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1. Introduction

Previous research on sea floor hydrothermal
activity has focused primarily on deep-sea, poly-
metallic sulfides found along volcanically active
portions of the mid-ocean ridges or in deep back-
arc basins. There is, however, not much known
about either hydrothermal venting or its petrologic
definition within shallow-water (nearshore or shal-
low shelf) carbonate settings associated with volca-
nic islands.

Throughout the geological record, several occur-
rences of carbonate minerals have been reported
from sedimentary sequences whose precipitation
was inferred to be from hydrothermally modified
meteoric waters (e.g., Desrochers and Al-Aasm,
1993) or due to venting of cold and/or hot methane
rich fluids (e.g., Hovland, 1990; Kaufman et al.,
1996). The fringing reef on the west side of Am-
bitle Island is the only known present-day location
where purely hydrothermally driven carbonate de-
position is extensively co-occurring with a natural
biogenic calcifying community and the formation of
mixed carbonate volcaniclastic marine sediments
(Pichler and Dix, 1996). Hydrothermal fluids affect
adjacent scleractinian corals (Pichler et al., 2000)
and the local benthic foraminifera population (Swit-
zer, 1997).

This paper is a continuation of the reconnaissance
study by Pichler and Dix (1996) and investigates in
detail the precipitation of aragonite from the Tutum
Bay hydrothermal fluids. The study of Tutum Bay
aragonite provides us with new insights into their
precipitation from hydrothermal fluids. We believe
that this work is of importance to geologists working
in ancient and recent carbonate sediments. It strength-
ens the conclusion of several studies that interpreted
“unusual” isotope signatures of paleo-carbonate min-
erals as being of hydrothermal origin (e.g., Desrochers
and Al-Aasm, 1993; Kaufmann and Wendt, 2000). We
also demonstrate the possible range of isotopic values
found in aragonite on a hand sample scale and provide
isotopic considerations for the interpretation of “un-
usual” carbonates. Variations in ancient samples have
been used to infer different tectonic settings, whereas
our samples have formed in a restricted environment
and isotope variations reflect spatial and temporal
differences.

2. Description of study area and aragonite deposits

The study area lies along the southwest margin of
Ambitle Island, one of the Feni islands in the south-
ernmost island group of the Tabar—Feni chain (Fig.
1). The island is part of a Quaternary stratovolcano
with a central eroded caldera 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, pre-
sumably extending beneath the shelf. Several geother-
mal 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 temper-
ature and pH values ranging from 67 to 100 °C and
1.9 to 9.1, respectively (Licence et al., 1987; Wallace
et al., 1983).

Submarine hydrothermal venting occurs at Tutum
Bay (Fig. 1) in shallow (5—10 m) water along the
inner shelf that contains a patchy distribution of
coral—algal reefs surrounded by medium to coarse-
grained mixed carbonate-volcaniclastic sand and
gravel (Pichler and Dix, 1996). Two types of
venting are observed. (1) Focused discharge of a
clear, hydrothermal fluid occurs at discrete ports,
10—15 cm in diameter. Fluid temperatures at vent
orifices are between 89 and 98 °C. (2) Dispersed or
diffuse discharge consists of streams of gas bubbles
(94-98% CO,) emerging directly through the sandy
to pebbly unconsolidated sediment and through
fractures in volcanic rocks. The hydrothermal fluids
are of meteoric origin and possess a salinity (TDS)
of approximately 3.5%o (Pichler et al., 1999). A
summary of fluid compositions is presented in
Table 1. A more detailed description of Tutum
Bay has been provided elsewhere (Pichler et al.,
2000, 1999) and color images can be found at
http://www.chuma.cas.usf.edu/~pichler.

The precipitation of hydrothermal aragonite in
Tutum Bay is not restricted to, but mainly occurs
in the immediate (<1 m) vicinity of vent sites.
Throughout the bay, hydrothermal fluids seep slow-
ly through the seafloor and cause minor precipita-
tion of aragonite in intergranular spaces in the
bottom sediment or in open spaces in the skeletons
of dead corals. The bulk precipitation of hydrother-
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Fig. 1. Location of Ambitle Island, one of the Feni islands in eastern Papua New Guinea (modified after Licence et al., 1987; Pichler and Dix,
1996). Geothermal areas indicated in dark are primarily along the western side of the island.

mal aragonite, however, is in the immediate prox-
imity of the four vent sites, where we collected the
samples for this study. A complete listing of all
aragonite samples and short description and their
location is presented in Table 2.

Aragonite forms isopachous rims, massive mono-
mineralic layers and splays of euhedral (pseudohex-
agonal) crystals that encrust dead corals and
volcaniclastic boulders and pebbles (Fig. 2). Near
vent sites, primary pore space in volcaniclastic sedi-
ment and in skeletons of dead corals is almost
completely occluded by hydrothermal aragonite
(Fig. 2b). The growth direction of individual crystals
is parallel to each other and normal to their substrate
and they can be up to 2 cm long. Larger (coarse)
aragonite crystals are generally terminated by scal-
loped surfaces that do not represent the internal
structure and by an abrupt change of crystal habit
and size (Fig. 3). Once the growth of coarse crystals
ceased the precipitation of much smaller aragonite
crystals commenced, growing approximately normal
to the surface of the coarse aragonite (Fig. 3b). This

later generation of crystals although similar in appear-
ance to “feather-dentritic aragonite™, is simply micro-
crystalline. The black layer immediately adjacent to
the coarse aragonite represents a fluid inclusion rich
zone (Fig. 3b). The coarse, pointed aragonite crystals
in Fig. 3b appear to be made of a random mosaic of
anhedral spar crystals that could indicate the inver-
sion of aragonite to calcite. This sparry appearance,
however, is an artifact of sample preparation (R.
Folk, pers. comm.), because extinction when ob-
served in crossed nicols is uniform (single-crystal
extinction).

