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Within the siliciclastic dominated red-bed strata of the Early Devonian Wood Bay Formation, various types of calcareous deposits, characterised by
specific sedimentary structures, lithologies, microfacies, carbonate contents and stable isotope signatures, occur at different stratigraphic levels.
Pedogenic, nodular calcretes with a thickness from 40 to 150 centimetres, associated with alluvial-plain and overbank sediments, represent palaeosol (calcisols, aridisols) development. The massive nodules show an internal mudstone fabric, calcium carbonate concentrations from 64 to 87 %
and carbon and oxygen signatures of –5.3 to –6.4 and –8.5 to –9.9 ‰, respectively. It is likely that they reflect a bio-induced carbonate precipitation
in an oxygenated near-surface setting, connected with the evaporation of ground water.
Single, up to some decimetres thick beds of calcareous mudstones and marls are characterised by a gradual colour change from reddish-brown to
grey-violet upwards, and a meshwork of desiccation cracks at the top. The sediments show calcium carbonate concentrations from 22 to 43 % and
carbon and oxygen isotope values ranging from –0.6 to –0.7 ‰ and –7.6 to –8.8 ‰, respectively. They are interpreted as deposits of relatively small,
ephemeral lakes, formed by inorganic carbonate precipitation due to the evaporation of surface water.
Individual beds and regressive, shallowing-upward sequences, up to a few metres thick, formed of calcareous mudstones to sandstones, marls to calcarenites and argillaceous to sandy limestones represent the depositional products of perennial, low-relief, low-energy lakes. These sediments yield
carbonate concentrations from 20 to 81 % and a stable isotope composition of –2.1 to –3.1 ‰ for δ13C and –9.5 to –10.9 ‰ for δ18O. They reflect
deposition in basinal and littoral lacustrine and palustrine sub-environments, in which carbonate was formed due to inorganic, bio-induced and
biotic precipitation.
The different types of calcareous deposits formed under arid to semi-arid climatic conditions in various sub-environments of alluvial plains and
perennial lakes. Their occurrence at different stratigraphic levels within the Wood Bay Formation can be related to a gradually increasing geomorphologic maturity of the terrestrial basin. The latter was marked by a decrease of the topographic relief and a lowering of sedimentation rates. An
increase in landscape stability, combined with a general water-level rise led to the recurrent formation of broad lake plains in the centre of the basin.
Dierk Blomeier, Norwegian Polar Institute, N-9296 Tromsø, Norway; Max Wisshak, Michael Joachimski, André Freiwald, Institute for Paleontology,
University of Erlangen, D-91054 Erlangen, Germany; Eden Volohonsky, Institute for Geosciences, University of Tübingen, D-72070 Tübingen, Germany

Introduction
Isolated outcrop areas of Old Red Sandstone (ORS)
occur in Spitsbergen, Greenland, Norway, Ireland,
Great Britain, U.S.A. and Canada, bordering the North
Atlantic Ocean over a distance of 4500 kilometres (Friend 1969; McClay et al. 1986; Friend et al. 2000). Within the red-bed succession on Spitsbergen, a variety of
calcareous deposits are herein described as a part of the
terrigenous ORS facies of Early Devonian age.
Pedogenic, nodular calcretes have been classified by
Beerbower (1964), Gile et al. (1966), Steel (1974), Allen
(1974, 1986), Netterberg (1980) and Goudie (1983).
Their occurrence is reported from various outcrops in
different ORS basins, e.g.: from southern England
(Allen 1974, 1986; Leeder 1976; Parnell 1983; Wright et
al. 1988), Scotland (Burgess 1961), the central Appala-

chians (Woodrow 1968; Allen & Friend 1968; Walker
1971) and from Spitsbergen (Moody-Stuart 1966; Friend & Moody-Stuart 1970, 1972; Reed et al. 1987; Reed
1991; Lamar & Douglass 1995; Gebhardt et al. 2000).
The above authors see the local formation of pedogenic
calcretes as a common feature in overbank areas (crevasse splays, levees) and alluvial plains, located in semiarid to arid climatic regions. Their genesis in respect to
the evolution of early vascular land plants is discussed
due to their sedimentary structures and stable isotope
signal.
The occurrence of ephemeral and perennial lake deposits in the ORS has been reported by Donovan (1975),
Astin (1990) and Rogers & Astin (1991) from the
Middle Devonian of Scotland (Orcadian Basin) and by
Friend (1961) and Friend & Moody-Stuart (1970, 1972)
from the Lower Devonian of Spitsbergen. However,
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Fig. 1. Overview map of the Svalbard archipelago and simplified geological map of NW Spitsbergen, showing the occurrence of the main lithostratigraphic units of the Devonian molasse basin (from the Norwegian Polar Institute’s map data base).
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there have been very few detailed microfacies studies
combined with geochemical investigations enabling a
more precise reconstruction of the morphology and
palaeoenvironments of the lakes.
This study focuses on the calcareous deposits of the
Wood Bay Formation (Dicksonfjorden Member, Verdalen Member) and provides a discussion about factors
controlling carbonate precipitation in different continental environments and sub-environments during the
Early Devonian period. Carbonate can be provided as
detrital input through hydrodynamic or aeolian transport or formed by diagenetic processes, but can also be
precipitated in place, depending on the availability of
Ca2+, Mg2+ and HCO3- ions in solution. In the latter
case, carbonate minerals can be formed either 1) inorganically by the evaporation of surface or ground
waters, 2) bio-induced in connection with photosynthesis or as rhizoconcretions, or 3) organically by carbonate-precipitating organisms.

Geological setting
The terrestrial basin of central north Spitsbergen is a
part of the ORS Landmass that arose from the collision
of Baltica and Laurentia in connection with the subduction of the Iapetus Ocean during the Caledonian
orogeny. The resulting Caledonian mountain chain was
subsequently eroded, and the molasse products were
deposited in late- to post-orogenic foreland and intramontane basins (Friend et al. 2000). The molasse basin
of Spitsbergen was located at the northern margin of
the vast ORS continent with the main part of the Caledonian mountain range to the west and south (Critelli
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Within the entire Svalbard archipelago, sediments
belonging to the ORS occur solely on Spitsbergen.
Except for some smaller exposures in the south (Hornsund area), the major outcrop area is located in the central northern part of the island. Here, sediments ranging
from Late Silurian (?) to Late Devonian age cover an
area of around 60 to 150 kilometres and attain a cumulative maximum thickness of about 9000 m (Friend et
al. 2000). The occurrence is restricted to a N–S trending
basin (Andrée Land fault block), fault-bounded to the
west (Raudfjorden Fault Zone) and east (Billefjorden
Fault Zone) and overlain by Upper Palaeozoic sediments in the south (Fig. 1). Within this area, the N–S
trending Breibogen Fault Zone structurally divides the
Devonian successions into two segments — a smaller
western one, which comprises Upper Silurian (?) to
Lower Devonian successions (Siktefjellet Group, Red
Bay Group) — and an eastern one containing Lower
Devonian to Upper Devonian deposits (Andrée Land
Group; Fig. 2).

