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[1] We use elemental ratio (Mg/Ca, Sr/Ca, U/Ca and Ba/Ca) and oxygen isotope data from a Porites lutea coral

head collected from offshore Amédée Island, New Caledonia (22290S, 166280E) to assess the degree to which
changes in these geochemical variables reflect variations in sea surface conditions. We have assessed the
robustness of each geochemical proxy by comparing 25 years (1992–1968) of monthly geochemical variations
with a local record of sea surface temperature (SST) and with the appropriate 1 by 1 grid box from a global
gridded SST data set. We conclude from our comparison that the most consistent proxies of monthly SST
variations at this site are d18O (r2 = 0.84; p = <.0001) and Sr/Ca (r2 = 0.84; p = <.0001). The fidelity of the
coral-based Sr/Ca-SST proxy was assessed via calibration-verification exercises at New Caledonia and
Rarotonga. The ‘‘paleoclimate’’ accuracy of the coral Sr/Ca-SST technique is judged to be robust, and the
precision of the technique is estimated to be 0.3 ± 0.5 (2s) based on the calibration-verification exercise. In
contrast, monthly variations in Mg/Ca and U/Ca ratios are only moderately correlated with monthly SST
variations (r2 = 0.55; p = <.0001 for Mg/Ca and r2 = 0.47; p = <.0001). The strength of the correlation between
SST and Mg/Ca and U/Ca varies as a function of time, suggesting that variations in these ratios are not a simple
function of SST variations. This variability in goodness of fit between U/Ca-SST and Mg/Ca-SST may
ultimately limit the use of these ratios as coral paleothermometers. Averaging or stacking individual proxy SST
records (Sr/Ca, Mg/Ca and U/Ca) to generate a composite proxy SST record does not necessarily improve the
proxy record if the signal-to-noise ratio in each proxy is highly variable. For example, stacking of Sr/Ca-Mg/CaU/Ca records at New Caledonia produces a proxy SST time series that has greater standard error than the
individual Sr/Ca-SST time series (cf. ordinary least squares standard error of 1.16C versus 0.86C). Ba/Ca
variations have little correlation with SST, Sr/Ca, Mg/Ca, or U/Ca variations at New Caledonia. In conclusion,
variations in oxygen isotopic composition of seawater, calculated by removing the Sr/Ca-based temperature
component of the d18O signal, agree reasonably well with observed variations in sea surface salinity, especially
at the interannual timescale.
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1. Introduction
[2] The tropical ocean-atmosphere system plays a significant role in climate change on a variety of timescales
including human ones. Variations in sea surface temperature
(SST) and sea surface salinity (SSS) are integral to the
dynamics of the tropical ocean-atmosphere system. These
two variables are linked via the positive, strongly nonlinear
relation between SST and moisture advection in the tropics.
Reconstruction of changes in the tropical ocean-atmosphere
system in the period prior to the instrumental record
requires the use of climate proxies, such as corals, tree
Copyright 2002 by the American Geophysical Union.
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rings, and ice cores. Scleractinian corals are well suited for
high-resolution climate change studies because many grow
rapidly (>1 cm/year) and are long-lived (many centuries),
their skeletons contain couplets of high- and low-density
bands, representing 1 year of growth, and their aragonite
skeletons are amenable to geochemical study.
[3] Oxygen isotopic analysis of coral skeletal material is a
traditional method with which to calculate SSTs of the
tropical oceans. Such analyses are attractive from the standpoint that the technique and instrumentation needed to make
the determinations is very mature and most modern stable
isotope laboratories have automated carbonate devices,
which make stable isotopic determinations at a rate of 20
to 30 min per sample. However, the prospect of generating
several multicentury coral records remains daunting because
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Table 1. Select Methods and Analytical Precision for Element/Ca Ratio Determinations in Biogenic Carbonates
Analytical Precision, % RSD, 1s
Method

Sample Type

Sr/Ca

Mg/Ca

U/Ca

TIMS
ICP-MS
ICP-AES
SF-ICP-MS1
SF-ICP-MS2
Ion microprobe
LA-ICP-MS

coral
coral
coral
foram
coral
coral
coral

0.05 – 0.1
0.25
0.1 – 0.2
0.45
0.33
0.2
1

no data
no data
0.3 – 0.5
0.45
0.33
0.6
1

0.2
0.5
no data
1.4
0.6
no data
2.5

Method

Description

Source

ID-TIMS
ICP-MS
ICP-AES
1
SF-ICP-MS
2
SF-ICP-MS
Ion microprobe

isotope dilution, thermal ionization mass spectrometry
inductively coupled plasma mass spectrometry
inductively coupled plasma atomic emission spectrometry
sector field, inductively coupled plasma mass spectrometry
sector field, inductively coupled plasma mass spectrometry