3. Analytical methods

Hand specimens, polished thin and thick sec-
tions were examined using standard light micros-
copy and scanning electron microscope (SEM)
analysis. Mineral identification was confirmed by
powder and single-crystal X-ray diffractometry
(XRD).



Table 1

Average chemical and isotopic endmember® compositions of Tutum
Bay hydrothermal fluids compared to seawater (Pichler, 1998,
2003)

Element Unit  Vents 1-3 Vent 4 Seawater
pH 6.1 6.3 8.03
Cl ppm 295 357 19,520
Br ppm 6.8 10.7 45
SO, ppm 930 880 2748
HCO3 ppm 840 865 154

B ppm 8.4 8.6 4.1
Si ppm 108 105 0.2
Na ppm 650 665 10,450
K ppm 76 94 354
Ca ppm 201 180 405
Mg ppm 0* 0* 1235

Li ppb 1020 990 136
Mn ppb 495 380 1.6
Fe ppb 1720 1060 15
Rb ppb 350 360 104

Sr ppb 6790 6240 7990
87S1/%6Sr ratio 0.70392 0.70395 0.70918
5" 0vsmow %o —5.1 —5.1 0.4
ODvysmow %o —30.9 —30.2 6.6

? Endmember compositions were extrapolated assuming a zero-
Mg hydrothermal fluid.

Proton microprobe analyses of polished thin
sections were carried out on the Ruhr University,
Bochum micro-PIXE, on 20 spots of approximately
5 pm diameter, using a 3 MeV beam (Bruhn et al,,
1995) and element concentrations were evaluated
with the GUPIX software package (Maxwell et al.,
1995). The concentration of elements other than Ca,
Mg, Sr, Fe, Mn, and Zn are generally minor in
aragonite (e.g., Veizer, 1983) and, therefore, below
the detection limit of conventional microbeam meth-
ods. Thus, to obtain a more detailed chemical and
isotopic composition of the hydrothermal aragonite,
the samples V-2D, V-2E, V-3A, V-4.1A and V-4.2B
were mechanically separated from coral and volcanic
material (e.g., Fig. 2) and powdered in a tungsten-
carbide mill. For these samples, major elements were
obtained by X-ray fluorescence (XRF) and wet
chemical methods. As, Au, Br, Hg, Sb, Se and W
were determined by neutron activation analyses
(NAA). Ag, Cd, Cs, Hf, In, Mo, Nb, Pb, Rb, Ta,
Th, Tl, U, Y, and Zr were determined by inductively
coupled plasma mass spectrometry (ICP-MS) and
Ba, Be, Co, Cr, Cu, Ni, Sc, Sr, and V were

determined by inductively coupled plasma emission
spectrometry (ICP-ES). XRD, XRF, SEM, ICP and
microprobe analyses were carried out at the Geolog-
ical Survey of Canada following Hall (1992) and
NAA was performed by Activation Labs in Ancaster,
Ontario. Analytical errors are as follows: <2% for

Table 2
Description of Tutum Bay hydrothermal aragonite precipitates

Sample  Year Location Description

V-1A 1996 Vent 1

white micritic carbonate matrix in
open spaces between volcanic
sediment

hydrothermal carbonate big clear
crystals (Fig. 3) from massive layers
in the vent orifice

hydrothermal carbonate small white
crystal ends on top of V-2D (Fig. 3)
white micritic hydrothermal
carbonate matrix with some bigger
euhedral crystals where space
available

dead coral fragment

white micritic hydrothermal
carbonate on top of bigger crystals
and below Fe-oxyhydroxides (Fig. 2)
big clear/gray euhedral aragonite
crystals (Fig. 2)

big clear/gray euhedral aragonite
crystals

fine grained carbonate crust on top of
V-4.2A

alternating layers of coarse and fine
grained aragonite

big (up to 2 cm) clear/gray euhedral
aragonite crystals

fine grained portion of FV-4A
micro-drilled sample of coarse
aragonite from sample V-2 (Fig. 3)
micro-drilled sample of fine grained
(micritic) aragonite from sample V-2
(Fig. 3)

micro-drilled sample of coarse
aragonite from sample V-4.1 (Fig. 2)
micro-drilled sample of fine grained
(micritic) aragonite from sample
V-4.1 (Fig. 2)

micro-drilled sample of coarse
aragonite from sample V-4.3
micro-drilled sample of fine grained
(micritic) aragonite from sample
V-4.3

V-2D 1996 Vent 2

V-2E 1996 Vent 2

V-3A 1996 Vent 3

FV-3B 1994 Vent 3
V-4.1A 1996 Vent 4
V-4.1B 1996 Vent 4
V-42A 1996 Vent 4
V-42B 1996 Vent 4
V-4.3 1996 Vent 4
FV-4A 1994 Vent 4

FV-4B 1994 Vent 4
V2(x) 1996 Vent 2

V2(m) 1996 Vent 2

V-4.1(x) 1996 Vent 4

V-4.1(m) 1996 Vent 4

V-4.3(x) 1996 Vent 4

V-43(x) 1996 Vent 4

A map of vent location can be found in Pichler et al. (2000, Fig. 2).



