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Detailed heavy-mineral studies of the bottom sediment in the Skagerrak-Kattegat area have not been previously
reported. The heavy-mineral suite in the very-fine-sand fraction (63-125 um) is dominated (70-91%) by amphibole,
epidote and garnet. Based upon mineralogical variations, six distinct provinces have been defined and statistically
tested. The distribution patterns of heavy minerals allow preliminary interpretations of the transport pathways and
the associated sediment sources. One main source is the mineralogically immature, Quaternary deposits of
Scandinavian origin which reflect bedrock composition and show a notably high amphibole content. A second
important source is the mature, primarily Tertiary sediments exposed in the southern North Sea and in northwes-
tern Europe. Abundant garnet is characteristic of this source. The distinct mineralogical compositions within all pro-
vinces indicate that the sediment transport between the provinces does not occur without considerable modificati-
on by hydraulic sorting and mixing of sources. The intra- and inter-province relationships between mineralogy and
texture are a necessary basis for quantitative evaluations.
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Introduction

Heavy minerals are often a neglected part of the sedi-
ment, but in addition to their traditional use for identify-
ing provenance (sediment source) they may convey valu-
able information regarding sedimentary processes. The
sedimentological information available from grain-size
and mineralogical analyses is important in process
modelling. This, in turn, is a necessary first step for envi-
ronmental management of marine resources on a large
scale. In this connection, the Swedish Environmental
Protection Agency initiated an interdisciplinary project,
within which our work has been oriented toward sedi-
ment sources, transport pathways and the processes
associated with the accumulation of recent deposits. This
paper evaluates the heavy-mineral content in the bottom
sediments of southern Skagerrak and northern Kattegat,
using the mineralogy to classify provinces and identify
sources. The heavy-mineral suite is systematically modifi-
ed along its transport path (Rubey 1933, Rittenhouse
1943) and is also dependent on the specific grain-size dis-
tribution of the final deposit (Rittenhouse 1943, van
Andel 1950, Milner 1962, Briggs 1965, Morton &
Hallsworth 1994). Nevertheless, it is generally possible to
establish mineralogical provinces and to characterise
sources (van Andel 1950, Briggs 1965, Hubert & Neal
1967, Friis 1974, Mezzadri & Saccani 1989, Morton &
Hallsworth 1994). In addition, regional documentation
provides a reference for comparing the detailed variati-
ons of both mineralogical and textural data. Eventually,
when the relationships between these parameters have
been well defined, it may be possible to quantify the sedi-
ment fluxes into and between the mineralogical provin-
ces presented here.

In the southern North Sea region a detailed study has
been made of the heavy-mineral distribution (Baak 1936)
at more than 1,000 localities. In the Skagerrak-Kattegat
area, on the other hand, the heavy minerals of the bot-
tom sediments have been previously dealt with in only
one study (van Weering 1981). In that investigation the
dark minerals, carbonates and mica minerals in the very-
fine-sand fraction (63-125um) were not further subdivi-
ded, but their concentrations were used as an indication
of the general sediment transport pattern. A description
of the heavy minerals occurring within the very-coarse-
silt fraction (45-63um) of fine-grained deposits in the
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Fig. 1. Sample locations in the Skagerrak-Kattegat area. Analysed samples
are marked with a cross. Arrows indicate the main surface currents, where
thick arrows are dominant currents and small arrows are episodic (after
Svansson 1975, Rodhe 1987).
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Fig. 2. Bathymetry of Skagerrak and northern Kattegat.

Norwegian sector of northern Skagerrak is presented by
Lepland & Stevens (this volume).

Area description

Skagerrak is the eastern extension of the central North
Sea (Fig. 1). Kattegat lies immediately to the southeast
and connects to the Baltic Sea. Due to the presence of
deep basins, of which the Norwegian Trench is by far the
largest, this area provides a natural sediment trap for the
material transported from the comparatively shallow
North Sea and Kattegat, as well as from Scandinavian
rivers (Fig. 2). The present pattern of deep-water circulati-
on is believed to have been established at about 8,000 BP
(Eisma et al. 1979, Bjerklund et al. 1985), and the present
surface circulation developed at about 4,000 BP
(Bjerklund et al. 1985, Nordberg 1991). The Skagerrak-
Kattegat area is dominated by large-scale atmospheric
and oceanic circulation patterns and by the outflow of
Baltic water (Stigebrandt 1983). In the eastern Skagerrak,
variable bottom (North Atlantic Water Current) and coas-
tal (Jutland Current) currents from the North Sea interact
with the northward-flowing surface current from the
Kattegat (Fig. 1, Svansson 1975, Rodhe 1987). The thick-
ness of Quaternary deposits in the Skagerrak varies wide-
ly, from less than 25 m in the deepest, central Skagerrak
to 200 m in the outer depositional basins of the Oslo fjord
(Solheim & Grgnlie 1983). Large variations of sediment
thickness also characterise the southeastern Skagerrak
and northern Kattegat area, with up to 160 m of
Quaternary deposits between Skagen and Goéteborg
(Flodén 1973, van Weering 1981). North of Denmark the
thicknesses vary from 75 to 200 m (Hempel 1985).

