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Abstract The late Volgian (early ‘‘Boreal’’ Berriasian)
sapropels of the Hekkingen Formation of the central
Barents Sea show total organic carbon (TOC) contents
from 3 to 36 wt%. The relationship between TOC con-
tent and sedimentation rate (SR), and the high Mo/Al
ratios indicate deposition under oxygen-free bottom-
water conditions, and suggest that preservation under
anoxic conditions has largely contributed to the high
accumulation of organic carbon. Hydrogen index values
obtained from Rock-Eval pyrolysis are exceptionally
high, and the organic matter is characterized by well-
preserved type II kerogen. However, the occurrence of
spores, freshwater algae, coal fragments, and charred
land-plant remains strongly suggests proximity to land.
Short-term oscillations, probably reflecting Milankov-
itch-type cyclicity, are superimposed on the long-term
trend of constantly changing depositional conditions
during most of the late Volgian. Progressively smaller
amounts of terrestrial organic matter and larger
amounts of marine organic matter upwards in the core
section may have been caused by a continuous sea-level
rise.

Introduction

The late Jurassic–early Cretaceous time interval is
characterized by low North Atlantic spreading rates

which resulted in a relative sea-level low stand. This
increased the prominence of shallow marine basins
along the continental shelf, thereby promoting the de-
velopment of restricted depositional environments, and
favored the accumulation and preservation of organic
matter (e.g., Demaison and Moore 1980). As a result,
dark-colored, organic carbon-rich sediments, so-called
black shales, occurred widely during this period, for
example, in the marginal seas of the North Atlantic (e.g.,
Schlanger and Jenkyns 1976; Stein et al. 1986; De
Graciansky et al. 1987), along the Norwegian–Green-
land Seaway (e.g., Doré 1991; Smelror et al. 2001;
Mutterlose et al. 2003), and in the adjacent Barents Sea
(e.g., Bugge et al. 1989, 2002). The formation of black
shales is often attributed to ‘‘oceanic anoxic events’’
(OEAs) on a global scale, for example, during the
Cenomanian/Turonian which is characterized by a rel-
atively high sea-level stand (e.g., Arthur et al. 1987;
Erbacher et al. 2001).

The Cretaceous Barents Sea was located in a high
paleolatitude realm (e.g., Haq et al. 1988; Hardenbol
et al. 1998; Street and Brown 2000) and was dominated
by fine-grained clastic sediments with thick black shale
sequences (e.g., Worsley et al. 1988; Ziegler 1988). Some
of these shallow marine black shales have received much
commercial attention in the past because of their high
petroleum source rock potential (e.g., Johansen et al.
1990; Larsen et al. 1990; Leith et al. 1990). Much of the
scientific interest in these sequences was also raised by
the Mjølnir meteorite (e.g., Gudlaugsson 1993; Dypvik
et al. 1996), which impacted the paleo-Barents Sea close
to the Volgian–Ryazanian (early/late Berriasian)
boundary 142±2.6 Ma ago (e.g., Smelror et al. 2001).
Core 7430/10-U-01 is located only 30 km off the outer
rim of the impact crater, and comprises the late
Kimmeridgian to early Ryazanian Hekkingen Forma-
tion (e.g., Worsley et al. 1988; Bugge et al. 1989; Århus
et al. 1990), of which the late Volgian sequence (cf.
below for age control) shows an exceptional suite of
organic carbon-rich, laminated black shales which are
actually marine sapropels. The section from 47.65 to
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46.85 meters below seafloor (m.b.s.f.) forms the
so-called ejecta unit assigned to the meteorite impact
(e.g., Dypvik et al. 1996), but there are new indications
which suggest that the impact may have occurred much
earlier, probably below 50 m.b.s.f. (Smelror et al. 2001).
To obtain information about the origin of the late
Volgian sapropels of core 7430/10-U-01 and their rela-
tion to paleoenvironmental and sea-level changes, as
well as their possible relation to the Mjølnir meteorite
impact, a detailed organic geochemical and microscopic
study was performed.

