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Abstract—Measurements have been made of hydrogen, carbon, and oxygen isotope compositions of
inclusion waters and CO, extracted from eleven species of modern marine and freshwater skeletal car-
bonates. The samples were collected in environments of highly contrasting temperatures and isotopic
compositions of ambient waters. Inclusion waters were extracted in vacuum by thermal decrepitation of
samples that were previously treated with H,O, to remove organic matter. Water extractions were quan-
titative above 200°C for aragonite species and above 350-400°C for calcite species. Amounts of water
liberated ranged from 0.6% to 2.2% and were generally very reproducible within a species but varied
strongly from one species to another. Except for red algae and corals, the 4'®0 values of the shells are in
accord with crystallization of carbonate at or near equilibrium with marine water of §'*0 near 0%o. The
inclusion waters, however, are not in oxygen isotope equilibrium with ambient water and have high §'°0
values of +6 to +18%.. These high 3'*0 values do not result from partial exchange between water and
either the host carbonate or small amounts of CO; released during decrepitation. 5D values of inclusion
waters range from —80 to —10%o and are sensitive to the presence of small amounts of organic matter.
The data for each species define a distinct field in §D-8 '80 space that is controlled by a vital fractionation
effect. Stable isotope compositions of inclusion waters can be explained by metabolic reactions that
incorporate relatively '*O-rich O, that is dissolved in the water and used by the organism in respiration.
Thus, inclusion waters in shells probably represent remnants of metabolic fluids produced by the mantle
epithelium. The stable isotope compositions of such waters most likely result from varying metabolic
rates that are specific to each species, as well as to formation temperature and the isotopic composition
of ambient waters.

Inclusion fluids in biogenic carbonates constitute an isotopic reservoir that has heretofore been unrec-
ognized. The §'80 and 8D values of the inclusion waters are very different from those of meteoric,
magmatic, and seawaters, Because these trapped fluids are released by the shells during heating, they
could play a role in burial diagenesis. Burial of significant amounts of biogenic carbonates could liberate
enough water to control diagenetic or metamorphic reactions in some cases. In the absence of other types
of fluids, the participation of inclusion waters in such reactions shouid be easily recognized by their
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distinctive isotopic compositions.
INTRODUCTION

SKELETAL CARBONATES contain abundant water (up to 3%)
that is trapped mainly in minute inclusions and that is readily
released during heating (GAFFEY, 1988). More is known
about the stable isotope geochemistry of carbonates and wa-
ters than of any other substance and yet measurements of
the stable isotope compositions of inclusion waters in biogenic
carbonates have not previously been reported. The presence
of fluid inclusions in shells has long been recognized by car-
bonate petrologists, but only since the publications of GAFFEY
(1988) and GAFFEY et al. (1991) have the relatively large
amounts of such fluids and their possible role in diagenetic
reactions been appreciated. Chemical and stable isotope
analyses of these fluids will clearly provide important infor-
mation on the nature and origin of the inclusion fluids. The
goal of the present research was to develop analytical methods
to make reliable isotopic measurements and to obtain pre-
liminary data that delineate general isotopic systematics
among selected species of marine and freshwater organisms.

Inclusion fluids in skeletal carbonates can represent a sig-
nificant isotopic reservoir that may become involved in burial
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diagenesis or metamorphic reactions with exotic rocks in
contact with biogenic carbonates. The field of 8D-5%0 values
for the inclusion waters is quite different from those of other
well-known reservoirs like magmatic, metamorphic, and
meteoric waters. This new isotopic reservoir should be taken
into consideration when interpreting stable isotope variations
of diagenetic carbonates in burial metamorphic settings.
One of the main objectives of this study is to ascertain the
origin of the inclusion fluids using stable isotope measure-
ments. Stable isotope fractionations accompanying certain
low-temperature geological processes and many biological
processes are, however, controlled by kinetic factors and bear
no relation to corresponding equilibrium fractionations in
the system. Several early studies (e.g., EPSTEIN et al., 1953;
WEBER and RAUP, 1966) emphasized the fact that tests of
certain organically precipitated carbonates, like corals, can
be severely out of carbon and oxygen isotope equilibrium
with ambient waters. Such isotopic fractionations are inter-
preted to be a consequence of a vital effect and are known
only from empirical observations. Most marine invertebrates
like molluscs incorporate ambient water into their systems,
modify its chemistry through metabolic processes, and pro-
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TABLE 1. Nomenclature, mineralogy and location of the biogenic carbonates studied.

Subkingdem  Super class or class Genus Mineralogy Locatlon

Mollusca Bivalvia Pododesmus macrochisma  calcite South California
Anadara notabilis aragonite St. Maarten - Caribbean Sea
Arca zebra aragonite St. Maarten - Caribbean Sea
Mysilus edulis aragonite + calcite  Maine - North Atlantic
Merceneria merceneria aragonite Maine - North Atlantic
clam - unidentified aragonite Lake Huron

Gastropoda Strombus gigas aragonite Florida

Cintarium pica aragonite St. Maarten - Caribbean Sea
unidentified aragonite Lake Michigan

Algae Rhodophyceae Red algae - unidentified calcite Florida

Coelenterata ~ Anthozoa Red coral - unidentified aragonite Florida

duce a fluid called the pallial fluid from which the carbonate Skeletal Carbonates

shell is precipitated. For meaningful temperature information
to be obtained from oxygen isotope analysis of carbonate
shells, it must be assumed that the pallial fluids of the organ-
isms are in isotopic equilibrium with the environmental fluids.
But even brachiopod shells, often employed in studies of
paleothermometry and related subjects because they are low-
Mg calcite, are commonly precipitated out of equilibrium
with the ocean (CARPENTER, 1991). Thus, stable isotope
characterization of the water trapped within skeletal carbon-
ates will provide quantitative information on how the bio-
logical activity of different organisms can affect the isotopic
composition of environmental fluids. The isotopic measure-
ments will bear importantly on several aspects of biogenic
carbonate formation including vital effects and the timing of
carbonate precipitation.