Samples and methods

The upper two centimetres of the sediment were sub-

sampled from box cores and multi-core samples collec-
ted during three cruises (1988-1992). The samples consi-
sted mainly of sediment from the oxic layer. The coordi-
nates and depths for sample locations from the first two
cruises are given in Kuijpers et al. (1993 a). Additional
samples have been collected in co-operation with the
Geological Survey of Sweden during marine geological
mapping along the Swedish west coast. The samples pro-
vide a good coverage of the northern Kattegat and sout-
hern Skagerrak (Fig. 1). Northern Skagerrak has been
investigated by Lepland & Stevens (this volume). The
very-fine-sand fraction was selected for documentation
since this is the most frequently used size interval in
heavy-mineral studies and because this size is readily
identifiable with optic microscopy. Morton & Hallsworth
(1994) point out that for the determination of provenan-
ce-sensitive heavy-mineral ratios, the analysis is prefera-
bly carried out within the very-fine-sand fraction, as a nar-
row size interval helps reduce the effects of hydraulic sor-
ting. It is also necessary to count a specific grain-size frac-
tion in each sample to secure a reasonable correlation
between samples (Sindowski 1938 a, b [in Friis 1974],
Morton & Hallsworth 1994).

The samples were treated with hydrogen peroxide
(H,0,) to remove organic matter, dispersed with sodium
diphosphate (Na,P,0, . n H,0), and analysed for grain-
size using wet-sieving and pipette methodologies
(Krumbein & Pettijohn 1938). To separate the heavy
minerals in the very-fine-sand fraction (63-125 um) the
non-toxic liquid sodium polytungstate (3Na,WO, + 9WO,
+ H,0, r=2.91 g/cm3) was used to float lighter compo-
nents (Callahan 1987, Krukowski 1988). The heavy-liquid
suspension was centrifuged at 3,000 rpm for five minutes,
then stored in a freezer overnight. The frozen sample was
then split, thawed, and each mineral separate was rinsed

Sand content

Fig. 3. Sand (63-250 um) content of the bottom sediments.
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Table 1. Heavy minerals and their characteristics in the Skagerrak-Kattegat area. The average content and mineral stability for the heavy minerals are also given. X = excluded from heavy-
mineral percentages, - = no information, std. dev. = standard deviation.

Group division Mineral Most Important Determination Criteria Stability (after Ave. %
Hubert 1971) ()= std.dev.

Amphibole Hornblende -green Green, pleochroic, 12-34° extinction angle, «<own» colour in birefringence, elongated grains Unstable 33,2(£7,9)

Amphibole Hornblende -bluish green Bluish-green, 12-34° extinction angle, «own» colour in birefringence, elongated grains Unstable 32(1,8)

Amphibole Hornblende -brownish green Brownish-green, 12-34° extinction angle, «own» colour in birefringence, elongated grains Unstable 1,6 (£1,2)

Amphibole Tremolite/Actinolite Colourless- pale greyish- pale green, 11-21° extinction, 1st-2nd order birefringence Unstable 58(+24)

Epidote Epidote- green Bottle green, weak-strong pleocroism, 0-2° extinction degree, 2nd-3rd order birefringence, Semistable 13,2 (£5,1)
spherical grains

Epidote Epidote- clear Colourless-, weak pleocroism, 0-2° extinction degree, 2nd-3rd order birefringence, spherical grains ~ Semistable 6,1(£3,8)

Epidote Clinozoisite Colourless- pale yellow or green, parallel extinction, 1st order birefringence, squarish grain shape ~ Semistable 9,5 (+4,0)

Epidote Zoisite Colourless, parallel extinction (incomplete), 1st-2nd order birefringence, rounded grain shape Semistable <0,5

Garnet Pyralspite Almandine and spessartine members: clear-pinkish, isothropic, nonpleocroic, concoidal fractures  Stable 83 (13,2

Garnet Ugrandite Grossular and andradite members: brownish-yellowish, isothropic, nonpleocroic, Stable <0,5
concoidal fractures

Pyroxene Clinopyroxene-augite Colourless- shades of green-brown, weak pleochroism, 35-48° extinction angle, 1st-2nd order Unstable 6,7 (£3,1)
birefringence, hacksaw terminations

Pyroxene Clinopyroxene-titanaugite Violet brown, weak pleochroism, 35-48° extinction angle, 1st-2nd order birefringence, Unstable <0,5
hacksaw terminations

Pyroxene Clinopyroxene-diopside Colourless- pale green, weak pleochroism, 38-48° extinction angle, 1st-2nd order birefringence Unstable <0,5

Pyroxene Orthopyroxene-hypersthene Pink- green, pleochroic, parallel extinction, 1st order birefringence, elongated shape, Unstable 1(0,5)

Pyroxene Orthopyroxene-enstatite Colourless nonpleochroic, parallel extinction, 1st order birefringence, elongated shape, Unstable <1
hacksaw terminations

ZTR Rutile Shades of red, distinct pleochroism, parallel extinction, extreme birefringence obscured by Ultrastable <0,5
mineral colour, high relief

ZTR Tourmaline Colourless- brown- deep blue, distinct plechroism, parallel extinction, 3rd-4th order birefringence,  Ultrastable 14 (1,1)
often obscured by mineral colour, narrow polarisation bands

ZTR Zircon Colourless, parallel extinction, 3rd order birefringence, extreme relief, zonation, good crystal shape  Ultrastable 2/4(£1,6)

Titanite Titanite (sphene) Colourless- pale brown, green or yellow, incomplete extinction, 3rd order extinction, Stable 39 (1,6
sub-rounded grain shape, often ridge in grain

