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ABSTRACT

During Ocean Drilling Program Leg 164, gas hydrates were recovered in the Blake Ridge where the top of the gas hydrate
zone lies at about 200 meters below seafloor (mbsf) and the bottom-simulating reflector (BSR) is located at about 450 mbsf.
There is no sedimentological discontinuity crossing the BSR. The BSR is disrupted by the salt piercement of the Cape Fear
Diapir. The authigenic carbonates (dolomite and siderite) are always present in small amounts (a few weight percent) in the sed-
iments; they are also concentrated in millimeter- to centimeter-sized nodules and layers composed of dolomite above the top of
the gas hydrate reservoir, and of siderite below the BSR. In the Blake Ridge, the dolomite/siderite boundary is located near 140
mbsf. The distribution with depth of the 'O values of dolomite and siderite shows a sharp decrease from high values (maxi-
mum 7.5%o) in the topmost 50 m, to very low values (minimum -2.7%o) at 140 mbsf, and at greater depth increase to positive
values within the range of 1.8%o to 5.0%o. The 8'3C distribution is marked by the rapid increase with greater depth from low val-
ues (—31.3%o to —11.4%o) near 50 mbsf to positive values at 110 mbsf, which remain in the range of 1.7%o to 5.4%o0 down to 700
mbsf. Diagenetic carbonates were precipitated in pore waters in which %0 and §'*C values were highly modified by strong
fractionation effects, both in the water and in the CO,~CH, systems associated with the formation and dissociation of gas
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hydrates.
INTRODUCTION

During Ocean Drilling Program (ODP) Leg 164, gas hydrate sed-
iments were recovered at seven drill sites on the Blake Ridge and on
the Carolina Rise (Fig. 1). On the Blake Ridge, Sites 994, 995, and
997 were drilled down to 750 meters below seafloor (mbsf), at about
3000 m of water depth. A geophysical survey of this area (Holbrook
et al., 1996; Wood et al., Chap. 27, this volume) has shown that the
bottom-simulating reflector (BSR), which marks the lower limit of
gas hydrate stability, is located at about 450 mbsf. The depth distri-
bution of the major chemical components of interstitial waters, as
well as the direct measurements with the pressure core sampler (PCS)
of the gas contained in the sediments (Paull, Matsumoto, Wallace, et
al., 1996), indicate that the gas hydrates are mostly concentrated
within the sediments from depths between 200 and 450 mbsf, where
they occupy up to 9% of the pore space (Dickens et al., 1997). How-
ever, chemical data indicate that the formation of gas hydrates starts
immediately below the sulfate reduction zone (i.e., near 25 mbsf)
(Egeberg and Dickens, in press). Below the BSR, free gas bubbles fill
up to 12% of the pore space. In the Cape Fear Diapir, the BSR that
surrounds the diapir is interrupted by the piercement structure, which
is thought to be salt (Paull, Matsumoto, Wallace, et al., 1996). Sites
991, 992 and 993 were drilled to within about 50 mbsf of the top of
the diapir at water depths of 2635 m, 2648 m, and 2704 m, respective-
ly.

Diagenetic carbonates are present as nodules and lamina above
and below the BSR, but there is no sedimentological or mineralogical
discontinuity crossing the BSR. The mineralogy and stable isotopic
compositions of these diagenetic carbonates are used to evaluate the
conditions of formation of these minerals, especially their relation-
ships with the occurrence of gas hydrates within the sediments.
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Figure 1. Location map of the sites drilled during Leg 164 in the Blake Ridge
area. The shaded area represents the extension of the massive gas hydrate
layer.

Sulfide minerals, mostly pyrite, are generally present as a minor
component (a few weight percent [wt%]) disseminated in the sedi-
ments as small cubic crystals or framboids. They rarely become con-
centrated in nodules or infilling of burrows. The sulfur isotopic com-
position of these sedimentary sulfides may help in understanding the
extent of the process of bacterial sulfate reduction from which the re-
duced sulfide was probably produced.

MATERIALS AND METHODS

About 40 samples of diagenetic carbonates from the Cape Fear
Diapir Sites 991, 992, and 993, and from the Blake Ridge Sites 994,
995, and 997, have been selected for the combined mineralogical and
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stable isotope studies (Table 1). In addition, the sampling of about 90
levels was conducted in Hole 994C in order to follow the general
background of the pelagic carbonate sedimentation (Table 2). For
most samples, the mineralogy was determined by X-ray diffraction
(XRD) during the cruise (Paull, Matsumoto, Wallace, et al., 1996).
To characterize the crystal morphologies, scanning electron micro-
scope (SEM) observations have been made on a few samples. The
elemental analyses of the diagenetic carbonates were also made using
a transmission electron microscope (TEM) to verify the chemical
composition of individual crystals.