LA-ICP-MS

laser ablation, inductively coupled plasma mass spectrometry

[Beck et al., 1992; Min et al., 1995]
[LeCornec and Corrège, 1997]
[Schrag, 1999; de Villiers et al., 2002]
[Rosenthal et al., 1999]
[this study]
[Allison and Tudhope, 1992; Allison, 1996a, 1996b;
Hart and Cohen, 1996; Cohen et al., 2001, 2002]
[Sinclair et al., 1998; Fallon et al., 1999]

just a single 400 year, monthly resolved, coral stable isotope
time series would require 50% of the yearly capacity of a
typical stable isotope facility. The generation of multicentury
coral d18O-based records of SST or SSS variations are further
complicated because both thermal and hydrologic factors
influence the oxygen isotopic composition of coralline
aragonite. In regions of the world’s oceans where one factor
dominates the other (e.g., DSST  DSSS) it may be possible
to attribute coral d18O variations solely to SST or SSS.
However, multicentury records of SST or SSS variations
reconstructed from coral d18O implicitly assume that the
coral d18O-SST-SSS relationship has remained stationary
throughout the period of reconstruction. Crowley et al.
[1999] demonstrated that the assumption of stationarity does
not hold at several sites where coral d18O-based SST records
have been reconstructed.
[4] Element/Ca ratio analysis of coral skeletal material
has also been used to calculate SSTs of the tropical oceans.
A well-established relationship exists between SST and Sr/
Ca [e.g., Weber, 1973; Smith et al., 1979; Beck et al., 1992;
Shen et al., 1996; Alibert and McCulloch, 1997; Schrag,
1999; Gagan et al., 2000]; SST and Mg/Ca [e.g., Oomori et
al., 1983; Mitsuguchi et al., 1996]; and SST and U/Ca [Min
et al., 1995; Shen and Dunbar, 1995]. The sensitivity of Sr/
Ca is 0.7% per 1C change in SST [Beck et al., 1992],
whereas the sensitivity for Mg/Ca it is 3.5% per 1C change
in SST [Mitsuguchi et al., 1996], and for U/Ca the sensitivity is 4.0% per 1C change in SST [Shen and Dunbar,
1995; Min et al., 1995]. In theory, a multiproxy approach
that combines elemental ratios and oxygen isotope data
from the same sample should permit the isolation and
identification of the specific thermal and hydrologic variations at a coral site [McCulloch et al., 1994; Gagan et al.,
1998]. The various analytical methods and instruments that
have been used to determine element/Ca ratios in biogenic
carbonates, especially coral skeletons, are summarized in
Table 1. The generation of multicentury, monthly resolved
records of elemental variations in coral skeletons is entirely
feasible because of the combination of high analytical
precision and rapid sample throughput (e.g., 2 to 3 min
per sample for a suite of elements) for most of the analytical

methods listed in Table 1. Linsley et al. [2000] recently
published the first, multicentury record of coral Sr/Ca-SST
variations at Rarotonga, nicely demonstrating the efficiency
with which such records of elemental ratio variations in
coral skeletons can be produced.
[5] Theoretically, element/Ca-SST relationships determined from modern corals can be used to reconstruct past
changes in tropical SST using fossil corals; if the fossil
corals can be demonstrated to be pristine and not diagenetically altered. Even when fossil corals can be demonstrated
to be pristine, ‘‘coral paleothermometry’’ will be complicated because of the potential secular variation in seawater
element/Ca ratios. For example, there is now strong evidence for secular variations in seawater Sr/Ca, which will
affect the accuracy of coral Sr/Ca on glacial to interglacial
timescales [Stoll and Schrag, 1998; Martin et al., 1999].
[6] In this paper we exploit the analytical capabilities of a
sector field inductively coupled plasma mass spectrometer
(SF-ICP-MS; i.e., abundant sensitivity, high precision, and
great linearity over a wide mass range) to rapidly and
precisely generate multielement, multiproxy paleoclimate
records from the skeleton of an aragonite coral from New
Caledonia. We combine elemental ratio data with oxygen
isotopic data to more completely address the ability of each
geochemical proxy to track changes in SST and SSS. The
New Caledonia location is particularly attractive for calibrating a geochemical proxy with in situ environmental data
because historical measurements of daily SST and SSS are
available from ORSTOM de Noumea (now Institut de
Recherche pour le Developpement, IRD) for offshore of
Amédée Island for the past 25 years. In addition, this local
SST time series is highly correlated with SST data extracted
from the appropriate grid square (1 latitude by 1 longitude) of a global SST data set (e.g., GISST2.3b; [Parker et
al., 1995], as documented by Quinn et al. [1998]).

