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Abstract Several hundred hydrothermal vent complexes
were formed in the Vøring Basin as a consequence of
magmatic sill emplacement in the late Palaeocene. The
6607/12-1 exploration well was drilled through a 220-mthick sequence of Eocene–Miocene diatomites with
carbonate nodules above the apex of one of these vent
complexes. Analysed calcites and dolomites from this
interval have isotopic signatures typical for methane
seep carbonates, with low d13C signatures of )28 to
)54& PDB. The data suggest that the vent complex
acted as a ﬂuid migration pathway for about
50·106 years after its formation, leading to near-surface
microbial activity and seep carbonate formation.

Introduction
Seeps are ﬂuid and gas leakage from a surface vent, and
are documented from continental and marine systems
around the world (see Hovland and Judd 1988, and
Aharon 1994 for reviews). The vents are commonly
inhabited by micro- and macro-organisms which utilize
energy from the seep ﬂuids. Fluid–microbial interactions
may induce precipitation of minerals which include
carbonates with distinct isotopic signatures. These
deposits provide a record of formation conditions.
Carbonates are actively forming today in numerous seep
locations (e.g. Hovland et al. 1987; Roberts and Aharon
1994; Adshead 1996; Peckmann et al. 2001; Greinert
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et al. 2001). Their ancient analogues in the geological
record (e.g. Gaillard et al. 1992; Aiello et al. 2001;
Campbell et al. 2002) are important scientiﬁc targets for
understanding more about the biological and physical
processes operating at seeps.
Active seeps have been discovered in a wide range of
geological environments which include ‘‘stable’’ sedimentary basins with leaking petroleum reservoirs
(e.g. the North Sea, the Gulf of Mexico), and pierced
sedimentary basins in tectonically active areas with thick
accumulations of overpressured clay-rich sediments
(e.g. accretion settings in the Mediterranean Ocean and
back-arc settings in the South Caspian Basin; Jakubov
et al. 1971; Hovland et al. 1987; Robertson et al. 1996).
Commonly, the ﬂuids expelled at seep sites represent
pore waters, oil and hydrocarbon gases (dominantly
methane). These ﬂuids are commonly expelled together
with sediments in mud volcanoes (e.g. Jakubov et al.
1971; Higgins and Saunders 1974; Ritger et al. 1987; Le
Pichon et al. 1990; Cita et al. 1995; Robertson et al.
1996; Dia et al. 1999; Milkov 2000; Kopf and Behrmann
2000).
This paper discusses a setting for ﬂuid seeps which
has previously received little attention: volcanic sedimentary basins, which are characterized by the presence
of extensive magmatic intrusive complexes. We have
identiﬁed >700 hydrothermal vent complexes on seismic reﬂection data in the Møre and Vøring basins oﬀshore mid-Norway (Fig. 1). They are typically expressed
as vertical zones of disturbed seismic data, extending
from deeper, high-amplitude reﬂections (sills) to the
palaeosurface. At the palaeosurface, the upper part of
the hydrothermal vent complex is usually manifested as
an eye-structure representing either a crater or a mound
(see Figs. 2 and 3). The hydrothermal vent complexes
were formed by phreatic eruptions subsequent to
emplacement of magmatic sills in the late Palaeocene
(Jamtveit et al. 2003). These systems are short-lived
(on the scale of 10–100s of years), are gas-dominated,
and are associated with sediment volcanism (Jamtveit
et al. 2003). As a result, hydrothermal vent complexes
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Fig. 1 Interpreted hydrothermal vent complexes (circles) in the
eastern part of the Vøring Basin. The thick line marks the eastern
limit of sill complexes in the area, thin lines mark faults. Structures
from Blystad et al. (1995)

are not commonly associated with signiﬁcant mineral
deposition.
The hydrocarbon exploration well 6607/12-1 in the
Vøring Basin was drilled through the centre of a
hydrothermal vent complex in 1986 and it provides a
unique opportunity to study the geological structure and
development of this complex. A project including sampling (140 samples), biostratigraphy, seismic interpretations, petrography, and geochemistry of the well was
completed in 2002. One of the aims of the study was to
determine the nature of disturbed seismic reﬂectors both
below and above eye structures which are commonly
observed associated with hydrothermal vent complexes
in the Vøring Basin. Furthermore, we aimed to test if
these reﬂectors could be related to seep deposits. This
contribution focus on the petrography and geochemistry
of carbonates overlying the hydrothermal vent complex,
and documents how this complex may have inﬂuenced
long-term ﬂuid migration and seeps in the basin.