ANALYTICAL TECHNIQUES

Eleven species of modern shells were collected from marine and
freshwater environments in North and Central America. At the time
of collection, the organisms were either living or recently dead so
that the shells were in an excellent state of preservation. The locations
sampled provide a great variability in the nature of the environmental
waters. Taxonomy, mineralogy, and location are given in Table 1.
Molluscs, algae, and coelenterata were selected from medium latitudes
(40°N) to tropical areas in marine waters. A few samples of bivalves
and gastropods were taken from cold freshwaters of the Great Lakes.

The samples were crushed with an agate mortar and pestle to mil-
limeter-size pieces and treated with 30% H,O, for forty-eight h to
remove organic compounds. Carbonate samples weighing between
10 ug and | mg were reacted at 72 3 2°C with three drops of an-
hydrous phosphoric acid for 8 min in a Finnigan-Mat Kiel extraction
system coupled directly to the inlet system of a Finnigan-Mat 251
triple collector isotope ratio mass spectrometer. Isotopic analyses were
corrected for acid fractionation and O contribution and are reported
in the per mil notation relative to PDB. The procedure has been
calibrated with a best-fit regression line defined by accepted analyses
of three NBS carbonate standards: NBS-18, NBS-19, and NBS-20.
Measured precision is maintained at better than 0.1%. for both carbon
and oxygen isotope compositions { Table 2).

Fluid Inclusions

Thermal decrepitation was chosen as the method of extracting
fluid inclusions for stable isotope analysis. The analytical procedure
for their extraction and measurement is summarized in Fig, 1. At-
tempfs to extract water by crushing were ineffective because of the
minute size of fluid inclusions in most of the shells studied { GAFFEY,
1988). In the absence of contaminating substances like organic matter,
thermal decrepitation should release water quantitatively from the
carbonate inclusions without isotopic fractionation. After making
multiple extractions for each species, it was concluded that extraction
of water is quantitative above 200°C for aragonite and 350-400°C
for calcite. No additional water was released on later heating of a test
sample that had already been decrepitated.

After treatment with H,0,, samples weighing from 100 10 200 mg
were washed in distilled water, dried in air, and then degassed at

TaBLE 2. %0 and 8'3C values of ten biogenic carbonates. Average values and
1o standard deviation for 8 0 values of trapped waters are also given and used in

Fig. 8.

Biogenic carbonate §180 shell §13C shell 3180 (H20) standard
(PDB) (PDB) (SMOW)  deviation

(lo)

Pododesmus macrechisma -0.29 0.71 114 2.01
Anadara notabilis -0.65 1.86 16.9 1.02
Arca zebra -0.54 1.41 9.6 0.48
Strombus gigas 0.25 -0.29 15.0 116
Cintarium pica -0.46 2.36 13.4 0.95
Merceneria merceneria -1.38 0.22 7.1 0.84
Freshwater clam -6.46 -6.65 6.3 0.28
Freshwater gastropod -5.13 0.13 10.2 1.10
Coral -2.52 -1.04 16.7 0.76
Red algae -4.44 -4.23 120 0.32
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Sample treatment

wash with
distilled water and
dry at room
temperature

[Extraction of fluid inclusiong

extract by
thermal decrepitation
in 15-20 min
at T°C > 200°C

l Isotopic measurements—]

equilibrate H,0 and CO,
for 2 days at 30°C

| Hoand CO, | L

analyze CO, by
mass spectrometry to deduce
the 580 value of water
using a mass balance equation
(Kishima and Sakai, 1980)

@+ Zn—-H, + ZnOat 50()°C)

FiG. 1. Flow-chart summarizing the analytical procedure for the
extraction and measurement of fluid inclusions in biogenic carbonates.

40°C for a minimum of two hours under vacuum. The samples were
then decrepitated and the condensible gases collected in a trap held
at liquid nitrogen temperature. CO, and H,O were then separated
cryogenically and their volumes measured manometrically. Normally
about 100-150 umoles of water were liberated during the decrepi-
tations. This H,O was then transferred to a microequilibration vessel
to which 30-40 umoles of tank CO, were added. The H,0 and tank
CO, of known amount and isotopic composition were then allowed
to exchange oxygen isotopes at 30°C for two days. After this time
equilibration was complete and the equilibrated samples of H,O and
CO, were separated cryogenically once again. The water was trans-
ferred to a tube containing zinc and reduced to hydrogen by heating
the sealed tube for 20 minutes at S00°C. This hydrogen was then
expanded into a fixed volume on the inlet system of the mass spec-
trometer and a measurement was made of the intensity of the mass-
2 peak. These intensities have been carefully calibrated with hydrogen
made from water of known and different amounts. Thus, the mass
spectrometer is used to make accurate determinations of both the
amount and D-H ratio of water in the inclusions. The 530 values
of the water samples were calculated using the mass balance equation
proposed by KISHIMA and SAK A1 (1980) and the CO,-H;O fraction-
ation factor at 30°C determined by O’NEIL and ADAMI (1969). The
6'%0 value of tank CO, used for all equilibrations was 35.0%e
(SMOW), a value close to that expected for the CO, after equilibra-
tion. Because the oxygen isotope ratio of the CO, changes little during
these equilibrations, the precision of the method is enhanced. Pre-
cisions routinely obtained in our laboratory are better than 0.2%. for
$'%0 and 1%, for 4D for microliter quantities of water.