Lithostratigraphic Units

Devonian Timescale
Age Period Epoch

& Reed 1999; Friend et al. 2000; Eide 2002). Palaeomagnetic data suggest a continuous northerly drift under a
near equatorial position during the Early Devonian
(Torsvik et al. 1990; McKerrow & Scotese 1990; Golonka
et al. 1994), implying an arid to semi-arid climate over
much of the landmass, with generally easterly wind
directions and probably monsoonal precipitation
(Woodrow et al. 1973).
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Sediments, Processes and
Depositional Environments

Grey Hoek Formation: Interbedding of dark-grey to grey, partly
calcareous claystones and siltstones with carbonate nodules.
Limestones in the lower part (Skamdalen Member), light-grey
Tavlefjellet
sandstones preferably in the upper part (Forkdalen Member).
Plant remains and a restricted molluscan fauna. Fluvial
Skamdalen
deposition in a brackish, coastal swamp with shallow lagoons.
Wood Bay Formation: Large-scale fining-upward succession,
Verdalen displaying the main red bed unit of the ORS. Lateral interfingering of the Austfjorden Member (polymict conglomerates
and sandstones) with the lower part of the Dicksonfjorden
Member (intraformational conglomerates, sandstones to
mudstones). Dicksonfjorden Member contains local areas with
lithologies different from the red beds (Vaktaren Beds, SkjoldDicksonfjorden
kollen Beds). Intercalation of multicoloured weathering,
calcareous sediment horizons in the upper part (Verdalen
?
Skjoldkollen Beds
Member). Strata is partly rich in fish fragments, ostracods and
?
plant remains.
Development from a high-energy, river-dominated terrestrial
basin into a lake plain marked by broad perennial lakes.
?
Vaktaren Distinction of three different river systems. Pedogenesis
Austfjorden Beds
common in the upper part of Dicksonfjorden Member and
?
entire Verdalen Member.
Large-scale fining-upward sequence, deposited in high-energy,
alluvial fan and fluvial (straight to braided rivers) environments.

Forkdalen

Fig. 2. Geological time-scale (after Williams et al. 2000), lithostratigraphic units and depositional environments of the Wood Bay and Grey
Hoek formations (modified after Friend 1961; Gee & Moody-Stuart 1966; Mura∂ov & Mokin 1979).
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(Harland 1997) is the oldest and most widespread lithostratigraphic formation of the Andrée Land Group
(Fig. 2). It contains typical ORS strata, which form a
large-scale, fining-upward succession, consisting mainly
of sandstones, siltstones and mudstones with subordinate conglomerates in the lower part and calcareous
intercalations predominantly in the upper part. Sedimentary structures, lithologies and textures of the siliciclastic-dominated deposits clearly indicate the accumulation of late- to post-orogenic, erosional products
in a terrestrial molasse basin, which shows a gradually
increasing maturity through time (Lamar & Douglass
1995). This development is also reflected in the depositional environments which prevailed during the deposition of the Wood Bay Formation. While the palaeoenvironment at the base of the formation was marked by
high-energy, straight to low-sinuousity, braided rivers,
sedimentation at the top of the formation took preferably place in low-energy, high-sinuousity, meandering
rivers, broad alluvial plains and perennial lakes (MoodyStuart 1966; Friend & Moody-Stuart 1972; Blomeier et
al. 2003).
The formation was first named as "Wood Bay Series" by
Holtedahl (1914) and subdivided by Føyn & Heintz
(1943) into the faunal divisions Kapp Kjeldsen, Lykta
(renamed Keltiefjellet by Friend 1961) and Stjørdalen,
based on their vertebrate assemblages and some lithological distinctions. In the following years, confusion
arose, when these biostratigraphically defined names
were applied to lithostratigraphic units (Dineley 1960;
Mura∂ov & Mokin 1979; Reed et al. 1987; Lamar &
Douglass 1995; Harland 1997; Critelli & Reed 1999),
although the lithologic boundaries are diachronous in
nature and thus should not be confused with biostratigraphic zonations. Friend et al. (1966) pointed out that
the faunal divisions are unsuitable as lithological subdivisions and should be used in a biostratigraphic context
only. Based on the lithology and structures of the sediments and on the results of extensive geological mapping in Andrée Land and Dickson Land, Blomeier et al
(2003) propose an arrangement of the Wood Bay Formation into three lithostratigraphic units; the Austfjorden Member, the Dicksonfjorden Member and the Verdalen Member (Fig. 2). Investigations presented in this
paper, however, are restricted to the calcareous deposits
of the Dicksonfjorden and Verdalen members.
Dicksonfjorden Member
The Dicksonfjorden Member (introduced and defined
in 1961 by Friend as Dicksonfjorden Sandstone) with a
minimum thickness of around 1500 metres is the most
widespread lithostratigraphic unit of the Wood Bay
Formation (Fig. 1). It contains the typical red beds of
the terrestrial basin and forms a large-scale, finingupward succession, characterised internally by the
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repeated development of alluvial, fining-upward cyclothems, up to several metres thick (Friend 1961, 1965;
Friend & Moody-Stuart 1970, 1972).
Local successions with facies different from the common red-bed strata occur at different stratigraphic
levels. The Skjoldkollen Beds (former Skjoldkollen Carbonate Member, after Friend et al. 1966) is a distinctive
lithologic succession of around 40 metres thickness and
a minimum lateral extension of ca. 8 kilometres on
Reinsdyrflya (Fig. 1, 2). The latter is characterised by
the renewed intercalation of up to 5 metres thick, green
weathering marlstone horizons, probably formed in
perennial lakes (Friend et al. 1966). The Vaktaren Beds,
previously described as "pale beds" (Føyn & Heintz
1943) or Vaktaren Green Member (Friend et al. 1966)
crop out in the Woodfjorden area (Vaktarfjella, Scott
Keltiefjellet, Okstindane; Fig. 1). This ca. 50 metres
thick unit has a lateral extension of around 15 kilometres. Single, calcareous beds and successions with a
thickness of up to several metres, all marked by distinct
green or grey weathering colours, are repeatedly intercalated in the common red beds. Friend et al. (1966)
and Friend & Moody-Stuart (1972) assumed "wet
zones" with temporary high levels of the water table,
probably associated with lacustrine or swampy conditions. The above authors suppose that the depositional
area of the Dicksonfjorden Member was dominated by
two river systems; a central system in the SW-outcrop
area with a NNE palaeocurrent direction, and a smaller,
short-lived, western system, which drained in a ENE
direction.
Verdalen Member
The Verdalen Member named by Friend (1961) forms
the uppermost part of the Wood Bay Formation and
covers an area ranging from Woodfjorden through central Andrée Land, and further southward along the western shores of Wijdefjorden and Austfjorden (Fig. 1).
The observed maximum thickness of the member is
around 200 metres in central Andrée Land and the
Woodfjorden area, continually decreasing southward
and finally wedging out in southern Dickson Land.
The Verdalen Member is characterised by the repeated
intercalation of light grey, reddish, brownish or yellowish weathering, calcareous sediments, up to ca. four
metres in thickness. They form laterally extensive horizons, which can be traced several kilometres (Friend &
Moody-Stuart 1972) and are particularly rich in ostracods (Isochilinina, Holtedahlina; Solle 1935) and plant
remains (Charophyte gyrogonites of Trochiliscus; Friend
1961). The red beds predominantly consist of fine-grained sandstones, siltstones and mudstones, sporadically
showing desiccation cracks, root traces, trace fossils of
burrowing organisms and zones of carbonate nodules.
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Table 1. Component groups and grain (matrix) types of the calcareous deposits of the Wood Bay Formation
Component groups