Others Staurolite Orange-yellow, distinct pleochroism, parallel extinction, 1st-2nd order birefringence, high relief, Semistable <1
irregular shape

Others Monazite Colourless- pale yellow, 2-7° extinction angle, often incomplete, 3rd-4th order birefringence, Semistable <0,5
rounded morphology

Others (Chromian?) Spinel Brownish red, sharp angular, irregular grains, isotropic e <0,5

Others Casseterite Red-brownish red, distinct pleochroism, parallel extinction, extreme birefringence - <0,5
obscured by mineral colour, high relief

Others Pumpeleyite Shades of green, strong pleochroism, parallel extinction, radial fibres, 1st order birefringance - <0,5

Others Sillimanite Colourless-pale green, parallel extinction, 2nd-3rd order birefringence Semistable <0,5

Others Andalusite Colourless- pinkish, pleochroic, extinction parallel to cleavage, 1st-2nd order birefringence, Semistable <0,5
irregular grain shape

Others Kyanite Colourless, 27-32° extinction angle, 1st-2nd order birefringence, perfect cleavage Semistable <0,5

Others Apatite Colourless, parallel extinction, 1st order birefringence, good crystal shape, low relief Semistable 1,3 (£1,0)

Opaque-mineral ~ Opaque Black, can have weak coulored or metalic luster, includes hematite, magnetite and precipitates Stable-unstable 20 (+10,5)

X Chlorite Shades of green, weak pleochroism, parallel extinction to cleavage, extremely low Stable X
1st order birefringence, flaky appearance

X Mica Colourless- brown- green, 0-9° extinction angle, 2nd- 3rd order birefringance, flaky structure Stable-unstable X

X Glauconite Dark green, pleochroic, parallel extinction, 2nd order birefringence obscured by mineral colour, - X
aggregate structure

X Calcite Colourless, non-pleochroic, extreme birefringance, pronounced change in relief with rotation, - X
straight extinction, irregular grain form

X Dolomite Colourless, non-pleochroic, extreme birefringance, pronounced change in relief with rotation, - X

straight extinction, rhomboheadral
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Fig. 4. The average, non-opaque heavy-mineral composition in the very-
fine-sand fraction (63-125 um) for all samples the Skagerrak-Kattegat area.
ZTR is the sum of zircon, tourmaline and rutile.

with water. The separation liquid was saved and reused
after evaporative removal of excess water. The heavy-
mineral grains were mounted on slides with epoxy glue
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Fig. 5. Distribution maps for the most abundant heavy minerals in the very-
fine-sand fraction (63-125 um). The percentages are relative proportions of
the non-opaque heavy-mineral suite. The opaque-mineral percentages are
based upon the total heavy-mineral concentrate.
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(R.I. 1.54). The percentages of the non-opaque heavy
minerals, excluding micas, were determined by microsco-
pic documentation of at least 300 grains in each sample
(Krumbein & Pettijohn 1938, FitzPatrick 1984, Mange &
Maurer 1992). Opaque-mineral percentages were calcula-
ted separately. The percentage of heavy minerals in the
very-fine-sand fraction (63-125 um) was calculated by
dividing the weight of the heavy-mineral concentrate by
the total weight in this size fraction.

Results

The sand content (63-250 um) of the bottom sediment
varies considerably, from over 70% in the southwestern
part of Skagerrak and northeast of northern Denmark, to
less than 10% in central Skagerrak and eastern Kattegat
(Fig. 3). The distribution is largely in agreement with the
pattern presented by earlier workers (Olausson 1975, van
Weering 1981, Kuijpers et al. 1993 b), with a decreasing
sand content towards the deeper parts of the Skagerrak.
The very-fine-sand fraction (63-125 um) predominates in
the coarse material (>63 um). Most sediment deposits in
the Skagerrak have a strong bimodal character with regi-
onally variable proportions of the coarse and fine subpo-
pulations. A dominant clay mode is typical for the
Norwegian Trench, a well developed coarse mode and a
weak fine-grained mode occur in sediments along the
Danish northwest coast up to Skagen, and northern
Kattegat is dominated by a coarse silt mode (van Weering
1981, Stevens et al. in press).

There is a relatively large number of heavy-mineral
species and varieties in the Skagerrak-Kattegat sedi-
ments, varying from 15 to 23 in individual samples. A
total of 29 different heavy minerals, including opaque
minerals, were documented in the very-fine-sand fraction
(Table 1). At all sites, the amphibole, epidote and garnet
predominate (70-91%) within the suite, while pyroxene
and titanite (sphene) are common (Fig. 4). The most com-
mon minerals were divided into six groups: amphibole,
epidote, garnet, pyroxene, ZTR (zircon, tourmaline and
rutile) and opaque minerals. The different mineral varieti-
es within these groups were identified, except for opaque
minerals (Table 1). In the amphibole group, green horn-
blende predominates; with a minimum of 70% in all sam-
ples. The epidote group is divided more evenly between
epidote and clinozoisite, while zoisite is rare. Almandine
garnet predominates over spessartine garnet in the gar-
net group. Augite is consistently the most abundant
mineral in the pyroxene group, whereas enstatite and
hypersthene are uncommon. Although not present at all
sample sites, zircon and tourmaline are common and pre-
dominate in the ZTR group, whereas rutile is rare. A hig-
her ZTR index (summed group percentages) indicates
greater sediment maturity with respect to mineralogy
(Hubert & Neal 1967). Other, less abundant minerals are
included in Table 1. Glauconite constitutes 0-2% of the
heavy-mineral fraction and is also present in the light
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fraction due to its relatively low density (r=2.4-2.95
g/cmB3). Most glauconite grains are dull dark green, slight-
ly subrounded, and consist of authigenic grains or an aut-
higenic precipitation in foraminifera shells (Bjerkli &
Ostmo-Saeter 1973). While determining the heavy-mine-
ral composition in the samples, it was noted that heavily
weathered grains were more abundant in the Kattegat
than in the Skagerrak, especially in the southeastern
Kattegat.

