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ABSTRACT

FACIES ARCHITECTURE AND DEPOSITIONAL PROCESSES INCFLUENCING
CARBONATE FACIES BELT DEVELOPMENT ALONG A LOW-INCLINED SHELF,

HUK FORMATION, NORWAY, AND KOMSTAD FORMATION, SWEDEN

Heterozoan, or temperate to cool water, carbonate successions can provide
unique obstacles to establishing a typical depositional model that can be universally
applied. Unlike their tropical realm counterparts, these carbonates are typically highly
heterogeneous, occurring across a wide range of oceanographic and climatic settings,
thus requiring a case-by-case approach to interpret any given depositional system. One
such example is displayed in the Middle Ordovician aged Huk Formation of southern
Norway, and Komstad Formation of Scania, Sweden. These formations are
approximately 8m thick, corresponding to the Baltoscandian “Orthoceratite Limestone.”
This study aims to explore the depositional processes influencing the facies
development along a temperate-water, low-inclined carbonate shelf environment by
characterizing and interpreting two formations along the shelf profile representing

varying positions along the transect.

The Huk Formation consists of the lower Hukodden Member composed of mostly
massive wackestone, a middle Lysaker Member composed of interbedded nodular to
semi-nodular wackestone and carbonate mudstone, and an upper Svartodden Member
composed of mostly massive packstone and some massive wackestone. The Komstad
Formation is composed of an informal lower member, composed of mostly massive



wackestone, and an informal upper member composed of interbedded nodular and
semi-nodular wackestone and carbonate mudstone with some massive wackestone
beds. The facies of these formations can be grouped into seven carbonate facies:
massive trilobite- and brachiopod-bearing calcareous mudstone (facies 1), bioturbated
carbonate mud-wackestone (facies 2), planar-bedded fossiliferous wackestone (facies
3a), nodular to lenticular fossiliferous wackestone (facies 3b), mud-rich carbonate
wacke- to packstone (facies 3c), massive fossiliferous packstone (facies 4a), and
fossiliferous carbonate packstone pockets (facies 4b). These facies are ordered by
increasing grain size as well as relative grain biodiversity, reflecting an overall increase
in energy regime and subsequent decrease in water depth. These facies are further
interpreted to represent the various processes and facies development on a low-inclined
carbonate shelf, with massive packstones and wackestones occupying the proximal
middle shelf environment, thin beds of nodular to semi-nodular wackestone in the distal

middle shelf, and carbonate mudstone in the deep shelf environment.

Despite the overall decrease in energy regime at depth, the energetic influences
on the carbonate facies changes indicate that storms had a prominent impact on their
development throughout the succession. This along with the presence of bioturbation
and burrowing throughout the succession indicate that even the distal most reaches of
this succession was deposited above storm wave base in a well oxygenated and
hospitable environment. These formations further reflect a relatively drastic sea-level fall
compared to the over- and underlying dark graptolitic shales. Regional sea-level
reconstructions identify a largely scale regression during the deposition of these

carbonate successions relative to the overlying and underlying graptolitic siliciclastic



mudstones, identifying a relative sea-level low point within the middle of the succession
at the transition from the Volkhov to the Kunda stage. Paleoenvironmental and
paleoclimatic reconstructions of Middle Ordovician Baltoscandia indicate that
environmental conditions during this time were generally relatively stable, suggesting
that the fine-scale interbedded wackestone and mudstone characteristic of these
formations could serve as excellent indicators of the fine-scale climatic and

environmental fluctuations.
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1.0 INTRODUCTION

Early Paleozoic temperate-water carbonates, as with most heterozoan
carbonates, present a unique obstacle to the established classification and
interpretation of “typical” carbonate environments (Michel et al. 2018). Heterozoan
carbonates refer to carbonate deposition in cool- to temperate water (Mutti and Hallock
2003; Pomar et al. 2004), dominated by skeletal grains and phototrophic red algae
(Hallock 2015). In contrast to photozoan carbonates, which occur in the tropical realm,
restricted to low latitudes (Ehrenberg et al. 2002; Dryer et al. 2018; Matonti et al. 2021),
heterozoan carbonate deposits are typically highly heterogenous, occurring across a
wide breadth of climatic and oceanographic conditions, thus limiting our ability to make
predictive interpretations based on a schematic model. These types of carbonates are
readily found in the rock record in the Upper Oligocene Attard member of the lower
Coralline Limestone (Brando et al. 2009), and the Late Cretaceous Ensues-la Redonne
syncline of southeastern France (Philip and Gari 2005), as well as in modern settings,
for example, the rocky, coral dominated reefs of the Galapagos Archipelago (Reymond

et al. 2015) and the red algae deposits of the Norwegian Fjord, (Sjetun et al. 2015).

Another prime example of this is beautifully displayed in the Middle Ordovician
succession of southern Scandinavia forming part of the microcontinent Baltica during
the Early Paleozoic. Located approximately 40 - 45°S (Torsvik and Rehnstrom 2003;
Cocks and Torsvik 2005), the microcontinent of Baltica was surrounded by cool to
temperate water during this time (e.g. Cocks and Torsvik 2005). This is further reflected

in the graptolite populations of this succession which is most similar to cool-water



settings (Maletz and Egenhoff 2001; Maletz et al. 2011), in contrast to, for example, the
time-equivalent populations of Laurentia (e.g. Cooper et al. 2001; Storch et al. 2011).
The present study will focus on two time-equivalent formations of the “Orthoceratite
Limestone”: the Middle Ordovician Huk Formation of the Oslo-Asker region of southern
Norway, and the time-equivalent Komstad Formation of the Scania region of Sweden
(Figure 1).

The Huk and Komstad formations of southern Scandinavia exhibit such
temperate-water carbonates, and present an excellent case study into further
developing and understanding the mechanisms governing these highly heterogeneous
deposits. These formations present as mud-rich, fine-grained, skeletal grain dominated
units, with few if any sedimentary structures preserved due to intense bioturbation
(Owen et al. 1990). The sedimentary characteristics of these two carbonate units were
investigated, describing in centimeter-scale detail a total of five outcrops of the Huk
Formation in the Oslo-Asker region of southern Norway, along with a drill core of the
time-equivalent Komstad Limestone recovered from the village of Fagelsang, Sweden
(Figure 1). The facies documentations are supported by forty-five samples, twenty-five
of which have been made into thin sections showing key intervals of the succession.
Additionally, the orientations of two elongate nautiloid species found throughout the
formation, orthocerid and endocerid cephalopods (Stgrmer 1953), were measured in

order to reconstruct regional paleocurrent orientations.

The primary objective of this study is to enhance our understanding of the
mechanisms governing and shaping an Early-Paleozoic temperate-water, low-inclined

carbonate system as reflected by the Huk and Komstad Formations. This study will
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identify and describe the facies and facies architecture of the Huk and Komstad
Formations in order to determine the primary climatic, oceanographic, and ecological
mechanisms governing carbonate deposition in this sedimentary environment. Further,
this study will determine the primary depositional processes at work in these formations
in order to develop a depositional model that can inform heterozoan carbonate
deposition within sedimentary systems similar to the Middle Ordovician succession of

southern Scandinavia.



2.0 GEOLOGICAL SETTING

The Ordovician is a critical time interval in Earth history: it saw the initial breakup
of the southern supercontinent Gondwana (Cooper et al. 2013), one of the largest
biodiversification events during Earth’s evolution (Cooper 2004), the maximum
Paleozoic sea-level position (Cocks and Torsvik, 2002) as well as its subsequent drastic
fall and related major extinction event at the end of this period (Schmitz et al. 2008).
Baltica, one of the smaller continents during this time positioned approximately 40-45°S,
consisted of large parts of present-day Scandinavia, the Baltic States, Poland, Belarus,
and western Russia (Torsvik et al. 1991; Cocks and Torsvik 2005). Having moved
north-eastwards during the Late Cambrian, Baltica continued this journey during the
Ordovician and underwent an approximately 120° rotation (Torsvik and Rehnstréom
2003). It is assumed that a large portion of the Ordovician represented greenhouse
climate conditions, nevertheless, most of the Upper Ordovician saw icehouse climatic
conditions and the formation of polar ice caps culminating in the Hirnantian glaciation on
the southern continents (Young et al. 2010).

During much of the Ordovician, Baltica was flooded by an epicontinental sea
(Lindstrom 1971) with only a small part of the microcontinent above sea-level (Cocks
and Torsvik 2005). The widespread marine shelf region surrounding this central
exposed part of the continent was characterized by a local sandstone facies belt
forming the shoreline, an adjacent carbonate facies belt further offshore, and a
siliciclastic mudstone facies belt on the deep shelf (Figure 2) (Jaanusson 1976; Cocks

and Trosvik 2002; Alvaro et al. 2010). Climatic conditions during the Ordovician on
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Baltica are envisioned to have been temperate to warm and relatively wet; however,
temperatures likely increased towards the Late Ordovician as Baltica was migrating into
the tropical realm (e.g. Munnecke et al. 2010).

In the Oslo-Asker region of Norway, the bulk of the Ordovician succession sits on
top of the Middle Cambrian to Lower Ordovician Alum Shale and consists of alternating
units showing mostly siliciclastic mudstones and carbonates (Figure 3) (Owen et al.
1990). The Alum Shale is overlain by the carbonate dominated Bjgrkasholmen
Formation which lies below the Tgyen Shale, a dark, graptolitic siliciclastic mudstone
unit (e.g. Egenhoff et al. 2010). The overlying Huk Formation consists of carbonate
mudstone-wackestone alternations and is the focus of the present study; it shows a
conformable contact with the Tgyen Shale and is in turn overlain by another graptolitic
siliclastic mudstone unit in the EInes Formation (e.g. Maletz et al. 2011). While the
designation “Huk Formation” is limited to the Norwegian part of the succession, adjacent
Swedish carbonate units that are approximately age-equivalent with the Huk Formation
are referred to as the “Komstad Limestone” (e.g. Nielsen 1995). It has been interpreted
that the alternating packages of carbonates in the Oslo-Asker region of Norway reflects
changing sea-level throughout Ordovician times on the Baltica shelf (Jaanusson 1976).

