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ABSTRACT

Molecular and isotope compositions of headspace and total (free + sorbed) hydrocarbon gases from drilled cores of
the three ODP Leg 104 Sites 642, 643, and 644 of the Vdring Plateau are used to characterize the origin and distribution
of these gases in Holocene to Eocene sediments. Only minor amounts of methane were found in the headspace (0.1 to
<0.001 vol%). Although methane through propane are present in all of the total gas samples, different origins account
for the concentration and composition variations found.

Site 643 at the foot of the outer Véring Plateau represents a geological setting with poor hydrocarbon generating po-
tential, (sediments with low TOC and maturity overlying oceanic basement). Correspondingly, the total gas concentra-
tions are low, typical for background gases (yield C,_, = 31 to 232 ppb, C,/C,, = 0.6 to 4; 6'3CCH4 —22%0 to
—42%o) probably of a diagenetic origin.

Holocene to Eocene sediments, which overlie volcanic units, were drilled on the outer Véring Plateau, at Holes 642B
and D. Similar to Site 643, these sediments possess a Poor hydrocarbon generating potential. The total gas character
(vield C, _, = 20to 410 ppb; C,/C,, = 1.7t013.3; 8 3CCHAfl ca. —23%o to —40%o) again indicates a diagenetic origin,
perhaps with the addition of some biogenic gas. The higher geothermal gradient and the underlying volcanics do not
appear to have any influence on the gas geochemistry.

The free gas (VacutainerT”] in the sediments at Site 644 are dominated by biogenic gas (C,/C,, >10% 6"*Ccy
— 77%q). lndncanons, in the total gas, of hydrocarbons with a thermogenic signature (yield C; _4 = 121 to 769 ppb, C; }
C,, = 3to8; 8 CCH = —39%p to — 71%o), could not be unequivocally confirmed as such. Alternatively, these gases

may represent mixtures of diagenetic and biogenic gases.

OBJECTIVES

The ODP drilling transect of three sites across the Véring
Plateau provides a most interesting opportunity to examine the
distribution and character of hydrocarbon gases in shallow Ce-
nozoic sediments from three geologically different, but adj jacent
settings in the Norwegian Sea:

1. Site 642—on the outer Véring Plateau—Holocene to Eo-
cene sediments underlain by a thick volcanic unit.

2. Site 643—foot of outer Vdring Plateau—Holocene to Eo-
cene sediments directly overlying oceanic basement.

3. Site 644—in the inner Véring Basin—Quaternary to up-
per Neogene sediments deposited over a subsiding continental
crust.

The primary objectives of the shore-based geochemical stud-
ies at the BGR were to: (a) determine the character of sorbed
hydrocarbon gases (for definitions see Analytical Program) in
the sediments based on their molecular and isotope composi-
tion, (b) compare the character of the sorbed gas and the free
gas, and (c) determine the relationship of the hydrocarbon gases
to the diagenetic conditions. The relationship of the hydrocar-
bon gases to the isotope composition of the interstitial water is
discussed in a companion report (Whiticar and Faber, this vol-
ume).

In particular, the three proximal, yet geologically different
locations drilled offer the opportunity to directly compare the
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generation and accumulation of hydrocarbon gases in sediments
where:

1. Site 643, deep water—no thermogenic hydrocarbon po-
tential is expected, i.e., immature, thin sediment cover over
ocean basement.

2. Site 642—hydrocarbon potential is poor, i.e., thin, young
sediments overlying thick basalts.

3. Site 644—Dbiogenic gas is known and thermogenic hydro-
carbon potential is suspected, i.e., in a sedimentary basin with
petroleum generation potential.

Hydrocarbon gases can be classified using the distinctive
molecular and isotope signatures of the genetic gas types, such
as biogenic, diagenetic, thermogenic, or late thermogenic. This
gas classification scheme is routinely used to genetically charac-
terize and correlate natural gases (Schoell, 1980). The classifica-
tion relies not only on the ability to differentiate the primary gas
types, but also to recognize secondary processes, such as mix-
ing of different gas origins or microbial oxidation (Whiticar and
Faber, 1986). In addition to reservoir gases, the classification
scheme can be adapted to gases from drill wells, and near-sur-
face sediments, where the hydrocarbon gas concentration is fre-
quently much lower (Faber and Stahl, 1984).