STABLE ISOTOPE COMPOSITIONS
Skeletal Carbonates

The 6'3C and §'80 values of CaCQj; selected from the
eleven shells are reported in Table 2. Despite the H,O, treat-
ment which removes almost all the organic carbon, 5'*C val-
ues still record significant variations ranging from —4.2 to
+2.4%. for marine species and —6.6 to 0.1% for freshwater
species. The molluscs analyzed generally have 4'¥0 values
close to that expected for equilibrium precipitation from
normal seawater. Despite colder water temperatures, the
Merceneria merceneria specimen has a 6'%0 value of —1.4%s,
in keeping with the fact that seawater in the Maine area of
the North Atlantic has a rather negative 8 '*0 value of around
—2%o because of freshwater inputs (EPSTEIN and MAYEDA,
1953; CrAIG and GORDON, 1965). Other species like algae
and corals have low values down to —4.4%0 and come from
the tropical waters of the Florida Keys. It is well known that
reef corals do not precipitate their skeletons in isotopic equi-
librium with seawater (EPSTEIN et al., 1953; WEBER and
WOODHEAD, 1970; SWART, 1983). WEIL et al. (1981) ob-
served that corals precipitate CaCOj that is 2.8-3.0%o lighter
than equilibrium aragonite and that the exact value of the
offset from equilibrium is considered taxonomically specific.
SWART (1983) proposed that such oxygen and carbon isotope
disequilibrium fractionations result from changes in the re-
lation between photosynthesis and respiration in different
geographical locations. EPSTEIN et al. (1953), WEBER and
WOODHEAD (1970), GOREAU (1977), and EREzZ (1978)
concluded that the isotopic compositions of coral skeletons
reflect a vital effect that may be attributed to metabolic isotope
fractionations. More recently, MCCONNAUGHEY (1989a,b)
emphasized the existence of two patterns of isotopic dise-
quilibria. The first one, a kinetic disequilibrium, occurs during
CO; hydration and hydroxylation and involves depletion of
80 by as much as 4%. The second one, metabolic effect,
involves changes in 6'3C values that are controlled by pho-
tosynthesis and respiration. The freshwater species clearly
record isotopic compositions that are in agreement with iso-
topically light Lake Huron and Lake Michigan whose 3'%0
values vary seasonally from —8 to —6%0 (D. L. Dettman and
K. C. Lohmann, pers. commun.).

Fluid Inclusions
Amount of water

Reproducible amounts of water are obtained from repeated
extractions at temperatures above 200°C for aragonite shell
from the same species (e.g., Anadara notabilis, Arca zebra,
and Strombus gigas; Table 3). Amounts of water vary sig-
nificantly among the species. The lowest values were found
for Pododesmus macrochisma and the freshwater gastropod
with about 0.6% and 0.7% water, respectively. Most of the
molluscs contain about 1% or slightly more water in their
shells. The freshwater clam from Lake Huron has up to 1.7%
water and the red algae examined provides the maximum
amount found with 2.2%.

Results for Mytilus edulis and Pododesmus macrochisma
require some clarification. Variable recoveries for these taxa
call into question whether extractions are quantitative for
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TABLE 3. Results of thermal decrepitation of fluid inclusions in biogenic carbonates. T’
°C represents the maximum temperature of decrepitation. Samples with asterisks were
not treated with H,0,. §'®0 and 5D (SMOW) are given for trapped waters with their
amounts. Mole% CO, is the amount of CO, extracted with H,O during the decrepitation
procedure. The 8'%0 value of this CO, is given relative to SMOW.

