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Ground-truthing 11- to 12-kHz side-scan sonar imagery
in the Norwegian–Greenland Sea:
Part I: Pockmarks on the Vestnesa Ridge and Storegga slide margin

Abstract Numerous small (50- to 300-m-diameter)
strong-backscatter objects were imaged on the 1200- to
1350-m deep crest of Vestnesa Ridge (Fram Strait) and
along the 900- to 1000-m deep northeast margin of the
Storegga slide valley. Ground-truthing identi"ed most of
these objects as 2- to 10-m-deep pockmarks, developed
within soft, acoustically strati"ed silty clays (typical wet
bulk density: 1400}1600 kgm~3; sound speed: 1480}
1505 ms~1; porosity, 65}75%; shear strength: 5}10 kPa;
water content: 80}120%; and thermal conductivity:
0.8}0.9 Wm~1 deg C~1 in the top 3 m). Gas wipeouts,
enhanced re#ectors, and re#ector discontinuities indicate
recent or ongoing activity, but the absence of local heat
#ow anomalies suggests that any upward #uid #ows are
modest and/or local.

Introduction: SeaMARC II side-scan spots

Little was known in plan view about sea-#oor features in
the Norwegian}Greenland Sea at spatial scales that are
less than a few kilometers until detailed SeaMARCII
side-scan sonar and swath bathymetric mapping (Shor
1990) began there in 1989}1990 (Vogt et al. 1991;
Crane et al. 1995). Although numerous pro"les had been
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collected, generally at random spacings and orientations,
it was commonly impossible to identify the features from
their cross-sections, and many objects were missed entire-
ly. For example, isometric features such as pockmarks and
diapirs (Fig. 1) were di$cult to distinguish from linear
features such as channels or sediment waves. The new
side-scan imagery revealed a wealth of features, many of
uncertain origin and/or state of activity. In this paper we
discuss just one type of feature (Vogt et al. 1994), appear-
ing in the SeaMARC II side-scan imagery as clusters of
small spots, each of the order of 50}300 m in diameter,
and in all cases exhibiting elevated acoustic backscatter
relative to the surrounding sea #oor. (The SeaMARCII
system was uncalibrated, so absolute scattering strength
could not be recovered.)

The small size of these spots places them near the limit
of resolution for 11- to 12-kHz systems. They are generally
too small to be resolved with the lower-frequency
(6.5-kHz) GLORIA system, which has also been exten-
sively deployed in the Norwegian}Greenland Sea (e.g.,
Dowdeswell et al. 1996), although not precisely in the
areas described in this paper. (GLORIA can, however,
resolve extensive &&hard grounds'' that may exist with the
pockmarks). The strong-backscatter spots we mapped
were not accompanied by a measurable bathymetric
anomaly in the swath bathymetry; indeed, the spots are so
small that we did not expect to resolve them in the swath
contours. We were uncertain of the type of object until
correlation with an archived 3.5-kHz pro"le through one
of the &&spotted'' areas (Vogt et al. 1994). Although navi-
gation uncertainties did not permit a one-to-one correla-
tion of features between the 3.5-kHz data and the
side-scan image, the pro"le did assure us that we were
dealing with small sea-#oor craters (depressions) now
widely referred to as pockmarks (Hovland and Judd
1988).

The small strong-backscatter spots were imaged using
F/S Ha> kon Mosby in 1989}1990 on the crest of Vestnesa
Ridge in Fram Strait (Figs. 1 and 2) (Vogt et al. 1994) and



Fig. 1 Active or recently active sea-#oor gas and/or water venting
sites (or areas) and associated diapir "elds in the North Atlantic
region. Compiled from numerous sources, particularly Hovland and
Judd (1988). Pockmark areas discussed in this paper are (A) Vestnesa
Ridge and (B) Storegga Margin. The "rst digit in a label denotes
tectonic setting and the following digits denote classes or combina-
tions of vent features or abundance: (1) Mid-Oceanic Ridge (MOR):
11, hot, deep vents; 12, hot, shallow vents ((500 m); 13, Iceland
hydrothermal areas; 14, o!-axis MOR lower temperature vents.
(2) Subduction zone: 21 diapirs (211, numerous; 212, scattered); 22,
mud volcanoes; 25, gas seeps. (3) Older oceanic crust and conti-
nent}ocean crustal boundary (COB): 31, diapirs (312, scattered; 315,
diapirs with gas seeps); 32, mud volcano (325, mud volcano and gas
seep); 33, gas eruption feature (3341, eruption crater; 3342, eruption
collapse feature; 331, pockmark "eld); 35, gas seep (351, numerous);
37, hypersaline seep. (4) Continental shelf: 43, gas eruption feature
(43, isolated pockmarks; 431, pockmark "eld; 4311, pockmarks
and mounds; 435, pockmark with gas seep); 46, fresh-water spring.
* Major slump or slide spatially associated with vent phenomena

