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The numerous pockmarks of the Inner Oslofjord, Norway, have been of enigmatic origin and unknown age. Piston cores spanning the Holocene 
were taken inside and outside a single pockmark. The cores were studied with a range of techniques, including X-ray tomography, multisensor log-
ging, gas analysis, pore water geochemistry, radiocarbon dating and biostratigraphy with benthic foraminifera. Supporting information was provi-
ded by sub-bottom acoustic profiling and geotechnical logging using cone penetration tests in parallel with coring. No direct evidence of expulsed 
gas was detected. Pore water salinity was considerably reduced in the pockmark. Biostratigraphic and radiocarbon data indicate an initial pockmark 
age close to the base of the Holocene, but with continuously low sedimentation rates inside the pockmark since then. The structure may have initi-
ally formed in an ice-marginal marine setting, where mechanisms such as submarine melt water expulsion, ice rafting and rapid isostatic uplift may 
be of relevance. The data indicate that the pockmark has been active through the Holocene by outflux of meteoric, artesian ground water. These 
cores also provide new information on the general marine stratigraphy of the deglaciation and of the Holocene of the Inner Oslofjord. The mate-
rial includes the oldest dated shell found in the Inner Oslofjord area so far, possibly indicating large, rapid ice-edge oscillations in the late Younger 
Dryas.
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Introduction

Pockmarks are crater-like depressions in the seabed, first 
reported in 1970 on the Scotian Shelf (King & Maclean 
1970). They are now widely recognized features of the 
seabed throughout the world, including the Antarctic 
(Fossum et al. 1982), Norwegian continental slope (Hov-
land et al. 2005), equatorial West African continental 
slope (Pilcher & Argent 2007), Bering Sea (Nelson et al. 
1979) and North Sea (Hovland et al. 1984). Pockmarks 
are generally assumed to form by expulsion of fluids 
from the sediment (Hovland & Judd 1988). The agent is 
usually assumed to be methane (e.g. Kelley et al. 1994), 
but may also be fresh groundwater (Khandriche & Wer-
ner 1995) or pore water expulsed by compaction (Har-
rington 1985). 

The pockmarks of the Inner Oslofjord, Norway were dis-
covered by the Geological Survey of Norway during their 
2004 and 2005 bathymetric sonar surveys. The pock-
mark geometry and distribution, geochemistry and sedi-
mentology in shallow cores, as well as subbottom profil-
ing were described by Webb et al. (2008). More than 500 
pockmarks were mapped. Diameters varied from 20-50 
m and depths from 2-10 m. The pockmarks occurred in 
sedimentary basins and seemed to be distributed along 
weak zones (faults and erodible shales) in the under-
lying Cambrian-Silurian bedrock. No signs of gas or 

freshwater were found. Surface sediment was generally 
coarser inside pockmarks. From general consideration 
of geometric relations indicating lack of infill, Webb et 
al. (2008) speculated that at least some pockmarks could 
have been active for a long time and up to the present 
day.

We present here a detailed multidisciplinary analysis 
of longer cores taken inside and outside of a pockmark 
south of Snarøya in the Inner Oslofjord. The data put 
constraints on the date of initial formation and subse-
quent activity in this pockmark, confirming a long pock-
mark history. Reduced salinity in the pockmark sedi-
ments indicates seepage of ground water.

The cores also give new information about the glacial and 
postglacial marine stratigraphy of the Inner Oslofjord. 
The general stratigraphic framework was established by 
Brøgger (1901) based on material from exposed land 
sections. Feyling-Hanssen (1964) refined this frame-
work using benthic foraminifera. Thick ice-marginal 
and glaciomarine sediments (Feyling-Hanssen’s zones 
A-D, partly E) are overlain by a relatively thin Holocene 
marine sequence (zones E-G). The sedimentology and 
biostratigraphy must be understood in the context both 
of climatic change and the substantial isostatic drop in 
sea level from the highest marine limit at approximately 
220 m above present sea level (Hafsten 1983).
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Data and methods
Two cores, each 10 cm in diameter, were taken south of 
Snarøya in the Inner Oslofjord, in November 2007 (Fig. 
1). The “Deep-Water Sampler” coring rig of Gardline 
Lankelma, Inc. was deployed using a mobile crane from 
a barge positioned by a tug and the RV Trygve Braarud. 
Cone penetration tests (CPT) were carried out close to 
the coring sites. One core (PM) and CPT were taken 
in the center of Pockmark 131, at 29.9 m water depth, 
position 59°52.377 N, 10°36.292 E. This pockmark 
has a diameter of ca. 35 m and a depth of ca. 3 m, and 
is somewhat elongated in a WSW-ENE direction. The 
other core (REF) and CPT were taken in the same basin, 
position 59°52.345 N, 10°36.251 E, i.e. ca. 70 meters to 
the southwest of PM, at a depth of 28.0 m. The PM core 
was positioned carefully at the center of the pockmark, 
using a combination of DGPS, echosounder and finally 
precise determination of the deepest point using a hand 
line. Penetration was 9.50 m for both the PM and REF 
cores and CPT. Core recovery was 8.00 m (PM) and 7.35 
m (REF).