Materials and methods

Geochemical and microscopic investigations were car-
ried out on selected samples from the organic carbon-
rich Hekkingen Formation of core 7430/10-U-01. The
core was taken at 74�13¢N and 30�14¢E on the
Bjarmeland Platform in the central Barents Sea north
of the Nordkap Basin (Fig. 1) in a water depth of
335 m, and penetrated 57.10 m of late Jurassic to early
Cretaceous bedrock. The drilling was performed by
Sintef Petroleum Research in Trondheim, Norway
(former IKU) in the year 1989. Total carbon (TC),
total organic carbon (TOC), total nitrogen (TN), and
total sulfur (TS) were measured on 148 samples after
combustion using LECO CS-240 and CNS-2000
elemental analyzers, including 126 samples of a high-
resolution section from 51 to 49 m.b.s.f. TOC was

measured on a LECO CS-400 after carbonate was
removed with hydrochloric acid. All TOC results were
rechecked by CaO (total inorganic carbon TIC)
determination on a CM-5012 CO2 coulometer (e.g.,
Engleman et al. 1985), using the equation
TOC=TC)TIC. Estimates for quantity, quality, and
maturity of the organic matter (OM) were drawn from
hydrogen index (HI) values, oxygen index (OI) values,
S2 values, and TMAX values obtained from Rock-Eval
pyrolysis (cf. Espitalié et al. 1977; Peters 1986). HI and
OI signatures allow a rough distinction between
algal/marine (types I and II kerogen) and woody/ter-
restrial (types III and IV kerogen) organic matter.
Properties of particulate organic matter, such as type,
abundance and degree of preservation, can provide
most valuable information about sources (marine, la-
custrine, or terrigenous) and conditions under which
the OM was deposited (oxic, dysoxic, or anoxic).

For a more detailed qualitative and quantitative
determination of the particulate organic matter, a pet-
rographic analysis on 15 selected whole-rock samples
was conducted by reflected light microscopy using
white and fluorescent light. For statistical accuracy, at
least 300 macerals were counted in each sample using a
25-point crosshair grid. We can generally distinguish
between terrestrial (vitrinite, vitrodetrinite, inertinite,
sporinite, and resinite) and marine/aquatic macerals
(alginite, liptodetrinite, and acritarchs/dinocysts), fol-
lowing largely the nomenclature described in Taylor
et al. (1998). For example, vitrinite and inertinite are
derived from relatively hydrogen-poor (woody) land-
plant remains, whereas sporinite is a collective term for
spores and pollen which, although originating from
terrestrial sources, may contribute to a relatively
nitrogen- and hydrogen-rich sediment. Resinite is a
product of waxy, fatty, or oily substances which also
originate from land plants. Alginite, on the other hand,
may be differentiated in marine (e.g., marine prasino-
phytes), more cosmopolitan (e.g., dinocysts and acrit-
archs), or freshwater genera (e.g., Botryococcus), which
commonly produce hydrogen-rich types I and II kero-
gens. Particles smaller than 5 to 10 lm are given the
suffix ‘‘detrinite’’, but is often hard to specify their
origin.

In addition to the organic matter, all major and trace
elements were determined by XRF and/or ICP-MS
analysis (see Mutterlose et al. 2003), but in this paper
only Mo/Al ratios were used to indicate bottom-water
anoxia. To support this, pyrite size distribution is used
for evaluating bottom-water redox conditions in ancient
sedimentary rocks (e.g., Wilkin et al. 1996, 1997).
Framboidal pyrite in sediments of modern anoxic
basins, for example, the Black Sea, are typically smaller
and less variable in size than those in sediments under-
lying an oxic or dysoxic water column. A semi-quanti-
tative analysis on five samples was carried out under the
microscope to determine the proportion of framboidal
pyrite in the total amount of pyrite, and its size distri-
bution.

