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Abstract

The integrity of coral-based reconstructions of past climate variability depends on a comprehensive knowledge of the
e!ects of post-depositional alteration on coral skeletal geochemistry. Here we combine millimeter-scale and micro-scale coral
Sr/Ca data, scanning electron microscopy (SEM) images, and X-ray di!raction with previously published d18O records to
investigate the e!ects of submarine and subaerial diagenesis on paleoclimate reconstructions in modern and young sub-fossil
corals from the central tropical Pacific. In a 40-year-old modern coral, we find secondary aragonite is associated with rela-
tively high coral d18O and Sr/Ca, equivalent to sea-surface temperature (SST) artifacts as large as !3 and !5 !C, respectively.
Secondary aragonite observed in a 350-year-old fossil coral is associated with relatively high d18O and Sr/Ca, resulting in
apparent paleo-SST o!sets of up to !2 and !4 !C, respectively. Secondary Ion Mass Spectrometry (SIMS) analyses of sec-
ondary aragonite yield Sr/Ca ratios ranging from 10.78 to 12.39 mmol/mol, significantly higher compared to
9.15 ± 0.37 mmol/mol measured in more pristine sections of the same fossil coral. Widespread dissolution and secondary cal-
cite observed in a 750-year-old fossil coral is associated with relatively low d18O and Sr/Ca. SIMS Sr/Ca measurements of the
secondary calcite (1.96–9.74 mmol/mol) are significantly lower and more variable than Sr/Ca values from more pristine por-
tions of the same fossil coral (8.22 ± 0.13 mmol/mol). Our results indicate that while diagenesis has a much larger impact on
Sr/Ca-based paleoclimate reconstructions than d18O-based reconstructions at our site, SIMS analyses of relatively pristine
skeletal elements in an altered coral may provide robust estimates of Sr/Ca which can be used to derive paleo-SSTs.
" 2011 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The geochemical composition of skeletal aragonite in
long-lived, massive reef-building corals provides continu-
ous, centuries-long, high-resolution records of past climate
and environmental variability. Modern corals have been

used to quantify the characteristics of El Niño/Southern
Oscillation (ENSO) and tropical climate variability in past
centuries (e.g. Cole et al., 1993; Quinn et al., 1998; Linsley
et al., 2000; Cobb et al., 2001; Zinke et al., 2004; Linsley
et al., 2008), and to characterize the signature of 20th cen-
tury anthropogenic climate change in tropical oceans
(Urban et al., 2000; Abram et al., 2008; Nurhati et al.,
2009). Sub-fossil corals (hereafter referred to as fossil
corals) have been used to assess the natural variability
of ENSO and tropical ocean climate within the last

0016-7037/$ - see front matter " 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.gca.2011.08.026

! Corresponding author. Address: School of Earth and Atmo-
spheric Sciences, Georgia Institute of Technology, 311 Ferst Drive,
Atlanta, GA 30332-0340, USA.

E-mail address: hsayani3@gatech.edu (H.R. Sayani).

www.elsevier.com/locate/gca

Available online at www.sciencedirect.com

Geochimica et Cosmochimica Acta 75 (2011) 6361–6373

http://dx.doi.org/10.1016/j.gca.2011.08.026
mailto:hsayani3@gatech.edu
http://dx.doi.org/016/j.gca.2011.08.026


millennium (Cobb et al., 2003b), during the Holocene (e.g.
Gagan et al., 1998; Correge et al., 2000; McGregor and
Gagan, 2003; Felis et al., 2004; Smith and Reynolds,
2004; Abram et al., 2007), and during the last glacial–inter-
glacial cycle (Tudhope et al., 2001).

One of the main limitations of coral paleoclimatology is
the high potential for post-depositional alteration (or diagen-
esis) in corals, leading to large uncertainties in fossil coral-
based climate reconstructions. Diagenetic alterations are
typically manifest as (i) dissolution of primary coral arago-
nite, (ii) infilling of skeletal porespaces with secondary ce-
ments, and/or (iii) recrystallization of coral aragonite to
calcite, depending on whether the diagenesis occurs in a sub-
marine or subaerial setting. While much emphasis has been
placed on diagenesis in relatively old fossil corals that grew
thousands to tens of thousands of years ago (Macintyre,
1977; Bar-Matthews et al., 1993; Sherman et al., 1999;
McGregor and Gagan, 2003; Allison et al., 2007), recent
studies have examined the potential e!ects of diagenesis in
modern corals (Enmar et al., 2000; Lazar et al., 2004; Quinn
and Taylor, 2006; Hendy et al., 2007; Nothdurft and Webb,
2009). These recent studies have emphasized that very subtle
diagenetic features can significantly alter coral isotopic and
trace metal geochemistry and thereby compromise the integ-
rity of a coral-based paleoclimate reconstruction.

Diagenesis has documented impacts on well-known
paleoclimate proxies such as coral oxygen isotopic composi-
tion (d18O) and Sr/Ca ratios. Coral d18O is used as a proxy for
sea-surface temperature (SST) and/or hydrological changes
(Epstein et al., 1953; Weber and Woodhead, 1972; Cole
et al., 1993; Gagan et al., 1998; Ren et al., 2003). Coral Sr/
Ca ratios are often used as a proxy for SST (Beck et al.,
1992; Alibert and McCulloch, 1997). The geochemical arti-
facts associated with diagenesis vary depending on the degree
and type of diagenesis. Submarine diagenesis is commonly
characterized by the precipitation of abiogenic secondary ara-
gonite and high-magnesium calcite cements, however recent
studies have demonstrated the presence of other secondary
mineral phases such as low-Mg calcite and brucite (Nothdurft
et al., 2005, 2007; Buster and Holmes, 2006). Secondary arago-
nite cements are enriched in d18O and have higher Sr/Ca ratios
relative to biogenic coral aragonite, and as such contribute to
coral-based SST reconstructions that are several degrees too
cool, in the worst cases (Enmar et al., 2000; Ribaud-Laurenti
et al., 2001; Cohen and Hart, 2004; Allison et al., 2007). Such
diagenesis has been documented in modern corals as young as
30 years from the Great Barrier Reef (Hendy et al., 2007) and
the central tropical Pacific (Nurhati et al., 2009). In some
cases, high-magnesium calcites [defined as calcite containing
>5% per mole MgCO3 (Sco"n, 1987)] that precipitate in the
porespaces of long-submerged corals have lower Sr/Ca ratios
compared to coral aragonite, yielding reconstructed SSTs
that are anomalously high (Macintyre, 1977; Allison et al.,
2007; Nothdurft and Webb, 2009).

