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Abstract Mid-Holocene age fossil-fringing reefs occur

along the tectonically stable north coast of Java, Indonesia,

presenting an opportunity for sea level and paleoclimate

reconstruction. The fossil reef at Point Teluk Awur, near

Jepara, Central Java, contains two directly superposed

horizons of Porites lobata microatolls. Corals in the lower

horizon, 80 cm above modern sea level, yielded Uranium

series dates of 7090 ± 90 year BP, while corals in the

upper horizon at 1.5 m grew at 6960 ± 60 year BP. These

dates match the transgressive phase of regional sea-level

curves, but suggest a mid-Holocene highstand somewhat

older than that recorded on mid-Pacific islands. Paleo-

temperature was calibrated using Sr/Ca and d18O values of

a modern P. lobata coral and the locally measured sea

surface temperature (SST), yielding SST–Sr/Ca and SST–

d18O calibration equations [TSr/Ca = 91.03–7.35(Sr/Ca)

and Td18O = -3.77 to -5.52(d18O)]. The application of the

local equations to Sr/Ca and d18O measurements on these

corals yielded a range of temperatures of 28.8 ± 1.7�C,

comparable to that of the modern Java Sea (28.4 ± 0.7�C).

A paleo-salinometer [Dd18O = qd18O/qT (Td18O - TSr/Ca)],

re-calculated using the local parameters, also suggests Java

Sea mid-Holocene paleosalinity similar to modern values.

Keywords Java Sea � Holocene � Sea level �
Porites lobata � U/Th � Paleoclimate

Introduction

Timing of the mid-Holocene eustatic sea level highstand

has been recorded from fossil coral reefs throughout the

tropical Pacific, Indian, and Atlantic oceans (e.g., Pirazolli

et al. 1988; Chapell and Polach 1991; Hantoro et al. 1994;

Hantoro 1997; Toscano and MacIntyre 2003; Camoin et al.

2004; Collins et al. 2006). Regional variation in the age of

the mid-Holocene highstand likely reflects far-field gla-

cioisostatic effects from northern hemisphere glacier

loading (Toscano and MacIntyre 2003), and near-field

effects of hydroisostasy (Hanebuth et al. 2000; Horton et al.

2005). The Sunda Shelf region, Indonesia, and particularly

the Java Sea, is poorly represented in Holocene sea level

and paleoclimatic studies. Although the age of flooding of

the Sunda Shelf has been well-documented (Hanebuth et al.

2000), studies on fossil reefs are lacking because the moist

climate tends to cause recrystallization of corals and other

aragonitic fossils, while the tectonic stability of the Java Sea

limits exposures of in situ fossil corals to reefs that grew

above modern sea level. Therefore, a well-preserved fossil

reef such as that described in this contribution is invaluable.

Investigation of the relationship between sea surface

temperature (SST) and modern tropical climatic conditions

is a key factor for understanding the Holocene paleoclimate
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and also modeling and predicting climatic events in our

present time. Climatic, and oceanographic, variations have

a clear impact on the isotopic and elemental chemical

composition of the aragonitic (CaCO3) skeleton of corals,

which usually retain a record of the seasonal and annual

climatic variations such as SST and sea surface salinity

(SSS), and major flooding and Hurricane events (e.g.,

Hantoro et al. 1995, 1997; Pfeiffer et al. 2006; Hetzinger

et al. 2008). Coral skeletons may also record anthropogenic

effects such as the inputs of green-house gases and land use

changes (Corrège 2006 and more references therein).

The current study investigates the age, sea-level record,

and chemical and stable isotopic signatures recorded in

Holocene Porites lobata fringing coral reefs near Jepara,

Central Java. Perhaps because of its quasiestuarine char-

acter (Wyrtki 1961; Edinger et al. 2002), the applications

of general tropical Sr/Ca–SST and d18O–SST equations to

the local modern corals provided off-scale ranges of SST

compared with the actually measured water temperatures.

The main objectives of the study are to (1) document the

age and stratigraphy of a Holocene fossil reef from the

tectonically stable North coast of Java; and (2) calculate

reliable local d18O and Sr/Ca thermometers, for the study

area, that can be used in the reconstruction of local mid-

Holocene paleoclimatic conditions of SST and SSS.

Study area and coral habitat

A Holocene reef is exposed in an eroding cliff line at Point

Teluk Awur, immediately south of the town of Jepara,

Central Java (Fig. 1). The raised reef consists of two

horizons of flat-topped P. lobata microatolls, one imme-

diately above the other (Fig. 2a). Similar corals have been

found beneath rice paddies up to 200 m inland. The flat-

topped morphology indicates that the corals grew up to sea

level, probably in a reef flat setting and were re-inundated

at a later stage. Bioerosion is common and the absence of

clear death and overgrowth surfaces suggest that these

corals likely grew to a stable or steadily rising sea level.

The lower coral horizon lies between the modern high-tide

line and 80 cm above the modern high-tide line, i.e., within

the present day splash zone, while the upper horizon

extends up a further 50 cm. Multilobate non-microatoll

Porites also occur in the upper horizon in overlapping

lobes. The corals are overlain by approximately 50 cm

thick coquinas, which are composed mainly of cockles

(Anadara) and other mollusk shell and coral debris. The

cockle shells are commonly articulated and occur in clus-

ters forming condensed horizons showing no evidence of

significant abrasion or fragmentation (Lescinsky et al.

2002). Unlike the well-preserved corals of the upper hori-

zon, many of those in the lower horizon are recrystallized.

P. lobata fossil coral TAH2-7, from the upper horizon, was

the best-preserved of the fossil corals collected, and was

used in the geochemical studies.

A modern coral (PPS11) of P. lobata was sampled from

Pulau Panjang, a sand cay 1 km west of Jepara, Central Java

(Fig. 1) to be used as reference material for geochemical

comparisons. The modern coral was collected at 1 m below

mean tide from a fringing reef located on the southern (lee-

ward) side of Pulau Panjang (Fig. 1), a coral cay

approximately 2 km offshore from Jepara (Edinger et al.

2000a). The environmental conditions of the modern coral

reef setting such as temperature, salinity, and light intensity,

coral diversity, coral growth rates, internal bioerosion, and

carbonate budgets, have been well documented (Edinger

et al. 1998, 2000a; Holmes et al. 2000). The species com-

position of the fossil reef is statistically indistinguishable

from that of the modern outer reef flat (Edinger et al. 2000b).

