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ABSTRACT

Aragonitic clathrites are methane-derived precipitates that are found at sites of massive
near-seafloor gas hydrate (clathrate) accumulations at the summit of southern Hydrate
Ridge, Cascadia margin. These platy carbonate precipitates form inside or in proximity
to gas hydrate, which in our study site currently coexists with a fluid that is highly en-
riched in dissolved ions as salts are excluded during gas hydrate formation. The clathrites
record the preferential incorporation of 180 into the hydrate structure and hence the
enrichment of 180 in the surrounding brine. We measured $180 values as high as 2.27%o
relative to Peedee belemnite that correspond to a fluid composition of —1.18%o relative to
standard mean ocean water. The same trend can be observed in Ca isotopes. Ongoing
clathrite precipitation causes enrichment of the 4Ca in the fluid and hence in the car-
bonates. Carbon isotopes confirm a methane source for the carbonates. Our triple stable
isotope approach that uses the three main components of carbonates (Ca, C, O) provides
insight into multiple parameters influencing the isotopic composition of the pore water
and hence the isotopic composition of the clathrites. This approach provides a tool to
monitor the geochemical processes during clathrate and clathrite formation, thus record-
ing the evolution of the geochemical environment of gas hydrate systems.
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fractionation.

INTRODUCTION

Gas hydrates (clathrates) are crystalline sol-
id compounds that host |ow-molecular-weight
gases such as methane within cages formed by
water molecules. The gas hydrates at the sum-
mit of southern Hydrate Ridge of the Cascadia
margin have been found together with clath-
rites (Fig. 1), which are a unique form of
methane-derived high-Mg calcite and arago-
nite (Bohrmann et al., 1998; Greinert et a.,
2001; Teichert et a., 2003). The term **clath-
rite” was introduced by Kennett and Fackler-
Adams (2000, p. 218) for ‘““‘sedimentary rocks
exhibiting an association of soft-sediment de-
formation that resulted from gas hydrate for-
mation or dissociation.” Bohrmann et al.
(2002) further refined the definition to empha-
size the close relationship between these car-
bonates and gas hydrates. The carbonates are
found directly inside massive gas hydrate lay-
ers (Fig. 1) and sometimes exhibit surface
morphologies that image the morphology of
the gas hydrate bubble fabric (Bohrmann et
al., 2002). Furthermore, pore-water chemistry
indicates that aragonite forms in the interstices
of solid gas hydrate (Suess et al., 2001).

Increasing efforts are being alocated to
studies of gas hydrates and their host litholo-
gies because methane hydrates are regarded
not only as a potential energy source but also
as asignificant geohazard risk because of their
common occurrence along continental mar-
gins. The most original pore-water samplesin
the immediate vicinity of clathrates have been
obtained by recovery and sampling of sedi-
ment cores and grabs (Haeckel et al., 2004;
Torres et a., 2004). These pore waters that
surround the gas hydrates are called brines,
because they are highly enriched in dissolved
ions as opposed to unaltered, pristine pore wa-
ter. During gas hydrate formation, the ions are
excluded from the salt-free cages of water
molecules of the hydrates. These brines can
only form because of the highly dynamic na-
ture of the gas hydrate system and the rapid
growth of the gas hydrates, which is much
faster than the fluids can be modified by dif-
fusion (Torres et al., 2004). The previously
sampled gas hydrate brines can only provide
a snapshot of the current in situ conditions and
thus bear a significant risk of sampling
artifacts.

Here we present new data that revea the
isotopic composition and evolution from pris-
tine pore fluid to a gas hydrate brine due to
gas hydrate and clathrite formation. The 8180
values of the clathrites alow the reconstruc-
tion of the fluid composition and show the en-
richment of 160 in the fluid due to the pre-
ferred incorporation of 180 in the clathrate
structure. The 313C values of the clathrites
seem to reflect depletion of 12C in the fluid.
The 344/40Ca values of the clathrites are the
first Ca isotope data of seep carbonates. The
data show an enrichment of 4*Cain the clath-
rite and indicate the presence of afluid that is
highly enriched in 4Ca compared to seawater.