Subaerial diagenesis is typically marked by dissolution
of the primary coral aragonite skeleton, often with concom-
itant reprecipitation of secondary calcite. In a typical case
of subaerial diagenesis, McGregor and Gagan (2003) docu-
mented relatively depleted d18O and low Sr/Ca ratios (both
yielding artificially warm paleo-SST estimates) associated

with the recrystallization of aragonite to calcite in mid-
Holocene fossil corals. The depleted d18O values measured
in these corals reflect the incorporation of isotopically light
rainfall d18O in the recrystallized calcite, while the low Sr/
Ca ratios reflect the fact that the larger Sr2+ ion is not a
thermodynamically favored substitute for Ca2+ in the tigh-
ter calcite lattice. The e!ects of skeletal dissolution on coral
geochemistry are less certain, although Hendy et al. (2007)
find that submarine dissolution is associated with higher
coral Sr/Ca values (i.e. artificially cool paleo-SST esti-
mates). As fossil coral-based paleoclimate records gain in
popularity, it is increasingly important to document the de-
gree and types of diagenesis in fossil corals across a wide
range of ages and sites, and to quantify the e!ects of this
diagenesis on coral geochemistry.

We investigate the morphology and geochemistry of
pristine and altered sections of modern and young fossil
Porites corals (the latter 350 and 750 years old) from the
Line Islands in the central tropical Pacific. The ultrastruc-
ture of the coral skeleton is studied using scanning electron
microscopy (SEM), while X-ray di!raction (XRD) is used
to assess the mineralogy of alteration phases. The impact
of diagenesis on coral geochemistry is qualitatively assessed
by matching SEM images of diagenetic features to artifacts
in standard millimeter-scale coral d18O and Sr/Ca records
like those that are commonly used for monthly-resolved
coral-based paleoclimate reconstruction. On smaller scales,
secondary ion-probe mass spectrometry (SIMS) Sr/Ca and
Mg/Ca measurements allow us to constrain the geochemist-
ries of micro-scale diagenetic features and adjacent primary
coral aragonite. Hereafter, following convention, we refer
to the millimeter-scale geochemical analyses as “bulk” mea-
surements, performed via optical emission spectrometry in
the case of coral Sr/Ca and via gas phase mass spectrometry
in the case of coral d18O, in contrast to the micro-scale coral
Sr/Ca measurements performed via SIMS.

2. METHODS

This study utilizes three modern corals, two from Fan-
ning Island (4!N, 160!W) and one from Palmyra Island
(6!N, 162!W), and two fossil corals from Palmyra Island
that grew during the 13th and 17th centuries. Millimeter-
scale (monthly coral) d18O and Sr/Ca records from the Pal-
myra modern coral were presented in Cobb et al. (2001) and
Nurhati et al. (2011), respectively. We present a new
monthly-resolved coral d18O record from one Fanning
modern coral (FI5-A, drilled by R. Dunbar in 1997), while
the coral d18O from the second Fanning modern coral (FM,
drilled by K.M. Cobb in 2005) and Sr/Ca records from
both Fanning modern corals are presented in Nurhati
et al. (2009). Coral d18O and U/Th dates for the 17th cen-
tury Palmyra fossil coral SB3 were originally presented in
Cobb et al. (2003b). Here we use a duplicate core from
the same coral head, referred to as SB3B, whose d18O re-
cord is presented in Zaunbrecher et al. (2010). Coral d18O
and U/Th dates for the 13th century Palmyra fossil coral
A27 as well monthly-resolved Sr/Ca timeseries from both
fossil corals are presented here for the first time. SEM
images, XRD data, and SIMS Sr/Ca data from the modern
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and fossil corals listed above are also presented here for the
first time.

Millimeter-scale or so-called “bulk” coral Sr/Ca records
were generated using a HORIBA Jobin-Yvon Ultima 2C
Inductively Coupled Plasma-Optical Emission Spectrome-
ter (ICP-OES) located at the Georgia Institute of Technol-
ogy. Coral powders weighing 150–200 lg were milled at
1 mm intervals along a transect parallel to the primary
growth axis, corresponding to sub-monthly resolution given
growth rates of 15–20 mm/year, and then dissolved in 2%
HNO3 to obtain solutions with a Ca concentration of
"30 ppm. Short-term instrumental drift was corrected by
analyzing an internal standard with known Sr/Ca and
Mg/Ca in between each sample, allowing for high preci-
sions of ±0.1% (1r) using nearest-neighbor correction
(Schrag, 1999). Long-term instrumental drift and matrix ef-
fects were monitored using a coral-derived standard which
was run every 15 samples.

The coral d18O record for A27 was generated by mill-
ing coral powders at 1 mm intervals along a transect par-
allel to the coral’s primary growth axis. Samples weighing
60–90 lg were analyzed using a GV Isoprime Mass Spec-
trometer equipped with a Multiprep device located at the
Georgia Institute of Technology. External precision, as
quantified using repeat analyses of a powdered aragonite
standard, is reported as ±0.06& (1r, N > 500). A floating
chronology for A27 was constructed by assigning relative
d18O maximum to January 15 (following Cobb et al.,
2001) and linearly interpolating in between. U/Th dating
for A27 was performed at the Minnesota Isotope Lab
(MIL) at the University of Minnesota following proce-
dures outlined in Cobb et al. (2003a). Samples taken from
top, middle, and base of the A27 core yielded dates of
1319 ± 6AD, 1297 ± 3AD, and 1234 ± 5AD, respectively
(errors combine analytical errors and uncertainties in the
detrital thorium correction, following Cobb et al.,
2003a). The absolute chronology for A27 was generated
by minimizing the misfits between the floating chronology
and the absolute dates including error bars (an approach
outlined in Cobb et al., 2003a).