Methods

Radiometric age measurements

Blocks of skeleton weighing approximately 20 g each were

cut from the fossil corals, pulverized, and 14C-dated using
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Fig. 1 Map of the Java Sea area showing the location of the studied

corals
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alpha counting at University of Waterloo, Ontario, Canada.

Raw 14C ages were corrected using the surficial water 14C

reservoir effect from Australia (?390 years; Mangerud

1972; Chapell and Polach 1991). Calibrated ages were

determined using the Calib 5.0.1 program (Stuiver and

Reimer 1993), against the IntCal04 14C radiocarbon cali-

bration curve (Reimer et al. 2004).

The samples for U/Th dating were first checked for

recrystallization using X-radiographs and X-ray diffraction

(XRD) and only those of lowest calcite content selected

(Table 2). About 1–3 g portions of the skeletons that showed

no visible recrystallization were sampled for U and Th iso-

topic ratio measurement on the McMaster University VG

354 thermal ionization mass spectrometer (TIMS). Pow-

dered samples were dissolved in HNO3 and spiked with a
236U–229Th spike. Uranium and thorium were co-precipi-

tated with iron hydroxide, purified and separated on anion

exchange columns (Dowex AG1-X 200-400 mesh). The

thorium fraction was loaded onto zone-refined Re–Re dou-

ble filament and the uranium fraction on Ta–Re double

filament. Isotopic ratios were measured on the Daly multi-

plier in peak jumping mode. Uranium isotopic ratios were

measured in two stages, and corrected for fractionation using

the normal 235U/238U ratio. Thorium isotopic ratios were

corrected only for mass discrimination on the multiplier.

Because of detectable alteration in some samples, repeats

were sampled from different parts of the specimen (Table 1).

Local and regional modern temperature

and salinity data

Some of the recent seawater temperature measurements

were recorded, for comparison purposes, using an Onset

HOBO temperature logger deployed at 5 m depth at the

modern reef sampling site (Edinger et al. 2000a). The

temperature recorder was located subtidally, rather than

intertidally, to reduce the risk of theft or tampering.

Temperature was recorded ten times per 24 h day from

July to early December, 1995. However, the monthly

average SST for the 1-degree grid centered around 6.5�S,

112.5�E, was extracted from database of the CISL

Research Data Archive (http://dss.ucar.edu), for the entire

period January 1991 to December 1995, which covered the

life-time span of the investigated recent coral PPS11.

Similar procedure was followed to handle salinity mea-

surements. Modern SSS was measured monthly between

July and Dec 1995 using a hand-held refractometer, and

monthly average SSS was extracted from the World Ocean

Fig. 2 Photos showing a the Holocene horizon of the investigated

fossil coral TAH2-7 and b the X-ray images of the investigated

modern and fossil corals (PPS11 and TAH2-7, respectively). The

white lines in the X-ray images indicate the tracks of microsampling

at an interval of *2 mm

Table 1 U/Th ages correlated with calcite contents, measured by XRD, and 14C data

Sample Horizon Calcite % 234U/238U initial 234U/238U ± 2rr 30Th/234U ± 2r Age (U/Th) ± 2r Comment

TAH1-5 1 9 1.143 1.1404 ± 0.0064 0.0629 ± 0.0008 7,085 ± 93 Good

TAH1-5r 1 9 1.152 1.1490 ± 0.0140 0.0679 ± 0.0005 7,667 ± 59 Altered

TAH1-6 1 3 1.110 1.1070 ± 0.0130 0.0699 ± 0.0006 7,904 ± 71 Altered

TAH1-6r 1 3 1.150 1.1474 ± 0.0045 0.0560 ± 0.0007 6,285 ± 81 Altered

TAH2-1 2 3 1.157 1.1544 ± 0.0054 0.0614 ± 0.0005 6,910 ± 58 Altered

TAH2-7 2 0 1.144 1.1415 ± 0.0096 0.0618 ± 0.0005 6,957 ± 59 Good

Repeats are marked by letter ‘‘r’’. Height is measured from sea level baseline. See Fig. 2 for horizons
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Database (http://dss.ucar.edu) for the 1-degree grid around

6.5�S, 112.5�E. The local and regional temperature and

salinity data were comparable.

Elemental and stable isotope measurements

A slab, *8 mm thick, of each coral specimen (modern

coral PPS11 and fossil Holocene coral TAH2-7) was cut

along the main growth axis and X-rayed to identify density

variations. The slabs were washed with de-ionized water

and dried overnight at 50�C. About 320 lg were micro-

sampled, with a low-speed microdrill, from each growth

band at 2 mm sampling intervals. For C- and O-isotope

analyses, *300 lg of powder sample was reacted in inert

atmosphere with ultrapure concentrated (100%) ortho-

phosphoric acid at 72�C in a Thermo-Finnigan Gasbench II

and the produced CO2 was automatically delivered to the

isotope ratio mass spectrometer in a stream of helium and

measured for isotope ratios. The laboratory standards NBS-

19 (d18O = -2.20% and d13C = ?1.95% VPDB) and

NBS-18 (d18O = -3.00% and d13C = -5.00% VPDB)

were repeatedly measured during each analysis run and

yielded a routine precision (2r) better than 0.1%.

Major and trace element concentrations were deter-

mined at Memorial University of Newfoundland (MUN)

using laser ablation-inductively coupled plasma mass

spectrometry (LA-ICP-MS).The analytical system is a

HP4500plus ICP-MS instrument coupled to a NUWAVE

UP 213 nm NdYAG laser. The same slab, used for the

stable isotopes, was fitted into the laser sample cell.

Ablations were performed in helium carrier gas, which was

combined with argon just prior to the feed to the torch.

Nebulizer flow rates were about 0.9 l/min He and 0.75 l/

min Ar. Laser energy was approximately 0.54 mJ (about

10 J/cm2) at a laser repetition rate of 10 Hz, producing an

80-lm diameter spot on the sample. Time resolved inten-

sity data were acquired by peak-jumping in pulse-counting

mode with 1 point measured per peak.

