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Abstract

Past changes in the seasonal distribution of insolation across the Earth's surface are thought to play a critical role in Quaternary
climate cycles. In this study we use Sr/Ca and δ18O as geochemical proxies in the skeleton of a fossil Porites coral to reconstruct the
seasonal cycle of sea surface temperature (SST) at Henderson Island, southeast Pacific (24°S, 128°W) during the Marine Isotope Stage
(MIS) 9 interglacial (∼ 339–303 ka). Previously-published closed-system U-series ages provide broad age constraints for the timing of
reef growth for this unit on Henderson Island, ranging between 334 and 306 ka. We apply published δ18O-SSTslope relationships to the
stacked δ18O annual cycle in the fossil Porites, and find the amplitude of the seasonal cycle of SST recorded by the MIS 9 coral to be
∼ 4.1±0.57°C, which agrees within error with themodern seasonal cycle of SST (∼ 4.1°C). Sr/Ca-SSTslope relationships applied to the
fossil Porites stacked Sr/Ca annual cycle suggest the amplitude of the seasonal cycle of SSTwas∼ 4.7±0.75°C, exceeding the modern
cycle by∼ 15%, but within error of themodern value. Taken together, these results suggest the seasonal cycle of SSTat Henderson Island
duringMIS 9 equaled or exceeded themodern amplitude. Usingmodern latitudinal relationships between insolation seasonality and SST
seasonality, we present a new application for SST amplitudes reconstructed from fossil corals that can be used in conjunction with U-
series ages to provide additional geochronological constraints on the development of open-ocean, interglacial reefs.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Seasonality is an inherent feature of climate systems,
and has played a major role in the evolution of Earth's
climate [1]. Past changes in insolation received during
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the austral summer at latitude 65°N are central to climate
change theory in that they are believed to drive the
growth and decay of the massive Northern Hemisphere
ice sheets (the Milankovitch theory of climate change)
[2,3]. More recently, it has been proposed that large
increases in seasonal temperature contrasts over conti-
nental Europe and Greenland due to severe winter
cooling, are linked to abrupt climate switches in the
Northern Hemisphere, such as the Younger Dryas and
Heinrich events [4]. Enhanced seasonal changes in

mailto:Bridget.Ayling@ga.gov.au
http://dx.doi.org/10.1016/j.epsl.2006.06.009


463B.F. Ayling et al. / Earth and Planetary Science Letters 248 (2006) 462–475
temperature during these cold events appears to
correlate with the altered behavior of major climate
systems such as the Indian and East-Asian summer
monsoons, which were weaker during these times [5,6].
In contrast, modeling studies suggest that during the
mid-Holocene, Northern Hemisphere monsoons were
enhanced in response to increases in the amplitude of the
seasonal cycle of solar radiation (hereafter ‘insolation
seasonality’) due to orbital forcing [7].

Combining the use of geochemical climate proxies in
fast-growing climate archives such as mollusks or
tropical corals, with high resolution analytical sampling
techniques, allows seasonal and sub-seasonal processes
to be resolved, including discrete events such as floods
and phytoplankton blooms, and seasonal phenomena
such as upwelling and rainfall [8–13]. Importantly,
these high-resolution proxy records can provide detailed
information on the amplitude and characteristics of the
seasonal cycle of a given variable (rainfall, sea surface
temperature (SST) etc).

Sr/Ca and oxygen isotope ratios (δ18O) in the
skeletons of massive, long-lived hermatypic corals (in
particular Porites sp.) are excellent recorders of the
seasonal cycle of SST in the past. Depending on climatic
setting, δ18O can reflect SST [14,15], sea surface
salinity (SSS) [16–18], or a composite signal of SST
and SSS [19,20]. In contrast, Sr/Ca ratios in corals are
mainly dependent on temperature [10,21–23], although
over interglacial/glacial (IG/G) timescales the possibil-
ity of variations in the seawater Sr/Ca ratio cannot be
excluded [24,25]. Application of these geochemical
relationships to fossil Porites from the last 130 thousand
years (kyr) has enabled reconstruction of climatic
conditions during the last IG/G cycle and also during
the Penultimate Deglaciation [26–31]. However, high
resolution coral records for previous time periods are
limited to two other studies [32,33].

Here we use these geochemical proxies in a fossil
Porites coral to reconstruct the seasonal cycle of SST
at Henderson Island, southeast Pacific, during the
Marine Isotope Stage (MIS) 9 interglacial ∼ 339–303
thousand years ago (ka). Our seasonally resolved coral
record from Henderson Island is the first reported for an
interglacial period predating MIS 7, and one of the few
interglacial records from the Southern Hemisphere; the
majority of interglacial coral records are limited to the
Northern Hemisphere, from MIS 5.5 and the Holocene
[29–31,34,35]. The MIS 9 interglacial is interesting as it
appears to have had the highest natural concentrations of
atmospheric CO2 and CH4 for the last 500 kyr [36].
Moreover, ice core deuterium records [36] and natural
gamma ray emission records from Chatham Rise
sediments off the east coast of New Zealand [37] both
suggest the warmest temperatures over Antarctica for
the last 500 kyr were experienced during MIS 9. The
SPECMAP stacked planktonic foraminiferal δ18O
record from multiple deep sea cores suggests that MIS
9 has a single dominant peak at 330 ka (MIS 9.3), with a
secondary peak at 310 ka (MIS 9.1) [3]. Closed-system
coral U-series disequilibrium ages suggest that sea level
peaked at 324±3 ka and high sea levels were sustained
until 318±3 ka, slightly lagging the peak in summer
insolation at 65°N that occurred at 333 ka [38].