MATERIALS AND METHODS

Eight samples of clathrites from four dif-
ferent locations of Hydrate Ridge were select-
ed for stable isotope (8180, 813C, 344/40Cq)
analyses (Table 1). The carbonate samples
were retrieved from near-surface sediments
down to a depth of ~0.5 m below seafloor
(mbsf) with a video-guided grab sampler dur-
ing R/V Sonne cruises SO143 (Bohrmann et
al., 2000) and SO148 (Linke and Suess,
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Figure 1. Photographs of clathrite samples.
A: Platy, aragonitic clathrite (yellow color)
with more or less flat bottom (proximal to
gas hydrate) and irregular top (distal to gas
hydrate). B: Aragonitic clathrite (yellow) with
gas hydrate attached (sample stored in lig-
uid nitrogen).

2001). Each sample was subsampled with a
hand-held microdrill at the lower and the up-
per parts of the carbonate crust. The subsam-
ples were analyzed for their oxygen, carbon,
and calcium isotope composition. The oxygen
and carbon isotopes were measured at the Uni-
versity of Bremen following standard proce-
dures. All values are reported in per mil (%o)
relative to the Peedee belemnite (PDB) stan-
dard by assigning a 5180 value of —2.20%o to
NBS 19. Analytical standard deviation is
~=0.05 for 813C and +0.07 for 8180.

The determination of the Ca isotope ratios
was performed on a Finnigan TRITON T1
thermal-ionization mass spectrometer at the
Leibniz-Ingtitute for Marine Sciences at Kiel
University (IFM-GEOMAR), fallowing proce-
dures of Heuser et al. (2002). The isotope var-
iations are expressed as 54440Ca vaues (54
40Ca = [(44C3{4oca)mple/ (“Cal*Ce)sandard —
1] X 1000), relative to SRM915a from the Na
tional Institute of Standards and Technology, as
suggested by the International Union of Pure
and Applied Chemistry (Coplen et al., 2002;
Eisenhauer et al., 2004). The $40Ca value of
the in-house CaF, standard, previously used
for normalization, is 1.450%. = 0.025%o
SRM915a (20, (Heuser et d., 2002; Gussone
et a., 2003). The reproducibility (2o,,) of our
samples is ~0.12%o, as determined by repeated
measurements of various sample materias. All
samples were measured at least twice.

CLATHRITES

Clathrites occur in two different lithologies
(Bohrmann et al., 1998). One kind is com-
posed of sediments cemented with high-Mg
calcite and often brecciated. The other kind is
a pure aragonitic precipitate of yellow to or-
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TABLE 1. STABLE ISOTOPE DATA OF CLATHRITE AND WATER

Sample* Label 3C 3180 31807 3440Ca 34M40Cay iq®
(%0, PDB) (%o, PDB) (%0, SMOW) (%0, SRM915a) (%0, SRM915a)

44°34.21'N, 125°08.81'W
21-2-B-d C1 —46.25 2.74 -0.71 1.18 3.05
21-2-B-p C1 —48.16 3.04 —0.42 0.83 271
21-2-H-d C2 —46.45 3.26 —0.19 0.68 2.55
21-2-H-p C2 —48.10 3.49 0.04 0.65 2.53
44°34.19'N, 125°08.84'W
36-A-d* C3 —46.54 3.32 —-0.14 0.72 2.59
36-A-p* C3 —-53.10 3.34 -0.11 0.44 2.31
44°34.23'N, 125°08.84'W
222-C-d C4 —41.95 2.27 —1.18 1.05 2.92
222-C-p C4 —49.60 3.56 0.11 0.49 2.37
44°34.22'N, 125°08.84'W
56-1-F-d C5 —42.18 3.14 —-0.31 0.78 2.65
56-1-F-p C5 —40.70 3.28 -0.18 0.84 2.71
56-1-H-d C6 —39.75 2.83 —0.63 0.73 2.60
56-1-H-p C6 —39.25 2.97 —0.49 0.63 2.51
56-1-M-d Cc7 —40.33 3.34 -0.11 0.79 2.67
56-1-M-p Cc7 —43.06 3.19 -0.27 0.55 242
56-1-N-d C8 —43.88 3.35 -0.11 0.63 2.51
56-1-N-p C8 —44.88 3.50 0.04 0.69 2.56
Pristine pore water (Haeckel et al., 2004) -0.04

—0.01
Clathrate brine (Suess et al., 1999) —2.88

—-1.24

Note: PDB = Peedee belemnite standard; SMOW = standard mean ocean water.

*d = distal; p = proximal.