The 6607/12-1 hydrothermal vent complex
The 6607/12-1 borehole was drilled to 3,521-m depth in
390-m water depth in 1986 (Figs. 1, 2 and 3). The 1,409–
1,426 m interval was cored, with a recovery of 8.6 m.
The well was subsequently plugged and abandoned as a
dry hole.
The well is located at the crest of a regional dome
of Palaeogene strata, in the centre of a hydrothermal
vent complex. The vent complex is characterized by a

Fig. 2 Depth-converted seismic data of the 6607/12-1 hydrothermal vent complex. The wireline velocity log is shown for reference.
SF Seaﬂoor, TE top Eocene, TP top Palaeocene

2-km-wide, eye-shaped upper part at the top Palaeocene
level, above a zone of disrupted seismic data connecting
the upper part of the vent complex with the termination
of a high-amplitude seismic event at 5.0 s twt. This event
is regionally interpreted as a sill intrusion. The strata
above the vent complex form a mound up to the Top
Mound horizon (Figs. 2 and 3).
The well penetrated 1,000 m of Recent to Plio/Pleistocene glacial clay and sand/gravel deposits, Eocene to
upper Palaeocene diatomite ooze and claystone, and
Cretaceous claystone and shales (Blunck and Blanchet
1986). Two main unconformities are recognized, a
Miocene to Eocene unconformity at 1,400 m and an
upper Palaeocene to Maastrichtian unconformity at
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Fig. 3 Interpretation of sill geometry and the hydrothermal vent
complex drilled in the 6607/12-1 borehole based on seismic data. A
vertical zone of disturbed seismic data is interpreted as a conduit
zone. The eye-shaped structure represents the upper part of the
complex, probably formed by ﬁlling of an explosion crater. Similar
relationships between sills, conduit zone, and palaeosurface
deposits are observed in most of the >700 hydrothermal vent
complexes from the Vøring and Møre basins

1,770 m. Both unconformities are correlated with seismic events which have been mapped regionally. The
Eocene–Pliocene diatomite and claystone in the well
contain stringers and layers of carbonates (calcite and
dolomite). Carbonate is more abundant between 1,370
and 1,500 m than elsewhere in the stratigraphy, and
correlates with strong seismic reﬂections and physical
property changes recorded on wireline logs (Figs. 2
and 4).

Materials and methods
In all, 139 samples have been collected and analysed
from the cored interval and from the cuttings of the well.
Here we describe the results from carbonate petrographic and geochemical analyses from 30 samples in
the 1,300–1,700 m interval. Stable isotopes of C and O
were analysed from core samples, and from handpicked
fractions from the cuttings. Stable isotope values are
given for both calcite and dolomite in samples where
they occur together. All samples for isotope analyses
were initially analysed for mineralogy by XRD. Due to a
limited amount of carbonate grains in the cuttings, the
XRD analyses are in many cases the only information
available on the carbonate composition (i.e. when no
thin sections could be made). The handpicked fractions
of carbonates from the cuttings were sorted according to
appearance (texture, grain size, colour).
Stable isotope analyses of calcite and dolomite were
conducted at the Institute of Energy Technology (IFE),

Fig. 4 Composite log of the 1,300–1,700 m interval from 6607/12-1.
The stratigraphy is based upon the new biostratigraphy, our study
of the cuttings, and Blunck and Blanchet (1986). Calcite is found in
the core and the cuttings, mostly between 1,350 and 1,520 m
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Norway. Organic material was removed prior to carbonate stable isotope analysis by vacuum heating the
samples in a furnace for 4 h at 400 C. The carbonates
were reacted with H3PO4 under vacuum. Calcite was
reacted for 2 h at 25.0 C, whereas dolomite was reacted
at 25.0 C for 6 days. The released CO2 was cryogenically puriﬁed and transferred to a Finnigan MAT 251
isotope ratio mass spectrometer (IRMS) with dual inlet
and triple collector, for determination of d13C and d18O.
The precision for d13C is 0.1& and for d18O it is 0.2&,
and the dolomite d18O was corrected for phosphoric acid
fractionation.
Cathodoluminescence on thin sections of carbonates
was studied using a Cambridge Image Technology Cathodoluminescence CL820 MK4, at the Department of
Geology, University of Oslo.