Based on their geological settings, Sites 642 and 643 should
represent valuable examples of the character and concentration
of background hydrocarbon gases, i.e., light hydrocarbons which
are common in most sediments, in lower concentrations, and
which have a variable molecular and isotope composition. Back-
ground gases are frequently masked by the introduction of other
gases from either biogenic or thermogenic hydrocarbon generat-
ing processes. Due to their lower gas contents, the origin of
background gases is difficult to define. Although in-situ diage-
netic reactions are one possible origin, input from allochtho-
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nous or altered gases (e.g., those altered by microbial oxidation)
can not be eliminated in most locations. In contrast to Sites 642
and 643, the experiences of DSDP Site 341 (Leg 38) and indus-
trial drilling in the Norwegian Sea predict that the concentration
of hydrocarbon gases expected at Site 644 should be signifi-
cantly above the low background level.

A further intention of this study was the comparison of
sorbed gas data with free gas data of the various ODP Leg 104
sites. Previous investigations elsewhere have shown that bio-
genic gas is located primarily in the sediment intersticies (free
gas), i.e., either dissolved in the pore water, present as a free
gas, or as a gas hydrate. Analytical removal of this gas fraction
is necessary to determine the character of the sorbed gases
which are uninfluenced or masked by the biogenic signal. In ad-
dition, investigations have demonstrated that the effects of sec-
ondary alterations, such as hydrocarbon oxidation, are mini-
mized in the sorbed gas fraction, where the gases seem to be
protected from microbial assimilation (Faber et al., unpublished
data).

ANALYTICAL PROGRAM

During the drilling of the ODP Leg 104 Holes 642B and D,
643A, and 644A in the Norwegian Sea, 23 sediment samples, 2
gas pocket samples, and 32 pore-water samples were collected
by the shipboard scientific party and air-freighted for analysis
by the Stable Isotope Laboratory, BGR, Hannover, FRG. The
sediments were stored frozen in metal cans until analyzed. The
aliquots of the air-expressed interstitial waters and the gas pocket
samples were injected into Vacutainers™ aboard ship and re-
mained refrigerated until analyzed (Whiticar and Faber, 1987).

The various sample and analytical gas types, defined next,
refer to the physical location of the gas in the sediment, and are
different from the above-mentioned genetic gas types.

Definitions of Analytical Gas Types

Free—interstitial and loosely bound gases, measured (a)
aboard ship by the gas extraction technique of Bernard et al.,
1978; Kvenvolden and Redden, 1980 (see Kvenvolden and Mc-
Donald, this volume) and (b) at shore-based laboratories of the
U.S. Geological Survey and Texas A&M University (Kvenvolden
et al., this volume).

Headspace—aliquot, taken by syringe, of gas volume in the
cans over the thawed sediments.

Sorbed—Iloosely bound gas (free gas) removed first, then
acid/vacuum extraction of bound gases in sediment according
to the BGR method (Faber et al., unpublished data).

Total—combination of sorbed gas in sediments and the re-
sidual free gas (that which remains after any degassing during
collection and subsequent opening of the cans). Identical to the
sorbed gas method but without prior removal of free gas.

Headspace and Free Gases, Procedural Details

Samples of headspace gas from the canned sediments and
from the two Vacutainer™ samples were analyzed by gas chro-
matography (GC) for molecular composition. The two Vacu-
tainer samples and the single headspace Sample 104-644A-26H-
3, 10-16 cm had sufficient methane for a '*C/'2C determina-
tion.

Data for the free gas, dissolved-sulfate, and alkalinity mea-
surements of the interstitial waters, used for comparison here,
were determined by the shipboard party and are reported sepa-
rately in this volume by Kvenvolden and McDonald (this vol-
ume) and Kvenvolden et al. (this volume).
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Sorbed and Total Gases, Procedural Details

The wet sediment samples were weighed (200 to 300 g)* into
a vacuum/acid degassing apparatus (Faber et al., unpublished
data). Normally, the free gases are removed prior to this analysis
by washing/sieving, and only the sorbed gases are analysed. Al-
though this was our original intention, due to the limited sam-
ple quantity and their quality, it was necessary to collect the
sorbed and free gases together (total gas). As shown by the
headspace data, the hydrocarbons in the free gas fraction in our
samples are low and contribute little methane and insignificant
amounts of C,, gases to the total. The total gases recovered
were quantified by conventional analytical gas chromatography
(GC).