3180 calculated for the fluid from clathrite measurements after Hudson and Anderson (1989).
§544140Cay,,4 calculated for the fluid from clathrite measurements after Gussone et al. (2003).

#Cruise S0148; other samples are from cruise SO143.

ange color. In the following we only refer to
the latter, which can be described as crusts be-
cause of their platy appearance (Fig. 1; see
Teichert et al., 2003). Individual samples vary
in thickness but are usualy as much as 1 cm
thick and ~15 cm across. Microscopic inves-
tigations reveal that the clathrites are com-
posed of botryoids with a radius of as much
as 500 pm. Most samples exhibit one more or
less flat surface, suggesting precipitation par-
alel to sediment stratification, whereas the
other side is irregular. Petrographic investiga-
tions revea that the flat surfaces form at the
beginning of clathrite precipitation. The injec-
tion of methane-rich gases causes sediment
disruption and the opening of pore spaces
(Bohrmann et a., 1998) in which the clathrites
can precipitate, as indicated by the pure, bot-
ryoidal aragonite. Because the flat surfaces of
the clathrites sometimes exhibit shapes that
partially image the inner surface of gas hy-
drate bubbles, it is most likely that the clath-
rites started to precipitate next to or within gas
hydrates.

A charecteristic feature of all methane-
derived carbonates is the enrichment in 12C.
The resulting low 313C values clearly identify
methane as the carbon source. During the mi-
crobially mediated anaerobic oxidation of
methane, 12C-enriched bicarbonate (HCO3) is
produced. The increase in akalinity then in-
duces the precipitation of calcium carbonate.

STABLE ISOTOPES

The measured §180ppg values of al clath-
rites range from 2.27%o. to 3.56%. (Table 1;
Fig. 2A). The 8180ppg equilibrium value for
an aragonite precipitated from seawater (0%o
relative to standard mean ocean water
[SMOW]) at the measured bottom-water tem-
perature of 4.7 °C is 3.46%o (calculated after
Hudson and Anderson, 1989). Most of the
measured values are lower than the calculated
equilibrium value. A prominent feature of
most samples is the 8180 variation between
the distal and proximal sides of the sample
(Table 1). Here we define a **proximal” sub-
sample as an early carbonate layer precipitated
close to gas hydrate and a *‘distal”” subsample
as a late carbonate layer precipitated farther
away from gas hydrate toward the gas hydrate
brine. The samples that are most enriched in
180, except 56-1-M, occur proximal to the gas
hydrate, whereas the samples that are most de-
pleted in 180 are usualy found distal to the
gas hydrate. The largest §180ppg difference
between the proximal and distal subsamplesis
1.29%o, which was measured in sample 222-
C (Table 1).

The most important parameters influencing
the oxygen isotope fractionation are probably
the precipitating fluids, which might be sea-
water, pristine pore water, gas hydrate brine,
or gas hydrate water (freshwater enriched in
180 that is released during decomposition of

GEOLOGY, March 2005



3.87A
:\§ 3.4 i 0 2 3 2
~ (0]
g 3.0 £
o S g
w264
2.2
-38.01p S A
—~ -42.01 2 g
2 i
~ (9]
8 -46.01 3 8 E
s7128 a
“© 5001
-54.04
1.29¢ A
£ 104
2 T 1)
£ 0.8 3 E
©
o] 2
€ 061 ¢ g
3
w -
0.4

C1 C2 C3 C4 C5 C6 C7 C8
Figure 2. Oxygen, carbon, and calcium iso-
topes of all clathrite samples. Open symbols
are samples precipitated proximally to gas
hydrate; closed symbols are samples pre-
cipitated distally to gas hydrate. See Table 1
for labels. A: 8¥0Oppg. B: 8*°Cppg, (PDB—
Peedee belemnite standard). C: &
#°Casrmorsa:

hydrate). An important process in this envi-
ronment is the preferential uptake of 180 in
gas hydrates and a brine enriched in 160 as a
result of solid-fluid isotope fractionation (e.g.,
Hesse, 2003). In this specific setting, other pa-
rameters that might influence the oxygen iso-
tope fractionation play either a minor role
(temperature, global ice volume) or have not
been measured precisely enough (pH).

The 313Cppg values of the clathrites vary
from —38.35%0 to —53.10%0 (Table 1; Fig.
2B). The 313C vaues vary within each sam-
ple. The samples proximal to gas hydrate are
more enriched in 12C than the distal samples,
except for samples 56-1-F and 56-1-H. The
largest difference between the proximal and
distal samples is 7.65%0, measured in sample
222-C.

