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The coral reef in Tutum Bay, Ambitle Island, Papua New
Guinea, is exposed to the vigorous discharge of hydrother-
mal fluids (up to 98�C). This study investigates eight Pori-
tes lobata samples that were collected throughout the area
of active venting at varying distances from vent sites. A
sample from a ‘‘non-hydrothermal’’ coral (C-29), collected
10 km north of Tutum Bay, was analyzed for comparative
purposes.

Density banding is moderately well developed in these
corals and subannual bands are common. For corals from
Tutum Bay, �13C ranges from �4.5 to �1.0‰ and �18O from
�6.0 to �3.8‰, which are relatively depleted values for
shallow water Porites. The comparison sample, C-29, has
�13C values ranging from �1.8 to �0.5‰, and �18O values
of �5.4 to �4.6‰. Concentrations of As, Co, Cr, Ga, Ge, Mo,
Nb, Ni, Pb, Rb, Se, W, Y and Zr were always below their re-
spective proton probe detection limits. Ba, Br, Cu, Fe, Mn,
and Zn were detected in some samples. Sr was detected in
all samples and concentrations ranged from 6970 to 8240
ppm. Strontium isotope ratios of selected samples (C-5, C-8
and C-29) are very close to seawater, but Tutum Bay corals
(C-5 and C-8) have lower 87Sr/86Sr values than the ‘‘non-hy-
drothermal’’ sample (C-29).

The observed isotope patterns indicate that the hydro-
thermal input into Tutum Bay influences the physico-chem-
ical conditions in the surrounding coral reef. Tutum Bay
Porites lobata show distinctly different �13C and 87Sr/86Sr
records when compared to the ‘‘non-hydrothermal’’ sample
and other corals from Papua New Guinea and elsewhere.
Direct and indirect synergistic effects, including tempera-
ture, isotopic and chemical composition of vent fluids and
the influence of pCO2 on the expression of photosynthetic
and kinetic stable isotope fractionation factors, are the most
likely explanation for the ‘‘hydrothermal’’ signal seen in
these corals. The �18O values are significantly correlated
with the estimated amounts of hydrothermal exposure.

INTRODUCTION

Previous research on sea floor hydrothermal activity
has focused primarily on volcanically active portions of the
mid-ocean ridges. Additional submarine hydrothermal ac-
tivity can be found in much shallower water along the
flanks of volcanic islands and on the tops of seamounts
(e.g., Marani et al., 1997; Sedwick and Stüben, 1996). Our
understanding of these shallower systems, however, is
limited and only now are we starting to appreciate their
importance on a larger scale. Much less is known about
shallow-water venting in nearshore or shallow shelf coral-
reef settings associated with volcanic islands, where sub-
stantial input of hydrothermal fluids can affect the tem-
perature, salinity, and carbonate saturation state of am-
bient seawater. Every reef environment is a maze of mi-
cro-environments. Venting activity will produce very
pronounced, distinctive micro-environments that have im-
plications for paleoceanographic reconstruction from such
settings.

Among coral reefs proximal to hydrothermal systems
(e.g., Heikoop et al., 1996; Tomascik et al., 1996), the fring-
ing reef around Ambitle Island, Papua New Guinea, is
possibly the one subjected to the highest discharge rates of
hydrothermal fluids (Pichler and Dix, 1996). Eight sam-
ples of Porites lobata were collected from the area of active
hydrothermal venting in Tutum Bay. Isotopic and trace el-
ement measurements were performed to determine if the
hydrothermal input: (1) was recorded in the chemical and
isotopic composition of coral skeletons and (2) has an effect
on coral metabolism. Comparable studies of organisms liv-
ing near deep-sea hydrothermal vents, tracing the biolog-
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FIGURE 1—Location of Ambitle Island, one of the Feni islands in east-
ern Papua New Guinea (modified after Licence et al., 1987 and Pichler
and Dix, 1996). Geothermal areas indicated in dark are primarily along
the western side of the island. The location of sample C-29 is indicated
by the X on the map to the right.

FIGURE 2—Location of hydrothermal vents within Tutum Bay on the
west side of Ambitle Island. The rectangle indicates the location of the
plume dispersion model in Figure 4; the dashed line indicates the
extension of gaseous discharge.

ical uptake of isotopically distinct hydrothermal nutrients
and the utilization of chemosynthesis as a nutritional
strategy, have been reviewed, for example, by Conway et
al. (1994).