Fig. 1 Location of IKU well 7430/10-U-01 on the Bjarmeland
Platform in the western central Barents Sea (335-m water depth)
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Results

The Hekkingen Formation core has TOC contents
which vary widely from 5 to more than 20 wt%, with a
prominent maximum of 36 wt% at about 50 m.b.s.f.
(Fig. 2a; Table 1). There is a continuous increase to-
wards this maximum, followed by a similar decrease
(Fig. 2b). The late Volgian–early Ryazanian section
(51–49 m.b.s.f.) was investigated in greater detail by
high-resolution analyses (118 of the total 144 samples) to
elucidate what may have caused and controlled the
dramatic increase in organic carbon enrichment and
preservation. To obtain information about the type of
organic matter, several independent parameters were
considered, including C/N ratios, HI and OI values, and
especially maceral composition. Results of TOC content,
Rock-Eval S2 and HI values, C/N and Mo/Al ratios are
compiled in Fig. 2b, and all show a high positive
correlation. C/N ratios range from 20 to 50, which

would commonly indicate a strong terrestrial signal in
the case of modern sediments (see below). Mo/Al ratios
are very high (10–40 · 10–4) compared to average shale
(e.g., Wedepohl 1970), and approach maximum values
of 120 · 10–4 where all parameters reveal their maxi-
mum. HI values of 400–600 mg HC/g TOC and low OI
values ( £ 20 mg CO2/g TOC) were plotted as a van
Krevelen-type diagram (Fig. 3), which indicates pre-
dominantly types I and II kerogen with a very good
source rock potential for oil (cf. Espitalié et al. 1977;
Peters 1986). Thermal immaturity of the organic matter
is evident in TMAX values of 410–430 �C (Langrock and
Stein 2001; Mutterlose et al. 2003).

The maceral compositions of the sediments are
dominated by lipid-rich organic matter derived from dif-
ferent marine/aquatic sources (Fig. 4), supporting the
type II kerogen characterization by Rock-Eval pyrolysis.
Massive occurrences of well-preserved marine Prasino-
phycean algae (mainly Leiosphaeridia), minor abundance
of juvenile Botryococcus-type algae (freshwater), a few
Tasmanites-type algae (brackish), and Reinschia-type
algae (freshwater puddle) as well as a few low-diversity
dinocysts (or acritarchs) were recorded at various depths.
The terrigenous organic matter is mainly composed of
terrestrial liptinite (sporinite and resinite), whichmay also
contribute to the high HI values. Inertinite, vitrinite, and
clasts of bituminous coal are less abundant. However,
vitrinite and inertinite particles are occasionally up to
150 lm in length and well preserved. Most inertinite may

Fig. 2a Core depth, stratigraphic correlation (e.g., Gradstein et al.
1995; Smelror et al. 1998), lithology and regional formational limits
of core 7430/10-U-01 showing TOC contents of the whole core, and
a high-resolution sequence (extracted box). b High-resolution
section from 51 to 49 m.b.s.f. showing down-core variations in
TOC content, Rock-Eval S2 and HI values, and C/N and Mo/Al
ratios. Maximum peaks are highlighted by shaded lines. Spacing
between peaks may represent approx. 100 ka, revealing changing
sedimentation rates (based on 0.2 cm per 1,000 years)

36



Table 1 Bulkgeochemical and Rock-Eval data of core 7430/10-U-
01 (148 samples), including the high-resolution section from 51 to
49 m.b.s.f. (122 samples). Data are also shown in Fig. 2a, b

Depth TOC C/N HIa OIb S2c TMAX Mo/Al
(m.b.s.f.) (wt%) (�C) (·10–4)

