


NORWEGIAN JOURNAL OF GEOLOGY

Piston coring of Inner Oslofjord pockmarks, Norway

85

TIC and TOC (%)
o 1 2 3 4
!

Reference core

Oy (ui/ml)

5 6 140 160 180 200
1 L L L L L L

(w) ydag

12

€O, (uiimi)

0.0 0.1 0.2
CHy (Wml)

Pockmark core

TIC and TOC (%) Oy (ui/ml)
0 1 2 3 4 5 6 140 160 180 200
0 ( L L L L L L L L L L
1] i
Tic § Toc
24
CHy [ co, 0,
34
4
54
64
& -
8 T T T T T T T T T T T T
0.0 0.4 0.8 1.2
COy (ui/ml)
T T T T T T T T T T
0.0 0.1 0.2 0.3
CH_ (ui/ml)

Figure 6. Total organic (TOC) and inorganic (TIC) carbon, and results from gas analysis in per mil volume (ul/ml), in both cores.
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Bulimina marginata and Schloetheimia fusiformis. Hya-
linea balthica is a characteristic species in the rich sub-
zone F, from 2.4 to 4.5 m. The underlying subzone F,
from 4.5 m to the bottom of the core, is even richer than
F, with a similar composition but excluding H. balthica.
A thin zone around 6 m, dominated by Elphidium spp.,
is interpreted as zone E. This association is also found
again at the end of the coring cutting shoe, at about
7.5 m. The presence of B. marginata and Lagena spp.
throughout the lower part of the core indicates that zone
D was not penetrated.

The PM core (Fig. 9) shows a very similar succession in
its upper part, but strongly compressed. The uppermost
20 cm is assigned to subzone G, rich in agglutinated for-
aminifera but N. labradoricum is absent. In contrast with
the REF core, B. marginata and S. fusiformis were com-
mon from the top of the PM core. The ranges of abun-
dant N. labradoricum and H. balthica overlap, making
the G-F, boundary somewhat fuzzy. We set the bound-
ary to 1.0 mBSF based on the last common occurrences

of Uvigerina peregrina and Cassidulina spp. The bound-
ary between F and F is very similar to that of the REF
core with respect to a number of taxa, and is placed at
2.0 m in the PM core. Within zone F, another horizon
was marked by a sudden increase of a number of minor
taxa: Melonis barleeanus, Quinqueloculina sp., Pyrgo wil-
liamsoni and Cibicides lobatulus. This occurred in the
REF core at 5.16 m and the PM core at 2.26 m. Further
down in the PM core the dominant genus was generally
Elphidium, but both this taxon and Bulimina marginata,
Stainforthia spp. and Cassidulina spp. varied rapidly. It is
not possible to assign these samples directly to any of the
zones C, D or E of Feyling-Hanssen (1964). We have ten-
tatively placed the base of F, at around 2.6 m but it could
be somewhat lower or the lower part of F, could be miss-
ing. Feyling-Hanssen (1964) notes that the boundary
between zones E and F is often blurred.
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Figure 9. Counts of benthic foraminifera and ostracods in the two cores. "*C dates (not reservoir corrected) are also shown.