The internal standard element was 44Ca and the Quad-

rupole settling time was 1 ms and the integration time (dwell

time) was 10 ms on all masses. The total sampling time for

each analysis run was 0.3785 s with an acquisition window

of about 100 s. Approximately 30 s of gas background data

(with the laser beam blocked) were collected prior to each

60-s ablation of standards and unknowns. An international

glass standard NBS 610 was used as reference (calibration)

material and analyzed in the first two and last two positions

of each run. Also, MACS-1, a pressed pellet coral aragonite

standard from USGS, was run as an unknown sample to

monitor accuracy and precision during analyses.

Data were re-produced using MUN’s in-house CON-

VERT and LAMTRACE spreadsheet programs (Longerich

et al. 1996). Accuracy and precision are estimated to be

better than 10% based on the routine results from repeated

analyses of various reference materials measured on day-

to-day basis over several years. Detailed results of the

geochemical analyses are listed in the Table 4.

Results

Radiometric age estimates and sea level record

The U/Th radiogenic age estimates (Table 1) suggest that

the lower horizon of Porites grew at 7085 ± 93 (i.e., 7082-

7178) year BP. The two dated corals in the upper horizon

grew at 6910 ± 58 and 6957 ± 59 (i.e., 6842–7016) year

BP. The 14C measurements provided a range of calibrated

ages between 5989 and 7028 year BP. In view of the

considerable variation between these ages and those from

U/Th dating, we suspect possible alteration and/or con-

tamination with modern seawater 14C. Material thus altered

produces artificially young 14C ages, so the oldest age from

each horizon is taken as the most accurate. The lowermost

horizon radiocarbon dates range from 6791 to 7335 year

BP, and the upper horizon from 6663 to7028 year BP.

The best results from both dating methods indicate that

the fossil reef dates from the early-mid-Holocene, and the

upper horizon is about 100–150 years younger than

the lower horizon (mean age difference 128 years, range

Table 2 Corrected 14C ages for samples, from University of Waterloo; XRD data from McMaster University

Sample Horizon Height (cm) Calcite (%) Corr. 14C age Calibrated age (2r) Comment

TA H1-2 1 60 6 5,400 (±80) 5989-6318 BP Altered

TA H1-5 1 80 9 5,720 (±80) 6437–6570 BP Altered

TA H1-6 1 70 3 6,280 (±80) 6994–7335 BP Acceptible

TA H2-1 2 90 3 6,120 (±80) 6791–7177 BP Acceptible

TA H2-6 2 100 0 5,470 (±80) 6170–6411 BP Possibly altered

TA H2-7 2 100 0 6,010 (±80) 6663–7028 BP Acceptible

Height indicates height of individual sample; the horizon of each coral sampled (hence growth to 80 cm or 1.30 m) is indicated in the sample

number. See Fig. 2 for horizons
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66–336 years). The mean age estimate difference (100–

150 years, based on the U/Th results) for the two coral

microatoll horizons vertically separated by 50 cm, implies

a sea level rise rate of approximately 3.9 mm/year (range

3.3–5.0).

Evaluation of fossil coral preservation

Several tests were done to estimate sample preservation.

Petrographic examination of the fossil-coral sample and X-

ray images (Fig. 2b) indicated no occurrence of meteoric

cementation or secondary calcite in the sampled area (e.g.,

McGregor and Gagan 2003). XRD analysis indicated no

alteration in the sampled portions of coral TAH2-7

(Tables 1, 2), and the 234U/238U activity ratio indicated

good preservation in this sample. The U/Th results were

evaluated using the initial 234U/238U activity ratio as an

indication of potential alteration: values more than 1%

away from the modern sea-water value of 1.144 are prob-

ably altered. By this test, only two of the dated samples

were clearly unaltered: TAH1-5 from the lower horizon

and TAH2-7 from the upper horizon. Thus, the U/Th data

yielded only one acceptable date for each horizon.

The clearest indication of preservation quality for each

LA analysis stems from Mn and Sr contents in the skeletons.

The statistical and graphic analyses of the trace element data

showed no clear patterns, except for Fe and Cu (Table 4)

which may exhibit a complex non-systematic relationship

with d18O values, likely influenced by soil contamination or

detrital sediment incorporation into skeletons (Fig. 3). Dia-

genetic alteration of marine carbonates is associated with

dramatic enrichment in Mn and depletion of Sr, which makes

these elements sensitive monitors of diagenesis (Veizer

1983). The fossil P. lobata coral TAH2-7 has Mn

(5 ± 3 ppm, but with only four outliers extending to

75 ppm) and Sr (7458 ± 327 ppm) contents nearly identical

to those of its modern (PPS11, 4 ± 3 and 7487 ± 141,

respectively) P. lobata counterpart (Fig. 4). The minor Mn

enrichment and lack of Sr depletion in those outliers indicate

a high degree of preservation. Also, both elements (Sr and

Mn) show no correlation in either corals, which again sup-

ports the significant preservation of the studied fossil

samples (Fig. 4). The few high Mn measurements in the

fossil coral are likely inherited from some clay inclusions in

the coral skeleton rather than altered material since these

particular samples do not exhibit significant systematic

depletion in their O-isotope signatures (Table 4).

Fossil coral geochemical data

The geochemical results of the fossil Holocene TAH2-7 are

listed in the Table 4. Their Sr contents (7,442 ± 314,

n = 45) were very slightly different from those of their

modern counterpart (7,489 ± 145, n = 44) and similarly

their Sr/Ca ratios varied from 7.8 to 9.3 (mmol/mol) with a

mean value of 8.4 ± 0.4, which is very comparable to that

of their modern counterpart (8.5 ± 0.2 mmol/mol). The

d18O values of TAH2-7 vary from -6.6 to -4.8% VPDB

(-5.8 ± 0.3%, n = 45) and are also very close to their

modern counterpart (5.8 ± 0.2%).