2. Physiography and climatic setting of Henderson
Island

Henderson Island is part of the Pitcairn Island Group
(23–26°S, 122–130°W), which also includes Pitcairn
Island (a volcanic island), Oeno Atoll and Ducie Atoll.
These islands lie in the extreme east of the Indo-Pacific
subtropical province and are isolated from their nearest
neighbors (1000 km east, 450 km west) and, in a Pacific
Ocean basin context, from New Zealand and South
America (>4500 km away, Fig. 1A). Henderson Island
is at the environmental limit of coral reef growth, in
terms of SSTand species biodiversity [39,40], hence it is
believed to be a sensitive site from which to monitor
changes in past climate.

Henderson Island is an uplifted Pleistocene atoll,
with a central paleo-lagoon surrounded by a raised reef
structure which displays spur and groove topography
[41,42]. The flat-topped surface of the island displays
karren features, and is vegetated by thick Pisonia scrub.
The fossil atoll is approximately 30 m above mean sea
level (MSL) and is surrounded by steep cliffs on most
sides of the island. Erosion is enhanced on the eastern
side of the island due to the prevailing southeast trade
winds, and the modern coral reef at Henderson Island is
depauperate owing to low species diversity and local
bio-erosion processes [40].

Initial fossil coral samples were collected from
Henderson Island from several reef transects during
the 1991 Sir-Peter Scott Commemorative Expedition to
the Pitcairn Islands [42], and later dated by U-series
using both TIMS (RSES, ANU) and MC-ICPMS
(University of Michigan). Results indicate two main
phases of reef growth on Henderson Island: a major atoll
construction phase during MIS 15 (∼ 630±21 ka), and
the development of a fringing reef during MIS 9 [38]
(Fig. 1C). Closed-system U-series ages from the
fringing reef unit range between 334 ka and 306 ka.
The two end-member scenarios consistent with these
ages suggest they either reflect several discrete episodes



Fig. 1. Geographic setting of Henderson Island and Oeno Atoll. (A) Location of Henderson Island and Oeno Atoll in the Pitcairn Island Group. (B)
Location of fossil coral sample sites (box) on East Beach, Henderson Island. (C) Schematic cross section of raised coral reefs on Henderson Island
(modified from Stirling et al. [38]), with position of the fossil Porites coral analyzed in this study marked.
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of reef growth separated by periods of lower sea level or
an extremely long interglacial with continuous reef
growth on Henderson Island [38]. The true reef growth
curve probably lies somewhere in between these two
extremes [38]. Based on the stratigraphy of the fringing
reef, these reef building episodes were tentatively
correlated with interstadials MIS 9.3 and 9.1, where
MIS 9.3 is represented by massive reef complexes
developed during a prolonged period of stable sea level
and smaller corals draping over this unit represent the
later MIS 9.1 interstadial.

The sample analyzed in this studywas collected during
another expedition to Henderson Island in February–
March 2003, which amongst other purposes, targeted
well-preserved fossil Porites specimens for paleoclima-
tology. FossilPorites specimens from the East Beach cliff
sections were found to be in better condition than those
from North Beach, and the Porites sample analyzed in
Table 1
U-series ages for Henderson Island corals

Sample a (234U/238U)act
b (230Th/238U)act

b

NEB 2 1.0735±3 1.0498±4
NEB 4 1.0803±3 1.0550±5
NEB 5 1.0871±3 1.0818±5

Measurements were conducted at the ETH, Zürich and methods and measure
are in preparation. All errors are 2σM and refer to the last significant figures
a Samples are wall fractions of Faviidae corals belonging to the same ree
b Measured relative to Harwell Uraninite HU-1 assuming secular equilib

Cheng et al. [47]. Age uncertainties exclude the contribution from the deca
c Back-calculated initial 234U/238U.
d “Open system” (O–S) ages are obtained using the open-system model d
this study was collected from a massive, extensive
paleoreef on the eastern coastline of Henderson Island
(East Beach), which consisted of Porites and Faviidae
coral species (see Fig. 1B). U-series dates from this Por-
ites coral did not produce reliable age estimates as this
paleo-reef has experienced higher levels of U–Th
mobilization compared with other reef localities on
Henderson Island. Furthermore, Porites are usually
more susceptible to alteration than thicker walled species.
However recently obtained U-series ages from several
adjacent Faviidae corals in the reef unit suggests that it
belongs to MIS 9 although the Faviidae corals fail the
screening criteria for acceptable dates (Table 1). Open
systemmodel ages based on a model in which extraneous
234U and 230Th are added continuously to the coral
skeleton through processes of α-recoil (Thompson et al.
[43]), suggest that the coral unit may belong to the
younger MIS 9.1 period (∼ 300±15 ka). However the
Age (ka) b (234U/238U)i
c O–S age (ka) d

340.5±1.2 1.1925±11 308±7
333.6±1.2 1.2061±11 293±8
374.4±1.8 1.2570±15 307±5

ment protocols are described in [45,46]. Further technique descriptions
associated with the measurements.
f unit as the fossil Porites coral for which SST data are reported.
rium with respect to 238U, 234U and 230Th and using half-lives from
y constants.

escribed in Thompson et al. [43].