The Huk Formation, between 6m and 8m in thickness in the Oslo-Asker region
(Figure 4), is generally subdivided into three members: the basal Hukodden Member,
the middle Lysaker Member, and the upper Svartodden Member (Owen et al. 1990).
The Hukodden Member is a carbonate unit and consists of mostly carbonate mudstones
and wackestones with minor packstones and very thin, dark mudstone laminae,

showing some significant hardground development. This sub-unit is interpreted as
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carbonate deposition on a shelf transitional zone, with periods of non-deposition
represented by the hardgrounds (e.g. Nordlund 1989; Ekdale et al. 2002). The middle
Lysaker Member is formed by dominantly centimeter- to decimeter-thick dark greenish-
grey to grey carbonate mudstones intercalated with beds of nodular wackestone. It is
interpreted as representing a sea-level rise showing higher amounts of deep-water
carbonate mudstones (Rasmussen 1991). The Svartodden Member, forming the top of
the Huk Formation, is dominated by thick beds of wackestone and packstone, many
preserving orthocerid and endocerid cephalopods (Kohut 1972), which gave the Huk its
former name of “Orthoceras Limestone”, as well as other fossil fragments and evidence
of burrowing. The Svartodden Member also contains some interbedded carbonate
mudstones and is envisioned to represent a renewed sea-level fall in comparison to the
underlying Lysaker Member. The sporadic high content of grains within this member
has been interpreted by Hansen et al. (2011) to reflect deposition in a high-energy,
shallow sea.

The Komstad Limestone, largely a time-equivalent of the Huk Formation found in
southern Sweden (Tinn and Meidla 1999), was defined by Jaanusson (1960) as a
southern, isolated extension of the Orthoceras Limestone, residing in a deep section of
the Baltoscandian basin (Wu et al 2018) (Figure 5). Very similar to the Huk Formation,
the Komstad Formation largely consists of carbonate mudstones and wackestones, with
significantly less packstones than the Norwegian Huk Formation, containing beds of
dark carbonate mudstone intercalated with nodular wackestones, and an abundance of
glauconite that impregnates hardground surfaces throughout (Nielsen 1995). The

formation is thought to represent several important sea-level fluctuations with an overall
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fall in sea-level relative to the over- and underlying siliciclastic mudstone-dominated

units (Wu et al 2018).
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3.0 METHODS

3.1 Outcrops and Core

Outcrop locations for the Huk Formation were chosen based on accessibility,
exposure, and the identifiability of contacts both with the overlying and underlying
formations. All outcrops were measured at centimeter-scale detail, with special attention
to changes in lithology, fossil content and distribution, grain size changes, burrowing
and burrowing intensity, or other significant changes in the rock (Figure 6) (Figure 7). A
total of forty-five samples were collected from the five outcrops investigated in Norway,
as well as six samples from the Komstad Limestone core. The five outcrops making up
the Oslo-Asker region study location were composited together by averaging the
thickness, quantity, and other key common features identified throughout this study
location for the Huk Formation

The three northernmost outcrops are located on the northern side of the
Djuptrekkodden Penninsula (KBH) and on the southern side of the same peninsula just
north of the Vollen Batservice shipyard (KYH), as well as on the Bjerkasholmen
peninsula, adjacent to the Slemmestad batforening boat club (BJH) (Figure 1). These
well exposed sections show all three members of the Huk Formation, as well as the
contacts with the overlying Elnes Formation and the underlying Tgyen Formation.
Further south, an incomplete exposure of the Huk was documented at a road cut near
the Slemmestad Barneskole (SLH) (Figure 1). This outcrop preserves the lower
Hukkoden member and middle Lysaker member of the Huk Formation, as well as the

contacts with the underlying Tayen Formation and the basal contact with the upper

13
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Svartodden member. The fifth outcrop in the Oslo-Asker region is located at the
Slemmestad Football Arena (SFH) (Figure 1). This outcrop, while it only contains the
upper Svartodden member of the Huk, is widely regarded as a world-class outcrop and
one of the largest fossil exposures in the country (Trilobites of Norway 2020). The
Fagelsang-3 drill core was recovered near the village of Fagelsang in southern Sweden
(FNK) (Figure 1) and provided by Lund University. The core contains a complete
succession of the Komstad Limestone, along with the contacts of the underlying Tayen
Formation and the overlying Almelund Formation (Bergstrom et al. 2018). (Figure 8) For
field logs of the individual outcrops in the Oslo-Asker region, and the Fagelsang-3 drill
core, see appendix A.
3.2 Thin Sections

Of the forty-five samples of the Huk Formation and Komstad Limestone, twenty-
five samples were glued, cut, and prepared for thin section analysis; eighteen of the
samples originated from the outcrops in the Oslo-Asker region and seven samples were
prepared from the Fagelsang-3 drill core. Thin sections consisting primarily of carbonate
wacksetone and packstone were prepared to a thickness of 30um, while samples
consisting primarily of carbonate mudstone were made thinner to a thickness of 20um in
order to observe fine details in these rocks. All thin sections were cut to a standard size
of 27mm by 46mm and were prepared to show one polished surface. Thin sections
were described and classified according to the Dunham (1962) carbonate classification
scheme modified by Embry and Klovan (1971), and visual estimations of component
compositions were made following Baccelle and Bosellini (1965). All samples were

analyzed in plain polarized light and cross polarized light using a Nikon Eclipse Ci
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Komstad Formation
Toyen Formation = — Contact

Figure 8. Photographs of outcrop loactions and core. Complete exposures of the Huk Formation are
found at KBH (A), KYH (B), BJH (C). Incomplete exposures are found at SLH (D) where the upper
Svartodden Member is missing, and at SFH (E) where only the Svartodden Member is exposed. Photos
of the complete Komstad Formation core recovered from FNK (F) are also shown.
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Microscope and accompanying Nikon DS-Fi2 microscope camera for capturing
photomicrographs. For photo micrographs of all thin sections, see appendix B.
3.3 Paleocurrent Analysis

The Huk Formation contains a number of fossils, but it is best known for the
orthocerid and endocerid cephalopods, having given the formation the local
stratigraphic terms “Orthocerite Limestone” and “Endoceras Limestone” (Starmer 1953).
These fossils have a relatively straight conical shape that allows them to orient
themselves in the direction of paleocurrent during deposition. Following the death of the
cephalopod, and subsequent deposition on the sea-floor, the thicker and heavier end of
the conch serves as the anchor point, allowing the thinner and lighter end to move and
point in the direction of flow (Figure 9) (Dixon 1970). To analyze the direction of
paleocurrent at the time of deposition, seventy-five orientation measurements were
made of the orthocerid and endocerid cephalopod fossils within the Huk Formation
outcrops in the Oslo-Asker region. These data points were then plotted on rose
diagrams to determine primary paleocurrent orientation (Figure 9) using the GeoRose

rose diagram software.
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4.0 SEDIMENTOLOGY

4.1 Facies 1: Massive Trilobite- and Brachiopod-Bearing Calcareous Mudstone

Facies 1 is a carbonate mudstone containing some broken biogenes and
bioclasts that are predominantly carbonate in composition (Figure 10A), mostly between
0.1mm and 0.2mm in size and have a maximum length of 0.5mm. The biogenes are
predominantly trilobite and brachiopod debris that preserve characteristic internal shell
structures as well as outer relief. Less than 5% of biogenes are remnants of crinoid
stems, bryozoans, and conodonts, the latter ones phosphatic in composition. Rarely,
other phosphatic bioclastic grains occur, are sub-millimeter in size and make up less
than 0.1 vol% of the rock. Beds of facies 1 are between 10mm and 200mm thick. All
grains are angular to sub-angular and only appear rounded if their original form was
roundish already. The grains are swimming in a fine-grained carbonate mud matrix that
contains varying amounts of clay minerals (as much as 10 vol%) with the grains either
appearing in clusters or isolated. Facies 1 is massive and devoid of sedimentary
structures. Its color varies between light brownish grey to dark grey in both outcrop and
thin section. Contacts to over- and underlying facies are sharp. The orientation of all
particles is generally random; however, some of the elongate grains show a sub-parallel
to parallel arrangement to bedding. There are two types of distinct burrows in this
facies: Skolithos isp. and Thalassinoides isp .Burrows in thin section are up to 1.5 mm
in height and 3 mm in width (Figure 10); they have a matrix that is generally finer-
grained than the matrix of the rock but contains significantly more carbonate debris. In

most cases carbonate grains are arranged concentrically in the outer parts of the
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burrow structure. Phycosiphonid fecal strings are present throughout facies 1 and show
a matrix and clay-rich fill (Figure 10B). The bioturbation index (BI) index of this facies is
6 following Taylor and Goldring (1993). In places, facies 1 can be strongly recrystallized
and contain pyritized biogenic grains. Some thin sections show calcite-filled fractures
that have angles parallel to about 45° to bedding; only few of them show an orientation
perpendicular to bedding. They are laterally continuous, do not show thickness changes
and vary in thickness between 50um and 3 mm. In places, calcite filled veins can be

observed, in places cross cutting each other (Figure 10A)

4.1.1 Facies 1 Interpretation

The mudstones of facies 1 reflect an overall tranquil setting based on their
generally small grain size. However, the presence of some broken biogenes and the
generally fragmented bioclasts indicate some amount of energy that was at play during
deposition of this facies; similarly, the sharp bases of facies 1 deposits reflect relatively
high rather than low energy conditions during sedimentation of the carbonate
mudstones. Both of these observations together indicate that changing energy
conditions were most likely responsible for the deposition of facies 1. During most of its
sedimentation history conditions at the seafloor must have been quiet as indicated by
the mudstone (e.g. Schieber et al. 2013). Nevertheless, at times high energy events,
likely storms, stirred up the mud, concentrated and transported the large biogenic grains
and thereby broke a fair amount of them. After deposition, burrowing distributed the

grains and destroyed most if not all evidence of storm related influence.

The composition of the grains reflects a somewhat diminished variety in

comparison to other over- and underlying facies; however, the environment must have
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been hospitable as is also reflected in the bioturbation intensity and amount of clearly
recognizable burrows; similarly, the random distribution of grains reflects the high
degree of bioturbation. This facies also record minor amounts of sediment starvation
which is indicated in the phosphates (e.g. Nordlund 1989). As all the other grains, also
the phosphates were re-distributed by burrowing. While the Thalassinoides burrows can
be indicative of relatively shallow as well as deep water (Benton and Harper 1997) the
Skolithos burrows are exclusive to a very shallow water environment (Seilacher 1967;
Bromley 1996). It is therefore likely that at least some of this facies was deposited in
relatively shallow waters. Subsequent to sedimentation and induration facies 1 deposits
were subjected to brittle deformation which resulted in at least three generations of

fracture formation reflected in their cross-cutting relationships.