The oxygen and carbon isotopic compositions of the different car-
bonate phases were measured using a specific procedure necessary
because the sediments contain mixtures of calcite and either dolomite
or siderite. From these mixtures, the CO, released after 20 min of re-
action at 25°C with 100% phosphoric acid was considered to come
solely from calcite (Clayton et al., 1968). Dolomite or siderite was
isolated from the carbonate mixture after 20 min of reaction in 1IN
acetic acid at room temperature, which eliminates the calcite compo-
nent; the elimination of calcite from the mixture was systematically
checked by XRD. The remaining dolomite or siderite was then
treated at 25°C with 100% phosphoric acid for one week, and the CO,
gas released was analyzed using a Isogas-Optima triple collector
mass spectrometer. The isotopic compositions are expressed in the
conventional & notation relative to the Peedee belemnite (PDB) ref-
erence (Craig, 1957).

The analytical precision is 0.01%o for both 8'%0 and 8'3C values;
the reproducibility of the carbonate reference run on separate days is
+ 0.05%0 for 6'°0 and + 0.02%o for 8'*C. Similar tests on samples
containing carbonate mixtures give a reproducibility of + 0.15%o for
6'%0 and =+ 0.05%o for 8'3C.

The 8'%0 values measured for dolomite and siderite have been
corrected by —0.8%o and —1.55%, respectively, for the fractionation
factor at 25°C, which occurs during the reaction of the carbonate with
the phosphoric acid (Sharma and Clayton, 1965; Carothers et al.,
1988).

Four pyrite samples from Sites 994 and 997 have been selected for
sulfur isotopic measurements (Table 3). Pyrite was oxidized as SO,
by burning in pure oxygen (Filly et al., 1975). The 3*S values are
expressed relative to the Cafion Diablo Troilite (CDT) reference
(Jensen and Nakai, 1962). The SO, gas was analyzed on a triple col-
lector mass spectrometer (Isogas-Sira 9) with an analytical precision
close to 0.03%o, and a reproducibility within the range + 0.1%o.

MINERALOGY
Results

Diagenetic carbonates in the Blake Ridge sediments mostly occur
as dolomite and siderite, which may be concentrated in millimeter- to
centimeter-sized nodules or laminae (Paull, Matsumoto, Wallace, et
al., 1996). These minerals are also present as dispersed crystals, mak-
ing up a few percent of the sediments. In smear slides, the crystals of-
ten exhibit a hexagonal habit and are mostly micron-sized, occasion-
ally in association with individual rhombs with a maximum length of
~5 pm. SEM and TEM observations of the crystal morphologies
show dominant hexagonal forms, which occur as single, twinned, or
aggregated crystals, and the presence of abundant crystals smaller
than 1 pm.

At Site 994, the mineralogy of the bulk sediment determined by
XRD indicates that dolomite dominates from the surface down to
about 140 mbsf, whereas siderite is present in significant amounts
only below this depth (Table 2). The position of the major diffraction
peak (d [104]) of dolomite provides information on the nature and
amount of the divalent ions that enter into the crystal lattice. This has
been extensively used for Fe-free dolomites to estimate their departure
from stoichiometry caused by excess CaCO, (Goldsmith and Graf,
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1958; Reeder and Sheppard, 1984). However, calibration for Fe-rich
dolomites was unsuccessful because natural ferroan dolomites gener-
ally contain excess CaCO, and minor amounts of MnCO, (Reeder,
1983). For the Blake Ridge dolomites, the d (104) values vary in the
range of 2.886-2.904 A (i.e., between two end-members with compo-
sitions characteristic of stoichiometric dolomite (2.886 A) and of
ankerite [2.904 A]), but there is no regular trend with depth of the vari-
ations of d (104) values. The TEM elemental analysis of a dolomite-
rich nodule (Sample 164-994C-6H-4, 68—70 cm; 47.28 mbsf) reveals
important variations of the composition of individual diagenetic car-
bonate crystals, which may be pure calcite, stoichiometric dolomite,
or ferroan dolomite with or without Mn. The composition of siderite
crystals from a siderite-rich nodule (Sample 164-994C-78X-1, 45-47
cm; 636.66 mbsf) is also variable with different amounts of Mg, Ca,
and Mn substituting in the crystal lattice.

Discussion

The diagenetic dolomites from the Blake Ridge sediments are fer-
roan dolomites with variable chemical compositions, even within the
same depth interval. The Blake Ridge diagenetic carbonates were
previously described (Matsumoto, 1983, 1989; Baker and Burns,
1985) at Site 533 of DSDP Leg 76, which was drilled down to ~400
mbst at 3284 m of water depth, or ~300 m deeper than at Sites 994,
995, and 997. At Site 533, dolomite is mostly present down to 192
mbsf; beneath this level, dolomite becomes very rare while siderite
abundance increases. The dolomite/siderite boundary is thus located
at different depths in the Blake Ridge; it is deepening from 140 to 192
mbst as the water depth increases from 3000 to 3284 m. There seems
to be a relationship between the depth of this boundary and the posi-
tion of the upper limit of the gas hydrate—rich layer that lies at about
200 mbsf at Sites 994, 995, and 997, and at about 250 mbsf at Site
533.

At Hole 994C, the comparison of the mineralogical and chemical
data (Paull, Matsumoto, Wallace, et al., 1996) shows that siderite be-
comes more abundant about 60 m above the gas hydrate-rich layer
(i.e., in a zone where the salinity and alkalinity gradients increase

sharply) (Fig. 2).

