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Engineering and foundational characteristics of sea-floor deposits are
relatively unknown except in certain areas of the coastal zone where man has built
structures such as wharves, bridges, tunnels and various pile supported platforms.
Although the number of investigations pertaining to the engineering properties of
the outer coastal zone and deep-sea deposits has increased significantly during the
past decade, the quantity of available information is yet very limited. The scar-
city of such data is even more pronounced in Arctic regions where approximately 140
to 150 sediment cores have been collected for engineering (geotechnique) studies.

Sediments of the Greenland-Norwegian basin display considerable variation of
such properties as shear strength, water content, and porosity, both laterally and
with depth. These deposits tend to exhibit higher average unit weight (bulk
density) and shear strength, but lower water content, porosity, semnsitivity, grain
specific gravity, and Atterberg Limits than those sediments blanketing most of the
North Atlantic basin. The Greenland-Norwegian basin sediments are characterized
by inorganic clays of medium to high plasticity, sand clays, and slightly plastic
inorganic silts. The process of ice-rafting, which is unique to higher latitudes,
strongly influences the engineering properties of Arctic submarine deposits by
transporting and later depositing coarse material, e.g., coarse sand and gravel,
in oceanic areas which otherwise would only receive fine sand, silt and clay.

Fine silt and clay of relatively low strength appear to blanket much of the
Greenland—Ndrwegian basin resulting in relatively low ultimate bearing capacities

of the surface deposits.
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INTRODUCTION

The foundational characteristics of sea-floor deposits are yet relatively
little known except in coastal areas where man has long been involved in the con-
struction of such facilities as wharves, bridges, and breakwaters. It was only
about 20 years ago, when offshore petroleum exploration began to receive serious
attention, that sincere investigations began on the engineering properties of
submarine sediments beyond the breaker zone.

As yet, most of the engineering studies carried out on deep-sea sediments
have been by marine geologists who have utilized various aspects of soil mechanics
(geotechnique) in their attempt to understand the sedimentological characteristics
and depositional history of the ocean floor. One of the earliest studies was that
of Arrhenius (2) who determined relative strengths on sediment cores collected
during the Swedish Deep-Sea Expedition 1947-1948. Although a number of investi-
gators were concerned with the geotechnical properties of submarine sediments
prior to 1960, e.g., Hamilton (9, 10), Hamilton and Menard (11), Fisk and Mc-
Clelland (8), and Moore and Shumway (30); Richards (33, 34) was the first to
report on the overall engineering aspects of deep-sea deposits based on a limited
number of locations in the Atlantic, Mediterranean, and Pacific basins. During
the last decade an increasing number of investigators entered this field of s tudy
and have looked into such relationships as sound velocity versus certain engineer-
ing properties (5), unit weight variations with depth (17), consolidation
characteristics of various deposits (4, 35), or have defined the engineering
properties of some local area such as the Chesapeake Bay (13), Gulf of Bothnian
(18), or the Mississippi Delta region (28, 29). The first regional study of the
distribution of various geotechnical properties was presented by Keller (23) in
his report on approximately 500 sediment cores from the North Atlantic and North
Pacific basins. A similar study has recently been completed by Keller and Lambert
(27) for the Mediterranean basin.

With the advent of the U. S. Deep Sea Drilling Project in 1968, it became
possible to extend geotechnical studies to much greater depths below the sea
floor. Thus far, this program has obtained sediment cores from depths as great as

1070 m below the sea floor on which tests have been made for unit weight, water
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content, porosity, grain size and relative strength, (31). Although these samples
are disturbed, they have provided some degree of insight into the properties of
sediments never before sampled in the deep sea.

To date, it is estimated that on the order of 1000 to 1300 sediment cores
have been collected from all the ocean basins (beyond the continental shelf) for
the purpose of geotechnical studies. 1In the Arctic, only about 140 deep-sea cores
have been obtained for such studies. Many of these samples have been collected
from icebreakers which were only equipped to handle small core samplers. As a
result of this limitation, approximately 60 percent of these samples are of
limited value.