4.2 Facies 2: Bioturbated Carbonate Mud- Wackestone

This facies consists of mostly carbonate mud with some amount of siliciclastic
fine-grained components in the matrix. The grains are brachiopod and other shell debris
of unknown organisms, recrystallized carbonate coarse silt to fine sand-size grains, silt-
size quartz grains, conodonts, and organic matter flakes that are generally sub-
millimeter but can be up to a millimeter long. The grains make up between 7 and 15
vol% of the rock (visual estimation). All grains are angular to sub-angular except the
quartz grains that are generally well-rounded. The sediment is moderately well sorted
with especially the larger grains often arranged along bedding planes. All grains are
matrix-supported (Figure 10C, Figure 10D). The thickness of beds of this facies is
several centimeters to some decimeters. The matrix makes up between 93 and 85 vol%

of the rock and consists mainly of carbonate mud with varying amounts of clay and
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organic matter. Bedding is visible in parts of this facies and generally paralleled by the
organic matter flakes. Grading is absent in these mud- to wackestones, and so are
sedimentary structures. This facies shows irregular patches in which burrowing is
absent, which are slightly darker in color and contain higher amounts of organic matter
flakes than neighboring parts of the rock. The color of this facies in outcrop is dark
brown to black, and it is medium grey to tan/brown in thin section. Contacts to over- and
underlying facies are generally sharp. Large fossil pieces are always broken; small
fossils such as conodonts are generally intact. The orientation of fossils can be random
but in other places they form bed-parallel accumulations of shells and shell debris.
Distinct burrows are rare, diffuse burrowing ubiquitous; however, some Planolites isp.
are present and contain a fill that is slightly lighter-colored tan the matrix. The Bl index is
about 3. Porosity is exclusively present as minus-cement porosity in recrystallized
biogenic fragments. Pyrite is present as sub-millimeter crystals and generally

associated to the organic matter flakes.

4.2.1 Facies 2 Interpretation

The two grain sizes present in this facies deliver opposing views on the energy
level that this facies reflects. The dominance of carbonate mud, the presence of some
amounts of siliciclastic mud and the fact that this facies is mud-supported all indicate
relatively quiet depositional conditions for this lithology. However, both the carbonate
mud (Schieber et al. 2013) as well as the siliciclastic mud (Schieber 2003; Schieber et
al. 2007; Egenhoff and Fishman 2013) may as well have been transported by currents
and therefore show the opposite — energetic conditions during sedimentation. Similarly,

the sand-size well-rounded quartz grains ubiquitous in this facies indicate some amount
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of transport energy and not entirely quiet conditions. However, the non-bioturbated
portions of this facies which are fine-grained as well as the amount of organic matter
especially abundant in non-bioturbated patches reflects tranquil sedimentary conditions.
In order to integrate both of these observations it is most likely that this facies was
deposited by some high-energy events, likely storms, with periods of quiescence

representing fair-weather deposition in-between.

The source of the sediment is interpreted as being very different for the
carbonates and the siliciclastic components: the carbonates likely originated in this
marine setting itself, using the Bahamas as one possible comparison (e.g. Dryer et al.
2018) likely in the shallow portion of the Baltica shelf. The siliciclastics, however,
probably stem from the exposed part of the Baltic Shield and must have been
transported into the marine realm mostly by rivers. This is also reflected in their
excellent rounding indicating a significant transport distance from their place of origin to
where they were deposited. The depositional environment of this facies must have been
well oxygenated. This is reflected in the amount of fossil remains including Planolites
isp. as well as the abundance of bioturbation reflected in both fecal strings and the

random orientation of shells interpreted as being displaced by burrowing organisms.

4.3 Facies 3: Wacke- and Wacke- to Packstones

The carbonate wackestones of facies 3 contain between 10 vol% and 25 vol% of
biogenes and bioclasts. Grains are generally intact and do not show rounding or sorting.
Basal contacts with this facies are sharp and abrupt with facies 4a; however, top
contacts with the same facies can be gradational. Any other contact of facies 3 with e.g.

facies 1 or 2 at the base or top, are generally somewhat gradational. The matrix of
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facies 3 consists mostly of carbonate mud and some amount of clay (between 3 vol%
and 5 vol%) which accounts for the massive nature of the rock. This facies does not
contain any internal laminations, grading, or sedimentary structures. It is light grey to
light tannish grey in outcrop and core, and tan to brown in thin section. In places,
elongate phosphatic grains occur that make up between half and 1 vol% of this facies;
they are between 50um to 200pm in diameter, structureless, and sub-angular to sub-
rounded. Throughout this facies, irregular zones of dark-colored, preferentially
carbonate mud-filled sediment are visible in thin section that contain mostly bioclasts
and only some biogenes; they are overall much less particle-rich with only about 15
vol% grains than the bulk of this facies. Their width varies from sub-millimeter to about
3mm. The bioturbation index of facies 3 is 5 to 6 (based on Taylor and Goldring 1993).
The irregular, carbonate mud-rich zones also contain the bulk of dissolution seams
(Bathurst 1982) in this facies. Facies 3 contains some euhedral pyrite preferentially but
not exclusively in the irregular carbonate mud-rich zones. The carbonate wackestones
are here subdivided into two sub-facies: sub-facies 3a — planar-bedded fossiliferous

wackestone, and sub-facies 3b — nodular to lenticular fossiliferous wackestone.

4.3.1 Sub Facies 3a: Massive Fossiliferous Wackestone

The biogenes in these rocks are primarily brachiopod and trilobite shells, with <5
vol% of crinoids (Figure 10E, Figure 10F). In general, biogenes are more common than
bioclasts in this sub-facies; nevertheless, most of the biogenes and all bioclasts are
broken. Beds of this sub-facies are between 100mm and 500mm thick and do not show
any or very little lateral variability in their thicknesses within an outcrop or core. The

matrix consists primarily of carbonate mud but is often strongly recrystallized. In
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general, all elongate grains display a weak preferential orientation parallel to bedding
with most of them being oriented at 5° to 40° relative to bedding. Distinct roundish

burrow cross-sections have not been observed in this sub-facies.

4.3.2 Sub Facies 3b: Nodular to Lenticular Fossiliferous Wackestone

The biodiversity of this sub-facies is low, biogenes consist primarily of trilobites
and brachiopods with minor amounts of bryozoans and conodonts. The majority of
organism-derived grains are bioclasts which make up between 80 vol% to 85 vol% of
grains in this sub-facies. Most biogenes and all bioclasts are fragmented in nature
(Figure 10G). The matrix is generally carbonate mud that is not recrystallized. All grains
are oriented at various angles to bedding, with no apparent preferential orientation.
Thalassinoides isp. burrows occur in this facies and are typically 0.4mm in height and
0.8mm in width. They appear in a slightly flattened, elliptical shape parallel to bedding,

with thin (>5um) halos of dark, clay-sized material surrounding the rims of the burrows.

4.3.3 Sub Facies 3c: Mud-Rich Carbonate Wacke- to Packstone

The dark-colored wacke- to packstone consists of medium silt to sand-size
components, the largest one several millimeters in size that are composed of calcite
and generally make up between 20 and 30% of the rock volume; in places, the grain
abundance is below 15 vol%. All grains are either poorly or not rounded, and sorting is
also poor. Grains are organized into irregular several millimeter-thick laminae containing
packstones with streaks of carbonate wackestones in-between (Figure 10H). The
thickness of beds of this facies is in the range of several centimeters to some

decimeters. This facies is primarily mud-supported, and in places grain-supported. The
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matrix is dark brown in color and consists of predominantly carbonate mud; it contains a
small percentage of clay and other impurities that account for the dark color of the
sediment. The matrix generally makes up between 70 and 80 vol% and only in places
up to 85 vol% of the rock. Despite the stringers of carbonate wackestones, most of this
facies is massive and shows neither grading nor any sedimentary structures (Figure
101). However, it is organized into several millimeter to centimeter-size roundish to

irregular features that are often bound by dissolution seams.

While in thin section this facies is dark brown, it is black in core and fresh hand
samples. Contacts to over- and underlying facies are sharp. Carbonate wacke- to
packstone grains of this facies consists mostly of recrystallized pieces of biogenic
particles that are unrecognizable (bioclasts). However, the larger grains often preserve
their inner or outer structure and are crinoids and other echinoderms, shell debris, either
of unknown origin or from brachiopods, bryozoans, and some trilobites. All grains are
randomly oriented and are, with few exceptions, broken. Distinct burrow cross sections
are uncommon but are around one millimeter in diameter; they are filled with carbonate
mud. The Bl index is estimated at 3-4. Cement-filled porosity is absent in many thin
sections; however, it may be present as part of burrow fills in places. Up to one
millimeter-thick roughly bedding-parallel cement-filled features that are up to 15
millimeters in length occur; they are generally filled with at least one, mostly two
generations of cement: a cloudy outer rim which is often the only cement filling these
features, and in places a clear cement containing large crystals (up to several hundred
micrometers in size). All carbonate particles are recrystallized to some degree. This

facies contains dissolution seams every few centimeters throughout the succession.
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4.3.4 Facies 3 Interpretation

The relative abundance of biogenic grains, particularly the shelly remains, in this
facies is interpreted to reflect that a certain amount of energy was likely involved in
depositing this facies. A relatively high-energy deposition of the biogenic hard parts is
also indicated in their generally broken nature and the in places sharp contacts to
underlying facies; gradational top contacts, even though at the bed level, are typical for
tempestites (e.g. Aigner 1985). Nevertheless, deposition of the carbonate wackestones
also experienced quiet conditions in which the carbonate mud could settle in-between
the grains; this was likely a settling from suspension, but this cannot be reconstructed
because of later overprint of the texture by intense burrowing. This discrepancy in
interpretation of facies 3 sedimentation based on the grain size is most likely a reflection
of its episodic deposition: during high-energy events, likely storms, the coarse grains
were deposited, probably in laminae. Once these storms calmed down the carbonate
mud was laid down on top and in-between the grains. Fair-weather sedimentation
resumed which was likely also characterized majorly by carbonate mud. Nevertheless,
the environment was probably well oxygenated; this is reflected in the relatively high
biodiversity, the abundance of organism hard parts in this facies, and the irregular
zones filled with mostly carbonate mud that are here interpreted as oblique cuts through
burrow structures. The phosphatic grains probably indicate time of little sediment
delivery and sediment starvation (Nordlund 1989); however, as they only occur
reworked it is likely that at least some amount of transport was involved prior to

deposition. This transport maybe from a site very close by or further away; the mixing
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may also mainly reflect the burrowing which may be responsible for their random

occurrence in the sediment.