Sample TC* %water % moksCO2 D 880 §180 §3C

H20) Cop [(800,))
Pododesmus macrochisma 423 0.62 21.15  -449 13.7 n.d. n.d.
Pododesmus macrochisma 405 0.71 19.19  -48.0 10.2 37.3 0.15
Pododesmus macrochisma 317 0.36 15.31  -54.1 10.4 40.7 -091
Anadara notabilis 352 0.92 876 -229 15.7 41.6 0.13
Anadara notabilis 192 0.96 497 -244 18.4 47.8 2.10
Anadara notabilis 187 1.10 434 226 17.1 47.2 1.81
Anadara notabilis 222 1.00 4.70 -23.8 17.7 46.5 1.96
Anadara notabilis 291 0.99 828 -253 16.6 39.2 0.51
Anadara notabilis 350 1.01 1043 -27.7 15.6 38.4 0.23
Anadara notabilis 310 0.80 832 325 17.9 43.6 1.12
Anadara notabilis 519 1.20 15.11 n.d. 16.4 334 0.51
Anadara notabilis ** 298 0.97 505 -324 19.1 n.d. n.d.
Arca zebra 287 1.00 894 217 9.4 46.9 -2.08
Arca zebra 215 1.00 749  -31.0 9.3 46.1 -1.14
Arca zebra 256 0.92 10.24 -28.9 9.5 43.4 -1.30
Arca zebra 354 1.16 13.76 -28.7 9.3 35.9 -0.30
Arca zebra ** 397 1.00 9.18 -329 n.d. 40.1 0.67
Arca zebra 550 1.05 37.66 n.d. 10.4 33.3 0.85
Strombus gigas ** 215 1.12 10.41 -81.2 13.2 46.9 -0.92
Strombus gigas 221 1.14 13.39 -75.5 13.4 44.1 -0.60
Strombus gigas 329 1.20 14.66 <711 15.1 41.5 -0.79
Strombus gigas 440 1.25 16.36 -73.4 15.6 38.9 -1.79
Strombus gigas 484 1.21 16.34 n.d. 16.0 38.7 -1.00
Cittarium pica 296 1.26 8.87 -346 14.5 46.3 0.01
Cittarium pica 262 1.23 11.18 -25.7 129 46.2 -1.49
Cittarium pica 303 1.31 11.50  -30.1 12.8 45.8 -0.43
Merceneria merceneria 308 1.45 10.19  -443 8.1 39.1 -0.58
Merceneria merceneria 304 1.61 8.85 -37.6 6.6 38.1 -0.99
Merceneria merceneria 315 1.69 8.25 -36.1 6.6 38.0 -0.97
Mytilus edulis 359 2.24 8.41  -26.0 109 453 2.07
Mytilus edulis 356 1.21 n.d. -33.1 n.d. n.d. n.d.
Myrtilus edulis 253 0.74 n.d. -28.8 12.0 n.d. n.d.
Freshwater clam 292 1.76 8.54 -61.9 6.1 44.6 -6.41
Freshwater clam 302 1.71 9.46  -63.7 6.5 n.d. n.d.
Freshwater gastropod 301 0.70 8.90 -81.1 9.8 38.7 -2.45
Freshwater gastropod 265 0.72 8.31 -77.0 9.4 39.4 -3.15
Freshwater gastropod 300 0.71 12.50  -75.7 11.4 38.1 -2.17
Coral 290 0.94 10.89 -13.2 16.2 419 -1.50
Coral 294 1.06 773 -184 17.2 42.6 -1.30
Red algae 290 2.33 19.32 35.6 12.2 41.7 5.14
Red algae 254 221 18.23 213 11.8 432 7.28

* maximum temperature of decrepitation
** sample not treated with H202

8180 values of H20 and CO? are relative to SMOW

813C values of CO are relative to PDB
n.d. : no determined

this kind of shell. Using TEM, TOWE and THOMPSON ( 1972)
found that the nacreous aragonite layers contain many more
inclusions than the prismatic calcite layers of the Mytilus
shell. It is possible that aliquots of shells used during the
experiments came from different layers of the Mytilus shell.
The other unusual result is the third extraction made of in-
clusions in Pododesmus macrochisma. Only 0.4% water was
obtained as opposed to the 0.6-0.7% obtained from the pre-
vious two extractions ( Table 3). This shell is the only one
made of calcite and this particular extraction was inadver-
tently done at 317°C rather than the 400°C used for the
other extractions. Calcite probably requires a higher temper-
ature than aragonite to insure quantitative liberation of its
inclusion fluids. The water obtained from the third extraction
had an unusually low 6D value, which more than likely signals
an isotopic fractionation associated with incomplete extrac-
tion of water from the shell.

Hydrogen and oxygen isotope compositions

The 5'%0 and 8D values of water trapped in the shells of
eleven species are reported in the histograms of Fig. 2. The
§'%0 values are all positive relative to SMOW and define a
large field ranging from 46 to +18%.. Average amounts of
water are also reported for each species and do not correlate
with 6'%0 values of the trapped water. The measured 6D
values are all negative except for the red algae (discussed
below ) and range widely from —81 to —13%e. In spite of the
large range, and in contrast to the variable %0 values, most
of the 6D values are around —30%.. On a plot of 6D vs. 520,
the data for each species define a distinct field (Fig. 3). Some-
times data within a given field scatter a few per mil in §'%0
and up to 10%. in 8D for different aliquots taken from the
same animal (e.g., Anadara notabilis and Strombus gigas).
The distribution of %0 and 8D values of trapped waters
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F1G. 2. Frequency histograms of 6D and §'30 values of water in-
clusions in biogenic carbonates with average amounts of water in
weight % for each taxon. Note: only the data for samples treated with
H,0, are reported.

with respect to the sampling location of the shells is shown
in Fig. 4. While no general rule is apparent, higher 520 values
for inclusion waters tend to occur in shells of organisms living
in tropical areas like the Florida Keys or St. Maarten, whereas
lower values tend to occur in organisms living in cold or
freshwaters.

CO; Released During Thermal Decrepitation

Small amounts of CO, are also liberated with H,O during
the thermal decrepitation of fluid inclusions. The amounts
of CO, liberated are generally small (5 to 15 mole%) com-
pared to the amounts of H,O (Table 3). The amount of CO,
liberated, however, becomes important (up to 38 mol% ) when
the temperature of decrepitation exceeds S00°C because ex-
tensive decarbonation of the shells occurs at about this tem-

perature. As a general rule, the amount of CO, is well cor-
related with the peak temperature of decrepitation, this tem-
perature being maintained for about two-thirds of the
duration of the experiment. On the other hand, the §'*0
value of this CO, is inversely correlated with the same peak
temperature. The correlation (r = 0.94) between temperature
of decrepitation (over the range 170-580°C) and §'%0 value
of CO; extracted from Anadara notabilis is shown in Fig. 5.
Note that at low temperatures where the amount of CO, is
very low (down to 3 umol), the 6'%0 values are very high
(up to 50%¢ ), whereas at high temperatures the §'*0 values
tend to be close to the §'%0 value of the shell as expected
(Fig. 5).