Fig. 2. Relationship between monthly climatologies of solar radiation,
SST, salinity and precipitation at Henderson Island. Error bars
represent 95% confidence limits for individual data points. Data
sources: Top of atmosphere insolation calculated using Analyseries
software [78]. Monthly surface solar radiation data (1983–1990) from
the International Satellite Cloud Climatology Project: http://iridl.ldeo.
columbia.edu/SOURCES/.ISCCP/.derived/.srb/. Monthly SST data
(Jan 1982–May 2004) from http://iridl.ldeo.columbia.edu/SOURCES/
.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.Reyn_SmithOIv2/.monthly/
.sst/. Monthly precipitation data from combined satellite-gauge
measurements from the Global Precipitation Climatology Project
(Jan 1987–Jan 2004): http://iridl.ldeo.columbia.edu/SOURCES/.
NASA/.GPCP/.V2/.TOVS/.prcp/. Monthly salinity data from Levitus
1994 and the World Ocean Atlas 1998 and 2001: http://iridl.ldeo.
columbia.edu/SOURCES/.LEVITUS94/.MONTHLY/.sal/. http://iridl.
ldeo.columbia.edu/SOURCES/.NOAA/.NODC/.WOA98/.
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accuracy and the application range of the “open system
age”model of Thompson et al. [43] is still contentious and
not always applicable, and hence we tentatively correlate
this reef unit to MIS 9.1. It is possible for example, that
open-system models overcorrect the U-series ages to
anomalously young values due to additional diagenetic
processes that are not accounted for. Further U-series and
diagenesis work is in preparation to reconcile the U-series
ages for the fossil Porites paleo-reef unit with those for
other sampling localities on Henderson Island [44].

Oceanographically, the Pitcairn Island Group is
situated near the center of the South Pacific gyre,
removed from the equatorial Pacific zonal SST gradient
and associated Walker circulation, and also the South
Pacific Convergence Zone. As such, this subtropical site
is not strongly influenced by interannual SST anomalies
associated with the El Niño Southern Oscillation
(ENSO). Rainfall and SSS both display weak seasonal-
ity, indicating good potential for δ18O thermometry at
this site. Henderson Island is located near the center of an
area of relatively high sea surface salinity in the Pacific
(>36) [48], which is associated with the arid conditions
that prevail within the South Pacific gyre. Surface
insolation reaches a maximum in January and maximum
SSTs occur inMarch, lagging the solar radiation maxima
by 2 months due to oceanic thermal inertia (Fig. 2).

3. Methods

3.1. Coral sampling

The modern coral reef at Henderson Island is
depauperate, and no modern Porites were located for
sampling. Therefore two cores were extracted from a
modernPorites sp. colony living in 5mwater depth in the
lagoon at Oeno Atoll, located ∼ 200 km northwest of
Henderson Island. Although the lagoonal environment of
Oeno Atoll is not a good analogy for the open-ocean,
fringing-reef that characterizes Henderson Island, it is
useful for providing constraints on the extent of in-situ
diagenetic alteration in the fossil Porites samples. Fossil
coral samples from the MIS 9 reef at Henderson Island
were collected in February 2003 using a paleo-magnetic
drill, or hammer and chisel, at elevations between 4m and
30m aboveMSL. The sample analyzed for this study was
collected (using hammer and chisel) from a large (∼ 3 m)
fossil Porites colony located ∼ 6 m above MSL (GPS
location: 24°20.551′S, 128°18.110′W). No field observa-
tions could provide any constraints on the growth period
of this reef unit (e.g. MIS 9.3 or 9.1).

3.2. Assessment of diagenetic alteration

The fossil Porites specimen used for this study was
identified as the most pristine of multiple samples
collected from Henderson Island, and therefore best
suited for paleoclimatology. Samples were screened for
diagenetic alteration using X-ray diffraction (XRD)
analysis (to detect calcite), petrographic thin sections
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Fig. 3. X-ray positive image of the MIS 9 fossil Porites coral from
Henderson Island. Couplets of high skeletal density (dark bands) and
low skeletal density (light bands) represent one annual growth
increment. Sampling transect for stable isotope and Sr/Ca analyses is
indicated by thick white line.
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(to detect pore infilling or skeletal recrystallization), and
scanning electron microscopy (SEM), which allow
crystal character and areas affected by dissolution to be
identified.

3.3. Coral cleaning and microsampling

8mm-coral slabs were created from our sample and X-
rayed to identify major growth axes for microsampling
(Fig. 3). Prior to microsampling, the 8 mm slabs were
vigorously cleaned inMilli-Q water beneath an ultrasonic
probe to remove surface contaminants, salt trapped in
pores and secondary aragonite needles (which could be
crucial for obtaining good Sr/Ca data from fossil corals)
[49]. Coral samples were milled every 0.25 mm, which
corresponds to approximately weekly resolution, given
that the fossil coral had an average extension rate of
∼ 11 mm/yr. The 2 mm×2 mm cross-sectional area of
each micro-sample is designed specifically to ensure
equal representation of skeletal elements in each sample,
thus avoiding day vs. night calcification within a single
coral calyx [49]. This is particularly important for Sr/Ca
because it minimizes fine-scale “biological noise” and
enhances the temperature signal.

