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ABSTRACT

Isotopic characterization of carbon in the dissolved inorganic carbon
(DIC) pool is fundamental for a wide array of scientific studies directly
related to gas hydrate research. In order to generate integrated and in-
ternally consistent data of 8'3C of DIC in pore waters from Hydrate
Ridge, we used the modern continuous flow technology of a GasBench
IT automated sampler interfaced to a gas source stable isotope mass spec-
trometer for the rapid determination (~80 samples/day) of 6'*C DIC in
small-volume water samples. The overall precision of this technique is
conservatively estimated to be better than £0.15%o0 (1 ¢), which is simi-
lar to the precision of methods in current use. Here we present the data
generated from Ocean Drilling Program Leg 204 pore water samples.

INTRODUCTION

Drilling on Hydrate Ridge (Fig. F1) during Ocean Drilling Program
(ODP) Leg 204 aimed at understanding the biogeochemical factors con-
trolling the distribution and concentration of gas hydrates in an accre-
tionary margin setting. Several of these objectives address fundamental
questions pertaining to the carbon cycle and fluid transport in this ac-
cretionary margin in an effort to document the source and flux of hy-
drocarbons to the gas hydrate stability zone. The isotopic
characterization of the dissolved inorganic carbon (DIC) pool is critical
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to address these objectives, which include establishing carbon sources
and metabolic paths for organic carbon decomposition (Claypool et
al., this volume), as well as allowing for reconstruction of the history of
the development of this gas hydrate-bearing province based on
analyses of carbonate deposits.

ANALYTICAL METHOD

Traditionally, analyses of 8'3C of DIC in natural waters has been ac-
complished by either stripping the gases offline (Kroopnick, 1974) Ortiz
et al., 2000) followed by injection to a mass spectrometer or by vac-
uum-extraction of the CO, by cryotrapping online with a mass spec-
trometer (Graber and Aharon, 1991). In addition, Salata et al. (2000)
describe a method based on sample acidification and offline equilibra-
tion followed by headspace sampling and isotope measurement using a
gas chromatography-combustion (GC-C) system online with a continu-
ous-flow gas-source mass spectrometer. These methods range in analyti-
cal precision from +0.04%o0 to +0.2%o0 can be time consuming and
require a minimum of 1 mL of pore water sample (see review of tech-
niques in Torres et al., 2005).

We developed a new method for measuring 8'3C in DIC to allow for
analysis of small volumes, which are typically available for pore water
studies, while minimizing the manual labor similar to the GC-C injec-
tion method of Salata et al. (2000). The new technique, described by
Torres et al. (2005), is based on direct injection of a pore water aliquot
into a GasBench-II headspace autosampler, a continuous-flow interface
that allows injections of several aliquots of a single gas sample into a
mass spectrometer. The sample headspace is flushed automatically with
helium to reduce residual air. Acid (100 pL of 43% H;PO,) is then in-
jected with a gas-tight syringe and the samples are allowed to evolve
DIC as CO, gas into the headspace. After an equilibration period of ~12
hr, the headspace gases are flushed with a helium stream, which passes
through a sample loop of selected volume (50, 100, or 250 pL). The
sample loop is charged with gas and a known volume of sample is then
transferred to a second helium stream that flows through a gas chroma-
tography column to separate the CO, from other gas compounds and a
porous membrane trap to remove water. The dry sample stream is trans-
ferred to a Finnigan DELTAplusXL mass spectrometer, which integrates
the relevant isotope masses (m/z 44, 45, and 46) as the CO, peak enters
the source.