SEM images were obtained using a Hitachi S-800 Field
Emission Gun SEM and a LEO 1530 Thermally-assisted
Field Emission SEM, both located at the Georgia Institute
of Technology. Chipped coral SEM samples measuring "3–
6 mm in length were mounted and Au-coated following
standard procedures.

Coral XRD analyses were performed on a Phillips Nore-
lco X-ray Di!ractometer, Model 12045 at GSU equipped
with Databox for automated scanning and data acquisition.
Finely ground coral powders were mounted onto glass
slides with acetone and analyzed using a primary Cu beam,
filtered with a graphite monochromator, scanning between
a 2h angle range of 20–60! at 0.02! intervals using a 2h com-
pensating slit. The calcite detection limit was determined to
be 1% by measuring mixtures of aragonite and calcite pow-
ders with known calcite to aragonite ratios. Semi-qualita-
tive estimates of percent calcite in each sample were
obtained by dividing the intensity of calcite peaks by the
combined intensities of the aragonite and calcite peaks
(Davies and Hooper, 1963).

The Sr/Ca and Mg/Ca ratios of micro-scale coral skele-
tal features were measured on a Cameca 3f Secondary Ion
Mass Spectrometer at the Woods Hole Oceanographic
Institute. Coral samples "1 cm3 in size were obtained from
both heavily altered and pristine sections of each coral,
mounted in epoxy, polished with a diamond paste
(MetaDi#), rinsed with ethanol to minimize any dissolution
during sample preparation, and finally Au-coated following
standard procedures. SIMS analyses were conducted using
a "4 nA primary O! beam, 20 lm in diameter and acceler-
ated at 12.5 keV (Hart and Cohen, 1996). Following a
3-min pre-burn to remove the Au-coating and other impu-
rities, a single spot was occupied while measuring secondary
ion intensities for 24Mg, 42Ca, and 88Sr within a 30 eV win-
dow centered on an 80 eV o!set from the peak of the energy
distribution. This energy filtering reduces molecular inter-
ferences to <0.1% (Hart and Cohen, 1996). Counts are inte-
grated for 2 s, and typical count times for 42Mg and 88Sr are
"15,000 and "17,000, respectively. Each spot was analyzed
four times, with each analysis consisting of seven replicate
measurements. Errors for each spot are estimated by com-
puting the standard error of the replicate measurements.
Isotope ratios of 24Mg/42Ca and 88Sr/42Ca were converted
to molar ratios using standard curves constructed from
SIMS and ICP-MS measurements of an Oka Carbonatite
crystal, a calcite crystal (0875) and an aragonite crystal
(AG1) with Sr/Ca ratios of 0.56–19.3 mmol/mol and Mg/
Ca ratios of 0.27–4.47 mmol/mol (Gaetani and Cohen,
2006). Routine instrument precisions for 24Mg/42Ca and
88Sr/42Ca are 1.2% and 0.3%, respectively (Gaetani and
Cohen, 2006).

3. RESULTS

3.1. Palmyra modern coral

The Palmyra modern coral bulk d18O and Sr/Ca records
are well correlated to instrumental SST over the 1945–
1998AD interval (R = !0.76 and !0.59, respectively; sig-
nificant at 95% confidence level) (Fig. 1a). Both records ex-
tend back to 1886AD, maintaining similarly high
correlations with instrumental SST down-core (Cobb
et al., 2001; Nurhati et al., 2011). SEM images from the
1951AD, 1971AD, 1993AD horizons of the Palmyra mod-
ern coral core reveal smooth coral skeletal surfaces typical
of pristine Porites modern corals (Fig. 2a–c) (e.g. Quinn
and Taylor, 2006; Hendy et al., 2007).

SIMS Sr/Ca analyses were performed along a horizontal
transect (perpendicular to the growth axis) and a vertical
transect (parallel to the growth axis) in the 1992–1994AD
horizon of the Palmyra modern coral. Both the horizontal
and vertical SIMS transects are characterized by significant
Sr/Ca variability. The horizontal transect reveals that coral
the Sr/Ca ratio of the center of calcification (COC) is "5%
higher than that of the adjacent fibrous aragonite
("9.0 mm/mol vs. "8.5 mmol/mol (n = 4), respectively),
consistent with trends observed in previous studies (e.g.
Cohen et al., 2001, 2006; Meibom et al., 2004, 2006, 2008;
Allison et al., 2005; Holcomb et al., 2009). SIMS Sr/Ca val-
ues in the vertical transect range from 8.1 to 9.3 mmol/mol
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Fig. 1. Bulk coral Sr/Ca and d18O timeseries for Line Islands modern and fossil corals, with select D14C data. (A) Bulk d18O (black) and Sr/Ca
(red) records from the Palmyra modern coral (Cobb et al., 2001; Nurhati et al., 2011) plotted against Smith and Reynolds Extended
Reconstructed SST (ERSST; blue dashed; Smith and Reynolds, 2004) for Palmyra Island (6!N, 162!W). (B) Bulk d18O (black) and Sr/Ca (red)
records from Fanning modern coral FM-1 (Nurhati et al., 2009) plotted against ERSST (blue dashed) for Fanning Island (4!N, 160!W). (C)
Bulk d18O (black) and Sr/Ca (red) records from Fanning modern coral FI5-A plotted against ERSST (blue dashed) for Fanning Island. Also
plotted are coral radiocarbon measurements (D14C, open gray circles) from this core (Grottoli et al., 2003). (D) Bulk d18O (black; Zaunbrecher
et al., 2010) and Sr/Ca (red) from 17th century Palmyra fossil coral SB3B. (E) Bulk d18O (black) and Sr/Ca (red) records from 13th century
Palmyra fossil coral A27, plotted with coral D14C (open grey circles; Zaunbrecher et al., 2010). Qualitative estimates of % calcite in A27 are
plotted as: 0–5% (open triangles), 5–15% (open squares), 15–30% (filled triangles), and >30% (filled squares). Note that the y-axes on all three
d18O and Sr/Ca plots are inverted to reflect the sense of paleo-SST timeseries. SIMS sampling horizons are marked as “SIMS”. SEM sampling
horizons for each image contained in respective SEM figures for each coral are indicated by letters, where letter ‘b’ in (a) indicates the
sampling horizon for panel ‘b’ in the Palmyra modern SEM Fig. 2.