88 @. Hammer & K. Webb

Discussion
CPT data and Reflector 1

The Reflector 1 is a ubiquitous, prominent acoustic
marker in the Inner Oslofjord (Webb et al. 2008), gen-
erally occurring from 4-10 mBSE It may be a lateral
equivalent of the top of unit 2 of the Outer Oslofjord
(Solheim & Gronlie 1983). In the REF location, CPT data
showed a strong discontinuity in shear strength around
7.2 mBSE, as indicated by the core end resistance increas-
ing downcore from ca. 300 kPa to 450 kPa (Fig. 3). This
depth is close to the depth of Reflector 1 as seen on the
sub-bottom profiler lines (Fig. 2), and we infer a corre-
lation between the two. Unfortunately, the REF core did
not fully reach this level and we therefore do not have
further data except that a sample taken from the cutting
shoe of the corer is assigned to foraminiferan zone E and
may come from just below Reflector 1. Feyling-Hanssen
(1957) provided correlations between his foraminiferal
zone boundaries and breaks in geotechnical log data for
the Oslofjord area, but only for cores from land where
shear strength is modified by leaching of salt. For the
REF locality, and discarding the reversed date at 5.16 m,
radiocarbon dating gives a sedimentation rate of around
0.8 mm/year in the lower part of the core. Extrapolat-
ing from the date of 9050+66 C years at 6.06 m to an
inferred position of Reflector 1 at about 7.4 m, we can
assign an approximate “C date (not reservoir corrected)
of 10,100 years for Reflector 1. Hence, this acoustic
marker is close to the base of the Holocene.

In the CPT from the PM location, the discontinuity in
core end resistance was missing, and this parameter
showed a linear increase down to the bottom of the core
(Fig. 3). Correspondingly, Reflector 1 is weak or missing
on the sub-bottom profiles under parts of the pockmark
(Fig. 2). The linear trend is broken by a few brief excur-
sions, possibly related to the pebble layers.

Foraminiferan biostratigraphy

In addition to the local biozones given by Feyling-Hans-
sen (1964), we can compare the present cores with, for
example, e.g. the outer Skagerrak core described by Nagy
& Qvale (1985). They recognized three main zones span-
ning the Younger Dryas and through the Holocene. The
Cassidulina reniforme Assemblage Zone was dominated
by C. reniforme and Elphidium excavatum, and was inter-
preted as a cold-water, periglacial assemblage of Younger
Dryas age. The Cassidulina laevigata Assemblage Zone
was considered “transitional’, i.e. ca. 10,000 to 7,000 years
B.P, with C. laevigata and E. excavatum in the lower part
and U. peregrina, M. barleeanus and B. marginata in the
upper part. It can be compared with the zones E-Fl of
this paper, which are of similar age. The relatively warm-
water Hyalinea balthica Assemblage Zone spans ca. 6,000
to 1,000 years B.P, a species which seemingly appeared in
abundance some 1,000 year earlier in the Skagerrak than
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in the Inner Oslofjord, and disappeared in the Oslof-
jord already ca. 4,500 years BP while still common in the
Skagerrak. Feyling-Hanssen (1964) and Risdal (1964)
note that their zone G is mainly a shallow-water zone
rather than one being controlled by climate. However,
the (re)appearance of N. labradoricum marks climatic
cooling in Sub-Boreal time.

Correlations between cores

Using a combination of radiocarbon dates, biostratigra-
phy and sedimentological markers, it is possible to cor-
relate the REF core with the upper part of the PM core
rather accurately. The G-F zonal boundary is found at 2.4
m in the REF core, 1.0 m in PM. Considering the date of
411555 "C years at 2.16 m in the REF core, this bound-
ary is placed at around 4200 "C years (not reservoir cor-
rected).

The Fu-Fl subzonal boundary provides the next tie point,
at 4.6 m in the REF core, 2.0 m in the PM core. Using the
1C dates of 6700£50 years at 4.11 m and 9050+66 years in
the REF core, linear interpolation gives a boundary age of
about 7290 years. This is in good accordance with the age
of 7085+55 "C years at 1.86 m depth in the PM core.

As noted above, a minor but distinct biostratigraphi-
cal event occurs at 5.16 m in the REF core, 2.26 m in the
PM core. Interestingly, this is also the exact level of the
positive excursion in the coarse fraction log from the
REF core. Both the magnetic susceptibility and the den-
sity peak at the corresponding levels in both cores. A
shell (Tellinacea) from this horizon in the REF core has
the anomalously old age of 10045+60 ''C years, and we
interpret this as being reworked material. The interpo-
lated age of this horizon in the REF core is 8010 '*C years,
which does not quite fit with the “C age of 8745 ''C years
at 2.26 m depth in the PM core, but could be explained
by the poor resolution due to the low sedimentation rate
(0.3 mm/year) in the PM core.