4.4 Facies 4: Packstones

This facies is a massive, biogene- and bioclast-rich carbonate packstones. Its
grains are calcitic in composition and make up between 40 vol% and 50 vol% of the
rock. All grains display poor or no rounding, and sorting is equally poor. This facies is
entirely grain-supported although nearly all pore spaces are filled with carbonate mud.
The matrix consists exclusively of carbonate mud and contains little (less than 3 vol%)
clay-sized minerals. Grading is absent, and so are sedimentary structures. In outcrop
and core, this facies generally appears as light grey to light orangish grey, and in thin
section as light orangish brown to dark brown, with grains appearing as light grey.
Contacts with this facies are abrupt and sharp; beds over- and underlying this facies are
generally mud-rich (facies 2 to 3). The majority of grains in this facies are bioclasts that
range from sub-millimeter to about one millimeter in size. Most biogenes and all
bioclasts are broken; some are sub-rounded but most of them are angular to sub-
angular. Dissolution seams (Bathurst 1982) are somewhat common within this facies.
They are constituted of thin (>1mm), undulating features and are outlined by clay and
iron oxide particles. In places, these dissolution seams grade into stylolites. This facies

contains minor amounts of sub-millimeter-size euhedral pyrite crystals.
4.4.1 Sub Facies 4a: Massive Fossiliferous Packstone
This sub-facies forms beds that are between 10cm and 18cm thick and do not

show significant thickness changes laterally in outcrop. The biogenic composition of
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sub-facies 4a is diverse: it comprises brachiopods, trilobites, echinoderms,
cephalopods, bryozoans, and ostracods (Figure 10J); these grains are sub-millimeter to
several millimeters in size. In places, this sub-facies contains large Endocerid
cephalopods which range in size from 50mm to as large as 250mm. The biogenes
make up between 20 vol% and 40 vol% of the grains. Orientation of biogenes and
bioclasts is always random, and only in places where distinct burrows occur may take a
circular shape (Figure 10K). Rarely, this sub-facies exhibits microbial overgrowth.
Burrows are ubiquitous in this sub-facies and comprise Thalassinoides isp. and
Skolithos isp. types; Skolithos is generally between 10mm and 40mm in length. In thin
section, the tangential arrangement of carbonate particles around a central, carbonate
mud-dominated part of a burrow are between 2mm and 5mm in diameter; in places,
also elongate cross sections through burrows are present. Most burrows are filled with
carbonate mud and carbonate grains; however, some show a partial fill with carbonate
cement. The Bl index of this sub-facies (following Taylor and Goldring 1993) is likely

about 6.

4.4.2 Sub Facies 4b: Trilobite- and Brachiopod-Bearing Packstone Pockets

Sub-facies 4b forms lens-like “pockets” of packstone with sharp basal and top
contacts to other facies (Figure 10L). These “pockets” are typically 8mm to 9mm in
width, and 3mm to 4mm in height, with some measuring as large as 150mm width and
height. They often have a slightly elongate shape, appearing to taper on either end, with
a flattened top and bulbous base. These “pockets” also show in thin section to be
surrounded by a thin rim of oxidation that continues laterally as an extension from the

tapered edge of the deposit. The biogenes in these “pockets” are trilobites and
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brachiopod fragments, as well as the dominant bioclasts. Orientation of the grains in
these pockets is mostly sub-parallel or at low angles to bedding; from measuring all
grain orientations relative to bedding in two of the “pockets” an average of 27° from all
elongate biogenes and bioclasts was determined. Distinct burrowing in this facies is
absent; in places, minor suspected burrows are observed. The Bl index of this facies

(Taylor and Goldring 1993) is likely about 1.

4.4.3 Facies 4 Interpretation

The high amount of grains in this facies and their size up to several millimeters
(not including the Endocerid cephalopods) indicates high energy during deposition; a
high-energy setting is also indicated by the fact that nearly all grains are broken, and the
basal surfaces of this facies are sharp. It is most likely that the grains which form a
framework were deposited independently, or largely independently from the carbonate
mud; the mud filling all pore spaces reflects significantly less energy than the grains and
was likely introduced into the rock after the grains have been deposited. Nevertheless,
transport of the grains cannot have been very far as few of them show rounding, and if
some rounding is present then only poor rounding of edges which also speaks to little
transport prior to deposition. Facies 4 rocks are interpreted to reflect a two-phase
deposition with the biogenes and bioclasts deposited first during high-energetic
conditions, and the carbonate mud subsequently when depositional energy was overall
very low. Facies 4 sediments therefore likely represent event or storm deposition but
probably not in an area that was constantly well agitated as that would have prevented

the carbonate mud to settle.
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Sub-facies 4a indicates that living conditions at and below the sea-floor must
have been favorable during its sedimentation. This is reflected in the diversity of grains
as well as in the intensity and the amount of burrowing (Bl of about 6 Following Taylor
and Goldring 1993). The burrowing is also seen as responsible for a complete
homogenization of the sediment leading to the massive nature of these packstones, and
the random orientation of all grains. The occurrence of Skolithos in these facies
(following Seilacher 1967) indicates that where this trace fossil occurs these rocks were
most likely deposited in a very shallow-marine settling. In this context, the alternation of
high-energy deposition of shells versus the low-energy sedimentation of the carbonate
mud would suggest deposition in a transitional zone setting just around normal wave

base.

Sub-facies 4b is interpreted to record episodic deposition of preferentially shell debris
and some biogenic components subsequent to an erosional event scouring into mud-
rich strata. The scour at the base of these “pockets” represents the height of the
energetic event, most likely a storm that exclusively eroded during this time. When this
storm calmed down it started to fill the scours with the coarsest sediment it transported
which were the biogenic fragments. Once the storm had largely given way to fair-
weather conditions the carbonate mud settled out and filled the voids between the
biogenic particles. The orientation of the elongate grains still reflects the dominant
transport process of these carbonate particles which was probably largely as bed load

close to the ocean floor.
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5.0 HARDGROUNDS

Hardgrounds are prominent discontinuity surfaces, known to represent a period
of non-deposition and subsequent in-situ lithification of the sea floor. This can be a
result of sediment starvation, sediment condensation, or changes in seawater
chemistry, with the resultant sedimentary hiatus potentially spanning anywhere from 10s
of year to millions of years (Christ et al. 2015). Here, these surfaces appear in outcrop
as clear discontinuity surfaces, with pyritized and phosphatized crusts, as well as
borings. The borings into these hardgrounds are typically narrow and cylindrical,
extending as far a 3cm below the surface, giving these hardgrounds their characteristic
undulating appearance (Figure 11A, Figure 11B). The specific hardgrounds here have
been interpreted to represent regressive surfaces (e.g. Lindstrom 1979; Nordlund 1989;
Guttormsen 2012). This is supported by evidence of graded infilling of bioeroded pits
(Lindstrom 1979), phosphatized surfaces (Nordlund 1989), bioerosion, erosion, and
dissolution of cephalopod conchs (Guttormsen 2012), loose-sediment surface abrasion
(Ekdale and Bromley 2001), and further by sea level reconstructions (Nielson 2004)
suggesting significant sea level rise following the end-stages of Huk deposition. The
basal hardground complex in particular has been correlated to the “Blodlaget,” or
Bloody Layer (Figure 11A, Figure 11B), a hardground complex widely distributed and
recognizable throughout the Ordovician succession of Scandinavia (Lindstrom 1979),

and first recognized in the Huk Formation of the Oslo-Asker region by Pétterfy (2015).
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6.0 FACIES ARCHITECTURE

The facies distribution and architecture of the Norwegian Huk Formation is
largely reflective of the previously defined tripartite division of the formation (Owen et al.
1990). According to that source, the Huk Formation consists of the basal Hukodden
Member, overlain by the Lysaker Member and topped by the Svartodden Member.
Generally, the formation consists of fine-grained wackestone deposits at the base,
overlain by alternating wackestones and carbonate mudstones, with beds of mostly
massive packstones and some wackestones making up the uppermost part of the
formation. The Swedish Komstad Formation largely mimics the facies architecture of the
Huk Formation, characterized by wackestone beds at the base, and overlain by
alternating beds of wackestones and carbonate mudstones. In contrast to the mostly
massive packstones of the Svartodden Member of the Huk Formation, the upper
Komstad Formation is characterized by more nodular wackestone and carbonate
mudstone beds that are intercalated with lenticular massive wackestones. In general,
the massive fine-grained carbonate mudstones, characteristic of the middle portions of
both formations, make up a larger component of the Komstad Formation than in the Huk

Formation.

The lower 0.8m of the Hukodden Member shows a weakly developed overall
fining-upward succession. While it consists predominantly of facies 3a, it also includes a
0.1m thick bed of heavily recrystallized facies 2 at its base. Immediately above this bed
is the first hardground complex in the Huk Formation; a series of 3 hardground surfaces

20cm from the basal contact with the Tagyen Formation. The upper 0.7m of the
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Hukodden Member consists of alternating beds of facies 2 and 3b with intercalated
deposits of facies 4b, the latter forming small pockets within the wackestone beds. The
alternating beds of the Lysaker Member shows three maxima of wackestone occurrence
(Figure 11D, Figure 11E). These packages comprise the basal 1.0m of the member, the
central 0.6m, and the uppermost 0.5m. These wackestone maxima are separated by a
1.1m thick lower and 1.0m thick upper package where the relative content of carbonate
mudstone is greater than the wackestone content. In the wackestone-rich portions of
the succession, wackestone beds are more frequently semi-nodular to nearly lenticular
while in the mudstone-rich packages, wackestone beds are generally more nodular. The
pockets of facies 4b here are generally more abundant in parts of the succession with a
higher content of wackestone. Amongst the alternating wackestone and carbonate
mudstone beds, a single 0.15m thick bed of facies 4a (Figure 11F) packstones can be
found in the middle of the member, with a prominent discontinuity surface at the upper
contact of this packstone bed. Topping the formation, the upper Svartodden Member
shows a distinct coarsening-upward succession with the lower 0.6m of the member
consisting mostly of facies 3a, while the upper 1.5m and basal 0.1m consist
overwhelmingly of facies 4a. Additionally, the second major hardground complex occurs
near the top of the Svartodden Member, approximately 10cm from the contact with the

overlying Elnes Formation.

