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Abstract
This report presents the oxygen and carbon stable isotope data
obtained on selected authigenic carbonate occurrences from the
sediments recovered from five Integrated Ocean Drilling Program
sites (U1325–U1329) across the accretionary prism offshore Van-
couver Island, where the base of gas hydrate stability zone lies be-
tween 124 and 260 meters below seafloor. The two main objec-
tives of this study were to determine if there exists a difference of
isotopic compositions between the different sites and to charac-
terize the isotopic signals that might be associated with the pres-
ence of gas hydrate at depth.

Introduction
During Integrated Ocean Drilling Program (IODP) Expedition
311, drilling of four sites (U1325, U1326, U1327, and U1329)
along a southwest–northeast transect and of the nearby active
vent Site U1328, from 2195 to 946 meters water depth, was real-
ized across the accretionary prism offshore Vancouver Island to
study the occurrence of gas hydrate (Fig. F1). Site U1328 corre-
sponds to a cold vent with active fluid and gas flow. At these sites,
the bottom seawater temperature varies between 1.8°C at the
deepest Site U1325 and 3.3°C at the shallowest Site U1329 (data
obtained from www.ewoce.org); the δ18O value of bottom water
is probably not far from –0.17‰ standard mean ocean water
(SMOW), which is the value of North Pacific Deep Water (Craig
and Gordon, 1965).

Stable isotope compositions of a selection of 80 samples of authi-
genic carbonates were measured to characterize the nature of the
diagenetic fluids (i.e., water and carbon sources) from which the
carbonates were precipitated.

Sampling and analytical methods
Sampling of authigenic carbonates was realized onboard the
JOIDES Resolution; they occur as light-colored cements, small in-
durated concretions, or hard rock pieces embedded in the carbon-
ate-poor sediments (Blanc-Valleron et al.). The carbonate con-
tent (in weight percent of total sediment) of the 80 selected
samples varies between 9 and 89 wt%, with 74 samples contain-
ing >25 wt% of carbonate.
 doi:10.2204/iodp.proc.311.210.2009
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The mineralogical composition of samples was sys-
tematically determined using X-ray diffraction
(XRD) (Blanc-Valleron et al.). The same powder pre-
pared for XRD was used for the isotopic analyses, but
it was rinsed with distilled water to eliminate soluble
salts that often produce parasite gas during acid at-
tack. Because of the complex mixing of different car-
bonate minerals in a few samples, it was impossible
to separate these phases for isotopic measurements,
which thus correspond to the composition of bulk
carbonate.

The oxygen and carbon isotope compositions of car-
bonates are expressed in the conventional δ notation
defined as

δ = [(Rs/Rr) – 1] × 1000,

where R = 18O/16O or 13C/12C, respectively, in the
sample (Rs) and in the reference (Rr). The reference
for δ18O and δ13C is Vienna Peedee belemnite (VPDB)
(Craig, 1957). The CO2 gas extracted from the car-
bonate by digestion with 100% phosphoric acid at
25°C (24 h for calcium carbonate and 72 h to 1 week
for dolomite, siderite, and rhodochrosite and com-
posite mixtures of various carbonate phases) was an-
alyzed with a triple collector mass spectrometer (VG
Sira 9). The analytical precision was 0.01‰ for both
δ18O and δ13C; the reproducibility was generally bet-
ter than 0.1‰ for δ18O and δ13C.

The oxygen isotopic compositions of calcite and do-
lomite precipitated in isotopic equilibrium with the
bottom seawater may be evaluated using the equa-
tions of O’Neil et al. (1969) and Fritz and Smith
(1970), respectively. These calculated theoretical
δ18O values vary between 2.96‰ and 3.35‰ for cal-
cite and between 5.97‰ and 6.35‰ for dolomite
and may thus be compared to the δ18O values mea-
sured in the authigenic carbonates.

Results
The carbonate mineralogy is generally very complex,
with mixtures of calcium carbonates (calcite and ara-
gonite), dolomite, and occasionally rhodochrosite
and siderite. There are no obvious carbonate miner-
alogical variations with depth, especially in relation
to the location of the base of the gas hydrate stability
zone (BGHSZ) (Blanc-Valleron et al.). However, it is
important to notice that siderite and rhodochrosite
occurrences are limited to sedimentary layers lower
than 125 meters below seafloor (mbsf).