6364 H.R. Sayani et al. / Geochimica et Cosmochimica Acta 75 (2011) 6361–6373



(Fig. 3). The SIMS Sr/Ca data from 1992AD to 1993AD
hint at the presence of an annual cycle in coral Sr/Ca, how-
ever, there is considerable scatter in the 1993–1994AD
SIMS Sr/Ca data (Fig. 3). The two halves of the vertical
transect of SIMS dataset were collected by di!erent SIMS
users during separate sessions months apart. Therefore,
the di!erences between these datasets likely reflect a combi-
nation of di!erences in instrument stability and/or system-
atic di!erences in the proximity of each user’s sampling
transect to the high-Sr/Ca COC.

Even though the 1993–1994AD SIMS Sr/Ca data over-
lap the ICP-OES Sr/Ca data within error, it is important to
note that the Palmyra modern coral SIMS Sr/Ca data are
on average "0.36 mmol/mol or "4% lower than the milli-
meter-scale ICP-OES Sr/Ca data generated from the same
section of the core. In order to rule out interlaboratory

calibration problems, we analyzed the same set of standards
using the ICP-MS at WHOI and the ICP-OES at Georgia
Tech. We found the resulting Sr/Ca and Mg/Ca values to
be the same, within error, suggesting that the discrepancy
between SIMS and ICP-OES Sr/Ca represents a real di!er-
ence in the Sr/Ca ratios of the di!erent coral elements ana-
lyzed. Given the "5% di!erence in Sr/Ca ratios observed
between the COCs and the adjacent fibrous aragonite in
the horizontal transect, the o!set between the millimeter-
scale and micro-scale Sr/Ca ratios could be explained by
the inclusion (exclusion) of the high-Sr/Ca COC into the
millimeter-scale (micro-scale) measurements. However the
ultimate cause of the o!set requires further investigation.
Thus in this study, we avoid drawing conclusions from
comparisons of millimeter-scale and micro-scale Sr/Ca
data. Rather, we use the Palmyra modern coral SIMS Sr/
Ca data to quantify the range of SIMS Sr/Ca values for a
pristine coral – values that will be compared to pristine
and altered SIMS Sr/Ca data from fossil corals sampled
in the same fashion.

3.2. Fanning modern corals

Like the Palmyra modern coral, bulk coral d18O and Sr/
Ca timeseries from the 1976–2005AD period of Fanning
modern coral FM-1 and the 1971–1997AD period of
Fanning modern coral FI5-A (Fig. 1b and c) are highly cor-
related to instrumental SST (R = !0.72 and !0.62 for FM-
1 d18O and Sr/Ca, respectively, and !0.79 and !0.69 for
FI5-A d18O and Sr/Ca, respectively, significant at a 95%
confidence level). SEM images from the post-1976 region
of FM-1 show smooth, coral surfaces (Fig. 4a and b), typ-
ical of pristine Porites corals (e.g. Quinn and Taylor, 2006;
Hendy et al., 2007). A SEM image from the 1997 horizon of
FM-1 reveals smooth coral surfaces with scattered, thin
coatings comprised of <5-lm long needle-like encrustations
(Fig. 4c and d). Similar trace diagenetic features are also
observed in SEM images from the post-1971AD portion
of FI5-A (Fig. 5a and b). These coatings account for sub-
stantially less than 1% of the coral by mass, and may repre-
sent the early stages of abiogenic secondary aragonite
precipitation. Assuming the trace secondary aragonite ce-
ments observed in these coral have a mean Sr/Ca composi-
tion of 11.5 mmol/mol (Allison et al., 2007), inclusion of

Fig. 2. SEM images of pristine surfaces in the Palmyra modern coral. Smooth surface morphology from (A) 1971AD, (B) 1951AD, and (C)
1993AD.

Fig. 3. Comparison of SIMS Sr/Ca data from the Palmyra modern
coral with bulk Palmyra Sr/Ca data and local instrumental SST.
SIMS data (black) were collected from the 1992–1994 horizon, and
were assigned approximate ages (±3–4 months) by matching the
SIMS spot locations to core depths, whose chronological assign-
ments are detailed in Cobb et al. (2001). The 1992/93 SIMS data
were collected in March, 2009, while the 1993/94 data were
collected in November, 2008. Note that the Sr/Ca y-axis is inverted
to reflect the sense of paleo-SST timeseries. Bulk Sr/Ca data (red)
are from Nurhati et al. (2009). SST data are from Smith and
Reynolds Extended Reconstructed SST (blue dashed; Smith and
Reynolds, 2004) for Palmyra Island. (For interpretation of the
references to color in this figure legend, the reader is referred to the
web version of this article.)
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1% by mass of these cements would result in a Sr/Ca o!set
of +0.03 mmol/mol and an artificial cooling of up to
"0.4 !C. Such artifacts are not observed in these intervals
of the coral Sr/Ca records – correlations between coral
Sr/Ca and SST are indistinguishable from those for the
pristine Palmyra modern coral. Therefore we conclude that
the secondary cements in the upper portions of the Fanning
modern corals must comprise significantly less than 1% by
weight of the coral skeleton.

Bulk coral d18O and Sr/Ca timeseries from the pre-1976
portion of Fanning modern coral FM-1 are poorly corre-
lated to instrumental SST (R = !0.16 and 0.02, respec-
tively) (Fig. 1b). The largest mismatch occurs between
1973AD and 1974AD, associated with geochemical o!sets

of !0.67& in coral d18O and +0.4 mmol/mol in coral Sr/
Ca (computed by comparing the mean d18O and Sr/Ca val-
ues between 1973 and 1974 to the mean d18O and Sr/Ca val-
ues from the post-1976 section of the coral). SEM images
from the 1973–1974AD horizon of the coral reveal the pres-
ence of loosely-packed bundles of acicular crystals forming
a layer up to "10 lm thick that covers most of the coral
skeletal surface (Fig. 4e and f). When translated into pa-
leo-SSTs, the o!sets in bulk d18O and Sr/Ca observed in
this zone amount to artificial coolings of "!3.4 !C in
d18O [assuming an empirical d18O–SST sensitivity of
!0.2& per 1 !C (Epstein et al., 1953)], and !6.2 !C in Sr/
Ca (using the coral Sr/Ca–SST transfer function for
Fanning reported by Nurhati et al. (2009);

Fig. 4. SEM images of pristine coral and diagenetic alteration in Fanning modern coral FM-1. (A and B) Smooth surface morphology of
primary aragonite (PA) in a pristine coral sample from 2004AD. (C and D) Isolated patches of secondary aragonite (SA) in a 1997AD sample.
(E) Layer of loosely-packed, acicular SA cements (magnified in (F)) lining the coral skeleton in a 1973/1974AD sample.