In contrast to the regular variation of §'*O values with
peak temperature of decrepitation, the §'C values of the
released CO, vary in patterns that appear to be different from
species to species (Fig. 6). In the case of Anadara notabilis,
positive 8'>C values characterize CO, released at low tem-
peratures, but they decrease toward 0%. around 350°C and
rise again at high temperatures to reach the 4'C value of the
shell itself. §'3C values of CO, produced by Arca zebra are
negative at low temperatures, down to —2%», and increase
with temperature to reach a value of 1%0, a value close to
that of the host shell. Strombus gigas provides yet another
pattern with 4!3C values that remain negative without defining
a trend with increasing temperature.

EVALUATION OF ANALYTICAL DATA

The positive & '*0 values and the highly negative 5D values
of the inclusion waters are clear indications that these waters
are not in equilibrium with either the host carbonate or the
environmental water, Constancy in the amounts of water
extracted for the same species, and the relative uniformity
of 6D values argue against any major analytical errors. While
carbonates present unique problems, the techniques we are
employing in this work are similar to established techniques
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only the data for samples treated with H,O, are reported.
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FIG. 4. Spatial distribution of 6D and 50 values of water inclusions in marine and freshwater biogenic carbonates.
Ranges of values obtained by different experiments are given for each area. All the isotopic values are presented in per
mil relative to SMOW. Note: only the data for samples treated with H,O, are reported.

used by us and others to make quantitative extractions of
inclusion fluids from several other minerals (quartz, halite,
fluorite, copper, etc.). Also, the observed scatter in the present
data is not systematic. For example, there is effectively no
scatter in the analyses of water from Arca zebra (Table 3;
Fig. 3).

There is some scatter in the oxygen isotope compositions
of waters extracted from different aliquots of the same spec-
imen or from different specimens of the same species. In
addition, the hydrogen isotope compositions are quite dif-
ferent from those of the environmental waters. Are these
measured isotopic compositions and variations real and nat-
ural or are they merely reflections of experimental artifacts?
To resolve this question, possible sources of contamination
and isotopic fractionation in our analytical procedures were
tested and evaluated.

— (O - Anadara notabilis
— inorganic CaCO3 -Co, equilibrium

55 Liid L Lo lepironde o, JE.
50 o &% (€O, E
45 o _ - — -y=5595-0043x E

-0, R=0.94 E
40 0 o07-%_ a3
35 . T~ ~On E
30 1 8"0 whole carbonate = +30.24% ~0_f
25 __E
20 E
15 -

L0 -y rrr e e T T T
150 200 250 300 350 400 450 500 550 600

FIG. 5. 830 values of CO, released from Anadara notabilis during
thermal decrepitation experiments as a function of the peak tem-
perature. The curved line represents calculated values for CO; in
equilibrium with inorganic CaCO; (BOTTINGA, 1968). The dashed
line is a regression line interpreted as a mixing line between decar-
bonation CO, and a '®0-rich CO, component. The §'°0 value of
30.24 for Anadara notabilis is relative to SMOW and was calculated
using data from Table 2. Note: more oxygen isotopic analysis of CO,
are presented in this figure than in the Table 3 because neither 4'30
values nor amounts of water were measured during these experiments.
See text for interpretation of the different curves.

Exchange Between Inclusion Water and Host

A possible source of scatter in the data is oxygen isotope
exchange between water and carbonate during thermal de-
crepitation. That is, we must consider whether the uniformly
positive 60 values of the waters could result from partial
exchange with the host carbonate during the thermal de-
crepitation processes whose duration is typically less than 20
min. In fact, the bulk of the water is released and trapped in
less than a minute or two, but heating and trapping are al-
lowed to proceed for a much longer time to assure complete
removal and transfer of any water that might be adsorbed on
the fresh surfaces of the decrepitated carbonate. On the basis
of experiments by O’NEIL et al. (1969), no significant oxygen
isotope exchange between carbonates and water is anticipated
at these temperatures in such short periods of time. None-
theless, to test this possibility further, two plots were made.
Figure 7 is a plot of 4 '*0O (PDB) of the carbonate hosts against
the 6 '*0 (SMOW ) of their trapped waters. The diagram shows
clearly that the oxygen isotope composition of the host has

O Anadara notabilis
O Arca zabra
A Strombus gigas
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FIG. 6. 8'3C values of CO, released from Anadara notabilis during
thermal decrepitation experiments as a function of the peak tem-
perature. Fields were added-to facilitate the distinction between iso-
topic compositions for the three species studied. Note: more carbon
isotopic analysis of CO, are presented in this figure than in Table 3
because neither 8'%0 values nor amounts of water were measured
during these experiments.
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no control on the oxygen isotope composition of the inclusion
waters. In Fig, 8, the §'30 and 6D values are plotted against
the peak temperature of decrepitation recorded during each
experiment (Table 3). There is no correlation between the
5'%0 values of trapped water and the peak temperature re-
gardless of whether we consider the data as a whole or each
species individually. It is concluded that any isotopic exchange
between carbonate and trapped fluids during decrepitation
is negligible.