2. Methods
2.1. Coral Sampling
[7] A large coral head (Porites lutea) was drilled in 3 m of
water offshore of the lighthouse on Amédée Island, New
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Caledonia in June 1992, and has been extensively described
elsewhere [Quinn et al., 1996, 1998]. Physical sampling of
the coral was performed using a computer-aided triaxial
sampler after the core was slabbed to a thickness of 5 mm.
Drill bit diameter was 1 mm and sample depth was 0.5 mm.
Samples of coralline aragonite powder averaged 1 mg in
weight. We resampled the top portion of this coral head
using the same 1.03 mm/sample (monthly) resolution that
was used in the original stable isotope study of this coral
[Quinn et al., 1996]. Two parallel sampling paths (paths A
and B) were sampled to maintain equivalent positions with
respect to lobate morphology of the coral skeleton growth
bands. Path A started at the top of the coral head and ended
at a depth of 135.96 mm for a total of 132 samples. Path B
started at 120.51 mm and ended at 304.88 mm for a total of
180 samples. The end of path A and the beginning of path B
overlapped for 15.45 mm and are separated by 10 cm.
Sample depth is converted to time by matching the seasonal
cycle of SST and d18O, a standard technique in coral-based
climate studies. The resultant time series is 25 years long,
extending from 1992 to 1968.
2.2. Elemental Ratio Analysis
[8] The analytical method used in this study was developed on a SF-ICP-MS (Finnigan MAT Element) at the
University of California at Santa Cruz [Quinn and Sampson, 1998]. Our method builds on the internal-standardization and isotope-dilution techniques previously
developed for coral paleoclimate work on the more traditional inductively coupled plasma, quadrupole mass spectrometers [Lea et al., 1989; Shen and Dunbar, 1995; Lea
and Martin, 1996; LeCornec and Corrège, 1997]. Our
method is broadly similar to the technique developed by
Rosenthal et al. [1999]. We use Sc for 24Mg and 43Ca
analysis, Y for 86Sr analysis, Ce for 137Ba analysis, and
209
Bi for 238U analysis. Each coral sample (1 mg) is
dissolved in 6 mL of 1% (v/v) plasma-grade HNO3 and
spiked with 60 mL of internal standard solution. We did
not perform rigorous oxidative cleaning procedures [e.g.,
Lea and Boyle, 1993] on our coral samples prior to
analysis. Analytical results are reported in concentrations,
which permit direct assessment of any changes in instrument response with time because direct comparisons can
made between measured and known concentrations of
gravimetric standards. Drift corrections and conversion
of measured concentrations to molar ratios are done offline
in a simple spreadsheet.
[9] Analyses of our gravimetric solutions yield precision
for Mg/Ca and Sr/Ca that is better than 0.33% (1s) and
better than 0.60% for U/Ca and Ba/Ca (1s). Analyses of
two coral standards, Amédée Island Coral Standard (AICS;
Porites lutea [this study]) and Davies Reef Coral Standard
(DRCS; Porites mayeri [Sinclair et al., 1998]), yield precision for Mg/Ca and Sr/Ca that is better than 0.40% (1s)
and better than 0.75% for U/Ca and Ba/Ca (1s). We observe
differences between element concentrations and molar
ratios that we determined on DRCS and with those reported
by Sinclair et al. [1998] for their solution analysis on bulk
sample. These differences may be the result of methodological differences or heterogeneity in the DRCS. However,
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we can not isolate the exact cause of this difference, but
these differences do serve to highlight the need for a wellcharacterized, interlaboratory coral standard.
2.3. Oxygen Isotope Analysis
[10] Stable isotopic analyses were performed at the University of Michigan. Prior to isotopic analysis, powdered
coralline aragonite samples were vacuum roasted for one
hour at 200C. Samples were reacted with anhydrous
phosphoric acid at 75C in individual reaction vessels of a
CarboKiel carbonate-extraction system coupled to the inlet
of a MAT 251 mass spectrometer. Precision (±2s) was
monitored by daily analyses of a powdered calcite standard
(NBS-20) and was better than 0.08% for both oxygen and
carbon. The average standard deviation of forty-six replicate
analyses of coral samples is 0.10% for oxygen and 0.07%
carbon. Values are reported in standard d notation relative to
VPDB after correction for the 17O contribution.
2.4. Data Analysis
[11] Statistical analysis of the data was performed using
the Macintosh programs Statview and JMP. Geochemical
and environmental anomalies were calculated from the
monthly time series by subtracting the monthly climatological means calculated between 1992 and 1968 from the
appropriate individual monthly value of each variable.
[12] The ordinary least squares (OLS) regression technique (model I) has been commonly used to develop an
empirical relationship between coral element/Ca and SST.
In most cases SST is defined as the independent variable
and coral element/Ca the dependent variable. This regression of y on x assumes error only in the measurement of the
dependent variable; error in the independent variable is
assumed to be zero. Alternatively, the reduced major axis
(RMA) regression technique (model II) can also be used to
develop an empirical relationship between coral element/Ca
and SST. This regression technique assumes error in the
measurement of both the dependent and independent variables and is considered to an appropriate technique to use
with geologic data. The slope the equation produced by
RMA regression equals the slope of the equation of OLS
regression divided by the correlation coefficient [e.g., Cobb,
1998].