Results
Carbonate petrography and geochemistry
The limestone layers in the core are massive, with no
apparent layering. Curved upper and lower surfaces
indicate that they represent concretions, not continuous
layers. Limestone is present in two horizons (<10 cm
thick) in the upper part of the core (1,409–1,414 m),
whereas limestone comprises about 50% of the stratigraphy in the lower half of the core. The most prominent
feature of the limestones is numerous small (<0.5 cm),
circular calcite nodules. The nodules occur throughout
the limestones but are most easily seen along the upper
and lower terminations of the layers (Fig. 5). The nodules comprise radial calcite crystals with undulating
extinctions under crossed polars in the microscope, and
are concentrically zoned when studied by cathodoluminescence. The zonation is due to the presence of Mn in
the calcite, which has been veriﬁed by microprobe
analyses (Svensen et al., unpublished data).
Although the nodules bear some resemblance to ooides, their origin is not related to reworking or ooid

Fig. 5 Photograph of the core showing a limestone layer with
calcite nodules (bottom), a calcite cemented breccia with clasts of
diatomite ooze (middle), and diatomite ooze (top)

formation. The carbonate cements the diatomite
(Fig. 6A–F), and thus precipitates within the porosity of
the diatomite. Comparable carbonate textures are reported from Eocene diatomites in the Bering Sea (Hein
et al. 1979), and nodular carbonates precipitated from
seeps are known to form early diagenetic concretions
(e.g. Raisewell 1987; Ritger et al. 1987; Aloisi et al.
2000). Vertical and sub-vertical calcite veins and breccias
locally form branching networks in the limestone, and in
some parts of the interbedded siltstone. The calcite is in
textural equilibrium with pyrite, and pyrite is commonly
present within microfossils (Fig. 6F). Compositionally,
the carbonates in the core are calcites and Mg-calcites
(Svensen et al., unpublished data).
The stable isotope (C and O) data on calcite show a
high variation in isotopic compositions (Table 1), both
with respect to d13C (from )54.1 to )1.1& PDB) and
d18O ()6.6 to 5.8& PDB), and fall in two distinct groups
(Fig. 7). Group I carbonates are represented by three
analyses (two calcites and one dolomite) with d13C values between )1.1 and )9.0&, and d18O values between
)4.0 and )6.6&. Group II carbonates (dolomite and
calcite) have d13C values between )28.4 and )54.1&,
and d18O values between )2.0 and 5.8&. Isotopically
light carbon (i.e. group II carbonate) is present in 27 of
the 30 analysed samples.

Discussion
The majority of the carbonates present in the strata
above the hydrothermal vent complex (i.e. group II
carbonates) have very depleted d13C values, down to
)54& (Fig. 7). The isotopically light carbon in these
carbonates indicates that the carbon is methanogenic
(formed from oxidation of CH4; e.g. Higgins and Quale
1970; Irwin et al. 1977; Reeburgh 1980; Ritger et al.
1987; Paull et al. 1992; Bohrmann et al. 1998; Stakes
et al. 1999; Elvert et al. 2001; Greinert et al. 2001). The
low d13C calcite is in textural equilibrium with pyrite,
indicating that the precipitation was induced by anaerobe methane oxidation coupled with sulphate reduction
(e.g. Kohn et al. 1998; Stakes et al. 1999; Hinrichs et al.
1999; Boetius et al. 2000; Peckmann et al. 2001, and
references above). That pyrite is present within the microfossils may be explained by microfossils providing
space, nutrients, and nucleation sites for pyrite growth
(Kohn et al. 1998). The radial crystals in the calcite
nodules from the group II carbonates may have originated as aragonite, and recrystallized to calcite during
diagenesis. This is supported from a textural point of
view when compared to modern seep carbonate deposits
(e.g. Ritger et al. 1987; Hovland et al. 1987; Bohrmann
et al. 1998; Aloisi et al. 2000).
The range in d13C of the bulk of the analysed
group II carbonates ()28 to )40&) indicates that the
methane was either thermogenic or biogenic (cf. Suess
and Whiticar 1989; Stakes et al. 1999). Methane of
thermogenic origin usually has d13C between )30 and
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Fig. 6A–F Thin sections from
the limestone in the core show
the presence of calcite nodules
(in transmitted light) cementing
the diatomite ooze (A), with
internal concentric chemical
variations, as seen under
luminescence (B). The nodules
comprise radial crystals with
typical undulating extinctions
under crossed polars, optical
microscope (C). SEM
backscatter images (D–F) show
that the calcite partly cements
the diatomite (D), with a sharp
transition between the calcite
nodules and the rest of the
diatomite ooze (E). Pyrite is
abundant in the limestone,
often as framboidal pyrite, or as
clusters of small crystals ﬁlling
microfossils (F)

