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The mid-Carboniferous Minkinfjellet Formation accumulated in the Billefjorden Trough, central Spitsbergen. It consists of a carbonate-dominated
succession interbedded with evaporites, sandstones and shales. The lower unit, the Carronelva Member, has a heterolithic composition with mixed
carbonates, clastics and minor evaporites. These sediments were deposited in a narrow, shallow, tidally influenced basin. Clastics were shed into the
basin from structural highs to the east and west and distributed by tidal currents. Clastic input was not sufficient to prohibit a dominance of carbonate deposits. The transition to the upper unit, the Terrierfjellet Member, is marked by an angular unconformity in the north and thick evaporites
in the south, representing a major sea-level fall with ensuing erosion and evaporation in the basin. The subsequent transgressive deposits consist of
carbonates and subordinate evaporites. By this time, the adjacent structural highs were no longer active provenance areas for clastics, despite the
Nordfjorden Block to the west still being subaerially exposed.
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Introduction
The mid-Carboniferous Minkinfjellet Member of the
Nordenskioldbreen Formation in central Spitsbergen
has recently been raised to formation rank (Dallmann
et al 1999)(Fig. 1). Several authors have described the
succession (Gee et al. 1951; McWhae, 1953; Cutbill &
Challinor 1965; Lauritzen 1981; Keilen 1992; Dallmann
1993; Lønøy 1995) but little detailed work has been carried out describing and interpreting its sedimentary
facies and depositional environments which has an average thickness of more than 200 meters. The Minkinfjellet Formation is in general a carbonate-dominated
succession that consists of mixed dolomites and limestones showing a large span in composition and depositional environments. In the lower part the carbonates
are interbedded with thick sandstones throughout the
basin, and with thick gypsum and anhydrite beds in the
central and southern parts of the basin. In addition,
thin shales occur widely, making the Minkinfjellet Formation a heterolithic succession. Solution-collapse
breccias produced by dissolution of underlying evaporite beds are one of the dominant lithologies within the
Minkinfjellet basin (McWhae 1953; Eliassen 2002).
This paper addresses the primary microfacies and
depositional environments in the Minkinfjellet Formation, as well as the lateral and vertical sedimentary evol-

ution of the basin. The secondary collapse-breccias will
not be discussed here, but will be presented elsewhere
(Eliassen 2002).

Fig. 1. Scheme showing the age and stratigraphic position of the
Minkinfjellet Formation. After Dallman et al. (1999).
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Fig. 2. Map showing the area of outcropping Minkinfjellet Formation, position of logged sections and key localities. Log correlations of profile AA' are shown in Figs. 4A and 5A. Log correlations of profile B-B' are shown in Fig. 4B. Log correlations of profile B-B'' are shown in Fig. 5B.
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Geological setting
The Minkinfjellet Formation was deposited in the narrow, NNW-SSE trending Billefjorden Trough in central
Spitsbergen (Figs. 2,3). The Billefjorden Trough is a
half-graben formed during active rifting from early to
late Carboniferous and is one of a series of NNW-SSE
trending rift basins developed in Spitsbergen during
the Carboniferous (Johannessen & Steel 1992). To the
west the basin is limited by the Nordfjorden Block and
to the east by the New Friesland Platform (Fig. 3). Oblique-slip faulting along the Billefjorden Fault Zone, on
the western basin margin, produced the half-graben
during Bashkirian to Kazimovian times (Harland et al.
1974; Steel & Worsley 1984). The underlying Ebbadalen
Formation represents the early syn-rift infill of the Billefjorden Trough and consists of clastic wedges shed
from the Nordfjorden High, which laterally interfinger
with a basin-centre evaporite-dominated succession
(Gjelberg & Steel 1981; Johannessen & Steel, 1992). The
eastern limit is marked by successive onlap onto the
New Friesland Platform. The conformably overlying
Minkinfjellet Formation, which represents the late synrift infill of the Billefjorden Trough, has a transgressive
character and represents the onset of Late Carboniferous subsidence and drowning of adjacent structural
highs. As a result of this drowning, less clastics were
shed into the basin and a pure carbonate platform
developed during deposition of the Minkinfjellet Formation. The Nordfjorden Block remained subaerially
exposed throughout accumulation of the Minkinfjellet
Formation, limiting the extent of deposition to the
west. The eastern limit is seen as an onlap onto the tilted New Friesland Platform but extended further east
than the Ebbadalen Formation sediments (McCann &
Dallmann 1996). The Upper Carboniferous and Lower
Permian post-rift package (Wordiekammen Formation) was deposited in a much broader basin after
drowning and transgression of the structural highs.
This succession consists of a transgressive to regressive
package of carbonates deposited on a broad platform
covering large parts of central Spitsbergen (Steel &
Worsley 1984; Pickard et al. 1996; Samuelsberg & Pickard 1999).