STABLE ISOTOPIC COMPOSITION
OF CARBONATES

Results

The oxygen and carbon isotopic compositions of calcite in Hole
994C have been analyzed to provide a record of the pelagic carbonate
sedimentation and to identify the possible effects of diagenesis on the
calcium carbonate fraction. Variations in the vertical 8'®0 profiles
show very sharp negative excursions, with values down to —5.37%o,
within a few levels of the upper 140 m of the sedimentary succession
that correspond to the dolomite-rich intercalations; however, there
are no specific 8'°C anomalies associated with these §'*0 decreases
(Table 2; Fig. 2). Except in these specific levels, the & values of cal-
cite vary within a narrow range between 1.68%0 and —0.09%¢ for 8'30,
and between 1.00%0 and —1.55%. for 8'3C, as expected for Cenozoic
marine deposits. In Holes 995A and 997A, similar low §'%0 values of
calcite are measured in the dolomite-rich levels (Table 1). The smear-
slide observations do not reveal the presence of detrital calcite or of
specific features as dedolomitization, that could explain the oxygen
isotopic anomalies. It is thus thought that the negative excursions in
the 8'30 values of calcite from the dolomite-rich intercalations are a
result of the crystallization of diagenetic calcite in contact with mod-
ified pore waters characterized by low 80 values.

The oxygen and carbon isotopic compositions of the diagenetic
carbonates from the Cape Fear Diapir sediments (Sites 991, 992, and
993) and from the Blake Ridge sediments (Sites 994, 995, and 997)
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Table 1. Mineralogy and stable isotopic composition of the diagenetic carbonates from the Cape Fear Diapir (Sites 991, 992, and 993) and from Blake Ridge (Sites 994, 995, and
997).

In situ Total Dolomite 380 313C §'%0 313C §'%0 s13C 8'80 water calculated 8'%0 water
Core, section, Depth temperature carbonate d (104) calcite calcite dolomite dolomite siderite siderite (dolomite-siderite) calculated (calcite)
interval (cm) (mbsf) (°C) (Wt%) A) (%0 PDB) (%0 PDB) (%0 PDB) (%0 PDB) (%0 PDB) (%0 PDB) (%0 SMOW) (%0 SMOW)
164-991A-
6H-1, 54-55 47.64 5 424 2.902 6.21 -27.82 0.5
6H-1, 56-57 47.66 5 2.902 6.19 -28.21 0.54
6H-1, 58-59 47.68 5 77.1 2.902 6.58 -31.22 091
6H-1, 63-64 47.73 5 59.8 2.902 6.75 -30.86 1.08
6H-3, 80-81 50.9 5 41.7 2.904 6.58 -31.26 0.91
164-992A-
2H-6, 59-61 10.89 45 56.8 2.902 6.27 -25.69 0.6
164-993A-
2X-3,72-74 5.62 4 29 7.53 -20.77 1.85
2X-3, 88-91 5.78 4 n.d. 7.44 -21.23 1.76
164-994C-
2H-1.47-48 4.87 4 244 2.887 1 0 2.1 —4.6 =17
4H-1,89-90 24.29 4 31.3 2.891 0.24 -0.1 -0.33 -1.88 -6
6H-1, 26-27 42.66 4 27.6 2.889 0.18 0.22 -0.58 0.81 -6.2
6H-4, 68-69 47.28 5 62 2.896 -3.74 -0.5 4.05 -9.08 -1.6 -6.4
7H-7, 20-21 61.1 55 13.2 2.891 -1.86 -0.43 -1.24 -2.12 -6.8
10H-6, 97-98 80.37 6.5 63.8 2.898 -3.26 -0.35 4.8 -7.42 -0.57 -5.5
11H-4, 69-70 86.59 6.5 133 2.890 -0.47 -2.68 0.43 -7.8
17H-1, 28-29 138.68 8.6 353 2.886 —4.56 -0.77 -2.23 1.66 -6.9 -6.2
20X-4,2-3 162.92 9.5 20.6 0.38 0.35 331 7.81 -1.96
26X-2,75-76 215.15 114 10.1 0.79 -1.07 2.95 6.96 -1.83
33X-3, 54-55 273.93 13.6 17.5 0.4 -0.03 2.57 52 —-1.63
40X-1, 82-83 329.12 15.6 16 0.3 -0.28 347 5.58 -0.26
47X-2,50-51 388.1 17.7 83 0.44 0.34 335 322 0.2
52X-2, 86-88 426.86 19.1 27 0.55 0.29 2.65 5.37 -0.2
57X-2, 64-65 464.9 20.5 17.5 -0.09 0.36 2.05 2.71 -0.32
73X-4, 66-67 592.33 25 7.7 2.13 7.34 0.82
77X-1, 32-33 626.92 264 15.7 2.11 3.56 1.1
78X-1, 46-47 636.66 26.7 0.95 -0.76 34 52 2.38
78X-4,133-134 641.55 27 13.1 0.29 0.17 232 1.74 1.4
83X-3, 26-27 686.94 28.6 16.7 0.88 -1.55 1.85 222 1.33
164-995A-
5H-4, 79-80 35.49 4.8 -1.25 -2.28 1.07 -9.48 -4.6
6H-1, 137-138 41.07 5 67.9 2.898 -2.54 -0.92 6.07 -10.21 0.39 =52
6H-3, 25-26 42.95 5 65 2.896 -4.38 -0.76 4.06 -7.39 -1.6 -7
81X-6, 84-85 684.04 26.5 1.61 -3.03 2.7 3.82 1.68
164-997A-
SH-CC, 21-22 41.19 5.9 67.39 2.898 -1.71 -1.3 4.14 -8.44 -1.33
7H-1, 100-101 514 53 49.06 2.898 -1.39 -0.45 0.97 -9.22 —4.57
8H-3,17-18 56.07 55 69.72 2.897 -1.63 0.4 6.49 -6.74 0.92
8H-5, 45-47 59.4 5.6 25.82 2.897 3.23 -5.85 -145
13H-8, 72-73 109.6 8 39.9 2.896 —4.65 -0.47 -1.2 3.98 -6.2 -6.5
164-997B-
22X-1, 126-127 551.06 23.7 5.05 4.56 3.45
46X-3, 119-121 734.43 27 4.85 5.90 39