3. Results
[13] d18O, Sr/Ca, Mg/Ca, and U/Ca records display seasonal cyclicity and all of the signals are well matched over
the 15.45 mm of sampling overlap (Figure 1). The uppermost portion of the Mg/Ca and U/Ca profiles (Figures 1c
and 1d) are noncyclical and have absolute values that are
unlikely to reflect primary environmental processes (e.g.,
SST variation). Noncyclical Mg/Ca and U/Ca variations are
restricted to the top of the coral head, a position that is
consistent with the influence of residual organic matter
within the coral skeleton on the Mg/Ca and U/Ca signal.
Contamination of the signal in the uppermost portion of the
coral slab may be avoidable in future studies by cleaning the
coral samples [e.g., Lea and Boyle, 1993] prior to analysis.
However, a host of other possibilities exist for such compositional heterogeneity (e.g., microborings, contaminants,
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Figure 1. Element/Ca variations versus depth along sampling paths A (X symbol) and B (closed
squares symbol) in a Porites coral from New Caledonia. (a) Oxygen isotopic variations, (b) Sr/Ca
variations, (c) Mg/Ca variations, (d) U/Ca variations, and (e) Ba/Ca variations. Cyclical variations are
observed in all geochemical variables except for Ba/Ca.

and nonaragonite mineral phases [see, Sinclair et al.,
1998]).
[14] In general, the monthly elemental records from the
New Caledonia coral correlate well with each other (Table
2) and with monthly SST variations (Table 2; Figure 2).
However, we expected greater levels of covariation of Sr/
Ca, Mg/Ca and U/Ca, as variations in each have been
attributed to be driven by variations in SST [e.g., Beck et
al., 1992; Min et al., 1995; Mitsuguchi et al., 1996]. We do
note that yearly correlation coefficients between the different elemental ratios and SST vary as a function of time. Sr/

Ca variations are always highly correlated with SST,
whereas Mg/Ca and U/Ca are sometimes highly correlated
with SST (e.g., 1980 – 1978) and sometimes not (e.g.,
1985 – 1981). Because elemental ratios are determined
simultaneously from a single sample, the variability in
goodness of fit between SST and U/Ca and Mg/Ca suggests
that variations in these ratios are not solely a function of
SST variations.
[15] Lastly, we note that strong relationships between
monthly proxy and monthly instrumental records can be
misleading due to the impact that the extremes of the
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Table 2. Linear, Zero-Lag Ordinary Least Square Correlation
Coefficients Between Monthly Geochemical and SST Time Seriesa
d18O%, d13C%, Sr/Ca,
Mg/Ca,
U/Ca,
Ba/Ca, SST,
PDB
PDB mmol/mol mmol/mol mmol/mol mmol/mol Cb
d18O
d13C
Sr/Ca
Mg/Ca
U/Ca
Ba/Ca
SSTb
SST

c

0.3
0.85
0.2
0.66 0.3
0.6
0.23
0.06 0.14
0.9 0.14
(0.59)2
0.9 0.26

0.78
0.72
0.08
0.91
(0.74)
0.92

0.74
0.01
0.78
(0.55)
0.74

0.05
0.67
(0.68)
0.69

0.08
0.08

1

a

Values in bold are significant at the 99% confidence level. Values in
parenthesis refer to results of comparison of mean annual time series.
b
From unpublished data, IRD-Noumea.
c
GISST2.3b data [Parker et al., 1995].