Fig. 5. SEM images of diagenetic alteration in Fanning modern coral FI5-A. (A and B) Trace quantities of secondary aragonite in samples
from 1988AD and 1969AD, respectively. (C) Large, loosely-packed, acicular secondary aragonite cements lining the coral skeleton in a
1949AD sample.
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SSTFanning = 166.81 ! 15.47 # Sr/CaFanning). The morphol-
ogy of the acicular secondary cements observed in FM-1,
combined with the geochemical o!sets observed in bulk
d18O and Sr/Ca, are consistent with previous studies of
secondary, abiogenic aragonite in modern corals (e.g.
Pingitore, 1976; Macintyre, 1977; Sherman et al., 1999;
Ribaud-Laurenti et al., 2001; Cohen and Hart, 2004;
Allison et al., 2007; Hendy et al., 2007; Nothdurft and
Webb, 2009).

As with the Fanning modern coral FM-1, bulk d18O and
Sr/Ca records from the post-1971AD portion of FI5-A are
poorly correlated with instrumental SST (R = !0.45 and
!0.33, respectively). Indeed, SEM images from this region
of the coral reveal the presence of abiogenic, secondary ara-
gonite cements similar to those observed in FM-1 (Fig. 5c).
While the bulk of secondary aragonite cements in FM-1
were confined to isolated intervals, a steady increase in both
coral d18O and Sr/Ca from 1971AD to 1950AD is indica-
tive of progressive diagenesis through this section of the
core. Interestingly, the coral d18O and Sr/Ca timeseries
track SST well down-core of 1950AD, suggesting that the
diagenesis is relatively confined to the middle section of
the core. Accompanying coral radiocarbon (D14C) measure-
ments from FI5-A (Grottoli et al., 2003) are relatively high
in the 1950–1971AD section of the core (Fig. 1C), consis-
tent with the presence of relatively young secondary arago-
nite cements in this interval. In terms of paleo-SST, the
inclusion of secondary aragonite cements in FI5-A likely
contributes to apparent-SST coolings as large as
"!7.0 !C in d18O [assuming an empirical d18O–SST sensi-
tivity of !0.2& per 1 !C (Epstein et al., 1953)], and
!11.0 !C in Sr/Ca [using the coral Sr/Ca–SST transfer
function for Fanning reported by Nurhati et al. (2009);
SSTFanning = 166.81 ! 15.47 # Sr/CaFanning].

3.3. 17th century Palmyra fossil coral

Bulk coral d18O and Sr/Ca timeseries from a 17th cen-
tury Palmyra fossil coral show similar variations through-
out most the record, with the exception of isolated
intervals characterized by anomalously high Sr/Ca values
(Fig. 1c). SEM images from one of these intervals, near
1634AD, reveal loosely-packed, acicular crystals that
strongly resemble the secondary aragonite cements

observed in the Fanning modern coral (Fig. 6a and b).
Additional needles are observed in the 1655–1656AD inter-
val of SB3B (Fig. 6c). In the case of SB3B, the heteroge-
neous secondary aragonite cements range in shape from
acicular crystals to more faceted, rod-like crystals. These
secondary cements are associated with artifacts of !0.4&
in d18O and +0.6 mmol/mol in Sr/Ca, in the case of the
largest excursion near 1634AD. Translated to paleo-SST
estimates, these excursions reflect apparent coolings of
roughly !2 !C in d18O (assuming !0.21&/!C reported in
Ren et al., 2003) and !2.5 !C in Sr/Ca [using the coral
Sr/Ca–SST transfer function for Palmyra reported by
Nurhati et al. (2009); SSTPalmyra = 130.43 ! 11.39 # Sr/
CaPalmyra].

SIMS-derived Sr/Ca ratios for the secondary aragonite
(SA) cements present in the 1655AD interval of SB3B aver-
age 12.43 ± 0.85 mmol/mol (n = 6; Fig. 7 and Table EA-1
in the Electronic Annex). These cements are approximately
3.3 mmol/mol higher in Sr/Ca than the average SIMS Sr/
Ca values for primary aragonite in the same sample
(9.15 ± 0.37 mmol/mol; n = 10). Given average bulk Sr/
Ca values of 9.34 ± 0.14 mmol/mol measured for the in-
filled 1655AD section, and assuming that the SIMS SA
Sr/Ca value we measured is representative of all SA in this
horizon, we calculate that approximately 7% of the mass of
a bulk carbonate sample from this zone is comprised of SA.
The fact that the SIMS Sr/Ca ratios measured in the pri-
mary aragonite of SB3B fall within the range of SIMS Sr/
Ca values measured in pristine Palmyra modern coral im-
plies that the interior of the fossil coral skeleton has re-
mained geochemically intact with respect to Sr/Ca ratios,
despite the presence of appreciable SA in the skeletal
porespaces.