in the Storegga slide area on R/<Maurice Ewing in 1990.
The latter location is ca. 15}20 km north of the north wall
of the slide valley. Judged from the shape and size of the
strong-backscatter spots, the Storegga-margin pockmarks
are on average somewhat larger and more circular than
their Vestnesa counterparts. The spots are typically
spaced 0.5}3 km from their nearest neighbors. In both
areas the background backscatter is relatively weak and
essentially featureless; the "ne-scale speckle in the
data (Figs. 3A, 4A, and 7A) is attributed to various noise
sources and is not reproducible from one ensoni"cation
experiment to another. It is not obvious why pockmarks
should invariably appear as strong-backscatter spots in
the side-scan imagery. This puzzle is discussed at the very
end of the paper.

Unlike most previously known pockmarks (Fig. 1; see
also Hovland and Judd 1988), the ones studied here are
located beyond the continental shelf edge at water depths
of 900}1000 m (Storegga margin) and 1200}1350 m (Ves-
tnesa Ridge). Vogt et al. (1994) suggested that the Vestnesa
pockmarks were caused by episodic methane release from
gas trapped below a natural anticline structure formed by
a gas hydrate carapace. Seismic data suggest gas hydrates
are present in the region of both pockmark areas (Eiken
and Hinz 1993; Mienert and Bryn 1997).

In 1995 and 1996 we revisited the two putative pock-
mark areas to ground-truth the acoustic imagery. The
following questions were addressed: (1) Are the strong-
backscatter spots actually pockmarks, and if so, what is
their morphology and subbottom structure? (2) What are
the characteristics that could explain the relatively strong
backscatter of the features? (3) Are the area sediments soft
and "ne, as suggested to be favorable for pockmark
formation (Hovland and Judd 1988)? (4) Are there other
relevant sea-#oor features, not detected by the 11- to 12-
kHz imagery? (5) What is the origin of these pockmarks?
(6) Are there local heat#ow anomalies associated with the
pockmarks or with the local areas in which they occur,
given that upward #ow of #uid can steepen subbottom
thermal gradients (Wright and Louden 1989)? This
last point may help to explain the heat#ow highs
known from the Norwegian-Barents-Svalbard continental
margin (Vogt and Sundvor 1996).

Ground-truth data

As part of the SeaMARC II ground-truth cruises in 1995
(F/S Ha> kon Mosby) and 1996 (NIS Professor ¸ogachev),
both areas were investigated where the 11- to 12-kHz
imagery had imaged supposed pockmarks. the Ha> kon
Mosby conducted two close-spaced 3.5-kHz and 38-kHz
surveys of the principal pockmark areas on the Vestnesa
Ridge (Figs. 2, 3B, 4B, and 5). The track separation was
ca. 900 m. Upon conclusion of these site surveys, several
gravity cores, one box core, and several heat#ow stations
were located in the most promising sites (Table 1). At-
tempts were made to measure heat #ow and collect cores
both from within pockmarks and just outside them. How-
ever, station-keeping in water depths more than 10 times
the object diameter was inadequate to guarantee that the
interiors of pockmarks had been sampled.

In 1996 a similar strategy was employed to ground-
truth an area of supposed pockmarks discovered in Sea-
MARC II data in the Storegga slide area. The pockmarks
represent a WNW extension of an area of &&#uid-escape
structures'' descibed by Evans et al. (1996). The Logachev
conducted a detailed site survey of the pockmark area
with its 8-kHz pro"ler, which was used both for
bathymetry and shallow subbottom pro"ling (Figs. 6, 7B,
and 8). The track spacing was 500 m. Again, we attempted
to collect gravity cores and measure heat #ow both inside
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Fig. 2 Vestnesa ridge area (adapted from Vogt et al. 1994) showing
pockmarks (dots), structural lineations (SL, thick, solid or dashed
lines) interpreted from side-scan, debris #ow scars (thin lines),
bathymetric contours (m), submarine channels (notched lines), and
outcrops (black). COB: continent}ocean crustal boundary. Heat-
#ow stations are in mWm~2. Boxes show locations of Figs. 3 and 4

and outside a prominent pockmark (Table 1). Physical
properties were measured on the cores, which were raised
in hard PVC liners, cut into 1-m lengths, and sealed for
measurements to be made in advance of opening. The
1995 cores from Vestnesa Ridge were measured for ther-
mal conductivity on board ship, and the 1996 cores at the
University of Bergen. The measurements were made
at 10-cm intervals by drilling small holes through the
PVC liner and inserting a Fenwal probe. This needle
probe consists of a thermistor and a heating wire, with the
thermistor resistance measured every 5 s for 2 min.
The small holes were then sealed with glue to avoid
sediment desiccation. The thermal conductivity data
(corrected for in-situ conditions) for the pockmark area
cores is shown in Fig. 9.