3.4. Stable isotope measurements

Every fourth sample from the transectwas analyzed for
δ18O and δ13C in an automatedKiel carbonate preparation
device coupled to the inlet system of a FinniganMAT-251
mass spectrometer at the RSES, ANU. Coral powders
weighing between 190 and 220 μg were reacted with 2
drops of 103% H3PO4 at 90°C. Water was removed from
the evolved H2O–CO2 gas from this reaction by freezing
and then vaporizing CO2 in a double trap system using
liquid nitrogen. The pure CO2 gas then enters the inlet
system of the mass spectrometer for measurement. All
isotopic data are reported as per mil (‰) deviations
relative to the Vienna Peedee Belemnite standard
(VPDB), based on measurements of National Bureau of
Standards NBS-19 (δ18O=−2.20‰). Analytical preci-
sion for replicate measurements (n=125) of δ18O inNBS-
19 was ±0.09‰ (2SD).

3.5. Sr/Ca measurements (thermal ionization mass
spectrometry)

Coral carbonate samples weighing between 80 and
150 μg were dissolved, fromwhich 5–10 μg aliquots were
analyzed using isotope dilution thermal ionization mass
spectrometry (ID-TIMS) on aMAT261mass spectrometer
at the RSES, ANU following the methods described by
Alibert and McCulloch [22] and Marshall and McCulloch
[23]. Each Sr/Ca sub-sample was taken from the same
samples on which stable isotope measurements were
performed. Analytical precision for replicate measure-
ments (n=16) of Sr/Ca in an in-house laboratory standard
was ±0.02 mmol mol− 1 (2 S.D.).

3.6. Laser ablation inductively coupled plasma mass
spectrometry (LA-ICPMS)

Coral segments not exceeding 20 mm in diameter
and 90 mm in length were analyzed for Sr/Ca and U/Ca
composition on a Quadrupole PQ2 inductively coupled
plasma mass spectrometer connected to a laser ablation
sampling cell at the RSES, ANU, following methods
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described by Sinclair [50] and Fallon et al. [51].
Samples were ablated using an ArF excimer laser
(193 nm wavelength) pulsed at 5 Hz with an energy
density of 50 mJ, and masked to produce a beam 500 μm
long in the direction perpendicular to the growth axis
and 50 μm wide parallel to the growth axis. Based on
analysis of the ANU Davies Reef coral standard in a
pressed-powder disc, analytical precision of the LA-
ICPMS technique expressed as relative standard devi-
ation was ±1.2% for Sr/Ca and ±3.4% for U/Ca.

3.7. Sr/Ca and δ18O thermometry

To reconstruct MIS 9 SSTs at Henderson Island, a
representative modern SST calibration is needed; ideally
this should be generated from a living Porites at
Henderson Island. As the modern reef at Henderson
Island is poorly developed, no living Porites colonies
Table 2
Sr/Ca-SST and δ18O-SST calibration equations for Porites of the Indo-Pacifi

Equation Ref. Location

δ18O=−1.21−0.134×SST [52] Ryukyu Islands, Japan
δ18O=−0.611−0.165×SST [53] Ryukyu Islands, Japan
δ18O=−0.86−0.150×SST [54] Guam, NW Pacific
δ18O=−1.09−0.140×SST [54] Guam, NW Pacific
δ18O=−0.026−0.196×SST [55] Panama
δ18O=−1.02−0.174×SST [56] S. China Sea
δ18O=0.002−0.174×SST [20] Orpheus Is. GBR
δ18O=0.447−0.189×SST [20] Orpheus Is. GBR
δ18O=0.183−0.180×SST [57] Pandora Reef, GBR
δ18O=1.23−0.133×SST [58] New Caledonia
δ18O=−0.91−0.151×SST [59] New Caledonia
δ18O=0.004−0.189×SST [60] New Caledonia

Average δ18O slope

Equation Ref. Location

Sr/Ca×103=10.76−0.063×SST [51] Shirigai Bay, Japan
Sr/Ca×103=10.956−0.079×SST [61] Hawaii
Sr/Ca×103=10.286−0.0514×SST [62] Taiwan
Sr/Ca×103=9.836−0.0424×SST [56] S. China Sea
Sr/Ca×103=11.57−0.0823×SST [63] Rarotonga
Sr/Ca×103=10.48−0.0615×SST [22] Davies Reef, GBR
Sr/Ca×103=10.40−0.0575×SST [34] Myrmidon Reef, GBR
Sr/Ca×103=10.73−0.0639×SST [20] Orpheus Is, GBR
Sr/Ca×103=10.78−0.066×SST [20] Java, Indonesia
Sr/Ca×103=10.51−0.062×SST [64] Alor, Indonesia
Sr/Ca×103=10.68−0.0616×SST [20] Indian Ocean
Sr/Ca×103=10.375−0.0593×SST [65] Indian Ocean
Sr/Ca×103=10.479−0.06245×SST [66] New Caledonia
Sr/Ca×103=10.073−0.052×SST [67] New Caledonia
Sr/Ca×103=10.73−0.06567×SST [68] New Caledonia
Sr/Ca×103=10.51−0.062×SST [64] New Caledonia