The method requires <0.5 mL of seawater sample (DIC > 2 mM), or
~12 ng C. For the Leg 204 pore water samples, with alkalinity values
ranging from that of seawater to concentrations >100 meq/L, the sam-
ple volumes used ranged from 30 to 50 pL. This low volume require-
ment allowed duplicate measurements in selected samples to ascertain
data precision. The technique involves little or no manual preparation
of samples and allows throughput of ~80 samples per day in fully auto-
mated mode, including the delay time for equilibration. Based on mul-
tiple standard measurements, the overall precision of this technique is
conservatively estimated to be better than £0.15%o (Torres et al., 2005).
Standardization is provided by tank CO, referenced to an array of inter-
national standards, and analyses are monitored against a stock solution
of reagent NaHCO;.
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The isotopic composition of the DIC in Leg 204 samples was mea-
sured in pore water subsamples preserved with HgCl, (5 pL/mL) and
flame-sealed in 5-mL glass vials immediately after collection.

RESULTS

A total of 241 pore water samples were analyzed. These range from
samples collected from a depositional basin, where fluid advection rate
is very low (Site 1251) (Fig. F1) to the ridge summit (Sites 1248, 1249,
and 1250), where rapid upward methane transport occurs (Torres et al.,
2004). The isotopic data are listed in Tables T1, T2, T3, T4, TS5, T6, T7,
T8, and T9. The precision of the §'3C measurements based on replicate
analyses of a NaHCO; stock solution over a 7-week period was +0.08%o.

Pore water profiles for sites at the ridge flanks and adjacent basin
(Sites 1244, 1245, and 1251) (Fig. F2A, F2B) reveal the classic decrease
in 8'3C values in the shallow subsurface resulting from oxidation of or-
ganic matter by sulfate, with minimum &'3C DIC values of -22.46%0
(Site 1244) and -24.86%o (Site 1245) coincident with the depth of sul-
fate depletion (Fig. F2D). These results show that although Hydrate
Ridge is an area of extensive methane advection and gas hydrate forma-
tion, rapid burial of the sediments at the flanks of the ridge apparently
limits the amount of methane that diffuses to the sulfate reduction
zone, thus precluding a major contribution to the total DIC by anaero-
bic methane oxidation. This inference, based on stable isotope distribu-
tions, is supported by geochemical models based on stoichiometric
sulfate and alkalinity gradients (Claypool et al., this volume), as well as
by analyses of microbial activities, which at these sites show very low
anaerobic methane oxidation rates (A. Boetius, pers. comm., 2004).

Upward fluid flow at the ridge summit leads to the formation of mas-
sive gas hydrate deposits in the near-surface sediments of Sites 1249
and 1250 (Tréhu, Bohrmann, Rack, Torres, et al.,, 2003; Tréhu et al.,
2004). Pore water data are consistent with this inference, showing sul-
fate concentrations near zero even in the shallowest pore water sam-
ples. The &'3C DIC in all fluids sampled at the summit sites is +15%o
(Fig. F2E, F2F), as with the fluids sampled below the sulfate reduction
zone at all the other sites drilled during Leg 204. These high values re-
flect preferential removal of the '3C-depleted DIC during methane for-
mation (e.g., Claypool and Kaplan, 1974) such that the residual
interstitial water bicarbonate shows a marked enrichment in 3C. Ad-
vection of these fluids to near-surface sediments at the ridge summit re-
sults in the observed 8'3C DIC distribution.

In addition to characterizing the DIC sources (organic matter degra-
dation vs. methane oxidation) and transport mechanisms (advection of
deep fluids at the ridge summit), the 8'3C DIC in pore fluids has been
incorporated into studies of carbonate phases collected during the leg
to provide the framework needed to unravel the history of gas hydrate
formation and destabilization recorded in benthic foraminifers and au-
thigenic carbonate phases on Hydrate Ridge and elsewhere (Bohrmann
et al., 1998; Teichert et al., 2003a, 2003Db).
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Figure F1. A. Bathymetry of the Hydrate Ridge region. Box shows location of southern Hydrate Ridge (SHR)
and ODP Site 892 on northern Hydrate Ridge (NHR). B. Detailed topography of SHR area targeted by Leg
204. Bathymetry from Clague et al. (2001).