In addition, the 1995 Mosby cores were continuously
logged at Texas A&M University for gamma-ray attenu-
ation and compressional (sound) wave speed, using the
Tamu Geotek Logger (Sawyer et al. 1997). Measurements
were made at 2-cm intervals along the cores except near
the ends of the 1-m sections, where disturbance was ex-
pected. Wet bulk density, porosity, water content, and
void ratio were calculated from the attenuation data.
Some of these parameters, along with sound speed, are

plotted against subbottom depth in Fig. 10. In addition,
measurements of density, shear strength, and grain size
were made after the cores were opened in 1998 (Fig. 10).

Five successful heat#ow values were obtained from the
three pockmark areas (Table 1): stations were located in
the eastern Vestnesa survey area (one), in the western
Vestnesa area (two), and in the Storegga pockmark prov-
ince (two). The same &&Lamont heat-#ow probe'' (Crane
et al. 1988) was used to measure the thermal gradient,
from which the actual conductive heat #ow was computed
from the core-averaged thermal conductivity from nearby
sediment cores (Table 1, Fig. 9). The probe comprises four
or "ve thermistors mounted on outriggers several centi-
meters away from a solid lance that is attached to a core
head weight. The instrument is dropped into the bottom
and left several minutes, enabling correction for frictional
heating. The probe monitors bottom water temperature
and instrument tilt. Full penetration (4.7 m) was achieved
at each of the pockmark sites due to the soft character of
the sediment. Temperatures increased linearly with depth,
with little scatter. This suggests bottom-water temper-
ature changes over the previous months to a few years
were minimal. Vogt and Sundvor (1996) discussed such
e!ects.

Bathymetry

Bathymetric data maps were hand-contoured from plots
of digitally recorded soundings for the pockmark areas
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Fig. 3 (A) SeaMARC II side-scan sonar image of western part of
Vestnesa ridge crest. Darker tones denote stronger backscatter.
Small dark patches interpreted as pockmarks. See Fig. 2 for loca-
tion. (B) Bathymetric contours (m) based on 38-kHz soundings
(dots) corresponding to A. The "rst two digits have been dropped
from some soundings to reduce clutter. Has kon Mosby station
numbers are followed by HF (heat#ow), G (gravity core) or B (box
core)

(Figs. 3B, 4B, and 7B). Due to the accurate GPS-based
navigation and the relatively smooth bottom topography,
water depth discrepancies at track crossings were gener-
ally only about 2 m. The Vestnesa contours are drawn at
10-m intervals, locally reduced to 5 and even 2.5 m on the
ridge crest where the pockmarks are located. Only at such
small contour intervals, and with the addition of spot
soundings to the nearest meter, are pockmarks visible in
the bathymetry (Figs. 3B and 4B). In the Storegga margin
pockmark area, depth contours are drawn at 5-m intervals
(Fig. 7B), and track intersection discrepancies are in the
range of a few meters. However, there is more ping-to-ping
noise in the digital soundings here, perhaps because of the
lower frequency used (8 kHz vs. 38 kHz on Vestnesa
Ridge). In general, pockmark-scale features a few meters
deep could not be reliably contoured in the Logachev
bathymetry.

The bathymetric chartlets produced from contouring
single-beam data (Figs. 3B, 4B, and 7B) are higher in
resolution and accuracy than the SeaMARCII-based
swath bathymetry available from the 1989}1990 side-scan
cruises. We, therefore, do not show the latter in this paper
(see Crane et al. 1995). However, analysis of the Sea-
MARCII center beam returns (i.e., treating the nadir
returns as echosoundings) shows that pockmarks of ca.
2}3 m depth and 200 m diameter were recorded on some
crossings of Vestnesa Ridge (C. Nishimura personal com-
munication 1998). Obviously these nadir features were not
recorded in the side-scan data as backscatter objects on
the same traverse.

Comparison of the bathymetric contours and pro"les
with the side-scan imagery produced mixed results. On
Vestnesa Ridge, correlation between the pockmarks
shown in the contours (Figs. 3B and 4B) and the side-scan
objects was unsatisfactory. We attribute this to navigation
and pixel placement errors of the 1989 SeaMARC II data
and to the probable existence of pockmarks between the
pro"les. At a spacing of 900 m, the pro"les were likely to
miss many of the side-scan spots 50}300 m across. Less
likely, but possible, is the existence of side-scan spots,
caused entirely by subbottom features, for example gas
bubbles a few meters below the bottom, with no recogniz-
able expression in the 3.5-kHz pro"les. We can say with
certainty only that the area of the bathymetrically mapped
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Fig. 4 (A) SeaMARC II side-scan sonar image of eastern Vestnesa
ridge crest. (B) Corresponding bathymetry and station locations.
See Fig. 3 for captions

pockmarks (Figs. 3B and 4B) corresponds to the area
within which the backscatter objects occur (Figs. 3A
and 4A).