32.82 0.9 8 27 218 0 427 0
33.98 1.9 22 47 117 1 441 1
34.46 0.1 3 29 * 0 420 1
36.33 0.0 1 167 * 0 341 1
37.64 0.0 4 28 * 0 427 8
38.73 0.0 2 * * * * 3
39.74 0.0 1 135 * 0 535 2
41.17 0.0 1 364 * 0 527 2
42.62 0.1 1 24 * 0 393 2
43.10 5.7 18 620 40 36 425 14
45.65 2.9 17 225 55 6 424 2
47.26 5.4 23 422 32 23 420 14
48.72 22.9 29 407 18 93 417 32
49.11 17.6 40 611 7 107 424 27
49.13 17.5 39 598 8 105 426 29
49.15 16.7 37 570 8 95 424 24
49.17 11.3 33 580 10 66 424 13
49.19 9.9 32 454 11 45 426 10
49.21 13.6 37 839 9 82 425 13
49.23 2.9 21 209 10 6 421 12
49.25 11.4 29 512 12 58 420 10
49.27 16.9 33 535 9 91 422 12
49.29 10.6 27 447 11 48 420 9
49.31 6.6 24 332 15 22 423 23
49.33 4.8 24 258 21 13 425 8
49.35 9.9 29 529 12 52 425 11
49.39 19.1 32 549 16 105 423 43
49.41 19.5 33 572 10 112 422 6
49.43 16.8 34 590 16 99 427 28
49.45 14.8 * 591 14 88 426 25
49.47 18.6 34 557 14 104 426 38
49.49 14.5 32 524 19 76 426 23
49.51 16.6 32 559 13 93 424 31
49.53 15.1 33 546 10 82 423 18
49.55 15.4 33 595 14 92 422 21
49.57 12.5 30 571 14 71 424 12
49.59 19.9 34 555 13 111 427 26
49.61 16.8 35 558 12 93 424 32
49.63 19.3 36 460 2 98 414 47
49.65 12.9 31 460 2 60 428 22
49.67 7.0 27 391 5 27 426 10
49.69 2.5 19 188 20 5 424 6
49.71 4.8 25 345 6 16 430 7
49.73 12.1 33 493 3 60 430 15
49.75 9.3 27 417 6 39 426 11
49.77 12.5 37 528 3 66 429 14
49.79 16.1 33 524 3 84 430 19
49.81 23.8 38 509 3 121 429 54
49.83 21.3 39 496 5 106 433 57
49.85 14.1 32 480 5 68 427 20
49.87 15.1 31 456 4 69 428 18
49.89 15.5 34 494 1 77 429 27
49.91 13.5 30 437 5 58 426 14
49.93 13.1 33 484 3 63 425 22
49.95 15.7 35 495 3 78 427 19
49.97 35.1 54 520 2 183 432 93
49.99 30.1 43 518 1 156 429 110
50.01 36.5 51 516 1 189 428 101
50.03 27.2 44 504 2 137 432 82
50.05 23.3 42 538 2 126 429 70
50.07 23.4 40 541 1 127 433 91
50.09 21.8 40 576 1 125 431 83
50.11 26.1 43 * 7 * * 94
50.13 21.4 44 593 3 120 426 67

Table 1 (Contd.)

Depth TOC C/N HIa OIb S2c TMAX Mo/Al
(m.b.s.f.) (wt%) (�C) (·10–4)