Grain and matrix types

Matrix
Skeletal grains

micrite, sparite cement
vertebrate remains, ostracod valves, charophyte gyrogonites,
recrystallised fragments (molluscs)
carbonate glaebules, mudstone intraclasts
quartz clasts, rock fragments, chert clasts

Non-skeletal grains
Terrigenous input

Table 2. Sediments assigned to carbonate content and grain size
Carbonate content
> 90 %
70-90 %
30–70 %
10–30 %
< 10 %

Sediments
limestone
sandy limestone, silty limestone, argillaceous limestone
calcarenite, calcisiltite, marl
calcareous sandstone, calcareous siltstone, calcareous mudstone
sandstone, siltstone, mudstone

The upper boundary to the conformably overlying
Skamdalen Member of the Grey Hoek Formation is marked by a distinct change in facies, sedimentary structures
and overall colour from reddish-brown to grey.
The depositional environment of the Verdalen Member
was characterised by the recurrent formation of extended, perennial lakes formed in the centre of a lowenergy, alluvial plain. Within the lakes, which probably
lasted for thousands of years, ostracods and charophyte
algae flourished during periods of favourable conditions (Friend & Moody-Stuart 1970, 1972). Repeated
marine incursions have been suggested already during
the sedimentation of the upper part of the Dicksonfjorden Member and the Verdalen Member (Friend &
Moody-Stuart 1972; Reed et al. 1987; Goujet 1984;
Lamar & Douglass 1995), signalling a final turnover to
a marginal-marine environment with probably brackish conditions at the boundary to the overlying Grey
Hoek Formation (Friend 1961; Worsley 1972).

Methods

numerous erosional gullies, which permit relatively
easy access and offer excellent opportunities to study
the facies of the exposed strata.
Geological fieldwork was carried out from 1999-2001
for five to seven weeks during July and August each
year. During these periods, several lithological sections
were logged and various samples collected at selected
localities across the entire outcrop area of the Wood
Bay Formation.
Microfacies
A total number of 88 thin sections and 36 polished
slabs were used for microfacies analyses by quantifying
the modal composition of the sediments, according to
the comparison charts of Baccelle & Bosellini (1965).
Micrite, sparry calcite, and nine different grain types
were distinguished and assigned into four groups
(Table 1). Depending on the carbonate content, average
grain size and component composition, the sediments
were classified after Wentworth (1922) and the carbonate classification schemes of Dunham (1962) and Folk
(1959, 1962).

Fieldwork
Due to the high northern latitude (76–81°), Spitsbergen
offers outstanding exposures. Alluvium, vegetation or
soil conceal only a minor proportion of the Devonian
outcrop area. Glaciers, which generally cover about 60
% of the entire landscape of Svalbard, are rare within
this region. The mountainous landscape (max. altitude
1371 metres, Scott Keltiefjellet) is characterised by

Carbonate content
The carbonate content was determined from 66 samples by quantifying the weight loss after decalcification
with HCl (1 mol/l). According to the carbonate content
and the average grain size of the components, the sediments were divided into five groups (Table 2). Additionally, 20 XRD analyses were used to determine the cal-
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cite/dolomite ratios in the different types of deposit,
but generally, the dolomite fraction is below 10 % of
the carbonate proportion.
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a
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c

calcite veins

downward branching
tubes

carbonate glaebules

Stable isotopes
Carbon and oxygen isotope analyses of 22 bulk samples
were performed with a carbonate preparation device
(Kiel Carbo I) connected online to a ThermoFinnigan
252 mass spectrometer. Isotopic ratios are reported in
standard δ notation in per mil relative to the V-PDB
(Vienna Peedee belemnite) standard, by assigning a
δ13C value of +1.95‰ and a δ18O value of -2.20‰ to
NBS19. Precision and reproducibility of the analyses
were monitored by replicate measurements of laboratory standards. Reproducibility for δ13C and δ18O measurements were better than ±0.08 (1σ).

Calcareous deposits
Three different types of calcareous deposits, characterised by specific lithologies, sedimentary structures,
microfacies types, carbonate contents and stable isotope signatures were distinguished within the siliciclastic ORS of the Wood Bay Formation of central northern Spitsbergen.
Pedogenic calcretes
Occurrence, lithology and sedimentary structures. - Nodular calcretes are developed throughout the entire Dicksonfjorden and Verdalen members. They are relatively
small and occur only scattered at the base of the Dicksonfjorden Member, but are quite common and laterally extensive at stratigraphically higher levels, where
overbank fines and alluvial-plain deposits, in which the
calcretes are commonly embedded, are more widespread (Friend 1965; Lamar & Douglass 1995; Gebhardt
et al. 2000; Szabados 2001).
Carbonate nodules commonly occur in massive to weakly laminated, reddish-brown silty to sandy mudstones,
siltstones, or rarely in fine-grained sandstones. The
horizons reach thicknesses of 40 to 150 centimetres and
are often truncated at the top, where they are overlain
by fluvial conglomerates or sandstones. The maximal
lateral extent of the zones is up to several tens of metres
before they wedge out or are cut by fluvial-channel
deposits. Depending on density, size and shape of the
greyish, yellowish, or light-brown weathering nodules,
two types of calcrete are differentiated (Fig. 3).
Type A (Fig. 3a) is marked by isolated and scattered,
spherical to irregular shaped nodules at the base, growing into stalked and elongated nodules with a maxi-

Fig. 3. Different deposits of nodular calcrete observed within the
Dicksonfjorden and Verdalen members of the Wood Bay Formation.
Type A (a) is characterised by relative small carbonate glaebules,
which are arranged in vertical trending columns. The nodular calcretes are occasionally associated with a calcite-filled, polygonal fracture system. Type B (b) shows generally bigger, columnar nodules
that have replaced nearly the entire host sediment at the top of the
horizon. Sketch (c) shows a modified section, which is truncated by
channel-fill deposits, containing intraformational conglomerates
with redeposited carbonate glaebules as redeposited components
(modified after Allen 1986).

mum size of about 3 to 4 centimetres at the top. They
show highest densities about mid-way up or towards
the top of the horizon and are predominantly arranged
in vertical trending, stacked columns with their longitudinal axis perpendicular to the bedding planes (Fig.
4/A). Sometimes a pale, greenish reduction halo of
several millimetres thickness can be observed within
the reddish-brown host sediment, surrounding the
nodules. They are commonly associated with dark,
mainly vertically oriented, partly downward branching
tubes, a few millimetres in diameter. A fine, irregular,
polygonal meshwork of planar calcite veins may also be
developed. Type A calcretes can be compared with Allen’s (1986) type A profiles, which resemble stage I and II
calcretes of Gile et al. (1966) and Goudie’s (1983)
nodular calcretes.
Type B calcretes (Fig. 3b) are characterised by the
occurrence of generally bigger and denser packed
nodules, which coalesce at the top of the horizon. At
the base, spherically or irregularly shaped nodules
occur scattered and isolated. With increasing size they
are closely packed and extensively joined towards the
top where they show elongated, columnar, to roughly
prismatic shapes (Fig. 4/B). Here, the elongated nodules, which attain maximum lengths of up to ca. 10 centimetres and are orientated perpendicular to the bedding planes, have replaced nearly the entire host sediment that only remains as thin lenses between the carbonate prisms. Sedimentary structures match the type
B profiles of Allen (1986), type III of Gile et al. (1966)
and honeycomb calcretes of Goudie (1983).
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Fig. 4. Carbonate nodules: (A) Calcrete type A showing yellowish weathering, spherical, irregular, or elongated shaped carbonate nodules,
arranged in vertical trending columns. The photo lens has a diameter of ca. five centimetres.(B) Upper part of a calcrete type B, consisting of
densely packed, columnar carbonate nodules and a host sediment, which occurs only in the narrow spaces between the elongated carbonate
prisms. The photo lens has a diameter of ca. five centimetres.(C) Strongly mottled and hematite-stained, silty mudstone embedding carbonate
concretions. The components, which have sharp boundaries to the surrounding sediment, are marked by reddish halos in the marginal area and
septarian-like fissures, filled with sparry calcite.(D) Microfacies of a nodular calcrete type A with in situ carbonate nodules (MFT 1), showing
both sharp and diffuse margins to the reddish host sediment. Primary sediment structures (horizontal lamination) are destroyed in the areas of
carbonate precipitation. (E) Thin section of a compound carbonate nodule consisting of individual, coalesced glaebules. These can be still recognised due to septarian-like cracks (a), curvilinear, circumgranular fissures (b) and different hematite staining.