Fig. 2. Petrography of hydrothermal precipitates. (a) Photograph of
a large volcanic boulder embedded in a matrix of volcaniclastic
sediment, Fe-oxyhydroxide, biogenic carbonate and hydrothermal
aragonite. The Fe-oxyhydroxide lined opening on the lower right
(arrow) used to be a channel for the hydrothermal fluid. (b)
Photograph of a slab from the above hand specimen. This sample
clearly shows the change from coral aragonite (A) to euhedral
hydrothermal aragonite (X) and then to fine-grained hydrothermal
aragonite (M). Field of view is approximately 6 cm.

XRF, <5% for wet chemical analyses, <5% for ICP-
ES (except<10% for Ag, Ba and Sr), <10% for
ICP-MS and ~20% for INAA.

Carbon and oxygen isotope analyses of powdered
bulk aragonite were performed at the G. G. Hatch
Isotope Laboratory, University of Ottawa on a triple
collector VG SIRA 12 mass spectrometer. The
routine precision was tested using an internal stan-
dard and is 0.1 %o for carbon and oxygen. All
results are reported in standard delta (J) notation
in per mil (%o) units, relative to the PDB standard
for carbon and relative to VSMOW for oxygen,
unless otherwise noted. *’Sr/*°Sr were measured on

a five collector Finnigan MAT 262 solid source
mass spectrometer at the Institut fiir Geologie, Ruhr
Universitdt, Bochum following Buhl et al. (1991)
and Diener et al. (1996). The average of 100 repeat
measurements for the NBS 987 standard was
0.710224 £ 0.000008. Six samples (V-2(x), V-2(m),
V-4.1(x), V-4.1(m), V-4.3(x), V-4.3(m)) for O, C
and Sr isotope analyses were taken by micro-dril-
ling to allow for a direct comparison between fine

Fig. 3. Petrography of hydrothermal precipitates. (a) Photograph of
euhedral, pseudo-hexagonal coarse aragonite from sample V-2.
Crystals grow approximately normal to the volcaniclastic substrate.
(b) Photograph of a thin section made from sample V-2 showing
two pseudo-hexagonal aragonite crystals (X) and radiating micro-
crystalline aragonite (M). The micro-crystalline crystals are
terminated by a thin layer of Fe-oxyhydroxide (F). The black
squares indicate the spots where proton microprobe analyses were
performed and where sample material was collected by micro-
drilling The sparry appearance of the two pseudo-hexagonal
aragonite crystals is an artifact of sample preparation and the black
layers are fluid inclusion rich zones. Field of view is approxi-
mately 3 mm.



grained and coarse grained aragonite within one
sample.

4. Results
4.1. Chemical composition

Despite having precipitated from a hydrothermal
fluid, aragonite shows no anomalous concentrations
of trace elements and values are similar to “nor-
mal” marine abiotic aragonite (e.g., Veizer, 1983).
Relative to micro-crystalline aragonite (V-2(m)),

Table 3
Major, minor and trace element composition of selected Tutum Bay
hydrothermal aragonite

Element Unit V-2D V-2E V-3A

V-4.1A  V-42B

Si0, % <0.01 <0.01 <0.5 <0.01 <0.01
TiO, % 0.01 <0.02 <0.02 0.01 0.02
ALO; % 0.10 <0.2 <0.2 0.10 0.34
Fe,05 % <0.01 0.07 0.18 <0.01 0.15
MnO % <0.01 0.01 0.07 <0.01 0.01
MgO % 0.05 0.05 0.09 0.04 0.07
CaO % 53.84 52.60 52.20 53.63  52.00
Na,O % <0.01 0.05 0.05 <0.01 0.08
K,O0 % <0.01 <0.05 <0.05 <0.01 <0.05
CO, % 44.15 44.1 44.0 44.1 n.d.
P,Os % 0.02 0.02 0.02 0.01 <0.01
st % <0.02 <0.02 <0.02 <0.02 n.d.
Total % 99.20 97.9 97.9 99.0 53.7
Ag ppm 0.20 0.2 0.7 0.4 0.1
Ba ppm 47 <30 <30 <30 <30
Cd ppm <0.2 <0.2 <0.2 <0.2 0.4
Cs ppm 0.04 0.08 0.17 005 14
Cu ppm <10 <10 <10 <10 18
Ga ppm 0.7 0.3 1.6 0.3 16
Hf ppm 0.08 <0.05 0.15 0.12 1.4
Mo ppm <0.2 <0.2 <0.2 0.4 3.8
Nb ppm 0.10 0.10 0.2 0.34 3.0
Pb ppm 9.5 7 10 10 27
Rb ppm 0.43 0.76 1.00 0.48 49

Sr ppm 10,900 11,000 10,000 10,800 9500
Ta ppm 0.50 <0.2 <0.2 0.8 0.7
Th ppm <0.02 0.03 0.1 0.03 0.97
Tl ppm 0.04 <0.02 <0.02 0.16 0.70
6] ppm 0.03 0.03 0.05 0.05 1.10
Y ppm 67 24 90 18 47