Notes: In situ temperatures have been deduced from the downhole measurements (Paull, Matsumoto, Wallace, et al., 1996). The '80 values of dolomite and siderite have been corrected for the differential phosphoric
acid fractionation (Sharma and Clayton, 1965; Carothers et al., 1988). The §'0 values of the diagenetic waters in equilibrium with the diagenetic dolomite, siderite, and calcite have been deduced from the '*0
values of the carbonates and from the o values calculated for the in situ temperatures.
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Table 2. Mineralogy and stable isotopic compositions of calcite and dolomite in sediments from Hole 994C.

Total Dolomite Calcite 380 33C
Core, section, Depth CaCoO;, d (104) Dolomite d (104) Calcite  Pyrite  Siderite calcite calcite
interval (cm) (mbsf) (Wt%) A area A) area area area (%0 PDB) (%0 PDB)
164-994C-
2H-1, 47-48 4.87 24.4 2.887 1955 3.036 1296 1534 1 0
2H-5, 96-97 11.36 46.8 2.888 1896 3.036 1262 1631 1.68 0.55
3H-2, 66-67 16.06 234 2.892 703 3.036 2318 1770 0.89 0.66
3H-5, 129-130 21.19 28.2 2.899 1770 3.037 1549 2789 0.67 -1.15
4H-1, 89-90 24.29 31.3 2.891 3178 3.034 1309 1573 0.24 -0.1
5H-3, 69-70 36.59 13.7 2.893 2717 3.035 1255 2750 -1.14 -0.88
6H-1, 26-27 42.66 27.6 2.889 3882 3.034 7084 2652 0.18 0.22
6H-4, 68-69 47.28 -3.7 -0.5
6H-6, 21-22 50.81 14.5 2.892 1644 3.033 8182 1865 0.54 -0.33
7H-1, 24-25 52.14 13.8 2.901 1235 3.038 7716 2960 0.47 -0.42
7H-7, 20-21 61.1 13.2 2.891 2861 3.034 6014 2414 -1.86 -0.43
8H-6, 33-34 69.23 21.2 2.899 1316 3.038 1173 3207 0.18 0.18
10H-6, 97-98 80.37 -3.26 -0.35
11H-2, 67-68 83.57 114 2.904 2006 3.035 6939 2887 -0.86 -1.11
11H-4, 69-70 86.59 13.3 2.89 2151 3.034 6293 2297 -0.47 4.7
11H-7, 53-54 90.93 23.9 0.28 0.22
12H-3, 47-48 94.37 29.5 2.894 716 3.035 1345 1767 1.07 0.32
12H-4, 95-96 96.35 25.9 2.896 785 3.036 1604 2221 0.53 0.87
12H-6, 69-70 99.09 20.2 2.886 717 3.035 1539 2007 0.75 -0.11
13H-3, 70-71 104.1 19.7 29 1909 3.034 1327 2618 0.82 0.11
13H-7, 34-35 109.74 28.4 2.901 625 3.035 1605 1680 0.67 0.56
14H-1, 102-103 110.92 35.6 2.903 577 3.035 1619 1692 0.52 0.69
14H-2, 102-103 112.42 17.2 2.902 1636 3.035 9945 1458 0.95 0.53
14H-5, 132-133 117.22 28.9 2.902 1670 3.035 1612 2425 0.74 -0.11
15H-1, 17-18 119.57 20.2 2.899 1013 3.034 1163 2603 494 0.3 0.3
15H-7, 110-111 128.83 27.6 2.898 1235 3.035 1622 2679 701 0.45 0.1
16H-2, 58-59 130.98 25.2 2.901 1371 3.034 1532 2676 0.34 -0.91
16H-6, 137-138 137.77 39.4 2.889 4222 3.033 2078 1951 1225 -5.37 -1.48
17H-1, 28-29 138.68 353 2.886 4408 3.031 1689 1872 2322 -4.56 -0.77
17H-5, 16-17 144.56 12.5 29 1081 3.034 8652 2332 468 0.38 -0.78
19H-2, 16-17 149.27 18.2 2.899 539 3.035 8899 2807 768 0.82 -0.91
19H-CC, 17-18 155.38 17.2 2.895 631 3.034 1001 1794 1771 0.66 -0.78
20X-2,33-34 160.23 19.4 2.909 599 3.036 1088 2634 442 1.2 -0.9
20X-4,2-3 162.92 20.6 2.907 224 3.039 9636 2547 2522 0.38 0.35
21X-1,19-20 164.99 9.9 2.907 557 3.036 6492 2607 1292 0.8 -0.18
21X-5, 59-60 171.39 11.7 2.903 151 3.034 7247 2713 1163 1.25 -0.15
22X-5, 59-60 179.99 26.2 2.895 629 3.034 6821 2494 851 0.82 0.07
23X-3, 80-81 187.8 11.7 2.895 795 3.036 3705 2465 1142 0.63 0.55