Definition of the Minkinfjellet
Formation
The Minkinfjellet Formation is defined as the carbonate-dominated succession overlying the evaporite and
sandstone-dominated Ebbadalen Formation It is overlain by well-defined carbonates of the Wordiekammen
Formation (Dallmann et al. 1999). Gee et al. (1951) termed the succession "the passage beds" owing to their
transitional character from restricted sabhka environ-

Fig. 3. East-west cross-section of the Billefjorden Trough and adjacent structural highs. Minkinfjellet Formation is the uppermost of
the syn-rift sediments.

ment to open marine platform carbonate deposition.
The whole formation thus represents a major transgression. Some debate and diverging opinions have been
published concerning the lateral and vertical distribution of the Minkinfjellet Formation (Lauritzen et al.,
1989; Dallmann 1993; Lønøy 1995; Pickard et al., 1996).
The northernmost exposure of Minkinfjellet Formation is seen at Tricolorfjellet (Fig. 2). A section of 192
meters of Minkinfjellet strata has been logged at this
locality. This is a minimum thickness since the top of
the formation and the overlying Wordiekammen Formation are absent at this locality. At Luxorfjellet, 5 Km
to the south, the total thickness of the Minkinfjellet
Formation is 225 meters. There is nothing to indicate
that a radical thickness change occurs northwards from
Luxorfjellet, implying that the original thickness at Tricolorfjellet is similar.
The lower and upper contacts of the Minkinfjellet Formation in the central and eastern basin north of Adolfbukta, are relatively easy to detect. The Ebbadalen Formation evaporites are well defined and a sharp transition into carbonates and sandstones is seen. Gypsum
beds in the lower part of the Minkinfjellet Formation
are thin and rare, and cannot be confused with the
Ebbadalen Formation. The upper limit is sharp and
occurs at the base of the cliff-forming black mudstones
of the Black Crag Beds.
The definition of the Minkinfjellet Formation to the
south of Adolfbukta, along Billefjorden, can however be
debated. At Urmstonfjellet, Cadellfjellet and Teltfjellet
the transition between the Ebbadalen Formation evaporites and the sandstone-rich Carronelva Member is
quite clear and unquestionable, and a succession of
more than 200 meters of Minkinfjellet Formation strata
is present. At these locations, the sandstone-rich basal
parts of the Minkinfjellet Formation are overlain by
rather thick carbonate breccias produced by dissolution
of evaporites originally interbedded with limestones.
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Further south, on Campbellryggen and towards Mathiesondalen (Fig. 2), the succession between the evaporite dominated succession and the Black Crag Beds
becomes very thin, only around 30 meters. This may
lead to the conclusion that the Minkinfjellet Formation
strata thin southwards (Lauritzen et al. 1989; Dallmann
1993). We suggest, however, that the thick evaporite
successions seen at the southern end of Campbellryggen and Mathiesondalen represent the middle and
upper parts of the Minkinfjellet Formation and not the
Ebbadalen Formation, and that there is no significant
thinning. By correlating the basal Minkinfjellet Formation deposits at Teltfjellet southwards, it can be shown
that they continue stratigraphically below thick gypsum beds in the southern part of Campbellryggen. The
stratigraphic boundary representing the transition between the Ebbadalen Formation and Minkinfjellet Formation at Teltfjellet dips into the subsurface at Campbellryggen (Fig. 4) showing that no Ebbadalen Formation is exposed at all in the southern part of Campbellryggen. Lønøy (1995) and Gee et al. (1951), observed
this increase in gypsum content southwards, and
explained the apparent thinning as a lateral facies
change into evaporites similar to the Ebbadalen evaporites. This facies change has been described as interfingering of gypsum and carbonates going eastwards and
northwards in the basin. This observation is supported
in this study; evaporites are not found in the easternmost outcrops of Minkinfjellet Formation suggesting a
real interfingering of carbonates and evaporites in the
formation. However, the observed disappearance of
thick Minkinfjellet evaporites seen on northern Campbellryggen is not a primary depositional interfingering,
but an abrupt, nearly vertical cut-off of gypsum beds.
The cut-off is an evaporite dissolution front representing a paleokarst-system, and the lateral continuation is
a thick carbonate collapse breccia (Eliassen 2002). Collapse breccias are very abundant within the Minkinfjellet Formation and were all produced by gypsum dissolution (Eliassen 2002). This means that the original
gypsum distribution is represented by collapse breccias
in the formation. Breccias thin and disappear eastwards
in the basin supporting the gypsum pinchout model.
The western limit of the Minkinfjellet Formation is
controlled by the Billefjorden Fault Zone. This boundary is seen at Cheopsfjellet north of Petuniabukta and
at Pyramiden Mountain on the west side of Billefjorden. The Minkinfjellet succession at Pyramiden is the
only complete one seen on the western side of Billefjorden. Some debate has occurred, questioning the existence of Minkinfjellet strata on the west side of Billefjorden (Dallmann 1993). In the present study a carbonate-dominated succession of 153 meters has been logged at this locality (Figs. 4A and 5A) showing a typical
assemblage of Minkinfjellet Formation facies. These
strata are capped by the Black Crag Beds of the Wordiekammen Formation, the latter being well developed at
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this location. The basal boundary is more difficult to
define. The underlying Ebbadalen Formation at this
locality consists of sandstones and conglomerates
(Odellfjellet Member), thus the Minkinfjellet Formation boundary is not obvious owing to interbedding of
carbonates and sandstones in the lower part of the formation. The boundary is set where carbonates dominate. Dallmann (1993) suggests that no Minkinfjellet
Formation was deposited on the west side of Billefjorden, and that the succession below the Black Crag beds
at Pyramiden belongs to the Ebbadalen Formation
because of lack of carbonates deposited between the
Ebbadalen and Wordiekammen formations. No unconformity suggesting a hiatus separating Ebbadalen Formation strata and Wordiekammen Formation strata is
observed in the succession at this locality. Carbonates
are indeed the dominant facies (see Figs. 4A and 5A)
between the Odellfjellet Member sandstones and The
Black Crag mudstones, thus the Minkinfjellet Formation is present, and correlatable with the strata to the
east of Billefjorden.
The inland glaciers Tunabreen, Lomonosovfonna and
Mittag-Lefflerbreen, cutting the topography, and
restrict observation of the eastern limit of the Minkinfjellet Formation. The deposition of Minkinfjellet strata
extends beyond the eastern limit of the Ebbadalen Formation and a successive onlap onto the New Friesland
Platform basement rocks is observed throughout the
basin. The base of the Minkinfjellet Formation is thus
diachronous, younging eastwards. An eastern limit of
its upper part is not possible to define due to lack of
exposures, but the tilt of the New Friesland block and
the successive onlap onto it suggest that the real eastern
limit of the Minkinfjellet basin is not far from the easternmost of today’s exposures.
The southern limit of outcropping Minkinfjellet Formation strata is placed at a line extending from the
head of Tempelfjorden through Gipsdalen to Tyrellfjellet (Fig. 2). At this line the formation plunges into the
subsurface due to regional tilt, exposing successively
younger strata to the south. As argued above, no real
southward thinning is observed within the formation
making it very difficult to estimate the real southward
extent of the Minkinfjellet basin.