The tri-partite subdivision apparent in the Huk Formation can be roughly
translated to the Komstad Formation. Although not previously formally proposed, the
equivalent to the lower package of the Huk Formation is 1.5m thick in the Komstad

Formation. It shows a weakly defined coarsening-upward succession, its upper 0.3m
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and lower 0.4m portions comprised mostly of facies 3a with the bulk of its middle 0.8m
thick portion consisting of facies 1. Above the 0.4m thick bed of facies 3a is the
lowermost prominent hardground surface at the contact with the overlying bed of facies
1. Additionally, a less well developed hardground can be identified 1.2m from the base
of the formation. The central part of the Komstad Formation is approximately 5.3m thick,
and similar to the Lysaker Member, consists of alternations of facies 2 and 3b. While
alternations of carbonate mudstone-rich and wackestone-rich units are apparent in the
Komstad Formation as they are in the Huk Formation, these packages are not as clearly
defined. Here, carbonate mudstone is dominant in the basal 0.6m, the central 1.8m, and
the uppermost 0.4m, separated by a lower 0.7m thick and an upper 1.3m thick package
where wackestone dominates. This pattern is generally opposite to the Huk Formation:
whereas in the Huk Formation, three wackestone-rich packages are separated by two
carbonate mudstone-rich packages, the Komstad Formation consists of three carbonate
mudstone-rich packages separated by two wackestone-rich packages. The pockets of
facies 4b occur in the Komstad Formation preferentially enclosed in the wackestones,
however, they are less frequent in comparison to their occurrences in the Huk
Formation. As in the Huk Formation, a single 0.18m thick bed of facies 4a appears in
the middle of the Komstad Formation amongst the intercalations of facies 2 and facies
3b and is the only appearance of facies 4a within the formation. A prominent
discontinuity surface can be identified at the upper contact of this packstone bed,
similarly to the equivalent bed found in the Huk Formation. The top part of the Komstad
Formation is 2.5m thick and characterized by alternations of facies 2 and 3b, with the

middle consisting of a 0.6m thick unit of facies 3a, and scattered centimeter-thick beds
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of facies 1 distributed throughout this upper portion of the formation. A prominent
discontinuity surface forms at the very top of the Komstad Formation at the contact with

the overlying Almelund Formation.
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7.0 DEPOSITIONAL MODEL

7.1 Vertical Facies Succession

The stacking of the facies in the Huk Formation is largely reflective of the relative
water depth during deposition, influencing the character of the sediment facies belt
developed. This formation can be separated into two large scale stacking patterns: a
fining upward sequence from the base of the formation at the contact with the
underlying Tayen Formation, up through the Volkhov-Kunda boundary bed 4.1m from
the base, and a coarsening upward sequence from that marker bed up through the
fossiliferous packstone beds of the upper Svartodden Member. In the lower of the large-
scale stacking patterns, the thick wackestone beds transition into intercalated beds of
wackestone and carbonate mudstone, with the relative mudstone content increasing
upwards. This is interpreted as reflecting increasing water depth, first depositing
sediments from a medial middle shelf environment, overlain by distal middle shelf, and
ultimately deep shelf sediments (Burchette and Wright 1992). The upper half of the
succession mirrors what is seen in the lower half of the succession, with interbedded
wackestone and carbonate mudstone beds decreasing in relative mudstone content
upwards, overlain by thick beds of wackestone. However, above these beds, the
uppermost deposits contain thick beds of packstone, reflecting a more proximal position
than at the base of the formation (Burchette and Wright 1992). Between these two large
scale sequences, the Volkhov-Kunda boundary bed is reflective of a large-scale drop in
sea level, representing the proximal-most deposits recorded in the Huk Formation

(Owen et al. 1990; Calner et al. 2013).
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Whereas in the Huk Formation, where a clear overall coarsening upwards
sequence could be observed, the pattern in the Komstad is not as clear. Above the
Volkhov-Kunda boundary bed, there is a very weakly defined coarsening upward
sequence observable, grading from interbedded wackestone and packstone into thick
beds of wackestone 1m from the upper contact of the formation. This again reflects a
gradual rising in water depth, depositing first sediments from the proximal middle shelf,
followed by distal middle shelf and ultimately deep shelf sediments (Burchette and
Wright 1992; Harris et al. 2004). Whereas in the Huk Formation, where a clear overall
coarsening upwards sequence could be observed, the pattern in the Komstad is not as
clear. Above the Volkhov-Kunda boundary bed, there is a very weakly defined
coarsening upward sequence observable, grading from interbedded wackestone and
packstone into thick beds of wackestone 1m from the upper contact of the formation.
This is interpretated similarly to the upper portions of the Huk Formation, as deposition
of distal shelf sediments, followed by distal to proximal middle shelf deposition. Counter
to the Huk, the Komstad is topped by a package of interbedded wackestone and
carbonate mudstone, with the mudstone making up the majority of the composition. This
grading into the carbonate mudstone and siliciclastic mudstones of the Almelund
Formation is interpreted as the onset of sea level rise during the end stages of Komstad

deposition (Tinn and Meidla 1999; Bergstrom et al. 2004; Nielsen 2004).

7.2 Lateral Facies Succession

The Huk and Komstad Formations are interpreted here as representing varying
positions along a low-inclined carbonate shelf system, similar to a carbonate ramp, with

the facies changes of the formations representing changes in sea-level and energy
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regime. The seven facies identified in this study characterize a variety of depositional
sub-settings within this low-inclined shelf environment. In the classical model for
deposition on low-inclined carbonate depositional systems (Burchette and Wright 1992),
as is the prevailing interpretation of the depositional model for the Ordovician
succession of Scandinavia (e.g. Owen et al. 1990; Egenhoff et al. 2010; Hansen et al.
2011; Calner et al. 2013), high energy and shallow water lends to the deposition of
coarse-grained sediment, while relatively low energy and deeper water lends to the
deposition of fine-grained sediments. This model is applied, among others, by Harris et
al. (2004) for the Ordovician succession of Estonia which is an extension of the
Scandinavian succession to the east within the same basin. Their model shows a
shallow shelf with grain-supported sediments in proximal areas, a middle shelf setting
containing mixed grain-supported and mud-supported sediments, a deep shelf
environment consisting exclusively of mud-supported carbonates, and a basin
environment characterized by organic rich siliciclastic mudstones. Following this model,
the facies identified in this study can be grouped into three zones, proximal middle shelf,

the distal middle shelf, and deep shelf environments

The proximal middle shelf facies belt represents the most proximal deposition
recorded in the Huk and Komstad Formations. This zone consists of massive
fossiliferous packestones (facies 4a) and wackestone (facies 3a), representing the more
grain-supported portion of the “mixed” middle shelf (Harris et al. 2004). This depositional
environment is characterized as being heavily influenced by the frequent but episodic
reworking of storm events between periods of relatively low energy (e.g. Sanders and

Ho6fling 2000; Rankey 2004). The fossiliferous nature of the facies found within this belt,
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combined with the biodiversity and non-preferential orientation of the grains, are
indicative of a relatively high energy regime. The mud content, however, indicates an
energy regime less than that characteristic of nearshore and shoreface environments,
where the constant agitation of wave action would prevent mud deposition. The
hardground development observed within this facies belt are excellent indicators of
sediment starvation or condensation, potentially caused by high-order marine

transgressions (Lindstrom 1979; Nordlund 1989; Guttormsen 2012).

Adjacent to the proximal middle shelf deposits lie the distal middle shelf facies,
consisting of the thin beds of nodular to semi-nodular wackestone (facies 3b) with
distributed pockets of packstone (facies 4b), and thin beds of carbonate wacke- to
packstone (facies 3c). The wackestone and carbonate mudstone facies of this belt,
making up the majority of deposits on the deep shelf, can be generally characterized as
incredibly mud-rich, with biogenic grains making up a relatively minor component, but
are nonetheless present and largely whole and unbroken. While packstones (facies 4b)
are not typical of this environment, the occurrence of facies 4b here are treated as a
feature of the wackestone beds, being less mud-rich, but significantly more fossiliferous.
Bioturbation is also high within the wackestone and mudstones, primarily containing

Thalassinoides isp. burrows, and a Bl index around 5 or 6 (Taylor and Goldring 1993).

This depositional environment is traditionally characterized as representing
relatively tranquil conditions, mostly beyond the frequent agitation of fair-weather wave
base, but within the reach of high energy events (Coe et al. 2003). The maijority of the
sediments here reflect a classically defined deep shelf facies belt, with grains being

generally sparse or absent, reflective of mostly tranquil conditions. While less abundant
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than in other parts of the succession, the packstone pockets of facies 4b indicate the
occasional influence of higher energy events than typical storms. It is therefore likely
that the packstone deposits represent deposition at the very distal end of the middle
shelf facies belt, near the lower reaches of episodic storm related influence. The mud-
rich wackestones not containing pockets of packstone lie adjacent to the prior,

representing a proximal to medial position within the deep shelf.

Adjacent to the distal middle shelf facies lie the dark, grain-poor carbonate
mudstones (facies 1) and bioturbated carbonate mud- to wackestone (facies 2),
representing the distal-most facies belt recorded in the Huk and Komstad Formations.
The deep shelf sediments here are largely defined as fine-grained, silt-bearing
carbonate mudstones with some amount of siliclastic mud in the matrix. Grains are fine-
silt to clay sized, and biogenic grains are largely lacking. Bioturbation in this facies belt
is relatively low. This depositional environment in traditionally characterized as a
relatively low energy and tranquil conditions, classically outside of the direct influence of
typical storm related events (e.g. Phelps et al. 2008; Zeller et al. 2015). Both the
carbonate mud and the siliciclastic mud were likely transported by way of current
transport and subsequent settling out of suspension, however, the presence of well-
rounded quartz grains amongst the high content of organic matter likely indicate a
largely tranquil environment episodically influenced by high energy events. (Schieber

2003; Schieber et al. 2007; Egenhoff and Fishman 2013; Schieber et al. 2013).
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8.0 DISCUSSION

8.1 Depositional Processes of a Medial Carbonate Shelf Transitional Zone

The lithostratigraphic depositional model presented in this study for the Huk and
Komstad formartions can be used to generally understand and reconstruct similar Early
Paleozoic temperate water carbonate platforms. This model is entirely based on facies
characteristics and shows the processes that were active on this medial carbonate
shelf. The transition from the proximal to the distal medial shelf is thought to have been
where highly fossiliferous mud-rich carbonate packstones transition into relatively fossil-
poor fine-grained carbonate mudstones. This lines up exactly with the transition from
the outer ramp to basin facies according to Burchette and Wright (1992), or deep shelf
to basin environments according to Harris et al. (2004). The classical interpretation of
this environment characterizes the middle shelf as being heavily influenced by frequent
storm reworking, suspension fall-out of terrigenous and lime mud, and pervasive
bioturbation (Burchette and Wright 1992; Zeller et al. 2015). The distal portion of the
middle shelf environment is interpreted classically as being below storm wave base and
characterized by suboxic conditions (Burchette and Wright 1992; Phelps et al. 2008)
shows very different characteristics on the Huk shelf. While the classical models
suggest infrequent reworking of this part of the shelf (Burchette and Wright 1992; Harris
et al. 2004) the wackestones and mudstones attributed to a distal middle shelf
environment in the Huk Formation show frequent storm wave influence which is first and
foremost reflected in presence of facies 4b pockets of packstone (Figure 6, Figure 7)

and could also be a cause for the rounding of grains observed in distal mid-shelf
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sediments. Suboxic conditions during sedimentation are also not confirmed by the Huk
deposits: bioturbation is quite frequent in this depositional zone, with bioturbation
indices being nearly or as high as in the proximal middle shelf. It is therefore likely that
the process that influence middle shelf deposition are largely the same as on the deep
shelf, yet high-energy processes become less common on the distal middle shelf in

comparison to the deep middle shelf.