)50&, whereas biogenic methane is more fractionated
(<)65&; cf. Vinigradov and Galimov 1970; Irwin et al.
1977; Brooks et al. 1984; Whiticar et al. 1985; Ritger
et al. 1987; Stakes et al. 1999). The lowest of the
group II values (<)40&) suggests a biogenic origin.
The group I carbonates with d13C ratios between )9 and
)1& are probably derived from seawater bicarbonate
with a component of CO2 from oxidized organic material, which commonly have d13C values around )20&
(e.g. Irwin et al. 1977; Ritger et al. 1987).

The bimodal distribution of carbonate in the d13C–
d O system (Fig. 7) has also been reported by other
studies of seep carbonates, including the association of
isotopically light d13C with isotopically heavier d18O
(e.g. Ritger et al. 1987; Paull et al. 1992; Stakes et al.
1999; Aloisi et al. 2000). The presence of isotopically
heavy carbonate (d18O values>6&) from a range of
seep localities has been attributed to precipitation from
d18O-enriched ﬂuids rather than being a temperature
eﬀect, where destabilization of gas hydrates is a likely
18
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Table 1 Stable isotope analyses
of carbonate from 6607/12-1
(all values are relative to PDB)

Sample

Depth

Type

Lithology

(m)
HS 76
HS76
HS 12
HS 13
HS 14
HS 113
HS 113
HS 1
HS 3
HS 5
HS 7
HS 9
HS 10
HS 152
HS 153
HS 11
HS 150
HS 19
HS 20
HS 20
HS 112
HS 111
HS 110
HS 109
HS 22
HS 42
HS 42
HS 42
HS 28
HS 44

1,310
1,310
1,355
1,370
1,385
1,407
1,407
1,410.4
1,411.1
1,414.1
1,414.9
1,415.7
1,416.1
1,417.17
1,417.38
1,417.4
1,417.47
1,445
1,450
1,450
1,460
1,470
1,480
1,490
1,495
1,510
1,510
1,510
1,560
1,655

Fragments
Fragments
Fragments
Fragments
Fragments
Fragments
Fragments
Core/limestone
Core/breccia
Core/breccia
Core/limestone
Core/limestone
Core/limestone
Core/limestone
Core/limestone
Core/limestone
Core/limestone
Fragments
Fragments
Fragments
Fragments
Fragments
Fragments
Fragments
Fragments
Fragments
Fragments
Fragments
Veins
Fragments

source (e.g. Hesse and Harrison 1981; Ussler and Paull
1995; Aloisi et al. 2000; Deyhle and Kopf 2001).
Some of the group II carbonates have elevated d18O
values reaching 5.8&. This is too high to be a diagenetic
temperature eﬀect, as calcite within 40 m in the borehole
have a diﬀerence in d18O reaching 6.7&. Calculations of
the theoretical fractionation of oxygen isotopes between
dissolved carbonate and calcite show that the corresponding diﬀerence in temperature is about 24 C (using
the same d18Owater for both, and the equation of Epstein
et al. 1953). This is geologically unrealistic, and suggests
the carbonates precipitated from ﬂuids with very different d18O signatures. The water temperature at the
time of formation is not known (making precise estimates of d18Owater impossible), but it is reasonable to
conclude that the d18O-enriched carbonates precipitated
from a d18O-enriched ﬂuid. Water released from gas
hydrate is a good candidate for this component
(e.g. Hesse and Harrison 1981; Ussler and Paull 1995;
Martin et al. 1996; Bohrmann et al. 1998; Aloisi et al.
2000; Greinert et al. 2001). This suggests that the
Miocene–Pliocene seep development of the complex
was associated with gas hydrates. The d13C values of
these carbonates are more enriched than those of the
carbonates deeper in the borehole (<)46& compared to
>)39&), pointing towards a biogenic source of methane.
The majority of the carbonates from group II have
oxygen isotope ratios in the range )1 to 2.5& (Table 1).
The average d18O between 1,407 and 1,445 m is 0.4&,