50.15 14.2 36 559 13 75 426 21
50.17 16.7 * 621 8 98 425 35
50.19 11.4 32 573 15 62 421 16
50.21 14.5 36 621 11 90 425 48
50.23 14.5 * 593 11 86 422 28
50.25 17.5 35 567 9 99 422 56
50.31 15.0 35 731 17 110 430 37
50.41 15.7 36 576 10 91 425 35
50.43 16.9 38 558 9 94 426 15
50.45 20.7 40 556 9 115 424 20
50.47 23.5 38 538 9 127 422 41
50.49 19.8 39 539 8 107 422 50
50.51 16.1 37 548 9 88 425 33
50.53 12.8 34 473 9 61 424 27
50.55 20.1 39 556 7 112 418 39
50.57 19.6 41 564 9 110 425 *
50.59 14.8 40 554 10 82 428 33
50.61 13.3 37 515 12 69 424 24
50.63 7.9 29 424 13 34 419 8
50.65 7.6 30 423 13 32 421 8
50.67 19.8 39 542 9 107 422 *
50.69 15.7 36 522 8 82 424 37
50.71 14.4 34 528 10 76 421 42
50.73 16.5 36 530 7 88 422 45
50.75 13.9 35 542 9 75 424 34
50.77 15.4 36 527 8 81 425 48
50.79 14.4 37 548 9 79 424 42
50.81 3.6 23 251 19 9 421 9
50.83 15.9 38 548 8 87 424 24
50.85 13.2 38 538 7 71 426 19
50.87 12.3 37 553 7 68 426 16
50.89 15.3 38 574 9 88 427 36
50.91 14.3 37 586 8 84 424 15
50.93 14.5 37 572 8 83 423 15
50.95 17.0 31 519 22 88 423 19
50.97 20.6 33 496 20 102 421 37
50.99 18.6 30 484 21 90 419 17
51.01 19.4 35 521 14 101 423 40
51.03 12.7 28 482 24 61 426 8
51.05 17.0 29 491 19 84 422 10
51.07 16.5 30 509 16 84 424 10
51.09 10.6 26 454 19 48 419 6
51.14 7.6 19 687 22 52 421 3
51.50 5.0 21 361 53 18 420 3
51.60 7.3 24 403 27 29 419 5
51.70 9.8 27 483 27 47 422 3
51.80 12.9 29 483 25 62 417 *
51.90 12.0 28 500 23 60 412 5
52.00 12.7 25 433 23 55 419 5
52.10 10.9 22 345 26 38 413 7
52.20 8.4 29 462 29 39 422 9
52.30 15.6 37 563 20 88 425 15
52.40 13.9 29 448 23 62 418 18
52.50 16.7 29 477 22 80 423 8
52.60 17.1 27 453 16 77 418 5
52.70 14.7 28 445 21 66 417 6
52.83 13.5 23 721 18 97 421 10
52.90 12.1 26 402 24 49 418 5
53.00 2.7 18 190 52 5 421 10
53.10 13.2 29 462 21 61 419 8
53.20 4.5 22 253 31 11 416 12
53.30 12.6 25 365 10 44 413 4
53.40 8.9 22 382 36 32 410 6
53.50 10.2 23 392 19 38 411 30
53.70 10.4 21 336 10 33 410 4
53.80 9.7 23 347 10 32 410 5
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be derived from charred plants (fusinites) and fungal
spores (funginite). We particularly observed a continuous
upward decrease of inertinite plus sporinite (which seem
to be closely related in this case) along with an increase of
marine-derived alginites (from about 60% at 52 m.b.s.f.
to more than 95% at 50 m.b.s.f.). The amount of vitrinite
and vitrodetrinite does not exceed 5% and remains
relatively stable throughout this sequence.

A vast abundance (up to 15 vol% of the sediment) of
small pyrite framboids appeared with diameters of 4 to

5 lm, implicating small absolute sizes and a low size
variability.

In Fig. 2b the maximum peaks of all values appear in
a more or less regular interval (shaded bars), which
probably reflects some cyclicity. Based on a mean sedi-
mentation rate of about 0.2 cm/1,000 years for the late
Volgian (Smelror et al. 1998, 2001; Mutterlose et al.
2003), this frequency may represent the 100-ka orbital
Milankovitch cycle. The different thickness of the in-
tervals may then be a result of small variations in the
sedimentation rate.