The §%440Ca ratios of the clathrites show a
range between 0.44%. and 1.18%o relative to
the SRM915a isotope standard (Table 1). The
34440Cagpnorsa €quilibrium value for an in-
organicaly precipitated aragonite from sea-
water with a 84440Cagrpi915, Value of 1.88%o
(cf. Eisenhauer et a., 2004) at 4.7 °C is
0.09%o, calculated after Gussone et a. (2003)
as follows: $4440Ca = (0.015T — 2.23) + Ay
+ Ap (T is temperature in degrees Celsius; Ay
= 145, for renormalization from CaF, to
SRM915a standard; Ag = 0.8, for the differ-
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ence between the artificial solution used in
Gussone et a. [2003] and seawater). The mea-
sured 3%440Ca of all samples is higher than
the calculated equilibrium value. The Ca iso-
tope composition for four of the samples
shows variations between samples proximal
and distal to gas hydrate larger than the pre-
cision of the measurement; the largest varia-
tions (0.56%o) are in sample 222-C (Fig. 2C).
Proximal layers of the samples are less en-
riched in 4Ca (5%4%Cagzmoisa = 0.69%o),
whereas distal layers are highly enriched in
4Ca (5*4%Cagrmorsa = 1.18%0) except for
samples 56-1-F and 56-1-N (Table 1; Fig. 2C).
In this particular setting, the §4440Ca of the
clathrite samples is mainly affected by chang-
es in the isotopic signature of the fluid, be-
cause both temperature changes of the fluid
and the temperature dependence of Caisotope
fractionation in inorganic aragonite are small
(0.015%0 per 1 °C; Gussone et a., 2003).

DISCUSSION

The described data set of oxygen, carbon,
and calcium isotopes shows isotopic varia-
tions between the samples precipitated proxi-
mally to gas hydrate and distally, where pre-
cipitation stopped. Earlier studies from
Teichert et al. (2003) suggest that the carbon-
ate samples used in this study had al ceased
growing. The variations in the isotopic com-
position indicate that at least one parameter
(e.g., fluid signature, temperature, fraction-
ation due to gas hydrate formation) changed
continuously during the precipitation of the
clathrites and caused successive isotope frac-
tionation within the carbonates.

First, we consider the oxygen isotope com-
position of al subsamples precipitated proxi-
mally to gas hydrate as representing the con-
ditions at the beginning of carbonate
precipitation. The 8180ppg values scatter from
2.97%0 to 3.56%0 around the calculated equi-
librium value (3.46%o), indicating precipita-
tion from a fluid with near-seawater oxygen
isotope composition (Fig. 2A). During ongo-
ing precipitation (distal samples), the 8180
values become enriched in 160 (Fig. 2A) be-
cause of gas hydrate formation that succes-
sively enriches the ambient pore fluid in 160.
Because gas hydrate decomposition would re-
lease 180-enriched water, our measured data
of the carbonates are consistent with carbonate
precipitation during ongoing gas hydrate
formation.

With our measured 3180 values of the clath-
rites, we can now reconstruct the evolution of
the 3180 value of the gas hydrate brine (Table
1; Fig. 3). By assuming a temperature of 4.7
°C, we can calculate the oxygen isotope com-
position of the water from which the carbon-
ates precipitated (after Hudson and Anderson,

0.5 - Time ]
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Figure 3. Graph of measured (meas)
8180gyow Values of pristine pore water (pw)
and clathrate brine taken from Suess et al.
(1999) and Haeckel et al. (2004) and calcu-
lated (calc) composition of altered pore wa-
ter derived from our measured 380, val-
ues of clathrite samples (see Table 1). PDB—
Peedee belemnite; SMOW—standard mean
ocean water.

1989). The calculated 8180gy o Values from
the subsamples distal to gas hydrate range
from —1.18%0 to —0.05%.. Figure 3 shows
how these reconstructed ratios are related to
5180 measurements of clathrate brine and
pristine pore water from similar depth. The
caculated 5180gy o Vvalues range from mea-
sured pore-water signatures to measured
3180gyow Vaues of a clathrate brine of
—1.24%0. The variability in the measured
3180 of the clathrate brine might be caused by
differing primary pore-water compositions
and by the gas hydrate growth rate (Tomaru
et a., 2004).