Pliocene
Pliocene
Pliocene
Miocene
Miocene
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Mound
Eye

Calcite

Dolomite

d13C

d18O

d13C

d18O

)45.9
)45.9
)9.0
)54.1
)33.6
)39.1
)39.1
)37.8
)37.4
)38.6
)39.8
)39.5
)38.7
)39.3
)29.7
)38.7
)37.2
)39.6

5.1
5.1
)4.8
5.8
2.9
0.0
0.0
)0.7
)0.9
2.6
)0.7
)0.5
1.5
0.2
0.1
2.3
1.7
)0.2

)45.7
)45.7
)5.3

)1.5
3.6
)6.6

)35.8

)1.5

)38.6

0.7

)28.4

)2.0

)38.6

)33.8
)33.8
)33.0
)34.4
)35.1
)35.4
)32.6
)35.6

)1.5
)1.5
)0.2
)1.5
)1.5
)1.5
)1.5
)1.5

2.9

)1.1
)38.8

)4.0
)0.3

)35.6

)1.5

Fig. 7 Stable isotope data of calcite and dolomite from the 1,300–
1,700 m interval fall in two distinct groups (I and II). Calcite
isotope data from other cores in the Vøring Basin are shown for
reference, with Eocene seep calcite (Mørk et al. 2001), and early
diagenetic calcite from organic-rich sequences (Heinrich 1989)

which gives theoretical temperatures of formation in the
range 15–19 C (assuming a d18Owater between 0 and
1&, and using the equation of Epstein et al. 1953). This
supports the suggestions from the textural relations that
aragonite was a precursor to the radial aggregates of
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calcite, and that the calcite formed during burial and
recrystallization.
Seeps and hydrothermal vent complexes
The seep-carbonate horizons in the Miocene–Eocene–
Pliocene strata may have important implications for the
hydrogeological system in the Vøring Basin. With the
Paleocene–Eocene transition as the timing for initiation
of seeps (Fig. 4), we have a documented seep record
lasting about 50·106 years. We suggest that this seep
record is related to the underlying hydrothermal vent
complex. The hydrothermal vent complexes in the Vøring Basin were explosive and short-lived events (Jamtveit
et al. 2003). Thus, the seep record is not directly related to
the thermal anomaly of the system as, for example, in the
Guaymas Basin (e.g. Simoneit et al. 1988).
There is one scenario which can explain the presence
of seep carbonate above the 6607/12-1 hydrothermal
vent complex, with the migration of possibly thermogenic methane and hydrocarbons from deeper levels in
the basin. Fluids may migrate through the lower part of
the hydrothermal vent complex (i.e. in the conduit zone),
similar to ﬂuid seepage through mud volcano conduits
during dormant periods (e.g. Higgins and Saunders
1974; Le Pichon et al. 1990; Dia et al. 1999). Some of the
methane could be trapped as hydrate below the seaﬂoor.
This would imply that hydrothermal vent complexes act
as a vertical high-permeability zone during further burial
of the basin. Another possibility is that the permeability
in the conduit zone is produced by diﬀerential compaction of the hydrothermal vent complex, leading to a
localized fracture zone. However, the carbonate record
in 6607/12-1 shows that seeps formed during or shortly
after the hydrothermal vent complex formation, which
should not have been the case if it was controlled by
later diﬀerential compaction.

Conclusions
Petrological and geochemical data from the 6607/12-1
well in the Vøring Basins show that hydrothermal processes and structures may have an important control on
the formation of seep deposits. Isotope and petrological
data on calcite and dolomite (d13C showing methanogenic signatures) show that hydrocarbons migrating
through the hydrothermal vent complex during, and
shortly after its formation are oxidized by bacteria via
sulphate reduction close to the seaﬂoor. A 50·106 year
record of seep carbonate from the borehole indicates
that the hydrothermal vent complex rocks can later act
as ﬂuid migration pathways.
Hydrothermal vent complexes may thus be important
when considering geological–biological interactions and
release of seep-gases to the water column and the
atmosphere, as they may act as high-permeability conduits.
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