The amphibole content in the surface sediment is hig-
hest along parts of the Swedish west coast and in central
Skagerrak, and lowest along the Danish northwest coast
(Fig. 5a). Epidote is generally most abundant along the
Swedish west coast and along the Danish northwest
coast, and lowest in eastern and northwestern Skagerrak
(Fig. 5b). The garnet percentages are highest in southern
Skagerrak and the southernmost studied part of northern
Kattegat, and lowest in northeastern and central
Skagerrak (Fig. 5¢). The ZTR minerals are most abundant
in southern Skagerrak and least abundant in the Kattegat
and nearshore western Sweden (Fig. 5d). Opaque mine-
rals are best represented along the Danish northwest
coast and in parts of central Skagerrak. They are less com-
mon along the Swedish west coast (Fig. 5e). The total
heavy-mineral content for the very-fine-sand fraction
shows an irregular distribution pattern, generally less
than 3% (Fig. 5f). The highest contents are in southern
Skagerrak, but relatively high contents are also documen-
ted in central Skagerrak and southeastern Kattegat.

Heavy-mineral provinces

Based on the heavy-mineral distributions, six provinces
are distinguished in southern Skagerrak and northern
Kattegat (Fig. 6). Although amphibole, epidote and gar-
net are predominant within the heavy-mineral assembla-
ges in all provinces, the proportions of pyroxenes, zircon,
tourmaline, apatite and titanite (together varying betwe-
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Fig. 6. Provinces in southern Skagerrak and northern Kattegat based on
heavy-mineralogy distributions. The abbreviations of the provinces are sta-
ted in Table 2.

en 9-30%), and the occurrence of opaque minerals (3-
44%) were also used for the divisions. The minerals with
low abundance have large individual variations in occur-
rence (0-17 % for single mineral types). Within each pro-
vince the variations in the mineral composition may the-
refore be considerable. The average compositions within
each province are presented in Table 2 and show the
main regional differences.

The statistical distinction of each mineralogical provin-
ce compared to the others has been tested using the
Student’s t-test (Kellaway 1968, Davis 1986). All provinces
are separated from other provinces with a minimum of
95% significance for two or more of the most common
minerals (Table 3). The majority of the standard deviati-
ons for the heavy minerals have a homogeneous compo-
sition. The heterogeneous compositions have been

Table 2. Average heavy-mineral content in the very-fine-sand fraction (63-125 um) and the average grain-size distribution for each province. Also included are the average
contents for heavy minerals of till in SW Sweden, Late Tertiary sediments in central Jutland (Denmark), and recent deposits in the southern and southeastern North Sea.

Amph = amphibole, garn = garnet, epid = epidote.

Province (abbrevations) Grain-size Mineralogy

Sand Silt Clay Amph Garn Epid ZTR
Jutland Current (JC) 41% 34% 25% 38% 12% 29% 7%
Northern Kattegat (NK) 14% 53% 33% 42% 9% 32% 2%
Northeastern Skagerrak (NES) 13% 54% 33% 45% 8% 29% 2%
Norwegian trench (NT) 18% 49% 33% 51% 6% 24% 4%
Swedish west coast (SC) 6% 42% 52% 48% 4% 35% 2%
Eastern Skagerrak (ES) 12% 57% 31% 50% 7% 19% 5%
Areas and rock stratigraphic units adjacent to the Skagerrak
Till, SW Sweden (after Ldng & Stevens 1995) 51% 2% 39% 1%
Late Tertiary sediment, epidote association, Jutland, Denmark (after Friis 1974) 1% 3% 40% 34%
Late Tertiary sediment, metamorphic association, Jutland, Denmark (after Friis 1974) 0% 12% " 0% 25%
Late Tertiary sediment, marine amphibole-epidote association, Jutland, Denmark 20% 7% 61% 6%
(after Larsen & Dinesen 1959)
A-group, southern North Sea (after Baak 1936) 22% 29% 25% 12%
Part of A-group, south to southeastern North Sea (after Baak 1936) 25% 18% 30% 15%
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Table 3. Minerals showing significant distinction of provinces according
to the Student's t-test (Sokal & Rohlf 1969, Davis 1986). A = amphibole, E
= epidote group, G = garnet, T = titanite, P = pyroxenes, Ap = apatite
and O = opaque minerals. The significance level for the mineralogical
differences are: * = 95%, ** = 99% and *** = 99.9%.