Hydrocarbon concentrations are reported on a dry-weight
basis (e.g., yield C, ppb = grams C,/10° grams dry sediment).
The compositional ratio C,/C,, = C//(C, + C,. + C3 + G,
+ i, n-C,), on a percent-volume basis, where C,, C,, C;, and i,
n-C, are n-alkanes and C,., C,. are ethene and propene, respec-
tively. Note that in Figure 1, C,/sum C, = C,/C,_,.

In preparation for isotope measurements, the hydrocarbon
gases were partitioned by GC, then combusted over CuO (880°C)
and the resultant CO, and H,0 collected. '*C/'2C ratios of meth-
ane and in a few cases ethane, were measured as CO, on an iso-
tope ratio mass spectrometer. Sufficient combustion water was
available from three methane samples for reduction to H, on
zinc and a D/H ratio measurement.

The amounts of hydrocarbons available for combustion were,
in general, extremely low, sometimes less than 1 uL. The carbon
isotope measurements of methane with low quantities (below
ca. 1 uL hydrocarbon gas), and ethane measurements have a
somewhat larger analytical uncertainty.

The stable isotope data are presented in the usual §-notation:

SR, (%0) = (R,ﬂ'R&sample _1) % 103 )
R4/ R p siandard

where R,/Ry is *C/"2C and D/H relative to the PDB and

SMOW standards, respectively.

RESULTS AND DISCUSSION

Despite the sometimes difficult coring conditions encoun-
tered, adequate samples was generally available for a GC of the
headspace gas, acid/vacuum degassing, quantitative GC of the
total gas, and a '*C/'?C determination of the methane. How-
ever, as mentioned, some uncertainty in the data is expected
from the samples of poorer quality.

Headspace Samples

In the headspace samples, the free gases from the sediments
are strongly diluted by atmospheric air, probably introduced in
the can during sampling. Methane is essentially the only hydro-
carbon present in notable amounts, and constitutes only 0.0004
to 0.1% of the gas in the headspace (Table 1). Only trace amounts
of ethane are recorded.

The only *C/'?C measurement of methane from a head-
space Sample, 104-644A-26H-3, 10-16 cm, is — 68.5%o, which,
despite the low methane content, clearly indicates a gas of bio-
genic origin (Whiticar et al., 1986). The two Vacutainer Sections
104-644A-14-2, 24 cm and —644A-16-2, 15 cm, on the other
hand, are rich in methane (55.6% and 66.9%, Table 1), with

*Note: due to the slurry nature of the original sample material, the actual
weight of sediment/drill-fluid available for the degassing was generally around 50
g dry weight (min. 16.4 g, max. 138.0 g), the remainder presumably being water.



COMPOSITION OF HEADSPACE AND TOTAL HYDROCARBON GASES

Table 1. Hydrocarbon composition of headspace and Vacutainer gases of the samples from Sites 642,

643, and 644.
Depth % gas <-—— % he ——->
Rech Sample 104- (mbsf) CHy (%etot) CHy (%) CyHg (%) a”ccm sDch, 5’30002
1 642B-1-03, 0-014 3.07 = = = = = —
2 642B-7TH-4, 119-133  53.16 0.101 100.0 = - - -
3 642B-10X-6,0-14 83.47 000 100.0 = — ) —
4 642B-13H-4, 120-134  109.97 .001 100.0 0.00 - —_ -
5 642B-19H-4, 117-131  163.44 .001 100.0 .00 — = —
6  642B-25H-4, 116-130  218.83 012 100.0 .00 = - -
7 642D-4-5, 120-134 216.47 .002 100.0 .00 — — P
8  643A-5H-2, 73-79 35.06 .001 100.0 — — — —
9 643A-11-5, 85-91 97.68 — — — — — _
10 643A-166, 110-116 146,93 - - - - — —
11 643A-23-4, 5-11 209.68 .001 100.0 .00 — s —
12 643A-29-3, 140-145 268,33 .000 100.0 - — - —
13 643A-35-1, 101-107  323.74 = — = e - -
14 643A-41-CC, 10-16 390.23 000 100.0 —_ — - —
15 643A-47-4, 140-146  445.03 i e = = =3 =
16  643A-53X-4, 10-16  501.63 .001 100.0 .00 = - -
17 644A-2H-4, 0-6 13.73 = = = = = =
18 644A-9-5, 91-97 80.14 013 100.0 = = = —
19 644A-14-2,27-34 122.50 —_ —_ — = — A
20 644A-16H-2, 7-13 141.30 005 100.0 — — — P
21 644A-20-4,1-6 182.24 .007 100.0 — — — —
22 644A-26H-3, 10-16  213.63 .049 100.0 .00 ~68.5 - —
23 644A-32H-3, 10-17  241.23 034 100.0 .00 — = —
24 644A-14-2, 24GAS 122.44 55.599 100.0 .01 -717  -2640 —16.3
25 644A-16-2, 15GAS 141.35 66.859 100.0 .01 —-76.4 —270.0 —12.5