Zr ppm <0.5 0.7 0.9 3.1 49

The following elements, although analyzed, are not listed, because
they were below their respective detection limits (in ppm): As (<2),
Au (<5), Be (<0.5), Br (<1), Co (<5), Cr (<10), Hg (<1), In (<0.05),
Ni (<10), Sb (<0.2), Sc (<0.5), Se (<5), V (<5), W (<4) and Zn (<5).
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concentrations for the respective vent waters are from Pichler et al.
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coarse aragonite (V-2(x)) is slightly enriched in
Ca, Ba, Ga, Pb, Ta and Y, and slightly depleted in
Fe, Mn, Rb, Th and Zr (Table 3). The concentra-
tion of these elements are close to their respective
detection limits. Thus, these values are subject to
an increased analytical error and actual differences
are likely very small. For Ca, Sr, Fe and Mn,
however, the difference could be verified by pro-
ton probe analysis (see Fig. 3). Analyses of 10
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Fig. 5. Carbon and oxygen isotope values for abiotic aragonite,
coral aragonite, and ferroan calcite at Ambitle Island (modified
after Pichler and Dix, 1996). (a) Tutum Bay aragonite data only.
(b) Comparison between Tutum Bay aragonite, ferroan calcite and
other carbonates (modified after Pichler and Dix, 1996). Sources
for other data are as follows: hermatypic corals (HC) (Tucker and
Wright, 1990); low temperature aragonite (LTA), experimentally
determined (Tarutani et al., 1969); aragonite (A) and Mg-calcite
(MgC) cements (Gonzalez and Lohmann, 1985); and Lake
Tanganyika hydrothermal aragonite (LTC) and Mg-calcite (Stoffers
and Botz, 1994).

spots of the coarse aragonite (V-2(x)) by proton
probe yielded the following average concentrations:
Ca 360,0000 ppm, Sr 12,000 ppm, Fe 80 ppm
and Mn 50 ppm, with little to none internal
variation. In contrast, the analyses of 10 spots of
the fine-grained aragonite (V-2(m)) showed lower
Ca 340,0000 ppm and Sr 11,000 ppm and higher
Fe 100 ppm and Mn 80 ppm, with little to none
internal variation.

Rare earth element (REE) concentrations for
hydrothermal aragonite, normalized to North Amer-
ican Shale Composite (NASC) (Haskin et al., 1968)
are presented in Fig. 4. The patterns of samples V-2
and V-3 show an initial drop from La to Ce, fol-
lowed by a rise from the Ce minimum to an Eu
maximum and a constant decrease towards a Lu
minimum. From La to Tb the pattern geometry
closely resembles that of the parent hydrothermal
fluid (Fig. 4a,b). The hydrothermal fluid pattern has
a small increase in Dy before it decreases towards
an intermediate Lu. The patterns for coarse and
micro-crystalline aragonite in sample V-2 are effec-
tively the same, except that the coarse aragonite
shows significantly higher overall concentrations.
The two samples from vent 4 are different and more
closely resemble the pattern of the parent hydrother-
mal fluid (Fig. 4c). REE concentrations initially drop
from La to a Ce minimum which is followed by a
rise to a Eu (V-4.2) or Dy (V-4.1) maximum and a
slight decrease towards Lu.

4.2. Isotopic composition
C and O isotope values of aragonite are plotted in

Fig. 5. Collectively, 6'%0 and 6'°C values are more
negative than those expected for abiotic aragonite

14.8
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Q
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Fig. 6. 6"C and 6'®0 plot for micro crystalline and coarse
crystalline aragonite. The arrows indicate the temperature trends for
equilibrium precipitation. Based on equilibrium fractionation
calculations (Friedman and O’Neil, 1977), the lower 5'%0 and
3'3C values suggest precipitation at higher temperature.



Table 4
Isotopic composition of hydrothermal aragonite from Tutum Bay

Sample  6'%0 5"%0 o"C 87Sr/808r + 2
(VSMOW) %o (PDB) %o (PDB) %o standard errors

V-2D 14.5 —15.8 2.2 0.704142 £+ 13

V-2E 14.5 —15.8 2.0 n.d.

V-2D 14.6 —15.7 2.1 0.704097 £ 10

V-3A 14.5 —15.8 2.1 0.704097 + 08

V-4.1A 144 —16.0 1.9 n.d.

V-42B 145 —15.8 2.1 n.d.

FV-3A" 149 — 159 2.2 0.704149 + 17

FV-4A"  14.6 —15.7 2.1 n.d.

FV-4B* 145 —15.8 2.0 n.d.

V-2(x) 14.5 —15.8 22 n.d.

V2(m) 142 —161 19 nd.

V-4.1(x) 144 —159 2.1 0.704131 + 14

V-4.1(m) 14.3 —16.0 2.0 0.704551 + 08

V-43(x) 14.5 —15.8 2.1 n.d.

V-4.3(m) 14.3 —16.0 1.9 n.d.

# Values are from Pichler and Dix (1996).

precipitated at low (25 °C) temperatures characteristic
of shallow-water, tropical settings (Fig. 5b). 6'°C
values, however, are within the ranges expected for
marine carbon (Anderson and Arthur, 1983) and
slightly higher than for abiotic aragonite from Lake
Tanganyika that is interpreted to have incorporated

hydrothermal CO, (Stoffers and Botz, 1994). The
6'%0 value of a scleractinian coral, dead at the time
of sampling, is distinct from the value of encrusting
microcrystalline aragonite and falls just below the
lower limit of the field defined by hermatypic corals
(Fig. 5b).