24X-3,31-32 196.91 6.1 2.888 543 3.034 5899 2472 1189 0.66 0.09
26X-2,75-76 215.15 10.1 2.895 532 3.037 5923 2859 1964 0.79 -1.07
29X-1, 80-81 2329 7.6 2.894 801 3.035 4763 2665 1462 0.7 0.63
30X-2, 81-82 244.01 13.9 2.903 1371 3.035 9384 2774 1749 0.69 0.12
30X-5, 80-81 247.63 16.4 2.902 296 3.035 1045 2714 1604 0.62 -0.43
31X-4, 104-105 256.84 13.8 2.901 405 3.035 1145 2612 1574 0.89 0.07
31X-6,29-30 259.09 19.5 29 744 3.036 1130 2422 1470 1.22 0.31
32X-2, 44-45 262.84 21.9 2.899 445 3.035 1307 2852 1526 0.83 0.78
33X-3, 54-55 273.93 17.5 2.904 193 3.036 1167 2652 2733 0.4 -0.03
35X-2,70-71 291.16 17.1 2.909 572 3.042 9523 2827 1513 0.49 0
36P-1, 67-68 300.97 15.7 2.908 218 3.038 1043 2389 1827 0.22 0.32
38X-1,26-27 309.26 15.9 291 158 3.038 9617 2454 2063 0.51 0
39X-1,71-72 319.31 16.5 2.899 118 3.04 9649 2730 1865 0.22 -0.78
40X-1, 82-83 329.12 15.9 2.901 581 3.04 8805 2375 2874 0.3 -0.28
42X-1, 80-82 348.4 16.9 2.909 565 3.041 1153 2509 1316 0.66 0.44
43X-3, 94-95 360.62 0.83 0.46
44X-1,109-110 367.89 20.7 2.906 280 3.04 1268 2665 2226 0.34 0.34
46X-3, 7-8 379.58 17.9 2.901 472 3.041 1148 2247 1277 0.66 0.47
47 X-2,50-51 388.1 8.3 2.907 336 3.04 9289 2939 2828 0.44 0.34
49X-1, 60-61 397.2 20.5 2.89 235 3.04 1370 2631 1724 0.42 1
49X-5, 66-67 401.98 21.1 29 445 3.039 1354 2477 2084 0.55 0.51
50X-1, 39-40 405.59 21.2 2.893 1951 3.036 1355 2532 1441 0.72 0.45
51X-1, 58-59 415.38 19.2 2.908 644 3.039 1206 2584 1551 0.43 0.46
52X-2, 86-87 426.86 26.9 2.904 519 3.041 1302 2644 4597 0.55 0.29
53P-1, 34 434.13 17.7 2.908 102 3.039 9951 2498 2050 0.45 0.84
54X-1, 106-107 436.16 25.1 2.904 365 3.038 1140 2171 1983 0.34 0.4
54X-4,25-26 439.85 18.1 2.908 472 3.038 1315 2389 2531 0.43 0.22
55X-2,53-54 44534 16.7 291 798 3.041 9729 2736 2035 -0.04 0.36
56X-2,70-71 455.6 17.9 2.909 616 3.041 1102 2332 2110 0.05 -0.1
57X-2, 64-65 464.9 17.5 2.901 217 3.039 1009 2513 3969 -0.09 0.36
58X-2, 64-65 474.74 16.3 2.901 574 3.038 9812 2542 2364 0.41 0.26
59X-3, 82-83 485.4 15.7 2.903 325 3.037 9901 2681 2104 0.35 0.56
60P-1, 14-15 492.04 15.1 2.905 946 3.038 5196 2079 3308 0.87 -0.52
61X-1,10-11 493 11.2 2.904 505 3.041 6413 2790 2124 0.28 0.68
61X-7,23-24 502.13 17.2 2.908 796 3.041 1069 2617 1660 0.35 0.43
62X-1, 110-111 502.6 21.7 2.906 727 3.039 1183 2594 1818 0.61 0.81
63X-3, 80-81 513.98 18.2 2.902 613 3.038 1163 2666 1773 0.42 0.5
63X-6, 70-71 518.38 10.2 2.905 984 3.038 7198 2481 2443 0.37 0.25
65X-6, 59-60 530.99 14.2 291 609 3.041 8364 2653 2304 0.21 0.23
67X-4, 82-83 546.27 15.1 291 605 3.041 8382 2828 1989 0.35 0.41
68X-4, 112-113 554.42 13.7 2.894 267 3.04 9737 2058 2908 0.48 0.1
73X-4, 66-67 592.33 7.7 2.902 238 3.036 4682 2691 2746 -0.02 -2.03
75X-4, 67-68 612.37 10.7 2.909 82 3.035 1027 2532 3430 0.43 -0.09
76X-3,51-52 620.51 8.5 291 446 3.037 2637 1992 3608 0.57 -0.38
76X-4,29-30 621.79 18.3 2.904 243 3.037 8706 1278 4691 0.62 -1.07
77X-1, 32-33 626.92 15.7 2.886 646 3.035 8574 2098 2905 0.53 0.66
78X-1, 46-47 636.66 291 170 3.034 5799 2099 9282 0.95 0.17
78X-4,133-134 641.55 13.1 2.895 466 3.035 8155 2869 3688 0.29 0.17
80X-4, 136-137 660.27 22.1 2.903 134 3.035 1336 2552 4236 0.26 -0.46
83X-3,26-27 686.94 16.7 2.889 1319 3.035 8126 2165 4095 0.88 -1.55