seasonal cycle have on the ordinary least squares correlation
technique. An analysis of mean annual values frequently
results in lower correlation coefficients but provides greater
insight into the strength of the relationship between two
variables (Table 2).
3.1. Sr/Ca
[16] Monthly Sr/Ca variations correlate well with monthly
SST variations both at the local (r2 = 0.77, p < 0.0001) and
1 by 1 grid box scale (r2 = 0.77, p < 0.0001; Table 2).
Monthly Sr/Ca variations are also highly correlated with
monthly d18O (r2 = 0.77, p < 0.0001), monthly Mg/Ca
variations (r2 = 0.65, p < 0.0001 and monthly U/Ca (r2 =
0.56, p < 0.0001; Table 2). Cast in terms of anomalies after
removing the annual cycle, Sr/Ca is positively correlated
with d18O and U/Ca and negatively correlated with SST and
Mg/Ca. OLS and RMA regression techniques yield Sr/CaSST calibration equations for the coral Sr/Ca-SST relationship at New Caledonia (Table 3) that are similar to those
generated in previous studies using different methods.
Indeed, the slope values for Sr/Ca-SST reported in Table
3 and within error of the average slope value of 0.0620 ±
0.014 reported by Gagan et al. [2000] in a recent
summary of the existing published literature on coral Sr/Ca
measurements.
3.2. Mg/Ca
[17] Seasonal variations of Mg/Ca are clearly evident
(Figure 2c) and are moderately correlated with local SST
variations at the monthly (r = 0.78) and annual (r = 0.55)
timescales (Table 2). The slope of our Mg/Ca-SST calibration using OLS regression is 0.105 (±0.013) for comparison
with local SST and is 0.125 (±0.014) for comparison with
gridded SST (Table 3). Other estimates of the slope of the
Porites coral Mg/Ca-SST relationship vary from 0.129
[Mitsuguchi et al., 1996], 0.140 [Sinclair et al., 1998],
0.088 [Fallon et al., 1999], and 0.164 [Wei et al., 2000].
Other than citing the usual suspects such as vital effects,
microenvironmental variation, coral collection and sampling
protocols, etc., we can shed no additional light on why there
are differences in the slope of the various Mg/Ca-SST
calibrations. Other workers have noted that widespread
use of coral Mg/Ca variations in paleothermometry may
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be limited [Shen et al., 1992; Schrag, 1999] and our results
supports this notion.
3.3. U/Ca
[18] U/Ca variations are cyclical in nature and comparison
with local SST data yields a correlation between the two
records of 0.68 at the monthly timescale and 0.68 at
the annual timescale (Table 2). Our U/Ca-based reconstructions of SST variations show some large discrepancies with
the observed local SST. For example, our reconstruction
indicates winter temperatures of 15C in 1981 and 1982
(Figure 2d), values that are 5C colder than those
observed in the local record of SST. The slope of our U/
Ca-SST calibration using OLS regression is 0.029
(±0.005), when regressed against local SST and is 0.032
(±0.004), when regressed against gridded SST (Table 3).
Other estimates of the slope of the Porites coral U/Ca-SST
relationship vary from 0.045 [Min et al., 1995], 0.046
[Sinclair et al., 1998], and 0.044 [Fallon et al., 1999].
These slope values are in good agreement with those
estimated using RMA regression in this study (Table 3).
Additional work is needed to identify the source of the slope
discrepancies among the various U/Ca studies.
[19] We can also compare our U/Ca data with those of
Min et al. [1995], who analyzed a Poriteslobata coral from
offshore of the Amédée Lighthouse, New Caledonia. Five
years (1983 – 1987) of near monthly U/Ca determinations by
TIMS is 1.161 [Min et al., 1995], whereas the U/Ca
determinations by SF-ICP-MS is 1.192 over the same time
interval. This 2.72% difference in U/Ca is equivalent to a
1C SST difference between the two records. These two
U/Ca records are from the same location, but are not from
the same coral. Some of the observed difference may be due
to real variability between the two corals as a robust
analysis of elemental ratio variations within multiple coral
heads from the same location has not been performed; such
differences have been documented for coral oxygen isotope
records [e.g., Linsley et al., 1999]. The observed offset in U/
Ca ratios might also reflect an accuracy offset between the
two laboratories. This offset also demonstrates the need for
the development of well-characterized laboratory standards
for elemental ratio analyses of coral skeletons.
[20] The covariation of monthly U/Ca with monthly Sr/Ca
(r = 0.91) documented by Min et al. [1995] is also observed
in this study (r = 0.72), which is consistent with the notion
that both ratios respond to variations in SST. However,
previous work [Min et al., 1995; Shen and Dunbar, 1995;
Cardinal et al., 2001] has also demonstrated that variations
in coral U/Ca ratios are driven by SST, SSS, alkalinity and
uranium speciation. The incorporation of uranium in the
coral skeleton from seawater is unlikely to occur by simple
substitution for calcium in the coral aragonite because of the
large differences in ionic radii and valence between the two.
Reeder et al. [2000] have recently demonstrated that uranium is incorporated into aragonite as part of the uranyl
triscarbonate complex (UTC), which has a valence of 4.
The UTC inhabits part of the structure corresponding to a
Ca polyhedron and some of the coordinated carbonate
groups [Reeder et al., 2000]. Lastly because the aqueous
uranyl carbonate species incorporated into aragonite is an
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Figure 2. Monthly (thin lines) and mean annual (thick lines) proxy-based SST variations (solid lines)
versus instrumental SST variations (dashed lines). (a) Oxygen isotope proxy, (b) Sr/Ca proxy, (c) Mg/Ca
proxy, (d) U/Ca proxy, and (e) stacked Sr/Ca-Mg/Ca-U/Ca proxy. Sr/Ca-based estimates of SST provide
the best agreement with instrumental record at both the monthly (r = 0.92) and annual (r = 0.74) time
scales. Stacking of Sr/Ca-Mg/Ca-U/Ca records produces a proxy SST time series that has greater standard
error than the individual Sr/Ca-SST time series (cf., OLS standard error of 1.16C vs. 0.86C).
anion and bears no geometric similarity to divalent calcium
[Reeder et al., 2000], perhaps it is not surprising that
coralline U/Ca ratios display variations that do not simply
mimic SST variations.
3.4. Ba/Ca
[21] The Ba/Ca record contains several large excursions
to values several fold greater than background levels
(Figure 1e). Abrupt increases in Ba/Ca ratios have been