Discussion and conclusions

Depositional conditions

The causes for the deposition of organic carbon-rich
sediments in Cretaceous marine environments has been
controversial for a long time. Several authors favor ba-
sin-wide to global ‘‘stagnation’’ of deep waters, for
example, deep basins with reduced vertical circulation
which inhibits a renewal of water masses (e.g., Brumsack
1980, 1988; De Graciansky et al 1987). Others explain
the occurrence of these black shales by an increased
oceanic ‘‘productivity’’ which may lead to the formation
of oxygen minimum layers which impinge on the sea-
floor (e.g., Schlanger and Jenkyns 1976). Furthermore,
increased supply of terrigenous organic matter seems to
be an important mechanism for the enrichment of or-
ganic carbon in some Mesozoic sediments (e.g., Stein et
al. 1986; Stein 1991). However, contents of lipid-rich
organic carbon in the sedimentary record as high as
36 wt% can hardly be explained without invoking a
combination of elevated primary productivity, improved
organic matter preservation, and limited dilution by
clastic material from the continents.

The dark, laminated, and non-bioturbated sequence
of core 7430/10-U-01 indicates a lack of benthic life and
the absence of bottom-water oxygen, which inhibits a
major part of the entire organic matter remineralization
process which occurs at the sediment surface. In addi-
tion, the high amount of uniformly small, framboidal
pyrite suggests that pyrite was almost exclusively formed
within the water column. Consequently, not only the
sediments surface but also at least part of the water
column was (at least frequently) anoxic, which may have
enhanced OM preservation. This situation is also
reflected by the high TOC and HI values, and the
abundance of well-preserved, autochthonous algal
organic matter. The extraordinarily high Mo/Al ratios
suggest that anoxic conditions extended beyond the
sediment surface (e.g., Brumsack 1980, 1988; Mutterlose
et al. 2003). The expansion of anoxia in the water
column due to fluctuations in sea level and surface
productivity may also lead to mass extinctions (e.g.,
Hallam and Wignall 1999), not only of primary pro-
ducers but also of vast amounts of aerobic bacteria, that
contributes to high TOC and HI values.

Fig. 3 Rock-Eval van Krevelen-type diagram shows dominantly
type I and II kerogen, which may represent algal/marine OM of
different preservation, or a mixture of fresh algal/marine and lipid-
rich terrigenous OM (e.g., spores, resins)

Table 1 (Contd.)

Depth TOC C/N HIa OIb S2c TMAX Mo/Al
(m.b.s.f.) (wt%) (�C) (·10–4)

53.88 8.2 22 406 8 32 413 3
53.90 5.8 21 269 2 15 411 15
54.00 7.8 24 408 7 30 414 15
54.10 7.6 * 471 13 34 416 7
54.17 3.5 25 168 18 6 408 447
54.28 8.6 23 458 22 40 419 4
54.30 10.0 23 449 17 43 413 3
54.55 4.4 24 228 * 9 408 225
54.60 8.3 25 492 * 38 420 8
56.50 3.5 17 520 60 18 426 1
57.90 10.3 26 521 33 54 423 2
58.79 4.1 18 347 32 14 417 2
59.74 5.9 19 447 24 26 416 11
60.34 8.6 25 452 24 39 424 10
62.35 7.5 25 344 16 26 421 2
63.36 5.3 21 343 14 18 428 1
65.15 7.4 28 158 26 12 428 0
67.20 8.2 23 418 32 34 422 17

amg hydrocarbons per gram of TOC
bmg carbon dioxide per gram of TOC
cmg hydrocarbons per gram of rock
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In recent and sub-recent marine environments, a high
C/N ratio is often interpreted as an indicator for ter-
rigenous (woody) organic carbon input (e.g., Stein 1991;
Meyers 1997). In our case, however, the high C/N ratios
correlate positively with the TOC, HI, and Mo/Al ratios,
which are considered as indicators for marine (lipid-rich)
OM and anoxia. Positive correlation between high TOC
contents, marine organic carbon, and high C/N ratios is
also reported from other organic carbon-rich sediments
(e.g., Meyers 1997; Twichell et al. 2002), which may
reflect enhanced paleoproductivity and/or improved
preservation of OM. It is thereby considered that during
sinking, partial degradation of algal OM may selectively
diminish N-rich proteinaceous components, and raise
the C/N ratio. This may, of course, be a direct response
to enhanced primary productivity but probably requires
greater water depths and a more oxic water column.
Also, nitrogen can become strongly recycled if the sup-
ply of nutrients is limited (e.g., Waples and Sloan 1980),
for example, in isolated stratified basins, which may also
raise the C/N ratio. However, maceral analysis has
clearly shown that high C/N ratios do not indicate an