A closer look at the samples that were collected by
micro-drilling reveals that micro-crystalline and
coarse-crystalline aragonite have a slightly different
isotope signature. Micro-crystalline aragonite has
lower 6'%0 and 6'°C values (Fig. 6), but a higher
87Sr/8Sr (Table 4). Assuming isotopic equilibrium,
the lower 6'®0 and 6'°C values would indicate that
the micro-crystalline aragonite precipitated either at
higher temperatures or from a fluid with lower 6'%0
and 6"°C values.

The *’Sr/*°Sr values for hydrothermal aragonite
( ~ 0.7041) are almost identical to Tutum Bay vent
fluids (Table 1) and to volcanic rocks collected on the
island (M. Perfit, pers. comm.) (Fig. 7). They are also
similar to values for submarine volcanic rocks that
were dredged ~ 2 km southwest of Tutum Bay
(Johnson et al., 1988). Bulk skeletal aragonite of a
dead scleractinian coral that was collected immediate-
ly adjacent to vent 3, however, has a value interme-
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diate between values of oceanic crust and modern
seawater (Table 4 and Fig. 7). This intermediate
87Sr/*°Sr value is caused by precipitation of hydro-
thermal aragonite in its skeleton after coral demise
(Fig. 2b).

5. Discussion

The physico-chemical conditions of aragonite
precipitation in Tutum Bay, although occurring
submarine, are close to those of carbonate forma-
tion in terrestrial hot springs. The hydrothermal
fluids are of meteoric origin and phase separation
(degassing and boiling) is occurring within the
vents (Pichler et al., 1999). Phase separation, how-
ever, ceases immediately above the vent orifices
due to mixing with ambient seawater and thus rapid
cooling. Given the shallow depth in Tutum Bay
(6-9 m), ambient pressure is not dramatically
different from on-land settings; 1.6 to 1.9 atm vs.
1 atm The physico-chemical conditions in deep sea
hydrothermal systems, on the other hand, are dras-
tically different. There, hydrothermal fluids are of
seawater origin and due to the enormous water
pressure, boiling is only rarely observed (Von
Damm, 1995). The concentration of sulfide is high
and the amount of dissolved carbonate is relatively
low, thus the formation of carbonate minerals is, if
not completely absent, secondary to the precipita-
tion of sulfides and sulfates (Alt, 1995; Rona,
1984; Von Damm, 1990, 1995).

The precipitation of a carbonate phase from
solution is primarily controlled by pCO,, pH, tem-
perature, ion activity and microbial activity (e.g.,
Ford and Pedley, 1996). These factors are closely
related and they often compete with each other. The
formation of travertine deposits in CO,-rich springs,
for example, is a result of CO, degassing due to a
drop in pressure (e.g., Jones and Renaut, 1996;
Pentecost, 1995; Renaut and Jones, 1997). At the
same time, however, cooling of the spring water
may increase carbonate solubility and whether pre-
cipitation takes place is determined by the respec-
tive intensity of these competing processes.
Hydrothermal fluids in Tutum Bay are CO,-rich
(pCO,>2 atm), boiling or close to boiling as they
enter seawater (Pichler and Dix, 1996); this causes a

rapid loss of CO,. Mixing of the Tutum Bay
hydrothermal fluids with seawater would cause a
drop in temperature and an increase in pH, the latter
favoring carbonate precipitation. To further investi-
gate the precipitation process, it is necessary to
determine if there is mixing between hydrothermal
fluid and seawater and to assess its magnitude prior
to and during precipitation.

87Sr/®Sr ratios are a widely used tracer in mixing
processes (Faure, 1986). The mass difference between
the two strontium isotopes, *’Sr and *°Sr, is too small
to cause a measurable fractionation during precipita-
tion. Thus the ®’Sr/*°Sr ratio in aragonite can be used
as a direct measure of its ratio in the parent fluid.
87Sr/*Sr values in hydrothermal aragonite indicate
that some mixing with seawater occurs during its
precipitation (Fig. 8). Neglecting a difference in heat
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Fig. 8. Mixing curve between the hydrothermal fluid and seawater
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curve was calculated following Faure (1986). The open triangles
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Bay hydrothermal fluids (Pichler, 1998, 2003). Dashed lines
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capacity and assuming seawater and hydrothermal
fluid to be 30 and 100 °C, respectively, the temper-
ature of the mixture can be calculated with the mass
balance equation:

(1)

where ¢ is the temperature in °C, y is the seawater
fraction and the subscripts M, HF and SW indicate the
final mixture, the hydrothermal fluid and seawater,
respectively. The calculated maximum seawater frac-
tion, using the Sr-data for aragonite, is 11% (Fig. 8),
which corresponds to a maximum temperature drop by
approximately 7 to 93 °C. The corresponding maxi-
mum change in pH is about 0.2 units. The calculated
extent of mixing, although very small, may prevent
precipitation if one of the mixing partners is dramat-
ically undersaturated with respect to calcium carbon-
ate. In Tutum Bay, however, both seawater and
hydrothermal fluid are supersaturated with respect to
calcium carbonate and the relatively elevated activity
of Ca>" in seawater may actually be the trigger that
initiates nucleation (Dandurand et al., 1982).