Microfacies type
Carbonate nodules
(pedogenic calcretes)

Massive mudstones to
wackestones (detrital/
bioclastic micrites)

Bioclastic packstones and
grainstones (coquinas)

Horizontally laminated
mudstones (laminites)

Lithic wackestones to
packstones (calcilithites)

Mottled mudstones to
wackestones (detrital/
bioclastic micrites)

Lithoclastic and bioclastic
rudstones

MFT
1

2

3

4

5

6

7

Matrix: grey to light grey micrite with varying
amount of silt-sized quartz grains (80-100%).
Grains: Bioclasts: thin-shelled ostracod fragments
(0-10%), thick-shelled ostracod fragments (05%), charophyte fragments (0-5%), fish
fragments (0-5%); Detrital grains: sand-sized
quartz grains (0-20%), lithoclasts (0-5%).
Matrix: clear sparite or light grey, grey, brownish
micrite (10-40 %).
Grains: Bioclasts: thin-shelled ostracod fragments
(10-40%), recrystallised skeletal fragments (1030%), thick-shelled ostracod fragments (10-30%),
charophyte fragments (0-5%), fish fragments (05%); Detrital grains: sand-sized quartz grains (020%), lithoclasts (0-10%).
Matrix: dark grey micrite with varying amount of
silt-sized quartz grains (90-100%).
Grains: Bioclasts: thin-shelled ostracod fragments
(0-10%), thick-shelled ostracod fragments (05%), charophyte fragments (< 1%); Detrital
grains: sand-sized quartz grains (0-10%).
Matrix: grey, brownish, yellowish or reddish micrite
with varying amount of silt-sized quartz grains
(80-100%), sparite rarely in cracks.
Grains: Bioclasts: thick-shelled ostracod fragments (0-10%), thin-shelled ostracod fragments
(0-10%), fish fragments (0-5%), charophyte
fragments (0-5%); Detrital grains: quartz grains
(0-10%), lithoclasts (autoclasts) with stylolitic
margins (0-80%).
Matrix: various greyish, brownish, yellowish and
reddish micrite matrixes with varying amount of
silt-sized quartz grains (80-100%).
Grains: Bioclasts: thin-shelled ostracod fragments
(0-10%), thick-shelled ostracod fragments (010%), charophyte fragments (0-5%), fish
fragments (0-5%); Detrital grains: sand-sized
quartz grains (0-30%), lithoclasts (0-5%),
carbonate glaebules (0-5%).
Matrix: micrite (0-30%), sparite (0-30%).
Grains: Bioclasts: thick-shelled ostracod
fragments (10-40%), fish fragments (0-30%),
thin-shelled ostracod fragments (0-10%),
charophyte fragments (0-5%); Detrital grains:
lithoclasts (10-30%); quartz grains (10-20%).

Composition
Matrix: grey, red micrite with varying amount of
silt-sized quartz grains (> 95%).
Grains: Bioclasts: ostracod fragments (0-5%);
Detrital grains: quartz grains (0-5%).

Depositional environment
Fluvial: Palaeosols on overbank areas (levees,
crevasse splays), alluvial plains and on
abandoned river channel sand bodies.
Lacustrine: Perennial lakes: Palaeosols in a
palustrine sub-environment on emerged,
peripheral lake areas (MFT 6)

Grain supported, massive, no orientation of the
arenitic to ruditic components, poor to moderate
sorting, sub-rounded to very well rounded
components, point to concave/convex grain
contacts, intraformational, oligomict composition.

Lacustrine: Perennial lakes: Palustrine subenvironment, intense reworking and redeposition
of already lithified substrate (lithoclasts) and large
fish fragments on high-energy shores and
beaches.

Mainly matrix supported, distinct horizontal
Lacustrine: Perennial lakes: Deeper, profundal
lamination (< mm) caused by the enrichment of
sub-environment, quite-water deposition from
silt- to fine sand-sized quartz grains or more
suspension under oxygen-depleted conditions.
seldom of parallel oriented, thin-shelled ostracod
fragments, primary lamination rarely destroyed by
bioturbation (weak), pyrite aggregates.
Matrix/grain supported due to irregularly
Lacustrine: Perennial lakes: Palustrine subcomponent distribution, massive, poor sorting,
environment, fragmentation of littoral lacustrine
strongly mottled, multicoloured, moderate-strong
sediments caused by emersion and desiccation.
bioturbation, network of voids (root casts, joint
planes, desiccation cracks), stylolites and solution
seams form angular to sub-rounded, ruditic intraclasts, cracks partly filled with internal sediment
(micrite, silt to fine sand-sized quartz grains)
insoluble residue or cemented by blocky sparite.
Matrix/grain supported due to irregularly
Lacustrine: Perennial lakes: Palustrine subcomponent distribution, massive, strongly mottled,
environment, reworking and pedogenesis during
multicoloured, rare indistinct (wavy) horizontal
emersion, repeated water-table fluctuations, local
lamination due to moderate-strong bioturbation, no palaeosols, redistribution of soluble and insoluble
orientation of the arenitic components, sometimes
minerals.
enriched in nests (bioturbation, burrows), pockets
and vertical trending voids (root traces) filled with
red ferruginous, silty micrite, solution seams.

Lacustrine: Perennial lakes: Littoral, shallow subenvironment with oxygenated bottom conditions
causing bioturbation, sometimes lateral transition
to MFT 3 due to skeletal fragment enrichment.
Ephemeral lakes: Deposition in shallow ponds,
sometimes upwards transition to MFT 5 due to
emersion and desiccation.
Grain supported, massive, sometimes indistinct
Lacustrine: Perennial lakes: Littoral, shallow subparallel orientation of elongated components, no to environment, enrichment of skeletal fragments
strong bioturbation, poor to moderate sorting, point mainly consisting of thin- and thick-shelled
to concave/convex contacts, arenitic to ruditic
ostracods in the Verdalen Member and additional
components, solution seams.
gastropods in the Vaktaren Beds (Dicksonfjorden
Member). Reflect population spread under
favourable conditions.

Fabric
Glaebules are spherical, stalked, elongated or
irregular shaped, arranged in vertical trending,
stacked columns; associated with dark, mainly
vertically oriented, partly downward branching,
tubular structures; internal mudstone fabric;
Nodules are massive with sharp or diffuse
margins, concretions have a concentric fabric.
Matrix supported, massive, rare indistinct (wavy)
horizontal lamination, weak-strong bioturbation,
arenitic components show no orientation &
irregular distribution, sometimes enriched in layers
or nests (bioturbation, burrows), solution seams,
occasionally pyrite aggregates.