increased terrigenous input but instead likely reflect
greater OM preservation due to anoxia.

Very low sedimentation rates in the late Volgian of
core 7430/10-U-01 indicate that clastic dilution is
strongly limited and that OM preservation was not
controlled by rapid burial. In combination with very
high TOC contents, deposition in the presence of anoxic
bottom water is the most reasonable mechanism, rather
than under conditions of high primary production
(Fig. 5; e.g., Stein 1991). For a high primary produc-
tivity system, 10 to 50 times higher initial sedimentation
rates would be required (according to Fig. 5). It is un-
likely that such large amounts of carbonate were dis-
solved in the water column, because the average CaCO3

content is still 10 wt%. It has also to be considered,
however, that the age control on these sediments is very
difficult, and that a long-term mean sedimentation rate
has to be used. It can therefore not be excluded that
periods of elevated primary productivity may also have
occurred (along with the peak TOC values). This would
have favored OM preservation by establishing an oxy-
gen minimum zone (e.g., Arthur et al. 1987) probably

Fig. 4 Organic matter
composition based on maceral
analysis results versus depth
(note this section ranges from
52 to 49 m.b.s.f.), and the
correlation to the global sea-
level curve suggested by Haq
et al. (1988)
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extending over the entire water column (e.g., Sinninghe
Damsté and Köster 1998).

Sea-level change

In order to evaluate an effect of a global sea-level change
on the accumulation of organic carbon, the section 52–
50 m.b.s.f. was investigated with a detailed microscopic
analysis, because it is associated with a continuous
change in the OM composition (Fig. 4). Over this depth
interval, a decreasing amount of sporinite plus inertinite
is apparent, which strongly suggests an increasing dis-
tance from their terrestrial sources (e.g., Littke et al.
1997; Taylor et al. 1998), probably associated with a sea-
level rise (Fig. 6). Since the base of the sequence inves-
tigated (52.00 m.b.s.f.) is assigned to the base of the late
Volgian (Smelror et al. 2001), the change in the OM
composition can be correlated with the global sea-level
curve postulated by Haq et al. (1988; Fig. 4). The up-
ward-increasing amount of marine/aquatic alginite may
reflect an increasing primary production which was
promoted by the rising sea level (e.g., Sheridan 1987).
Since the primary production is positively correlated
with the ‘‘anoxia parameters’’, the variations are prob-
ably controlled by an additional preservation signal,
probably caused by an expanded oxygen minimum zone.
In summary, the remarkably high and increasing OM
content in the late Volgian section from the Barents Sea
(core 7430/10-U-01) was most likely caused by a

combination of increasing preservation by bottom-water
anoxia, coupled with periods of increasing primary
production as well as a low and decreasing dilution of
clastic material, which we relate to a marked rise in sea
level.