Average Sr/Ca slope (mmol mol−
were found, and therefore a modern Porites colony was
sampled from the lagoon at Oeno Atoll (∼ 200 km
north-west of Henderson Island). However SST cali-
bration equations developed from this specimen suggest
that lagoonal processes (such as heating and/or
evaporation) are modulating the seasonal cycle of
SST. Calibrating these proxies for Porites in this
lagoonal environment against IGOSS open-ocean SST
produced low-slope calibrations that cannot be applied
to fringing-reef fossil corals. Thus average-slope values
were calculated from previously published δ18O-SST
and Sr/Ca-SST relationships for Porites corals from the
wider Indo-Pacific region (Table 2). Average slope
values of 0.065 mmol mol− 1/°C for Sr/Ca, and
−0.166‰/°C for δ18O were calculated from eight and
six reef settings respectively, and provide a sound basis
for reconstructing MIS 9 SST seasonality at Henderson
Island. The errors associated with these slopes are taken
c region

Lat. Slope average
(‰/°C)

Reconstructed SST at δ18O=−3.30‰

29°N 15.6
29°N −0.15 16.3
13°N 16.3
13°N −0.15 15.8
8°N −0.196 16.7
20°N −0.17 13.1
19°S 19.0
19°S 19.8
19°S −0.18 19.4
22°S 34.1
22°S 15.8
22°S −0.16 17.5
(‰/°C)=−0.166

Lat. Slope avg
(mmol mol−1/°C)

Reconstructed SST at Sr/Ca=9.35
(mmol mol−1)

32°N −0.063 22.4
21°N −0.079 20.3
22°N 18.2
20°N −0.0469 11.5
22°S −0.0823 27.0
19°S 18.4
19°S 18.3
19°S −0.061 21.6
8°S 21.7
8°S −0.064 18.7
20°S 21.6
10°S −0.0605 17.3
22°S 18.1
22°S 13.9
22°S 21.0
22°S −0.0605 18.7
1/°C)=−0.065
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as 2 SE of the mean slope value, equal to 0.008 mmol
mol−1/°C and 0.016‰/°C respectively.

4. Results

4.1. Coral preservation

The fossil corals of Henderson Island are exception-
ally well preserved for corals of MIS 9 age, which likely
reflects the arid environment and limited meteoric water
circulation on Henderson Island. XRD analysis indi-
cates the sample analyzed in this study was 100±1%
aragonite (the uncertainty in XRD is ∼ 1%). The main
feature observed in the MIS 9 Porites is dissolution of
the centers of calcification (COC) (sometimes also
known as early mineralization zones (EMZ)) (Fig. 4). In
both the modern and fossil Porites, these centers of
calcification appear as brown areas in thin section (Fig.
4A,B) because the submicron size of these crystals alters
how light is transmitted [69]. Dissolution pits in the
COC are visible in both modern and fossil samples
under a SEM, in both Scanning Electron (SE) or
Backscattered Electron (BSE) mode (see Fig. 4E,F).
This preferential dissolution of skeletal aragonite is
Fig. 4. Comparison of skeletal aragonite in the modern and fossil Porites cor
Porites from Oeno Atoll in plane polarized light. Skeletal walls and c
photomicrograph of fossil Porites from Henderson Island. Excellent preserva
aragonite are visible. Arrows indicate calcification centers, which appear wi
(SE) image of the modern Porites. Primary aragonite fibers are clear and form
Slight dissolution of a calcification center is indicated by the ‘pitted’ appeara
High magnification SE image of the modern Porites. Grey patches indicated
incipient dissolution. (F) Backscattered electron (BSE) image of the fossil Po
by arrows).
consistent with previous findings, where is has been
suggested that the small crystal size of calcification
centers in addition to their poor crystallization (random
crystal orientation) increases their chemical reactivity
[69,70]. In addition, greater amounts of organic matrix
are present in the EMZ relative to the fibrous aragonite
zones, specifically acidic polysaccharides and organic
acidic chondroitin sulfate, which may play an important
role in their preferential dissolution [71].

4.2. Fossil coral geochemistry

The geochemical records for the MIS 9 coral are
displayed in Fig. 5. Strong seasonality is preserved in
the fossil Porites Sr/Ca and δ18O, which vary about
mean values of ∼ 9.35 mmol mol− 1 (TIMS) and
−3.30‰ respectively. Sr/Ca data acquired from the
same growth axis using LA-ICPMS techniques displays
good agreement with the TIMS Sr/Ca data, with a mean
Sr/Ca value of 9.30 mmol mol− 1, although the precision
of LA-ICPMS Sr/Ca is lower (∼ 1.2% relative standard
deviation vs. ∼ 0.2% for TIMS). U/Ca varies about a
mean value of 1.2 μmol/mol and displays strong
seasonality, suggesting uranium incorporation in this
als. (A) Photomicrograph of a petrographic thin section of the modern
alcification centers (arrows) are easily identified. (B) Thin-section
tion of primary porosity is evident, and no calcite in-fills or secondary
der than those in the modern Porites specimen. (C) Scanning electron
a fan around a calcification center. (D) SE image of the fossil Porites.
nce (arrow), however surrounding aragonite fibers appear pristine. (E)
by arrows reflect voids where calcification centers have experienced