Geochemistry

Using Na* and Mg** values as proxies for salinity, both
cores have near normal marine pore water salinity in the
lower parts. However, the concentrations in the upper
2.6 m of the PM core are very low, corresponding to ca.
25 ppt salinity. Such low values are not normally found
in the Oslofjord at depths below 30 m, and are also not
seen in the upper part of the REF core, apart from one
negative excursion at around 2.4 m. We see no simple
explanation other than freshwater seepage, as previously
hypothesized as a mechanism for pockmark formation
in the area (Webb et al. 2008). In the REF core, salinity
seems slightly lower below the excursion than above.
This may reflect diffuse transport of freshwater from
below, without reaching the surface. In the pockmark,
the normal salinity at depth could mean that the corer
did not hit the actual conduit, and the low salinity at the
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top reflects lateral transport of freshwater away from the
conduit inside the pockmark. In this case, strong seepage
could not have commenced until the time correspond-
ing to about 2.6 m core depth. CI  is also depleted in the
top 2 m of the PM core, although not to the same extent
as Na*. The reason for the apparently disproportionate
depletion of the two ions is unknown.

The methane concentrations in the cores seem too low to
allow for the accumulation of free gas in the sediment. The
profiles show that methane is produced near the seafloor,
and gradually depleted at depth by microbial degrad-
ation. Anthropogenic organic material supplied to the site
(Alsaker-Nostdahl & Kristoffersen 1981) may play a role.

The sulfate curve is of interest because of the consider-
able difference between the two cores. The REF core
showed a steady reduction in sulfate concentration with
depth, from seawater concentration at core top down
to about 60% at core bottom. This is most likely due to
the activity of sulfate-reducing bacteria. However, the
PM values were almost constant with depth, indicat-
ing a lack of active sulfate reduction. The steepness of
the sulfate gradient in the sulfate reduction zone can be
used as a proxy for upward methane flux from sources
at depth (Borowski et al. 1996). A steeper gradient indi-
cates higher methane flux, as the sulfate-methane transi-
tion (SMT) is forced upwards. Extrapolating the REF
sulfate profile to zero concentration, we can hypothesize
a deep SMT and high methane concentrations far below
the cored interval, but we are then getting close to or
even below the sediment-bedrock interface. Substantial
biological methanogenesis must therefore be confined
to a very narrow zone and large production volumes are
unlikely. A similar geological setting, with pockmarks
forming in Holocene marine mud over glaciomarine
sediments and crystalline bedrock, was reported from
the gulf of Maine by Rogers et al. (2006). They suggest
late Pleistocene terrestrial organic matter buried on top
of bedrock as a source of biogenic gas. However, this
model can not be used in the regressive setting of the
Oslofjord. A bedrock source of methane remains spec-
ulative. The Lower Paleozoic succession does contain
hydrocarbon traces (Pedersen et al. 2007) but apprecia-
ble amounts of gas have never been documented in the
study region. Soderberg & Flodén (1992) reported gas
with a thermogenic component accumulated in pock-
mark studded glacial clay over still active tectonic linea-
ments in the crystalline basement in the Baltic Sea. Inter-
estingly, much steeper sulfate gradients outside rather
than inside pockmarks were also observed by Paull et al.
(2008) in the Storegga Slide area, offshore Norway. Paull
et al. (2008) suggested that this could be due to reduced
permeability under the pockmarks.

The concentrations of calcium, potassium and strontium
partly reflect changes in salinity. However, both Ca** and
Sr** continue to increase with depth in the lower parts of
the cores, even though Na* and Mg** stay constant. This
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may reflect dissolution of the underlying Paleozoic lime-
stones, dissolution of limestone clasts in the mud, or disso-
lution of shell material. The molar Ca/Sr ratios in both
cores reduce from ca. 80 at core top down to ca. 45 at bot-
tom, i.e. Sr** is relatively enriched downcore. This argues
against limestone as being the source of calcium and
strontium (e.g. Turekian 1964), nor does it indicate the
precipitation of authigenic, Sr-rich carbonate at depth. The
potassium profiles are most likely associated with reacti-
ons between pore water and clay minerals.

