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[1] Geochemical proxies in the skeletons of corals used for the purpose of reconstructing environmental
records have typically been obtained from relatively fast-growing corals (usually >8 mm yr�1) and from
only a few key genera (most commonly Porites and Montastraea). In many areas, however, there are no
suitable fast-growing corals available for such reconstructions. Here, we investigate the potential of
Siderastrea radians, a slow-growing Atlantic and Caribbean zooxanthellate coral, as an archive of sea
surface temperature (SST) and salinity over the period from 1891 to 2002. Sampling the skeleton of three
corals from the Cape Verde Islands, we were able to reproduce a clear seasonal signal, but with limited
correlation to monthly SST, arising from inadequate chronologic constraint of the individual samples.
The SST-�18O calibration slopes for different sampling scales on several cores can range from about
�9�C%�1 to +2�C%�1 (compared to other published values of around�5 to�4�C%�1). Careful treatment
produced a �18O–SST calibration equation where SST(�C) = 12.56(±1.20) � 3.86(±0.39)*(�c–�w). The
recognition of the limitations of calibration at such small growth rates due to skeletal complexity and
suspicion of environmental interferences suggests the need for careful consideration in the interpretation
of climate proxy results from S. radians and other slow-growing corals.
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1. Introduction

[2] The skeletons of scleractinian corals are the
most common high-resolution biogenic proxy
archives for sea surface temperature (SST) and
salinity in the shallow tropical oceans of the world
[Dodge and Lang, 1983; Dunbar and Wellington,
1981; Fairbanks and Dodge, 1979; Leder et al.,
1996; Linsley et al., 2004; Weil et al., 1981;
Wellington and Dunbar, 1995]. For the most part,
studies of coral skeletal proxies in the Atlantic have
lagged behind those in the Pacific in quantity and
length of records, largely because of interest in El
Niño-Southern Oscillation (ENSO) dynamics
[Linsley et al., 2004; Wellington and Dunbar,
1995]. Unlike the Pacific or western Atlantic, there
is a relative paucity of suitable corals for long-lived
proxy records in the eastern tropical north Atlantic
[Laborel, 1974; Morri and Bianchi, 1995; Wells,
1988]. However, because of the emerging signifi-
cance of tropical North Atlantic climate variability
[Curry et al., 2003; Enfield and Mayer, 1997;
Enfield et al., 2001; Schmidt et al., 2004], prein-
strumental climate records from the eastern tropical
North Atlantic are more desirable than ever.

[3] Within the Cape Verde Islands (Figure 1),
the only suitable zooxanthellate coral for use as
a preinstrumental proxy archive is Siderastrea
radians. This slow-growing species of Siderastrea
is common throughout the tropical areas of the
eastern and western Atlantic as well as the Carib-
bean [Veron, 2000]. In the Caribbean, S. radians is
generally a small, unobtrusive zooxanthellate coral
species that is found predominantly in areas with
higher sedimentation [Lirman et al., 2003]. Like-
wise, in the Cape Verde Islands, these corals are
very successful in areas where they are periodically
buried under 1–2 cm of shifting coarse sands.
Unlike the Caribbean and western Atlantic where
S. radians grows to a maximum size of commonly
less than 10 cm in diameter [Lirman et al., 2003] and
has an annual extension rate between 5–12 mm yr�1

[Cortés and Risk, 1985], the same species forms
broad expanses of coral pavements commonly 1–3 m
in diameter and an average of 10–15 cm thick
[Laborel, 1974; Moses et al., 2003]. These corals
also have an unusually slow extension rate of 1.3
(±0.3) mm yr�1 (N = 161) leading to some diffi-
culty in the accurate interpretation of sclerochro-
nology by X-radiograph (Figure 2). Porites
astreoides is also present in the Cape Verde Islands,
but it is less common than S. radians and not useful
for decadal-scale or preinstrumental climate recon-

structions due to its limited lifespan (�40 years)
locally [Moses, 2005].

[4] The slow-growing nature of S. radians intro-
duces several complications to the analysis of their
skeletal proxy record. In addition, some potential
environmental complications are suggested to in-
fluence the accuracy of the proxy records. This
investigation resulted in the recognition of sam-
pling limitations in the use of S. radians, and
perhaps other slow-growing zooxanthellate corals,
as robust proxy archives.

2. Methods and Definitions

2.1. Sample Collection and Preparation

[5] Field work for this project was carried out on the
island of Sal in the Cape Verde Islands (Figure 1).
Corals were cored using a 16 h.p. hydraulic drill
fitted with a 10 cm diameter diamond-tipped core
barrel. Since the pavements of S. radians were
extensive in some areas, choosing the best location
to take a core directly along the growth axis
[Goreau, 1977] was often difficult. The coring
was performed by a team of trained scientific
divers using SCUBA. The corals were collected
from depths of 4–6 m, thus avoiding the potential
problems from vital effects reported with depths
around 20 m [Erez, 1978; Fairbanks and Dodge,
1979; Weber, 1973; Weber et al., 1976; Weber and
Woodhead, 1972].

[6] Immediately after collection, the cores were
soaked in fresh water for a few hours, rinsed with
fresh water to remove the bulk of the organic
material present in the living portion of the coral,
and then air dried. No bleach (sodium hypochlo-
rite; NaClO�) or hydrogen peroxide (H2O2) was
used to remove organics or otherwise clean the
skeletons.

[7] A masonry saw was used to slice the corals for
sclerochronology, resulting in coral slabs 5–6 mm
thick. After being washed, sonicated and dried,
coral slabs were then X-rayed using a dental X-ray
machine and Kodak Industrex AA400 X-ray film
[Hudson et al., 1976; Knutson et al., 1972]. Set-
tings for the X-ray machine are fixed at 15 mA and
70 kV, leaving time of exposure as the only
variable. An aluminum wedge was used to cali-
brate density, and exposure times ranged from 7–
11 seconds.