JC NK NES NT SC ES
JC A!** Ai{-& A* A-l<l~l> A*é*
El{- Glr Ei(» E-}-l» E*{»
G{ ZTR**“ G*l G** G*
ZTR**{- Tl- ZTR{{ ZTR{*‘ Ti{-
O* ‘I’{» p***
P# O**
Olul--l-
NK A* E*** A* A***
E* G*é G** E***
G-Jl— P*{- ZTR***
O** O***
NES E* E* A**
Gi G* E*
O*i ZTR**
P*
Ap*
O**
NT E** A*
O* G*
P{-*
o{-
SC = il
G{'
ZTR**
P***
Ap*
O***

ES

tested separately with an alternate formula (Sokal & Rohlf
1969), but have the same order of significance as with the
homogeneous t-test formula. Multivariate methods were
not applied in this analysis since the mineral percentages
are partially dependent, and the univariate testing pro-
ved sufficient for province definition, while retaining
information regarding individual mineral variability.
Province JC, along the Jutland coast (northwest coast
of Denmark), is associated with the variable Jutland
Current. The sediments have an average composition of
38% amphibole, 29% epidote, 12% garnet, 7% ZTR, (Table
2, Fig. 6) and 24% opaque minerals. The province is statis-
tically separated from the other provinces with a mini-

mum of four minerals (Table 3), and is one of the most
distinct provinces. Province NK (northern Kattegat) has

an average heavy-mineral assemblage of 42% amphibo-
le, 32% epidote, 9% garnet, 2% ZTR and 17% opaque
minerals. The NK province is statistically clearly defined,
but somewhat less well defined against the NT province,
though sufficiently separated with epidote and garnet.
Province NES (northeastern Skagerrak) has an average
heavy-mineral content of 45% amphibole, 29% epidote,
8% garnet, 2% ZTR and 19% opaque minerals. Province
NT (the region along and north of the Norwegian Trench)
has an average of 51% amphibole, 24% epidote, 6% gar-
net, 4%, ZTR and 21% opaque minerals. NT has the wea-
kest statistical distinction, separated only on the basis of
two minerals in several cases, although still significant at
the 95% level. Province SC (the Swedish west coast archi-

pelago) has an average composition of 48% amphibole,
35% epidote, 4% garnet, 2% ZTR and 7% opaque mine-
rals. This province has the greatest proportions of amphi-
bole, epidote and garnet (together 86%) in the region.
Province ES (mainly the eastern Skagerrak) has an avera-
ge assemblage of 50% amphibole, 19% epidote, 7% gar-
net, 5% ZTR and 32% opaque minerals. It is one of the
most clearly distinct provinces, separated from all others
by the t-test statistics of at least four minerals.

The geographic pattern of the total heavy-mineral con-
tent (Fig. 5f) does not entirely correspond to the earlier
documented distribution of dark-coloured heavy mine-
rals in the Skagerrak (van Weering 1981). The differences
may partially be due to the inclusion of non-coloured
heavy minerals in this study. On the southern slope of the
Norwegian Trench there are only minor differences. In
central Skagerrak, only traces of heavy minerals were pre-
viously reported, whereas relatively high contents were
found in this study. The increase of opaque minerals in
the deepest parts of the Skagerrak (Fig. 5e) is not conside-
red to be related to selective grain transport because
opaque minerals are preferentially deposited earlier than
the comparatively lighter minerals. Since Fe- and Mn-pre-
cipitation may increase the amounts of opaque grains,
the specific depth of surface sampling in each study with
respect to the sediment redox boundary is also a possi-
ble, but as yet uncertain factor.

Sediment sources and transport

Due to glacial erosion and dispersal patterns, the minera-
logical composition of recent sediments in the glaciated
areas of northwest Europe is strongly influenced by the
crystalline bedrock from the Scandinavian peninsula. The
Weichselian ice-sheet had a maximum extension at
approximately 20,000 BP, reaching southwest of Jutland
(Pratje 1951 [in Holtedahl 1993]). Earlier Pleistocene glaci-
ations reached as far south as the Netherlands (Flint 1971,
Nilsson 1972). Glacial sediments of Scandinavian origin
were deposited in the Skagerrak and other North Sea
basins and on the northwestern European mainland.
Locally, glacial erosion has incorporated Tertiary and

Mesozoic sedimentary bedrock. These glacial sediments
are therefore accessible for secondary erosion both on

land and in the sea areas in and around the Skagerrak-
Kattegat area. The mineralogically immature glacial
deposits of Scandinavian origin are characterised by a
relative abundance of amphiboles, pyroxenes and epido-
te minerals. In addition to the glacial sediments, erosion
of the mature, primarily Tertiary sedimentary bedrock in
the southern North Sea and in northwestern Europe pro-
vides sediments, characterised by relatively abundant
garnet and ZTR minerals. As is apparent in the discussion
below, neither of these principle sources is entirely pure,
but other sources are less influential. Mixing of the two
main sources occurs and is especially evident during the
northward transport of sediments from the southern
North Sea.
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Glacial and glaciomarine deposits in southwestern
Sweden have heavy-mineral compositions (Stevens et al.
1987, Bengtsson 1991, Lang & Stevens 1995) comparable
to those observed in province SC, deviating only a few
percent between individual mineral varieties (Table 2).
This similarity is consistent with a supply to nearshore
areas of relatively immature sediment originating from
glacial deposits both nearshore and onshore in Sweden.
A large proportion of the grains are weathered, sugges-
ting that although the sediment in SC is relatively imma-
ture, it has been influenced by weathering in the source
area. Several investigations have indicated that on a
gross scale, weathering at the source seldom has a signifi-
cant effect upon the diversity of mineral assemblages
incorporated into transport systems (van Andel 1950,
Morton & Johnsson 1993). This appears to hold true in the
Skagerrak-Kattegat, and the observed composition is
only slightly modified from the local Quaternary deposits
most exposed to erosion.