The coring localities were situated in a small sediment-
ary basin with a typical Caledonian WSW-ENE strike. 
Adjacent nodular limestone ridges on land (Snarøya and 

Vassholmene) belong to the Upper Ordovician Frogner-
kilen Formation (Owen et al. 1990), and bedrock at the 
coring site is inferred to be in an overthrust zone with 
shales of the Arnestad or Nakkholmen Formation (J. F. 
Bockelie, pers. comm.).

Cores were immediately cut into 1 m sections and 
stored in their steel core liners. Gas samples were col-
lected immediately using the head space method. 40 
ml of sediment was collected from the bottom of every 
core secti on and placed in air tight 120 ml bottles with 
50 ml of distilled water. After 24 hours the gaseous phase 
was removed to 30 ml glass bottles prefilled with NaCl 
(350 g / l) to protect against microbial processes which 
could change the gas composition and act as a seal. Gas 
chromatography was carried out at IFE, Norway. Ali-
quots of the samples were transferred to 10 ml exetainers. 
0.2 ml was sampled using a Gerstel MPS2 auto sampler 
and injected into a Hewlett Packard 5890 Series II GC 
equipped with a Porabond Q column. Hydrocarbons 
were measured by flame ionization, CO2 by methyli-
zation to CH4 and then flame ionization, and N2 and O2 
by thermal conductivity.

X-ray tomography was carried out within five hours of 
sampling with a Siemens Somatom wholebody CT scan-
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Figure 1. A. Shaded relief view of the seabed in the study area (sonar data collected by the Geological Survey of Norway). 
Pockmark 131 and the reference site are indicated. Dashed white arrow shows the sub-bottom profiler line of figure 2. 
Black lines mark some of the NS-trending faults. White areas are land or missing data. Note the general WSW-ENE strike 
of outcropping Ordovician limestone ridges and the numerous pockmarks in the sedimentary basins. B. Location map 
showing the Oslofjord area and two prominent end moraines.
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ner at the Norwegian University of Life Sciences (UMB). 
Each 1 m core section was scanned with a resolution of 
1 mm, giving two longitudinal sections. Transversal sec-
tions were also taken for every 10 cm. X-ray density was 
logged along the core in order to give an undisturbed 
density log before opening the core, based on the pro-
cedure of Boespflug et al. (1995). Density is given in CT 
numbers, averaged over the ten central pixels of the core 
and with a 3-point running average along the core.

One day after sampling, the cores were extruded and 
split at the Department of Earth Science, University of 
Bergen . Gamma density and magnetic susceptibility were 
measured with a Multi-Sensor Core Logger (MSCL). 
Magnetic susceptibility is reported in SI units. Acoustic 
logs were largely unsuccessful due to poor transducer 
coupling. Core photographs were taken.

Pore water was collected using Rhizon samplers (Rhizo-
sphere Research Products, Netherlands), which are 5 cm 
porous polymer tubes fitted to spring-loaded syringes. 
Samplers were inserted in a split sediment core at 10 cm 
intervals along the entire length of both cores. Extracted 
pore water was analyzed for anions and cations at the 
Department of Earth Science in Bergen. Ion chromato-
graphy (IC) analysis for the anions Cl- and SO4

2- was car-

ried out for every 10 cm, while inductively coupled plasma 
mass spectroscopy (ICP-MS) for the cations Na+, Mg2+, K+, 
Ca2+ and Sr2+ was carried out with a resolution of 20 cm.