LOCATION AND GEOLOGICAL SETTING

Ambitle Island is located in the southernmost of five vol-
canic island-groups that comprise the Tabar-Feni island-
arc in eastern Papua New Guinea. The islands of the Ta-
bar-Feni chain are Pliocene-to-Recent alkaline volcanoes
that occur in the fore-arc region of the former ensimatic
New Hanover-New Ireland-Bougainville island arc (Fig.
1). Ambitle is part of a Quaternary stratovolcano, charac-
terized by a steep topography, with a central eroded cal-
dera built on poorly exposed Oligocene marine limestone
(Wallace et al., 1983). Volcanic strata (interbedded lava
flows, lahar deposits, tuffs, and scoriae) dip radially from
the island, presumably extending beneath the shelf. Sev-
eral geothermal areas are located primarily along the
western coast and in the western part of the caldera near
breaches in the caldera wall (Fig. 1). Hot mud pools,
springs of chloride and acid sulfate waters, and a few low-
temperature fumaroles are present, with temperature and
pH values ranging from 67 to 100�C and 1.9 to 9.1, respec-
tively (Wallace et al., 1983). Except for the southern coast,
where extensive freshwater input inhibits reef develop-
ment, the island is surrounded completely by a fringing
coral reef that extends up to several hundred meters off-
shore.

Tutum Bay Submarine Hot Springs

Submarine hydrothermal venting occurs at Tutum Bay
(Figs. 1 and 2) in shallow (5–10 m) water along the inner
shelf on which there is a patchy distribution of coral-algal
reefs surrounded by medium- to coarse-grained mixed car-
bonate-volcaniclastic sand and gravel (Pichler and Dix,
1996). Two types of venting are present. (1) Focused dis-
charge of a clear, two-phase fluid occurs at discrete ports,
10–15 cm in diameter, with phase separation (boiling) at

the sea floor. There is no associated topographic edifice.
This type of discharge produces a roaring sound under-
water and has an estimated flow rate as high as 300 to 400
liters/minute (Fig. 3A). Fluid temperatures at vent orifices
are between 89 and 98�C. (2) Dispersed or diffuse dis-
charge consists of streams of gas bubbles (�95% CO2)
emerging directly through the sandy to pebbly unconsoli-
dated sediment and through fractures in volcanic rocks
(Fig. 3B). This type of venting appears to be itinerant, with
shifts in locations on the order of tens of centimeters, pos-
sibly related to tortuous migration through the surface
sediment. A more detailed description of Tutum Bay has
been provided elsewhere (Pichler and Dix, 1996; Pichler et
al., 1999) and color images can be found at http://chuma.
cas.usf.edu/�pichler.

Tutum Bay hydrothermal fluids have an average �18O of
�5.1‰ (VSMOW) and �13C of 1.7‰ (VPDB) and, there-
fore, Tutum Bay seawater may be slightly depleted in 18O
(0.3‰) relative to ‘‘normal’’ seawater (0.4‰) collected out-
side Tutum Bay (Pichler, 1998). Compared to seawater,
the hydrothermal fluids are about 10 times less saline, but
Fe, Mn, As, Cs, Tl and Si are significantly enriched (Pi-
chler et al., 1999).

Visually, the coral reef in Tutum Bay seems to be indis-
cernible from its neighboring reefs to the north or south.
Several bleached corals are present, but partly or wholly
bleached corals are common to all reefs along the west
coast of Ambitle and can be found in most reefs in the
equatorial region of the western Pacific. There is no cor-
relation between coral bleaching and distance from vent
sites, and healthy corals can be found very close (�1 m) to
vent orifices. The distribution of corals vs. sand is con-
trolled by seafloor temperature, rather than by discharge
of hydrothermal fluids. Sandy areas generally have a sur-
face temperature of more than 35�C, which rapidly in-
creases with depth. A similar phenomenon can be ob-
served in on-land geothermal areas. In Wairakei, New
Zealand, for example, the distribution and height of vege-
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FIGURE 3—Underwater photographs of liquid (A) and gaseous (B)
hydrothermal discharge in Tutum Bay. The field of view is �18 m and
water depth is 8 m.

tation are closely controlled by ground temperature
(Burns, 1997).

SAMPLING AND ANALYTICAL METHODS

Eight Porites lobata samples, C-1 to C-8, were collected
throughout Tutum Bay at varying distances from vent
sites in April 1996. All samples were collected from depths
between 6–9 m. C-29 is our ‘‘non-hydrothermal’’ compari-
son sample and was collected approximately 10 km north
of Tutum Bay (Fig. 1). As such, background environmen-
tal conditions may have differed relative to Tutum Bay, ir-
respective of hydrothermal activity. Because of this, C-29
is included for comparative purposes only, and has not
been included in any statistical analyses. C-4, C-7 and C-8
were sampled as complete coral heads and all other sam-
ples represent cores drilled (�2.5 cm diameter) along the
main growth axis.