Microbial activity can greatly enhance the precip-
itation of carbonates in warm-springs (<70 °C) (e.g.,
Folk, 1994), but the temperatures of Tutum Bay vents
are possibly too high to allow for extensive microbial
activity and precipitation should therefore be con-
trolled mainly by inorganic factors.

Of the factors that control precipitation in most
on-land hot-springs and in Tutum Bay, CO, degass-
ing is arguably the single most important (e.g.,
Dandurand et al., 1982; Renaut and Jones, 1997,
Simmons and Christenson, 1994; Usdowski et al.,
1979). CO, degassing increases the pH and subse-
quently increases supersaturation, leading to the
precipitation of calcium carbonate:

tm = (1 = y)tur + ytsw

Ca>™ 4 2HCO;=CaCO; + H,0 +CO, T . 2)

The hydrothermally precipitated carbonate miner-
al in Tutum Bay is completely in the form of
aragonite, which is surprising considering that the
parent hydrothermal fluid is slightly more supersat-
urated with respect to calcite (Slcacie=0.65 and
Slaragonite = 0.55). The formation of either aragonite
or calcite is still poorly understood, but it is clear
that no single fluid parameter is likely to be the sole
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or dominant control in natural environments (Bur-
ton, 1993).

Precipitation of aragonite rather than calcite is a
common process in tropical shallow-water submarine
environments (Tucker and Wright, 1990). In hydro-
thermal systems, however, calcite is the primary
carbonate precipitate, and the presence of aragonite
is usually attributed to rapid precipitation rates, ele-
vated Mg/Ca, and stabilizing effects of Ba, Sr and
possibly Mg on the orthorhombic crystal structure
(Browne, 1973; Folk, 1994). Folk (1994) suggested
that aragonite is the preferential precipitate relative to
calcite in hot springs at temperatures >40 °C or with a
mMg/mCa of >1 at temperatures below 40 °C. Mg/Ca
ratios in Tutum Bay vent fluids are rather low, but
temperatures are >40 °C and precipitation rates,
although unknown, should be high considering the
amount of CO, released. The alternation between
aragonite and calcite in hot spring travertine at Lake
Bogoria, Kenya (Renaut and Jones, 1997), for exam-
ple, has been attributed to pCO, and precipitation rate.
There, Mg/Ca ratios are also low, but precipitation of
aragonite is favored under conditions of high pCO,
and rapid precipitation. The change in mineralogy at
Lake Bogoria is accompanied by a change in crystal
habit and size (Fig. 5 in Renaut and Jones, 1997) from
coarse crystalline aragonite to fine grained calcite
(feather dendrite). The same change in crystal habit
and size can be observed in Tutum Bay aragonite (Fig.
3), but without any change in mineralogy. Relatively
higher ®’St/*°Sr ratios in the fine-grained aragonite
(Fig. 7 and Table 4) should indicate a larger presence
of seawater during crystal precipitation and growth.
Addition of seawater to the hydrothermal fluid causes
a change in super-saturation, which in turn may affect
the crystal habit; thus the change from coarse to fine-
grained aragonite. It is noteworthy however, that the
0'®0 and 6'3C equilibrium temperatures are slightly
higher for the fine-grained aragonite than those for the
bigger crystals (Fig. 6), an observation at odds with
the advocated higher seawater fraction. This enigma is
explained below.

The generally low trace element concentrations in
hydrothermal aragonite are as expected for ortho-
rhombic carbonates (Speer, 1983; Veizer, 1983). This
is a result of their low distribution coefficients and
low concentrations in the hydrothermal fluid (Pichler
et al., 1999). Among the processes that directly



incorporate minor and trace elements into ortho-
rhombic carbonate minerals, substitution for Ca in
the CaCOj; structure is the most important. Incorpo-
ration is generally limited by the charge and size of
the metal cation and, therefore, aragonite preferen-
tially incorporates divalent cations larger than Ca
(Speer, 1983). Despite their higher charge of 3+ vs.
2+ for Ca and with exception of Eu” ", the rare earth
elements (REEs) in Tutum Bay hydrothermal arago-
nite are highly concentrated relative to the vent fluid
(Fig. 4). The REE patterns for samples V-2 and V-3
clearly demonstrate the importance of the ionic
radius for substitution. The concentrations of REEs
with ionic radii larger than or similar to Ca (La to
Tb) seem to be controlled by their concentration in
the hydrothermal fluid, while those with ionic radii
smaller than Ca (Dy to Lu) are relatively depleted
(Fig. 4a,b). The difference in pattern geometry be-
tween the samples from vents 2 and 3 and those
from vent 4, V-4.1 and V-4.2 (Fig. 4c¢) is the result of
the slightly different REE composition of vent 4
(Table 3).

The obvious difference in concentration and pattern
geometry between the coarse crystalline (V-2(x)) and
fine crystalline aragonite (V-2(m)) (Fig. 4a) is proba-
bly a result of seawater mixing during precipitation
(see above). The addition of small amounts of seawater
may be sufficient for the formation of a variety of REE
complexes, such as LaCl’ ", LaCO3and LaSOj, which
affect their availability for substitution of Ca, resulting
in lower total concentrations and in a flatter slope
between Eu and Lu. In particular, a change in precip-
itation and growth rate may account for the different
patterns and concentrations of V-2(m) and V-2(x)
(Fig. 4a).