This study is based on a total of 67 sediment cores, 42 of which were only
suitable for Atterberg Limits, grain specific gravity, and grain size determi-
nations. The data used herein were obtained from analyses carried out by the U. S.
Naval Oceanographic Office and from project reports contracted for by the U. S.
Naval Oceanographic Office (37, 39). In addition to presenting the areal distri-
bution of selected geotechnical properties in the Greenland-Norwegian basin, the
ultimate bearing capacity of surface deposits in the area is also discussed.

Local variability in deep-sea deposits may not be as severe as those found in the
coastal zone, nevertheless both lateral and vertical changes in these deposits

are found to be significant.

Regional Setting

The regional morphology of the Greenland-Norwegian basin is not that of two
simple adjacent basins but consists of a number of ridges and fracture zones which
transect the area (Fig. 1). The northern extension of the mid-Atlantic ridge
trends northeast from Iceland to about 72°30'N where it is intersected by the Jan
Mayen fracture zone. Here the ridge has been offset to the east on the order of
200 km. The ridge then trends east-northeast, approximately midway between Green-
land and Norway, to 74°N where it assumes a north-south trend as a result of its
~diSplacement by the Greenland fracture zone. A second major ridge, the Jan Mayen
ridge, extends southeast from Jan Mayen Island serving as the eastern border of

the Icelandic plateau. It is readily apparent from figure 1 that the continental
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rise is much more extensive off Norway than along the Greenland margin. This may
be attributed to a higher rate of sedimentation as geophysical observations indi-
cate that large volumes of sediment are prograding out from the Norwegian shelf
onto the continental rise (21). Tectonism and the resulting crustal features have
contributed to a complex bottom topography and the absence of any large abyssal
plain. For a more detailed discussion of the morphology and structural history of
the Greenland-Norwegian basin, the reader is referred to the studies of Johnson

and Eckhoff (19) and Johnson and Heezen (20).

Regional Aspects of Geotechnical Properties

Surface Sediment Types.-Sediments found in the Greenland-Norwegian basin are

largely the product of glacial activity, with varying amounts of material contri-
buted by ice-rafting as well as slumping from nearby submarine ridges. Aside from
the 67 sediment samples discussed here (Fig. 2), the majority of the samples col-
lected in this area date back to the Norwgian Vdringen cruise (36), the Danish
Ingolf-Expedition (3) and the studies of Holtedahl (14, 15, 16). Only a very
general distribution of surface deposits in the Greenland-Norwegian basin can be
presented from the available data. Excluding those areas of considerable topo-
graphic relief, the basin is primarily blanketed with fine silts and clays which
probably have been derived from the streams and rivers of Norway and Greenland.
Seismic reflection observations (39) indicate that most of the sediment east of
the mid-Oceanic ridge has been derived from Norway. Local areas of coarser
grained material result from slumping and small scale turbidity currents associ-
ated with seismic ridges such as Jan Mayen ridge (39). West of the mid-Oceanic
ridge fine pelagic sediments cover much of the area with local variations in sedi-
ment type owing to slump and turbidity current activity from the steep flanks of
the adjacent ridge (39). Bottom photographs from various parts of the Norwegian
Sea (continental slope, abyssal plain, abyssal hills, and Icelandic plateau) all
revealed a bottom composed of silty and sandy clay and occasional ice-rafted
pebbles (39). None of the photographs showed any indication of active bottom

currents.
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As a generalization, it appears that surface deposits on the margins of the
basins consist of relatively coarse grained (sandy silt) glacial-fluvial-sediments
grading seaward into silty clay and finally at the greater depths to a calcareous
ooze (23). 1In his study of the southeastern part of the Norwegian Sea, Holtedahl
(16) described a series of sediment cores from the continental slope out onto the
continental rise. He reported surface deposits of gray sandy clay to water depths
of approximately 800 m and gray silty clay from depths of 800 m to at least 1000 m.
Beyond depths of 1500 m he found a brown sandy clay with a very high concentraion
of Foraminifera. For this deep-water surface deposit, which is on the order of
15 cm thick, Holtedahl reported a calcium carbonate content of 45 percent. The
detailed work of Holtedahl tends to substantiate the generalization made above.