A

44°36'

45093,

44024’

125°24'W 125°12' 125°00' 124°48'

B 24364
N

44° 33"

125° 06' 125° 03'



M.E. TORRES AND W.D. RUGH
DATA REPORT: CHARACTERIZATION OF DISSOLVED INORGANIC CARBON 7

Figure F2. Downcore distribution of §'3C DIC in pore waters from southern Hydrate Ridge (SHR). A. Fluids
sampled at Sites 1244 and 1245. Symbols denote different holes at each site. B. Fluids from Site 1251, drilled
at a depositional basin east of SHR. Symbols denote samples from different holes drilled at this site and are
in excellent agreement with data collected among the three holes. C. §'3C depletion in upper 10 mbsf at
Sites 1244 and 1245. Corresponds to the depth of sulfate depletion illustrated in D. D. Sulfate depletion at
Sites 1244 and 1245 (Tréhu, Bohrmann, Rack, Torres, et al., 2003). E. Fluids from Site 1248 in which vertical
advection brings 3C-enriched fluids to shallow depths consistent with inferences made on other pore water
data (Tréhu, Bohrmann, Rack, Torres, et al., 2003). Advection is most pronounced at the summit Sites 1250
and 1249, where heavy DIC is observed even in the shallowest samples, which are also depleted in sulfate,
as illustrated in F. F. Sulfate depletion at Sites 1249 and 1250 (Tréhu, Bohrmann, Rack, Torres, et al., 2003).
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Table T1. Dissolved inorganic carbon isotopic com-
position in pore fluid samples, Site 1244.

Core, section, Depth  '3C PDB
interval (cm) (mbsf) (%0)

204-1244C-
1H-1, 65-75 0.65 -3.14
1H-1, 65-75 0.65 -3.22
1H-2, 65-75 215 -8.28
1H-3, 65-75 3.65 -15.74
1H-4, 60-70 510 -21.41
2H-1, 65-75 6.15 -21.49
2H-1, 140-175 6.90 -22.46
2H-2, 66-75 7.65 -22.21
2H-2, 140-175 7.65 -22.46
2H-2, 140-175 8.40 -21.27
2H-3, 65-75 9.15 -17.23

3H-3, 140-150 19.40 8.06
3H-3, 140-150 19.40 7.39
4H-5, 135-150 31.85 11.43
5H-5, 135-150 41.35 13.18
7H-2,135-150 54.79 14.67
7H-5,135-150 58.97 14.61
9H-2, 135-150 74.85 13.77
9H-2, 135-150 74.85 13.37
10H-2, 55-70 83.55 13.82
12H-2, 135-150 103.35 12.58
13H-2, 135-150 112.85 12.78
13H-5,135-150 117.35 11.68
15H-2, 135-150 123.85 12.65
17H-2, 30-45 133.70 12.59
19X-5, 140-150 149.85 13.41
19X-5, 140-150 148.85 13.79
21X-3,135-150 163.15 13.13
23X-3,140-150 182.25 13.93
26X-3,135-150 210.10 13.72
27X-3,130-150 220.10 13.21
29X-3, 140-150 238.56 14.72
31X-3,135-150  258.65 14.20
34X-3,130-150 287.60 13.33
34X-3,130-150 287.60 13.54
29X-1,130-150 332.80 15.28

Note: PDB = Peedee belemnite.
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Table T2. Dissolved inorganic carbon isotopic composition in pore fluid samples, Site 1245.