3.4. 13th century Palmyra fossil coral

Monthly coral d18O and Sr/Ca timeseries from a 13th
century Palmyra fossil coral track each other well in the
beginning of the record, from 1244AD to 1253AD, and dis-
play geochemical variations similar to that observed in pris-
tine modern and fossil corals from the site. SEM images
from the 1249AD and 1300AD sections of A27 indicate
that this portion of the coral skeleton is relatively well-
preserved, with no evidence of significant dissolution and/

Fig. 6. SEM images of secondary aragonite in fossil coral SB3B. (A) Large rod-like and acicular SA cements (magnified in (B)) lining the coral
skeleton in a 1634/1635AD sample. (C) Secondary aragonite (SA) in a 1655/1656AD sample.
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or appreciable secondary carbonate cements (Fig. 8a and
b). However, other sections of the core are characterized
by coral Sr/Ca timeseries that di!er significantly from the
coral d18O timeseries, either in absolute value or in variabil-
ity, or both. For example, the 1269AD portion of A27 is
characterized by relatively low ("8.6 mmol/mol) and highly
variable (±0.4 mmol/mol point-to-point variations) bulk

Sr/Ca ratios – excursions that are not present in bulk coral
d18O from this interval (Fig. 1d). These non-climatic Sr/Ca
variations occur in conjunction with very enriched coral
radiocarbon values (Fig. 1d; Zaunbrecher et al., 2010) that
suggest the presence of relatively young diagenetic carbon-
ates. Indeed, SEM images from this region reveal evidence
of extensive dissolution (with well over half the skeleton
dissolved in extreme cases, as observed in Fig. 8c), and large
secondary cements. Fig. 8d reveals that dissolution is most
pronounced along COCs, which previous work suggests are
more easily dissolved (James, 1974; McGregor and Gagan,
2003; Rabier et al., 2008). Secondary cements vary in size
from "10 to 100 lm and in morphology from relatively
thin, curved, hexagonal plate-like cements (Fig. 8e) to large
rhombohedral–scalenohedral block-like cements (Fig. 8f).
SEM images from several other locations within the
1253–1289AD portion of A27 (not shown) reveal qualita-
tively similar diagenetic features, albeit less advanced.
XRD samples from the 1253–1289AD section of A27 con-
firm the presence of calcite, with the greatest percentage
(>30%) measured in the 1261AD horizon.

SIMS Sr/Ca measurements of discrete secondary calcite
cements (observed as monocrystalline blocks in Fig. 9) from
the 1263–1264AD interval range from 1.96 to 9.74 mmol/
mol (n = 5; Fig. 7 and Table 1). Four of the five SIMS cal-
cite spots yield Sr/Ca values much lower than SIMS Sr/Ca
values from the relatively pristine 1300AD horizon of A27
(8.22 ± 0.13 mmol/mol; n = 9; Fig. 7 and Table EA-1). The

Fig. 7. SIMS Sr/Ca ratios of pristine and altered corals, including
secondary aragonite (SA) in fossil SB3B, secondary calcite (SC) in
fossil A27, and primary aragonite (PA) from SB3B, A27, and the
Palmyra modern coral. Note that the Sr/Ca y-axis is inverted to
reflect the sense of paleo-SST time series. Analytical error bars are
smaller than the size of the symbols used in this plot.

Fig. 8. SEM images of well-preserved and altered sections of fossil coral A27. (A and B) Relatively well-preserved coral skeleton in samples
from the 1249AD and 1300AD of Palmyra fossil coral A27, respectively. (C) Sample from 1269AD showing wholesale dissolution (D; black
arrows) and large secondary calcite (SC) blocks. (D) Sample from 1272AD showing dissolution along COCs (D; black arrows), uneven
dissolution (D, white arrow), and secondary aragonite (SA). (E) Sample from 1268AD showing incongruent dissolution within the skeleton
(D; white arrow) and plate-like cements covering the skeletal surface (P). (F) Sample from 1272AD showing large block-like cements (B) and
incongruent dissolution (D; white arrow).
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formation of low-Sr/Ca calcite cements is consistent with
subaerial diagenesis (Sherman et al., 1999; McGregor
and Gagan, 2003; Rabier et al., 2008). However, Sr/Ca
values for one SIMS calcite spot (9.7 mmol/mol) are sig-
nificantly higher than SIMS Sr/Ca values from both less
altered portions of A27 and the pristine Palmyra modern
coral. The high-Sr/Ca calcite value may indicate the pres-
ence of a precipitate that formed from Sr-concentrated
fluids originating from the preferential dissolution of
high-Sr COCs and/or dissolution of high-Sr/Ca second-
ary aragonite.

SIMS Sr/Ca measurements from the partially-dissolved
remnants of primary coral in the heavily altered section
of A27 (observed as mottled elongate sections in Fig. 9) also
yield a large range of Sr/Ca ratios (2.10–9.20 mmol/mol;
n = 3; Fig. 7 and Table 1). Given that the coral skeleton

is highly altered in this section of the coral (Fig. 9), it was
di"cult to discern exactly which skeletal feature was
sampled during SIMS analysis (i.e. COC vs. fibrous bun-
dle). The low Sr/Ca value (2.10 mmol/mol), obtained by
sampling a section of highly dissolved coral skeleton, sug-
gests that this portion of the coral skeleton may have under-
gone partial calcitization (Rabier et al., 2008). The other
two SIMS measurements (9.16 and 8.75 mmol/mol) taken
from better preserved portions of coral skeleton yield values
that are within the range of SIMS Sr/Ca values for the pris-
tine Palmyra modern coral, but are significantly higher than
SIMS Sr/Ca values obtained from the less altered 1300AD
section of A27 (8.22 ± 0.13 mmol/mol; n = 9; Fig. 7 and
Table EA-1).

Evidence from both ICP-OES and SIMS analyses sup-
ports higher Mg/Ca ratios for the secondary calcites than
primary coral aragonite in fossil coral A27. Bulk Mg/Ca
measurements from the heavily altered 1263–1264AD re-
gion of A27 average 4.56 ± 0.30 mmol/mol (n = 10) while
measurements from better-preserved region average
3.90 ± 0.20 mmol/mol (n = 102). Targeted SIMS Mg/Ca
ratios of secondary calcite cements range from 4.88 to
8.38 mmol/mol (n = 5; Table 1), slightly higher than SIMS
Mg/Ca analyses of partially dissolved coral skeleton (3.68–
5.15 mmol/mol; n = 3; Table 1).

4. DISCUSSION

As every Palmyra fossil coral grew underwater prior to
being deposited on ocean-facing beaches, each sample has
potentially experienced both submarine and subaerial dia-
genesis. The relative durations of the submarine and sub-
aerial phases are unknown – a coral colony could have
spent an appreciable amount of time underwater after its
death before being thrown onto a beach, or it could have
been deposited on a beach while still alive. Our results sug-
gest that the 17th century coral SB3B experienced signifi-
cant submarine diagenesis, with little evidence of subaerial
diagenesis, while the 13th century coral A27 experienced
significant subaerial diagenesis.

