides information about the local
structural and chemical environment about a particular element. EX-
AFS measurements can be carried out on a variety of sample environ-
ments, from bulk powders to solutions, but as the latest synchrotron
sources produce ever brighter X-ray sources, EXAFS spectroscopy on
small areas (down to a few microns) within heterogeneous samples has
become feasible.

EXAFS measurements were made with a 5mm diameter X-ray beam
on individual spots corresponding to Sr-high and Sr-low areas, identi-
fied from the SXRF maps. The monochromatic X-ray beam was
scanned across the Sr K absorption edge between 16.08 and 16.40 keV
at 1.5eV intervals, with a 2 sresidence time per point. The Sr Ka

fluorescence region (13.78–14.40 keV) in 8 of the 13 detector elements
was used for the EXAFS, and eight successive scans were summed for
the EXAFS spectra reported here.

3. RESULTS

3.1. Calcium and Strontium Microdistributions

The Ca Ka image (Fig. 2a)shows large variations, reflecting
the transition from epoxy-filled voids (very low Ca semicircu-
lar regions) to coral (high Ca). The image is dominated by a
large area of nearly uniform intensity (lower two-thirds of
image), two epoxy-filled voids (top right and top left-center), a
small high count region (top center), and slightly reduced
horizontal zone (middle) interpreted as a zone of slightly lower
effective thickness. The strontium Ka image (Fig. 2b) has a
pronounced lobelike structure in addition to the features ob-
served in Figure 2a. There is no obvious correlation between
the microdistributions of Ca and Sr in the coral-bearing regions
of the maps.

Sr/Ca ratios were calculated at each pixel in the map. Be-
cause of the uniformity of the Ca image, the Sr/Ca microdis-
tribution (Fig. 2c) is broadly similar to that of Sr alone, al-
though new features associated with the voids in the section are
now apparent. Note in particular that the horizontal band (mid-
dle), apparent in both the Ca (Fig. 2a) and Sr (Fig. 2b) images,
is absent in the Sr/Ca image (Fig. 2c), consistent with a slight
variation in effective thickness.

Sr/Ca ratios show a wide variation, from 0.65 to 3.15, across
the image. The lowest Sr/Ca ratios occur to the right of the
central void, whereas the highest ratios occur to the left of both
voids. To interpret more fully the Sr/Ca distribution, the rela-
tionships between Ca counts and Sr/Ca ratio are shown in
histogram form (Fig. 3). The histogram for Ca Ka (Fig. 3a)
indicates that the majority of the pixels (85%) lie in a narrow
distribution between 22,000 and 25,000 counts (denoted region
Y). The remaining pixels can be divided into two regions:X
(0–22,000 counts, 11% of the pixels) where there are counts
lower than the median region, andZ (25,000–33,000 counts,
4% of the pixels), where there are high counts.

We examined the Sr/Ca distributions of all points together
(Fig. 3b) and in each region of the Ca distribution separately
(Figs. 3c–e). High Ca counts (regionZ, center top of Fig. 2a)
produce relatively low Sr/Ca ratios (Fig. 3e). We interpret this
to be an artefact due to the proximity of the region to the
epoxy-filled void (Fig. 2c). In Figure 2, the X-ray beam enters
the sample from the right with a 45° inclination to the plane of
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the page. The detector viewing direction is from the left, with
a 45° inclination to the plane of the page (90° between the two
rays). Fluorescence generated in the coral to the right of the
void exits the sample through epoxy rather than through coral,
and the absorption contrast between these two materials results
in an enhanced fluorescence signal. As Ca Ka X-rays are of a
lower energy than those of Sr Ka, this effect has a greater
influence on Ca counts. We estimate that the maximum en-
hancement, produced when the epoxy–coral interface plane
contains the incoming beam, is;30 and 6% for Ca and Sr,
respectively, values close to those observed.

Low Ca values (regionX) are responsible for a wide spread
of Sr/Ca ratios including very large values in the overall dis-
tribution (Fig. 3c). These pixels occur to the left of the void
(Fig. 2c). Here, the primary X-ray beam penetrates the epoxy-
filled void before encountering coral toward the back of the
sample. X-rays generated at the back of the sample reach the
detector through the thickness of the section, and are partly
absorbed. Because Ca Ka X-rays are of a lower energy than Sr
Ka, the former are absorbed more, resulting in an increased
Sr/Ca ratio. This region also represents an artefact associated
with the void.