The low 313C of the clathrites clearly in-
dicates that they are methane derived. Because
the fractionation of carbon isotopes between
fluid and carbonate is negligible, the §13Cppg
values of the subsamples precipitated proxi-
mally to gas hydrate (—53.10%o to —39.25%;
Table 1) can be regarded as the isotopic com-
position of the fluid from which the
carbonates precipitated. During ongoing car-
bonate precipitation, the fluid seems to have
been enriched in 13C (Fig. 2B). A possible ex-
planation for the enrichment in 13C, observed
in six of eight samples, might be that microbes
preferably consume the 12C. Another expla
nation might be that the methane carbon is
exhausted through gas hydrate formation, so
that the influence of biogenic carbon enriched
in 13C in the fluid would increase. Because
only six of eight samples show the enrichment
in 13C, other mechanisms may control changes
in the dynamic fluid regime that are driven by
microbia response.

Our caculated §4440Cagzpo15a €Qquilibrium
value is 0.09%.. However, the measured &4
40Cagrmoisa Values of the subsamples precip-
itated proximaly to gas hydrate (0.44%o0—
0.83%0; Table 1; Fig. 2C) are significantly
enriched in “#4Ca relative to the calculated
equilibrium value. We can then reconstruct the
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34440Cagrmosa Of the fluid from which the
proximal samples precipitated (after Gussone
et al., 2003) because the precipitation rates of
our samples were slow enough to exclude ma-
jor disequilibrium effects [at a maximum, ~8
wmol/(m2-h)]. The calculated §444°Cagzpiorsa
values for the fluid range from 2.31%. to
2.71%0 (Table 1). These values are 0.43%0—
0.83%0 more enriched in 4Ca than seawater,
which has a uniform calcium isotope compo-
sition of ~1.88%o (cf. Eisenhauer et al., 2004).
To date there are no published 34449Ca values
in pore-fluid samples to compare with our cal-
culated values. Nevertheless it is conceivable
that pore fluids are becoming enriched in 4Ca
during their ascent owing to diagenetic pro-
cesses or deep carbonate precipitation.

Because calcium is not incorporated into
the hydrate structure, the most probable pro-
cess responsible for a fractionation of Ca iso-
topes in the gas hydrate brine is the formation
of the carbonate. If the clathrites precipitate
faster than diffusion, 4*Cawill be successively
enriched in the fluids surrounding the carbon-
ates because the “°Ca is preferentially incor-
porated into the carbonate (cf. Skulan and
DePaolo, 1999). This effect will have an even
greater impact if the advection of fluids from
deeper is partially restricted through layers of
gas hydrate or authigenic carbonate. A simple
Raleigh fractionation can be used to calculate
that ~30% of the Ca ions in the brine are
incorporated into the clathrites; this calcula-
tion employs a fractionation factor of a =
(44Cal40Ca)arag/ (44Cal40Ca)f|uid = 0.99813 at
4.7 °C between aragonite and fluid and as-
sumes a pore-fluid 344/40Caggyig154 Value of
2.31%o, obtained from the subsample proximal
to gas hydrate of sample 36-A (which is the
least enriched sample) as the best approxi-
mation because pore-water data are not
available.

SUMMARY AND CONCLUSION

While clathrites precipitate, they function as
unique in situ recorders of the geochemical
environment during clathrate formation. This
study indicates that the fluid is modified by
the precipitation of two solid phases, the clath-
rites and clathrates. Thus, the clathrites are the
first seep carbonates that can clearly be asso-
ciated with gas hydrate growth. Dating of
these carbonates, as done in Teichert et al.
(2003), provides ages that correspond to times
of probably enhanced methane flux and fast
gas hydrate growth.

The combination of calcium, carbon, and
oxygen isotope analyses of clathrites opens a
valuable archive of geochemical changes in
environments of rapid gas hydrate formation
that are till difficult to sample and often bi-
ased by sampling artifacts. The three proxies
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provide information about the composition of
the gas hydrate brine that has only been sam-
pled twice (Haeckel et a., 2004; Torres et a.,
2004). But even these two measurements are
only snapshots and cannot tell us anything
about the tempora evolution of the brines.
The carbonates, in contrast, have the potential
to record the temporal evolution and thus en-
hance reconstructions of the geochemical en-
vironment of fossil hydrate deposits.
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