The coral slabs and cores were cut into three pieces
along their growth axis. The center piece of approximately
5 mm thickness was x-rayed to obtain growth-rate infor-
mation and subsequently sampled for carbon and oxygen
isotope analyses. Where possible, approximately the last
two years of coral growth were assessed by sampling every
1 mm of skeleton along the growth axis using a micro-drill.
Samples were pretreated in areas of extreme organic con-

tamination and taken over all skeletal elements (corallite
walls, septa, etc.). Sample size was approximately 0.3 mg
for all samples. In addition, corals C-5, C-8 and C-29 were
sampled selectively for 87Sr/86Sr analysis. Density mea-
surements on the last two years of coral growth were per-
formed using a pycnometer, and calcification rates were
determined as the product of density and linear extension
rate.

Carbon and oxygen isotope analyses for corals were per-
formed at McMaster University on a VG SIRA II. Preci-
sion was established using an internal coral standard and
was 0.04‰ for carbon and 0.03‰ for oxygen. All results
are reported in standard delta (�) notation in per mil (‰)
units, relative to the PDB standard. 87Sr/86Sr ratios were
measured on a five-collector Finnigan MAT 262 solid-
source mass spectrometer at the Institut für Geologie,
Ruhr Universität, Bochum, following Diener et al. (1996).
The average of 100 repeat measurements for the NBS 987
standard was 0.710224 � 0.000008.

Isotopic equilibrium for Tutum Bay corals was calculat-
ed using the equations of Romanek et al. (1992) for carbon
and Grossman and Ku (1986) for oxygen:

13 13� C � � C 	 2.7 and (1)aragonite dissolvedbicarbonate

T(�C) � 20.6 � 4.34(� � � ). (2)C W

�C is the �18O of aragonite relative to PDB. No correction is
made for a possible difference in 18O fractionation associ-
ated with acid dissolution of aragonite (Kim and O’Neil,
1997). �w is reported vs. average marine water (Epstein et
al., 1953), following Grossmann and Ku (1986) and T is
temperature in �C. Oxygen isotope analyses of selected
water samples were performed at McMaster University on
a triple-collector VG OPTIMA mass spectrometer. The
samples were equilibrated with CO2 at 25�C for 1 week.
The routine precision is better than 0.2‰.

Analyses of carbon-coated, polished sections were per-
formed on the Guelph proton microprobe. Polished sec-
tions were prepared from 2-mm-thick slabs that were cut
with a diamond saw from pieces directly facing the coral
slab used for isotope analyses. The slabs were sonicated,
extensively rinsed with de-ionized water, and impregnat-
ed with epoxy resin before being polished with aluminum
powder. Any skeletal imperfections or micro-borings were
clearly visible in reflected light microscopy and avoided
during analyses (Allison and Tudhope, 1992).

Sample locations were chosen parallel to the growth
axis, directly opposite of areas that were drilled for isotope
analyses. Analyses were conducted on spots of approxi-
mately 5 
m diameter, using a 3 MeV beam and an Al fil-
ter in order to attenuate the dominant Ca peak. The in-
strument constant H was determined using the accurately
known Sr and Fe contents of U.S. Geological Survey
(USGS) BHVO-1 basalt standard, fused to a glass. Count
times were 6 to 10 minutes and total element concentra-
tions were evaluated with the GUPIX software package
(Maxwell et al., 1989; 1995). In proton microprobe analy-
ses, the LOD (limit of detection) is element specific and
count rate dependent and, therefore, can change from
analysis to analysis. Detection limits in ppm were: As
(1.2–3.4), Ba (16.1–47.1), Br (1.2–2), Co (9.2–15.2) Cr
(11.5–24.5), Cu (1.5–2.5), Fe (3.4–6.3), Ga (1.3–3.7), Ge
(1.2–3.4), Mn (5.8–12.1), Mo (1.5–3.9), Nb (1.3–4), Ni (1.8–
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FIGURE 4—Dispersion model of hydrothermal component (HC) for
the bottom water in Tutum Bay (from Pichler et al., 1999). Values for
HC are in %. The darker colors indicate higher hydrothermal compo-
nent. Locations where coral samples were collected are indicated (X).

FIGURE 5—Plots of mean �18O, �13C, Sr concentration and growth
rate vs. calculated degree of hydrothermal component (HC) in the
Tutum Bay seawater. Linear regression lines are for Tutum Bay coral
samples only and correlation coefficients (r) are indicated in the lower
left corners.

TABLE 1—Average isotopic composition, growth rate, Sr concentration, density, calcification and hydrothermal influence for Tutum Bay corals.