The Sr/Ca ratios for regionY (the majority of the pixels)
have a relatively narrow distribution (Fig. 3d). These points
represent coral material that fills the thickness of the analytical
depth and in which artefacts caused by proximity to voids are
absent. This is confirmed by visual examination of the section.
To overcome difficulties caused by artefacts associated with the
voids, we restrict our estimates of absolute Sr/Ca to the points
defined by regionY. Sr/Ca count ratios in Figure 2c were
converted to estimates of absolute concentration by standard-
ization against ion probe microanalysis, after pixels corre-
sponding to regionsX andZ were edited from the data set (Fig.
2d). Sr/Ca variations in the section are up to 3.5 mmol mol21.
The distribution of Sr is systematic, with Sr concentrated in
certain areas (e.g., the lobe-shaped area on the left hand side of
the slide).

3.2. Correlations between Chemical Microdistributions
and Skeletal Structure

In an attempt to relate this Sr heterogeneity to skeletal
structure, the thin section was etched briefly in 0.1 mol/L HCl
to enhance structure, sputter-coated with gold, and viewed with
a JEOL JSM-6000 scanning electron microscopy (SEM; Fig.
2e). The locations of the ion probe and EXAFS microanalyses
are marked on this micrograph.

The micrograph indicates that the crystallites in the section
are arranged in radiating, nonrandom directions, and differen-
tial diffraction effects may occur between pixels in the maps.
However, diffraction effects would be manifest as sympathetic
changes in Ca and Sr counts. Ca counts show little variation
over the regions of the section used in the calculation of Sr/Ca
values (regionY), indicating that diffraction does not vary
significantly over this area. In addition, our measured thickness
of the section is in good agreement with our estimated value
from I1/I0, indicating that little X-ray energy is dissipated in
diffraction.

The centers of calcification (the origins of crystal growth,
indicated with an arrow in Fig. 2e) are visible as discontinuous

Fig. 2. Microdistribution images (4103 200 mm area) of (a) Ca
counts, (b) Sr counts, and (c) Sr/Ca ratios for the full data set. The color
scheme is chosen to grade from black through cold colors (blue and
green) to warmer colors (orange and red) to white (hot). The dark strip
across the bottom section of each image indicates a portion of the scan
when no X-rays were delivered. These strips are useful registry markers
and internal scale bars because they are exactly 53 220 mm. (d)
Calculated Sr/Ca ratios across the coral thin section for the filtered data
set (see text). The color bar at the right of the image has units of mmol
mol21. (e) SEM micrograph of the mapped area after a 0.1 M HCl etch.
Centers of calcification, from which crystal growth begins, are visible
as slight hollows on the coral surface (indicated by the arrow). High-
and low-Sr areas analyzed by ion probe microanalysis for standardiza-
tion are marked a and b, respectively. Low- and high-Sr areas analyzed
by EXAFS are marked c and d, respectively.
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Fig. 3. Histograms of pixel values from the SXRF maps in Figure 2. (a) Distribution of calcium Ka counts divided into
three main regions labeledX, Y, andZ (see text). The remaining four histograms show the distributions of Sr/Ca ratio for
the full map (b) and the four calcium regions (c–e) indicated in (a).
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white lines running across the photograph. Centers of calcifi-
cation contain less aragonite by volume (Wainwright, 1964)
and appear as hollows by SEM, suggesting that these areas
have a higher degree of microporosity than the surrounding
skeletal areas. The efficiency of X-ray emission from the sam-
ple may be affected by variations in sample porosity. However,
there is no indication that these small changes in porosity,
associated with centers of calcification, affect the determina-
tions of Sr/Ca variations in this sample. However, the Sr
microdistribution does appear to correlate with the crystalline
fabric of the coral skeleton. The low- and high- Sr regions
identified in Figure 2e correspond with different centers of
calcification.