Calibration of modern geochemical data

to SST and SSS

The SST record of the Java Sea (CISL Research Data

Archive, http://dss.ucar.edu/) during the life span (1991–

1995) of the investigated modern coral (PPS11) of the

current study indicates that annual temperature varied

between 27 ± 0.1 and 29.7 ± 0.1�C. The Sr/Ca ratios of

the modern coral (Table 3) vary between 8.11 and 8.77
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Fig. 3 Summary of (1) the Fe and Cu concentrations, (2) the Sr/Ca–

and d18O–SST patterns [TSr/Ca = 91.03-7.35(Sr/Ca) with a slope =

-0.14, Td18O = -3.77 to -5.52(d18O), with a slope = -0.18],

and (3) the calculated salinity variations [Dd18O = qd18O/qT
(Td18O - TSr/Ca), where qd18O/qT = 0.18] across a core sample of a
the modern (coral PPS11) and b fossil (coral TAH2-07) Porites
lobata from the Java Sea (see text for details). Highlighted vertical
grey bars mark the annual growth cycles. The microsampling interval

is *2 mm

Int J Earth Sci (Geol Rundsch)

123

http://dss.ucar.edu/


(mmol/mol). Based on the present-day record of measured

SST (�C) and the Sr/Ca (mmol/mol) ratios of the investi-

gated P. lobata (PPS11), a linear regression relationship

[TSr/Ca = 91.03–7.35(Sr/Ca), Sr/Ca in mmol/mol] was

calculated (Table 3 and Fig. 5a) for the Java Sea basin.

The d18O values (-5.9 ± 0.3%, n = 44) of the modern

coral (PPS11) range from -6.3 to -5.4% VPDB (Table 4).

A local d18O–SST relationship [Td18O = -3.77 to -

5.52(d18O), d18O in % VPDB] is calculated for the modern

coral PPS11 (Table 3 and Fig. 5b) using the same recent

water temperature record (CISL Research Data Archive,

http://dss.ucar.edu/) applied for the calculated local Sr/Ca

thermometer.

The SSS varies in the study area between *33 to 35%
during dry seasons and *28 to 32% during rainy seasons

(Wyrtki 1961; Edinger et al. 2000a). The d18O values

(sensitive to salinity) of the modern coral (PPS11) are

coupled with Sr/Ca measurements (less sensitive to salin-

ity) to reconstruct a paleo-salinometer by subtracting the

temperature component from the coral d18O to calculate

the Dd18O values [Dd18O = qd18O/qT (Td18O - TSr/Ca)]

corresponding to salinity changes (e.g., Gagan et al. 1998

and more references therein), where qd18O/qT = 0.18 for

the investigated (PPS11) P. lobata.

Discussion

Sea level record

Fossil coral microatolls at the Teluk Awur site appear to

have grown in a very nearshore environment, probably the

outer reef flat of a fringing reef (Edinger et al. 2000b). The
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Table 3 Statistical data of maximum and minimum values of mea-

sured annual SST in the study area and their correlated d18O (%
VPDB) and Sr/Ca (mol/mmol) measurements of the investigated

modern Porites lobata in Java Sea

Year Annual T (�C) Sr/Ca (mmol/mol) d18O (% VPDB)

1991 Min. 27.1 8.56 -5.8

Max. 29.7 8.11 -6.1

1992 Min. 27.0 8.69 -5.6

Max. 29.6 8.22 -6.0

1993 Min 27.1 8.73 -5.7

Max 29.7 8.44 -6.3

1994 Min 26.9 8.77 -5.5

Max 29.8 8.43 -6.2

1995 Min. 27.9 8.75 -5.4

Max. 29.6 8.49 -5.8

Annual SST (�C) data of the study area, at Latitude 8�S, extracted

from the CISL Research Data Archive (see text for details)
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Fig. 5 Linear regressions of the measured annual SST versus a Sr/Ca

(mol/mmol) and b d18O (% VPDB) values of the investigated modern

Porites lobata, which were used in the derivation of the local

thermometers for the Java Sea. Data in Table 3
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abundance of carbonate sediments accumulating in narrow

channels between coral heads suggests possible growth on

a narrow reef flat. The presence of well-developed soils,

and lack of marine deposits, above the second horizon of

coral microatolls suggest that sea level did not much

exceed the second coral horizon. The Teluk Awur raised

corals suggest early-mid-Holocene sea levels of approxi-

mately 0.5–1.5 m above modern datum approximately

7000 year BP, which is generally consistent with published

sea level curves for the Sunda Shelf (Hantoro 1997;

Hanebuth et al. 2000) and peninsular Malaysia (Tjia 1996;

Horton et al. 2005), but somewhat older than other western

Pacific, Asian or Australian Holocene highstand estimates

between 4000 and 6000 year BP age derived from coral

reef records (Pirazolli et al. 1988; Woodroffe et al. 1995;

Collins et al. 2006; Morimoto et al. 2007). Despite the

post-Pliocene tectonic stability of the Sunda Shelf (Tjia

1980), the age of mid-Holocene relative sea level highstand

is likely to be somewhat diachronous around the conti-

nental Southeast Asia region due to variation in

hydroisostatic effects (Horton et al. 2005).

Relative sea level rose approximately 50 cm during the

100–150 years separating the lower and upper horizons,

suggesting a rate of sea-level rise of approximately 3–

5 mm/year or roughly one third to one half of average sea

level estimates of the Holocene transgression (McIntyre

1988; Fletcher 1992), but approximately matching mid-

Holocene sea-level rise rates from the Malay-Thai penin-

sula (Horton et al. 2005). Because both horizons of corals

are microatolls, the corals necessarily grew at sea level,

eliminating sea level error associated with the depth range

of the coral species (Scoffin and Stoddart 1978). None-

theless, ecological time-averaging may have affected the

temporal dimension of the sea level record (Edinger et al.

2007).

Sr/Ca Thermometer

Reliable estimates of the past SST are critical in the

reconstruction of reliable paleoclimatic models, which may

provide better understanding of the present-day tropical

climatic patterns and predict possible major events. Despite

the relative variations in the effect of climate on the

chemical composition of coral skeletons, the Sr/Ca molar

ratios and d18O values of coral aragonite have proven to

correlate strongly with the variations in SST (e.g., Weber

and Woodhead 1972; Emiliani et al. 1978; Swart 1981;

Schneider and Smith 1982; Lea et al. 1989; Beck et al.

1992; Gagan et al. 1998, 2004).

Attempts to apply previously published global tropical

SST calibration equations to the Sr/Ca values of Java Sea

modern coral of the current study (PPS11) yielded ranges

of temperature that were either far too low (Beck et al.

1992; de Villiers et al. 1994) or too high (Gagan et al.