Microfacies types (MFT) of the calcareous deposits of the Wood Bay Formation
Table 3.
Table 3. Microfacies types (MFT) of the calcareous deposits of the Wood Bay Formation.
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Well-rounded carbonate nodules, up to a few centimetres in size, commonly occur also in intraformational
conglomerates or very coarse sandstone layers, which
form the basal lag deposits of river channels and smaller distributaries (Fig. 3c). Here, the redeposited components are concentrated together with mudstone
intraclasts and fish fragments.

Carbonate content. - Calcium carbonate concentrations
between 64 and 87 % (7 values) are generally higher
than the results of previous investigations by Friend &
Moody-Stuart (1970), who measured values ranging
from 30 to 65 % in the nodular calcretes of the Wood
Bay Formation. However, according to the internal
fabric and calcite concentration, the nodules can be
classified as calcisiltites or silty limestones (Table 2).
Stable isotopes. - Carbon and oxygen isotope ratios (7
values) measured on the carbonate nodules range from
–5.3 to – 6.4 ‰ and –8.5 to –9.9 ‰, respectively. The
deposits show the most depleted δ13C values of all investigated calcareous deposits (Fig. 5).
Ephemeral lake deposits
Occurrence, lithology and sedimentary structures. - Silty,
calcareous mudstones and marls occur in central
Andrée Land and the Woodfjorden area in the lower
and middle parts of the Dicksonfjorden Member strata.
The fine-grained sediments form single beds with a
maximum lateral extension of a few tens of metres and
thicknesses, ranging from a few centimetres to some
decimetres. They are intercalated with fine-grained
alluvial-plain deposits and are characterised by a gradual colour change from reddish-brown, typical of the
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Microfacies. - In situ nodules show a micritic matrix
with varying proportions of detrital, silt-sized quartz
grains. Incorporated, scattered components are sandsized quartz grains or ostracod fragments. Their proportion is commonly less than 10 % of the internal
sediment composition, thus forming a mudstone fabric
(MFT 1/Table 3). Generally, carbonate nodules are differentiated from concretions, which are marked by an
internal, concentric fabric formed of reddish, lighter
and darker layers or laminae in the marginal areas, due
to hematite enrichment/depletion (Freytet & Plaziat
1982). They often have outer, curvilinear, circumgranular fissures or internal, septarian-like cracks, filled with
sparry calcite (Fig. 4/C). In contrast, nodules show a
massive, often hematite-stained texture and both diffuse and sharp margins to the surrounding sediment
(Fig. 4/D). They can be described as single or compound nodules (complex nodules, after Freytet & Plaziat 1982), which are composed of several coalescing
glaebules (Fig. 4/E). Both nodules and concretions can
be described as glaebules (Retallack 2001).
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Fig. 5. Stable isotope signatures of all three types of calcareous deposits of the Dicksonfjorden and Verdalen members.

terrigenous red beds, to brownish-grey or violet-grey
upwards (Figs. 6/A). The upper part of the beds is commonly marked by a fine meshwork of vertical oriented
desiccation cracks and horizontal joint planes (Fig.
6/B). At the cross-over points of the mudcrack polygons, smaller voids can be formed (Fig. 6/C). The fissures are filled with fine-grained, reddish-brown material
apparently derived from the overlying horizon, and
sometimes containing smaller rubble and fragments of
ostracods. The lower transition is gradual, whereas the
upper boundary is commonly sharp and slightly uneven (Fig. 7).
Microfacies.- The flood-lake sediments are formed of
massive, partly silty, calcareous mudstones to marls
(MFT 2, 5/Table 3), which sometimes show an indistinct, wavy, horizontal lamination due to the lateral
enrichment of silt-sized quartz grains (Fig. 6/D). The
primary lamination is partly destroyed by a weak to
intermediate bioturbation and a later generation of
desiccation cracks in the upper part of the beds. Scattered components include fine sand-sized quartz grains
and ostracod fragments forming less than 10 % of the
sediment. They are embedded in a matrix composed of
inhomogeneous, light grey, partly reddish, hematitestained micrite with varying amounts of silt-sized
quartz grains. In contrast, the overlying sediment layer
is commonly formed of silty to fine sandy mudstones,
filling the cracks of the calcareous mudstones or marls
below. Quartz grains, ostracod valves or fragments and
red lithoclasts are embedded in a silty, micritic matrix,
which constantly shows reddish colours, due to intense
hematite staining.
Carbonate content. - The calcareous mudstones and
marls show an increase of dispersed calcium carbonate
towards the top of the horizons, which is probably the
reason for the gradual colour change. Concentrations
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Fig. 6. Ephemeral flood lakes: (A) Sediment couplet consisting of a carbonate-increased, lower bed (a) and a carbonate-depleted, upper horizon
(b). The lower, calcareous layer (flood-lake deposit) is marked by greyish weathering colours, whereas the overlying, extensively root-mottled
layer shows the typical reddish-brown colour of common alluvial-plain deposits. Hammer for scale.(B) Vertical section from the upper part of a
light grey, calcareous mudstone (flood-lake deposit) characterised by a network of reddish-brown, horizontal trending joint planes and more or
less normal to the bedding surface oriented desiccation cracks. The coin has a diameter of ca. two centimetres.(C) Bed surface of a brownishgrey, calcareous mudstone (flood-lake deposit), showing smaller voids (arrows) at the cross-over points of the desiccation cracks, which are filled
with reddish-brown alluvial-plain sediments from the overlying horizon. The coin has a diameter of ca. two centimetres.(D) Microfacies from
the upper part of a calcareous mudstone (MFT 2). Lighter areas mark enrichments of silt-sized quartz grains. The primary, wavy horizontal
lamination is partly destroyed by bioturbation and a later generation of desiccation cracks (arrows). The latter are filled with hematite-stained,
silty to fine sandy material.

ranging from 22 to 43 % (5 values) are slightly higher
than the average calcium carbonate concentration of
the common red beds, which is around 15 % (Friend &
Moody-Stuart 1970).
Stable isotopes. - Carbon and oxygen isotope values (3
values) range from –0.6 to –0.7 ‰ and from –7.6 to
–8.8 ‰, respectively, displaying the heaviest δ13C values
of all types of calcareous deposits studied (Fig. 5).