Coral
Unit

Growth
Rate

mm/yr
�13Ca

‰ (PDB)
�18Oa

‰ (PDB) 87Sr/86Srb
Sr

ppm
Density
g/cm3

Calcification
g/cm2/yr

Hydrother-
mal

Component
%

C-1
C-2
C-3
C-4
C-5
C-6
C-7
C-8
C-29

20
12
10
15
10
13
7

13
9

�2.6 � 0.4
�2.6 � 0.4
�2.7 � 0.4
�3.3 � 0.3
�1.6 � 0.4
�2.3 � 0.3
�2.6 � 0.4
�4.1 � 0.3
�1.1 � 0.3

�4.8 � 0.1
�4.9 � 0.2
�4.9 � 0.5
�5.5 � 0.2
�5.4 � 0.1
�5.5 � 0.1
�5.4 � 0.2
�5.7 � 0.2
�5.1 � 0.2

n.d.
n.d.
n.d.
n.d.

0.70917
n.d.
n.d.

0.70918
0.70920

7500
7900
7450
7490
7550
7650
7450
7590
7870

1.08
1.25
1.44
1.27
1.27
1.35
1.48
1.11
1.50

2.16
1.50
1.44
1.90
1.27
1.75
1.03
1.45
1.35

0.08
0.11
0.14
0.16
0.14
0.11
0.15
0.18
n.a.

a Number of observations: C-1 � 27, C-2 � 27, C-3 � 20, C-4 � 27, C-5 � 2, C-6 � 27, C-7 � 11, C-8 � 27 and C-29 � 27.
b Number of observations and standard error is given in Table 2; n.d. � not determined; n.a. � not applicable.

4.3), Pb (3.9–8.7), Rb (1.3–4.3), Se (1.2–3.7), W (4.8–9.6), Y
(1.4–4.6), Zn (1.3–9) and Zr (17.4–129).

RESULTS

The expected degree of hydrothermal influence on the
coral samples was estimated by plotting their locations
onto the map of hydrothermal plume dispersion (Fig. 4),
constructed for Tutum Bay by Pichler et al. (1999). This
model is based on Si as a tracer of the quantity of hydro-
thermal fluid present in Tutum Bay seawater. Pichler et
al. (1999) selected Si, because relative to seawater, Si was
approximately 500 times enriched in the vent fluids. The
bottom water in Tutum Bay contains varying proportions
of hydrothermal fluid and at the time of sampling, the cor-

als were exposed to values of hydrothermal component
(HC) between 0.08 and 0.18%. The model of Pichler at al.
(1999), however, was constructed for waters 0.5 m above
the substrate and, therefore, may seriously underestimate
actual coral exposure. Nevertheless, values are a good rel-
ative measure of hydrothermal effect on Tutum Bay cor-
als.

Coral Growth Rates

Density banding is moderately well developed in these
corals and subannual bands (less distinct and often dis-
continuous) are common. This density pattern is likely a
result of the relatively uniform equatorial climate.
Growth-rate information from these corals is presented in
Table 1. These growth rates are the average of the most re-
cent two years of skeletal deposition and range from 9 to
20 mm per year. There is no significant correlation be-
tween coral growth rate and the hydrothermal input ex-
perienced by each coral (Figs. 4 and 5). A high-density
band appeared to be forming at the time of collection in
each of the corals. Therefore, the high-density band has
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FIGURE 6—�18O and �13C values of Tutum Bay coral skeletons com-
pared to other corals from Papua New Guinea and elsewhere. TB:
Tutum Bay corals (C-1 to C-8), MC: A 69- year record for a Porites
from Madang (Tudhope et al., 1995), at approximately the same lati-
tude as Tutum Bay, but 1000 km to the west; OP: Porites from other
modern coral reefs (Aharon, 1991 and references therein).

FIGURE 7—�18O vs. �13C of Tutum Bay (C-1 to C-8) and reference
(C-29) corals. Note that several corals plot as nearly distinct fields (for
statistical significance see Appendix 1). Isotopic equilibrium has been
calculated using equations given in the text. �18O of the water mass
has been taken as 0.45‰. The range in oxygen isotopic equilibrium
represents a possible temperature range in Tutum Bay. The range in
carbon isotopic equilibrium values represents a possible range in �13C
of DIC. The upper value is calculated from a measured open ocean
seawater DIC value of 1.2‰. Assuming a small contribution of hydro-
thermal fluids (�13C of �1.8‰; Pichler, 1998), �13C equilibrium should
be between 3.8 and 3.9‰. Possible causes of isotopic variation are:
(1) variations in isotopic equilibrium (field marked EQ); (2) coral growth
rate (isotopic variation will occur along the trend delineating kinetic
isotope effects, KIE); and (3) differential 13C enrichments related to the
degree of photosynthesis. Note that most samples plot to the right of
the kinetic isotope effect line, suggesting net autotrophy. Compare to
figure 13 in McConnaughey (1989).

been used as a chronological marker, representing the
month of April, when interpreting isotopic records (Fig. 6).