only trace amounts of higher hydrocarbons detected (0.01%).
The 6'*Ccy, of Vacutainers are —77.7%o and — 76.4%o (Table 1),
and the corresponding éDcy, measurements are —264%o and
— 270%o, respectively. The molecular and isotope data indicate
that these gases, too, are of a biogenic origin.

Total Gas Samples

Site 643

This hole represents the geological situation with poor hy-
drocarbon potential. This is reflected by the low total hydrocar-
bon gas yields (sum C,_,) of 30 to 50 ppb (dry weight basis, Ta-
ble 2). Slightly higher yields (182 to 233 ppb) are measured near
the surface, but they are still significantly lower than the maxi-
mum of 769 ppb found at Hole 644A. The individual C, to C,
n-alkanes covary with depth, as seen in Figure 1, giving a wet-
ness ratio (C,/sum C,_,) of about 0.6. Butane and pentane ho-
mologes are also present in amounts as much as 40 ppb.

The carbon isotope measurements of methane found in low
quantities (below ca. 1 gL C,), are §3Ccy, values of —21.5%.,
and —23.5%¢ (Table 3). The two samples nearest the surface,
contain more methane, and have 6'3Ccy, values of —41.6%o and
—27.1%,.

Dissolved sulfate is being continually removed from the in-
terstitial water by microbial oxidation (e.g., of organic matter),
but in the interval sampled for total gases, the sulfate level re-
mained too high to permit the onset of methanogenesis. This
lack of sulfate exhaustion is a consequence of the rather low
TOC (total organic carbon) contents in these sediments, and is
substantiated by the extremely low free and total gas concentra-
tions.

Nevertheless, it is most interesting to note that in these sedi-
ments with low hydrocarbon potential there are still measur-
able, albeit minor, amounts of hydrocarbons present. These hy-
drocarbon concentrations can be regarded as background hy-
drocarbon levels for this sector of the Norwegian Sea, and, as
will be discussed, are possibly the result of diagenetic generation
of hydrocarbons. As explained below, the slightly higher yields
near the surface could be due to minor biogenic gas production

in conjunction with the more labile organic matter. The absence
of methane in the headspace belies any post-sampling effects.

Site 642

The hydrocarbon concentration of the total gas fraction of
the samples at Holes 642B and 642D are slightly higher than at
Hole 643A and vary from a minimum of 19 ppb to a maximum
of 382 ppb (sum C,_,). The concentrations of the individual n-
alkanes vary slightly with depth (Fig. 1), while the amount of
methane tends to decrease from the surface. Similar to Hole
643A, the iso- and n-butane are both present with yields around
20 ppb (Table 3). The molecular composition (C,/sum C, _,) of
the hydrocarbon gases varies with depth between 0.72 and 0.93
(Fig. 1), except the single sample at Hole 642D that had com-
paratively less methane (C,/sum C,_, = 0.63).

The 6*Ccy, values of the samples with higher methane con-
tents are about —37%p (Fig. 1, Table 3), whereas the samples
with low hydrocarbon yields are ca. — 23%o, similar to the back-
ground gases at Hole 643A. The single Section 104-642B-1H-3,
14 cm, for which a D/H measurement was possible, has a 6Dcy,
of — 165%q.

The dissolved sulfate content at Site 642 decreases with depth
but, remains at a concentration too high to permit methano-
genesis, despite the slightly higher TOC than at Hole 643A.

The gas geochemistry at Site 642 provides no indication of
early thermal maturation of the organic matter in the sediments
covering the volcanic basement at this drill site. The stronger
geothermal gradient of 0.08 to 0.085°C/m in this region than,
for example, at Site 644 in the inner Véring Basin (0.067°C/m,
E. Taylor et al., unpublished data) appears to have no effect on
hydrocarbon generation.