Sedimentary facies of the
Minkinfjellet Formation
The Minkinfjellet Formation has been informally divided into three members (Dallmann et al 1999). The
lowermost Carronelva Member is a heterolithic succession consisting of interbedded clastics, evaporites and
carbonates showing a large variety of sedimentary
facies. The Carronelva Member is by far the best expo-

Fig. 4A) Logged sections of the Carronelva member north of Adolfbukta and the section at Pyramiden on the west side of Billefjorden (A-A' profile shown in Fig.2). Beds are labelled with a number (on
the left side of each log) that represents the interpreted sedimentary facies. See text for descriptions and interpretations of the facies. See Fig. 5B for legend and Fig. 2 for locations.
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Fig 4B) Logged sections of the Carronelva member south of Adolfbukta (B-B' profile shown in Fig.2). Beds are labelled with a number (on the left side of each log) that represents the interpreted sedimentary facies. See text for descriptions and interpretations of the facies. See Fig. 5B for legend and Fig. 2 for locations.
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Fig. 5A) Logged sections of the Terrierfjellet member north of Adolfbukta and the section at Pyramiden (A-A' profile shown in Fig.2). Beds are labelled with a number (on the left side of each log) that
represents the interpreted sedimentary facies. See text for descriptions and interpretations of the facies. See Fig. 5B for legend and Fig. 2 for locations.
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Fig. 5B) Logged profiles of the Terrierfjellet member south of Adolfbukta (B-B'' profile shown in Fig.2). Beds are labelled with a number (on the left side of each log) that represents the interpreted sedimentary facies. See text for descriptions and interpretations of the facies. See Fig. 2 for locations.
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indicate dysaerobic bottom water conditions in the
basin during, or shortly after deposition (Bromley
1996), although some have questioned whether Zoophycos was limited to dysaerobic environments in the
Palaeozoic (Miller 1991).
Red sandstones
Description
Dark red sandstones (Fig. 7A) occur frequently within
the Carronelva Member (see Figs. 4A and B label 2, for
occurrence and distribution). Individual bed thicknesses range from less than half a metre to more than
seven meters. Grain-sizes range from fine to medium
with angular to subangular grains. Quartz and feldspar
are the major constituents but mica is also very abundant (Fig. 7B). The red sandstones contain more feldspar grains than the green ones, classifying them as
arkoses; the red colour is caused by hematite coatings
around individual sand grains. These sandstones generally show fewer sedimentary structures than the green
ones. In the field they typically appear massive and
structureless, but low angle cross-stratification and
ripple lamination are observed in several beds. Porosity
is low due to the high content of clay matrix, and the
presence of calcite cement.
Interpretation

Red sandstones are commonly deposited in terrestrial
environments because oxidising conditions are needed
to produce hematite coatings. The red sandstones of
the Carronelva member are immature sands, a high
content of feldspars and micas indicating that only
short transportation has taken place, and that the sands
were derived from nearby sources. There is no convincing evidence implying that the sands are fluvial; features such as channel scouring, roots, coal fragments or
associated floodplain deposits are not observed. These
sandstones are, nevertheless, interpreted to have been
deposited in a distal alluvial setting, and are directly
comparable to many of the alluvial sandstones described in the underlying Ebbadalen Formation (Johannessen 1980).
Siliciclastic siltstones
Description
Siliciclastic siltstones are a minor constituent in the Minkinfjellet Formation. Siltstones occur mainly as thin, 1030 cm beds, but the thickest beds exceed one meter, and
are associated with sandstones, limestones or breccias
(Figs. 4A and B, label 3). The siltstones are black, organic-rich and shaly (Fig. 7C). These shales weather and
disintegrate easily, and are probably more abundant within the scree-covered parts of the succession.