Density and calcification data (averages of the last two
years of growth) for these corals also are provided in Table
1. Density and growth rate are correlated inversely (r �
�0.79, p � 0.019, n � 8), whereas neither density nor cal-
cification rate show significant trends with hydrothermal
input. Of all the growth parameters, calcification rate
shows the strongest trend with hydrothermal input (r �
�0.53, p � 0.18).

Isotopes

Oxygen and carbon isotope data are presented graphi-
cally in Figures 6, 7 and 8. Data summaries are provided
in Table 1. �13C ranges from �4.5 to �1.0‰ and �18O from
�6.0 to �3.8‰ for corals from Tutum Bay. The ‘‘non-hy-
drothermal’’ sample, C-29, has �13C values ranging from
�1.8 to �0.5‰, and �18O values of �5.4 to �4.6‰. The
�18O values for this specimen are within the range of Tu-
tum Bay corals. However, �13C is generally higher and
closer to values for Porites from ‘‘non-hydrothermal’’ areas
(Fig. 6). In �18O vs. �13C space, it can be seen that many of
these corals plot as nearly distinct fields, representing dis-
tinct isotopic signatures (Fig. 7). There is a significant pos-
itive correlation between �13C and �18O for the eight hydro-
thermally affected corals (r � 0.31, p � 0.01).

Selected examples of isotopic measurements versus dis-
tance into the skeleton are shown in Figure 8. C-8 repre-
sents a coral that received high amounts of hydrothermal
input compared to other samples (Fig. 4); C-3 represents a
coral growing immediately adjacent to Vent 1, which has
the highest hydrothermal discharge (although the benthic
waters surrounding this coral have relatively low hydro-

thermal content); and C-29 displays isotopic data for our
comparison sample. There is only weak evidence of clear
annual cyclicity in these corals. �18O generally shows an
annual range of approximately 0.5‰ and �13C varies by
about 1‰ in each sample.

No significant correlation exists between any of the
growth parameters (growth rate, density, calcification
rate) and either mean �18O or mean �13C for the eight hy-
drothermal corals sampled. A significant inverse correla-
tion occurs, however, between �18O and the degree of hy-
drothermal component (r � �0.75, p � 0.05, n � 8; Fig. 5).
Average �13C values of Tutum Bay corals show only a very
weak inverse relationship with hydrothermal input (r �
�0.55, p � 0.16, n � 8; Fig. 5). No significant relationship
exists between mean Sr content and hydrothermal com-
ponent (Fig. 5).

Subsamples of corals C-29, C5 and C8 that showed ei-
ther relatively high or low �18O and �13C values were ana-
lyzed for 87Sr/86Sr. Results for these samples are provided
in Table 2 and graphically displayed in Figure 9. Ratios
range from 0.70914 to 0.70924 and are very close to the
values for local seawater 0.70918 � 0.000008 (Pichler et
al., 1999). When compared to the ‘‘non-hydrothermal’’ cor-
al (C-29), both samples from Tutum Bay (C-5 and C-8)
show a significantly lower 87Sr/86Sr (Fig. 9).



230 PICHLER ET AL.

FIGURE 8—�18O and �13C values of coral skeletons C-3, C-8, and C-
29 (‘‘non-hydrothermal’’ coral) versus distance from the top of the cor-
allum. Locations of high density bands are indicated (dashed line).
The top of the skeleton and each high-density band represent primary
skeletal deposition during the month of April. The distance between
the top of the skeleton and each subsequent high-density band, there-
fore, represents one year of skeletal deposition.

TABLE 2—Carbon, oxygen and strontium isotopic compositions for
selected Tutum Bay corals.

Sample
Point
(mm)

�13C
(‰)

�18O
(‰) 87Sr/86Sr

� 2
Standard

Error

C-5 1
13
19
24

�2.1
�1.0
�1.5
�2.4

�5.3
�5.4
�5.5
�5.5

0.70914
0.70916
0.70918
0.70919

0.000009
0.000010
0.000008
0.000013

C-8 1
18
23
25

�3.9
�4.5
�4.3
�3.4

�5.4
�5.6
�6.0
�5.0

0.70914
0.70915
0.70921
0.70921

0.000009
0.000006
0.000010
0.000009

C-29 1
6

26

�1.7
�1.4
�0.6

�4.6
�5.3
�4.7

0.70921
0.70924
0.70919

0.000008
0.000009
0.000013

FIGURE 9—87Sr/86Sr vs. calculated degree of hydrothermal compo-
nent (HC) for samples C-29, C-5 and C-8. The shaded areas repre-
sent the value for 87Sr/86Sr of modern seawater (Veizer and Compston,
1974; Burke et al., 1982). Open diamonds represent measured values
and solid diamonds indicate their respective arithmetic means.