Release of CO,

The amount of CO, released during decrepitation at low
temperatures is very small, generally less than 15 umol. Unlike
the solid carbonate, this CO, is likely to exchange oxygen
isotopes with the trapped water and, in fact, the § %0 values
of the CO, (Table 3) correlate very well with the peak tem-
perature of decrepitation (Fig. 5). As was shown in Fig. 8,
there is no detectable correlation between the 6'*0 of H,O
and the temperature (except maybe a small effect for Strom-
bus gigas) so the presence of small amounts of CO, do not
affect the isotopic compositions of waters. The explanation
is simply a matter of mass balance considerations and starting
isotopic compositions. At low decrepitation temperatures
(200°C), the amounts of CO; released are very small (=35
umol) compared to the amounts of water (100-150 pzmol),
and the 4'%0 values of CO, already present as CO, in the
shell should have been in isotopic equilibrium with the in-
clusion water at ambient temperatures. Indeed, &'*O values
of CO, are very high, up to 50%, as expected from equilib-
rium fractionations between CO, and H,O at ambient tem-
peratures (O’NEIL and ADAMI, 1969). In fact, these high
8 '%0 values of trapped CO, were the first indications we had
that the inclusion waters were so heavy. The straight line
relation of Fig. 5 can be interpreted as a mixing line between
two CO, endmembers: one with high 3'%0 values and cor-
responding to indigenous CO, in the shell material and the
other that results from progressive decarbonation of CaCQ;
with increasing temperature. For comparison, 4 !*0 values of
CO; in equilibrium with inorganic CaCO; at various tem-
peratures are represented by the curved line in Fig. 5.

In the three cases examined, the distribution of §'3C values
of CO, as a function of temperature of release (150-550°C)
appears to be species-dependent (Fig. 6) with the §3C values
generally lower than those of the host shells by up to 2%.. At
high temperatures, the §'>C values of CO, tend to be close

to those of the carbonate and thus retain the isotopic char-
acteristics of the species and the living environment even
after treatment with H,O,.

Bound Water

GAFFEY (1988) discussed the existence of bound water in
biogenic carbonates. We must consider if this bound water
(when it is present) can contribute significantly to the total
amount of water extracted and modify the original oxygen
isotope composition of free water. Bound water should have
alower '®0/'%0 ratio than carbonate oxygen by analogy with
the oxygen isotope properties of OH groups in hydrous min-
erals and waters of crystallization (e.g., O’NEIL, 1986). In
addition, bound water should be released at temperatures
considerably higher than the release temperatures of free wa-
ter. GAFFEY (1988) observed that only free water is present
in coelenterata (coral ) skeletons. While water extracted from
coral has some of the highest §'%0 values measured in this
study (16-17%q ), in keeping with the absence of isotopically
light bound water, a more sensible explanation for the relative
180 enrichment will be provided below. Any contribution of
bound water in our experiments must be negligible because
(1) bound water exists in only minor amounts when present,
and (2) there is no significant correlation between peak de-
crepitation temperature and either amounts of water or §'*0
values.

Consequences of the H,O; Treatment

Fractions to a few percent of organic matter is commonly
integrated within the shell of biogenic carbonates (WOLF et
al., 1967; YOUNG, 1971; GREEN et al., 1980). Samples were
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FIG. 8. §'%0 and 5D values of water inclusions versus peak tem-
perature of decrepitation. Same legend as in Fig. 4. Note: only the
data for samples treated with H,O, are reported.
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treated with H,O, to prevent contribution of water released
by organic matter (or any exchange reactions with such ma-
terial) during thermal degradation. Failure to detect organic
carbon by coulometry in the sample after H,O, treatment
confirms that this treatment is very effective in removing
organic matter from the shells.

The possible contribution of water coming from organic
matter or possible perturbations of the isotopic composition
of fluid inclusions during treatment with H,O, were tested
using three different species. The stable isotope ratios of
trapped waters and the organic C contents of Anadara no-
tabilis, Arca zebra, and Strombus gigas were measured before
and after H,O, treatment. The data are presented in Ta-
ble 4.

Within the limits of experimental error, the amount of
extractable water does not change after treatment ( Table 3).
The 6D values before treatment are slightly lower by about
6%o suggesting that a small amount of organic-derived water
may contaminate the trapped water. CHAREF and SHEPPARD
(1984 ) suggested that organic water in nature could have D
values as low as —250%o. The deduced small amount of con-
taminating organic water is also in agreement with the low
contents of organic carbon analyzed in these shells.

The two 8'%0 values determined for untreated Anadara
notabilis and Arca zebra are relatively close to the range found
during experiments done on treated samples. The highest
8'%0 value of 19.1%o is close to the value of 18.4%» measured
on another part of the shell treated with H,O,. It is not pos-
sible to detect important modifications of the 'O values of
the fluids as a result of H,O, treatment, and the low amplitude
deviations of 6D suggest that the contribution of organic-
derived waters is weak or absent. This conclusion is in agree-
ment with that of HUDSON (1967) who considers that H,O
formed by oxidation of organic matter is not a major con-
tributor to the total water content of shell material and could
exert only a second-order effect at most. The use of H,O,
does not affect the stable isotope compositions of fluid inclu-
sions and effectively eliminates any contribution of extra-
neous waters that could become significant for samples that
are rich in organic matter.

ORIGIN OF TRAPPED WATER
IN BIOGENIC CARBONATES

From the arguments presented above, the decrepitated
waters are unaltered samples of water trapped in the carbonate
presumably at the time of shell formation. The measured

8'80 and 8D values are thus a clear indication that such water
does not represent remnants of environmental waters. More
likely these fluids are trapped body fluids whose isotopic
composition is controlled by biological factors.