Total organic (TOC) and inorganic (TIC) carbon were 
measured at the Department of Geosciences, Univer-
sity of Oslo, on pre-acidified samples (1 M HCl) using a 
LECO C-412 Carbon Analyzer. Samples were heated in 
a CO2-free atmosphere to 1,350°C where the oxidized 
carbon (CO2) was measured with a CO2 IR detector. 
The inorganic carbon was calculated as the difference 
between the acid-treated sample and the bulk sample. 
Regular tests against a standard showed better than 1% 
accuracy.

Shell material was extracted from the core at irregular 
intervals for 14C radiocarbon dating using Accelerator 
Mass Spectrometry (AMS) at the Radiocarbon Dating 
Laboratory, Lund, Sweden, based on a half life of 5568 
years. Uncalibrated 14C ages are reported without reser-
voir correction in this paper (Table 1). Ages were cali-
brated and reservoir corrected to calendar years with the 
OxCal v. 3.10 software (Bronk Ramsey 1995), using the 
Marine04 calibration curve (Hughen et al. 2004). The 
regional difference from the average global marine reser-
voir correction was set to ΔR = -62±46, calculated from 
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Table 1: Results from radiocarbon dating of shells in the PM and REF cores
PM

Depth (cm) Taxon Mass (mg) 14C age ±1σ cal BP (95%)

32 Chlamys sp. 11 380 ± 45 229-0

186 Mixed bivalve fragments 3.6 7085 ± 55 7735-7480

216 Sea urchin test 20 8480 ± 55 9345-8995

226 Antalis vulgare 58 8745 ± 60 9645-9295

286 Arca sp. 22 9895 ± 55 11110-10665

378 Chlamys sp. 84 9965 ± 60 11185-10730

506 Arca sp. 27 9905 ± 60 11140-10670

646 Tellinacea 3.6 9865 ± 65 11095-10615

726 Tellinacea 20 10545 ± 60 12195-11405

PM

Depth (cm) Taxon Mass (mg) 14C age ±1σ cal BP (95%)

216 Bivalve fragment 20 4115 ± 55 4415-4055

411 Chlamys septemradiata 57 6700 ± 50 7415-7155

516 Tellinacea 8.4 10045 ± 60 11225-10810

606 Scaphopoda 16 9050 ± 60 10130-9610

The errors in 14C ages (not reservoir corrected) are given as ±1σ. The calibrated ages use the Marine04 calibration curve, including reservoir 
effects with ΔR = -62±46, and are given as 95% confidence intervals.
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Figure 2. 6 kHz sub-bottom profiler line A-A’  as shown 
in figure 1. Core recovery (black) and CPT penetration 
(gray) are shown for the pockmark (PM) and reference 
(REF) sites. Reflector 1 (R1) is visible across the basin but 
weakens below the pockmark. Subcropping bedrock (BR) is 
not penetrated by the profiler.

samples in the Skagerrak region (Marine Reservoir Data-
base, Queen’s University, Belfast). We recognize that the 
reservoir correction may be inaccurate for the older sam-
ples, due to large paleodepth and different hydrographic 
conditions during deglaciation.

For every 10 cm, a sample of ca. 150 g wet weight was 
wet sieved at 63 microns. The coarse fraction was dried 
at 40°C for one day and the weight determined. Benthic 
foraminifera were identified to genus or species level and 
counted to 300 specimens in each sample. Ostracods 
were included as a single taxon and the counts refer to 
single valves.

Sub-bottom profiling used an Ocean Research Equip-
ment profiler with a 16-element, hull-mounted trans-
ducer array, positioned by differential GPS onboard RV 
Trygve Braarud. The source frequency (ping) was set to 
6 kHz for improved resolution and directionality, while 
giving sufficient penetration to provide a full strati-
graphic sequence of ice-proximal and postglacial sedi-
ments. Two intersecting profiler lines, at 90 degrees to 
each other, were taken. The data were bandpass filtered 
(low level) but no nonlinear gain transformation (AGC, 
TVG) was applied.

Results
Acoustic profiler lines (Fig. 2) showed the thickness of 
unconsolidated sediment to be less than 20 m in this 
area. The regional Reflector 1 (Webb et al. 2008) was vis-
ible 7-8 m below the seafloor (BSF).