Note: The mineralogical data are derived from Paull, 74Matsumoto, Wallace, et al. (1996).



Table 3. Sulfur isotopic compositions of the pyrite concretions from the
Blake Ridge sediments.

Depth  §*S%o

Sample Description (mbsf) CDT
164-994C-
11H-1, 65 cm Pyritized burrow 82.05 -262
11H-3, 103 cm Pyrite nodule 85.43 42.7
164-997A-
9H-6, 140 cm Pyrite nodule 70.3 4.8
164-997B-
29X-4, 18 cm Pyrite nodules 611.18 18.9

are presented together, although the two areas are not equivalent
with respect to the sedimentary succession and to the stability of the
gas hydrates (Table 1; Fig. 3). The §'®0 values of dolomites gener-
ally decrease with depth from high values (maximum 7.53%o) in the
upper dolomite layers to minimal values (minimum —2.68%o) in the
dolomites from levels between 86 and 138 mbsf. In the underlying
siderites, an abrupt increase of the 8'30 values occurs, and the values
remain relatively stable in the range 2.05%o to 3.47%o within the gas
hydrate layer. Below the BSR, the 8'®0 variations of siderite become
greater with values ranging from 1.85%o to 5.05%o. The &'3C distri-
bution with depth is opposite to the 8'%0 distribution. Low values are
measured in the dolomite of the uppermost 80 m, with the lowest
values (-31.26%o) in the Cape Fear Diapir dolomite, while the min-
imal values of Blake Ridge dolomite reach —10.21%o. In the zone be-
tween 80 and 138 mbsf, the 8'3C values of the dolomite increase rap-
idly from —7.42%o to 1.66%0. Beneath this transition zone, siderites
exhibit high 8"C values (1.74%o to 7.81%0) without any systematic
change above, within, or below the gas hydrate-rich sediments.

Discussion

The carbonates that are intercalated as nodules and lamina of do-
lomite and siderite within the sediments of the Blake Ridge are con-
spicuous diagenetic products related to the presence of gas hydrates.
These diagenetic minerals occur also at more discrete concentrations
everywhere in the sedimentary succession. Furthermore, it was dem-
onstrated that diagenesis may locally alter the CaCO, isotopic com-
position, either by their recrystallization, or by precipitation as is ev-
idenced by the presence of authigenic calcitic rhombs.

The stable isotopic composition of these carbonates may help to
decipher which processes modified the pore water and ZCO, reser-
voirs and were involved in carbonate precipitation.

The oxygen isotopic composition of a carbonate depends on tem-
perature and on the oxygen isotopic composition of the water where
the carbonate precipitates. The carbonate-water *O equilibrium may
be evaluated for calcite, dolomite, and siderite at any given tempera-
ture by the experimental equations:

Calcite 1000 In o0 = 2.78 10° T-2 — 2.89(O’Neil et al., 1969)
Dolomite 1000 In ot = 2.62 10° T2 + 2.17(Fritz and Smith, 1970)
Siderite 1000 In o0 = 3.13 10° T2 — 3.50(Carothers et al., 1988)

In these equations, o represents the oxygen isotope fractionation
between the carbonate and the water [0 carbonate-water = (1000 + &
carbonate) / (1000 + & water)], and T is the absolute temperature.

If it is assumed that the present in-situ temperature corresponds
more or less to the equilibrium temperature at which precipitation oc-
curred, the 8'%0 value of the water in equilibrium with the carbonate
may then be calculated. Such calculations were made for the individ-
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ual diagenetic minerals using the downhole temperature measure-
ments (Paull, Matsumoto, Wallace, et al., 1996; Ruppel, 1997).