Core recovery

Considering the penetration of 9.50 m at both cor-
ing sites, the recovery of 7.35 m (REF) and 8.0 m (PM)
indicates missing or condensed core. The continuous
character of many log parameters makes it unlikely that
large sections are missing inside the recovered intervals.
No obvious signs of core disturbance were visible in the
CT scans, apart from a fracture indicating local exten-
sion, not compression. Near-constant geochemical gradi-
ents especially in the strontium profiles strengthen the
impression that core recovery was nearly complete and
fairly uniform within the recovered interval. Although
substantial core loss can not be ruled out, we here there-
fore make the assumption that the cores were either uni-
formly compressed or sediment did not enter the corer
below the deepest recovery point. It is possible that sedi-
ment entry at the deep end of the REF core was hindered
by the sudden increase in sediment strength at 7.3 m

(Fig. 3).

Temporal sequence

Integrating the above results, it is possible to reconstruct
a history of the coring site. The oldest sample was found
at 7.26 m in the pockmark location. The pockmark,
being about 3 m deep, this corresponds horizontally to
a level about 10 m at the reference location. The age of
10545 + 60 "C years, 12195-11405 cal yr BP (95% con-
fidence interval) is considerably older than the Aker
Ice Marginal Zone (AIMZ) of the Oslo area, which has
been dated to between 11.3 and 10.8 cal kyr BP (Gyllen-
creutz et al. 2006). The AIMZ (Gjessing 1980; Gjessing
& Spjeldnaes 1979; Andersen et al. 1995) is close to the
base of the Holocene and coincides with the time of the
marine limit in the Oslo area (Hafsten 1983). The subma-
rine AIMZ end-moraine is found ca. 10 km inland from
the coring site (Fig. 1). In fact, the age of this sample is
comparable with or even older than the Ski-As moraine
ridges (Fig. 1), i.e. around ca. 10,200 "“C yr BP (see dis-
cussion by Andersen et al. 1995). The oldest shell dated
in the area before this study was found in central Oslo, at
10,050+350 "*C yr BP, and Gjessing & Spjeldnaes (1979)
discussed this find as possible evidence of large-ampli-
tude glacial oscillations prior to the AIMZ.

A remarkable interval of more than 4 m of sediment fol-
lows in the pockmark core, with four radiocarbon dates
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basically of the same age within the error bars: 11.2-
10.6 cal kyr BP (9965+60 to 9865+65 "C yr BP). This
sequence coincides with the AIMZ, and is interpreted as
a glaciomarine succession deposited a few km from the
ice front with large concentrations of dropstones (ice-
rafted debris). The facies is similar to the ice-proximal
“section F” described from a Skagerrak core by Werner
(1985). Periodic debris flow into the pockmark is another
possible explanation for the diamictic nature of the sedi-
ment. The age of this sequence relative to Reflector 1 is
difficult to ascertain without a correlated sequence in
the REF core. Considering that these sediments were not
reached by the REF core, the diamicton seems to extend
to a shallower depth in the pockmark, possibly indicating
that a topographic high was present at the present pock-
mark site before the formation of the pockmark.

The interval above about 2.3 m in the pockmark core
corresponds to the complete reference core, and is of
entirely Holocene age. It is possible that the low sedi-
mentation rate observed in the pockmark core is due
to the core hitting an area of low sedimentation such as
the pockmark’s sloped edges. However, precautions were
taken to sample the center of the pockmark, and also
such large lateral variation in sedimentation rate could
not be maintained over a long time because of the result-
ing slope instabilities. A low sedimentation rate through-
out formation of the pockmark is more likely, and also
consistent with subbottom profiling of other pockmarks
in the inner Oslofjord (Webb et al. 2008).Here Reflector
1 continues horizontally and uninterrupted and is cov-
ered by thin sediment below the pockmark. This may be
caused by continued fluid expulsion or by special hydro-
dynamic conditions (current-driven upwelling) inside
the depression (Hammer et al. 2009). The more gradual
biozonal boundaries in the pockmark rather than outside
it may be due to larger total vertical mixing because of
bioturbation at a low sedimentation rate.