Fig. 7. A) Picture of red sandstone underlying a grey grainstone. Located at Teltfjellet B) Photomicrograph of red sandstone showing a high micacontent. Sample from Tricolorfjellet. C) Siliciclastic shale, grading upwards into a carbonate mudstone. Located at Gizahfjellet. D) Photomicrograph of a typical carbonate mudstone. Sample from Fortet. See Fig. 2 for locations.
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sed part of the formation. The thickness ranges from 40
to 100 meters (Figs. 4A and B). The overlying Terrierfjellet Member is dominated by limestones and dolomites and to some extent by solution-collapse breccias.
The breccia clasts are, however, equivalent to the surrounding unbrecciated facies, showing that the breccias
have a secondary origin (Eliassen 2002). The Terrierfjellet Member varies in thickness from 100 to 200
meters (Figs. 5A and B) and is overlain by the Wordiekammen Formation. A third member, the Fortet Member, occurs in the central part of the basin and consists
of a ca 200 m thick solution-collapse breccia formed by
dissolution of gypsum beds originally present within
the formation. This large body is a brecciated part of
the Terrierfjellet Member and upper part of Carronelva
Member, and does not represent a primary depositional
unit (Eliassen 2002). The facies analysis presented here
does not involve the breccias of the Fortet Member
which will be discussed elsewhere (Eliassen 2002).
Green sandstones
Description
Yellowish-green sandstone beds are widespread within
the Carronelva Member. Bed thickness varies from 50
cm to 7 meters (see Figs. 4A and B, label 1, for occurrence and distribution). Sandstones have grain-sizes
ranging from medium to coarse, with grains of subangular to subrounded shape. Mineralogy is dominantly
quartz with up to 20 percent feldspar (Fig. 6A). The
glauconite present is responsible for the greenish colour.
Minor amounts of mica and mafic minerals occur.
The green sandstones show a suite of sedimentary
structures. Trough-cross-stratification, planar crossstratification, low angle cross-stratification (swaley),
ripple lamination and tidal bundles (mud-drapes) are
present in these sandstones (Figs. 6B and C). Most
common are well developed co-sets of high-angle
cross-stratification and trough cross-stratification. Planar stratified sandstones showing interlaminated muddrapes are rarer, but are well developed between crossstratified co-sets or in separate beds. Measurements of
trough cross-bedding in the thickest sandstone beds
show a dominant N-NW transport direction. Porosity
can be high (up to 30%) in beds containing little or no
carbonate cement. Pore-filling carbonate cements are
however common, which effectively reduces the primary porosity.
Burrows and bioturbation are not very well developed
in these sandstones, but Zoophycos has been identified
on many horizontal bedding planes. Macroscopic shelly
fossils are not common within the sandstones, but in
thin-section shell fragments of sand-size are present.
Most common are brachiopod and foraminifer fragments.

Fig. 6. A) Photomicrograph of yellow/green sandstone. Sample taken
from Urmtsonfjellet. B) Cross-stratified yellow/green sandstone.
Located at Teltfjellet. C) Sandstone showing wavy bedding and muddrapes. Located at Campbellryggen 1. See Fig. 2 for locations.

Interpretation
The textures and structures of these sandstones are
typical of shallow marine sandstones. Marine fossils
also suggest a marine origin for these deposits. Crossstratification, asymmetric ripples and mud-drapes are
common in tidal sandstones (Dalrymple 1992), hence
these sandstones were probably deposited in a tidally
influenced environment. Swaley cross-stratification in
some sandstones indicates that reworking by waves has
occurred in the basin (Walker & Plint 1992), while the
presence of Zoophycos in some of the sandstones may
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Interpretation
The siliciclastic siltstones are interpreted as low-energy
marine deposits, most probably deposited in restricted
bays or lagoons in periods when nearby rivers were
absent, or when conditions for carbonate production
were poor. The siltstones may alternatively represent a
deeper marine setting, deposited in lower shoreface/offshore environments during sea-level highstand.
Carbonate mudstones
Description
Pure carbonate mudstones are present in the Minkinfjellet Formation but are minor contributors to the
total thickness of the formation. At some localities (E.g.
Fortet Fig. 4A, label 4) thick (ca. 5m) beds of black carbonate mudstone occur. The mudstones are in general
free of fossils, but crinoid fragments or foraminifera are
sparsely distributed (Fig. 7D). The mudstones are generally rich in chert nodules, typically 2-10 cm in diameter. Gypsum nodules in the same size range are also
common.
Interpretation
Lime mud can accumulate in several environmental
settings, from supratidal to deep marine, and may be
produced by several mechanisms. Chemical, biological
and mechanical processes are involved, where disaggregation of calcareous algae are considered the biggest
contributor (Neumann & Land 1975; Tucker & Wright,
1990). Deposition of lime muds is normally restricted
to low energy protected environments, such as lagoons,
or offshore subtidal environments. The presence of
gypsum nodules in several mudstones of the Carronelva Member indicates that hypersaline conditions prevailed, at least periodically, during deposition, and that
the mudstones probably formed from hypersaline tidal
pond deposits (Tucker & Wright 1990). These mudstones are also commonly associated with pure gypsum
beds of sabhka or salina origin. Thicker mudstone beds
lacking gypsum nodules may however, have originated
in a normal offshore marine setting.
Wackestone/packstones
Description
Limestones dominate the Minkinfjellet Formation and
wackestone and packstones are among the dominant
limestone facies (Figs. 4 and 5, label 5). These rocks
have in general a dark grey or a yellowish grey colour.
Chert nodules and chert bands are very abundant, as
are gypsum nodules. Rare macrostructures such as
ripple lamination and cross-stratification are found,
but plane-parallel lamination is more common. Rockforming constituents of this facies comprise varying
proportions of lime mud, and skeletal fragments from
different organisms. Brachiopod and bivalve shell frag-