1998) compared with the actual measured temperature of

the ambient seawater in the study area. Gagan et al. (2000)

investigated the Sr/Ca–SST relationships of many open-

water tropical locals and calculated a representative general

global equation [TSr/Ca = 168.2–15.674(Sr/Ca)] for the

entire tropical zone. However, the application of their

thermometer to the Sr/Ca ratios of the modern coral PPS11

of the current study from Java Sea still yielded an

implausible range of temperatures (28–41�C), which is up

to 10�C higher than the present-day actual record (*27 to

30�C) of measured SST.

The discrepancy in the calculated Sr/Ca-based temper-

atures is possibly attributed to a combination of several

factors, other than temperature, which may still contribute

to the Sr/Ca variations in corals (cf. Corrège 2006, more

discussion therein). These could include extrinsic factors

(environmental) such as the slight variability in the Sr/Ca

in seawater through space (de Villiers et al. 1994; de Vil-

liers 1999) and time (Stoll and Schrag 1998), circulation

patterns and salinity particularly in shallow seas such as the

Java Sea (Edinger et al. 2002), and Ca concentration in

seawaters (Ferrier-Pagès et al. 2002), and intrinsic factors

(mainly biological) such as growth rate (McConnaughey

1989; Allison and Finch 2004; Cohen and Hart 2004), and

the vital effect (e.g., the skeletogenesis biochemical

mechanisms) on the incorporation of Sr?2 in the coralline

aragonite and the secretion rate of Ca (cf. Corrège 2006,

more discussion therein). It seems from the documented

studies that the weight of effect contributed by each indi-

vidual factor is hard to quantify and might be in itself

insignificant unless combined with the rest of other effects.

The mechanism of Sr?2 incorporation into the coralline

aragonite has been a controversial issue (e.g., Ip and Lim

1991; Reynaud et al. 2004) but most recent studies suggest

that vital effects may influence the Sr?2 incorporation

likely during daytime (e.g., Cohen et al. 2001; Ferrier-

Pagès et al. 2002; Al-Horani et al. 2003; Cohen and

McConnaughey 2003; Reynaud et al. 2004). The Sr/Ca

ratios of P. lutea from southeastern Java (Indian Ocean

coast) range from *8.7 to 9.5 (Gagan et al. 1998) and they

are slightly higher than those of the Java Sea P. lobata

(8.11–8.77) of the current study. The greater range of Sr/Ca

values in corals from the Indian Ocean coast of Java may

reflect greater seasonal amplitude of temperature variations

than that observed in the Java Sea. Alternatively, the Sr/Ca

pattern might suggest that the vital effects vary among

different species of Porites corals and have possibly a

considerable influence on the Sr/Ca ratios in corals (e.g.,

Suzuki et al. 2005). The variability in seawater chemistry

and un-quantified vital effects on the Sr/Ca ratios in corals

are likely contributing factors that could explain the wide

range of localized calibration Sr/Ca–SST equations
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developed from different tropical localities (e.g., Gagan

et al. 2000). Although some earlier studies (e.g., Suzuki

et al. 2005) documented some vital control on the O-iso-

topic composition of corals from the same species, the

same effect on the Sr/Ca ratio is still a matter of debate.

The current investigation of the same species (P. lobata)

from modern and fossil samples of the same locality might

inhibit the influence of the vital effect and may signifi-

cantly reduce the effects of other related intrinsic factors.

The water chemistry of the Java Sea has received very

little study, yet it has a unique nature. The broad shallow

Java Sea exhibits quasi-estuarine characteristics of tem-

perature, salinity, and wind mixing (Wyrtki 1961), and

has been used as a modern analog for Paleozoic epeiric

seas (Edinger et al. 2002) and carbonate-siliciclastic

shelves (Azmy et al. 2006). It has relatively low salinity

(33–35 psu in dry season vs. 28–32 psu in wet season),

with precipitation generally exceeding evaporation, and

receives input from several large rivers such as the

Indonesian Borneo, Sumatra, and Java (Edinger and

Browne 2000; Edinger et al. 2002). Despite the fact that

Sr generally has a long residence time in the oceans, the

quasi-estuarine nature of the Java Sea may reduce the

overall concentration of Sr in the water relative to that in

open ocean waters. The relatively lower concentrations of

Sr in the Java Sea is most likely the main factor resulting

in the higher range of calculated SST using the general

equation of Gagan et al. (2000) that was based on Sr/Ca

in corals of open tropical ocean waters. Therefore, a local

calibration equation of Sr/Ca thermometer for the Java

Sea was required for more reliable reconstruction of pa-

leoclimate patterns in the area.

The measured molar Sr/Ca ratios of the studied modern

coral PPS11 (P. lobata) ranged from 8.11 to 8.77 mmol/

mol and were comparable with those of the fossil Holocene

coral TAH2-7 (also P. lobata), which varied from 7.80 to

9.26 mmol/mol (Table 4). Assuming that the Sr?2 and

Ca?2 concentrations in the Holocene Java seawater were

similar to those of our present-day counterparts and that the

skeletogenesis of coral aragonite was inorganic or involved

comparable vital controls, since the investigated modern

and fossil corals are of the same species (P. lobata), the Sr/

Ca ranges suggest that the investigated modern and fossil

Holocene corals lived in comparable SST conditions.

The only documented proxy SST for Holocene corals

from Java area comes from the south coast of Java (Ga-

gan et al. 2000), in the open water of the Indian Ocean

(8�310S, 11�220E) where conditions are different from

those inside the Java Sea environment. In order to re-

construct a realistic paleoclimatic pattern for the fossil

Holocene TAH2-7 coral, a localized calibration equation

was calculated from the Sr/Ca of the modern coral PPS11

and the present-day record of measured temperatures of

the ambient Java seawater. The present-day record shows

that the SST of the study area varied, during the inves-

tigated life span (1991–1995) of the modern coral PPS11,

between *27 and 30�C (CISL Research Data Archive,

http://dss.ucar.edu/). A linear regression relationship

(Table 3 and Fig. 5a) of the coral Sr/Ca versus actual SST

values [TSr/Ca = 91.03–7.35(Sr/Ca), Sr/Ca in mmol/mol]

provides a more reliable local calibration than the general

tropical equation (Gagan et al. 2000) and consequently a

more realistic SST pattern for the fossil coral TAH2-7.