Perennial lake deposits
Occurrence, lithology and sedimentary structures. - Single
marl and limestone beds (Vaktaren Beds) and successions of calcareous mudstones to sandstones, marls to
calcarenites and argillaceous to sandy limestones
(Skjoldkollen Beds, Verdalen Member) are interpreted
as the deposits of perennial lakes.
The marls and limestones of the Vaktaren Beds show a
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Alluvial-plain deposit
Renewed flooding: truncation, deposition of CaCO3depleted, suspended material

gradual colour change

ostracode valves

desiccation cracks

joint planes

Ephemeral flood-lake deposit
Emersion and drying: dessication cracks due to clay
shrinkage, CaCO3 increase upwards
Fig. 7. Schematic picture of a sediment couplet, consisting of a carbonate-enriched layer (flood-lake deposit) at the base, which is overlain
by a carbonate-depleted horizon (alluvial-plain deposit).

maximum thickness of 40 centimetres and distinct
green or grey weathering colours. They are characterised by local enrichments of ostracods, charophyte algae
and recrystallised skeletal fragments (molluscs), contain scattered fish fragments and often show mud
cracks or tubular trace fossils (Planolites) on the bedding surfaces.
The calcareous, multicoloured deposits of the Verdalen
Member form laterally extensive horizons with maximum thicknesses of about four metres in central
Andrée Land. Here, the sediments develop characteristic facies sequences, consisting of three successive units,
each characterised by specific colours, sedimentary
structures, lithologies and microfacies types (Fig. 8).
The lower unit with a maximum thickness of around
one metre is restricted to central Andrée Land. Conformably bedded with the underlying red beds, it consists
solely of dark-grey, horizontally laminated sediments.
These are abruptly overlain by the middle facies unit,
formed mainly of massive, light grey, brownish or
yellowish weathering, thick- to medium-bedded deposits, which are intensively bioturbated. At different
levels, several centimetres thick, fine sandstone horizons, and layers enriched in ostracod valves are intercalated. The entire unit shows maximum thicknesses of a
few metres in central Andrée Land and the Woodfjorden area, continuously decreasing to the south. The
uppermost facies unit is exposed only locally within the
entire outcrop area. It shows gradual boundaries to the
underlying sediments and strongly varying thicknesses
from several centimetres to some decimetres. In central
Andrée Land, the commonly fine-grained deposits are
characterised by reddish, yellowish or brownish weathering colours and show features of emersion, reworking and pedogenesis. They are strongly mottled, desic-

cation-cracked, include carbonate glaebules and are
locally marked by multicoloured streaks and root traces
which penetrate the host sediment down to several
decimetres (Fig. 9/A). Additionally, different kinds of
conglomerate occur sporadically in the southeastern
parts of the outcrop area (Dickson Land). The first type
is formed of poorly-sorted bone beds, which are characterised by the accumulation of subangular to well
rounded fish fragments (scales, bony plates), up to a
few decimetres in size. In contrast, moderately sorted
pebble conglomerates show well-rounded lithoclats,
ostracod fragments and scattered fish fragments as
their main constituents.
Microfacies. - The marls and limestones of the Vaktaren
Beds are commonly composed of silty micrites (MFT
2/Table 3), which occasionally contain sand-sized quartz
clasts and ostracod fragments, forming a wackestone
fabric. Due to the lateral enrichment of ostracod valves
and fragments, they locally grade into packstones (MFT
3/Table 3) with a component-supported fabric. Additionally, bioclastic grainstones (MFT 3; Fig. 9/B), characterised by a matrix composed of sparry calcite and fragments of ostracods and molluscs (gastropods) as main
components, occur rarely. The calcareous intercalations
of the Verdalen Member show a variety of microfacies,
which are arranged in regressive facies sequences in central Andrée Land (Fig. 8). The lowermost facies unit is
formed entirely of dark grey, horizontally laminated,
silty to very fine sandy mudstones (MFT 4, Table 3; Fig.
9/C). These are abruptly overlain by grey to light grey,
bioturbated, silty mudstones to wackestones (MFT 2;
Table 3) displaying the most prominent microfacies
types of the middle unit. At different levels, horizons of
ostracod-rich packstones (MFT 3, Table 3; Fig. 9/D),
and very fine- to fine-grained sandstones (calcarenites)
are intercalated. The upper facies unit of the sequences
shows reworking to different degrees and is mainly formed of lithic wackestones to packstones (MFT 5, Table
3) and strongly mottled, silty to fine sandy mudstones
to wackestones (MFT 6, Table 3; Fig. 9/F) in the northern outcrop areas. The rarely occurring bone beds and
pebble conglomerates from the southeastern exposures
can both be described as rudstones (MFT 7, Table 3).
Whereas the bone beds are characterised by enrichment
in large fish fragments (scales, bony plates) and lithoclasts with a grainstone fabric, the main constituents of
the pebble conglomerates are lithoclasts with an internal mudstone fabric and thick-shelled ostracod fragments (Fig. 9/E).
Carbonate content. - The calcium carbonate concentrations of the limestone beds of the Vaktaren Member are
apparently strongly affected by the proportion of
embedded skeletal fragments. Maximum values of up
to 81 % were measured in the ostracod-rich packstones. Calcite concentrations of the calcareous intercalations of the Verdalen Member vary between 20 and 57
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% (average 33 %, 66 values) and coincide with previous
investigations of Friend & Moody-Stuart (1970, 1972),
who indicated similar values with a mean concentration of about 40 % (maximum 65 to 68 %). Thus the
sediments can be described as calcareous mudstones to
sandstones, marls to calcarenites and argillaceous to
sandy limestones. The highest values (average 43 %) are
also present in the ostracod-rich packstones.
Stable isotopes. - Stable isotopes (13 values) have been
measured in the sediments of the middle facies unit of
the calcareous intercalations of the Verdalen Member.
Here, carbon isotope values range from –2.1 to –3.1 ‰.
Oxygen isotope values vary between –9.5 and –10.9 ‰,
showing the most depleted δ18O values of all investigated deposits (Fig. 5).

Environment interpretation
Sedimentary structures, lithologies, microfacies and
geochemical analyses of the varied calcareous deposits
of the Wood Bay Formation enable the reconstruction
of different palaeoenvironments and sub-environments
in the ORS of Spitsbergen. Caution has to be taken
when interpreting isotopic ratios in respect to the environmental conditions during their formation. The latter are very sensitive to compositional changes that may
occur during diagenesis. Carbon isotopes have a high
potential to preserve their primary ratios as long as
recrystallisation occurs in a diagenetic system closed
for carbon (Marshall 1992). However, the oxygen-isotope ratio may change, depending on the primary
mineralogical composition of the carbonate, the isotopic composition of diagenetic solutions and the ambient temperature during stabilisation of the primary,
metastable carbonate components. Hence, carbon isotope values may be used as an additional proxy for the
palaeoenvironmental interpretation, whereas the significance of oxygen isotope signals has to be evaluated
carefully.
Pedogenic calcretes
The nodular calcretes of the Wood Bay Formation are
interpreted as palaeosols, which developed in the sediments of alluvial plains, overbank areas (levees, crevasse splays) or in the upper levels of abandoned river
channel sand bodies (Reed 1991; Gebhardt et al. 2000).
These palaeosols can best be classified as calcisols (precipitation of calcium carbonate as nodules and layers;
Nichols 1999), or aridisols (US soil taxonomy), whose
formation is possible only under specific sedimentologic, climatic and ecological conditions.
The formation of pedogenic calcretes as part of a soil
horizon requires a hiatus in sedimentation or at least a
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reduction in sediment supply, enabling relevant physical and chemical processes and biological communities
to become established. The hiatus implies a sufficient
period of geomorphic stability without fluvial deposition or reworking (Reed 1991). Size and shape of the
carbonate nodules in the A and B type calcretes reflect
different stages of maturity and growth and therefore
periods of different length with constant conditions,
enabling the formation and development of the glaebules. Dependent on many additional factors like the rainfall regime, drainage or source and availability of carbonate, A and B type calcretes can develop during periods of 103 to 106 years (Allen 1974, 1986; Steel 1974).
Another requirement is a warm, semi-arid climate that
causes evaporation of ground water and increases the
concentration of dissolved calcium carbonate in the B
soil horizon (accumulation horizon; Leeder 1975; Reed
1991). Until the saturation limit is reached, low-Mg calcite is precipitated, destroying primary sedimentary
structures by the replacement and/or cementation of
the host matrix (Reed 1991; Lamar & Douglass 1995;
Fig. 4/D). Repeated wetting and drying (evapotranspiration) of alluvial deposits generally favours the local
enrichment of carbonate and probably led to the formation of the slickensided-fracture systems observed in
some of the A-type horizons. These may have formed
contemporaneously with the carbonate nodules as a
result of repeated swelling and shrinking of the clayrich host sediment in response to moisture variations.
Allen (1986) compares the fracture system to a gilgai
microrelief, which is reported from certain clay-rich,
alluvial soils in present-day, warm regions (Paton
1974). The structure is interpreted as an indicator of
areas with a pronounced seasonality, not found in
extremely arid or humid climates (Retallack 2001).
The predominantly massive fabric of the host sediments particularly results from their fine-grained character, but also from intense organic destratification
(bioturbation, pedoturbation), implying nodule formation in an oxygenated, near-surface palaeoenvironment. Tubular, partly downward-branching moulds are
interpreted as animal burrows (Netterberg 1980) or
root traces (Klappa 1980). Trace fossils associated with
the calcretes have been interpreted as a proof of biological activity (Allen 1986). Characteristic in all types of
calcrete horizons are the elongated to cylindrical shapes
of the nodules and their arrangement in stalked
columns normal to the bedding surfaces. The latter
points to formation in specific areas that favoured vertical fluid migration and the precipitation of calcite,
such as local zones around downward-ranging roots
(rhizospheres). Thus, the carbonate nodules could have
initially formed as encrustations of roots or rhizomes
(rhizocretions, Blodgett 1988; rhizoconcretions, Retallack 2001) or within voids formed during or after the
decay of the plants (pedogenic pseudo-microcast, Frey-
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Fig. 8. Measured section and corresponding outcrop picture (Kapp Auguste Victoria, E Woodfjorden) of a calcareous intercalation, characterising the Verdalen Member. The multicoloured weathering sediments form a regressive, shallowing-upward sequence, which can be arranged
into three facies units representing basinal lacustrine (a), littoral lacustrine (b) and palustrine sub-environments (c). Hammer for scale.