Core, section, Depth  '3C PDB Core, section, Depth  §'3C PDB

interval (cm) (mbsf) (%0) interval (cm) (mbsf) (%o0)
204-1245B- 41X-2,125-150 361.25 10.22
1H-2, 140-150 2.9 -15.93 43X-4, 125-150 383.55 8.75
1H-5, 140-150 7.4 -24.86 45X-2,125-150 399.85 8.26
2H-2, 140-150 12.4 -11.07 49X-4, 0-25 430.11 7.5
2H-2, 140-150 12.4 -10.74 51X-2,125-150 447.95 6.35
2H-2, 140-150 15.4 -2.72 51X-2, 125-150 447.95 6.42
3H-2, 140-150 21.9 7.66 53X-2,125-150 466.51 6.34
3H-2, 140-150 21.9 8.32 204-1245D-
4H-2, 140-150 31.4 12 1H-1, 60-70 0.6 _3.28
om0
’ : ’ 1H-2, 65-76 215 1246
6H-5, 78-88 54.28  14.05 1H2 6576 515 1207
7H-2,140-150 5895 13.67 1H-2,135-150  2.85 -16.03
8H-2,132-142  64.99  13.6 1H-3, 85-100 385 2026
9H-2,134-144  78.66  13.5 2HA1, 6575 S5 2486
10H-5,140-150 9253 13.37 2H1, 135-150 635 2422
11H-5, 140-150 101.87 13.64 2H-2, 65-75 715  _24.55
11H-5,140-150 101.87  13.03 2H-2, 135-150 78s 213
13H-5,104-119 120.8  12.83 2H-3, 6575 865 1882
15X-3,130-150 130.66  13.46 2H-3, 135-150 935 1517
16X-3,130-150 141.8  13.69 24 135150 1085 -10.41
19X-2,125-150 159.75  13.83 M5 135150 1235 647
20X-2, 125-150 169.25 14.53 2H-5, 135-150 12.35 _6.43
21X-2,117-142  178.77  13.49 M6 135150 1385 342
21X-4,77-102  181.27  13.58 3H1.135-150 1585 071
25125150 20195 1316 2135050 1735 223
’ : : 3H-3, 135-150 18.85 4.02
X211 2674 128 41355150 2035 s
27X-2,125-150 236.05 11.85 3H-5,135-150 21.85 6.29
29X-2,125-150 255.35 11.05 204-1245E-
31X-5, 125-150 278.76 9.29 2R-1, 69-89 482.29 4.09
34X-2,125-150 295.95 8.92 4R-1,130-150 502.2 5.01
36X-2, 125-150 313.15 9.24 4R-1,130-150 502.2 513
38X-5, 125-150 336.95 8.91
40X-2, 125-150 351.65 9.2

Note: PDB = Peedee belemnite.
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Table T3. Dissolved inorganic carbon isotopic com-
position in pore fluid samples, Site 1246.

Core, section, Depth  '3C PDB
interval (cm) (mbsf) (%0)

204-1246B-
1H-2, 145-150 295 -10.13
2H-2, 145-160 7.65 -30.25
2H-5, 145-150 1215 -11.62
3H-2, 140-150 171 2.35
5H-2, 140-150 36.1 9.52

7H-2, 130-140 54.89 11.67
9H-2, 140-150 73.81 13.49
11H-2, 140-150  93.1 14.35
11H-2, 140-150  93.10 14.14
13H-2, 135-150 112.05 13.96
16H-2, 140-150 132.70 14.29

Note: PDB = Peedee belemnite.
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Table T4. Dissolved inorganic carbon isotopic com-
position in pore fluid samples, Site 1247.

Core, section, Depth  '3C PDB
interval (cm) (mbsf) (%0)

204-12478B-
1H-1, 140-150 1.40 -3.32
2H-1, 140-150 5.00 -11.86
2H-2, 140-150 6.50 -17.16
2H-3, 140-150 8.00 -19.60

2H-5, 140-150 11.00 -19.52
2H-5, 140-150 11.00 -19.34
2H-6, 140-150 1250 -13.54
2H-7,77-78 13.37 -9.60
3H-2, 140-150 16.00 -0.50
6H-2, 140-150 37.00 12.06
8H-2, 140-150 56.00 13.39
8H-2, 140-150 56.00 13.84
10H-5, 140-150 79.50 13.34
12H-5, 40-150 97.51 12.01
15X-2,135-150 116.45 14.37
19X-2,127-147 137.37 13.15
21X-3,130-150 158.20 14.33
25X-3,130-151  196.33 12.08
27X-3,130-151  215.50 10.78

Note: PDB = Peedee belemnite.
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Table T5. Dissolved inorganic carbon isotopic com-
position in pore fluid samples, Site 1248.