4.1. Submarine diagenesis

Submarine diagenesis in the Fanning modern corals and
the 17th century Palmyra fossil coral is manifest as second-
ary aragonite cements lining inter-skeletal pore spaces. The
geochemical composition of the secondary aragonites is

Fig. 9. Transmitted light micrographs of thick-sections from the
1263–1264AD region of A27 used for SIMS analyses showing the
spots where measurements were taken (red circles). (For interpre-
tation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1
SIMS Sr/Ca and Mg/Ca data from the 1263–1264AD region of
A27 corresponding to spots (labeled 1–8) in Fig. 9.

Spot Type Sr/Ca (mmol/mol) Mg/Ca (mmol/mol)

1 SC 9.74 4.88
2 SC 5.64 7.14
3 CA 9.16 3.68
4 CA 8.75 5.15
5 SC 1.96 5.05
6 SC 2.65 8.39
7 SC 2.60 6.08
8 CA 2.10 4.06
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consistent with inorganic precipitation from seawater and
as such is characterized by enriched d18O and Sr/Ca relative
to the biogenic coral aragonite (Macintyre, 1977; Sherman
et al., 1999; Enmar et al., 2000). The SIMS-based Sr/Ca ra-
tios of secondary aragonite cements measured in this study
are consistent with SIMS-based Sr/Ca measurements of
secondary aragonite cements reported by Cohen and Hart
(2004) and Allison et al. (2007). In the worst cases, these rel-
atively Sr-rich phases cause bulk Sr/Ca anomalies of
"0.4 mmol/mol, equivalent to "2–4 !C coolings in paleo-
SST.

In both the Fanning modern corals and the 17th century
Palmyra fossil coral, there is significant spatial heterogene-
ity in the coverage and size of secondary aragonite cements,
consistent with results from other studies (Macintyre, 1977;
Hendy et al., 2007; Nothdurft and Webb, 2009). Such het-
erogeneity may indicate that the secondary cements (i) pre-
cipitate along preferred fluid flow pathways (along
dissepiments, for example) that originate near structural de-
fects in the coral skeleton such as macrofaunal borings or
(ii) precipitate as a result of biological activity in micro-
environments within the coral skeleton (e.g. Nothdurft
et al., 2005; Nothdurft and Webb, 2009).

4.2. Subaerial diagenesis

Subaerial diagenesis in 13th century Palmyra fossil coral
A27 is confirmed by extensive dissolution and the precipita-
tion of appreciable abiogenic secondary calcite cements (up
to 30% by mass). Interaction with abundant meteoric
waters [up to 2 m of rainfall per year fall on Palmyra
(Xie and Arkin, 1997)] drives the dissolution of the primary
coral aragonite. The inorganically precipitated secondary
calcite phases are relatively depleted in Sr2+, contributing
to observed o!sets in the bulk Sr/Ca timeseries of up to
+0.81 mmol/mol (equivalent to a warming of +11 !C in
paleo-SST). The secondary calcites are enriched in Mg2+

relative to the primary coral aragonite.
The depletion and enrichment of the Sr2+ and Mg2+ ions

during the precipitation of secondary calcite derives from
their size relative to the Ca2+ ion. As Sr2+ is larger than
Ca2+, the tighter, rhombohedral calcite lattice will contain
less Sr than the more open, orthorhombic aragonite lattice.
As Mg2+ is smaller than Ca2+, it is favored in the calcite lat-
tice. The aforementioned trends only apply for equilibrium
calcite precipitation, when there is enough time between
dissolution and precipitation to allow for the redistribution
of the trace metals. If dissolution and simultaneous repre-
cipitation occur in a closed system, then one would expect
little change in Sr/Ca and Mg/Ca values during the transi-
tion from aragonite to calcite. In A27, we observe a range
of Sr/Ca and Mg/Ca values in the secondary calcites, from
values similar to the primary coral aragonite to values that
are significantly depleted (enriched) in Sr/Ca (Mg/Ca), con-
sistent with precipitation in both closed and open systems
(e.g. James, 1974; Bathurst, 1975; Pingitore, 1976; Maliva
and Dickson, 1992; Rabier et al., 2008).

The two distinct morphologies of secondary carbonates
in A27 (thin, curved plates vs. large, faceted blocks) imply
di!erent mechanisms and/or speeds of formation. The large

calcite blocks with low Sr/Ca values observed in A27 most
likely result from a two-step dissolution and precipitation
process occurring in an open system that allows for trace-
metal redistribution (James, 1974; Bathurst, 1975), whereas
the plate-like cements, which preserve the ultrastructure
and retain the composition of the original coral skeleton
may be the result of a simultaneous dissolution and precip-
itation process in a closed or semi-closed system (Bathurst,
1975; Pingitore, 1976; Maliva and Dickson, 1992). Rabier
et al. (2008) documents secondary calcite cements and dis-
solution patterns, similar to those observed in A27, in sub-
aerially-exposed fossil corals from the western tropical
Pacific, and proposes that both open-system and closed-sys-
tem calcite precipitation processes occur in parallel yielding
a wide spectrum of calcite morphologies, dissolution pat-
terns, and geochemical anomalies.

Extensive subaerial diagenesis is typically associated with
the precipitation of secondary calcites that are relatively de-
pleted in d18O with respect to the primary coral aragonite
(e.g. McGregor and Gagan, 2003), reflecting the contribu-
tion of low-d18O rainwater. Given the large diagenetic gradi-
ent in A27, from relatively pristine on both ends of the core
to highly altered near the middle of the core, one might ex-
pect to observe associated shifts towards lighter coral d18O
and/or more variable coral d18O in the highly altered zone.
However, we do not observe any systematic impact of sub-
aerial diagenesis on A27’s coral d18O timeseries. The only
explanation for this observation is that the d18O composition
of the secondary carbonate phases must be very similar to
that of the primary coral aragonite. Assuming a mean an-
nual temperature of "28 !C (Smith and Reynolds, 2004)
and a mean rainfall d18O of "!2& SMOW, the d18O com-
position of calcite precipitated inorganically at Palmyra is
estimated to be!4.9& PDB (Epstein et al., 1953). Relatively
low rainwater d18O values were recorded at Fanning Island
in May, 2005 (!2.19 ± 0.47, N = 3), and if similarly low
rainwater d18O values are generally characteristic of this re-
gion, then rainwater-driven diagenesis will result in lower
coral d18O values. This can be compared to !4.8& PDB,
the average d18O composition of relatively pristine aragonite
in coral A27. In fact, assuming the secondary calcites com-
prise "30% of the coral skeleton (the highest percentage of
calcite measured by XRD), mass balance constraints require
that the diagenetic phases be at least 0.3& di!erent than the
primary coral aragonite for their contribution to be detected
with d18O mass spectrometry (given standard error bars of
±0.05&). Therefore, we conclude that the presence of signif-
icant calcites in fossil coral A27 does not likely a!ect the
mean coral d18O value. However, the presence of large
amounts of secondary cements may have reduced the ampli-
tude of climate-related coral d18O variations. A more com-
plete understanding of the e!ect of diagenesis on A27 d18O
records awaits a better estimate of the mean annual rainfall
d18O at Palmyra and SIMS d18O analysis of the A27 calcites
themselves.