Site 644

The geochemical situation at Site 644 is different from those
at the more westerly sites. The total hydrocarbon gas yields with
a maximum of 769 ppb, are in some cases significantly higher
than at Holes 642B and 642D and in particular at Site 643A (Ta-
ble 2). The variability in yield is recorded in Figure 1 with a
rough trend to lower concentrations of the individual n-alkanes
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Table 2. Total hydrocarbon gas yields of samples from Sites 642, 643, and 644.

< -— Hydrocarbon yield (ppb wt) -->

Depth
Rec# Sample 104- (mbsf) CH4 C2H4 C2H6 C3H6 C3H3 i-C4 I'I—C4 sum Cl—4
1 642B-1-3, 0-14 3 291 0 37 28 21 16 17 410
2 642B-7H-4, 119-133 53 43 0 14 0 9 0 9 75
3 642B-10X-6, 0-14 83 235 0 15 0 8 0 25 282
4 642B-13H-4, 120-134 110 159 0 48 0 66 24 18 316
5 642B-19H-4, 117-131 163 130 0 48 0 36 24 19 256
6 642B-25H-4, 116-130 219 16 0 3 0 0 o 0 20
7 642D-4-5, 120-134 216 23 0 6 15 13 0 0 57
8 643A-5H-2, 73-79 36 95 0 28 16 22 22 15 199
9 643A-11-5, 85-91 98 100 0 76 0 57 0 0 232
10 643A-16-6, 110-116 147 kX ] 0 22 32 11 18 24 139
11 643A-23-4, 05-11 210 16 0 7 0 8 0 17 47
12 643A-29-3, 140-146 268 14 0 6 5 5 4 8 41
13 643A-35-1, 101-107 324 45 18 21 24 19 40 35 203
14 643A-41-CC, 10-16 390 28 23 17 23 13 25 13 141
15 643A-47-4, 140-146 445 25 5 10 0 9 0 0 49
16 643A-53X-4, 10-16 502 20 0 8 0 2 0 0 31
17 644A-2H-4, 00-06 14 414 13 97 0 73 45 46 689
18 644A-9-5, 91-97 80 46 0 105 0 94 54 53 769
19 644A-14-2, 27-34 123 152 0 50 0 33 13 28 277
20 644A-16H-2, 07-13 141 424 0 65 0 49 31 37 605
21 644A-20-4, 02-06 182 128 0 29 0 20 0 0 176
22 644A-26H-3, 10-16 214 88 0 19 0 14 0 0 121
23 644A-32H-3, 10-16 241 280 0 24 20 18 17 14 73

at greater depth. This is also seen at Holes 642B, 642D, and
643A. In the upper portion of the core, the C,/sum C,_,is 0.75
to 0.79. Below 140 mbsf down to total depth (TD) there is a
sharp compositional break to more methane-rich values of 0.85
to 0.89 (Fig. 1).

This compositional break near 140 mbsf is also reflected in
the carbon isotope values. The upper section of the Hole 644
has 6!*C¢yy, values of — 38.5%o to —43.0%e, which are compara-
ble with the ratios measured for methane present in higher con-
centrations at Holes 642B and 642D.

Below about 140 mbsf the methane shifts to more *C-de-
pleted carbon isotope values of —49.0%o to — 71.4%o. This car-
bon isotope composition indicates that methanogenesis is the
dominant origin of the methane at greater depth (Whiticar et
al., 1986). This interpretation is consistent with the distribution
of dissolved sulfate. In the upper portion of the hole, dissolved
sulfate concentrations decrease rapidly with depth (see Kvenvol-
den and McDonald, this volume) but are sufficient to inhibit
methanogenesis. Dissolved sulfate is exhausted below 100 mbsf,
which corresponds to the onset of methanogenesis. Similarly,
Kvenvolden et al. (this volume) report high methane concentra-
tions in the free gas fraction, dependent on the presence or ab-
sence of dissolved sulfate. They interpret this free gas to be of
biogenic origin with regard to the §'*Ccyy, of —62%0 to — 90%o.
In the samples received at the BGR, slightly more methane is
present in the headspace samples at Site 644 than at the other
two sites (0.05 percent-volume max.), but in comparison with
the results of Kvenvolden et al. (this volume), severe loss of gas
is evident for all the samples using this sampling technique. A
single 6'3CCH4 value of —68.5%¢ was measured for the head-
space at 213.6 mbsf (Site 644), which confirms the biogenic ori-
gin of the gas.