Core, section, Depth  '3C PDB
interval (cm) (mbsf) (%0)

204-1248C-
1H-1, 0-20 0.0 -18.54
1H-1, 0-20 0.0 -19.96
1H-2, 0-20 1.20 -0.93
2H-1, 77-87 7.27 17.60
2H-3, 91-101 9.16 17.99
204-1248C-
1X-1,138-148 1.38 -25.37
2X-CC, 0-15 10.68 15.62

3X-1, 140-150 20.60 16.33
5X-1, 140-150 39.80 14.40
5X-CC, 18-28 41.18 15.23
7H-2, 140-150 60.40 14.41
9H-2, 130-150 79.40 13.89
9H-2, 130-150 79.40 13.73
11H-4,122-137 100.36 14.32
12H-2, 131-146 107.81 13.97
13H-2, 135-150 117.33 14.37
13H-4, 132-147 120.21 14.50
13H-4,132-147 120.21 14.46
17X-3,135-150 146.35 14.01

Note: PDB = Peedee belemnite.
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Table T6. Dissolved inorganic carbon isotopic com-
position in pore fluid samples, Site 1249.

Core, section, Depth &'3C PDB
interval (cm) (mbsf) (%0)

204-1249C-
2H-2, 15-30 3.55 1311
3H-1, 74-89 574 17.07
3H-1, 41-51 6.96 16.33
4H-5, 86-101 17.61 12.91
5H-2, 20-25 25.70 14.04
7H-1, 71-86 35.71 15.01
8H-3, 18-33 47.64  14.94

9H-2, 133-148 56.83 14.14
11H3,104-119  69.17  13.57
11H-3,104-119  69.17 13.71
13H-2, 79-99 86.29 14.00

204-1249F-
9H-3, 140-150 43.61 12.87
10H-2, 140-150 52.09 12.73
12H-2,131-146 63.20 12.73
15H-5,135-150 79.57 12.64
15H-5,135-150 79.57 12.58
16H-4, 135-150 88.50 12.64

Note: PDB = Peedee belemnite.
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Table T7. Dissolved inorganic carbon isotopic com-
position in pore fluid samples, Site 1250.

Core, section, Depth  '3C PDB
interval (cm) (mbsf) (%0)

204-11250C-
1H-1, 0-10 0.00 14.14
3H-5, 140-150 21.40 14.55
4H-4, 140-150 29.00 13.99
5H-5,133-143 40.31  13.61
6H-2, 47-67 44.57 14.37
7H-5, 130-140 58.00 13.29
10H-5, 135-150 79.80 14.65
11H-3, 95-110 86.36 14.44
12H-5, 140-155 98.43 14.85
14H-2, 130-150 113.80 15.12
15H-1,106-126 121.56 15.56
15H-1,106-126 121.56 15.39
19X-5,130-150 145.75 16.65

204-1250F-
5H-1, 130-150 12230 15.33
10X-3, 130-150 14790 16.68
11X-2, 98-123 155.68 16.58
11X-2, 98-123 155.68 16.56
13X-3,125-150 176.65 15.71

Note: PDB = Peedee belemnite.
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Table T8. Dissolved inorganic carbon isotopic composition in pore fluid samples, Site 1251.