rites illustrating advanced dissolution of calcification centers (indicated



Fig. 5. Plots of skeletal Sr/Ca and δ18O for the MIS 9 fossil Porites. (A) Fossil Porites δ18O and TIMS Sr/Ca record. Samples were analyzed at 1 mm
intervals along the microsampling transect to give approximate monthly resolution. (B) Sr/Ca and U/Ca record measured on a parallel growth axis
using LA-ICPMS. Good agreement is observed between Sr/Ca measured using the TIMS and LA-ICPMS techniques.
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fossil Porites was influenced by SST. In coral proxy
records, the presence of annual cycles in proxies such as
Sr/Ca or δ18O is generally inferred to support good
sample preservation. Given that the petrographic
observations suggest minimal diagenetic alteration of
this fossil coral, and distinct annual cycles are observed
in fossil coral Sr/Ca and δ18O, this MIS 9 coral appears
to be very well preserved. Moreover, LA-ICPMS
measurements indicate clear annual cycles in the fossil
Porites U/Ca, which has been suggested to indicate
primary aragonite [72,73].
4.3. SST seasonality during MIS 9

Reconstructing absolute temperatures over interglacial/
glacial timescales using modern proxy-SST calibration
equations can be problematic. For the Sr/Ca proxy, corals
from the same location display a wide range in
reconstructed SST for the same Sr/Ca value (11–27 °C
for theMIS 9 fossil coral mean Sr/Ca of 9.35mmolmol− 1)
(Table 2). Even for corals in the same geographic region,
large differences exist (between 3 and 7 °C) in the SSTs that
are reconstructed using their Sr/Ca-SST calibrations. This



Fig. 6. Amplitudes of average annual cycles of SST reconstructed from
fossil coral δ18O and Sr/Ca relative to modern annual SST cycle.
(A) Comparison of composite monthly record of MIS 9 SST
reconstructed from coral δ18O and the modern instrumental record of
SST. (B) Comparison of composite monthly record of MIS 9 SST
reconstructed from coral Sr/Ca and the modern instrumental record of
SST. The average δ18O-SST and Sr/Ca-SST slope relationships in
Table 2 have been used for the reconstructions. Records for MIS 9
have been normalized to February of the modern record in order to
display the difference in amplitude for each proxy. Vertical bars show 2
SE limits for individual data points in the coral records, which includes
the error associated with the reproducibility of each data point, and the
error in the average-slope value estimate. The amplitudes of the δ18O
and Sr/Ca composites for MIS 9 equal, or exceed (0–15%), modern
amplitudes (2SE). Range of modern SST cycle at Henderson Island
sourced from three datasets: http://iridl.ldeo.columbia.edu/SOURCES/
.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.Reyn_SmithOIv2/.monthly/
.sst/. http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/
.CMB/.Pacific/.monthly/.temp/. http://iridl.ldeo.columbia.edu/
SOURCES/.NOAA/.NCDC/.ERSST/.version2/.SST/.
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range in reconstructed temperatures stems from differences
in absolute Sr/Ca values between individual colonies,
which may reflect slight differences in their Sr distribution
coefficients (DSr=(Sr/Ca)aragonite/(Sr/Ca)seawater) owing to
possible biological influences [74–77]. Thus even assum-
ing that factors such as changes in seawater Sr/Ca ratio are
not occurring over interglacial/glacial timescales [24,25],
we still cannot be certain that a modern Porites Sr/Ca-SST
calibration fromHenderson Islandwould be applicable to a
MIS 9 Porites from Henderson Island. Reconstruction of
absolute temperatures using the δ18O proxy is also
complicated, owing to potential changes in baseline salinity
values (large-scale, ocean basin changes), poorly con-
strained ice volume contributions, and biological effects.

Considering these uncertainties, the best approach
remains to apply the average-slope relationships to the
fossil coral data to obtain estimates of the amplitude of
the seasonal cycle of SST during MIS 9. After applying
the average-slope relationships described earlier (Table
2), the instrumental and coral records were re-sampled at
monthly resolution using Analyseries software [78] and
stacked. These stacked records are compared with the
modern seasonal cycle of IGOSS SST for the 1°×1°
grid that surrounds Henderson Island (Fig. 6).