The analytical results for authigenic carbonates are
reported in Table T1 with both carbonate mineral-
ogy and oxygen and carbon isotopic compositions.
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Oxygen and carbon isotopic compositions 
of carbonates from all sites

Oxygen and carbon isotope compositions display
large ranges of variations (Fig. F2). The widest ranges
are measured in calcite/aragonite: –1.27‰ < δ18O <
6.58‰ and –51.61‰ < δ13C < 23.38‰. There is one
sample (311-U1329C-22X-CC, 72–74 cm) that falls
far off this range with a δ18O value of –8.68‰; its mi-
crosparitic facies does not correspond to that of an
authigenic carbonate (Blanc-Valleron et al.), and it
was thus excluded from the plots. Dolomite also ex-
hibits large variations: 3.31‰ < δ18O < 7.73‰ and –
38.35‰ < δ13C < 33.46‰. Carbonate mixtures ap-
pear very similar to dolomite: 2.10‰ < δ18O <
6.79‰ and –41.49‰ < δ13C < 37.55‰.

The δ18O values of dolomite, as well as of carbonate
mixtures, are generally shifted by a few permil com-
pared to the calcite/aragonite values, as it is expected
that dolomite, siderite, and rhodochrosite are en-
riched in 18O relative to calcite precipitated in similar
conditions. There is also a significant difference in
the δ13C values of the carbonate phases that are
~10‰ lower in calcite/aragonite compared to dolo-
mite and most of the carbonate mixtures.

These values are very similar to those measured on
authigenic carbonates sampled during previous
cruises on the Cascadia margin (Ocean Drilling Pro-
gram [ODP] Legs 146 and 204) and Hydrate Ridge
(SO109 and SO110 cruises of GEOMAR) (Kastner et
al., 1995a, 1995b; Kopf et al., 1995; Sample and
Kopf, 1995; Greinert et al., 2001).

Oxygen and carbon isotopic 
distributions with depth

Site U1325
Site U1325, drilled to 2195 mbsf, is located within
the first slope basin in the southwestern part of the
transect. The BGHSZ depth was estimated at 240.5
mbsf. Based on pore water chemistry, the presence of
gas hydrates has been inferred in the sandy layers
from 70 to 240 mbsf (see the “Site U1325” chapter;
Torres et al., 2008).

Two samples were taken above and one sample was
taken below the BGHSZ (Table T1). These three sam-
ples exhibit very similar δ18O values, but their δ13C
values decrease abruptly from –3.94‰ at 221.98
mbsf to –30.23‰ at 258.29 mbsf, below the BGHSZ.

Site U1326
Site U1326, drilled to 1828 mbsf, is located on top of
the first uplifted ridge of accreted sediments at the
far western downslope end of the transect. The
2

311_204.PDF
311_204.PDF
311_204.PDF
../../EXP_REPT/CHAPTERS/311_103.PDF


C. Pierre et al. Data report: stable isotope composition
BGHSZ depth was estimated at 260 mbsf. Pore water
analysis indicated that gas hydrates were dissemi-
nated in the sandy layers below 40 mbsf (see the
“Site U1326” chapter; Torres et al., 2008).

There are important variations of δ18O and δ13C val-
ues with depth at this site (Fig. F3A, F3B). The diage-
netic carbonates are characterized by high δ18O val-
ues and low δ13C values to 118.75 mbsf, and they
exhibit low δ18O values and slightly positive δ13C val-
ues from 155.9 to 263.75 mbsf. The sample located
at 235.9 mbsf has the lowest δ18O value (–1.27‰)
measured at this site.

Site U1327
Site U1327, drilled to 1304 mbsf, is located on the
midcontinental slope off Vancouver Island, several
hundred meters from Site 889 (ODP Leg 146). The
BGHSZ depth was estimated at 230 mbsf. Gas hy-
drates were found above the BGHSZ to 128 mbsf (see
the “Site U1327” chapter; Torres et al., 2008).

The δ18O and δ13C values are randomly distributed
with depth, being alternatively low and high be-
tween 126.4 and 178.43 mbsf (Fig. F4A, F4B). The
two samples of authigenic carbonates at 228 mbsf
(i.e., very close to the BGHSZ) have similar relatively
low δ18O values (0.45‰ and 0.53‰) and high δ13C
values (23.33‰ and 23.38‰).

Site U1328
Site U1328, drilled to 1268 mbsf, is located 3.7 km
southeast of Site U1327 on the midcontinental slope
off Vancouver Island. The BGHSZ depth was esti-
mated at 219 mbsf (see the “Site U1328” chapter).
Gas hydrates were present in two main layers: at the
subsurface (0–35 mbsf) and just above the BGHSZ
(215–222 mbsf).