ments, foraminifera, crinoid stem fragments, bryozoans, corals, echinoderm spines, worm tubes and algal
fragments are the dominant fossils seen in these rocks.
An assemblage of all or many of these organisms is
typical, but the dominant species may vary (Fig. 8A).
Well-preserved brachiopod shells are common and
some packstones are formed almost entirely of brachiopod shells. Other packstones are totally dominated by
crinoid fragments giving them a shiny, porcellaneous
appearance. Siliciclastic grains, such as quartz grains,
are absent or rare.
Interpretation
Preservation of lime-mud between skeletal grains
implies a low energy depositional environment for these
rocks. Wackestones are typical for subtidal or lagoonal
environments on a carbonate platform (Tucker &
Wright 1990). Reworking by wave or current activity is
not considered to be important due to the lack of
macrostructures and abundance of lime mud. Thus the
sediments were deposited below a fair-weather wave
base. The diversity of faunal assemblages implies an
open marine depositional setting with salinities typical
for normal marine waters. These sediments are interpreted to have been deposited in deeper, shelf waters
unaffected by wave and tidal processes. One cannot rule
out that wackestone facies may also be deposited in protected lagoons or bays in a near-shore environment.
These environments however often show a more restricted marine faunal assemblage, and would have a limited
geographic extent in a small and narrow basin like the
Billefjorden Trough. The widespread and common
occurrence of the wackestones facies in the Carronelva
Member contradicts the supposition that deposition
took place in a back-barrier, lagoonal environment.
Skeletal grainstones
Description
Grainstones composed of skeletal fragments occur
throughout the basin (Figs. 4 and 5, label 6) as beds 10
cm to 3 metres thick. The base is generally transitional
from underlying wackestones and the tops are typically
sharp, making this facies the end member of coarsening-upwards sequences. Thinner beds can occur with
sharp bases and tops, interbedded with pure gypsum.
The grainstones differ from wackestones/packstones in
their lack of intergranular lime mud. Sedimentary
structures such as ripple-lamination and cross-stratification are common. The skeletal sands show a similar
suite of fossils to the wackestones/packstones but crinoid fragments often dominate the assemblage, and
many were almost pure crinoid sands.
Interpretation
Lack of lime-mud and the presence of cross-stratification and ripple lamination suggest a shallow-marine,
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nearshore depositional setting. Currents and wave activity have reworked and transported these sands. The
sands can thus be interpreted as typical shoreface or
beach deposits. Skeletal grainstones may also be restricted to shoals in the shallow basin, where waves and tidal
currents redeposit and rework the carbonates.
Ooid and peloid grainstones
Description
Some beds of oolitic grainstone occur in the Minkinfjellet Formation (Figs. 4 and 5, label 7). These are dark
grey or black, and consist dominantly of radial ooids
and peloids. The ooid nucleus is typically a skeletal
fragment or peloid, and peloids are also constituents in
the grainstones. These grains are smaller than ooids
and resemble typical faecal pellets (Fig. 8B). Scattered
fossils or skeletal fragments are present, mainly crinoids, brachiopods and foraminifers. Thin algal mats
are common typically appearing as dark wavy laminae.
The grainstones are very well sorted and contain little
or no matrix. Blocky sparitic calcite-cement or megaquartz fills the pore space between individual grains.
Dolomitization fronts are seen in the oolitic grainstones, and parts of the oolites are now completely dolomitized (Eliassen & Talbot 2003).
Interpretation
Ooid grainstones are commonly developed in shallowwater, high-energy settings such as beach environments, carbonate sand shoals, or tidal channels (Jones
& Desrochers 1992). A radial fabric and the association
with peloids and algal mats, and also the lack of cross
stratification in these oolites may suggest an origin in a
more protected environment, which could have been a
lagoon or tidal flat (Tucker & Wright 1990), but the
grain-supported texture and absence of intergranular
mud suggest frequent reworking of ooid sands.
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nite, or high-magnesium calcite mud (Folk 1964; Longman 1977). The process of neomorphism is a postdepositional, diagenetic effect, and is described in a
separate paper considering diagenesis in the Minkinfjellet Formation (Eliassen & Talbot 2003). These limestones are thus considered to have been originally claypoor lime-mudstones or wackestones deposited in a
low energy environment. This may have been in a subtidal offshore environment or in a protected lagoonal
setting. The limestones can thus be categorised as wackestone/packstone or mudstone microfacies in terms of
their primary depositional environment.
Algal laminites
Description
Some mudstones show evidence of having formed by
growth of algal mats or stromatolites (Figs. 4 and 5,
label 9). These beds are normally thin (10-50 cm), and
appear as dark grey or black mudstones, with parallel
or wavy lamination. They are commonly associated
with gypsum beds. One of these beds shows a columnar
growth of algal laminae (5-20 cm high) typical for stromatolites, but in general the laminae are planar or
slightly wavy. In-situ, rip-up clasts of algal mats have
locally formed typical flat-pebble conglomerates in
these beds (Fig. 8D). Thin (ca. 10 µm diameter) microbial filaments are common within the algal laminae.
Interpretation
Algal mats and stromatolites are commonly developed
in shallow subtidal to intertidal environments (Wilson
1975). Cyanobacteria forming organic laminae and
trapping sediments grow preferably in this setting. Disruption and formation of flat-pebble conglomerates
may indicate an intertidal origin, where desiccation and
re-sedimentation took place. The close association with
gypsum beds suggests an intertidal origin for these
beds, assuming the gypsum has a sabhka or salina origin (see below).