Whatever the cause, the large difference in sedimentation
rate between the two nearby coring sites indicates special
conditions at the pockmark site throughout the interval
in question. The oldest dated sample in the upper con-
densed sequence in the pockmark at 2.26 m, is aged at
9645-9295 cal yr BP (8745 + 60 '“C yr BP). The initiation
of the pockmark must be at least this old. On the other
hand, the uninterrupted Reflector 1, of approximately
the age of the AIMZ, under other Oslofjord pockmarks
indicates an initial age younger than the AIMZ, i.e. 11.3-
10.8 cal kyr BP. It therefore seems possible that the ini-
tial reduction in sedimentation rate at the pockmark site
took place in connection with the continued retreat of
the ice front at about 10.7 cal kyr BP (Gyllencreutz 2005),
producing large volumes of melt water that could con-
ceivably migrate through bedrock fissures and basal till
and escape through the sea floor. Paull et al. (1999) sug-
gested a model for pockmark formation by freshwater ice
rafting in precisely such a setting, or alternatively higher
fluxes could have prevented sediment settling in the area
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where the pockmark is now observed. The high ice-
proximal sedimentation rates may have been associated
with undercompaction and subsequent expulsion of pore
water. The removal of the ice cap and the rapid isostatic
uplift would have involved a pressure release that could
mobilize any gas present in bedrock fissures or basal till.
Finally, the uplift could have increased the hydraulic gra-
dient in aquifers, facilitating submarine groundwater dis-
charge.

Given the uncertainties in dating due to possible tur-
biditic reworking, the highly condensed sequence in
the pockmark and possible slumping into the pockmark
below 2.3 m in the core, the exact timing and geometry
of pockmark formation is uncertain. But whether or not
a depression existed initially, the difference in sedimen-
tation rate outside and inside the pockmark throughout
the Holocene would either maintain or deepen the pock-
mark until the present.

The cores reflect Holocene environmental changes in the
Skagerrak-Oslofjord region, including a warm (Atlantic)
phase ending with the increase of N. labradoricum at ca.
4.3 cal kyr BP (4.2 "C kyr BP). The causes of the brief
Elphidium peak and the anomalous sedimentary struc-
tures around 6 m in the REF core, and also the peak
in several parameters around 5.2 m, are unexplained,
although the latter may possibly correlate with the cold
pulse at 8.2 cal kyr BP (Alley et al. 1997). The Chon-
drites traces in the interval below 6 m in the REF core
may indicate low-oxygen conditions (Bromley & Ekdale,
1984).

Conclusions

The stratigraphy shows that the pockmark was initiated
before ca. 9.5 cal kyr BP, but probably after the period of
the Aker Ice Marginal Zone, ending ca. 10.7 cal kyr BP,
and may be connected with the continued retreat of the
ice front. The out-of-equilibrium conditions at this time,
with high meltwater fluxes, high sedimentation rates and
pressure drop, allow for several possible mechanisms for
the initiation of the pockmark. Sedimentation rate inside
the pockmark has remained considerably lower than
outside throughout the Holocene, either because of con-
tinued fluid flux or because of current action. The study
found no direct evidence for recent expulsion of methane
in the pockmark. The low salinity of pore water in the
upper part of the pockmark core, exactly in the interval
where sedimentation rate was low, strongly suggests that
seepage of freshwater has occurred continuously since
the earliest Holocene and that the system is still active.
Low salinities were not observed in the study of Webb et
al. (2008). This may be due to the seepage being sporadic
and the previous sampling only reaching the topmost 30
cm of sediment.
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