The ¸ogachev survey of the Storegga pockmark data
showed poor correlation between digitally recorded
bathymetry and the backscatter spots mapped with Sea-
MARC II. However, the locations of pockmarks seen in
the 8-kHz pro"les (Fig. 8) show excellent agreement in size
and location with the location of the spots in almost all
cases (Fig. 7B). All major spots were veri"ed as pock-
marks, and all pockmarks on the pro"les were picked up
on the side-scan imagery.

However, several small mounds crossed by the 8-kHz
pro"ler (Figs. 7B and 8) were not detected in the side-scan
imagery (Fig. 8A). There are several possible reasons:
(1) the mounds are smaller than the pockmarks in terms of
diameter and relief (ca. 2 m) and thus create a smaller
topographic backscatter e!ect (discussed below); (2) the
mounds seen in the 8-kHz pro"les occur in the outer,
lower-grazing angle part of the SeaMARC II swath, where
resolution is expected to be worse; and (3) if the mounds
are embryonic pockmarks (following Hovland and Judd
1988), the methane that will eventually erupt to form the
pockmark may still be trapped at depth. Thus, a variety of

methane-escape features that could enhance the backscat-
ter strength of pockmarks (numerous unit pockmarks,
residual coarse sediment, authigenic carbonate, gas bub-
bles, and hard benthic organisms such as clams) may not
occur on the mounds.

A main conclusion from the detailed bathymetric maps
is that the Vestnesa Ridge pockmarks are largely or en-
tirely con"ned to a ca. 3-km-wide belt centered on the
ridge crest, as concluded on the basis of less accurate
bathymetric data by Vogt et al. (1994). Apparently condi-
tions for pockmark development are not suitable on ridge
slopes greater than ca. 20 : 1000. The Vestnesa pockmarks
in the two survey areas occur in water depths of
1330}1360 m in the western area and 1230}1270 m in the
eastern area.

In comparison, the approximately half-dozen Storegga
margin pockmarks examined (Figs. 7 and 8) occur be-
tween 960 and 1020 m water depths, on a WNW-dipping
sea #oor with a slope of 6:- to 8 : 1000, consistent with the
same slope dependence suggested for the Vestnesa pock-
marks. A gentle westward-convex contour shape in the
central part of the survey area (Fig. 7B) suggests
the existence of a slight swell with ca. 5-m relief, that may
be associated with the pockmarks, all of which can be
enclosed by an elliptical area ca. 3 km in width. The gentle
swell may be the surface topographic expression of
a buried sidewall scarp, marking an older, perhaps pre-
glacial slide (Evans et al. 1996). Additional pockmarks and
other #uid escape structures are known to exist to the
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Fig. 5 3.5-kHz pro"les across Vestnesa Ridge. See Fig. 2A and B for
locations. &&ER'' denotes example of enhanced re#ector. Note portion
of pro"le D enlarged at upper left

Table 1 Pockmark area heat#ow and conductivity!

Area Lat. Long. D (m) Station Therm. Pen. (m) mKm~1 Wm~1K~1 mWm~2

Vestnesa (E) 79306.9@N 6300.2@E 1238 HM-16B-10 (HF10) 4 4.70 116$8 0.9 104
Vestnesa (W) 79308.4@N 5311.8@E 1342 HM-16B-14 (HF3A) 4 4.70 145$9 0.85 123
Vestnesa (W) 79308.5@N 5312.0@E 1342 HM-16B-15 (HF3B) 4 4.70 140$10 0.85 119
Storegga 64349.4@N 4318.3@E 967 PL-096-6 (HF2A) 5 4.70 59.7$1.9 0.86 51
Storegga 64349.14@N 4318.5@E 969 PL-096-6 (HF2B) 5 4.70 56.2$1.8 0.86 48
Vestnesa (E) 79306.7@N 6308.2@E 1237 HM-16B-11 N.A. 2.80 N.A. 0.9 N.A.
Vestnesa (W) 79308.5@N 5311.9@E 1349 HM-16B-12 N.A. 3.00 N.A. 0.85 N.A.
Vestnesa (W) 79308.3@N 5311.7@E 1346 HM-16B-16 N.A. 3.00 N.A. 0.85 N.A.
Storegga 64349.13@N 4318.5@E 968 PL-096-8 (P-1-3) N.A. 3.33 N.A. 0.86 N.A.
Storegga 64349.45@N 4318.6@E 967 PL-096-9 (P-1-4) N.A. 3.35 N.A. 0.86 N.A.