It seems reasonable to assume that this study confused zonation on the shelf:
what we call proximal and distal middle shelf are simply middle ramp/ middle shelf
deposits in all other papers which would then, rightfully so as the environment gets
deeper, show a decrease in burrowing and storm intensity going downslope.
Nevertheless, this would assume that a distal slope consisting entirely of carbonates
would form the facies belt adjacent to the ones described here as distal shelf. But that is
not the case. The facies belt adjacent to the most mud rich Huk carbonates is most
likely a siliciclastic mudstone (Figure 12). A confusion of facies zonation (facies belts)
on the shelf is therefore very unlikely. These two discrepancies between the classical
models and the findings of this study suggest a modification of our view on medial shelf
environments: storms did reach down into the distal medial shelf setting, eroded,
modified and transported sediment in that zone, which was strongly modified by

burrowing organisms, to a degree that processes are not easily recognizable anymore.

The facies distribution, however, is also influenced by small-scale sea-level
fluctuations. These sea-level fluctuations resulted in an alternation of grain-rich facies
3a and grain-poor facies 1 deposits which are thought to mirror ups and down of sea-

level. However, Amberg et al. (2016) suggested that the alternations of grain-rich and
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grain-poor lithologies are not a reflection of sea-level variations but instead are a sign of
diagenetic alteration of one grain-rich lithology that originally characterized this rock.
This model is essentially a modification of Westphal et al. (2004) with the difference that
in this case these are alterations of grain-rich and grain-poor lithologies, not limestones
and marls. However, assuming that Amberg et al. (2016) are correct and the carbonate
mudstones were originally grain-rich, then this would make the depositional model for
the Huk Formation even more problematic. In that case, grain-rich lithologies would
border directly on siliciclastic mud-rich lithologies in the sedimentary transect through
the shelf. This does not only contradict all sedimentological models of low-inclined
carbonate depositional systems but also be questionable from the perspective of
depositional energy. It would mean that relatively high-energy deposition reflected in the
shell-rich packstones would directly transition laterally into overall low energy transition
of siliciclastic mudstones. This has never been proposed in any depositional model
before, neither for the recent nor the geological past. This suggestion therefore seems

unlikely.

8.2 Relative Positioning of the Huk and Komstad and Wave Base Influences

This study suggests that the Norwegian Huk Formation was positioned more
proximally on the shelf than the Swedish Komstad Formation, which was positioned
more distally (Figure 2). This interpretation is due in large part to the relatively higher
content of packstones in the Huk Formation, and the relatively higher content of
carbonate mudstones in the Komstad Formation. This generally matches with
paleogeographic reconstructions of Baltica during the Ordovician (Cocks and Torsvik

2005), however, of note is that the positions of these formations represent a more
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transverse view of the shelf, rather than a strict coastline-perpendicular transect. While
the localities investigated in this study are separated by nearly 500km, their positioning
on the shelf relative to the shoreline was likely only separated by 10’s of kilometers
(Figure 2), which is reflected in the relatively similar characteristics of the two

formations.

The most significant adjustment to the traditional depositional model is the
relative positions of fair-weather and storm wave base. The proposed depositional
model of the Huk and Komstad formations in this study is based primarily on the
lithological characteristics typical of the middle shelf, and deep shelf depositional
models. The traditional model of carbonate ramp depositional environments (Burchette
and Wright 1992) places fair-weather wave base at the transition from the inner ramp to
the mid-ramp, and storm wave base at the transition from the mid-ramp to the outer
ramp. The carbonate shelf depositional model developed by Harris et al. (2004 ), which
is adapted from the Burchette and Wright (1992) model, places fair-weather wave base
at the transition from the shallow shelf to the middle shelf, and storm wave base at the
transition from the middle shelf to the deep shelf. These definitions, however, are called

into question by the findings of this study of the Huk and Komstad Formations.

It is relatively logical to interpret fair-weather wave base as being positioned near
the top or above the depositional model presented here. The mud-rich character of the
massive packstones, interpreted to represent the most proximal depositional
environment of the Huk and Komstad Formations, indicates periods of quiescent
conditions, allowing mud to deposit between the grains. This would not be likely under

the constant agitation of wave energy. However, specifically relating to the positioning of
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storm wave base, both these and other models (e.g. Read 1985; Tucker 1985; Sanders
and Hofling 2000; Zeller et al. 2015) characterize mudstones as almost exclusively
falling below the reaches of storm waves, with only the largest and most catastrophic
events reworking these carbonate mudstone deposits. This study shows that storm
related reworking is common within the carbonate mudstones, evident in the broken

bioclastic grains and sharp contacts with over- and underlying facies.

A study by Peters and Loss (2012) argues that the positioning of these
stratigraphic boundaries is not actually strict, but rather that the capability of a certain
wave influencing and interacting with the seafloor is a function of the relative event that
formed any given wave. This study investigated the depth of influence of waves, both
during fair-weather and storm conditions of the modern ocean and found that the
probability of any given wave interacting with the sea-floor is a function of water depth,
rather than strict water depth boundaries. Deep shelf facies, for example, have the
possibility being influenced be extreme waves, up to a depth of approximately 250m.
This model largely agrees with what is observed in the Huk and Komstad Formation.
While the carbonate mudstones generally reflect mostly tranquil conditions, they still
exhibit clear evidence of at least episodic energy conditions. Strictly in terms of
lithology, the distribution of proximal coarse-grained and distal fine-grained sediments fit
within the classical depositional models, but the vast influence of wave related
reworking observed throughout the succession should be treated more as a measure of
the frequency and relative strength with which wave-generating events impacted the

seafloor during the deposition of the Huk and Komstad Formations. Therefore, this
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study postulates that storm wave base as defined, is neither recorded in this

succession, nor is it likely applicable.

8.3 Paleoenvironmental and Paleoclimatic Implications

Facies changes within carbonate successions can be caused by numerous
factors, including but not limited to changes in water depth, water chemistry, and
biological productivity (Read 1985; Tucker 1985; Lucia et al. 2003). In the shallow
epicratonic sea that covered Baltica during the Ordovician (Lindstrom 1971), it is likely
that the facies changes recorded in the Huk and Komstad Formations are likely the
product of fluctuations in sea-level, potential as a result of glacio-eustasy (Nielsen
2004). Sea-surface temperatures in Baltica during the late Dapinigian and early
Darwillian are estimated to have been around 35°C (Song et al. 2019) with atmospheric
O2 and COz levels estimated to be around 15% to 10% (Edwards et al. 2017) and
2500ppm (Cocks and Trosvik 2020) respectively. While the sea-level curve for
Baltoscandia by Nielsen (2004) is on a relative scale, global sea-level at the same time
is estimated to have ranged between 150m and 250m above modern day sea levels

(Rasmussen et al. 2019).

Likely the most environmentally sensitive part of the succession lies within the
Lysaker Member of the Huk Formation and the middle and parts of the upper portions of
the Komstad Formation. These parts of the succession are characterized by repetitive
interbeds of wackestone (facies 3b & 3c) and carbonate mudstone (facies 1 & 2) within
the Komstad Formation. These thin beds indicate a position on the shelf straddling the
boundary between the distal middle shelf (facies 3b & 3c) and the proximal deep shelf

(facies 1 & 2). The sea-level fluctuations on Baltica during the Ordovician have been
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interpreted to be glacio-eustatic in nature (e.g. Brenchley and Newall 1980; Nielsen
2004; Hints et al. 2010), and thus, the sea-level fluctuations are dependent on the
paleoclimatic conditions, with higher temperatures leading to glacial decline and oceanic
thermal expansion (Schulz and Schafer-Neth 1997), subsequently leading to rising sea-
levels, with cooler temperatures leading to glacial growth and oceanic thermal
contraction, resulting in falling sea-levels (Elrick et al. 2013). However, as noted by
Egenhoff et al. (2010), the cause of these sea-level fluctuations as observed in the
Bjerkasholmen Formation may not be strictly glacio-eustatic. They note that the
amplitude of modeled sea-level changes (e.g. Nielsen 2004; Haq and Schutter 2008;
Dronov et al. 2011) does not match the drastic change in lithology of the underlying
Alum Formation, to the carbonate Bjgrkasholmen Formation, and the overlying Tayen
Formation. A drastic change in lithology, if eustatic in nature, should be reflected in sea-
level reconstructions, and show a rather large-scale fall that can be globally correlated.
Such as in the Bjgrkasholmen Formation, both the Huk and Komstad formations
represent a stark drop in sea-level relative to the under- and overlying shale formations.
So, while these small-scale fluctuations may have a certain eustatic component to them,

it is also likely that regional Scandinavia tectonism played a significant role.

A paleocurrent reconstruction, following the methods of Dixon (1970) is shown
recreating current direction during the end stages of the Huk Formation deposition,
utilizing the orientations of cephalopod conchs, found abundantly on the upper surface
of the Svartodden Member in the Oslo-Asker region (Figure 11G, Figure 11H, Figure
111). This analysis shows that the prevailing paleocurrent direction originated from the

north-east (Figure 9). This orientation, however, is relative to the modern-day orientation
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of Norway, and needs to be corrected to reflect the current direction relative to Baltica
during the time that the uppermost portions of the Svartodden Member were deposited.
Paleogeographical reconstructions (Cocks and Trosvik 2002) estimate that Baltica was
oriented approximately 180° relative to its current orientation while sutured to
Gondwana and rotated counterclockwise by approximately 35° by the end of the Arenig
stage, which approximately corresponds to the end of Svartodden deposition (Calner et
al. 2013). Therefore, this approximates the paleocurrent orientation as originating from
the east north-east, which is approximately from the interior of what is now the Oslo

Fjord (Figure 9).