Core, section, Depth  '3C PDB
interval (cm) (mbsf) (%0)
204-1251B-
T1H-2, 145-150 2.95 -0.46
TH-5, 145-150 7.45 8.22
TH-5, 145-150 7.45 8.32
3H-2, 145-150 21.43 12.67
4H-2, 145-150 31.00 13.18
6H-5, 131-141 53.61 13.82
11H-5, 70-90 100.74 14.03
23H-4,102-122 187.72 13.47
26X-2, 130-150 205.83 13.35
28X-2, 125-150 225.85 13.69
30X-4, 110-135 248.00 13.28
32X-2,125-150 264.45 13.17
34X-2,128-148 283.78 6.72
36X-5, 80-100 299.40 7.02
36X-5, 80-100 299.40 6.58
38X-3, 130-150 314.60 7.13
39X-3, 130-150 324.20 13.72
41X-2, 130-150 333.40 13.12
43X-2, 130-150 350.43 7.28
45X-3,130-150 372.30 7.38
47X-3,130-150 391.60 13.66
49X-3, 130-150 402.20 15.88
51X-3, 130-150 420.50 16.81
53X-3, 130-150 439.78 18.37
204-1251D-
1X-1, 140-150 140 -17.39
1X-2, 90-100 240 -17.41
2X-1, 140-150 9.50 7.19
2X-1, 50-60 9.50 7.65
3X-2, 140-150 20.50 11.58
3X-4, 140-150 23.50 12.34
4H-2, 140-150 29.80 12.28
4H-2, 140-150 32.80 13.05
4H-2, 140-150 32.80 12.68
5H-5, 0-10 42.40 13.52
7H-3, 135-150 52.07 13.95
8H-5, 135-150 64.75 13.00

Core, section, Depth  §'3C PDB
interval (cm) (mbsf) (%o0)
11H-4, 0-15 82.29 13.36
11H-4, 135-150 83.64 13.51
13H-6, 0-20 103.67 13.74
15H-5, 0-15 122.40 13.21
17H-5, 0-15 141.40 12.66
17H-5, 0-15 141.40 12.68
19H-2, 130-150 156.31 12.85
19H-5, 130-150 160.81 12.49
20H-2, 125-150 166.13 12.77
20H-5, 125-150 170.63 12.55
22X-1, 20-40 175.60 12.51
22X-1, 20-40 175.60 12.29
22X-2, 0-20 176.87 12.40
23X-2,122-147 181.82 12.72
23X-3,125-150 183.32 12.56
24X-2, 0-25 189.62 12.38
24X-3,0-10 191.12 11.66
24X-3,140-150 192.52 12.12
24X-4, 43-63 193.05 12.38
25X-2,125-150 200.95 12.35
25X-2,125-150 200.95 12.37
25X-2,125-150 205.45 12.18
26X-3,125-150 210.38 13.11

204-1251E-
1H-1, 85-95 0.85 -17.40
1H-1, 85-95 0.85 -17.25
TH-1, 140-150 1.40 -11.57
1H-1, 140-150 1.40 -11.39
TH-2, 80-90 2.30 -7.03
1H-2, 140-150 290 -16.96
T1H-3, 60-70 3.60 -18.81
1H-3, 140-150 440 -17.81
TH-4, 60-70 510 -12.22
1H-4, 60-70 510 -13.58
TH-4, 140-150 5.90 -6.89

Note: PDB = Peedee belemnite.
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Table T9. Dissolved inorganic carbon isotopic com-
position in pore fluid samples, Site 1252.

Core, section, Depth  '3C PDB
interval (cm) (mbsf) (%0)

204-1252A-
1H-1, 135-150 1.35 9.93
1H-2, 130-150 285 -17.72
1H-3, 85-100 3.85 -17.43
2H-1, 135-150 6.25 -10.32
2H-2,135-150 7.75 -1.10
2H-3, 135-150 9.25 -2.2

2H-4, 135-150 10.75 4.10
2H-4, 135-150 10.75 4.45
2H-5, 135-150 12.25 0.76
2H-6, 135-150 13.75 1.99
3H-2, 135-150 16.00 4.63
8H-2, 135-150 64.75 8.57
10H-2, 45-60 82.85 8.20
12H-2, 135-150 102.75 6.84
12H-2, 135-150 102.75 6.76
14H-2, 135-150 121.75 9.64
16X-4,130-150 140.50 11.76
16X-4,130-150 140.50 9.47
20X-3,130-150 177.80 14.66
22X-3,130-150 197.00 14.29
24X-3,130-150 215.50 14.18
26X-3,130-150 234.80 -1.98
26X-3,130-150 234.80 -2.22

Note: PDB = Peedee belemnite.
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