tet & Plaziat 1982). The assumption of a bio-induced
carbonate precipitation is confirmed by the carbon isotopic composition of the nodules, which is controlled
by the δ13C value of soil-CO2, depending on the relative contributions from atmospheric and plant-respired
CO2. Assuming a δ13C value of around -7‰ for Devonian atmospheric CO2 (Ekart et al. 1999), pedogenic
carbonate precipitated from 100% atmospheric CO2 at
temperatures of 25 to 30°C would reflect a carbon isotope composition of around +1 ‰. Hence, the measured δ13C values of the pedogenic carbonate nodules,
ranging from –5.3 to -6.4 ‰ suggest a significant contribution of isotopically-depleted, plant-derived CO2.
Ephemeral lakes
Single beds of calcareous mudstones and marls occurring in the lower and middle parts of the Dicksonfjorden Member are interpreted as the deposits of smaller,
ephemeral flood lakes or ponds located in the alluvial
plains. Within this environment, the bulk of the finegrained sediments was formed by the suspended, detrital material in flood water, which periodically inundated the lowlands during periods of high-water stands.
In contrast to the common red beds, which were deposited as the water dried out or soaked away, the sediments of the ponds were deposited in topographic
depressions, marked by standing water, persisting probably for months or years. With the evaporation of the
surface water in these low-lying areas, dissolved ions
became concentrated and finally precipitated as evaporate minerals, when the concentration exceeded the

particular saturation limit. Calcium carbonate, as the
least soluble compound, was first precipitated and
became incorporated in the lacustrine sediments.
During drying, the fine-grained sediments shrank and
desiccation cracks formed around the retreating pond
margins. Voids at the cross-over points of the meshwork indicate weathering and non-deposition over a
certain period (Freytet & Plaziat 1982; Allen 1986). As
the areas were inundated again, the existing bedding
surfaces were locally truncated and desiccation cracks
and voids were filled with suspended material in the
flood waters. The process led to the formation of a
depositional couplet, consisting of a lower, calcareous
horizon (flood-lake deposit) and an upper carbonatedepleted layer (alluvial-plain deposit; Fig. 7). The
absence of skeletal fragments and the dispersed calcium
carbonate in the fine-grained sediments imply an abiogenic carbonate precipitation from surface water. Relatively high δ13C values (–0.6 to –0.7 ‰) suggest that
carbon isotopes in the short-lived ephemeral lakes
mainly derived from dissolved atmospheric CO2, and
that the contribution of respired organic carbon was of
minor importance. A comparison of the δ18O values
(–7.6 to –8.8 ‰) with the measured oxygen isotope
ratios of the perennial lake deposits (–9.5 to –10.9 ‰,
Verdalen Member) shows a relative enrichment of 18O
in the ephemeral flood lake carbonates. If the low
values of the perennial lake carbonates are assumed to
reflect preferentially the oxygen isotopic composition
of meteoric waters which were only slightly affected by
evaporation as a consequence of the relative large water
reservoir, the higher δ18O values of the ephemeral lake