8.4 Comparison of Facies to Regional Sea-Level Reconstructions

While regional relative sea-level reconstructions (e.g. Nielsen 1995; Nielsen
2004; Dronov et al. 2011; Rasmussen et al. 2019) generally capture the larger scale
sea-level patterns within the middle Ordovician succession of Southern Scandinavia,
the finer-scale details are largely missing. Perhaps the most widely cited such
reconstruction is the Ordovician Baltoscandian sea-level curve as proposed by Nielsen
(2004). This reconstruction adequately captures the relative sea-level highs as recorded
in graptolictic siliciclastic mudstones of the underlying Teyen Formation and the
overlying Elnes Formation in southern Norway and Almelund in southern Sweden, as
well as the relative fall in sea-level as recorded in the carbonate Huk and Komstad
Formations (Figure 3). However, the fine scale details as well as the depositional trends
recorded in these formations are either largely unaccounted for or absent in this
reconstruction (Figure 13). What is suggested by the sea-level curve proposed by

Nielsen (2004) is, overall, as slow and gradual rise in water depths throughout the
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during the Middle Ordovician, and have been cropped to reflect the specific time during the Volkhov and Kunda Baltic stages during which the Huk

1995, Nielsen 2004, Dronov et al. 2011, Lindskog et al. 2014, and Rasmussen et al. 2019. All curves are are reconstructions of relative sea-level
and Komstad formations were deposited. Measured sections have been alligned along the Volkhov-Kunda Stage boundary

Figure 13. Comparison of the facies identified in the Huk and Komstad Formations to regional relative sea-level reconstructions from Nielsen



second half of the Volkhov Baltic Stage to the Hunderum and Early Valaste substages
of the Kunda Baltic Stage (Nielsen 1995, Bruton et al. 2010, Maletz and Ahlberg 2018,
Wu et al. 2018). Additionally, several small peaks in this reconstruction estimate rapid
falls and subsequent rises in sea-level, primarily in the interbedded carbonate mudstone

and wackestone of the middle of both the Huk and Komstad successions.

Within the Huk Formation, the large-scale stacking pattern can largely be
described as a roughly fining upward sequence from the base of the succession up to
the middle of the Lysaker member, where relative carbonate mudstone content is
approximately its highest. From this point, the relative carbonate mudstone content
within the middle of the Huk Formation gradually decreases to the base of the upper
Svartodden member, where the interbedded mudstone and wackestone is overlain by
fossiliferous massive wackestone (Facies 3b), and itself overlain by fossiliferous
packstone (Facies 4a) (Figure 13). These facies would suggest a sea-level curve to
reflect a rapid fall in sea-level following the end stages of T@yen deposition, followed by
a gradual rise and subsequent gradual fall in sea-level throughout Huk deposition, and

finally topped by a rapid rise following the end stages of Huk deposition.

Within the Komstad Formation, the large scale stacking pattern is largely
reflective of the Huk Formation, with a relatively more grain-rich lithology overlying the
Tayen Formation, itself overlain by interbedded carbonate mudstone and wackestone
which rapidly decrease in relative wackestone composition before the relative carbonate
mudstone increase to the middle of the succession. Counter the Huk, from the middle of
the formation, the overall relative carbonate mudstone content can be seen to increate

gradually, from a wackestone rich package near the middle of the formation, fining
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upwards to increasingly mudstone rich intercalations and thick beds of nearly entirely
carbonate mudstone near the top. Finally, near the top of the Komstad Formation, a
thick ~70cm bed of fossiliferous carbonate wackestone likely represents the
approximate sea-level minimum preceding the onset of siliciclastic mudstone deposition
of the Almelund Formation. These facies would suggest a sea-level curve to reflect a
gradual fall in sea-level following the end-stages of Tgyen Formation deposition,
followed by a gradually and relatively consistent increase in relative water depth. Two
key points, near the base of the succession where the relative carbonate mudstone
content, and near the top of the formation where the tick bed of fossiliferous wackestone
is recorded, likely represent brief, small-scale regressions, allowing for brief deposition
of characteristically more shallow facies (e.g. Van Wagoner et al. 1988, Zecchin and

Catuneau 2013)

Finally, what is unaccounted for in the sea-level reconstruction relative to the
facies recorded in both the Huk and Komstad Formations is the likely forced regression
(Zecchin and Catuneanu 2013) as recorded in the 15cm to 20cm thick bed of
fossiliferous carbonate packstone (facies 4a) found in the middle of both successions at
roughly the same stratigraphic position. This bed of relatively more grain-rich
composition has been identified in these formations to represent a significant, but brief,
sea-level fall at the boundary between the Volkhov and Kunda Baltic Stages (e.g. Harris
et al. 2004; Meidla et al. 2014, Lindskog et al. 2014; Lindskog et al. 2018). The sea-
level curve proposed by Nielsen (2004), while it does roughly account for relatively
small regressions throughout the deposition of the Huk and Komstad Formations, does

not do so adequately. The presence of these incredibly grain-rich lithologies amongst
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intercalated beds of carbonate mudstone and wackestone where the relative carbonate
mudstone composition is at or near a maximum, suggests a rapid and substantial fall in

sea-level, followed by relative rise in sea-level of roughly equal magnitude.
8.5 Suggested Further Investigation

While this study provides some insight into the heterozoan, low-inclined
carbonate shelf environment of the Huk and Komstad formations, our understanding
could be further bolstered by additional investigations. Given the apparent sensitivity to
oceanic and climate conditions of the Lysaker Member and upper parts of the Komstad
Formation, they may serve as an excellent record of large-scale climate changes.
However, the model proposed by Amberg et al. (2016) indicates that these alternating
packages of wackestone and carbonate mudstone may not be primary depositional
records of small-scale climate and sea-level fluctuations through the Middle Ordovician.
This could be further investigated following the methods proposed by Ghosh et al.
(2006) and refined by Eiler (2011) and Zaarur et al. (2013) with clumped isotope
thermometry. This method would attempt to bypass the traditional problems related to
paleothermometry of ancient rocks by directly measuring the ratio of '3C-'80 bonds and
12C-160 bonds to recreate sea surface temperature. This method could then be further
applied to time equivalent formations throughout Scandinavia including the Holen and
Lanna Formations of central Sweden (Lindskog et al. 2018), and further east into
Estonia and Russia (Harris et al. 2004; Meidla et al. 2014). Applications to these
formations would allow for the depositional model to be further refined at a larger scale,

more strongly valid to similar temperate water heterozoan systems. This study does,
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however, provide significant and new insight into this exemplary record of such a

depositional system, setting forth the necessary building blocks on which to expand.
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9.0 CONCLUSIONS

1. The Huk and Komstad Formations consist of 7 carbonate facies: massive trilobite-
and brachiopod-bearing calcareous mudstone (facies 1), bioturbated carbonate mud-
wackestone (facies 2), planar-bedded fossiliferous wackestone (facies 3a), nodular to
lenticular fossiliferous wackestone (facies 3b), mud-rich carbonate wacke- to packstone
(facies 3c), massive fossiliferous packstone (facies 4a), and fossiliferous carbonate

packstone pockets (facies 4b).

2. The Norwegian Huk Formation and the Swedish Komstad Formation represent
varying positions of carbonate facies development along the Ordovician Baltoscandian
paleo-basin. Positionally, the Huk Formation represents more proximal deposition, while
the Komstad Formation represents more distal deposition. Paleogeographic
reconstructions, however, estimate that these formations likely only represent 10’s of
kilometers of separation along the shelf profile, their transect being mostly parallel to the

shoreline.

3. These seven facies make up 2 distinct facies belts and 4 sub-facies belts: the
proximal middle shelf environment, the distal middle shelf environment, the proximal
deep shelf environment, and the distal deep shelf environment. The proximal middle
shelf is characterized by massive fossiliferous packstones, the distal middle shelf is
characterized by planar bedded massive fossiliferous wackestones, the proximal deep
shelf is characterized by intercalations of thinly bedded nodular fossiliferous wackestone

with pockets of trilobite and brachiopod bearing packstone pockets, silty fossil poor
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carbonate wacksetone and carbonate mudstone, and the distal deep shelf is

characterized by fossil-poor calcareous mudstone.

4. Fair-weather wave base in this succession is interpreted to have been well above the
facies recorded in these formations, with the constant agitation of fair-weather not
appearing to have influenced the deposition of these facies. This mostly agrees with the
traditional positioning of fair-weather wave base on a low-inclined shelf. Storm waves,
however, appears to have had periodic to episodic influence throughout the succession,
which largely disagrees with the traditional interpretation of storm wave base at the
transition from the middle shelf to the deep shelf. This study therefore suggests that
storm-wave base was positioned below the facies of this succession, and likely was
positioned at least at the very distal end of the deep shelf, or within the basin realm of

this low-inclined carbonate shelf, beneath the facies recorded in this succession.

5. Comparison to well-cited sea-level reconstructions reflect that while the large scale
pattern of relatively high sea-level during the deposition of the underlying and overlying
graptolitic siliciclastic mudstone deposition, with sea-level reflecting a relative sea-level

low during the deposition of these carbonate successions. However, the

6. While the interbedded wackestone and carbonate mudstone characteristic of the
Lysaker Member and portions of the Komstad Formation are often regarded as primary
records of small-scale sea-level fluctuations, alternative interpretations have suggested
the true nature of these beds are of diagenetic origin. Several factors, prime amongst
them being the lateral traceability of these small-scale intercalations leads this study to

favor the interpretation of these being primary records of sea-level fluctuations.