noted in other coral studies [e.g., Pingitore et al., 1989;
Hart and Cohen, 1996; Tudhope et al., 1996] and their
origin has usually been attributed to the presence of Ba-rich
organic matter. A similar explanation may be appropriate
for the elevated Ba/Ca ratios observed in this coral from
New Caledonia as we did not perform rigorous oxidative
cleaning procedures [e.g., Lea and Boyle, 1993] on our
coral samples prior to analysis. Although we note that
extensive oxidative cleaning of samples by Tudhope et al.
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Table 3. Coral Element/Ca-SST Calibrations at New Caledonia
2

a

SE Ratio

SE C

OLS
RMA

Sr/Ca (mmol/mol), n = 212
0.052
10.073
0.84
0.057
10.12
0.84

0.045
0.045

0.86
0.78

OLS
RMA

Mg/Ca (mmol/mol), n = 182
0.105
2.638
0.61
0.133
1.962
0.61

0.155
0.155

1.48
1.17

0.06
0.06

2.09
1.37

Local SST

OLS
RMA

Slope

Intercept

R

U/Ca (mmol/mol), n = 200
0.029
1.847
0.44
0.044
2.188
0.44
R2

SE Ratio

SE C

OLS
RMA

Sr/Ca (mmol/mol), n = 293
0.061
10.383
0.84
0.067
10.524
0.84

0.043
0.043

0.71
0.65

OLS
RMA

Mg/Ca (mmol/mol), n = 266
0.125
1.941
0.55
0.168
0.873
0.55

0.181
0.181

1.45
1.08

0.054
0.054

1.68
1.17

Gridded SST

OLS
RMA
a

Slope

Intercept

U/Ca (mmol/mol), n = 284
0.032
1.953
0.47
0.046
2.308
0.47

SE, standard error of regression Y on X.

[1996] was not able to reduce the observed excursions to
elevated levels of Ba/Ca.