Paleogeographic position

The analysis of the particulate organic matter provides
strong evidence for a depositional environment in
proximity to the paleoshore (Fig. 6) because high
abundance of spores and pollen is typically found in
near-shore marine and estuarine environments, and
decreases substantially with increasing distance from
land (e.g., Littke et al. 1997; Taylor et al. 1998). The
occurrence of well-preserved algae (such as Botryo-
coccus or Pila, Tasmanites, and Reinschia types) from
freshwater and brackish habitats further points
towards a near-shore environment. This is due to
lipid-rich organic matter being more susceptible to
biochemical degradation than, for example, inertinite,
and it would therefore be less preserved if transported
over greater distances (e.g., Littke et al. 1997).
Furthermore, clasts of limnic coal facies (for example,
bog-head coal) show good preservation and suggest a

Fig. 5 TOC/SR0 relationship diagram showing different fields of
depositional conditions for marine sediments (after Stein 1990).
Field A is characterized by a positive correlation between TOC
content and sedimentation rate, indicating open, oxic deep-water
conditions. Field A¢ indicates conditions of high oceanic primary
productivity. Field B indicates anoxic depositional conditions
where no correlation exists between TOC content and sedimenta-
tion rate. Sedimentation rates are given as initial (or decompacted)
SR0 (cf. Stein 1990 for details). The open box represents the field of
most likely depositional conditions of the sequence investigated,
based on minimum/maximum SR0 (interpolated, estimated) and
minimum/maximum TOC contents (measured) Fig. 6 Contrasting paleoenvironments and depositional conditions

of the upper Hekkingen Formation best explained by the
‘‘preservation model’’ during low sea level (lower Late Volgian),
and the ‘‘preservation+productivity model’’ during elevated sea
level (upper Late Volgian)
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short transport paths from their source. In addition,
patchily distributed, coarse-grained minerals (appar-
ently quartz) are found which are 60 to 200 lm in
diameter. These minerals could not have been trans-
ported along with the claystone facies but only by
another mechanism. Due to their patchy distribution,
they may have been transported by episodic events,
for example, storms, but they are too large to be
transported far offshore (e.g., Füchtbauer 1988).
However, there is another (although not yet proven)
possible mechanism for the input of these large sand
grains—by ice rafting. Episodes of a relatively cool
climate were already suggested for the earliest Creta-
ceous Boreal realm (e.g., Price et al. 2000; Mutterlose
et al. 2003), and another significant temperature drop
was postulated for the Hauterivian Vocontian Basin at
30�N paleolatitude (e.g., Van de Schootbrugge et al.
2000). Hence, episodic (or even seasonal) IRD input
can not be excluded for the late Volgian Barents Sea,
which reveals a paleolatitude of almost 55�N.

According to previous paleogeographic estimates,
the location of core 7430/10-U-01 was at least 300 km
away from any coastline during the late Jurassic to
early Cretaceous (e.g., Ziegler 1988; Bugge et al. 1989;
Dypvik et al. 1996; Smelror et al. 1998). However, our
results suggest a much more proximal position below
wave base, which is indicated by the origin, the
preservation, and the grain size of the organic mate-
rial. During the relative sea-level low stand in the
early late Volgian Barents Sea, tectonic highs and
basin ridges may have emerged as land areas, sepa-
rating a number of isolated, sediment-starved marine
environments, as has been suggested for the Norwe-
gian–Greenland Seaway (e.g., Doré 1991; Brekke et al.
1999). Although such areas may have provided little
clastic input by rivers due to their limited sizes, they
could have supported spore-producing land plants and
freshwater habitats which eventually became the
proximal sources for the organic matter of the upper
Hekkingen Formation in the middle of the paleo-
Barents Sea.

Influence by the Mjølnir meteorite impact

Our investigation provides a continuous geochemical
and microscopic record of the upper Hekkingen For-
mation, and reveals no evidence for an impact event
before 50 m.b.s.f. in core 7430/10-U-01. In view of
exceptionally low sedimentation rates, drastic impact
and/or post-impact effects caused by an impact of this
dimension (see Gudlaugsson 1993; Dypvik et al. 1996)
on the paleoenvironment, such as huge amounts of
mobilized sediments, mass extinctions (e.g., Tsikalas
et al. 1998), disturbance of water-column stratification,
extinction of case-sensitive organic matter sources,
etc., would have left distinct marks in the sedimentary
record—which we have not detected.
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