3.3. Strontium Structural State

Strontium K-edge micro-EXAFS spectra (Fig. 4) were col-
lected from one Sr-low and one Sr-high region of the thin
section (points c and d, respectively; Fig. 2e). Fourier trans-
forms of the EXAFS oscillations (Fig. 5, with the EXAFS
weighted byk2) show peaks corresponding to the Sr near
neighbors. Note that the peaks in the EXAFS Fourier transform
are shifted from the interatomic distances by;0.5 Å, the result
of well-understood phase shifts of the scattering photoelectron.
The graphs show no discernible difference for Sr-rich and
Sr-poor areas of the coral aragonite, indicating that Sr is in the
same structural state in both spots. The data are in good
agreement with anab initio calculation (by FEFF version 7.0;
Zabinsky et al., 1995) of the EXAFS spectrum for Sr substi-
tuted for a single Ca atom in aragonite (with a Sr-Ca distance
around 3.8 Å) and in poor agreement with measured Sr K-edge

EXAFS (Newville et al., 1999b) of strontianite, with a Sr-Sr
distance of 4.2 Å (Fig. 5).

4. DISCUSSION

Sr/Ca variations across the section are large (Fig. 2d), up to
2.7 mmol mol21, which is equivalent to an apparent seawater
temperature change of;34°C on thePoritespaleothermometer
(de Villiers et al., 1994). Hart and Cohen (1996) and Allison
(1996) both report large Sr/Ca variations (up to 0.6 mmol
mol21) over small skeletal distances (nominally equivalent to
less than 1 week’s growth). The larger variations reported here
may reflect the finer spatial resolution of the technique used in
the present study.

The mean Sr/Ca ratio of our sample map (8.26 mmol mol21)
is equivalent to 34°C on thePorites paleothermometer (de
Villiers et al., 1994). This ratio is 6% lower than the Sr/Ca
value (8.69 mmol mol21) expected from the average annual
seawater temperature of 28.5°C (Shen and Dunbar, 1995). At
least part of this discrepancy may be due to uncertainties in the
ion probe calibration. Multiple analyses of carbonate samples
and standards indicate that calibration uncertainties may intro-
duce an error of up to 10% on Sr/Ca determinations in coral
(Allison, 1996). This alone is sufficient to account for the
discrepancy between the observed and expected mean Sr/Ca.
Analytical precision of ion probe microanalyses is good
(,1%), and the relative concentration differences between
samples reflect true variations in geochemistry. Although it is
possible that our calibration of the SXRF map has resulted in a
small systematic underestimate of the true Sr/Ca values, the
Sr/Ca variations are real. However, the median in the Sr/Ca
histogram (Fig. 3d) corresponds to 8.9 mmol mol21, within
2.5% of the value expected from the average temperature. It
should be emphasized that only a 0.1 mm2 area has been
considered in the present study, and it is possible that the
average composition of the area studied is slightly different
from that of the bulk of the material.

Fig. 4. Strontium K-edge X-ray absorption spectra for Sr in coral. (a)
Raw absorption spectra,m(E), for two successive measurements. (b)
Isolated fine structure,k2x(k), for the same two measurements.

Fig. 5. Fourier transforms (weighted byk2) of the EXAFS in Figure
4b, corresponding to the average radial distribution of atoms around Sr.
The peaks in the EXAFS Fourier transform are shifted from the
interatomic distances by;0.5 Å because of phase shifts of the scat-
tering photoelectron. Shown are two nearly identical measurements of
Sr in coral, a measurement of Sr in strontianite, and a simulation of Sr
substituted for Ca in aragonite. Although the first shells are similar for
all spectra (corresponding to Sr-O at;2.5 Å), the differences in the
peaks between 3 and 4 Å clearly show the Sr in coral to be more
consistent with Ca third neighbors of the aragonite structure than with
Sr third neighbors of the strontianite structure.
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The Sr/Ca variability is observed over skeletal distances of
150 mm. Linear extension rates of corals in this area are
typically 11 mm yr21, so 150mm is nominally equivalent to
;5 d of skeletal growth. Although calcification occurs at the
coral surface inPorites, skeletal thickening may also occur
throughout the tissue layer, which usually extends up to several
millimeters into the coral skeleton (Barnes and Lough, 1993). It
is therefore possible that the low- and high-Sr regions were
deposited some time apart. However, the large Sr/Ca variations
are far in excess of the annual Sr/Ca variations expected from
the annual seawater temperature range of 1.5°C (Levitus,
1982), which equates to a Sr/Ca variation of 0.119 mmol mol21