4. Discussion
4.1. Fidelity of the SST Proxies
[22] There are now a number of studies that have reported
results on the measurements of Sr/Ca, Mg/Ca and U/Ca in
coral skeletons using a wide range of analytical instrumentation (see Table 1). The overwhelming majority of such
studies have compared measured geochemical variations
with SST records to generate empirical relationships
between element/Ca ratios and SST. Although the general
relationship between SST and element/Ca ratio variations is
undeniable, questions remain about the robustness of this
relationship and the skill with which proxy geochemical
variations can be used to reconstruct past variations in SST.
[23] One manifestation of this robustness of proxy issue is
the variability in the various calibration equations relating
each element/Ca ratio to SST. Gagan et al. [2000] recently
addressed the Sr/Ca-SST relationship and noted that offsets
of up to 3.5C do exist among the various regression
equations; however the slopes of the calibration equations
are remarkably similar (with one exception). Calibration
offsets have also been noted for U/Ca-SST and Mg/Ca-SST
[e.g., Fallon et al., 1999]. Eisenhauer et al. [1999] noted
that in most cases the temperature offsets produced by using
the previously published Sr/Ca-SST calibrations can be
reconciled within 1C after correction for differences in
seawater Sr/Ca ratios and normalization to a common SST
database. Averaging or stacking individual proxy SST
records (Sr/Ca, Mg/Ca and U/Ca) to generate a composite
proxy SST record does not necessarily improve the proxy
record if the signal-to-noise ratio in each proxy is highly
variable. For example, stacking of Sr/Ca-Mg/Ca-U/Ca
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records at New Caledonia produces a proxy SST time series
that has greater standard error than the individual Sr/Ca-SST
time series (cf. OLS standard error of 1.16C versus 0.86C).
[24] The issue of precision and accuracy of the Sr/Ca
paleothermometer is one that has been raised in several
studies [e.g., de Villiers et al., 1994; Gagan et al., 2000;
Cardinal et al., 2001; Cohen et al., 2001, 2002]. Cohen et al.
[2001] noted distinct differences between the Sr/Ca-SST
relationship for daytime versus nighttime skeletal deposits,
which they attributed to result from kinetic controls on
calcification. In contrast, Swart et al. (Calibration of Sr/Ca
thermometry using the Caribbean coral Montastraea annularis, submitted to Geochemistry, Geophysics, Geosystems,
2002) concluded that kinetic effects have little impact on
coral Sr/Ca ratios. The observed differences in the Sr/CaSST relationship may be the result of several factors including differences in coral collection and sampling protocols,
lack of standardization of instrumental SSTs among calibration sites, interlaboratory differences in standard determination or Sr/Ca spike calibrations, or it may reflect some real
variability. Gagan et al. [2000] reviewed the issue and noted
that with one exception, the slopes of the calibration equations are remarkably similar (mean = 0.062 ± 0.014, 2s).
[25] Clearly there is a need to better understand the biogeochemistry behind the Sr/Ca-SST relationship in corals.
Micron-scale studies of coral skeletons [e.g., Allison, 1996a,
1996b; Hart and Cohen, 1996; Cohen et al., 2001, 2002] can
shed some light into the darkness of elemental partitioning in
response to biologically mediated precipitation of the coral
aragonite. However, the fidelity of the Sr/Ca-SST proxy
ultimately will be decided by quantitative evaluation of the
goodness of fit between the observed and Sr/Ca-based
predicted records of SST. We perform two such evaluations.
First, we define the Sr/Ca-SST relationship at New Caledonia
for the period 1992– 1980 (i.e., the calibration interval). Next,
we use the Sr/Ca-SST equation determined for the calibration
interval to predict SST for the period 1979– 1968 (i.e., the
verification interval). The results of this calibration-verification exercise indicates that the misfit between the observed
and predicted record of SST variations is the same for both
time intervals, confirming the robustness of the calibration,
and that the average error associated with this approach is
0.32 ± 0.48C (2s) (Figure 3). Second, we apply this
calibration-verification technique to the recently published
time series of coral Sr/Ca-SST variations at Rarotonga
[Linsley et al., 2000]. The mean and standard deviation of
the observed and predicted SST time series are indistinguishable from each other (Figure 4). The average misfit between
observed and Sr/Ca-based predictions of SST between 1996
and 1951 is 0.29 ± 0.46C (2s) (Figure 4). The verification
interval is not extended prior to 1950 because instrumental
record is discontinuous prior to this time [Linsley et al.,
2000]. The similarities in the mean, standard deviation and
degree of misfit between observed and predicted SST, based
on coral Sr/Ca measurements at two sites, provides insights
into the ‘‘paleoclimate’’ accuracy and precision of the coralbased SST proxy. We estimate that ‘‘paleoclimate’’ precision
of the coral Sr/Ca-SST technique is 0.3 ± 0.5 (2s).
[26] In more general terms, one can find issue with most,
if not all paleoceanographic/paleoclimatic proxies of tem-
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Figure 3. Monthly observed (solid line) versus predicted (dashed line) SST at New Caledonia. Both
records have been smoothed using a 13-point window. The observed SST record is from the 22S, 166E
grid box from the GISST2.3b database [Parker et al., 1995]. The predicted SST record is derived from
coral Sr/Ca determinations. The coral Sr/Ca-SST relationship was calibrated for the 1992 –1980 period
and verified for the 1979 – 1968 interval. The bar graph on the bottom indicates the misfit between
observed and predicted SST values. The absolute value of the average misfit between these two records is
0.32 ± 0.48C (2s).
perature (e.g., d18O in biogenic carbonate, Sr/Ca in corals,
Mg/Ca in foraminifera, alkenones in marine sediments).
There tends to be a natural maturation process in temperature-proxy development and assessment, whereby the initial
euphoria of a potential panacea fades into the reality that a
multiproxy approach is best and that all proxies must be used
judiciously. Sr/Ca ratios in coral skeletons are no different.

However, one must be careful about ‘‘not throwing the baby
out with the bath water’’ on the proxy calibration issue.
Calibration is only a first step in determining the fidelity of a
climate proxy. The paleoclimate utility of a proxy is ultimately
determined through verification with an independent record
of environmental variability. The calibration-verification
exercise, so routinely performed by other groups of paleo-