In molluscs, shell aragonite or calcite is deposited from
the solution termed the extrapallial fluid, which is secreted
by the epithelium of the outer mantle (DEWAELE, 1930).
The function of the extrapallial fluid is to derive the necessary
mineralizing elements from the blood of the organism which,
in turn, acquires them from the environmental water. This
complex process is effective in partitioning trace elements
(SPEER, 1990). In fact, the only fluid thought to be in internal
contact with the shell during its formation is the extrapallial
fluid whose composition is known to be controlled by met-
abolic processes.

Luz and KOLODNY ( 1985) have shown that the body fluids
of mammals and other vertebrates have 430 values that are
several per mil higher than those of local drinking water, the
presumed major source of oxygen used by the organisms.
The cause of '*O-enrichment is incorporation of atmospheric
O, and oxygen of organic food components which interact
with body water via their metabolic products H,O and CO,.

In the case of the molluscs, the main species studied here
(nine species out of eleven), shell formation depends on en-
ergy made available by the metabolism of the mantle. Me-
tabolism is the aggregate of all chemical reactions that occur
in living tissue and the respiratory rate is a fairly good indi-
cator of its magnitude (HAMMEN, 1980). Food is used as a
source of energy, and through respiration it is ultimately bro-
ken down by oxidation processes into carbon dioxide and
water. RAKESTRAW et al. {1951) and KROOPNICK and CRAIG
(1976) demonstrated that the '30/'°O ratio of dissolved ox-
ygen in the oceans is higher than that of atmospheric oxygen
due to preferential consumption of %0 by bacteria in ocean
waters. Because atmospheric oxygen has a high 520 value
of 23% (KROOPNICK and CRAIG, 1972), it is not surprising
that body fluids are relatively 20 rich but never exceed the
values of atmospheric oxygen. Metabolic rates of animals
and coupled amounts of absorbed food can be estimated from
the rate of oxygen consumption. But the rate of oxygen con-
sumption depends on intrinsic parameters like body size, ac-
tivity, endogencous rhythms, growth, and reproduction
(HUGHES, 1986). For example, smaller individuals respire
faster than larger ones. Extrinsic determinants of this param-
eter are temperature, partial pressure of oxygen, salinity, res-
piration in air or water, and food supply.

TABLE 4. 6D and & '%0 (in % vs SMOW ) values of trapped waters are given for three species
treated with H,O, and untreated. Amounts of organic C are given for Arca zebra and Strombus
gigas before the H,O, treatment. Analysis of organic C was made coulometrically.

Genus untreated H202 treated untreated H202 treated % organic C
8D (%SMOW) 8D (%:SMOW) 5180 (%:SMOW) 3 180 (%.SMOW)
average value average value
Anadara notabilis -32 -26+3 19.1 16910 n. d.
Arca zebra -33 274 n.d. 9605 0.9
Strombus gigas -81 -73+2 13.2 150+12 0.15

n. d.: not determined
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The positive and varying 6'%0 values recorded by the
trapped waters in the shells can be explained by a combination
of multiple factors that integrate the isotopic composition of
environmental water and the metabolic rate of each species,
itself a function of living temperature, food supply, body size,
etc. In agreement with this interpretation, corals live in trop-
ical waters, have high metabolic rates, and the inclusion waters
in their shells have high & '®0 values. The lowest 820 values
measured for trapped waters in shells are for organisms living
in isotopically light and cold waters.

The absence of a correlation between the §'30 values of
carbonate hosts and their trapped waters accentuates those
cases where fluids trapped in the shell structure have high
5180 values and the carbonate shells themselves have §'*0
values that correspond to isotopic equilibrium with the en-
vironmental water, as shown by the data for Anadara nota-
bilis, Strombus gigas, or Cittarium pica. These observations
could mean that, in most cases, metabolic H,O does not
exchange oxygen isotopes with the HCOj3 ion that is taken
directly from ambient water and incorporated into the shell
as CO% ions via enzymatic activity (WILBUR and SALEUD-
DIN, 1983). Complicating the issue is the fact that H,O fluxes
between the organism and seawater are probably much higher
than the metabolic fluxes (MCCONNAUGHEY, 1989b) that
might be responsible for producing relatively '*O-rich internal
water. In fact, passive water diffusion across membranes
should be about a million times faster than the generation
of '#0-rich water from respiration.

The release of CO, at the lowest temperatures of decrep-
itation may provide an important clue to unravelling the
isotopic systematics of shells and the nature of their inclusion
fluids. Several points are pertinent to understanding this and
related observations: (1) The trapped COs; is in near isotopic
equilibrium with the inclusion waters and thus, must be
present in intimate contact with the inclusion water in the
shell; (2) inclusion CO, and H,O have incorporated '#O-rich
respiratory oxygen, but CaCO; has not; (3) because removing
organic matter does not release the high- 20 fluids, it would
appear that they are trapped as true fluid inclusions in the
CaCOQ; and not in interstices of the organic matrix; (4) car-
bonic anhydrase, an enzyme used by shell-bearing organisms,
should promote rapid oxygen isotope exchange between water
and dissolved C-O species; and (5) CO, is not a dominant
species at a pH near 8, implying that the trapped CO,-H,0O
mixtures have not been in contact with seawater.