In comparison to the other provinces, the deposits in
JC have a higher content of minerals of high stability,
especially ZTR minerals (Table 2). This mineralogically
mature assemblage is presumably derived from the Late
Tertiary deposits in the Netherlands, Germany and
Denmark, in which epidote, ZTR minerals and garnet pre-
dominate (Table 2, Edeiman 1938 [in Friis 1974], Weyl
1950 [in Friis 1974], Larsen & Dinesen 1959, Larsen & Friis
1973, Friis 1974, 1976). Although there are large differen-
ces the JC province has a composition that can be related
to sediments described in the southeastern North Sea
(Table 2, Baak 1936, Larsen & Friis 1973, Friis 1974). The
heavy-mineral suite apparently changes during north-
ward transport due to marine and onshore erosion of gla-
cial deposits of Scandinavian origin, successively diluting
the southern North Sea mineralogy.

The mineral-distribution maps indicate possible trans-
port pathways by either increasing or decreasing values
of the individual mineral components. The amphibole,
garnet and ZTR index distributions suggest a significant
northward transport pathway along the Danish north-
west coast, past Skagen and into eastern Skagerrak (Fig.
5a, 5¢ & 5d). The ZTR group also indicates transport from
Skagerrak to the deeper parts of northern Kattegat
(‘Djupa rannan’). Amphibole and, to a lesser extent, gar-
net are consistent with downslope transport of sediment
from the Danish side into the Norwegian trench. This net
transport direction was also interpreted from the sequen-
tial changes in grain-size parameters along alternative
pathways (Stevens et al. 1996). Decreasing garnet con-
tents (Fig. 5¢) also support an interpreted sediment trans-
port northwards along the Swedish west coast in the
Kattegat. The epidote (Fig. 5b) and the opaque-mineral
patterns are consistent with a sediment supply along the
Danish northwest coast, possibly in connection with the
North Atlantic Water Current and the Jutland Current.

The transport interpretations here, and those generally
presented in the literature (Morton & Hallsworth 1994),
do not fully account for the influences of grain-size
changes. For example, the total heavy-mineral content
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decreases along the pathway of the Jutland Current (Figs.
1 & 5f), as is seen by the high values in the southern
Skagerrak (province JC) compared to the northeastern
Skagerrak (province ES). Although selective sorting and
depletion within the total sample would also favour this
decrease, the main cause is believed to be the simultane-
ous fining trend in the sediment grain-size along the
pathway (Fig. 3), which has presumably moved the modal
(most frequent) sizes of the heavy-mineral suite away
from the sand interval that was examined. Although we
have tried to limit the effects of grain-size dependency by
the use of a restricted size interval (very-fine-sand) for
comparisons, an in-depth analysis of the textural and
mineralogical relationships seems warranted and may
allow improved, mineral-specific evaluations.

Considering the modern oceanographic currents (Fig.
1), it is apparent that the three provinces NES, ES and NK
can be expected to receive sediments from the JC and SC
provinces. The heavy-mineral indications of source,
together with textural interpretations of net transport
(Stevens et al. 1996), give support to this general pattern.
As a sediment trap, province NT is of particular interest
with respect to sediment sources and accumulation.
However, the very fine-grained character of the deposits
and the distance to sources other than those in the adja-
cent JC province, make detailed interpretations uncertain
without further support. Also, the distinct mineralogical
compositions within all provinces indicate that the sedi-
ment transport between the provinces occurs with consi-
derable modification by hydraulic sorting and mixing of
sources. Estimating the proportions of these contributi-
ons is very complex in the modern environment. On the
other hand, sediment data provide an integrated effect of
numerous processes, and should allow quantitative eva-
luations once inner- and inter-province relationships bet-
ween mineralogy and texture are defined.

Conclusions

In the very-fine-sand fraction (63-125 um) the heavy-
mineral content is approximately 2%, but areas of <1%
and >3% also occur. Amphibole, epidote and garnet
make up 70-91% of the heavy-mineral composition. Six
mineral provinces are defined using the heavy-mineral
distribution in the Skagerrak and the Kattegat. All provin-
ces are statistically distinct from each other with respect
to two or more common heavy minerals. The major sour-
ces for the heavy minerals in the Skagerrak, as indicated
from the distribution maps, are the sediments transpor-
ted along the Danish northwest coast from the southern
North Sea and the glacial deposits eroded from the
Scandinavian coast and mainland. Since the distributions
are interpreted to be influenced by both the mixing of
sediment sources and the hydraulic sorting during trans-
port, a prerequisite for detailed provenance interpretati-
ons, especially for quantitative evaluations, is the further
specification of these processes.



54 Henrik Bengtsson & Rodney L. Stevens

Acknowledgements

This work is part of ‘'Vasterhavsprojektet’, organised by a Swedish inter-
disciplinary project group and financed by the Swedish Environmental
Protection Agency. The Hierta-Retzeius foundation and Wilhelm and
Martina Lundgrens foundation provided financial support for analyses.
We also thank Eva Anckar for technical assistance, and the reviewers for
their helpful suggestions.