CPT data (Fig. 3) for the REF location showed shear 
strength increasing rapidly around 7.20 mBSF. A marked 
positive excursion around 6.45 mBSF is likely to be too 
narrow to be visible in the acoustic data. For the PM loca-
tion, a similar jump in shear strength would be expected 
at a depth of about 4 mBSF taking into account the depth 
of the pockmark below the surrounding seafloor (Fig. 2). 
However, shear strength increased relatively constantly 
until a rapid increase took place  below 9.0 mBSF.

Visually, both cores appeared as almost homogenous 
gray mud throughout, but blacker in the top ca. 0.3 m. 
CT scans (Fig. 4) of the REF core showed erosional sur-
faces around 0.8 m. The region from 0.4 to 1.3 m was 
intensely bioturbated with irregular oblique burrows. 
From 1.4 to 2.4 m the core seemed homogenous and of 
low density, with occasional long, sinusoidal burrows. 
A fracture at 1.95 m may have been due to stretching of 
the core; the piston separated from the core top because 
of  incomplete recovery, thereby producing a strong vac-
uum. Between 2.4 and 3.6 m horizontal, narrow burrows 
(possibly Zoophycos or Lophoctenium) occurred inter-
mittently. Large Planolites with dense halos occurred 
from 3.6 to 4.4 m. A transition to higher density (brighter 
on the CT images) was seen below about 5 m. A zone 

around ca. 6 m was characterized by flame-like struc-
tures that may indicate fluid expulsion. From this level 
down to the bottom of the core numerous pyritized, nar-
row burrows were observed. Some of these were recov-
ered during wet sieving, and were found to form solid, 
branching pyrite structures that were interpreted as min-
eralized Chondrites.

The upper 0.5 m of the PM core was featureless apart 
from numerous clasts, mainly shells and small suban-
gular pebbles. Bioturbation increased from 0.5 to 1.0 m, 
with irregular oblique burrows. Larger Planolites-like 
burrows were found from 2.2 to 2.5 m. The lower part of 
the core, from 2.5 to 8.0 m, contained few or no burrows, 
except for a conspicuous Planolites at 5.3 m. This part of 
the core was characterized by considerable amounts of 
angular and subangular pebbles up to 3-4 cm in diame-
ter. The lithology of these pebbles was varied, as is typical 
for glacially transported material in southern Norway. 
The pebbles were concentrated in layers, at 2.5, 2.8, 3.1, 
3.5, 3.8, 4.5, 4.7, 5.5, 5.8 and 7.8 m (note the tendency to 
a 30 cm periodicity in the upper part). From 6.0 to 7.7 
m the core was almost barren of large clasts. The inter-
faces between diamictic and muddy intervals were often 
irregular and steeply dipping. There was little indication 
of fining upwards within each bundle.

X-ray and gamma densities were fairly consistent with 
each other (Fig. 5). In the REF location, density increased 
rapidly from around that of water at 0.0 m up to an 
almost constant value of about 1.4 g/cm3 from 0.20 to 
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2.20 m. Density then increased up to about 1.6 g/cm3 at 
5.2 m, before jumping up to a plateau of 1.8 g/cm3 down 
to the bottom of the core. A similar sequence could be 
seen in the PM, but considerably compressed such that 
the jump in density around 1.8 g/cm3 was found already 
at 2.25 m.

Magnetic susceptibility was generally low, less than 
200·10-5 SI units (Fig. 5). In the REF core, magnetic sus-
ceptibility generally followed the density trends, simply 
reflecting the decreasing porosity downcore. However, 
the increase from 30-40·10-5 SI units at 4 m down to a 
high plateau at 50-60·10-5 SI units from 5 m is too strong 
to be explained by density increase alone. A peak around 
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and pockmark sites with depth (m).

Figure 4. Longitudinal CT scans of reference 
and pockmark cores.
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5.20 m is conspicuous. The PM core had a quite different 
magnetic susceptibility curve, increasing gradually up to 
about 40·10-5 SI units at 2 m but then jumping abruptly to 
an average level of ca. 60·10-5 SI units down to the bottom 
of the core. In this lower part of the core the magnetic sus-
ceptibility displayed strong and rapid excursions.

The dry coarse fraction log from the REF core (Fig. 5) 
showed a gradual reduction from 1.9% at the core top 
down to 0.2-0.3% at the bottom of the core. This trend 
is broken by a single conspicuous peak of 3.9% centered 
at 5.20 m. The coarse material at this level was mainly 
fine quartz sand. In the PM core, the coarse fraction was 
around 10% at the core top, decreasing to around 1% at 
2 m but then rapidly increasing to 7% around 2.20 m. 
The values then varied rapidly down to the bottom of the 
core.