δ18O values show a rapid decrease by ~3‰ from the
uppermost levels down to 36.46 mbsf followed by an
increase by ~2.5‰ just at the BGHSZ depth; below
the BGHSZ, δ18O values fluctuate between 4.66‰
and 7.42‰ in authigenic dolomite (Fig. F5A). There
is a strong difference in δ13C values of the authigenic
carbonates that are very low above the BGHSZ (as
low as –51.61‰) and increase abruptly by 53‰ be-
low the BGHSZ to reach values of 11.3‰ (Fig. F5B).

Site U1329
Site U1329 was the easternmost and shallowest site
(946 mbsf) of the transect. The BGHSZ depth is
much shallower than at the other sites and was esti-
mated at 124 mbsf (see the “Site U1329” chapter).
At this site, only minor amounts of gas hydrates are
Proc. IODP | Volume 311
supposed to occur above the BGHSZ, but there is no
significant chloride anomaly in pore water.

δ18O values are more dispersed in calcite and carbon-
ate mixtures than in dolomite (Fig. F6A, F6B). δ18O
values of dolomite show an obvious depth variation
from high values (7.07‰ at 31.13 mbsf to 6.93‰ at
104.35 mbsf) above the BGHSZ to progressively de-
creasing values below the BGHSZ with the lower-
most value of 4.30‰ at 176.3 mbsf. There is also a
significant change in δ13C values of dolomite with
depth, with negative values (–22.55‰ to –6.39‰)
above the BGHSZ and highly positive values
(21.18‰ to 33.46‰) below the BGHSZ. It is at Site
U1329 that the highest δ13C values have been mea-
sured in the authigenic dolomite and in a siderite-
rich carbonate mixture (δ13C = 37.55‰) at 150.5
mbsf. Such high δ13C values have been reported in
very rare authigenic carbonate occurrences as in Hy-
drate Ridge (Greinert et al., 2001).

Summary
This data report presents new stable isotope results
of authigenic carbonates from the Cascadia margin,
IODP Expedition 311. There is a general trend both
for calcite and dolomite of decreasing δ18O values
and increasing δ13C values with depth. At Sites
U1328 and U1329, there is a sharp gradient of δ13C
values of dolomite crossing the BGHSZ that corre-
sponds to the transition from negative δ13C values
above the BGHSZ to positive δ13C values below the
BGHSZ; a similar δ13C gradient is evidenced at Site
U1327 for calcite. However, this transition occurs
~110 m above the BGHSZ at Site U1326 and it is ab-
sent at Site U1325.

The strong lateral heterogeneity between adjacent
boreholes noticed in the preliminary conclusions of
Expedition 311 is therefore also evidenced in the dis-
tribution of the stable isotope compositions of authi-
genic carbonates.
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Figure F1. A. Map of plate tectonic setting of the Cascadia margin with general location of the drilling transect
near previous ODP Sites 889/890. Bottom-simulating reflector is present on ~50% of the midcontinental slope
(shaded area) (from Riedel et al., 2006). B. Multibeam bathymetry map along the transect across the accretion-
ary prism, showing the location of the drilling transect (Sites U1326, U1325, U1327, U1329), cold vent Site
U1328, and multichannel seismic (MCS) Line 89-08 (Courtesy of D. Kelley, J. Delaney, and D. Glickson, Uni-
versity of Washington and C. Barnes and C. Katnick, Neptune Canada, University of Victoria; funded by the
University of Washington and the W.M. Keck Foundation).
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Figure F2. Plot of oxygen and carbon isotopic compositions of authigenic carbonates, Sites U1325, U1326,
U1327, U1328, and U1329. Open circle = calcite/aragonite, solid circle = dolomite, open square = carbonate
mixture. VPDB = Vienna Peedee belemnite.
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Figure F3. Plots of variations with depth of (A) δ18O and (B) δ13C values of diagenetic carbonates, Site U1326.
Open circle = calcite/aragonite, solid circle = dolomite, open square = carbonate mixture. VPDB = Vienna Pee-
dee belemnite. BGHSZ = base of the gas hydrate stability zone.
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Figure F4. Plots of variations with depth of (A) δ18O and (B) δ13C values of diagenetic carbonates, Site U1327.
Open circle = calcite/aragonite, solid circle = dolomite, open square = carbonate mixture. VPDB = Vienna Pee-
dee belemnite. BGHSZ = base of the gas hydrate stability zone.
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Figure F5. Plots of variations with depth of (A) δ18O and (B) δ13C values of diagenetic carbonates, Site U1328.
Open circle = calcite/aragonite, solid circle = dolomite, open square = carbonate mixture. VPDB = Vienna Pee-
dee belemnite. BGHSZ = base of the gas hydrate stability zone.
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Figure F6. Plots of variations with depth of (A) δ18O and (B) δ13C values of diagenetic carbonates, Site U1329.
Open circle = calcite/aragonite, solid circle = dolomite, open square = carbonate mixture. VPDB = Vienna Pee-
dee belemnite. BGHSZ = base of the gas hydrate stability zone.