5.1. Isotopic equilibrium—yes or no?

Attainment of isotopic equilibrium between a hy-
drothermal precipitate and its parent solution is a
prerequisite to the application of any isotope geo-
thermometer when absolute rather than relative tem-
peratures are to be calculated. The reconstruction of
physico-chemical conditions in fossil hydrothermal
systems can be aided by analyses of 6'°0 and 6'°C
in carbonate minerals (e.g., Ohmoto and Rye, 1979;
Simmons and Christenson, 1994), although the exis-
tence of isotopic equilibrium is uncertain. Modern hot
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spring travertines provide natural laboratories to study
isotope systematics and to assess equilibrium condi-
tions. Several studies (e.g., Amundson and Kelly,
1987; Dandurand et al., 1982) found that carbonates
were not in oxygen-isotope equilibrium with the
parental waters, while at the same time carbon-isotope
equilibrium was attained.

Tutum Bay provides an exceptional location for
the study of mineral precipitation and the evaluation
of equilibrium conditions. Conditions here are almost
as controlled as in a laboratory. Five visits to Tutum
Bay have provided us with a time series of field
observations and chemical and isotopic data, indicat-
ing the physicochemical stability of the Tutum Bay
hydrothermal system. The chemical and isotopic
composition of the vent fluids has remained stable
since our first sampling in 1994; oxygen isotope
values, for example, did not vary beyond their
analytical error of approximately 0.1 %o to 0.2 %o
(Pichler, 1998). This is also demonstrated by the
uniform oxygen and carbon isotopic compositions of
the aragonite samples (Table 4).

In the absence of any fractionation factor for
abiotic aragonite at temperatures above 40 °C, the
calcite—water fractionation factor from Friedman and
O’Neil (1977) was used because the differences
between these two fractionation factors appear to be
insignificant above 30 °C (Anderson and Arthur,
1983). Following Friedman and O’Neil (1977), and
assuming isotopic equilibrium, an average aragonite
precipitation temperature of approximately 78 °C was
calculated, using the mean 6'®0 of aragonite (14.5 %o)
and that of the hydrothermal fluid (—5.1%o; from
Pichler, 1998). The possible range of equilibrium
temperatures using all '*0 values of aragonite and
vent fluids is shown in Fig. 9 (Area A). These
temperatures are lower than those estimated from
87Sr/%°Sr mixing calculations by about 18 °C (Fig.
9, Area C). Based on *’St/*°Sr mixing calculations,
the amount of seawater present during precipitation of
aragonite ranged from approximately 3% to 11% (Fig.
8). Assuming seawater and hydrothermal fluid to be
30 and 100 °C, respectively, the temperature of the
mixtures and, hence, the possible range of precipita-
tion temperatures can be calculated. These calculated
temperatures range from 92.3 to 97.9 °C would
correspond to an equilibrium 6'%0 of approximately
—3%o in the hydrothermal fluid. This value is in
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Fig. 9. Plot of 6'%0 equilibrium temperatures in the system calcite—
H,0. The curves (solid lines) represent the calculated isotopic
composition of calcite in equilibrium with water of — 3 %o, — 4 %o,
—5%o0 and — 6 %o as a function of temperature using the equation
from Friedman and O’Neil (1977). The dashed curves represent the
range of 8'%0 in Tutum Bay vent waters. Area A represents the
possible range of isotopic equilibrium for Tutum Bay hydrothermal
aragonite. Area B represents the possible range of isotopic
equilibrium for the maximum seawater component during precip-
itation (see the text for more explanation). Area C represents the
expected range of isotopic equilibrium and 8'®0 of the hydrother-
mal fluid based on temperatures derived from mixing considerations
for ¥7Sr/*®Sr (see text).

disagreement with the measured hydrothermal fluid
0'®0 of —5.1%o (Pichler, 1998).

Some of the discrepancy between the 5'%0 and the
87Sr/%°Sr precipitation temperatures can be explained
by the inverse effect of seawater mixing. On one hand,
mixing with ambient seawater cools the hydrothermal
fluid, while on the other, addition of seawater-derived
0 leads to the calculation of higher precipitation
temperatures for the same §'°0 value for aragonite
(Fig. 9, Areas B and C). For example, aragonite with a
5'%0 of 14 %o is in equilibrium with water of — 6 %o
and —4%o at ~ 75 and ~ 91.5 °C, respectively
(Fig. 9). If the maximum amount of seawater is added,
the 6'%0 of the hydrothermal fluid increases to ap-
proximately — 4.5 %o (Fig. 8), which results in pre-
cipitation temperatures between 80.5 and 85 °C (Fig.
9, Area B). This temperature range, although higher
than the pre-mixing 6'0 equilibrium temperatures, is
still low when compared to the ®’Sr/*°Sr mixing
temperatures (Fig. 9, Area C).
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The 6"C calcite—CO, geothermometer has been
successfully applied in many studies of hydrothermal
ore deposits and temperatures of precipitation can be
determined within +20 °C (Ohmoto and Rye,
1979). The calcite—CO, geothermometer has the
advantage that mixing with ambient seawater can
be neglected due to the immense concentration
difference. Equilibrium temperatures were evaluated
using two different data sets, (1) the theoretical
computations by Bottinga (1968) and (2) those by
Chacko et al. (1991). At high temperature (>300 °C)
both data sets are in good agreement, but below 300
°C their fractionation factors become increasingly
different with decreasing temperature (Figs. 10 and 5
in Chacko et al., 1991). Equilibrium precipitation
temperatures for the 6'°C range of Tutum Bay CO,
gas (—2.5%0 to —2.2%o; from Pichler, 1998,
2003) are 82 to 91 °C and 87.5 to 98 °C for the
fractionation factors from Chacko et al. (1991) and
Bottinga (1968), respectively (Fig. 10). Both temper-
ature ranges are larger than those based on §'°0
values of the aragonite samples, but they are in
better agreement with the *’Sr/*®Sr mixing temper-
atures. The 6'°C temperatures calculated with the
fractionation factors from Bottinga (1968) cover the
temperature range obtained from ®’Sr/*®Sr mixing
calculations (Fig. 10a), while those using the frac-
tionation factors from Chacko et al. (1991) are lower
but closer to the §'*0 temperatures (Fig. 10b).