The local Java Sea calibration equation (Fig. 5a) has a

slope comparable to that of the general calibrations sug-

gested for the tropical zone (Gagan et al. 2000; Corrège

2006), but a much lower y-intercept.

The SST pattern of PPS11 (Fig. 3a) shows a 5-year

record with an average value of 28.5 ± 1.4�C and a steady

long-term temperature rise over seasonal variations (26.9–

29.8�C) mainly around 28–29�C. The temperature pattern

of the fossil Holocene coral TAH2-7 (Fig. 3b), based on

the Sr/Ca thermometer calculated from the modern coral

PSS11, exhibits approximately a 6-year record with an

average value of 28.8 ± 1.7�C and a pattern of seasonal

variations within a range of 24.8–31.9�C, which is very

comparable with that of the modern coral although of

slightly wider range (cf. Sun et al. 2005; Morimoto et al.

2007). On the other hand, the SST pattern of the fossil coral

shows a slight cooling trend with decreasing time (Fig. 3b),

suggesting that the coral might have survived, particularly

during the late stages of its life span, under local temper-

ature conditions possibly *2�C cooler than those of the

modern counterpart. However, the interpretation of data

has to be taken with caution since the estimated coral life

span covers only 6 years. Although the inconsistent con-

tents of Fe and Cu (Fig. 3b; Table 4) during that late life of

the fossil coral might suggest possible incorporation of Sr

from detrital inclusions due to riverine runoff of short-term

floods, the parallel trend of temperature obtained from the

d18O profile (Fig. 3b) reflects no significant inputs of fresh

water (see below). This may argue against any influence by

a detrital source but rather possible contamination from the

top soil layer (Fig. 2) and thus support a primary Sr/Ca–

SST profile for the fossil coral. This is also supported by

the consistency in the ranges of SST of the modern and

fossil corals (28.5 ± 1.4 and 28.8 ± 1.7�C, respectively)

and their profiles (Fig. 3a, b).

d18O Thermometer

The use of d18O values of carbonates as a tracer of their

ambient seawater has been established decades ago by the

pioneer work of Epstein et al. (1953) and applied to car-

bonate skeletons of organisms that precipitate their shells

in isotopic equilibrium with the seawater in which they
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live, such as brachiopods and foraminifers (cf. Veizer et al.

1999) as well as corals (e.g., Gagan et al. 2000; Corrège

2006). However, the vital effect of corals on the d18O

values of their skeletal aragonite is not fully understood

and still a controversial issue (e.g., McConnaughey 1989;

Cohen and McConnaughey 2003; Swart and Grottoli 2003;

Allemand et al. 2004). The oxygen incorporated into the

coralline aragonite has two different sources, the CO2 gas

and the CO3
-2 anions in seawater, and the isotopic com-

position can be further considerably modified by

respiration of the zooxanthellae during skeletogenesis (e.g.,

Rollion-Bard et al. 2003a,b). An earlier study by Suzuki

et al. (2005) suggested a considerable vital effect on the

d18O composition (up to *1%) of different Porites spe-

cies from the same community. Intraspecies variability

(*1%) was also documented particularly in the P. aus-

traliensis although the mean values of the counterpart

variations (B 0.23%) in the lobata (species investigated in

the current study) were considerably lower (Suzuki et al.

2005, their Fig. 4). This may suggest that the contribution

from the lobata vital effect to the calculated temperatures

might be within about 1–2�C.

In addition to vital effects, factors other than tempera-

ture might still contribute to the variations of d18O values

in the coralline aragonite (cf. Corrège 2006 for details).

They include the long-term changes in the isotopic com-

position of seawater, freshening by meteoric water through

precipitation and riverine inputs (decreased salinity), coral

growth rate (extension rate), productivity, light levels, and

pH values. These factors may have a considerable contri-

bution to the variations in the calibration of a general

tropical coral d18O–SST relationship. The global oxygen-

isotopic composition of seawater has not changed signifi-

cantly since the Holocene, which excludes the influence of

global seawater isotopic composition on the d18O signal of

the investigated corals of the current study. Also, both of

the investigated corals, modern and Holocene) are of the

same species (P. lobata), which argues against a major

influence by vital effects. Therefore, the most likely source

of non-temperature related variations in d18O values is the

seasonal salinity fluctuation.

The considerable inter-species d18O variations (*1%)

in corals possibly caused by vital effects (e.g., Suzuki et al.

2005) might have contributed to the high temperature

calculated from the general tropical equation by Gagan

et al. (2000). In order to reconstruct a plausible SST sce-

nario for the Holocene ocean water, a local d18O–SST

relationship [Td18O = -3.77 to -5.52(d18O), d18O in %
VPDB] was established for the modern coral PPS11

(Table 3 and Fig. 5b) based on the same present day water

temperature record (CISL Research Data Archive,

http://dss.ucar.edu/) used for the reconstruction of the Sr/

Ca thermometer.

The d18O profiles of the fossil Holocene coral TAH2-7

had a range of seasonal temperatures (Fig. 3b) similar to

that of the modern sample (Fig. 3a), since the average d18O

of the tropical Holocene seawater was similar to that of our

present-day (Gagan et al. 1998, 2000 more references

therein). The d18O trend over time shown in the fossil coral

record was also consistent with its Sr/Ca–SST profile

(Fig. 3b). The slight offset between the d18O–SST and Sr/

Ca–SST curves in both of the investigated corals is most

likely due to the fact that sampling for stable isotope

measurements was carried out by a 0.6 mm-microdrill bit

whereas the Sr/Ca analyses were run using a much nar-

rower (80lm-wide) laser beam, and were thus more

influenced by the relative heterogeneity in distribution of

Sr in the skeletal coralline aragonite (cf. Edinger et al.

2008).