δ18O (‰ VPDB)

D
ep

th
 (

m
bs

f)

δ13C (‰ VPDB)

D
ep

th
 (

m
bs

f)

2 3 4 5 6 7 8

A

B

BGHSZ

0

50

100

150

200

-40 -30 -20 -10 0 10 20 30 40
0

50

100

150

200

BGHSZ
Proc. IODP | Volume 311 10



C
. Pierre et al.

D
ata rep

o
rt: stab

le iso
to

p
e co

m
p

o
sitio

n

Proc. IO
D

P | Volum
e 311

11

te fraction of diagenetic carbonate

Dolomite
(‰ VPDB)

Carbonate mixture
(‰ VPDB)

O δ13C δ18O δ13C

4.71 –13.14
4.65 –3.94

6.74 –41.49
3 –38.35
8 –30.87

3.34 2.5
5.4 –11.23
2.10 17.78
5.55 –2.57
4.28 –22.37

4 2.04
9 12.53
9 6.27
2 9.13

1 2.77
2 6.93

5.47 –32.74
3.59 –18.52
4.98 –8.78

–30.15
4.7 –29.26
4.52 –31.95
4.48 –29.52
4.45 –28.59
4.87 –27.47

4.64 –28.05
4.67 –27.01

2.82 –21.51

5.38 –35.24
Table T1. Total carbonate content, mineralogy, and oxygen and carbon isotopic compositions of the carbona
concretions, Sites U1325, U1326, U1327, U1328 and U1329. (See table notes.) (Continued on next page.) 

Core, section,
interval (cm)

Depth 
(mbsf)

Total 
carbonate 

(wt%)
 Aragonite 
(relative %)

Calcite 
(relative %)

Dolomite 
(relative %)

Other carbonate
(relative %)

Calcite/Aragonite
(‰ VPDB)

δ18O δ13C δ18

311-
U1325B-16X-6, 28 126.93 29 41 59
U1325C-6X-4, 47 221.98 65 8 92
U1325C-11X-1, 119 258.29 69 93 7 5.01 –30.23
U1326C-2H-2, 92 6.32 64 23 77
U1326C-9X-2, 92 71.52 80 1 99 7.7
U1326D-5X-2, 5 118.75 67 4 96 7.2
U1326D-9X-1, 0 155.90 16 100 0.88 1.05
U1326D-17X-3, 0 235.90 16 100 –1.27 3.15
U1326D-20X-3, 0 263.75 33 33 7 59*
U1327C-10H-1, 96 75.56 24 73 27
U1327C-16X-2, 120 126.40 11 22 6 72 
U1327D-5X-1, 65 126.95 64 48 52
U1327C-17X-CC, 13 136.77 67 83 17
U1327C-18X-2, 0 142.35 67 88 12 4.43 –27.44
U1327C-18X-2, 130 143.65 76 3 97 6.5
U1327D-10P-1, 0 155.10 85 4 96 3.9
U1327D-10P-1, 78 155.88 64 31 69 5.8
U1327D-11X-1, 0 157.10 67 6 94 4.5
U1327C-20X-1, 0 160.80 49 98 2 5.33 –31.46
U1327C-20X-5, 6 166.14 9 75 17 7 3.3
U1327C-21X-7, 0 178.43 82 1 99 6.1
U1327D-16X-CC, 10 228.40 62 98 2 0.45 23.33
U1327D-16X-CC, 18 228.48 68 94 6 0.53 23.38
U1328B-1H-2, 8 1.58 30 82 18 4.83 –47.65
U1328D-1X-2, 40 1.90 31 91 9 4.04 –48.02
U1328D-1X-5, 9 6.09 43 97 3 4.42 –51.61
U1328D-1X-5, 10 6.10 50 97 3 4.7 –51.25
U1328B-3X-CC, 0 6.20 77 30 68 2 3.92 –30.62
U1328E-2X-1, 52 7.02 70 100 5.52 –44.06
U1328D-1X-5, 135 7.35 84 81 19
U1328D-1X-CC, 0 8.10 40 27 73
U1328D-2X-2, 30 9.43 68 30 70
U1328D-2X-CC, 0 10.02 61 8 92 4.8
U1328B-4P-1, 0 14.50 70 13 72 16
U1328B-6X-1, 0 (A) 18.40 71 8 82 10
U1328B-6X-1, 0 (B) 18.40 72 8 77 14
U1328B-6X-1, 25 18.65 70 87 13
U1328B-6X-1, 30 18.70 60 88 12
U1328B-6X-1, 35 18.75 41 96 4 3.36 –27.38
U1328B-6X-1, 36 18.76 69 11 62 27
U1328B-6X-1, 47 18.87 71 87 13
U1328E-8X-1, 97 27.67 67 96 4 3.53 –47.21
U1328E-9X-1, 16 36.46 68 85 15
U1328C-5P-1, 0 92.00 84 46 48 5 4.18 –30.96
U1328C-19X-4, 24 220.27 14 94 6 4.99 –34.22
U1328C-19X-4, 26 220.29 50 80 20
U1328C-19X-4, 32 220.35 58 92 8 5.62 –41.47