In contrast to the mid-Oceanic ridge which has little or no sediment cover,
the Jan Mayen ridge is blanketed by 100 to 300 m of sediment (20). Sedimentation
in the Greenland-Norwegian basin is typical of the Arctic area, but atypical of
most deep-sea basins in that ice-rafting plays a significant role in Arctic de-
position. The occurrence of coarse material (pebbles and cobbles) has been
frequently noted both on the Arctic sea-floor and in cored samples (Fig. 3). Such
ice-rafted material obviously influences the engineering properties of basin de-
posits to a considerable degree, especially if the debris should comprise a size-
able proportion of the deposits. Engineering tests performed on the cored samples
avoided zones of ice~rafted material and, therefore,provided biased results which

only approximate the general characteristics of these particular sediments.

Shear Strength.-Shear strength measurements were made on samples comprised primar-
ily of fine grained cohesive sediment (silty clay) with minor occurrences of fine
sand stringers. Zones with pebbles were not tested. Shear strength of cohesive
material is dependent on the cohesion (c), angle of internal friction (¢) of the
sediment, and the effective stress normal to the shear plane (G) simply expressed

as:
Tf = ct0 tan ¢

Saturated, silty clays, stressed without drainage (loss of pore water) respond with
respect to the applied load as if they have no angle of internal friction (¢=0).

Under these conditions, shear strength then is equal to the cohesion (Tf=C).
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A more detailed discussion of shear strength can be found in a basic soil mechanics
text book.

Measurements of shear strength were made by either a laboratory vane shear
apparatus or the fall cone. Both methods provide a simple yet suitable test for
these relatively soft submarine sediments. All fall cone measurements were taken
from Texas Instruments, Inc. (39) and were based on the conversion graphs of Hansbo
(12). The vane shear method follows that described by Evans and Sherratt (7) and
more specifically as applied to deep-sea deposits using the procedure outlined by
Richards (33).

Both piston and gravity corers were used during the sampling program of this
area. The cores varied from 2.6 to 6.0 cm in diameter and from 0.35 to 10 m in
length. An average length for the 67 cores studies is on the order of 2.0 m. The
smaller diameter cores were only used for grain size, Atterberg Limits and grain
specific gravity measurements. Considering the areal extent of the Greenland-
Norwegian basin and the relatively shallow depths to which sampling was possible
it was decided, for the purpose of displaying the areal distribution of the geo-
technical properties, to average the measured values of the respective parameters
over the entire length of each core. This averaged value is that which is dis-
played at each core location noted in later figures. It is realized that the
limited number of sediment cores available for this study precludes any detail
discussion of the engineering properties of the deposits occurring in the Green-
land-Norwegian basin, however, these data do provide an insight into the general
sedimentological characteristics of the basin. Sediments blanketing the sea floor
underlying the Greenland Sea appear to possess distinctly lower shear strengths
than those of the Norwegian Sea (Fig. 4). A general boundary between the two
areas appears to approximate the location of the Jan Mayen fracture zone. To the
north, average shear strengths in the upper meter or two of the sea floor seldom
reach 60 g/cm? (0.8 psi), and more commonly range from 30 to 40 g/cm? (0.4 to 0.6
psi). South of the Jan Mayen fracture zone shear strengths are much higher and
vary from 74 to 142 g/cm2 (1.2 to 2.0 psi). A distinct area of relatively high
strength material is noted along the Jan Mayen ridge. Studies elsewhere have also
observed higher shear strengths associated with topographic 'highs" (24). This
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phenomenon may be possibly attributed to the winnowing action of water movement
over '"highs" which then results in a slightly denser, stronger sediment occurring
in such areas. This cannot, however, be taken as a generalization since this re-
lationship is not always found to be true. Another area of high average shear
strength is located just northeast of the Shetland Islands at the foot of the
continental slope.

The higher shear strengths found south of the Jan Mayen fracture zone may be,
in part, attributed to the influx of slightly coarser material from nearby sub-
marine ridges, the Faeroe and Shetland Islands, the margin of Iceland, as well as
from Greenland and Norway. On the other hand, source areas for the northern
portion of the basin are few and more distant. As an overall comparison, shear
strengths are commonly found to be lower than those reported for the North Atlantic
basin (23). Based on the limited data presented here, it is not possible to
characterize the various physiographic provinces of the study area by their
strength properties. For example, little distinction can be found between the
shear strength values reported for the Dumshaf abyssal plain, Voring plateau, or

Icelandic plateau.