Neomorphic limestones
Description
Many of the limestones have a crystalline, structureless
appearance, with sparse fossils and no sedimentary
structures (Fig. 8C) (Figs. 4 and 5, label 8). These are
diagenetically altered limestones and may be difficult to
separate from dolomites in the field (because of their
crystalline appearance). Thin-section studies, however,
reveal that these limestones are recrystallized (neomorphic) being composed of calcite microspar. Little or no
primary features are preserved apart from scattered
large crinoid and brachiopod fragments.
Interpretation
Development of neomorphic spar is commonly associated with the recrystallization of fine-grained micritic
limestones with an originally high percentage of arago-

Dolomites
Description
Dolomites are among the most abundant rocks in the
Minkinfjellet Formation and occur in every part of the
succession (Figs. 4 and 5, label 10). Pure dolomites are
easily recognisable by their bright yellow colour on
weathered surfaces, a crystalline appearance and very
often a porous texture. The dolomites commonly show
preserved fossil fragments such as crinoid stems and
brachiopod shells. White, yellow and black chert nodules (2-15 cm in diameter), chert bands and lenses are
common, but are not as abundant as in the pure limestones. Thin-section studies of the dolomites show that
the dolomites have a great variety of textures. The
amount of dolomite in the carbonates varies, and many
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Fig. 8. A) Photomicrograph of packstone showing fragments of Bryozoans and Crinoids. Sample from McLeod Botnen. B) Photomicrograph of
ooid/peloid limestone. Sample from Teltfjellet. C) Photomicrograph of neomorphic limestone with recrystallized skeletal fragments. Sample
from Luxorfjellet. D) Intraformational flat pebble conglomerate derived from an algal mat deposit. Located at Campbellryggen 1. E) Partly
dolomitized limestone. Sample from Urmstonfjellet. F) Coarse crystalline dolomite. Sample from Pyramiden. See Fig. 2 for locations.

dolomites must be classified as dolomitic limestones
(Fig. 8E). The dolomitic rocks that are not completely
dolomitized can be classified along with other limestone facies based on the grain types that are not dolomitized. These may be mudstones, wackestones/packstones or ooid/peloid grainstones showing partial or
near complete dolomitization. Many of the dolomites
are completely dolomitized preserving no traces of the
original sediment. Some of these show a coarsely crystalline, sucrosic, porous texture, while others are finely
crystalline, compact dolomites (Fig. 8F). Some dolomi-

tes are xenotopic but most show idiotopic crystallinity.
Interpretation
Dolomitization is a diagenetic process, and thus dolomites do not represent any particular primary depositional environment. The history of dolomitization of the
Minkinfjellet Formation is presented elsewhere (Eliassen
2002; Eliassen & Talbot 2003). The dolomites with preserved fossil assemblages and grain types can be identified as having originally been grainstones, wacke-/packstones or mudstones deposited in environments similar
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to those described above for each of these facies. For
crystalline dolomites without primary textures and composition, a depositional setting cannot be determined.
Sandy limestones
Description
This facies is a mixture of quartz and feldspar sand
grains, and calcitic limestone-building components
(Fig. 4A, label 11). The rock is not a calcite-cemented
sandstone but a calcarenite that represents a depositional setting with a mixed siliciclastic and carbonate
input (Fig. 9A). The facies is not widespread and is only
well developed in two beds in the Fortet section. The
quartz-grains are rounded and well sorted, while the
carbonate fragments consist of rounded mud pellets,
many partially dolomitized, and skeletal fragments. The
fossil fragments (brachiopods, forams and crinoids
dominate) are rounded and abraded. Quartz grains and
carbonate grains are equally distributed. Calcite spar
fills pores between individual grains.
Interpretation
The sediment was most likely a product of re-sedimentation of limestones and sandstones. Both quartz and
carbonate grains show evidence of transport. The association of mixed carbonate and quartz grains indicates
that the sediment was rather immature and that the
transportation distance was relatively short. Perfect
rounding of many quartz grains indicates that they are
re-sedimented from mature sandstones. Most of the
carbonate grains, such as mud pellets, are thought to be
derived from nearby lithified carbonate sediments. Skeletal grains such as crinoids and foraminifers also show
signs of abrasion. They are likely to be fragments from
former limestones, but may also be primary constituents incorporated during deposition in a marine environment.
Gypsum and anhydrite
Description
Gypsum and anhydrite deposits are major constituents
of the Minkinfjellet Formation (Figs. 4 and 5, label 12)
and are especially thick and abundant in the southern
and central parts of the basin. At outcrop gypsum is the
dominant lithology, but anhydrite is also present.
Attempts at mining gypsum beds within the Tricolorfjellet Member and Gipshuken Formation have all failed due to the transition into anhydrite in the subsurface (Harland et al. 1988). Hence gypsum is probably
only present in or close to outcrops. The evaporite beds
of the Minkinfjellet Formation are here described only
briefly, and all are considered as one facies. In detail,
however, the gypsum deposits show a variety of textures and structures indicating different origins and
depositional settings.
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Most of the outcropping gypsum beds have a structureless, crystalline appearance with few or no primary features (Fig. 9D). Such beds provide little information
about the depositional setting. Nodular gypsum, with a
characteristic "chickenwire" structure is common in
both the gypsum and anhydrite beds (Fig. 9B). Beds of
gypsum or anhydrite showing plane-parallel or wavy
lamination are commonly interbedded with nodular or
crystalline gypsum. Well-preserved beds of cross-stratified gypsum and anhydrite are also observed locally
(Fig. 9C).
Interpretation
The depositional setting for the structureless recrystallized gypsum beds is difficult to determine where no
primary features are preserved. Nodular "chickenwire"
gypsum is generally thought to be the result of displasive growth of gypsum in a muddy sediment on a
supratidal mudflat (Kendall & Warren 1988). Holliday
(1966, 1967, 1968) suggests such an origin for the Minkinfjellet Formation gypsum deposits.
Nodular gypsum can, however, also form in subaqueous environments such as saline ponds and lagoons.
Thick gypsum beds (more than one meter) are considered to have other origins than in a prograding sabhka
environment (Kendall & Harwood 1989). Thus the
thick nodular gypsum/anhydrite units in the Minkinfjellet Formation are thought to have been deposited in
a subaqueous environment.
Plane-parallel laminated gypsum indicates a subaquatic
depositional setting, where gypsum precipitates in a
hypersaline water column and settles to the bottom
(Dean & Anderson 1982). A restricted hypersaline bay
or lagoon may be the host of such a process. Interlamination with clays and silt will naturally occur during
climatic or seasonal variations.
Many of the gypsum beds were definitely transported
and deposited as sands by winds or currents. The
source of this gypsum sand is likely to have been a
nearby sabhka or lagoon deposits as the gypsum is soft
and unable to survive long transport.