C
. Pierre et al.

D
ata rep

o
rt: stab

le iso
to

p
e co

m
p

o
sitio

n

Proc. IO
D

P | Volum
e 311

12

 other values in Other carbonate column are for siderite.

7.42 2.13
4.66 11.3
4.73 11.25
7.1 –13.4

6.79 –19.51
6.5 –16.47

7.07 –15.63
6.92 –22.55
6.97 –21.3
6.95 –11.17

4.35 –20.63
5.6 6.82

4.39 –31.67
4.5 –28.34

4.3 –1.66
6.93 –6.39

4.6 –11.67
6.58 20.04

6.03 24.15
6.14 21.18

5.66 37.55
3.88 –19.58
3.62 8.48
3.99 –21.28
4.05 –21.26
3.68 –30.69

4.28 33.46
4.55 26.76

3.37 –10.88
4.71 29.34
4.99 30.81

4.3 33.46
–8.68 3.5

Calcite/Aragonite
(‰ VPDB)

Dolomite
(‰ VPDB)

Carbonate mixture
(‰ VPDB)

δ18O δ13C δ18O δ13C δ18O δ13C
Notes: VPDB = Vienna Peedee belemnite. CARB = small veinlet of carbonate. * = rhodochrosite + siderite. All

U1328C-22X-CC, 12 253.70 79 100
U1328C-22X-CC, 20-21 253.78 36 13 87
U1328C-22X-CC, 20-22 253.78 71 2 98
U1328C-25X-2, 77 276.37 59 3 97
U1329E-4H-5, 48 30.48 68 11 89
U1329E-4H-5, 93 30.93 36 10 90
U1329E-4H-5, 113 31.13 70 1 99
U1329C-4H-3, 138 31.48 35 100
U1329C-4H-3, 140 31.50 59 100
U1329E-4H-6,72-74 32.22 43 5 95
U1329C-5H-3, 129 40.89 15 100
U1329C-5H-6, 61 44.71 26 30 70
U1329C-8H-2, 58 59.68 80 100
U1329C-8H-2, 62 59.72 54 100
U1329C-12H-2, 36 97.44 28 67 33
U1329E-8Y-1, 35 104.35 64 100
U1329C-17H-1, 0 135.60 68 90 10
U1329C-18X-2, 65 142.35 76 45 55
U1329C-18X-5, 18 146.38 89 100
U1329C-18X-5, 27 146.47 81 100
U1329C-19X-1, 64 150.54 33 7 93
U1329C-20X-1, 70 160.30 78 100
U1329C-20X-1, 89 160.49 80 100
U1329C-20X-1, 125 160.85 82 100
U1329C-20X-3, 34 162.94 81 100
U1329C-20X-5, 34 165.44 70 100
U1329C-20X-CC, 19 166.00 83 100
U1329C-21X-2, 118 171.98 44 36 8 56 
U1329C-21X-3, 61 172.91 53 100
U1329C-21X-3, 129 173.59 16 38 62
U1329C-21X-3, 129 CARB 173.59 64 18 82
U1329C-21X-6, 0 176.30 82 1 99
U1329C-22X-CC, 72 187.75 60 100

Core, section,
interval (cm)

Depth 
(mbsf)

Total 
carbonate 

(wt%)
 Aragonite 
(relative %)

Calcite 
(relative %)

Dolomite 
(relative %)

Other carbonate
(relative %)

Table T1 (continued).
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