Water Content.-Water content (w) is used here as a ratio, expressed as a percent,
of the weight of water to the weight of oven-dried solids in a specific sediment
mass. Laboratory determination of water content is based on the standard procedure
outlined by the American Society for Testing Materials (1).

Average water contents for the Greenland-Norwegian basin range from 30 to
89 percent, but more frequently vary between 40 and 60 percent (Fig. 5). The Jan
Mayen fracture zone appears to separate the relatively higher water content sedi-
ments to the north from the slightly lower water content deposits south of this
prominent feature. In comparing figures 1 and 5, little correlation can be seen
between the water content distribution and the presence of major bottom features.
Continental shelf sediments off the northeast coast of Greenland display water
contents of 40 to 50 percent reflecting the relative increase in sediment grain
size found in that area. Similar low values in the southern portion of the basin

may also be influenced by the presence of coarse sediments eroded from topographic

11 1295



80°

75°

70°

65°

|
i 390 -I =
\ \
G '\ 3le /
? 360 4
> WATER CONTENT Qe‘\ o
(%DRY WT.) A ;.
6 —
30° 20° 10° 0
FIG. 5

12

1296




features in the general area. Most of the Greenland-Norwegian Sea basin deposits
possess water contents well below those commonly found in the North Atlantic and

North Pacific basins (23).

Unit Weight.-Unit weight or bulk density (¥) is the weight per unit of total volume
of a given sediment mass. Deep-sea sediments are sufficiently close to being 100
percent saturated that the term saturated unit weight can also be applied here.

Variation in the areal distribution of average unit weights in the Greenland-
Norwegian basin is remarkably small. Values range from 1.51 to 1.97 g/cm3 (94.2
to 122.9 pcf), but more commonly vary between 1.60 and 1.75 g/cm3 (99.8 and 109.2
pcf) (Fig. 6). A zone of relatively high unit weights [1.72 to 1.97 g/cm® (107.3
to 122.9 pcf)] extends across the northern part of the study area between Green-
land and Vestspitsbergen. This band of high density sediment may be a phenomenon
resulting from a combination of relatively nearby sources of heavy minerals
(Greenland and Vestspitsbergen) and the general current pattern in this portion
of the Greenland Sea. The presence of similar high density sediment in the south-
east sector of the basin could possibly be attributed to bottom topography and
bottom currents. Indications are that bottom water flows out of the Norwegian
Sea between the Faeroe and Shetland Islands (22). It has also been found that con-
siderable sediment has been deposited on the north slope of the Faeroe-Iceland
ridge indicating a relatively quiet bottom energy condition just prior to the
passage of the water mass out of the basin and over the ridge. Such a current
regimé might tend to selectively deposit heavier grains and result in the distri-
bution pattern shown in figure 6.

Average unit weights throughout the Greenland-Norwegian basin are generally
somewhat higher than those reported for much of the North Pacifié and North

Atlantic basins (23).

Porosity.-Porosity (n) as used here, is the ratio of the volume of voids in a
given sediment mass to the total volume of the mass and is calculated based on the
measured water content, unit weight and grain specific gravity. A more detailed
discussion of porosity determination or that of any of the other engineering

properties discussed above is commonly found in texts dealing with soil mechanics.
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Some of the lowest porosities yet observed in submarine sediments (43 to 50
percent) occur on the northeast continental shelf of Greenland. Porosities in
the study area vary from 43 to 69 percent, but more frequently are in the range
of 55 to 65 percent (Fig. 7). As might be anticipated, the areal distribution of
porosity in the basin has taken on much the same pattern as that noted for unit
weight. In comparison, porosities for the Greenland-Norwegian basin appear to be

only slightly lower than those commonly found over much of the North Atlantic (25).

Ultim ate Bearing Capacity.—Most installations on the deep-sea floor to date, have

been relatively light weight (e.g., pipelines, cables, and various pieces of min-
ing equipment). For the engineer concerned with the placement of such structures
or hardware on the sea floor, bearing capacity of the bottom material must be
ascertained in order to determine the depth to which such an installation will
penetrate the sediment during its initial placement. Because bearing capacity
rather than consolidation characteristics of deep-sea sediments is of greater
significance to the engineer in such a situation, a short discussion of the ulti-
mate bearing capacity of surficial deposits in the Greenland-Norwegian basin has
been included here.