Genetic Classification of Hydrocarbon Gases

The wide range of molecular and isotope compositions and
of hydrocarbon concentrations at the three ODP Leg 104 sites
reveal the presence of several gas types. In some cases a genetic
origin can be assigned, e.g., biogenic gases, whereas for many
of the other samples the origin designation is ambiguous, par-
ticularly among the low concentration background gases. The
primary genetic gas types considered here are:
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1. Biogenic—higher yields in total (or free) gas fraction, pre-
dominantly methane depleted in '*C (6"*Ccy, range: —60%o to
— 90%o).

2. Thermogenic—moderate yields in total (or sorbed) gas
fraction, rich in higher homologes, (8'"*Ccy, range: — 50%o to
— 30%o).

3. Diagenetic—very low to low yields, varying proportions
of higher homologues, (5'*Ccy, ca. —22%).

Biogenic gases are identified at Hole 644B, in headspace and
total gas samples, and in free gas samples (Kvenvolden et al.,
this volume) as mentioned before. This finding was expected be-
cause biogenic gas had been reported by Morris (1976) at the ge-
ologically comparable DSDP Leg 38, Site 341 (C,/(C, + Cy)
ca. 10%, 63Ccp, ca. — 80%0). A severe drill rig blow-out also oc-
curred at a location adjacent to this region, which is believed to
be the result of an excessive biogenic methane pressure. No light
hydrocarbons were reported at the other sites of DSDP Leg 38.

The two Vacutainer samples and the headspace Core 104-
644A-26 contain biogenic methane, which is interpreted to have
been formed by methanogenic CO, reduction pathway as op-
posed to methyl-type fermentation. This is founded, in part, on
the combination of the 6'*Ccy, and D¢y values as shown in
Figure 2 (Whiticar et al., 1986). The combination of these meth-
ane isotope values with those of the 63 Cgco, and 8Dy, in the
companion paper (see Whiticar and Faber, this volume), con-
firm this interpretation.

With the exception of the samples at 36 mbsf and 98 mbsf,
the gases at Hole 643A are representative examples: of back-
ground gases, ie., sum C,_, hydrocarbon generally yields less
than 100 ppb. Similarly, at Holes 642B and D the samples at 53
mbsf, 216 mbsf, and 219 mbsf have low total yields. The gas
yields of the remaining samples, including those at Hole 644A,
are higher than normally expected for background gases. A
characteristic of the low yield background gases is their enrich-
ment of the C,, hydrocarbons relative to methane, and in some
cases, the presence of significant amounts of unsaturated hy-
drocarbons (up to 29%, Table 3). Another diagnostic feature is
methane relatively enriched in 13C (see above). These background
gases are most likely autochthonous, and products of the diage-
netic decomposition of organic matter in these sediments, either
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Table 3. Relative hydrocarbon percentage and isotope composition of hydrocarbon gas yields of samples from Sites 642, 643, and 644.