During gas hydrate formation, '*O-rich water molecules enter
preferentially into the solid phase so that the remaining liquid water
becomes 0 depleted. The 20 fractionation factor between hydrate
and liquid water has been estimated experimentally to be 1.0026
(Davidson and Leaist, 1983); oxygen isotopic measurements on gas
hydrate and interstitial water from Leg 164 give o value in the range
of 1.0034 to 1.0040 (Matsumoto et al., Chap. 2, this volume). In open
systems, the isotopic effects should be negligible except when huge
amounts of gas hydrates are formed. In partially closed systems, as is
the case for interstitial waters, the fractionation effects may be con-
siderably increased, and the residual solution after gas hydrate crys-
tallization may be depleted by a few per mil in '3O relative to the orig-
inal water (Ussler and Paull, 1995). Conversely, the decomposition
of gas hydrates liberates '*O-rich water molecules that can contribute
significantly to the '80-enrichment of the interstitial solutions.

In the Cape Fear Diapir, the 8'%0 values calculated for the diage-
netic waters range between 0.5%0 and 1.8%o. They are thus higher
than the average 8'30 value of 0.1%o of the bottom waters, which cor-
respond to the North Atlantic Deep Water (Craig and Gordon, 1965;
Pierre et al., 1991, 1994). The '80-enrichment in the interstitial solu-
tions indicates that the diagenetic dolomites may have been precipi-
tated in waters originating partly from gas hydrate decomposition.

In the Blake Ridge area, three zones can be distinguished based on
the 8'80 values calculated for the diagenetic waters. The uppermost
140 m is characterized by low 8'80 values (—1.4%0 to —7.8%o) of the
calculated diagenetic waters, with rapid and large changes with
depth; the '®O-depletion is interpreted as being caused by the local
formation of gas hydrates, under partially closed-system conditions.
These anomalously low §'%0 values are characteristic of levels where
dolomite makes up between 5% to 10% of the total sediment. It is in-
ferred that this type of dolomite was precipitated within '8O-depleted
solutions at times (glacial periods?) when gas hydrate formation was
more important than today because of lower bottom-water tempera-
tures. The local inhomogeneity of the diagenesis is also demonstrated
by comparing the 8'80 values of the water, which are calculated in
the levels where calcite and dolomite are both assumed to be diage-
netic. These values, which may differ by a few per mil, indicate that
these minerals indeed are not cogenetic (Table 1). In the underlying
gas hydrate—rich sediments below 140 mbsf, the 6'30 values of the
calculated diagenetic waters vary within a narrow range (—2%o to
0.2%o¢). This indicates gas hydrate formation in this layer, where
steady-state homogeneous conditions were maintained. Below the
BSR, the 8'30 values of the calculated diagenetic waters become pos-
itive (0.8%o to 3.5%0), showing that '®0-rich waters are released from
gas hydrate decomposition.

The 8"0 values calculated for the diagenetic waters differ signif-
icantly from the 8'®0 values measured in the interstitial solutions
from Sites 994 and 997 (Matsumoto et al., Chap. 2, this volume), ex-
cept in the depth range from 300 to 500 m, where the calculated and
measured values are very similar. In fact, because of the high vertical
flow rate, estimated as 0.2 mm/yr (Egeberg and Dickens, in press),
the in situ pore waters are much younger that the sediment. This
means that the isotopic compositions of the diagenetic waters de-
duced from those of the diagenetic carbonates cannot be compared to
the isotopic compositions of the interstitial waters from nearby lev-
els.

The carbon isotopic composition of a carbonate is related to the
balance of the inorganic and organic sources of carbon, which control
the carbon isotopic composition of the XCO, reservoir. In organic-
rich environments, bacterial processes dominate, including (1) bacte-
rial sulfate reduction, in which reduced carbon is oxidized to CO,, oc-
curs in the uppermost sediments where sulfate ions are available; and
(2) downward, in the sulfate-free zone, methane-generating bacteria
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Figure 2. Variations with depth of salinity and alkalinity in the interstitial waters and of the §'*0 and 8'"3C values of calcite at Hole 994C. The data on interstitial
waters are from the Leg 164 Initial Reports volume (Paull, Matsumoto, Wallace, et al., 1996).
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Figure 3. A. Variations with depth of the 8'*0 values of dolomite and siderite from the Cape Fear Diapir (Sites 991, 992, and 993) and from the Blake Ridge
(Sites 994, 995, and 997). Open circles = Cape Fear Diapir dolomites; solid circles = Blake Ridge dolomites; solid squares = Blake Ridge siderites. B. Variations
with depth of the §°C values of dolomite and siderite from the Cape Fear Diapir (Sites 991, 992, and 993) and from the Blake Ridge (Sites 994, 995, and 997).
Symbols same as A. C. Variations with depth of the §'*0 values of the diagenetic waters calculated from the 3'30 values of dolomite and siderite from the Cape
Fear Diapir (Sites 991, 992, and 993) and from the Blake Ridge (Sites 994, 995, and 997). Open diamonds = Cape Fear Diapir; solid diamonds = Blake Ridge.
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monitor the fermentation and carbonate reduction processes, both of
which produce methane. The simplified equations of these reactions
may be written as the following:

2 CH,0 +SO,* —2CO, +S*+2H,0 (1)
CH, +SO,> —CO,+S*+2H,0(2)

2 CH,0 —CH, +CO, (3)
CO,+8¢ +8H*  —CH,+2H,0(4)

In bacterial sulfate reduction reactions 1 and 2, the produced CO,
is depleted in '3C because the carbon originates from '3C-depleted
sources, organic matter (8'°C ~—25%¢), and methane (—100%0 <6'*C
<—40%0).