Discussion
As shown above the Minkinfjellet Formation contains
an array of different sedimentary facies typical for specific depositional environments. Direct correlation of
individual beds and key surfaces is problematic over
long distances: The Minkinfjellet Formation never outcrops continuously at the same locality. In fact, the formation is dominantly scree covered throughout the
whole area. Furthermore, large parts of the formation
consist of solution-collapse breccias (Eliassen 2002)
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Fig. 9. A) Photomicrograph of sandy limestone. Sample from Fortet. B) Nodular "chickenwire" gypsum. Located at Mathiesondalen. C) Crossstratified gypsum. Located at Fortet. D) Recrystallized gypsum. Located at Mathiesondalen. See Fig. 2 for locations.

and the removal of major gypsum beds and brecciation
of the adjacent carbonates makes correlation even more
problematic. In addition, the pervasive dolomitization,
particularly of the upper parts of the formation, blurs
the resolution of the data. The Minkinfjellet Formation
is, therefore, not well suited for high-resolution
sequence stratigraphical interpretation. The data do,
however, allow the development of a more general
depositional model that explains the evolution and vertical and lateral distribution of the primary deposits of
the formation.
Depositional Model for the Carronelva member
The deposits of the Carronelva Member show a heterolithic composition comprising siliciclastics, carbonates
and evaporites (Figs. 4A, B and 10). All the defined
facies of the Minkinfjellet Formation are present in the
Carronelva Member and interpretation of these shows
that shallow marine depositional environments dominated. The underlying Ebbadalen Formation is completely dominated by gypsum deposited on supratidal flats
in a sabhka environment (Cutbill & Challinor 1965;
Holliday & Cutbill 1972, Johannessen & Steel 1992).
The transition between the Tricolorfjellet Member and
the Carronelva Member thus represents a marine trans-

gression in the Billefjorden Trough. Rapid and frequent
shifting between carbonate sedimentation and clastic
sandstones is the most characteristic feature of this succession.
Unlike the underlying Ebbadalen Formation, the Carronelva Member does not seem to have developed thick
clastic wedges built out from the exposed Nordfjorden
Block (represented in the Ebbadalen Formation by the
Odellfjellet Member - Johannessen & Steel 1992). The
sandstone beds of the Carronelva member seem to be
more uniformly distributed throughout the whole
basin because thicker or more abundant sandstone
beds are not observed towards the basin margins. Many
of the sands are interpreted as tidally influenced deposits. Tidal currents may thus have been an important
factor in the transportation and distribution of sediment in the narrow Billefjorden Trough. The transport
direction indicated by trough-cross bedding in the
thickest sandstone beds is dominantly N-NW, which is
consistent with the likely direction of currents in the
narrow, N-S oriented basin. The sands were probably
originally shed from the still-exposed Nordfjorden
block to the east and the New-Friesland platform to the
west, and redistributed by basin parallel currents. A
similar abundance of sandstone towards the eastern
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Fig. 10. Examples of Terrierfjellet and Carronelva logs, showing typical sedimentary facies of the individual units. The Teltfjellet log (left) shows
a typical Carronelva member facies association. The Urmstonfjellet log (right) shows the typical carbonate platform facies of the Terrierfjellet
member. The Mathiesondalen log (middle) shows the typical facies of the lower Terrierfjellet member in the southern central basin, deposited
during sea-level lowstand.
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margin indicates that an eastern source area might have
been just as important as the Nordfjorden Block (Fig.
11). These structural highs became less important sandsources as they were drowned by the marine transgression, and ongoing as erosion progressively reduced their
relief.
The input of clastics into the basin during this period
was clearly too small to prevent carbonate-producing
environments developing in the basin. A suite of carbonate facies has been identified within the Carronelva
Member (see Figs. 4A and B and 10, and discussion
above), all representative of characteristic environmental settings and water depths. The basin configuration
prohibited typical shelf or ramp conditions to develop.
The basin was small and narrow, and shallow-water
conditions could be expected to have been dominant
across the whole Billefjorden Trough during the Early
Moscovian (Fig. 11). Thus the basin was very sensitive
to sea-level variations caused either by eustatic changes
or tectonic movement along the Billefjorden Fault Zone
and adjacent tectonic lineaments. Small-scale, high-frequency relative sea-level changes in the Billefjorden
Trough controlled the interplay between siliciclastic
and carbonate sedimentation in the basin during deposition of the Carronelva Member, although the scattered and discontinuous nature of the exposures prevents
a detailed analysis of the succession in terms of relative
sea-level variations.
Open marine, subtidal deposits dominate the carbonate rocks of the Carronelva Member. Wackestone/
packstones and grainstones with a high faunal diversity
are the most common and abundant carbonate facies.
These were deposited during periods of low clastic
input into the basin. River outlets were probably situated some distance away, and carbonates were deposited
in sand-starved areas of the basin. Shifting of river outlets and distribution of clastics by currents produced a
succession of interbedded carbonates and sandstones.
Development of barriers and restricted lagoons and
bays during deposition, produced restricted-marine
carbonate deposits such as, mudstones and gypsiferous
limestones with poor faunal assemblages.
Pure gypsum deposits are commonly associated with
fine-grained carbonate mudstones and dolomites, often
showing evidence of algal mats and wavy lamination.
This facies association is typical for an intertidal/supratidal depositional setting with intense evaporation causing development of hypersaline pore waters and subsequent gypsum deposition (Achauer 1982). Gypsum
beds are not a dominant facies in the Carronelva Member; only a few beds were deposited in the upper part of
this unit in the central part of the basin (Figs. 4A and
B). Towards the basin flanks, there was no gypsum
accumulation at all. Gypsum deposition is thought to
represent a sea-level lowstand in the basin, where conditions were somewhat similar to the sabhka environ-