!Heat#ow and thermal conductivity stations on 1995 Has kon Mosby (HM) and 1996 Professor ¸ogachev (PL) cruises. D is water depth,
Therm. is number of thermistors on probe, and Pen. denotes subbottom penetration in meters.

Fig. 6 Storegga slide, northern margin bathymetry (contours in
meters), heat#ow stations (mW m~2, from Sundvor et al. 1999), and
location of SeaMARC II-imaged pockmarks and ground-truthing
survey (box)

northeast of our area, along or just north of the ESE
continuation of the buried escarpment.

Echo character and subbottom structure

Subbottom structure was mapped at 3.5 kHz on Vestnesa
Ridge (Fig. 5) and 8 kHz in the Storegga area (Fig. 8).

Maximum penetration away from pockmarks or mounds
was about 25}50 m on Vestnesa Ridge and 20}30 m in the
Storegga area. The penetration di!erence between the
areas probably re#ects the di!erence in frequency, with
less penetration at 8 than at 3.5 kHz. Away from the
pockmarks and mounds, the echo character is of type IB
(Damuth 1978; P"rman and Kassens 1995), i.e. &&sharp
continuous echoes with numerous parallel subbottoms.''
Numerous cores raised from this type of sea #oor show
"ne-grained hemipelagic-type sediments with an average
of only 1% bedded coarser sediment (sand and silt). Our
pro"les reveal no evidence of faulting or mass wasting
down to the acoustic penetration limit.

The pro"les show many of the Vestnesa pockmarks and
at least one of the Storegga pockmarks (no. 2, Fig. 8) with
subbottom re#ectors simply down-bowed under the pock-
marks, with no disruption or acoustic wipeouts often seen
under pockmarks (Hovland and Judd 1988). Narrow dis-
turbances may have been missed, if pro"les did not cross
the pockmark centers. However, it appears that a number
of pockmarks, mostly on Vestnesa Ridge, simply exhibit
down-bowed continuous re#ectors. We o!er two scen-
arios to explain this: (1) The pockmarks may have formed
in the past and are not currently active. Hemipelagic
sediments deposited subsequent to activity would appear
conformably draped, as observed. (2) The pockmarks may
have formed by withdrawal of gas or #uid at depth } for
example, by hydrate dissociation } causing a small area of
sea#oor to collapse. This type of pockmark formation, if
real, would be one not previously recognized (e.g., Hov-
land and Judd 1988).

A pro"le collected at 15 kmh~1 crosses a 200-m pock-
mark in less than 1 min. This circumstance, coupled with
the wide beam of the outgoing acoustic pulse, limits the
resolution of subbottom structure in our pro"les (Figs. 5
and 8). One cannot always be sure whether the subbottom
re#ectors continue under the pockmark or are disrupted
by gas or pore #uid rise. Running the pro"ler while the
vessel attempts to keep station above the feature may
provide the necessary data. For example, keeping station
above feature 9 (right side of the long pro"le in Fig. 8)
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Fig. 7 A SeaMARC II sidescan
sonar image of pockmarks
(darker spots) on Storegga slide
margin (see Fig. 6 for location).
Darker tones correspond to
stronger backscatter.
B Bathymetric contours for
northern portion of (A), in
meters, with dots showing
locations of soundings.
Pockmarks and mounds are
numbered (see Fig. 8). Heat#ow
stations and gravity cores are
labeled with small-sized
numerals, corresponding to &&PL''
station in Table 1

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&"

Fig. 8 Portions of 8-kHz pro"ler records, showing pockmarks and
mounds. See Fig. 7B for feature locations

clearly shows that re#ectors do not continue across
the pockmark, which thus appears to be presently active.
(The complex curved returns from &&within'' the pockmark
are interpreted as bathymetric re#ections from the inner
wall of the pockmark crater).

In the Storegga area, we discovered small mounds in
the 8-kHz pro"ler data (Fig. 8, features 4, 6, 7, 8; see
Fig. 7B). No such mounds were discovered in the Vestnesa
pro"les. The Storegga mounds do not appear in the Sea-
MARCII side-scan data (Fig. 7A), perhaps because of
their low relief (a few meters) or because of their location
in the higher-noise, outer part of the SeaMARC II swath.
Hovland and Judd (1988) postulate that mounds of this
type represent embryonic pockmarks, with gas having
collected at depth and, some time in the future, venting
forcefully to form new pockmarks.