References

van Andel, Tj.H. 1950: Provenance, transportation and deposition of
Rhine sediments. Veenman en Zonen, Wageningen, 129 pp.

Baak, J.A. 1936: Regional petrology of the southern North Sea. Veenman
en Zonen, Wageningen, 127 pp.

Bengtsson, H. 1991: Mineralogiska undersokningar av jordmansprover
fran  Véstergotland. Géteborgs  Universitet/Chalmers  Tekniska
Hogskola, publ. 8 362, 42 pp.

Bjerkli, K & Ostmo-Saeter, J.S. 1973: Formation of glauconie in foramini-
feral shells on the continental shelf off Norway. Mar. Geol. 14, 169-
178.

Bjorklund, KR, Bjernstad, H., Dale, B., Erlenkeuser, H., Henningsmoen,
KEE, Hoeg, H.l, Johnsen, K., Manum, S.B., Mikkelsen, N., Nagy, J.,
Pederstad, K., Quale, G., Rosengvist, L.T,, Salbu, B., Schoenharting, G.,
Stabell, B, Theide, J., Throndsen, I, Wassman, P. & Werner, F. 1985:
Evolution of the Upper Quaternary depositional environment in the
Skagerrak: A synthesis. Nor. Geol. Tidsskr. 65, 139-149.

Briggs, L.I. 1965: Heavy mineral correlations and provenances. J. Sed.
Petrol. 35, 939- 955.

Callahan, J. 1987: A nontoxic heavy liquid and inexpensive filters for
separation of mineral grains. J. Sed. Petrol. 57, 765- 766.

Davis, J.C. 1986: Statistics and data analysis in geology. 2nd edition. Wiley
& Sons, New York, 646 pp.

Edelman, C.H. 1938: Ergebnisse der sedimentpetrologischen Forschung
in der Niederlanden und angrenzenden Gebieten. Geol. Rundsch.
29,223-271.

Eisma, D., Jansen, J.H.F. & van Weering, T.C.E. 1979: Sea floor morpholo-
gy and recent sediment movement in the North Sea. In: Oele, E,,
Schittenhelm, RT.E. & Wiggers, AJ. (eds.): The Quaternary of the
North Sea. Acta Univ. Ups. Symp. Univ. Ups. Annum
Quintegentesimum Celebrantis, Uppsala, 217-231.

FitzPatrick, E.A. 1984: Micromorphology of soils. Chapman & Hall, New
York.

Flint, R.F. 1971: Glacial and Quaternary geology. Wiley & sons, New York,
892 pp.

Flodén, T. 1973: Notes on the bedrock of eastern Skagerrak with remarks
on Pleistocene deposits. Stockh. Contrib. Geology 24, 80-102.

Friis, H. 1974: Weathered heavy mineral associations from the young-
Tertiary deposits of Jutland, Denmark. Sedim. Geol. 12, 199-105.
Friis, H. 1976: Weathering of a Neogene fluviatile fining-upwards
sequence at Voervadsbro, Denmark. Bull. geol. Soc. Denmark 25, 99-

125.

Hempel, P. 1985: Zur Quartaren Geschichte des Skagerrak- eine akusto-
stratigraphische Interpretation Reflexionsseismischer Messungen.
University of Kiel, internal report, 74 pp.

Holtedahl, H 1993: Marine geology of the Norwegian continental mar-
gin. Nor. geol. unders. Spec. Publ. 6, 150 pp.

Hubert, JF. & Neal, W.J. 1967: Mineral composition and dispersal pat-
terns of deep-sea sands in the western north Atlantic petrologic
province. Geol. Soc. Am. Bull. 78, 749-772.

Hubert, J.F. 1971: Analysis of heavy mineral assemblages. In: Carver, RE.
(ed.): Procedures in sedimentary geology. Wiley & sons, New York,
453-478.

Kellaway, F.W. (ed.):1968: Penguin-Honeywell book of tables. Penguin
Books Ltd., Harmondsworth, England, 75 pp.

Krukowski, S.T. 1988: Sodium metatungstate: a new heavy- mineral
separation medium for the extraction of conodonts from insoluble
residues. J. Paleont. 62, 314- 316.

Krumbein, W.C. & Pettijohn, F.C. 1938: Manual of sedimentary petrograp-
hy. Appleton-Century-Crotts, New York.

Kuijpers, A., Dennegard, B., Albinsson, Y. & Jensen, A. 1993 (a): Sediment

NGU-BULL 430, 1996

transport pathways in the Skagerrak and Kattegat as indicated by
sediment Chernobyl radioactivity and heavy metal concentrations.
In: Liebezeit, G., Van Weering, T.C.E. & Rumohr, J. (eds.): Holocene
sedimentation in the Skagerrak. Mar. Geol. 111, 231-244.

Kuijpers, A, Werner, F. & Rumohr, J. 1993 (b): Sandwaves and other large
scale bedforms as indicators of non-tidal surge currents in the
Skagerrak off northern Denmark. In: Liebezeit, G., Van Weering, T.CEE.
& Rumohr, J. (eds.): Holocene sedimentation in the Skagerrak. Mar.
Geol. 111, 209-221.

Larsen, G. & Dinesen, A. 1959: Vejle fjord formation ved Brejning. Dan.
Geol. Unders. 2, 82 pp.