Figure 4. Monthly observed (solid line) versus predicted (dashed line) SST at Rarotonga. Both records
have been smoothed using a 13-point window. The observed SST record is from the 22S, 160W grid
box from the GISST2.3b database [Parker et al., 1995]. The predicted SST record is derived from coral
Sr/Ca determinations of Linsley et al. [2000]. The coral Sr/Ca-SST relationship was calibrated for the
1992 – 1980 period and verified for the 1979– 1951 interval. The bar graph on the bottom indicates the
misfit between observed and predicted SST values. The absolute value of the average misfit between
these two records is 0.29 ± 0.46C (2s).
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Figure 5. Monthly variations in sea-surface salinity (SSS, dashed lines) and coral Dd18O (solid lines)
versus time. Dd18O is defined by the equation Dd18O = @d18O/@T * (Td18O  TSr/Ca), where @d18O is the
temperature-dependent fractionation factor for Porites [Gagan et al., 1998]. Thick lines are the result of
smoothing the monthly time series to accentuate interannual changes in the two signals. Shaded vertical
bars highlight four periods of fresher-than-average SSS that coincide with negative excursions in Dd18O.
The overall agreement, especially at the interannual scale, between observed SSS variations and proxybased predictions of variations in seawater d18O at New Caledonia is consistent with the results of studies
of corals from the Great Barrier Reef [e.g., Gagan et al., 1998].
climate workers (e.g., dendrochronologists), needs to become
an integral part of coral-based climate reconstructions.
4.2. A Coupled-Proxy Approach to Environmental
Variations at the Sea Surface
[27] Coupled measurements of coral skeletal Sr/Ca and
d18O have been used in the past to isolate the thermal and
hydrologic components of the coral d18O signal by removing the thermal signal based on Sr/Ca determinations
[McCulloch et al., 1994; Gagan et al., 1998]. Changes in
seawater d18O can be inferred from the residual d18O signal
Dd18O = @d18O/@T * [Td18O  TSr/Ca] [Gagan et al., 1998],
and these changes can be related to variations in SSS.
[28] Given the rarity of long time series of SSS variations
of the tropical oceans, the >15 year, daily SSS record at New
Caledonia presents a unique opportunity to evaluate the
relationship between residual d18O and SSS. SSS ranges
from a low of 35.3 in March to a high of 35.9 in October
offshore of the Amédée Lighthouse. Interannual SSS anomalies associated with ENSO are of similar magnitude as, or
greater than, mean seasonal changes [Delcroix and Lenormand, 1997]. The signature of ENSO in New Caledonia is as
follows: the ENSO warm phase results in cold SST anomalies and saltier-than-average SSS anomalies, whereas the
ENSO cold phase results in warm SST anomalies and
fresher-than-average SSS anomalies [Delcroix and Lenormand, 1997]. The ENSO warm phase SSS anomaly at New
Caledonia reaches a maximum in correlation with the SOI
index at a lag of 9 months, a value that is consistent with the
timing, relative to the SOI index, of negative rainfall
anomalies in the area [Ropelewski and Halpert, 1987].
[29] Four prominent negative SSS anomalies (fresherthan-average conditions) are clearly evident in the instrumental SSS record (Figure 5). Each of these anomalies is

also observed as negative anomalies in the record of
residual d18O (Figure 5). The overall agreement in the
pattern of variation between the observed and proxy signal
lends support to the notion that coupled measurements of
coral skeletal Sr/Ca and d18O can be used to reconstruct SST
and d18O seawater variations.

5. Conclusions
[30] Multiple elemental ratio measurements were made
using sector field inductively coupled plasma mass spectrometry (SF-ICP-MS) techniques, yielding precision of
<0.40% RSD (1s) for Mg/Ca and Sr/Ca and <0.75% RSD
(1s) for U/Ca and Ba/Ca. We coupled these measurements
with stable isotopic measurements on a Porites coral head
from offshore of the Amédée Lighthouse, New Caledonia to
produce a monthly resolved, 25-year record of geochemical
variations.
[31] Our results are consistent with the notion that Sr/Ca
is a robust ‘‘coral paleothermometer,’’ as confirmed by
calibration and verification. Coral U/Ca and Mg/Ca ratios
at New Caledonia are sometimes highly correlated with SST
and sometimes not, suggesting that variations in these ratios
are not a simple function of SST variations. Indeed, stacking
of Sr/Ca-Mg/Ca-U/Ca records produces a proxy SST time
series that has greater standard error than the individual Sr/
Ca-SST time series (cf. OLS standard error of 1.16C versus
0.86C). Coral Ba/Ca ratios at New Caledonia are not easily
interpreted in terms of environmental variability. However,
this ratio does have utility at other localities where there is a
pronounced seawater signal in Ba/Ca. Coupled measurements of coral skeletal Sr/Ca and d18O continue to show
promise as a means to reconstruct SST and d18O seawater
variations (SSS) in the past.
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[32] The precision and accuracy of the Sr/Ca paleothermometer has been raised in several studies [e.g., de Villiers
et al., 1994; Gagan et al., 2000; Cardinal et al., 2001;
Cohen et al., 2001, 2002]. Much of the concern has focused
on the variability of the empirically derived Sr/Ca-SST
relationship and the mechanisms proposed to explain this
variability. The adoption of a ‘‘standard’’ analytical protocol
for coral Sr/Ca determinations would produce less variability in the various calibration equations for Sr/Ca-SST.
This protocol should include measurement of a well-characterized, interlaboratory standard (i.e., an NBS19-equivalent for coral Sr/Ca), measurement of seawater Sr/Ca ratios
and normalization to an accepted value for seawater Sr/Ca,
and normalization to a single, SST data set. However,
calibration is only a first step in determining the fidelity
of the coral Sr/Ca-SST proxy. The utility of a paleoclimate
proxy is ultimately determined through verification with an
independent record of environmental variability. The cali-

bration-verification exercise, so routinely performed by
other paleoclimate groups (e.g., dendrochronologists),
needs to become an integral part of coral-based climate
reconstructions. We performed such calibration-verification
exercises using instrumental SST data and coral Sr/Ca data
determined at New Caledonia and Rarotonga [Linsley et al.,
2000]. The ‘‘paleoclimate’’ accuracy of the coral Sr/Ca-SST
technique is judged to be robust and the precision of the
technique is judged to be 0.3 ± 0.5 (2s).
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