Seawater mixing during precipitation may ex-
plain the apparent increase in temperature between
coarse and micro-crystalline aragonite (Fig. 6).
Precipitation rate is not a factor because it has no
influence on the oxygen isotopic composition of
purely inorganic carbonates (Kim and O’Niel, 1997;
Tarutani et al., 1969). The difference in 6'>C on the
other hand may be caused by a change in precip-
itation rate. Romanek et al. (1992) noted a small
positive relationship between precipitation rate and
fractionation factor at 40 °C.

The temperatures obtained from isotope geother-
mometry are in good agreement with those from
fluid inclusions (80 to 110 °C) and those measured
in the field (94 to 98 °C) (Pichler and Dix, 1996).
Similar to observations from onland hot springs
(e.g., Amundson and Kelly, 1987; Dandurand et
al., 1982), it seems that in Tutum Bay the aragonite
precipitated in 0'°C equilibrium with CO,, while
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Fig. 10. Plot of 6'°C equilibrium temperatures in the system
calcite—CO, (a) based on data from Bottinga (1968) and (b) based
on data from Chacko et al. (1991). The curves (solid lines)
represent the calculated isotopic composition of calcite in equi-
librium with CO, of —1 %o, —2 %o, —3 %0 and —4 %o as a function
of temperature. Diamonds represent calculated 8'%0 equilibrium
temperatures.

6'"®0 equilibrium with water was apparently not
attained. However, once the aragonite forming
source water is assumed to be a mixture of a
hydrothermal and seawater endmember with a
580 of —4.5%0, the difference between minimum
and maximum precipitation temperature is less than
10 °C. This difference in calculated equilibrium
temperature is surprisingly small considering the
difficulties associated with obtaining accurate iso-
tope fractionation factors under laboratory condi-
tions (e.g., Chacko et al., 1991; Kim and O’Niel,
1997; Romanek et al., 1992).

13

6. Summary and conclusions

Tutum Bay hydrothermal vent waters are actively
depositing substantial amounts of aragonite as mas-
sive layers of euhedral, pseudo-hexagonal crystals up
to 2 cm long and as micro-crystalline aragonite.
Pseudo-hexagonal crystals are often terminated by
micro-crystalline crystals that mimic feather dendrites
(Fig. 3). Near vent sites, primary pore space in
volcaniclastic sediment and in skeletons of dead
corals is almost completely occluded by hydrothermal
aragonite.

Hydrothermal aragonite has a distinctively differ-
ent isotopic composition when compared to “‘normal”
shallow-water marine carbonate. This difference
arises from precipitation at high temperature from a
mixture of seawater and hydrothermal fluid that has
lower ®’Sr/*°Sr (approximately 0.704) and 6'%0
(—4.5%0 VSMOW) values than seawater (0.709 %o
and 0%o VSMOW). Based on *’Sr/**Sr mixing cal-
culations, the maximum seawater fraction is approx-
imately 11%. Apparently, carbon isotopic equilibrium
has been reached, while for oxygen complete equilib-
rium was not attained. Calculated equilibrium temper-
atures (78 °C), nevertheless, are close to those directly
measured (89-98 °C) and those obtained from fluid
inclusion experiments (80—110 °C) (Pichler and Dix,
1996).

An alternative explanation for the discrepancy
between the measured and calculated could be that
the assumption of identical fractionation factors for
aragonite and calcite at higher temperatures is not
correct. Assuming that the aragonite in Tutum Bay
precipitated in equilibrium with its parent fluid, the
data presented here can be used for a 6'%0 aragonite—
water fractionation factor at 100 °C.

The *’Sr/**Sr composition of Tutum Bay aragonite,
primarily controlled by hydrothermal strontium, is
dramatically different from recent marine carbonates,
which precipitate from seawater. This has implications
for marine carbonates that may have accumulated in a
similar environment, if the time-dependent variations
of ¥Sr/*°Sr ratios (e.g., Burke et al., 1982; Veizer,
1989) were utilized for dating. According to its
87Sr/%Sr ratio, the aragonite from Tutum Bay would
have an improbable Late Cretaceous age.

Trace element concentrations of aragonite, except
for the REEs, Y and Sr are low. The REE pattern



geometry of aragonite is similar to that of the hydro-
thermal fluid and concentrations are higher in coarse
aragonite than in fine-grained examples. This may be
caused by higher precipitation rates.
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