The average amplitude of the modern SST cycle at
Henderson Island is approximately 4.1 °C (the mean
value for three SST datasets; see Fig. 6 for data sources).
The fossil coral δ18O record indicates that the seasonal
cycle of SST during MIS 9 at Henderson Island was also
4.1 °C (±0.57 °C, 2 SE), which is statistically in-
distinguishable from SST seasonality in the modern
oceanic setting at Henderson Island. A slightly larger
seasonal cycle (4.7±0.75 °C, 2 SE) is indicated by the
fossil coral Sr/Ca, which suggests a ∼ 15% (±18%)
increase in SST seasonality. The errors for these
estimates include the uncertainty associated with the
average Sr/Ca-SST or δ18O-SST slope relationship (a
‘gradient error’, taken as 2 SE of the mean), and the
uncertainty associated with the reproducibility of the
mean value for each data-point in the average annual
cycle (also 2 SE); these values were added in quadrature.
The overall error for each data-point could be reduced if
more annual cycles are stacked to reduce the uncertainty
associated with each data-point (only 13 yrs were
analyzed in this fossil Porites). The ‘gradient error’
could potentially be reduced if proxy-SST calibrations
were generated from multiple modern Porites corals
from the same location where fossil Porites are sampled,
which was not possible in this study. We have con-
servatively included corals from a broad geographic
distribution, and all may not be representative of mid-
oceanic corals. In summary, the results suggest that SST
seasonality at Henderson Island during this period of
MIS 9 was similar to, or slightly greater than, the
amplitude of the modern seasonal cycle.

5. Discussion

5.1. Implications for fossil coral SST seasonality

Although our findings suggest that the seasonal cycle
of SST duringMIS 9 was within error of the modern SST

http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.Reyn_SmithOIv2/.monthly/.sst/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.Reyn_SmithOIv2/.monthly/.sst/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.Reyn_SmithOIv2/.monthly/.sst/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.Pacific/.monthly/.temp/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.Pacific/.monthly/.temp/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.ERSST/.version2/.SST/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.ERSST/.version2/.SST/


471B.F. Ayling et al. / Earth and Planetary Science Letters 248 (2006) 462–475
cycle, given appropriate average-slope calibrations, it
may be possible to utilize amplitudes of the seasonal
cycles of SST in the past to provide geochronological
constraints on the timing of coral reef growth.

In the modern ocean, the amplitude of the seasonal
cycle of SST in the tropics closely follows the seasonal
cycle of surface insolation (with a ∼ 2 month lag), and
away from centers of upwelling, boundary currents and
equatorial interannual variability, is largely a function of
latitude [79,80]. To illustrate this, we compared the
average amplitude of the seasonal cycle of IGOSS SST
with insolation seasonality along a north/south transect
from Henderson Island, in the subtropics, to the equator
(Fig. 7A). A linear relationship is observed between
∼ 12°S and ∼ 32°S between these two variables, and
Henderson Island lies in the center of this ‘linear’ zone at
25°S. Within 12° of the equator however, the relationship
is obscured due to strong seasonal and interannual
variability in equatorial upwelling. At subtropical lati-
tudes, the percentage increase in SST and insolation
seasonality yields a near 1:1 relationship (Fig. 7B). Given
that insolation seasonality in the tropics varies through
time due to changes in orbital precession, changes in the
amplitudes of the seasonal cycle of SST in the tropics in
the past will be diagnostic of different periods within the
precession cycle (<21 kyr), which may allow the ages of
fossil corals to be constrained at suborbital timescales.

We explore the possibility of using the relationship
between insolation and SST to ‘fine-tune’ the chronol-
ogy of coral reef growth at Henderson Island duringMIS
9. The maximum and minimum insolation seasonalities
experienced at Henderson Island during MIS 9 are
∼ 11% greater and ∼ 34% smaller respectively relative
to the modern cycle (Fig. 7C). Using the relationship
defined in Fig. 7B, the ∼ 15±18% increase in Sr/Ca-
Fig. 7. Latitudinal relationships between amplitudes of annual cycles of
SST and insolation (seasonality) at 128°W, 0–40°S. (A) Change in SST
seasonality relative to change in insolation seasonality. Within the area
covered by the grey box, an approximate linear relationship is observed
between these two variables. SST data sourced from http://iridl.ldeo.
columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.
Reyn_SmithOIv2/.monthly/.sst/. Insolation data calculated using Ana-
lyseries software [78]. (B) Conversion of this data where a linear
relationship is observed, to relative percentage increase, reveals a near
1:1 covariation. (C) Comparison of the modern seasonal cycle of
insolation to the minimum and maximum insolation cycles experienced
during MIS 9. These records were normalized to the modern January
value (498 W/m2) and shifted so that maximum annual insolation
occurred in January (over time, the timing of the seasons change slightly
due to the Earth's orbital variations). As we observe SST seasonality
that equals or exceeds the modern cycle, we infer our coral must have
been growing when the seasonal insolation cycle equaled or exceeded
the modern.
reconstructed SST seasonality in the MIS 9 coral should
equate to a ∼ 12% increase in insolation seasonality,
relative to the present. This estimate agrees well with the
maximum possible insolation forcing during MIS 9,
which is ∼ 11% greater than present. Given that SST
seasonality recorded by the fossil coral falls between 0%
and 15% larger than present, we infer that the insolation
seasonality at the time the fossil coral grew equaled or
exceeded the modern amplitude.

http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.Reyn_SmithOIv2/.monthly/.sst/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.Reyn_SmithOIv2/.monthly/.sst/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.Reyn_SmithOIv2/.monthly/.sst/