In the bacterial fermentation reaction 3, the carbon isotopic frac-
tionation between the two by-products may reach 80%. (Rosenfeld
and Silverman, 1959); the light carbon is preferentially transferred to
CH,, while the CO, is highly enriched in *C relative to the initial or-
ganic substrate. In the bacterial carbonate reduction reaction 4, the
12C-rich CO, is used preferentially by bacteria to form CH, and the re-
sidual CO, become enriched in '*C as the reaction proceeds. There-
fore, the CO, produced or remaining during methanogenesis is char-
acterized by high 8'C values.

The low 8'3C values of the dolomites from the Cape Fear Diapir
indicate that CH, was the energy source involved in the bacterial sul-
fate reduction. The range of 8'3C values of the diagenetic carbonates
of the Blake Ridge indicates that the isotopic composition of the
2CO, reservoir was most likely controlled primarily by fractionation
during the bacterial carbonate reduction process. Similar conclusions
were previously proposed by Claypool and Threlkeld (1983) to ex-
plain the carbon isotopic behavior of the XCO, of pore waters from
Site 533 of DSDP Leg 76.

Combining the mineralogical information and the stable isotopic
data on diagenetic dolomites from Leg 164 provides interesting infor-
mation. When the 8'0 and 8"*C values of dolomites are plotted
against the d (104) values, correlations appear between these parame-
ters that are characteristic of the composition of the diagenetic solu-
tions (Fig. 4). The 8'%0 increase and 8'*C decrease are linearly corre-
lated with the d (104) increase. This suggests that gas hydrate dissoci-
ation releases methane, which is used for bacterial sulfate reduction,
and enhances Fe incorporation in the dolomite crystal lattice. Con-
versely, gas hydrate formation reduces the level of incorporation of Fe
into the dolomite crystal lattice, but it promotes the precipitation of
siderite.

SULFUR ISOTOPIC COMPOSITION OF SULFIDES
Results

The four pyrite concretions selected for sulfur isotopic analysis
are presently located well below the active zone of sulfate reduction.
Their §**S values vary within a range from —26.2%o to 42.7%o; this
variation of 70%¢ of amplitude is registered between two samples
separated in depth by only 3 m (Table 3).

Discussion

Sedimentary sulfides are generally formed during the bacterial re-
duction of sulfate (reactions 1 and 2), when metal ions are available
in the solutions to precipitate the sulfide minerals. During this reac-
tion, bacteria preferentially reduce the lighter sulfate ions, producing
sulfide that is depleted in 34S relative to the original sulfate source. In
recent marine sediments, the 8**S values of solid and gaseous sulfides
range from —40%o to 20%o, depending both on sulfate diffusion and
burial rates (Pierre, 1989).
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Figure 4. Relationships between the crystallographic parameter d (104), and
the 8'0 and 8'C values of the diagenetic dolomites from the Cape Fear Dia-
pir (Sites 991, 992, and 993 = open circles) and from the Blake Ridge (Sites
994, 995, and 997 = solid circles).

The large range of 8**S values of the Blake Ridge pyrites argue for
non-steady-state conditions where sulfate was reduced in a rather
closed system. This is typical of interstitial environments when sul-
fate diffusion rates are much slower than burial rates. In such sys-
tems, sulfide may become highly enriched in 34S if it is formed from
the 3*S-rich sulfate remaining after a precursor stage of sulfate reduc-
tion. These types of complex multistep sulfate reduction reactions are
thought to have occurred in the Blake Ridge sediments to produce py-
rite with exceptionally high &**S values.

An alternative explanation could be that the sulfur of pyrite de-
rived from the bacterial decomposition of hydrocarbons that are im-
pregnating the sediments. Although the 3*S values of the hydrocar-
bons contained in the sediments from the Blake Ridge are unknown,
maximum values of about 30%o and minimal values of —10%o are re-
ported in the literature (Thode, 1970). These values might explain in
part the measured &°*S values of the Blake Ridge pyrites, if additional
fractionations are assumed to occur during the hydrocarbons decom-
position.

CONCLUSIONS

The mineralogical and stable isotope studies of the diagenetic car-
bonate and sulfide minerals from the Blake Ridge sediments retrieved
during Leg 164 may shed some new insights on the diagenesis related
to the occurrence of gas hydrates.

The oxygen isotopic compositions of the diagenetic carbonates
show evidence that formation of gas hydrates has taken place in the
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entire sedimentary column above the BSR and have confirmed that
gas hydrates are dissociated below the BSR and by the salt intrusion
in the Cape Fear Diapir.

The chemical and carbon isotopic compositions of the diagenetic
carbonates are controlled by the CH,—~CO, input-output balance,
which depends on the bacterial reduction of sulfate and of carbonate.

During these bacterial reactions, large sulfur isotopic fractionation
occurs between the sulfate source and the reduced sulfide that precip-
itates locally as pyrite concretions under partially closed-system con-
ditions.
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