Implications for Surface Seawater Salinity (SSS)

The d18O values of coralline aragonite are sensitive to the

SSS variations which is a direct response to evaporation

(d18O enrichment) during the dry seasons and dilution

(d18O depletion) by meteoric water during the rainy sea-

sons and high riverine runoff (cf. Corrège 2006). This is

particularly relevant for corals growing within or close to

zones of river inputs such as those of the current study

(Fig. 1). Salinity variations in modern seawater in the

nearshore locations of the study area range from 33 to 35%
during dry seasons and 28 to 32% during rainy seasons

(Wyrtki 1961), and from 32 to 34% annually further from

shore (World Ocean Database). Coupling the d18O with Sr/

Ca measurements (less sensitive to salinity) of coralline

aragonite may provide a potential relationship that can be

used for the reconstruction of a reliable paleo-salinometer

(e.g., McCulloch et al. 1994; Gagan et al. 1998, 2000;

Hendy et al. 2002; see also Corrège 2006 for a review) by

subtracting the temperature component from the coral d18O

to calculate the Dd18O values [Dd18O = qd18O/qT

(Td18O - TSr/Ca)] corresponding to salinity changes (e.g.,

Gagan et al. 2000), where qd18O/qT = 0.18 for the inves-

tigated (PPS11) P. lobata. Since the boundary between dry

and wet seasons can be defined at Dd18O = 0 (e.g., Gagan

et al. 2000), a Dd18O-time profile can be plotted and the

relative position of the profile to the zero level of Dd18O

may indicate the prevailing dry versus wet conditions

(Fig. 3b). On average, the paleosalinity recorded by the

Holocene fossil coral was not dramatically different from

modern salinity, implying that Java Sea mid-Holocene

climate was also not radically different from our modern

climate. This may suggest that the moist tropical Java Sea

Basin had relatively different climate compared with the

warmer and drier mid-Holocene paleoclimate records

reconstructed from corals in subtropical or monsoonal
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regions of relatively higher latitudes such as the South

China Sea (e.g., Sun et al. 2005), the southern coast of Java

(Gagan et al. 1998, 2000), the Great Barrier Reef (Gagan

et al. 2000), or western Australia (Gagan et al. 2000;

Corrége et al. 2006, more references therein).

Conclusions

A mid-Holocene fossil reef consisting of two superposed

horizons of microatolls grew under rising eustatic sea level

conditions about 7000 year BP (mid-Holocene) on the

tectonically stable north coast of Java. The two horizons,

vertically separated by 50 cm, grew approximately

150 years apart, suggesting an approximate rate of sea

level rise of 3 mm/year, consistent with regional estimates

of mid-Holocene sea level rise rate and timing.

Local Sr/Ca–SST and d18O–SST calibrations were cal-

culated from a modern coral (P. lobata) from the central

Java coast (Quasi-estuarine conditions). The equations

were applied to a mid Holocene fossil coral of the same

species and from the same locality. The mid-Holocene

tropical climatic conditions reconstructed from the fossil

coral were not significantly different from present-day

conditions in the area. However, the interpretations of the

Java corals have to be taken with caution since the inves-

tigated part of the fossil spans a very short time interval

(only *6 years).

Paleoclimatic proxies recorded in coral skeletons from

equatorial environments with restricted circulation and

generally low salinity resulting from consistently high

riverine influence, such as the Java Sea, were different

from their tropical or sub-tropical open-ocean counterparts.

Quasi-estuarine conditions likely reduced the Sr concen-

trations in water, which makes the application of general

Sr/Ca–SST and d18O–SST relationships unreliable. Instead,

local calibration equations have to be calculated for further

reconstruction of Holocene paleoclimatic patterns in areas

without open ocean conditions.

More extensive study of well-preserved fossil corals,

although they are relatively rare in such a moist environ-

ment, is strongly recommended to better understand the

Holocene paleoclimate of the Java Sea.

Acknowledgments We thank Drs Wolf-Christian Dullo, Jens Zinke

and an anonymous reviewer for their constructive reviews of this

manuscript. The manuscript also benefited from comments by N.

Catto, J. Rendell, and O. Sherwood. This project was funded by

research grants from the Memorial University of Newfoundland (to

Karem Azmy) and the Natural Sciences and Engineering Research

Council of Canada (to Evan Edinger and Joyce Lundberg), and by a

Geological Society of America student grant (to Evan Edinger).

Appendix

Table 4

Table 4 Samples, measurement positions, d18O in % VPDB, and trace element contents of the studied cores from the Java Sea corals

Sample id Vertical distance (mm) CaO (%) MgO (%) Sr (ppm) Mn (ppm) Fe (ppm) Cu (ppm) d18O (% VPDB)

PPS-11-01 6.4 57.29 0.25 7,401 3 116 2 -5.8

PPS-11-02 8.4 58.20 0.40 7,512 4 92 6 -5.9

PPS-11-03 10.3 57.02 0.24 7,112 2 54 4 -6.0

PPS-11-04 11.8 56.79 0.19 7,169 3 46 4 -6.1

PPS-11-05 14.0 57.18 0.20 7,398 2 39 5 -6.0

PPS-11-06 16.2 56.54 0.24 7,355 4 64 12 -6.1

PPS-11-07 18.3 57.31 0.25 7,367 4 47 13 -6.0

PPS-11-08 20.2 57.41 0.21 7,464 3 46 8 -5.6

PPS-11-09 22.2 56.50 0.23 7,545 3 39 13 -5.6

PPS-11-10 24.1 56.60 0.21 7,381 3 42 15 -5.6

PPS-11-11 26.0 56.95 0.20 7,416 4 36 12 -5.9

PPS-11-12 28.4 57.71 0.22 7,394 3 39 14 -6.0

PPS-11-13 30.5 57.30 0.22 7,559 5 42 9 -6.2

PPS-11-14 32.5 58.58 0.20 7,634 8 44 6 -6.0

PPS-11-15 34.5 57.24 0.18 7,454 3 43 2 -6.7

PPS-11-16 36.5 57.90 0.20 7,312 2 35 4 -6.0

PPS-11-17 38.5 57.35 0.18 7,563 3 192 7 -5.8

PPS-11-18 40.3 56.74 0.20 7,439 2 34 4 -5.6

PPS-11-19 42.1 56.89 0.16 7,631 2 42 7 -5.7

PPS-11-20 43.9 56.97 0.17 7,617 5 50 14 -5.8
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Table 4 Appendix continued

Sample id Vertical distance (mm) CaO (%) MgO (%) Sr (ppm) Mn (ppm) Fe (ppm) Cu (ppm) d18O (% VPDB)