294 NORWEGIAN JOURNAL OF GEOLOGY

D. Blomeier et al.

Fig. 9. Perennial lakes: (A) Calcareous bed (palustrine facies unit) of the Verdalen Member (Verdalen, Woodfjorden), showing a downward
branching root trace (a) characterised by a concertina-like outline due to compaction of the surrounding sediment. Note the multicoloured streaks and reddish halos (arrows) around the pedogenic structures.(B) Bioclastic grainstone (MFT 3) from the limestone beds of the Vaktaren
Member. The microfacies type is characterised by the bioclasts of thick-shelled ostracods (a) and recrystallised fragments of gastropods (b) forming a component-supported fabric. (C) Dark grey, horizontally laminated micrite (MFT 4) from the basal (profundal) facies unit of the calcareous intercalations of the Verdalen Member. Lighter areas of the laminae are formed by the enrichment of silt- to fine sand-sized quartz
grains.(D) Ostracod-rich packstone (MFT 3) from the middle facies unit (littoral sub-environment) of the Verdalen Member. The microfacies
type is characterised by the enrichment of thick-shelled ostracod valves and detrital quartz grains embedded in a micritic matrix. (E) Pebble
conglomerates (rudstones, palustrine facies unit, MFT 7) are marked by well-rounded lithoclasts with a mudstone to wackestones fabric (a) and
thick-shelled ostracod fragments (b). The sediments were interpreted as high-energy, shoreline deposits.(F) Root-mottled, silty to fine sandy
mudstones to wackestones (upper facies unit, MFT 6) are characterised by the occurrence of a network of tubular cavities (root traces), filled
with red, hematite-stained micrite. Note the reddish carbonate concretion characterised by hematite-stained, outer laminae.
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deposits might be interpreted as evidence of an evaporative enrichment of 18O in the short-lived ponds.
However, since a diagenetic overprint of the oxygen
isotope ratios cannot be excluded, the interpretation of
the δ18O values with respect to evaporation – although
plausible - has to be viewed cautiously.
Perennial lakes
The calcareous intercalations of the Vaktaren Beds are
interpreted as sediments deposited in limited, interdistributary areas of the alluvial plain marked by repeated
periods with persistent high water tables. Friend et al.
(1966) and Friend & Moody-Stuart (1972) suggest the
formation of shallow, boggy lakes. These must have
been populated by a diverse fauna and flora, consisting
of ostracods, molluscs (gastropods), fishes, charophyte
algae and sediment-feeding organisms producing trace
fossils on the bedding surfaces. Mudstones to wackestones and ostracod-rich packstones reflect a low-energy
environment. The rare occurrence of bioclastic grainstones is associated with higher energetic conditions,
which may have prevailed near feeder channels or creeks. During the sedimentation of the upper part of the
Dicksonfjorden and Verdalen members, perennial lakes
were widespread in the central parts of the terrestrial
basin. Here, the depositional environment was characterised by the existence of broad, lenitic watercourses,
which covered an area of at least one thousand square
kilometres during periods of high water stands (accumulated exposure area of the Verdalen Member; Fig. 1).
The lakes can be classified as low-relief, low-energy
lakes (after Platt & Wright 1991), which were dominated by shallow, littoral areas. Sediments reflecting a deeper-lacustrine environment occur solely in central
Andrée Land. In this area, the calcareous sediments
form regressive, shallowing-upward sequences, characterised by the deposition of basinal (profundal) lacustrine sediments at the base, which are overlain by various littoral lacustrine sediments, showing features of
emersion, reworking and pedogenesis at the top (palustrine sediments; Fig. 8-10). Sedimentation in the basinal (central) lake areas was marked by a generally low
siliciclastic input from suspension of silt- to fine, sandsized quartz grains forming the horizontal lamination
(Fig. 9/D). The preservation of this sedimentary structure indicates the absence of bottom feeding organisms, probably due to a permanently stratified water
column with oxygen-depleted bottom conditions in a
profundal zone below a thermo- or chemiocline (Fig.
10). The sporadic enrichment in thin-shelled ostracod
valves may have resulted from the decay and descent of
"pelagic" communities drifting in the upper water
column of the open lake zones. Beside of this bioclastic
input, carbonate production was mainly based on inorganic calcite precipitation. The fact that there is no evidence for downslope transport, such as turbidites or
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grain-flow deposits, implies gently sloping ramps leading into the littoral (marginal) lake zones.
In the littoral areas, oxygenated bottom conditions
must have prevailed, enabling the development of an
epifauna and infauna, which led to the destruction of
primary sedimentary structures, generating a structureless, massive sediment body. Most common are silty
mudstones to wackestones, containing scattered skeletal fragments of fish, ostracods and charophyte algae.
The occurrence of ostracod-rich packstones implies
periods of favourable conditions with a high biotic
activity. At these times, populations flourished and calcite was produced in considerable amounts by carbonate-precipitating organisms. The deposition of very
fine to fine-grained, calcareous sandstones (calcarenites) reflects clastic supply of smaller channels and distributaries feeding into the lake. A generally higher carbonate production rate and clastic input in the marginal lake areas caused the progradation of the shoreline
into central lake areas, leading to the formation of lowgradient ramps and regressive, shallowing-upward
sequences (see also Dean & Fouch 1983; Platt & Wright
1991). The uppermost facies unit commonly shows
processes of reworking, alluviation and pedogenesis
produced during the emergence of peripheral lake
deposits (Fig. 8-10). Fine-grained, palustrine limestones (Freytet & Plaziat 1982) reflect low-energy areas,
which were affected to varying degrees by desiccation
(cracks, breccias) and the presence of plant and animal
populations (mottling, root traces, bioturbation, trace
fossils, burrows). Carbonate nodules and root traces,
penetrating the host sediment down to several decimetres imply the local formation of palaeosols. Carbonate
concretions, multicoloured streaks and reddish haloes
around the rhizospheres of root traces point to recurrent water-table fluctuations and the redistribution of
soluble and insoluble minerals (Retallack 2001). In
contrast, rudstones (bone beds, pebble conglomerates)
exposed in the southeastern outcrop areas were interpreted as high-energy shoreline deposits. The roundness of skeletal fragments and lithoclasts points to
intense reworking probably by wind-driven waves or
currents in very shallow, marginal lake areas.

Conclusions
Various types of calcareous sediment, forming a part of
the ORS of Spitsbergen, occur at different stratigraphic
levels in the Wood Bay Formation. In the lower and
middle part of the Dicksonfjorden Member, deposits of
relatively small, ephemeral flood lakes formed on the
alluvial plains. They are represented by calcareous
mudstones and marls as the result of inorganic carbonate precipitation due to the evaporation of surface
water. The lakes display a sub-environment of a geo-
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littoral lacustrine zone

gently sloping ramp margin

basinal lacustrine zone

rooted vegetation

bone beds &
conglomerates

charophytes

ostracodes

enrichment of ostracode valves

epilimnion
calcarenites

foresets

thermocline

Palustrine area: carbonate glaebules, root
traces, trace fossils, multicoloured streaks &
halos, intense to moderate mottling & bioturbation. Repeated water-table fluctuations,
emersion, dessication, pedogenesis. Conglomerates at high-energy shorelines. Bioinduced and inorganic carbonate production.

Littoral area: Intense to moderate bioturbation, local enrichment of skeletal
fragments, clastic input by river supply
(calcarenites). Oxygenated conditions
with bottom-feeding epi- and infauna.
Progradation of lake shorelines. Biotic
and bio-induced carbonate production.

hypolimnion

Basinal area: Weak bioturbation, enrichment
of organic matter. Preservation of primary
lamination due to O2-depleted conditions in
profundal areas. Carbonate production mainly
based on inorganic CaCO3-precipitation and
redeposited littoral material.

Fig. 10. Reconstruction of the perennial lacustrine environment, containing different depositional areas marked by specific environmental conditions, sedimentary structures and forms of carbonate production (modified after Platt & Wright 1991). Legend in Fig. 8.

morphically unstable lowland, affected by recurrent
floods, avulsion events and lateral migration of river
channels.
In the upper part of the Dicksonfjorden Member and
in the Verdalen Member, pedogenic calcretes interpreted as the remains of calcisols or aridisols, become
more abundant. Their formation originates from a bioinduced calcite precipitation, along with pedogenesis
and the evaporation of ground water. The general
upward increase of nodular calcretes reflects a general
decrease in sedimentation rates and the expansion and
diversification of early Devonian vascular land plants.
The development of larger, more complex and more
deeply penetrating roots is also seen as an important
expression of increased landscape stabilisation (Elick et
al. 1998; Griffing et al. 2000).
Calcareous deposits of perennial lakes are first recorded
in the Vaktaren Beds (Dicksonfjorden Member). The
sediments reflect a local, waterlogged area marked by
recurrent periods with a persistent high water table, in
which calcareous sediments were deposited in shallow,
boggy lakes due to inorganic, bio-induced and biotic
precipitation. The formation of this sub-environment
in an alluvial plain was probably caused by a general
base-level rise resulting from decreasing sedimentation
rates combined with a continuous or increased subsidence of the basin. The relative water-level rise may
also have led to the formation of the perennial, lowrelief lakes characterizing the depositional environment
of the Verdalen Member. The latter reflects the repeated
formation of a broad lake plain in the centre of the terrestrial basin, which developed into a marginal-marine,

coastal plain at the boundary to the overlying Grey
Hoek Formation. Considering the environmental setting, it seems likely that the perennial lakes were hydrologically open, with an outlet or connection to the
ocean. Thus, their formation could have been controlled by sea-level fluctuations and may reflect recurrent
sea-level highstands.
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