Accounting for the above phenomena must involve com-
plicated kinetic and equilibrium processes and bear on the
timing of shell deposition relative to the timing of metabolic
reactions. It would appear that the organisms deposit their
shells from HCO73 in the pallial fluid that is in isotopic equi-
librium with the environmental water. Respired CO, and
H,0 must then be trapped at varying fast rates within the
CaCO; before having the opportunity to exchange with the
pallial fluid. Such a proposal is at some variance with con-
ventional views of shell deposition and will require future
experiments to resolve the conflicts,

The 6D values of the trapped waters are consistently lower
than those of ambient waters, except for red algae. For marine
species, typical 6D values for the trapped waters are in the
range —35 to —20%o, contrasting strongly with éD values of

less than —60% for trapped waters in freshwater species ( Fig.
2). The difference of 35 to 40%. between the trapped waters
is roughly equivalent to the difference in 6D values between
seawater (0% ) and Great lakes water (—50 to —40%o).

EPSTEIN et al. (1976) demonstrated that hydrogen atoms
bonded to oxygen in organic matter exchange readily with
water even at low temperatures, whereas hydrogen bonded
to carbon seems to be nonexchangeable. In molluscs, H,O
is also thought to be associated with an organic matrix (GAF-
FEY, 1988; GAFFEY et al., 1991) and hydrogen isotope ex-
change could occur. In addition to our evidence that such
water is normally not abundant, this process is unlikely be-
cause isotopic exchange with organic matter should cause an
increase in 8D of the fluid, a direction opposite to what is
observed in our data, except for red algae. The low éD values
of trapped waters in the carbonate shells could result from
isotopic fractionations during the incorporation and metab-
olism of hydrogen from food. The large spread of 6D values
is in agreement with the data of SCHIEGL and VOGEL (1970)
who analyzed marine plants and animals and observed 6D
values of lower than —100%. to about —10%.. This large range
of values was attributed to variations in the chemical com-
position of organic matter.

Figure 3 shows the variations in 8'*0 and 8D values of
waters extracted from different aliquots of the same sample.
During crushing of the biogenic carbonates, grains from dif-
ferent parts of the shells were mixed without considering their
provenance from the different layers. Metabolic activity and
isotopic compositions of respired fluids may be influenced
by environmental factors, especially temperature which varies
seasonally. It has been known for a long time that there are
fine-scale variations in 8'80 within a single shell as a con-
sequence of seasonal variations in temperature and isotopic
compositions of the environmental fluids (EPSTEIN and
LOWENSTAM, 1953).

Changes in the isotopic composition of environmental wa-
ter with seasonal variations can also be responsible for the
scatter observed in 680 and 8D values of fluids from the
same animal. All the molluscs studied (Table 1) are intertidal
organisms (except algae and corals), and they are probably
subjected to greater environmental fluctuations than are ex-
perienced in any other habitat. Complementary data are re-
quired to test whether these isotopic variations are seasonally
controlled or not. Analysis of fluids from separate layers of
large molluscs will be performed in a later study.

CONCLUSIONS

The following arguments suggest that natural and original
fractionation processes are mainly responsible for the §'30-
oD variations recorded by waters trapped in skeletal carbon-
ate:

1) each species defines a distinct field in 8 '*O-8D space sug-
gesting that isotopic variations are dominantly species-
controlled;

2) scatter in the data is not systematic;

3) there is no correlation between the §'8%0 values of H,O
and host carbonate;

4) there is no correlation between the 60 value of H,O
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and either temperature or amount of CQO; released (ex-
cluding CO, from decarbonation at high temperatures);
and

5) 6D values of inclusion H,O are very different from
of ambient waters.

While interpretations of these preliminary isotopic data
must remain tentative, the trapped waters in biogenic car-
bonates unquestionably cannot represent ambient waters.
Furthermore, the association of positive 6'%0 values with
negative 8D values (except for the red algae), the species-
controlled distribution of §'%0-8D values, and the second-
order effects on 'O values induced by the isotopic com-
position and temperature of ambient waters all support the
interpretation that these trapped waters are remnants of met-
abolic fluids. The trapped fluids are often dominated by '*0O-
rich respired H,O and CO, that did not undergo isotopic
exchange with pallial water. This interpretation is well sup-
ported by physiological properties of marine invertebrates
but at some variance with conventional mechanisms of shell
building. The isotopic characterization of these trapped waters
could provide information about the metabolic activity of
well-preserved fossils. Moreover, the stable isotope charac-
teristics of these trapped waters could also be used as a di-
agnostic test of the preservation state of fossil biogenic car-
bonates. Loss of water during diagenesis and replacement by
meteoric waters should be easily detected.

The experiments performed during this study showed that
all water is liberated by aragonite shells above 200°C in a
vacuum. GAFFEY (1988) and GAFFEY et al. (1991) suggested
that the water in aqueous fluid inclusions could be sufficient
to serve as a medium for diagenetic reactions affecting either
other carbonates or associated silicate rocks. Isotopically, the
waters contained in biogenic carbonates define a huge field
of values determined so far with only eleven species but com-
ing from contrasting environments. The 3'30-6D fields,
however, are distinctly different from those of meteoric,
magmatic, or marine waters. The role of these trapped waters
should not be neglected in some restricted geological contexts
where the burial of significant amounts of biogenic carbonates
can liberate enough water to participate in or initiate diage-
netic or metamorphic reactions. The isotopic compositions
of these waters can be a sensitive tracer for this kind of fluid
particularly when other types of fluids are not abundant.
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