Fig. 8. Insolation seasonality at 25°N and 25°S over the past 400 kyr.
(A) Changes in insolation seasonality (December 21st minus June
21st) are calculated as percentage differences relative to modern
insolation seasonality (Δi⁎) at 25°N and 25°S. Box shows timing of
MIS 9 (∼ 339–303 ka). (B) Close-up of changes in insolation
seasonality at 25°N and 25°S during MIS 9. The greater SST
seasonality for the MIS 9 coral (reconstructed using δ18O and Sr/Ca)
indicates that the coral grew during one of two brief periods of
relatively high insolation seasonality (327–320 ka, MIS 9.3 or 306–
299 ka, MIS 9.1), when summer insolation in the Northern
Hemisphere high latitudes was relatively weak.
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Over the last 400 kyr, insolation seasonalities have
varied significantly in the northern and southern
hemisphere tropics (Fig. 8A). Our results suggest that
this particular period of reef growth on Henderson Island
correlates to one of two narrow intervals during MIS 9
when insolation seasonality in the southern tropics
equaled or exceeded modern values: between 327 and
320 ka (early MIS 9) and again between 306 and 299 ka
(late MIS 9) (Fig. 8B). Reliable closed-system U-series
ages from Henderson Island suggest peak interglacial
conditions of MIS 9 were experienced between 324 and
318 ka [38], whereas open-system U-series ages from
this reef unit suggest later reef growth (average age
301 ka, see Table 1). The age-estimates generated using
insolation seasonality are thus consistent with both U-
series estimates.

5.2. Broad implications

If appropriate average-slope calibrations are applied
to fossil corals to reconstruct the seasonal cycle of SST,
this new approach could provide insights into the history
of global climate change, sea level and coral reef
development at suborbital to millennial timescales.
Although relatively small increases in insolation sea-
sonality (+10%) were experienced at Henderson Island
during the MIS 9 interglacial, much larger increases
(+30% to 40%) were experienced in the Northern
Hemisphere during the MIS 9 and more recent
interglacial periods, such that fossil corals from these
intervals are likely to record significant increases in SST
seasonality that are statistically different from the
modern cycle (Fig. 8A). These large changes are well
within the signal recording ability of massive Porites.
This approach could make it possible to ‘fine-tune’ coral
U-series chronologies within a single precession cycle
(21 kyr) by comparing the amplitude of SST recorded by
corals. Given reasonable U-series age constraints, the
individual coral paleoclimate records could then be
placed more accurately within the precession cycle to
reveal the nature of abrupt climate change on sub-orbital
(millennial) timescales. Importantly, opposing changes
in coral records from opposite hemispheres could serve
to constrain the precise timing of periods of widespread
development of coral reefs, which would signal
important turning points in global climate change and
eustatic sea level.

Although this technique appears to work well at the
mid-oceanic location of Henderson Island, it may be
difficult to apply in areas where complex oceanograph-
ic/atmospheric interactions occur, such as in equatorial
regions where interannual variability in SST is larger
than the amplitude of the annual cycle of SST [79], or
where boundary currents advect the seasonal thermal
signal downstream [80]. Open ocean sites however,
should be prime locations to further test this approach.

6. Conclusions

▪ Seasonal cycles of Sr/Ca and oxygen isotope ratios
(δ18O) can successfully be used in massive fossil Por-
ites corals to obtain information about the seasonal cycle
in SST. Seasonality is a robust parameter and one of the
greatest strengths of fossil coral paleoclimate archives.
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Absolute temperatures are more difficult to reconstruct
over interglacial/glacial (IG/G) timescales due to
uncertainties in ice volume estimates and large scale
salinity variations (affecting δ18Osw), and possible IG/G
variations in oceanic Sr/Ca, and/or biological effects,
which affect coral Sr/Ca SST calibrations.

▪ Using the average of published coral δ18O-SST and
Sr/Ca-SST slope relationships in the Indo-Pacific
region, we reconstructed the seasonal cycles of SST
for a short interval within MIS 9 (∼ 339–303 ka) and
found both thermometers to be in close agreement.
The seasonal SST cycle reconstructed from fossil
coral δ18O is 4.1 °C±0.57 °C, agreeing within error
with the modern SST cycle (also 4.1 °C). The
seasonal cycle of SST reconstructed using coral Sr/
Ca indicates an amplitude of 4.7±0.75 °C, which is
15±18% larger than the modern SST cycle.

▪ In the modern southeastern tropical Pacific Ocean,
SST seasonality and insolation seasonality display a
near-linear positive correlation between 12°S and
32°S at 128°W. This relationship is close to 1:1, and
given reliable reconstructions of SST seasonality in
the past, can potentially be used to place constraints
on the timing of coral reef growth in the Southern
Hemisphere sub-tropics.

▪ Applying this approach to MIS 9 fossil Porites from
Henderson Island yields results which are consistent
with both closed-system and open-system model
U-series ages for coral reef growth onHenderson Island.
During MIS 9, insolation seasonality in the southern
tropics was often less than at present (reduced by 35%),
and only exceeded modern values during two brief
intervals between 327–320 ka and 306–299 ka (up to
11% greater at Henderson Island). Given that the MIS 9
fossil coral record suggests the amplitude of the seasonal
cycle of SSTwas equal to or greater (up to 15%) than the
modern SST cycle, we infer that the fossil coral grew
within the 327–320 ka (peak MIS 9) or 306–299 ka
(late MIS 9) intervals.
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