[8] Sample preparation for stable carbon (�13C)
and oxygen (�18O) isotope analyses was performed
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at the University of Miami, RSMAS Stable Isotope
Lab (SIL) using a hand held, low speed dental drill
and a high precision New WaveTM micromill. Cor-
als SAL-6 and CV-22 were sampled initially at a
rate of one sample per year using the hand held
dental drill in order to look quickly for any
decadal-scale trends. This was carried out by
continuous milling parallel to the axis of growth
along the thecal wall between two corallites using a
1.6 mm diameter burr bit. Sample increments were
determined by the annual density banding using
high resolution scans of the x-radiographs en-
hanced by computer. The annual sampling by hand
produced enough powder that each sample was
analyzed in duplicate. Coral SAL-4, however, was
not sampled annually by hand. All corals were
sampled with the micromill by continuously mill-
ing along the thecal wall between two corallites.
Setting the step increment of the micromill to 104 �m
maintained a sampling rate of 10–15 samples yr�1

despite the subtle changes in growth rate within
each coral and from coral to coral. The drilling was
performed in a direction perpendicular to the axis
of growth at each step increment, progressing
parallel to the axis of growth from step to step.

2.2. Modified Sampling Technique

[9] Normal recommended sampling methods, such
as restricting sampling to a single skeletal element
[Leder et al., 1996], did not work well because
such individual structures as the thecal wall are
extremely fine in S. radians and are much more
narrow (�50 �m) than the drill bit of the micro-
mill. In these corals, the diameter of the average
polyp is �3 mm, thus we restricted the total width
of the sample to less than half of that. In order to
further limit time transgression in the horizontal
(perpendicular to the growth axis) dimension, the
transect was centered on the exotheca of two
neighboring corallites. With this positioning, the
drill progressed only 1/4 of the way across each
corallite and was restricted to the least curved
portion of the septa and dissepiments, remaining
within a growth surface. The average micromill
sample on SAL-6 was 1344 �m wide and 450 �m
deep at a step increment of 104 �m. This removed
a volume of 6.3 � 10�2 mm3 for each sample
allowing the recovery of 40–70 �g of powder. The
exact amount of CaCO3 powder recovered
depended on the skeletal density and porosity of
the sample volume.

Figure 1. Location map of the Cape Verde Islands study area. The arrow points to the island of Sal, where the cores
were collected.
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2.3. Conversion of Sample Locations From
Space to Time

[10] The high-resolution micromill samples taken
at 10–15 samples per year were linearly interpo-
lated to 12 ‘‘monthly’’ values. The chronology was
obtained using a combination of sclerochronology
and the annual cycle of the �18O values. A Mat-
labTM routine was written to accurately handle the
interpolation. The linear interpolation method an-
chored two endpoints (chosen based on the occur-
rence of the high-density band and the lowest �18O
value) and used weighted distance to preserve the
proportional location of any missing or offset data
points. The most negative (warmest) �18O value in
each interpolated annual set was assigned to Octo-
ber, characteristically the month with the warmest
SST in the Cape Verde Islands (�26.5�C).

2.4. Terminology

[11] In this report, three terms of data sampling
frequency are used to describe sampling as follows:

[12] ‘‘Annual’’ samples (indicated as CoralAnn)
are those taken with a dental drill by hand
based on sclerochronology at a frequency of one
sample yr�1 (continuous milling). Annual samples
were analyzed as two replicate samples, and
reported as the average value of these analyses.

[13] Samples referred to as ‘‘monthly’’ (indicated as
CoralMo) were taken using the micromill as de-
scribed above at a frequency of 10–15 samples yr�1

(continuous milling). The range in number of sam-
ples is the result of the constant sampling distance
(104 �m) applied over the slightly variable annual
extension rates. These samples were then interpo-
lated to a standard 12 samples per year and assigned
to a specific month as described above.

[14] ‘‘Annual average’’ values (indicated as
CoralAnnAvg) are single values representing themean
of the 12 values in a given year. These data were
produced by microdrilling at the higher sampling
frequency for monthly samples, but were then re-
duced to a single data value per year for purposes of
data analysis.

2.5. Environmental Data

[15] The SST data set used in this study is the
National Climate Data Center (NCDC) Extended
Reconstruction SST (ERSST) (v.2) with a monthly
2� � 2� data set spanning January 1854–present
[Smith and Reynolds, 2004]. The NCDC ERSST
data set for the grid cell centered at 16�N, 24�W
was used for the local Sal SST record in the
absence of an otherwise complete instrumental
record. Comparison of the NCDC data with an in
situ thermistor over 18 months indicated an RMS
difference of ±0.6�C, and a linear relationship very
close to 1.0, indicating that the NCDC data suffi-
ciently represented the actual SST at the study site.

3. Results of Siderastrea radians

Calibration

3.1. Bulk Stable Isotope Results

[16] The average �18O value for Cape Verde
Siderastrea radians, taken from annual samples,
is �3.12 (±0.15) % (N = 112) for SAL-6Ann and
�2.91 (±0.23) % (N = 62) for CV-22Ann. The
mean difference between replicate annual sam-
ples for SAL-6Ann is 0.01 (±0.10) % and for
CV-22Ann it is �0.02 (±0.10) %, both within
machine error. Slightly different average �18O values
resulted from the monthly samples, yielding
�2.94 (±0.13) % (N = 882) and �3.10 (±0.22)

Figure 2. X-radiograph of the slab of coral SAL-6
prior to microdrilling. Many of the annual density band
couplets are relatively poorly defined. In some areas of
the core, annual bands are even functionally undefined.
Years are marked at decadal intervals.
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