60



7. Potential future investigations of the Middle Ordovician Baltoscandian carbonate shelf
could focus more heavily on the middle Lysaker Member of the Huk Formation and the
middle and upper portions of the Komstad Formation. This investigation would apply the
model proposed by Amberg et al. (2016) to evaluate the climatic and oceanic sensitivity
of the intercalated wackestone and carbonate mudstone via clumped isotope
paleothermometry reconstructions. Additionally, a similar investigation could be applied
to the time equivalent counterparts of these formations throughout the Baltoscandian
Basin to further develop the depositional model of these Early Paleozoic heterozoan

carbonate successions.
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Appendix A: Field Logs

KBH Field Log

Location: 59.794224°N, 10.502400°E

Outcrop: Kyststein Beach Penninsula (KBH)

By: James J. Van Hook

Date: 09-28-2018

LIMESTONES
|18 |5 ¢ 3 ()
\E, 'g 8 ~ . 8. b o, rud& 0 E um.| @
oM mud 2 pac grain bound P
41 <139 72 DESCRIPTION |z
< z |EC MUD SAND GRAVEL |u < P =
8 (®) E X c 2 9 = O w 0
[ I N - .; ] % °a g o
cay "Frvf'f 'm®c'vc o a"8"8
I . e s
. . s s s w . e e
7)) T )
% . . 8 s e . e e
=1 . & . . - . . . .
[TV T . : M M M . M M Fault at contact with Elnes Formation Lt
7 e A P . . . VT Discontinuity surface, potential hardground
7 e P 7
. s . s s s . e e
A IR . . . . |
T | P )
= . . . . ) . . . || Abundant Endocerid Cephalopods
z e e e = | ~ || Thin (>1cm) clay seams and occasional stylolites
w . s = = w P
Ia) e i B W v
o s . s s s . e . =
1| e -~ [N
[l | ———=— a2 = = =
[a4 L P .
< — - R 2
(BT - o« . P
0 = i i 3 - _ e . Thin (>1cm) clay seams
. ———s__
B - - - i oW ()
5 . - - . . . . . KBH-18-9
= " ° ot Wackestone dominated unit (8 counted beds)
= = v L Limestone beds are mostly latteraly continuous to semi-nodular Keaes
. . . . . . Calcareous mudstone dominated unit (16 counted beds)
& = G p = = =] Limestone beds are mostly nodular to semi-nodular
4 P P y
= 2 | = £ = Volkhov-Kundary boundary bed
1% * N - * ) ) Wackestone dominated unit, with single apparent packstone bed KbH-18-2
o . * . . * * * (7 counted beds
s . . . . . . . ] Limestone beds are mostly latteraly continuous to semi-nodular
~ « s . . s s
w . . . . . . P
N4 P P AR . .
38 < Calcareous mudstone dominated unit (22 counted beds)
%) s C Y . % L s Limestone beds are mostly nodular to semi-nodular
% S
ri |
2 U . 9 L] & L Wackstone dominated unit $19 counted beds)
. . . . . . ’“11’ Limestone beds are mostly latteraly continuous to semi-nodular
= . . . P I 4
. = = - - . . . .
24 s s s s . e .
o0 1 Gradually increasing calcareous mudstone content into transition
1 s 2 - - - . - - with Lysaker Member (13 counted beds)
= « e e . e - ke
w g ° = = r o ® ® N Pyrite impregnated shale bed
Ia) e . e s iy
[a) | . . . . . . == Thi
o)  —— in (>1cm) clay seams
——————% % « « P 5
T . - - . . . . . . | Pyrite impregnated hardground surfaces
0 . s . . . . N Heavily recrystalived mudstone bed Shis e




KYH Field Log

Location: 59.793863°N, 10.502873°E

Outcrop: Kyststein Trail Penninsula (KYH)

By: James J. Van Hook
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LIMESTONES
=& |5 g B 0
‘E’ I': 8 ;1\ d - § *  pack * grain * LUd 8:1 ﬂ E m u—'lI
— mu oun:
41 <139 72 DESCRIPTION | g
S|z |E 2| Mmup SAND GRAVEL |0k | =
n | Q|58 . c g5 g 5|2t =
T = $.9.9.3
cay *Fvf"f'm-c vcro"a"8"383
. s s s P
u B . . . s
zZ - . I . - - . . . .
= SR . . . . s .
8 (TN - - ——— - Fault at contact with Elnes Formation sy
. . . S . . . v Discontinuity surface, potential hardground
T . . . N/
. s . s = s P 4
o
@ e et oo —
= " . H 5 . | ) " " == Abundant Endocerid Cephalopods
z e e B -t '%:L* Thin (>1cm) clay seams and occasional stylolites
7 w s . s s s s P !
8 | ——————————————=__4 . . . L ¥ §
e . e A
o) =
Lo e 6 g s & &
E . . - - - - . . . f, l-mﬂ
* 0} * - - . . . . -
Z = Tl
6 . o . . . . . . . [ Thin (>1cm) clay seams
e e e BIH. 6
= . . .
- - - - - - - - [(<=»)] "
. (=)
- - - - - - ¢
. . . . . . . Wackestone dominated unit (12 counted beds) -
‘zg‘}? Limestone beds are mostly latteraly continuous to semi-nodular [B)H2-18-1
PR P
5 . . . . . . \‘,0
5 @ @ LI J Calcareous mudstone dominated unit (24 counted beds) KYH.18.7
xa w o . w w Limestone beds are mostly nodular to semi-nodular LR
- - - . - . e B)H2-18-5
. « s s . e . I| ——_Volkhov-Kundary boundary bed
. . . . . . Wackestone dominated unit, with single apparent packstone bed
. " % & _ " e >, (7 counted beds)
4 % - Limestone beds are mostly latteraly continuous to semi-nodular
= . . . . . . (=)
m . - . - - .
w . . . . . .
X R
(7)) . . . . . . Calcareous mudstone dominated unit (22 counted beds)
3 5 - - - _ i - > Limestone beds are mostly nodular to semi-nodular
“« ® W . E W N7
2 . . . . . . Wackstone dominated unit (18 counted beds)
*'ﬁ: Limestone beds are mostly latteraly continuous to semi-nodular
= I . e ~
E=— - - - - - - ‘
[ O
24 R . e
m 0 & 5 5 = = 5 Gradually increasing calcareous mudstone content into transition
1 = . . . . . . =) with Lysaker Member (9 counted beds)
=z . s . e
g — = < . z " . e Pyrite impregnated shale bed
e L — = —— . . . . I
©] —_——-- .. || Thin (>1cm) clay seams
% 0 . e
0 T ' " ot A | Pyrite impregnated hardground surfaces K184
*- - 2 * * - = ’a,l[ Heavily recrystalived mudstone bed KYH-18-5
& . = s = . . e
> . e s e = . . e




BJH Field Log Location: 59.792224°N, 10.502609°E

Outcrop: Bjorkasholmen Penninsula (BJH) By: James J. Van Hook Date: 09-26-2018
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SLH Field Log Location: 59.781272°N, 10.489550°E

Outcrop: Slemmestad Road Cut (SLH) By: James J. Van Hook Date: 09-25-2018
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Location: 59.775949°N, 10.481403°E

SFH Field Log

Date: 09-27-2018
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FNK Field Log Location: 55.715556°N, 13.333333°E

o o .
Outcrop: Fagelsang-3 Drill Core (FNK) By: James J. Van Hook Date: 10-02-2018
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Appendix B: Thin Section Micrographs

A . P 7

™ 3 » 3 & o et ) & >
KBH-18-10: Huk Formation sample recovered from KBH 7.35m from base of outcrop (composite recovery
height of 7.9m from base). Facies 4a.

‘1000 pm < i s
SFH-18-1: Huk Formation sample recovered from SFH 2.10m from base of outcrop (composite recovery
height of 7.9m from base). Facies 4a.
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1 i = »,
SFH-18-2: Huk Formation sample recovered from SFH 1.98mm from base of outcrop (composite
recovery height of 7.8m from base). Facies 4a.

BJH-18-9: Huk Formation sample recovered from BJH 7.85m from base of outcrop (composite recovery
height of 7.7m from base). Facies 4a.
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KBH-18-9: Huk Formation sample recovered from KBH 5.08m from base of outcrop (composite recovery
height of 5.7m from base). Facies 4a.
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BJH-18-7: Huk Formation sample recovered from BJH 5.90m from base of outcrop (composite recovery
height of 5.6m from base). Facies 1 with minor amounts of facies 2.
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BJH-18-6: HukFomation sample recovered from BJH 5.80m from bas of utcrop (omosite recovery
height of 5.5m from base). Facies 2 with partial burrow at the bottom of the sample. Note preferential

grain orientations and mud halos surrounding the burrow.

i X S

height of 4.6m from base). Facies 1 (top) and facies 3b (bottom).
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KBH-18-7:Huk Formaton sample recovered from KBH3.3m from base f otop (composite recovery
height of 3.9m from base). Mixed facies 1 and facies 2. Note potential burrow with muddy halo in the
center of the sample.

SLH-18-5: Huk Formation sample recoverd from SLH 3.23m from base of outcrop (composite recovery
height of 3.1m from base). Facies 3a.
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SLH-18-4: Huk Formati samle recovered fromLH 1.50m from base of outcp (composite recovery

height of 1.5m from base). Facies 1 near the bottom of the sample and facies 2 making up the top of the
sample. Note calcite seam running across the bottom of the sample.

BJH-18-4: Huk Formation sample recovered from BJH 1.40m from base of outcrop (composite recovery
height of 1.4m from base). Facies 2 with two parallel calcite seams.
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SLH-18-3: Huk Foration sample recovered from SLH 1.5m from bas f outcro (composite recovery
height of 1.5m from base). Facies 3c.

BJH-18-2: Huk Formation sample recovered from BJH 0.70m from base of outcrop (composite recovery
height of 0.7m from base). Facies 4b packstone pocket within facies 1.
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00m from base of outcrop (composite recovery

KBH-18-3: Huk Formation sample ecover fro KH .
height of 0.00m from base). Heavily recrystallized facies 1.
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KYH-18-5: Huk Formation sample recovered from KYH 0.00m from base of outérop (composite recovery
height of 0.00m from base). Heavily recrystallized facies 1 with clay seam on the right side of the sample.

¥ 53
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S 0 o~ vl g
1000 pm s e s a . L

FNK-18-49.6: Komstad Frmation sample recvered at é core depth of 49.6m. Facies 4a.

overed at a core depth of 51.0m. Facies 2. Note calcite

FNK-18-51.0: KostadFormation sample rec
seams at the topof the sample.
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FNK-18-52.7: Komstad Formatior; sample recovered a a core depth of 52.7m. Facies 3c.

- .,

FNK-18-53.2: Komstad Formation sample recovered at a core depth of 53.2m. Facies 3a.
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FNK-18-55.0: Komstad Formation sample recovered at a co
majority of the sample mixed with facies 3a.

1000 pm

FNK-18-55.4: Komstad Formation
and facies 3a (bottom).
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