4.3. Implications for fossil coral paleoclimate reconstructions

The results of this study demonstrate that significant
diagenesis can occur in as little as 30 years for a submerged
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coral, and in as little as 700 years for a subaerially-exposed
fossil coral. The magnitude and character of submarine dia-
genesis occurring in a young modern coral and a 300-year-
old fossil coral are qualitatively similar. In both cases, we
find that the inclusion of less than "10% secondary arago-
nite in millimeter-scale coral Sr/Ca samples yields cooling
artifacts of up to !3 !C in the corresponding paleo-SST
reconstructions, given published Sr/Ca–SST calibrations
from our sites (Nurhati et al., 2009). The impact of the pres-
ence of "10% secondary aragonites on millimeter-scale cor-
al d18O-based SST reconstructions is smaller ("!2 !C). The
di!erence in diagenetic sensitivities of the Sr/Ca vs. d18O
paleoclimate proxies stems from a combination of (i) the
di!erence between the secondary aragonite and primary
coral aragonite geochemistries, and (ii) the slope of the
proxy–SST relationship. In the case of the Sr/Ca SST
proxy, the secondary aragonite end-member is significantly
enriched with respect to primary coral aragonite
("12 mmol/mol vs. "9 mmol/mol, respectively), and the
Sr/Ca–SST relationship (0.09 mmol/mol per !C) is such
that small amounts of secondary aragonite lead to large er-
rors in calculated SST. In the case of the coral d18O proxy,
the secondary aragonite end-member is only slightly more
enriched than the primary coral aragonite ["!4.3& (calcu-
lated assuming equilibrium precipitation with mean annual
temperatures of 28 !C and a d18O of seawater of 0&
SMOW) vs. "!5&, respectively]. The coral d18O–SST rela-
tionship is such that the presence of 10% secondary arago-
nites would generate an o!set of +0.07& in the bulk d18O
measurement, equivalent to an SST anomaly of less
than 0.5 !C, assuming a coral d18O–SST slope of !0.21&
per 1 !C (Epstein et al., 1953).

In the 13th century Palmyra fossil coral that experienced
extensive subaerial diagenesis, we find that the presence of
5–30% secondary calcites characterized by low and variable
Sr/Ca ratios could contribute to paleo-warming artifacts of
up to +11 !C, if undetected. As observed with the submar-
ine diagenesis discussed above, subaerial diagenesis has a
larger impact on the coral Sr/Ca proxy than on the coral
d18O proxy, a finding consistent with results from previous
studies (e.g. McGregor and Gagan, 2003). While McGregor
and Gagan (2003) find that the presence of "10% second-
ary calcites has a detectable e!ect on coral d18O, we find
that "30% secondary calcites has negligible impact on the
coral d18O record. We attribute this to the relatively en-
riched d18O composition of rainwaters in the central tropi-
cal Pacific, which cause the d18O of secondary calcites to be
fairly similar to primary coral aragonite d18O at the site.

Reliable reconstruction of past SST and hydrological
variability from fossil corals requires the use of both coral
Sr/Ca and d18O, thus it is important to develop micro-scale
analytical techniques, such as SIMS Sr/Ca analysis, to ex-
tract robust absolute paleo-SST information from diagenet-
ically altered fossil corals. Our study, together with several
recent studies (e.g. Hart and Cohen, 1996; Meibom et al.,
2003; Cohen and Hart, 2004; Allison et al., 2005; Allison
and Finch, 2009), demonstrates that this is a promising ap-
proach that could be applied to fossil corals that have expe-
rienced moderate to severe submarine and subaerial
diagenesis. While our study highlights the potential for

SIMS analyses of Sr/Ca ratios in altered fossil corals, the
application of SIMS-based d18O measurements of altered
corals is a similarly promising avenue for further study. Gi-
ven the large spatial heterogeneity of diagenesis observed in
this study, SIMS allows for the preferential analysis of the
more pristine portions of the coral skeleton. However, stud-
ies have shown that the distribution of trace-metals in coral
skeletons is heterogeneous on such fine scales, and as such a
more complete knowledge of the distribution of Sr/Ca ra-
tios in modern coral ultrastructure (e.g. Cohen et al.,
2001; Adkins et al., 2003; Rollion-Bard et al., 2003; Cohen
and Hart, 2004; Meibom et al., 2006, 2008; Allison and
Finch, 2009; Holcomb et al., 2009) is needed in order to
translate micro-scale coral geochemical measurements into
paleo-SST estimates.

In lieu of micro-scale measurements of fossil coral d18O
and Sr/Ca ratios, paleoclimate researchers are strongly
encouraged to screen their fossil coral samples for diage-
netic artifacts via SEM. We note that minor diagenesis
(10% or less by mass) can go undetected via X-radiographs
or thin section – the severe diagenesis in A27 ("30% by
mass) is unobservable via X-radiographs (Fig. EA-1 in
the Electronic Annex). Modern and fossil coral radiocar-
bon measurements are especially sensitive to diagenesis
and consequent misinterpretation. The fidelity and utility
of fossil-coral-based paleoclimate reconstructions depends
on amassing a much larger set of observations of fossil cor-
al diagenesis, and its impact on coral geochemistry, than is
currently available.
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