Ultimate bearing capacity is the average load per unit of area needed to pro-
duce failure by rupture of a supporting sediment mass. This property is a function
of the product of the shear strength and one or more factors, which depend on the
size and shape of the load as well as the depth of loading. For the purpose of
this discussion, a strip load at the sediment surface serves as the basis for ulti-
mate bearing capacity determinations shown in figure 8. The commonly used bearing
capacity equation for a shallow strip footing developed by Prandtl (32) and
modified by Terzaghi (38) is:

Qe=cNe + ¥DNg +X% Ny (1)
Where Qc is the ultimate bearing capacity, c the cohesion, ¥ sediment unit weight,
D the depth of the load below the surface, B width of the footing, and Nc, Nq, and
Ny are bearing capacity factors which are dependent on the angle of internal
friction, depth and shape of the footing and roughness of its base. In the case

of a surface loading and assumed zero angle of internal friction, the factors Nq

5
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and N¥ become unity and zero respectively and equation (1) is reduced to:

Qc=cNc (2)
Although several values have been suggested and used for Nc, 5.14 has been selected
for the purpose of this discussion. Based on equation (2) and a few selected sur-
face (0 to 5 cm) shear strength values, ultimate bearing capacity was determined
for the study area (Fig. 8). Bearing capacity values range from a low of 31 g/cm?
(0.4 psi) to a high of 350 g/cm? (4.9 psi), but within the few samples in which
surface shear strength data exist values of 100 to 200 g/cm? (1.4 to 2.9 psi) are
more common.

As a result of the sampling procedure, the upper few centimeters of a sediment
core are frequently disturbed to a greater degree than the lower portion of the
sample. This then would lead to lower shear strengths and thus to lower bearing
capacities than would be found had the shear tests been made in situ. The values
shown in figure 8 are, therefore, conservative, but just how conservative cannot
be determined from the available data. A study in the Gulf of Maine dealing with
the variation between in place versus laboratory tests found shear strength in
surficial sediments to vary from as little as 1 or 2 percent to as much as 85 per-
cent. Such variations are dependent on the design of the sampling device,

sediment type, and handling of the samples prior to laboratory testing.

Sediment Plasticity.—Based on sediment plasticity properties, Casagrande (6)

developed a rather simple method for classifying fine-grained deposits. This
classification utilizes a plasticity chart, the ordinate being the plasticity in-
dex and the abscissa the liquid limit. An A-line drawn across the chart serves as
an empirical boundary between inorganic clays above with organic clays and inor-
ganic silts falling below. Based on relatively simple liquid and plastic limit
determinations, sediments can be roughtly classed as to their textural and organié
characteristics. In some instances it has been found that the plasticity chart
also serves to indicate similar and dissimilar source areas of the deposits as

was reported by Keller and Lambert (27) in their study of the Mediterranean Sea.
The samples studied here do not reveal any such distinction between the deposits

of the Norwegian and Greenland Seas (Fig. 9).
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As has been found in the case of all the engineering properties discussed
above, the plasticity charactistics of the Greenland-Norwegian basin sediments
are also noticably distinct from those of the North Atlantic basin. The Greenland-
Norwegian basin deposits are found to be largely inorganic clays of medium to high
plasticity, sandy clays, and slightly plastic inorganic silts (Fig. 9). Inorganic
clays of high to medium plasticity predominate in the North Atlantic basin (34),

but are considerably less significant in the area of this study.

Variation of Engineering Properties with Depth.-The previous discussion has dealt

with averaged values of various geotechnical parameters which is a practical way
in which to display the areal distribution of such properties over a large area.
There is, however, obviously considerable variation of these properties with depth
owing to a number of different environmmental conditions influencing deposition in

"normal" sedimentation. As

the basin, e.g., turbidity currents, ice-rafting, and
shown in Table 1, the '"extremes' observed in the Greenland-Norwegian basin are
substantial in many instances.