Fig. 11. Carronelva Member paleogeography.

ments of the underlying Ebbadalen Formation. The
eastern and western basin flanks, which have no gypsum deposits, are thought to have been subaerially
exposed during this time. Several poorly developed
karst surfaces are seen in this interval at basin margin
locations (Lønøy 1995).
Depositional model for the Terrierfjellet member
The Terrierfjellet member is defined as the carbonatedominated succession following the Carronelva Member. The base is generally set at the top of the uppermost sandstone of the Carronelva Member. In the
south-central parts of the exposed Minkinfjellet Formation the transition into the Terrierfjellet member is
marked by a thick (ca 50 m) gypsum-dominated succession (Figs. 5B and 10). To the north this evaporitic
unit is missing and the Terrierfjellet Member is represented by a pure carbonate succession. In the northern
basin the Carronelva and Terrierfjellet members are
separated by an unconformity (Fig. 12). The evaporitic
unit in the southern basin is correlated with this
unconformity (Fig. 13), while in the eastern and western parts of the basin this evaporitic unit is correlated
with multiple karst surfaces detected in the transition
between the Carronelva and Terrierfjellet members
(Fig. 13) (Lønøy 1995).
The transition from the dominantly open marine deposits of the Carronelva Member into an evaporite-dominated succession in the south-central basin, suggest
that the transition was marked by a sea-level fall in the
Minkinfjellet basin. The presence of a correlatable
unconformity in the northern basin, and karst surfaces
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Fig. 12. View from the northern part of the basin showing the angular unconformity (arrow) separating the Carronelva and Terrierfjellet members.

close to the eastern and western basin margins, also
supports this (Fig. 13). In the northern part of the
basin, the sea-level fall thus caused erosion and scouring of the Carronelva Member before a subsequent
transgression occurred followed by carbonate deposition (Fig. 14).

Fig. 13. Lower Terrierfjellet Member paleogeography.

During the transgression following the sea-level lowstand that caused erosion in the north and evaporite
deposition in the south, a broader carbonate platform
developed. Open marine carbonate deposits dominated
on this carbonate platform (Fig. 5A, B and 10). Gypsum
deposits also occur within the upper Terrierfjellet
Member (Fig. 5A and B), thus periods of restricted
basin circulation did take place after the overall transgression. The platform was still limited by the Nordfjorden Block to the west, but the onlapping deposition
onto the New Friesland Platform may have extended far
eastwards towards the top of the Terrierfjellet Member.
The eastern limit of the uppermost deposits of the Terrierfjellet Member is thus uncertain, and the New Friesland High may have been completely drowned by this
time (Fig. 14).
Sequence-stratigraphic implications
The sedimentary development of the Minkinfjellet Formation can be interpreted in terms of sequence stratigraphy on a larger scale. A natural sequence boundary
can be set in the northern basin, at the unconformity
separating the Carronelva and Terrierfjellet members
(Fig. 12). During erosion in the north, deposition of
evaporites continued in the southern basin. The base
Terrierfjellet Member is thus diachronous, and the correlative conformity of the sequence boundary will
occur towards the top of the thick evaporite succession
in the southern basin. The evaporite succession in the
southern basin represents a lowstand systems tract
(Figs. 10 and 13), deposited during relative sea-level

Fig. 14. Upper Terrierfjellet Member paleogeography.

fall. The succeeding carbonate-dominated succession,
present all over the basin, was deposited during drowning of the basin flanks, and can naturally be interpreted as part of a transgressive systems tract (Figs. 10 and
14). The underlying Carronelva Member can thus be
interpreted to represent the highstand systems tract of
the preceding sequence (Figs. 10 and 11).
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Summary and conclusions
The primary sedimentary facies of the Minkinfjellet
Formation consist of interbedded carbonates and clastics. The Formation has been divided into twelve characteristic sedimentary facies based upon logged sections, each representing a specific sedimentary or diagenetic environment. Shallow, open-marine, intertidal
and restricted lagoonal conditions predominated
during accumulation of carbonate deposits in the basin.
Siliciclatsics are generally of shallow marine origin,
deposited in a tidally influenced regime. These siliciclastic sandstones are confined to the lower parts of the formation (Carronelva Member), whereas the upper unit
(Terrierfjellet Member) consists of a pure carbonate and
evaporite succession. The two units are separated by an
angular unconformity in the northeastern part of the
basin, representing a sea level fall with active erosion
and downcutting. Towards the south this unconformity
is not detectable and the transition between the units is
represented by the onset of evaporite deposition in the
topographically lowest parts of the basin. This is likely
to have been a consequence of the sea-level lowstand
which led to restricted contact between the basin and
the open sea. The lack of sandstones in the Terrierfjellet
Member is related to the erosion and drowning of the
source areas to the east and west which by this time no
longer provided clastic input into the basin.
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