Depth < ~——-- rel, % hydrocarbon >
Rec# Sample 104- (mbsf) CH4 CZH4 C2H6 C;Ha Csl"ls l-C4 I'I.'C4 CIKC“ szCI 6'3CCH4 {3]3(:CEH6 6DCH4
1 642B-1H-3, 0-14 3 86.1 0.0 5.8 3.1 23 1.3 1.4 6.2 .07 -39.1 -15.7 —165.1
2 642B-TH-4, 119-133 53 76.8 0.0 12.8 0.0 5.9 0.0 4.5 33 17 —-40.3 — —
3 642B-10X-6, 0-14 83 93.0 0.0 3.1 0.0 1.2 0.0 2.7 13.3 .03 -22.9 — —
4 642B-13H-4, 120-134 110 72.0 0.0 11.7 0.0 10.9 3 23 2.6 .16 -37.9 -6.3 —
5 642B-19H-4, 117-131 163 72.1 0.0 14.1 0.0 7.2 3.7 2.9 2.6 .20 -36.1 -17.7 —
6  642B-25H-4, 116-130 219 90.0 0.0 10.0 0.0 0.0 0.0 0.0 9.0 11 — — —
7 642D-4X-5, 120-134 216 63.1 0.0 9.2 15.4 12.4 0.0 0.0 1.7 .15 -22.8 — —
8 643A-5H-2, 73-79 36 70.5 0.0 11.3 4.6 6.0 4.5 32 24 .16 —-41.6 — -
9 643A-11X-5, 85-91 98 62.0 0.0 25.1 0.0 12.9 0.0 0.0 6 .41 -27.1 — =
10 643A-16X-6, 110-116 147 45.5 0.0 16.0 16.7 5.7 6.8 9.2 .8 .35 - — —
11 643A-23X-4, 5-11 210 58.9 0.0 13.6 0.0 10.4 0.0 17.1 1.4 .23 — . =
12 643A-29X-3, 140-146 268 57.3 0.0 13.8 7.4 7.8 4.4 9.3 .24 — — —
13 643A-35X-1, 101-107 324 436 10.1 10.9 8.7 6.7 107 9.4 .8 .25 — — —
14 643A-41X-CC, 10-16 3%0 374 176 12.4 12.0 6.5 9.3 4.8 6 .33 -21.5 — —
15 643A-47X-4, 140-146 445 68.5 8.0 14.7 0.0 8.9 0.0 0.0 22 .21 — — —
16 643A-53X-4, 10-16 502 79.5 0.0 17.1 0.0 3.5 0.0 0.0 3.9 .20 —-23.5 — —
17 644A-2H-4, 0-6 14 78.8 1.4 9.9 0.0 5.1 2.4 2.4 3.7 .13 —41.4 -29.9 —
18 644A-9H-5, 92-97 80 79.4 0.0 9.6 0.0 5.9 2.6 2.5 .9 .12 —43.0 — —
19 644A-14H-2, 27-34 123 752 0.0 132. 0.0 6.0 1.7 1.9 3.0 .18 —-38.5 — —
20 644A-16H-2, 7-34 141 85.7 0.0 7.0 0.0 3.6 1.7 2.0 6.0 .08 -57.1 — —
21 644A-20H-4, 2-6 182 85.1 0.0 10.2 0.0 4.7 0.0 0.0 5.7 12 —-49.0 — -
22 644A-26H-3, 10-16 214 85.2 0.0 9.8 0.0 5.0 0.0 0.0 5.8 .11 —-50.6 — —
23 644A-32H-3, 10-16 241 88.8 0.0 4.0 2.4 2.1 1.5 1.2 79 .04 -71.4 — —
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by chemical or biosynthetic processes. The 6!*Ccy, is similar to
that of the sediment kerogen at DSDP Site 341 (6Cpq

—22%0 to — 25%o, Erdman and Schorno, 1976). Prowded that
there is a homogeneous isotope distribution within the kerogen,
the low isotope separation seen between the kerogen and hydro-
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Figure 2. Cross plot of 6Dcp, vs. 513CCH4 showing the form of methanogenesis of the biogenic gas
in the Vacutainers.

carbon gas generated implies only a minor isotope effect associ-
ated with the carbon transfer from kerogen to hydrocarbon gas.
This diagenetic gas type is probably present in most, if not all,
of the ODP Leg 104 samples, including those of Hole 644A,
but is frequently masked by the admixture of other gases. With
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regard to the classification diagram of 6"*Ccy, vs. C,/C,, (Fig.
3, modified from Bernard, 1980), the composition of several of
the hydrocarbon gases at Holes 642B and D (samples 1, 2, 4, 5,
Tables 2, 3, Fig. 3) and Hole 644A (samples 17, 18, 19, Tables 2,
3, Fig. 3) suggest a thermogenic origin, if they were considered
only in isolation. Values of C,/C,, of ca. 3 and §"*Ccy, around
—39%0 to —42%o are typical for these gases. They generally
have yields above the background level, but are lower relative to
the yields found in surface sediments over known petroliferous
regions, e.g., North Sea (Faber and Stahl, 1984). Although such
a thermogenic source can not be eliminated for some of these
ambiguous samples, there is auxillary evidence indicating that
these are mixed gases and are not primary.