Except for the pro"le across pockmark 2 (Fig. 8), both
mounds and pockmarks in the Storegga area are under-
lain by columnar disturbances (acoustic voids) extending
from the sea #oor down to the deepest recorded re#ector
levels. In some examples (nos. 1, 9, 10 of Fig. 8) the
acoustic void appears to extend laterally beyond the pock-
mark lips. Subbottom re#ectors generally disappear with-

in the acoustic voids, but locally continue with reduced
re#ector strength (nos. 3, 4, 9 of Fig. 8). Re#ectors appear
bowed upward (or downward) as mounds (or pockmarks)
are approached from the outside (nos. 7, 8, or 9). Some
pockmarks exhibit raised rims (nos. 1, 3, 11, 12 of Fig. 8),
perhaps re#ecting remnants of prepockmark mounds or
debris erupted from the pockmarks. In those cases sub-
bottom re#ectors are also bowed upwards under the
pockmark rims. In other cases the subbottom re#ectors
continue unbowed up to edge of the acoustic void (nos. 1,
4, 10 of Fig. 8).

Following Hovland and Judd (1988), we attribute the
acoustic voids and re#ector deformation to methane
gas or slightly pressurized porewater, which has risen
through the sediment and disrupted the original acoustic
strati"cation. There are only minor examples of possible
acoustic turbidity, for example, under the northern pock-
marks on pro"les C and D (Fig. 5), and even these may be
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Fig. 9 Thermal conductivity vs. subbottom depth, measured on
gravity cores (see Figs. 3B, 4B, and 7B and Table 1 for locations).
&&HM,'' F/S Has kon Mosby 1995 cores; &&PL'', NIS Professor ¸ogachev
cores

subbottom acoustic focusing e!ects rather than actual
acoustic turbidity. Some coherent re#ectors appear locally
enhanced, for example, locally under the ridge crest on
pro"les C, D, and E, and under the western portion of
M (Fig. 5). Such re#ector enhancement may be due to gas
bubbles trapped at certain stratigraphic levels, but if so
the amount of free gas must be very small, otherwise
underlying re#ectors would not be seen. Furthermore the
enhanced re#ectors are not closely associated with pock-
marks. We therefore judge the present free gas concentra-
tion to be relatively slight, at least in the upper 20}50
m visible to our pro"ler, below the Vestnesa Ridge.

Conductivity and heat flow

There is no signi"cant di!erence between the Vestnesa
and Storegga-margin cores in terms of thermal conductiv-
ity. Values are low (ca. 0.8}0.95 Wdeg~1m~1) in the top
3 m sampled in both pockmark areas. There is also little

variability down the cores. This result is consistent
with independent measurements of sound speed (low), wet
bulk density (low), porosity (high), water content (high),
and void ratio (high). The highest conductivity
(0.9}0.95 W deg~1m~1) occurs at depths of 25}150 cm
subbottom in core HM-11 (Fig. 9) located within or
near a pockmark on the eastern Vestnesa Ridge. Because
we cannot be certain whether this core was taken from the
center or edge of a pockmark, the signi"cance of these
slightly enhanced values is unclear. The generally low
thermal conductivities, a re#ection of high water contents,
are consistent with the acoustic &&transparency'' of the
sediments (several tens of meters, Figs. 5 and 8).

Multiplying the thermal conductivity measured in these
cores by the temperature gradients measured nearby
(Table 1; Figs. 3B and 4B) yields the conductive heat#ow.
As noted above, the temperatures at the thermistors in-
creased very linearly with subbottom depth, causing the
error bars on the gradients to be modest. The gradients
vary from 145$9 and 140$10 mKm~1 on the western
Vestnesa Ridge, to 116$8 mKm~1 on the eastern ridge,
and down to 59.7$1.9 and 56.2$1.8 mKm~1 on the
Storegga margin. The resulting heat#ow values are 123,
119, 104, 51, and 48 mWm~2, respectively. These values
are consistent with the regional pattern of heat#ow
(Figs. 2 and 6) and are qualitatively consistent with the
location of the three surveyed areas: The western and
eastern Vestnesa sites are located over oceanic crust ca.
7 and 10 million years old (Vogt et al. 1994), whereas the
Storegga site is located over pre-Tertiary, probably thin-
ned, continental crust. While we cannot rule out the exist-
ence of very local thermal anomalies, for example, in the
centers of pockmarks, it can be concluded that no signi"-
cant heat#ow anomalies are associated with the pock-
mark areas. Furthermore, the attempt to measure heat-
#ow both inside and outside a pockmark produced two
pairs of values (119/123 and 48/51 mWm~2) that are
statistically identical. These results appear to rule out
signi"cant pore-water advection (except possibly very lo-
cally), because such advection would steepen thermal
gradients above regional values (see Vogt and Sundvor
1996). For comparison, an extreme example of advection
e!ects is provided by the Has kon Mosby mud volcano
(Vogt et al. 1997).