PPS-11-21 45.3 55.74 0.19 7,335 3 72 9 -5.9

PPS-11-22 46.2 56.49 0.17 7,735 3 107 8 -5.8

PPS-11-23 50.9 56.90 0.18 7,410 3 43 30 -6.2

PPS-11-24 52.4 56.25 0.15 7,439 2 34 4 -6.3

PPS-11-25 54.5 57.43 0.16 7,532 2 62 3 -6.0

PPS-11-26 56.1 56.04 0.17 7,282 2 33 3 -6.0

PPS-11-27 58.0 56.97 0.17 7,538 3 33 7 -5.9

PPS-11-28 60.5 55.80 0.14 7,384 3 31 9 -5.6

PPS-11-29 62.3 56.80 0.17 7,370 2 34 7 -5.5

PPS-11-30 64.3 57.04 0.16 7,469 2 35 5 -5.5

PPS-11-31 66.7 57.27 0.17 7,455 5 96 8 -5.7

PPS-11-32 68.9 57.83 0.17 7,531 3 40 4 -5.8

PPS-11-33 70.7 56.64 0.15 7,517 4 62 13 -6.1

PPS-11-34 72.8 57.36 0.18 7,731 13 42 12 -5.8

PPS-11-35 74.7 57.22 0.22 7,614 6 63 17 -6.1

PPS-11-36 76.8 58.35 0.17 7,743 4 56 37 -6.2

PPS-11-37 78.8 57.99 0.19 7,643 3 169 7 -6.0

PPS-11-38 80.9 57.05 0.17 7,504 3 38 5 -5.6

PPS-11-39 82.9 56.82 0.19 7,387 4 70 6 -5.5

PPS-11-40 84.8 56.65 0.21 7,621 6 59 5 -5.4

PPS-11-41 86.8 57.09 0.16 7,645 3 60 5 -5.4

PPS-11-42 88.1 57.25 0.18 7,529 3 29 4 -5.6

PPS-11-43 90.1 57.71 0.21 7,556 12 108 12 -5.8

PPS-11-44 92.3 60.11 0.23 7,841 18 138 14 -5.8

TAH2-7-01 6.3 56.64 0.16 7,991 20 119 3 -5.3

TAH2-7-02 7.8 57.64 0.17 8,036 37 152 7 -5.4

TAH2-7-03 9.9 58.09 0.22 7,992 74 451 6 -4.8

TAH2-7-04 11.9 56.82 0.15 8,086 8 181 27 -5.8

TAH2-7-05 14.0 56.52 0.12 7,894 9 45 3 -5.7

TAH2-7-06 15.4 57.50 0.14 7,670 5 94 5 -5.9

TAH2-7-07 18.0 56.39 0.24 7,784 56 22 -5.7

TAH2-7-08 20.2 56.23 0.14 7,649 6 41 2 -5.7

TAH2-7-09 21.6 56.95 0.14 7,363 3 30 3 -5.8

TAH2-7-10 23.8 59.33 0.20 8,043 46 16 -5.9

TAH2-7-11 25.8 58.92 0.17 7,672 10 67 5 -5.9

TAH2-7-12 28.2 57.57 0.16 7,509 8 37 3 -5.8

TAH2-7-13 30.0 57.31 0.15 7,537 3 93 3 -5.8

TAH2-7-14 31.8 57.31 0.15 7,592 5 51 3 -5.4

TAH2-7-15 34.2 57.80 0.16 7,452 6 70 3 -5.9

TAH2-7-16 36.1 56.38 0.16 7,491 4 17 1 -5.6

TAH2-7-17 37.8 59.19 0.17 7,657 13 44 4 -5.8

TAH2-7-18 39.8 58.26 0.14 7,655 4 97 7 -5.9

TAH2-7-19 41.4 56.67 0.15 7,432 4 94 3 -5.7

TAH2-7-20 43.8 56.61 0.15 7,390 3 40 2 -5.2

TAH2-7-21 45.6 56.90 0.15 7,449 3 43 3

TAH2-7-22 49.6 58.09 0.15 7,352 6 21 4 -5.8

TAH2-7-23 51.5 55.73 0.16 7,227 4 117 6 -5.7

TAH2-7-24 53.8 56.47 0.17 7,206 5 69 8 -5.5
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Table 4 Appendix continued

Sample id Vertical distance (mm) CaO (%) MgO (%) Sr (ppm) Mn (ppm) Fe (ppm) Cu (ppm) d18O (% VPDB)

TAH2-7-25 55.4 56.64 0.16 7,491 7 104 4 -5.4

TAH2-7-26 57.8 55.88 0.17 7,120 3 8 15 -6.0

TAH2-7-27 60.0 59.37 0.18 7,344 3 100 5 -5.7

TAH2-7-28 61.6 58.58 0.16 7,475 10 61 4 -5.9

TAH2-7-29 64.0 56.84 0.17 7,380 10 153 5 -6.1

TAH2-7-30 65.6 56.72 0.17 7,006 3 25 2 -6.1

TAH2-7-31 68.0 55.93 0.16 7,128 3 20 2 -5.7

TAH2-7-32 69.9 58.24 0.18 7,460 3 16 5 -5.5

TAH2-7-33 72.0 57.60 0.16 7,474 9 46 3 -5.6

TAH2-7-34 74.1 55.80 0.14 7,409 4 35 3 -5.8

TAH2-7-35 76.5 56.28 0.17 7,233 4 12 2 -5.9

TAH2-7-36 78.0 55.80 0.15 7,181 5 57 7 -5.7

TAH2-7-37 80.2 57.41 0.18 6,959 3 33 6 -5.8

TAH2-7-38 82.2 57.37 0.17 7,095 3 41 4 -6.3

TAH2-7-39 84.3 58.68 0.18 7,448 4 18 6 -5.9

TAH2-7-40 86.4 57.71 0.19 6,923 3 29 5 -6.2

TAH2-7-41 88.6 58.75 0.19 7,312 9 23 4 -5.7

TAH2-7-42 90.2 56.01 0.18 6,801 2 12 5 -5.7

TAH2-7-43 92.1 57.01 0.17 6,972 3 22 4 -6.0

TAH2-7-44 94.2 58.01 0.16 7,127 3 2 3 -6.3

TAH2-7-45 95.2 61.28 0.21 7,439 4 21 6 -6.4
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