Larsen, G. & Friis, H. 1973: Sedimentologiske undersogelser af det jydske
ung-Tertizer. Dan. Geol. Foren. Arsskr. 1972, 119-128.

Lepland, A. & Stevens, R.L. 1996: Textural and mineralogical trends in
connection with coarse silt and sand transport and deposition in
northern Skagerrak. This volume.

Lang, L.O. & Stevens, R.L. 1995: Source, transport and weathering influ-
ence upon grain-size and heavy mineral trends in coarse, glacial
soils in southwestern Sweden. In: Lang, L.O. (ed.): Geological influen-
ces upon soil and groundwater acidification in southwestern Sweden.
Goteborg University. Earth Sciences Centre Publ. A6,

Mange, M.A. & Maurer, H.F.W. 1992: Heavy minerals in colour. Chapman &
Hall, London, 147 pp.

Mezzadri, G. & Saccani, E. 1989: Heavy mineral distribution in late
Quaternary sediments of the southern Aegean Sea: implications for
province and sediment dispersal in sedimentary basins at active
margins. J. Sed. Petrol. 59, 412-422.

Milner, H.B. 1962: Sedimentary petrography. 4:th edition. George Allen &
Unwin, London, 715 pp.

Morton, A.C. & Smale, D. 1990: The effects of transport and weathering
on heavy minerals from the Cascade river, New Zealand. Sediment.
Geol. 68, 117-123.

Morton, A.C. & Johnsson, M.J. 1993: Factors influencing the composition
of detrital heavy mineral suites in Holocene sand of the Apure River
drainage basin, Venezuela. /n: Basu, A. & Johnsson, MJ. (eds.):
Processes Controlling the Composition of Siliciclastic Sediments.
Geol. Soc. Am. Spec. Pap. 284, 171-185.

Morton, A.C. & Hallsworth, C. 1994: Identifying provenance-specific fea-
tures of detrital heavy mineral assemblages in sandstones. Sedim.
Geol. 9, 241- 256.

Nilsson, T. 1972: Pleistocen- den geologiska och biologiska utvecklingen
under istidsaldern. Berlingska boktryckeriet, Lund, 508 pp.

Nordberg, K. 1991: Oceanography in the Kattegat and Skagerrak over
the past 8000 years. Paleooceanography. 6, 461-484

Olausson, E. 1975: Man-made effect on sediments from Kattegat and
Skagerrak. Geol. Féren. Stockh. Forh. 97, 3-12.

Pratje, O. 1951: Die Deutung der Steingrunde in der Nordsee als
Endmoranen. Dtsch. Hydr. Z. 43, 106-114.

Rittenhouse, G. 1943: The transportation and deposition of heavy mine-
rals. Bull. Geol. Soc. Amer. 54, 1725-1780.

Rodhe, J. 1987: The large scale circulation in the Skagerrak: interpretati-
ons of some observations. Tellus 394, 245- 253.

Rosenberg, R., Hellman, B. & Lundberg A. 1996: Benthic macrofaunal
community structure in the Norwegian trench. Neth. J. Sea Res. (in
press).

Rubey, W.W. 1933: The size-distribution of heavy minerals within a
waterlaid sandstone. J. Sedim. Petrol. 3, 3-29.

Sindowski, KH. 1938a: Sedimentpetrographische Methode zur
Untersuchung sandige Sedimente, Fragestellung und Vorschlage.
Geol. Rundsch., 29 196-200.

Sindowski, K.H. 1938b: Bemerkungen zum Vortag Edelman. Geol.
Rundsch. 29, 272-273.

Solheim, A.& Gronlie, G. 1983: Quaternary sediments and bedrock geo-
logy in the outer Oslo fjord and northernmost Skagerrak. Nor. Geol.
Tidsskr. 63, 55-72.

Sokal, RR. & Rohlf, F.J. 1969: Biometry. Freeman & Co., San Francisco,
USA, 776 pp.

Stevens, R.L., April, R. & Wedel, P. 1987: Sediment color and weathered
preglacial sources of Quaternary clays in southwestern Sweden.
Geol. Foren. Stockh. Férh. 109, 241-253.

Stevens, R.L, Bengtsson, H. & Lepland, A. 1996: Textural provinces and
transport interpretations with fine-grained sediments in the
Skagerrak. J. Sea Res. 35, 99-110.



NGU-BULL 430, 1996 Henrik Bengtsson & Rodney L. Stevens 55

Stigebrandt, A. 1983: A model for the exchange of water and salt betwe- S.-D., Schittenhelm, RT.E. & van Weering, T.C.E. (eds.): Holocene
en the Baltic and the Skagerrak. J. Phys. Oceanogr. 13, 411- 427. Marine Sedimentation in the North Sea Basin. Spec. Publ. Int. Assoc.
Svansson, A. 1975: Physical and chemical oceanography of the Sedimentol. 5, 335-359.
Skagerrak and Kattegat. 1. Open sea conditions. Fish. Board, Swed. Weyl, R. 1950: Schwermineralverwitterung und ihr Einfluss auf die
Inst. Mar. Res. Rep. 1, 88 pp. Mineralfiirung klastischer Sedimente. Erdé/ Kohle 3, 207-211.

van Weering, T.C.E. 1981: Recent sediments and sediment transport in
the northern North Sea; surface sediments of the Skagerrak. /n: Nio,

Manuscript received June 1995; revised version accepted December 1995.