Sediment physical properties

Sound speed, bulk density (from gamma-ray attenuation),
porosity (calculated from bulk density), shear strength,
water content, and grain size are shown plotted against
subbottom depth for the Vestnesa Ridge cores in
Fig. 10. The characteristic ranges are: wet bulk density,
1400}1600 kgm~3; porosity, 65}75%; void ratio, 2.3}2.8;
water content as percentage of dry weight, 60}120%;
sound speed, 1480}1505 m s~1; and shear strength,
3}12 kPa. Such values, consistent with the low thermal
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Fig. 11 Simple &&ray''
ensoni"cation for a typical
pockmark imaged from
a surface-towed system at two
ranges. Scattering strengths
computed from simple &&Lambert
Law'' scattering, neglecting
e!ects of subbottom penetration

conductivities (Fig. 9), characterize the upper few meters
of soft and watery sediment as typical for hemipelagic silty
clay to clayey mud of postglacial (i.e., post-Weichselian)
age, although micropaleontology has not been completed
on the samples. Most of the cores 11, 12, and 16 comprise
silty clays, with ca. 60% clay, a few percent sand, and
almost 40% silt. However, the interval 25}75 cm in core
HM-11, and to a lesser extent also in core 16, are sandier,
with two samples of HM-11 containing more than 30%
sand. It is unknown whether this sand increase represents
increases in IRD (ice-rafted detritus) delivery or is a record
of local pockmark activity. A downward increase in den-
sity and decrease in water content starting about
225}250 cm subbottom in core HM-16 (Fig. 10) could
mark a downward increase in IRD abundance, but this
should be accompanied by an increase in the sand frac-
tion, which is not observed (Fig. 10). Thermal conductivity
also increases at the bottom of this core (Fig. 9), as
expected from the decreasing water content. However,
core HM-12 appears not to have penetrated to this strati-
graphic level. Hovland and Judd (1988) stated that pock-
marks form preferentially in soft (vs. sandy) sediments,
and we have substantiated and quanti"ed their conclusion
in terms of measured properties. (However, we expect that
sediments below 3 m subbottom are rich in IRD and thus
denser and less porous). Graphic evidence for the softness
of pockmark-area sediments was also provided by the
consistent full penetration (3 m) or overpenetration by our
gravity cores, which did not occur at most other sites.
Dark sediment with H

2
S odor was not penetrated by the

Vestnesa cores, nor were authigenic carbonate nodules
captured, to judge from the physical properties.

The high empirical correlation between thermal con-
ductivity and porosity assures us that sediments cored in
the Storegga pockmark area have similar physical pro-
perties to those on the Vestnesa Ridge. Moreover, the
observed H

2
S odor and dark color, suggesting Fe mono-

sul"des, in the core catcher of core PL-8 suggests that we
successfully cored inside a pockmark (no. 9 in Figs. 7B
and 8). We conclude this because methane ascent in the
pockmark would raise the top of the sulfate reduction
zone to shallower depths. Core PL-9 outside the pock-
mark did not penetrate H

2
S-containing sediment. Never-

theless, the two cores are closely similar in their thermal
conductivities and, by extrapolation, other physical prop-
erties. Signi"cant amounts of sand left as a residual from
pockmark formation (Hovland and Judd 1988) or
authigenic carbonate nodules (present in some pock-
marks; Hovland et al. 1987) were evidently not penetrated
by the cores.

Discussion and summary

In 1995 and 1996 two areas in the Nordic Basin were
revisited where 11- to 12-kHz side-scan sonar (Sea-
MARCII) had revealed a sea #oor speckled with small
spots (50}300 m across) with enhanced acoustic backscat-
ter. Using bathymetry, shallow subbottom seismic pro-
"ling, sediment cores and heat#ow stations, it could be
con"rmed that:

1. Most or all of the backscatter spots are pockmarks
typically 2}10 m deep.

2. The sediments in the upper 3 m subbottom in and
around the pockmarks are soft, porous (65}75%), and of
low density (1400}1600 kgm~3), low sound speed
(1480}1505 m s~1), and low thermal conductivity hemi-
pelagic muds largely or entirely of Holocene age. The
relatively uniform, low backscatter strength of the sea
#oor in which the pockmarks have formed is qualitatively
consistent with the nearly constant subbottom sound
speed and density measured in the cores, because such
near-constancy implies weak volume scattering from
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within the part of the sediment column, the top few me-
ters, that in#uences 11- to 12-kHz backscatter imagery.