Trace Elements

At standard experimental conditions, most elements (Z
� 22) were below their respective detection limit given ac-
ceptable counting times of approximately 10 minutes.
Concentrations of As, Co, Cr, Ga, Ge, Mo, Nb, Ni, Pb, Rb,
Se, W, Y and Zr were always below their respective detec-
tion limits. Ba, Br, Cu, Fe, Mn, and Zn were detected in
some samples, but due to their scarcity, element-to-ele-
ment correlation was impractical. Sr was detected in all
samples and its concentration ranged from 6970 to 8240
ppm with a mean of 7640 ppm (n � 53, � � 239). No sig-

nificant correlation exists between any of the growth pa-
rameters (growth rate, density, calcification rate) and
mean Sr for the eight hydrothermal corals sampled (Fig.
5). The Sr concentration in our comparison sample (C-29)
is higher than those for Tutum Bay corals with the excep-
tion of C-2 (Table 1 and Appendix 1). Based on their Sr
content, Tutum Bay corals do not fall into distinct groups,
as observed for �13C and �18O (Appendix 1).

DISCUSSION

There is no clear effect of hydrothermal fluids on coral
growth rate measurements in Tutum Bay. Whereas an-
nual temperature and insolation cycles are thought to af-
fect density-band formation and annual growth rate, com-
mon growth and density patterns may be lacking even be-
tween corals within a single reef in which climatic vari-
ables are relatively uniform (Lough and Barnes, 1992).
Given this natural tendency towards variation in growth
parameters within relatively homogeneous environments,
it is unlikely that clear relationships would be found with-
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in the very heterogeneous system studied here. The weak
inverse trend between calcification rate and hydrothermal
input may be symptomatic of some degree of coral stress.

Considering that the measured effect of hydrothermal
fluids on Tutum Bay corals is small (�0.2% HC), it is not
surprising that we did not detect As, Co, Cr, Ga, Ge, Mo,
Nb, Ni, Pb, Rb, Se, W, Y or Zr during proton probe analy-
ses. Aragonite preferentially incorporates cations larger
than Ca (Sr, Na, Ba, U), while calcite favors the smaller
Mg, Fe, Mn, Zn, and Cd. Distribution coefficients, howev-
er, are generally low (Veizer, 1983). Given the limited
number of observations, it is not possible to relate the
slightly elevated concentrations of Cu, Mn and Fe in some
corals to the hydrothermal input. Strontium, although de-
tected in all samples, is a poor indicator of hydrothermal
activity in Tutum Bay. This is because its concentration in
seawater and hydrothermal fluid is essentially the same
(Pichler et al., 1999), and the water temperature in the
bay is too invariable to cause a distribution coefficient
driven variation in Sr concentrations (e.g., Beck et al.,
1992).

The lack of annual cyclicity in the isotope data (Fig. 8)
possibly reflects buffering of temperature and �18O of bay
waters by a combination of constant hydrothermal input
and a relatively uniform equatorial climate. Annual tem-
perature variations are only on the order of 2.5�C. This
temperature range is matched by the observed annual
�18O variation in Tutum Bay corals, assuming a tempera-
ture dependence of approximately �0.22�C per 1‰ (Car-
riquiry et al., 1994). Intra- and interannual �18O varia-
tions in other Papua New Guinea corals have been attri-
buted to variations in the input of 18O-depleted rainfall
(Aharon, 1991; Tudhope et al., 1995). Rainfall at this site
has a �18O value of approximately �5‰ (Pichler and Dix,
1996). This may be sufficiently low relative to seawater to
account for some of the observed coral �18O variation.

Of greater interest, however, are the distinct isotopic
signatures of many of the corals and their correlation with
the degree of hydrothermal influence. The �18O values for
the Tutum Bay corals are within the measured range for
shallow water (�10 m) members of the genus Porites (e.g.,
Aharon, 1991; Allison et al., 1996). Corals with �18O values
similar or even lower than those of Tutum Bay corals tend
to grow in areas with high sea-surface temperatures or
abundant input of 18O-depleted rainfall or flood waters
(e.g., Gagan et al., 1994; Wellington and Dunbar, 1995).

The �13C values of Tutum Bay corals are among the low-
est when compared to records from other studies. Only
corals experiencing thermal stress or greatly reduced light
availability (photosynthesis) have values as low as those
seen in coral C-8 (e.g., Allison et al., 1996; Gagan et al.,
1994). Generally, �13C values of corals affected by vent flu-
ids are distinctly lower than those of Porites from other lo-
cations in Papua New Guinea and elsewhere (Fig. 6). Con-
sidering Tutum Bay corals were collected in a restricted
area from approximately the same depth, the range in iso-
topic values is large. The fact that some corals plot as dis-
tinct fields also is interesting and likely reflects the het-
erogeneous environment created by the hydrothermal
venting.