on thePoritespaleothermometer. Rainfall in the study area is
highly seasonal, and the salinity may vary annually by as much
as 4‰ (Levitus, 1982). However, observations at a range of
other sites, depths, and salinity imply that the effect of this on
seawater Sr/Ca will be relatively small: differences in seawater
Sr/Ca of 0.158 mmol mol21 have been reported at sites where
salinity varied by up to 1.3‰ (de Villiers et al., 1994).

The Sr/Ca variations are unrelated to changes in local sea-
water temperature or composition. EXAFS measurements of
low- and high-Sr areas indicate that Sr substitutes in aragonite
and that domains of Sr carbonate (strontianite) are absent or in
minor abundance. This is in contrast to previous reports that
inferred domains of strontianite in several coral genera, includ-
ing Porites (Greegor et al., 1997; Pingitore et al., 1997). Our
analyses focused on small areas of the coral skeleton, and it is
possible that areas containing strontianite were not included in
the analyses. However, our results indicate that variations in the
chemical speciation of strontium are not responsible for the
small-scale Sr heterogeneity observed in this coral. The Sr
concentration nominally extends beyond the Sr solubility limit
in aragonite, indicating that the coral is precipitating metastable
Sr-supersaturated aragonite.

The origin of the variability in the Sr/Ca ratio is at present
unresolved. However, the distribution of Sr appears to be
systematic. Examination of the analyzed area by SEM indicates
that the centers of calcification, which are the origins of crystal
growth, are discontinuous and correspond with the low- and
high-Sr regions. This suggests that the different regions were
deposited as the result of different calcification events.

There are few observations of calcification processes in the
massive coral species usually used for paleoenvironmental re-
construction. However, detailed observations of calcification
processes in branching coral species indicate that more than
one mechanism of calcification may occur. Calcification fol-
lows a pattern with diurnal variations in calcification rate
(Barnes and Chalker, 1990), skeletal extension rate (Barnes and
Crossland, 1982; Stro¨mgren 1987), crystal habit (or shape)
(Gladfelter, 1983; le Tissier, 1988; Hidaka, 1991), and deposi-
tion site (Marshall and Wright, 1998). The high and low Sr
regions observed in this study are too large to represent areas
deposited in single days or nights. However, they may repre-
sent zones deposited by different calcification processes over
different periods. Aragonite formation is a disequilibrium pro-
cess (Plummer and Busenberg, 1987; Plummer et al., 1992) that
may be strongly mechanism dependent; that is, Sr-bearing
aragonite formed by one process may have a wholly different
composition to that formed in another manner, under the same
pressure and temperature. There is evidence that the Sr/Ca

concentration of coral skeletons may be inversely related to
skeletal extension rate (de Villiers et al., 1994, 1995), indicat-
ing that variations in calcification processes have the potential
to affect Sr/Ca content.

Our existing understanding of Sr incorporation in coral ara-
gonite inadequately explains the magnitude of Sr heterogeneity
observed here. Strontium heterogeneity may reflect nonequilib-
rium calcification processes, which will complicate the inter-
pretation of Sr/Ca ratios in terms of SST, particularly in at-
tempts to extend the temporal resolution of the technique.
Microbeam techniques have the potential to allow resolution of
SSTs on a weekly or even daily scale. However, it may be that
extension rate, coupled with yet unknown factors and the
juxtapositioning of aragonite of differing ages, wholly domi-
nates the Sr/Ca signal on the small scale. Further work will
ascertain the factors that control how Sr/Ca heterogeneity on
the small scale is expressed on the large scale. The micro-
EXAFS technique may prove to be extremely valuable in the
push to higher temporal resolution, allowing the selection of
coral microvolumes for Sr/Ca measurement where strontium is
incorporated in a known structural environment.
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