3. The Vestnesa, and possibly also the Storegga pock-
marks, occur in a ca. 3-km-wide belt associated with
a ridge crest, and formation may be inhibited on slopes
greater than 20 : 1000.

4. The Vestnesa and Storegga pockmarks both occur in
areas where BSRs (bottom simulating re#ectors), indicat-
ing gas hydrates, have been identi"ed in seismic data. The
Storegga pockmarks are found 15}20 km north of the
Storegga slide northern sidewall escarpment and may
have been triggered by one or several of the slides de-
scribed by Bugge et al. (1988). The location of the Storegga
pockmarks along the older, buried sidewall escarpment
described by Evans et al. (1996) is consistent with a pre-
glacial initiation of #uid escape, although the Late Weich-
selian Storegga sliding may have stimulated #uid release
along the older escarpment. Pockmarks have, to our
knowledge, NOT been discovered within or above any of
the slide scars mapped by SeaMARCII or other data,
although they would be more di$cult to recognize there.
We concur with Evans et al. (1996), who suggest that slide
and debris #ows are not as likely to host hydrates and
#uid-escape features as are thick sequences of strati"ed,
porous hemipelagic and glacial marine sediments. The
Vestnesa pockmarks occur above young (3}14 Ma)
oceanic crust, and the Storegga pockmarks above subsid-
ed pre-Tertiary crust. The nature of the underlying deep
crust is probably not relevant to their formation, however.

5. Both Vestnesa and Storegga pockmarks occur in
areas of relatively high seismicity, so earthquakes could
provide the most probable immediate trigger for episodic
gas eruption and pockmark formation. The other trigger-
ing mechanisms suggested by Hovland and Judd (1988)
are storms and tides. However, those forces would not
create signi"cant pressure changes at 900}1300 m water
depths and are therefore not likely to play a role.

6. The Vestnesa and, probably, the Storegga pock-
marks are not located above thermogenic methane
&&kitchens,'' so their origin must di!er from that of most
North Sea pockmarks (Hovland and Judd 1988).

7. Among the possible mechanisms for pockmark
formation (Hovland and Judd 1988; Paull et al 1999),
freshwater seeping and sea-#oor freezing (Paull et al. 1999)
probably cannot occur, given the "ne, low-permeability
sediments, the great distance to suitable terrestrial
aquifers, and the stability of methane hydrates. Bottom-
water temperatures average around !0.53C in the pock-
mark areas, however (Vogt and Sundvor 1996), and if
hydrate dissociation occurs, su$ciently fresh water might
be produced to freeze in the pockmark bottoms.

8. Neither the Vestnesa nor the Storegga pockmarks
exhibit heat#ow anomalies relative to the regional aver-
ages. The relative heat#ow di!erences between the two
Vestnesa study areas and the Storegga area are readily
explained by the di!erences in crustal age and origin. We
can, however, not exclude very local anomalies in the
pockmark centers, because the placement of our thermal

probe was not that accurate and because we only sampled
three, albeit prominent, pockmarks.

Conclusion

The reason why pockmarks show up exclusively as
strong-backscatter spots (Figs. 3A, 4A, and 7A) remains
uncertain. As shown in the ray-geometric diagram in
Fig. 11, Lambert-law type scattering (Urick 1983) should
produce, for a typical pockmark topography and uniform
sediment properties, an acoustic shadow near the ship and
enhanced backscatter immediately outboard of the
shadow. In the SeaMARC II convention, there should be
a white}black couplet, the white being closer to the ship.
These topographic signals should be of signi"cant ampli-
tude, 2}7 dB (Fig. 11). The actual return would be
smeared out, but the reasons why such smearing would
invariably cause a strong backscatter spot are uncertain.
One possibility is that the background backscatter is so
weak that the pockmark acoustic shadow e!ect is limited
by the noise #oor, allowing the return from the far wall of
the pockmark to dominate. Another possible e!ect is
focusing, with the far side of the pockmark acting like
a convex mirror to several successive pings, whose energy
spread into the pockmark. Finally, there are a number of
processes that would increase backscatter from the pock-
mark sea #oor or from the shallow subbottom. Such
e!ects, which are known to be associated with some pock-
marks (Hovland and Judd 1988), include authigenic car-
bonate nodules or pavements, gas bubbles and pits/tubes,
organisms such as clams, residual coarse sediment left
behind from gas/#uid/mud eruptions, and small (unit)
pockmarks. However, such processes are not plausibly at
work in the &&inactive'' pockmarks, which simply exhibit
down-bowed re#ectors continuous under the features. De-
tailed pockmark inspections are needed to model the
acoustic backscatter e!ects of pockmarks imaged by side-
scan sonars and to identify the processes and levels and/or
time scales of activity.
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