The occurrence of ice-rafted material throughout the basin can be significant
and may well prove to be very deceiving when attempting to determine the engineer-
ing properties of a deposit to a relatively shallow depth. The significance of
turbidity currents and their influence on a depositional environment may not be
quite so obvious. Turbidity current deposits (turbidites), which occur in the

study area, are decidedly distinct when observed in a cored sample and greatly

influence the overall engineering properties of the sedimentary deposit (Fig. 10).

SUMMARY

Sixty-seven sediment cores from throughout the Greenland-Norwegian basin were
examined for their engineering properties. Although these relatively few cores
cannot be considered as representive of the entire basin, some generalizations
are feasible regarding the regional distribution of certain engineering properties
and the range of the respective parameters for the surficial layers within the

basin deposits.
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Sediments blanketing the Greenland-Norwegian basin are primarily of glacial-
fluvial origin, entering the basin from nearby land masses. The deposits consist
mainly of silty and sandy clays interlayered with silt and fine sand turbidite
sequences. Pelagic clays comprise a large portion of the deposits occurring in
the southwest sector of the basin, whereas a foraminiferal ooze constitutes much
of the surface deposit in the center of the basin. Ice-rafted pebbles and cobbles
occur randomly both laterally and vertically throughout the area.

Average shear strengths range from 27 to 142 g/cm?® (0.4 to 2.0 psi), with the
higher values commonly found in association with the sediments overlying the Jan
Mayen ridge. As a general observation it is noted that the sediments south of the
Jan Mayen fracture zone possess a higher shear strength than those to the north.

Water content within the basin deposits varies from 31 to 89 percent, but is
normally within the range of 40 to 70 percent over much of the area. Water con-
tents are generally lower in the southern part of the basin increasing northward
beyond the Jan Mayen fracture zone. In the northern sector of the basin low water
contents are also encountered on the northeast continental shelf of Greenland.

Average unit weights are relatively high in comparison to other deep-sea
deposits and are found to range from 1.51 to 1.97 g/cm® (94.2 to 122.9 pcf) in the
Greenland-Norwegian basin. Much of the basin, however, is found to be covered
with sediments possessing unit weights between 1.60 and 1.75 g/cm® (99.8 to 109.2
pcf). Areas of relatively high density material are found in the northern and
southern most parts of the basin. This distribution may reflect the influence of
bottom current transport.

Porosity of the Greenland-Norwegian basin deposits varies from 43 to 69 per-
cent, but more commonly ranges from 55 to 65 percent over much of the area.
Relatively low porosities occur in the northern and southern parts of the study
area.

Using the classification system developed by Casagrande (6) which is based on
the plastic characteristics of a sediment, it is found that the Greenland-Norwe-
gian basin deposits are largely classed as inorganic clays of medium to high
plasticity, sand clays, and slightly plastic inorganic silts. Based on plasticity
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indices no basic distinction can be made among the sediments found in various
parts of the basin as to their source.

An overall examination of the distribution of engineering properties in the
Greenland-Norwegian basin indicates that those deposits underlying the Greenland
Sea possess relatively higher unit weight and water content, but lower porosity
and shear strength than those sediments of the Norwegian Sea. In comparison to
the North Atlantic, the Greenland-Norwegian basin sediments display distinctly
different engineering properties (Table 1). Unit weights are considerably higher
than those in the Atlantic as are shear strengths and grain specific gravities,
but to a somewhat lesser extent. Such properties as water content, porosity,
sensitivity, liquid limit, and plastic limit are all lower than those reported

by Keller and Bennett (26) for the North Atlantic basin.
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FIGURE CAPTIONS

Fig. 1 Physiographic provinces of the Greenland-Norwegian basin.
After Johnson and Heezen (1967).

Fig. 2 Location of core samples used in this study.

Fig. 3 Radiograph of a sediment core showing the presence of
ice-rafted material. (Photo courtesy of Joseph Kravitz).

Fig. 4 Areal distribution of average shear strength.
Fig. 5 Areal distribution of average water content.

Fig. 6 Areal distribution of average unit weight.

Fig. 7 Areal distribution of average porosity.

Fig. 8 Ultimate bearing capacity values for a strip load

placed on the sea-floor surface.
Fig. 9 Plasticity chart.

Fig. 10 Variation of geotechnical properties with depth in two
sediment cores collected in an area of turbidites.
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