The main potential sources of variation in both �18O and
�13C are shown in Figure 7. These include variations in en-
vironmental conditions (temperature and the chemical

and isotopic composition of the water), which would affect
isotopic equilibrium, kinetic isotope effects related to
growth parameters, and metabolic effects including pho-
tosynthetic 13C enrichment of the internal dissolved inor-
ganic carbon (DIC) pool. The strong depletion in 18O and
13C seen in the most strongly vent-affected corals is likely
a combination of factors, all acting to perturb the isotopic
signals in the same direction.

Theoretically, increased temperature associated with
venting could lead to lower �18O of vent corals, but is un-
likely to directly affect coral skeletal �13C (see equation
[1]). The small amounts of hydrothermal input measured
at 0.5 m above the substrate, however, will have a negli-
gible affect on seawater temperature. While providing a
measure of relative exposure of corals to hydrothermal flu-
ids, these calculated hydrothermal components may un-
derestimate exposure nearer to the sediment-water inter-
face, where temperatures may be higher as a result of dif-
fuse discharge and radiant heat from the substrate.

The isotopic composition of the vent fluids also could
lead to isotopically depleted coral carbonate. Vent waters
have �18O of � �5‰ and �13CDIC of � �1.7‰. Both of these
values are slightly depleted relative to average seawater.
The overall lack of variation in �18O of the water mass at
0.5 m above the substrate suggests that any such effects
will be small, although they might be larger for smaller
corals growing closer to the substrate. The hydrothermal
gases that discharge throughout the bay are composed of
�95% CO2 and have a �13C of �2.5‰. Their influence on
the �13C of Tutum Bay corals is not accounted for by the
plume dispersion model. The greater availability of 12C
and an increased pCO2 may significantly affect the coral
isotope record.

Kinetic isotope effects occurring during the hydration
and hydroxylation of CO2 during calcification can lead to
simultaneous decreases in both �13C and �18O values of
coral skeletons. Lower values are usually associated with
faster growth, lower density and higher calcification rates
(McConnaughey, 1989; Allison et al., 1996; Cohen and
Hart, 1997). The overall positive correlation between �13C
and �18O for all subsamples of corals C1 to C8, and the gen-
eral trend of the data towards isotopic equilibrium could
be taken as evidence for strong kinetic isotope effects (e.g.,
Heikoop, 1997). Tutum Bay corals, however, show no re-
lationship between growth parameters and isotopic com-
position. It is possible that the most vent affected corals
display greater than average kinetic isotope effects as a re-
sult of some other physico-chemical factor associated with
venting that has not been recognized previously. The dis-
charge of hydrothermal gas also could be a factor in the de-
gree of expression of kinetic isotope effects. Precipitation
of 13C-depleted carbon in the skeleton leads to isotopic en-
richment of the coral internal DIC pool and skeletal kinet-
ic isotope depletion occurs relative to this enriched pool
(see fig. 8 in McConnaughey et al., 1997). Under condi-
tions of high environmental pCO2, however, less enrich-
ment of this internal DIC pool will occur and the carbon ki-
netic isotope effects will be more fully expressed. Similar
effects also may affect �18O.

If the corals were stressed photosynthetically by the hy-
drothermal inputs to the bay, reduced photosynthesis
could lead to lower �13C of coral skeletons (Fig. 7). Thermal
stress can lead to decreased ratios of photosynthesis to
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respiration in corals and, hence, to lower skeletal �13C
(Swart, 1983; Carriquiry et al., 1994). We have little evi-
dence, however, that the most vent-affected corals are
stressed, aside from slightly lower calcification rates.
Growth rates are relatively high, and no bleaching was ob-
served in these corals. The corals in this study mostly plot
to the right of the kinetic isotope line, and corals that plot
in this area have been interpreted as net autotrophs
(e.g.,McConnaughey, 1989; Heikoop, 1997). Thermal
stress seems to have an impact on the distribution of cor-
als in the bay (i.e., coral cover vs. sand cover), but perhaps
where corals are able to establish themselves on the sub-
strate, they are able to maintain high levels of photosyn-
thesis due to the presence of increased pCO2 in the water
column that will tend to increase photosynthetic efficien-
cy.

Increased pCO2 in waters surrounding the most vent-af-
fected corals also could affect the degree of expression of
photosynthetic enrichment of the internal DIC pool. With
more CO2 available, the isotopic composition of the pool
will be harder to perturb and coral skeletons will tend to
be depleted (less enriched by photosynthesis) in 13C.