Total inorganic carbon at the core top was considerably 
higher in the PM than in the REF core (Fig. 6). This is 
explained by the coarse fraction being an order of magni-
tude larger in the PM core, which is typical for the Oslo-
fjord pockmarks (Webb et al. 2008). Part of this fraction 
consisted of shell fragments and limestone clasts. Down-
core, the TIC values were comparable in the two cores. 
Total organic carbon decreased exponentially down from 
the top in both cores, but with higher values at the top 
of the pockmark core, down to an almost constant, equal 
value in both cores. The methane and CO2 profiles (Fig. 
6) resemble the TOC curves. Oxygen levels were almost 
constant in the upper parts of both cores, but dropped 

abruptly by about 25% in the lowermost sample (7.8 m) 
in the REF core and  by the same percentage at 4 m in the 
PM core (Fig. 6).

Pore water IC analysis in the REF core (Fig. 7) showed 
fairly constant concentrations of Cl-, varying between 
18.8 and 19.5 ppt. SO4

2- decreased steadily from 2.53 ppt 
at core top down to 1.58 ppt at 7.3 m. In the PM core, 
Cl- showed an increase from 17.5 ppt at core top up to 
19.6 ppt at 5.5 m. The sulfate curve was distinctly differ-
ent from the REF profile, with 2.25 ppt at core top reduc-
ing only slightly downcore to ca. 2.10 ppt at 5.0 m, with 
lower values ca. 1.9 ppt at the very bottom of the core.

The cation analyses (figs. 7-8) revealed considerable dif-
ferences between the two cores. In the REF core, Na+ 
and Mg2+ concentrations were close to normal marine 
throughout the core, except for a short interval of 
reduced levels around 2.3 m. In the PM core, concen-
trations of these ions were reduced by about 30% from 
the core top down to 2.6 m. Ca2+ and K+ showed similar 
trends, while Sr2+ increased downcore.

Range charts for foraminifera (Fig. 9) show that in 
the REF core, some of the local biozones described by 
Feyling-Hanssen (1964) can be clearly identified. The 
uppermost 0.7 m was dominated by agglutinated fora-
minifera while Nonion labradoricum was rare or absent. 
This is the subzone Gu. In the underlying subzone Gl, 
down to 2.4 m, agglutinated forms are still common, but 
the assemblage is dominated by Nonion labradoricum, 
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Bulimina marginata and Schloetheimia fusiformis. Hya-
linea balthica is a characteristic species in the rich sub-
zone Fu, from 2.4 to 4.5 m. The underlying subzone Fl, 
from 4.5 m to the bottom of the core, is even richer than 
Fu 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 Gu, 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 Gl-Fu 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 Fu and Fl 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 Fl, 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 Fl at around 2.6 m but it could 
be somewhat lower or the lower part of Fl 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. 14C dates (not reservoir corrected) are also shown.
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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 mBSF. It may be a lateral 
equivalent of the top of unit 2 of the Outer Oslofjord 
(Solheim & Grønlie 1983). In the REF location, CPT data 
showed a strong discontinuity in shear strength around 
7.2 mBSF, 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 14C years at 6.06 m to an 
inferred position of Reflector 1 at about 7.4 m, we can 
assign an approximate 14C 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 

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 
4115±55 14C years at 2.16 m in the REF core, this bound-
ary is placed at around 4200 14C 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 
14C 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 14C 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 14C years, and we 
interpret this as being reworked material. The interpo-
lated age of this horizon in the REF core is 8010 14C years, 
which does not quite fit with the 14C age of 8745 14C 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 Mg2+ 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. Cl- 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 -Nøstdahl & 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. Söderberg & Flodén (1992) reported gas 
with a thermogenic component accumulated in pock-
mark studded glaci al 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 Ca2+ and 
Sr2+ continue to increase with depth in the lower parts of 
the cores, even though Na+ and Mg2+ stay constant. This 

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. Sr2+ 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 14C 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 
& Spjeldnæs 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-Ås moraine 
ridges (Fig. 1), i.e. around ca. 10,200 14C 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 14C yr BP, and Gjessing & Spjeldnæs (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 14C 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 14C 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 

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 14C 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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