To demonstrate the possibility of mixed gas origin, the C,/
C,, and 86"Ccy, values of the total gases from the three ODP
sites are plotted together in Figure 4. The two-component mix-
ing line shown in Figure 4 is calculated by taking the respective
values of the two end members:

1. Diagenetic/background gas (C,/C,, = 2.0, §"*Ccy, =
— 22%).
2. Biogenic gas (C,/C,, = 10%, 8"Ccn, = —80%o).

The gases which lie within the zone of thermogenic gases can
be explained by the admixture of 20% to 25% biogenic gas with
the diagenetic gas. This mixing trend is particularly apparent
for the gases at Hole 644A. It could be argued that the gases
which fall within the thermogenic zone only coincidentally lie
on this mixing line between biogenic and diagenetic gases. For
example, at Holes 642B, 642D, and 643A no clear biogenic
component is observed, nor is major methanogenesis by CO, re-
duction expected in these sediments due to the presence of sul-
fate. Some minor methanogenesis by noncompetitive methyl-

fermenters may be an explanation. Alternatively, these gases
may also be of diagenetic origin, distinct in character from
those described at Hole 643A.

Further lines of evidence against a thermogenic classification
of these gases are the presence of significant amounts of unsatu-
rated hydrocarbons, and the carbon isotope ratio of ethane.
The three 6'3Cc,n, measurements at Site 642 are far too en-
riched in 13C relative to those expected for thermogenic hydro-
carbons. For the 6'*Ccyy, values of —36%o to — 39%q, the corre-
sponding 6'*Cc,u4 should lie around —27%o to — 30%, provided
both are of the same thermogenic origin. A single sample at Site
644 (Sample 104-644A-2H-4, 0-6 cm) tentatively fits within
such a thermogenic framework with 8'3Ccy, values of —41.4%0
and 6"Cc,y values of —29.9%0. Additional, more reliable
13Cc,ugq are required to confirm such an interpretation. If this
gas were thermogenic, then the estimated maturity of the source
kerogen would correspond to ca. 1.1 to 1.2 W"Rocquivalent based
on the 8"Ccy, and 6"*Cc,n, measurements. Considering that
only immature sections are encountered at Hole 644A, a ther-
mogenic interpretation would necessitate that this gas be alloch-
tonous, migrating from a more mature, and likely deeper,
source.

The single total gas (Sample 104-642B-1-3, 0-14 cm) for
which 8Dcy, is available, had a higher hydrocarbon yield of 382
ppb and falls in the zone of thermogenic gas.

CONCLUSIONS

Regardless of structural, or geochemical situation, methane,
ethane and propane, and, in most cases, butanes and unsatu-
rated hydrocarbons are present in the sediments of all three
ODP 104 sites. With the methods available, these could be
quantified, and despite the low gas contents available, isotope
measurements could be conducted on most of the samples.
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Figure 3. Hydrocarbon gas composition plot of §'*Ccy 4 V8. C;/C, . at Sites 642, 643, and 644. The samples are
differentiated into five groups (symbols) based on methane yield. The open circle is a headspace sample and the
two closed circles are Vacutainer samples.
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Figure 4. Calculated mixing line of diagenetic/background gas (C,/C,, = 2.0, §"*Ccp 4 = —22%0) and biogenic gas
(C/Cy, = 10% 8"Ccyy, = —80%0). Triangles mark the fraction of the two end members on the mixing line at 10%
intervals. The total hydrocarbon gas values from Sites 642, 643, and 644 are plotted as open circles.

Hydrocarbon gas compositions and concentrations at Holes
642B, 642D, and 643A are, for the most part, representative of
background gases, possibly generated by diagenetic reactions.
These sites are directly over, and at the foot of the outer Véring
Plateau, respectively, where the hydrocarbon generation poten-
tial is expected to be poor. The relative *C enrichments in the
methane and ethane are distinctive for this gas type.

Biogenic gas (predominantly methane) is the primary hydro-
carbon gas in headspace analyses of sediments from the inner
Véring Basin (Hole 644A). Removal of most of this free gas
fraction (the physical location of this gas) permits the sorbed
gas signature to appear. This latter gas type is probably a mix-
ture of diagenetic and biogenic gas types. However, the available
data could neither unequivocally refute nor confirm the exist-
ence of thermogenic hydrocarbons in certain samples from the
inner Vdring Basin.

The interpretation of hydrocarbon gas origins for sediment
samples with very low gas concentrations is often uncertain or
even speculative, and strongly depends on sample quality. Once
gas contents increase to levels above background, the classifica-
tion of the sediment gases can be made with greater confidence.
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