All of the effects described above will act in the same di-
rection, resulting in a depletion of skeletal 13C and 18O for
the most vent-affected corals. The multitude of biological
and inorganic factors make it difficult to detect the direct
cause of vent-related isotope signatures. It is possible,
however, that vent chemistry (e.g., CO2 concentrations) is
as important or even more important than temperature. A
combination of vent-related effects, however, appears to
be large enough to affect coral �13C and �18O despite the
low hydrothermal contribution to bay waters.

Unlike the light stable isotopes, Sr isotopes are gener-
ally not affected by biological and/or inorganic fraction-
ation, because the mass difference between the 87Sr and
86Sr is only 1.2 %. This difference is too small to cause a
measurable fractionation during precipitation of calcium
carbonate. As a result, the 87Sr/86Sr in marine carbonates
is controlled entirely by its ratio in seawater. The vent flu-
ids have a significantly lower 87Sr/86Sr (Pichler, 1998) than
average modern seawater (Veizer and Compston, 1974;
Burke et al., 1982) and, therefore, Tutum Bay seawater
has to be slightly depleted in 87Sr. This depletion is evident
in the 87Sr/86Sr of coral skeletons of the samples from Tu-
tum Bay when compared to the ‘‘non-hydrothermal’’ coral
and modern seawater (Fig. 9). The lower 87Sr/86Sr of Tu-
tum Bay corals must be directly related to the lower 87Sr/
86Sr of Tutum Bay seawater, which, in turn, is related to
the hydrothermal system. As a result, the 87Sr/86Sr ratios
in Tutum Bay corals are a good indication of the hydro-
thermal influence experienced by Tutum Bay corals.

SUMMARY AND CONCLUSIONS

Hydrothermal activity in Tutum Bay has a discernible
impact on the chemistry of reef coral skeletons. The �18O,
�13C and 87Sr/86Sr values of a coral skeleton seem to be sen-
sitive recorders of small amounts of hydrothermal fluid in-
put. Tutum Bay Porites lobata show distinctly different
�13C when compared to a ‘‘non-hydrothermal’’ sample from
Ambitle island and to literature-derived data for other cor-
als from Papua New Guinea and elsewhere. Similarly,
87Sr/86Sr values are lower in vent-affected corals relative to

the ‘‘non-hydrothermal’’ sample. The vent-affected corals
also show significant correlation between �18O and hydro-
thermal component (HC). Those corals exposed to the
highest hydrothermal influence show the lowest �18O and
�13C. �18O and �13C may show a larger response to hydro-
thermal venting than 87Sr/86Sr or trace element signatures
because, in addition to the direct effects of the hydrother-
mal fluids, the presence of abundant vent CO2 can influ-
ence the degree of isotopic fractionation. Vent CO2 will
have no impact on Sr isotopes and trace element signa-
tures.

The hydrothermal system most likely affects the isotope
records of Tutum Bay corals in two ways: (1) directly by
changing the physico-chemical conditions of aragonite
precipitation (i.e., fluid mixing, increased temperature)
and (2) indirectly by affecting the degree of expression of
various kinetic isotope effects (KIE) and metabolic frac-
tionation factors. Factors such as thermal or photosyn-
thetic stress may be of secondary importance. Elevated
pCO2 may be a factor in reducing bleaching in such a
stressful environment. Future work in this area will ex-
amine the relative importance of the various factors.

Even small amounts of hydrothermal venting can per-
turb environmental conditions sufficiently to affect coral
skeletal chemistry. Therefore, areas where venting is con-
firmed or suspected should be avoided when trying to re-
construct regional climate signals based, for example, on
oxygen isotope paleothermometry. The hydrothermal sig-
nals we have identified here could potentially be used to
help identify the presence of venting activity in older reef
environments. However, given the small magnitude of the
87Sr/86Sr signal and the fact that other factors could cause
strong depletion in 13C and 18O, it would be necessary to
combine this information with other indicators of hydro-
thermal activity such as the presence of hydrothermal
iron and calcite precipitates.
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APPENDIX 1
Means comparison for �13C, �18O and Sr analyzed in corals from Ambitle Island. Column A shows the distribution of values for each
sample. The dashed line across the middle is the grand mean. The top and bottom of the diamonds indicate the 95% confidence interval
and the line through the middle of a diamond indicates the mean. In order to account for the imbalance in the data set (i.e., the means
do not all have the same number of observations), we plotted comparison circles in columns B and C. The radius of a circle is the 95%
confidence interval and the larger a circle, the smaller the number of observations. In order for means to be significantly different, the
angle of intersection has to be less than 90�. Column C shows comparison circles that attempt to correct for a statistical Type I error
(multiple comparisons) using the Tukey-Kramer test.


