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This paper presents a detailed analysis of microfacies of nine of the 15 hydrocarbon seep carbonates recorded from the Sassenfjorden area, Svalbard.
These Late Volgian-latest Ryazanian carbonates have been found in the black shales of the uppermost Slottsmgya Member, Agardhfjellet Formation.
The interval is characterised by a low sedimentation rate, which is testified by the presence of phosphatic grains and glaucony. Most of the carbo-
nate formed within the sediment and is represented by two microfacies. Carbonate formation occurred mainly within the more permeable sediment
pelletised by deposit feeders with micrite precipitating in the immediate surroundings. A difference in permeability caused localised fluid overpres-
sure and episodes of hydrofracturing of calcareous mudstones, resulting in the localised occurrence of breccias. Surficial seep carbonates represent
a variety of the microfacies, consisting of sponge boundstones and bioclastic sediments. These microfacies are relatively rare and mostly restricted
to one or a few seeps and represent a spatial and temporal variation of surficial seep subenvironments, related perhaps to the type of substrate and
fluid flow. Most of the seeps were relatively small and of short duration, which resulted from original sediment properties and perhaps from seal-
ing of original fluid pathways by carbonate cementation. Only seep 9, developed in more permeable sediments, was larger and long-lasting. The
prolonged duration of the seepage at this locality resulted in accumulation of a thick cover of bioclasts containing abundant microborings. These
traces are made exclusively by chemoautotrophs and heterotrophs and indicate likely palaeodepths exceeding the depth of the photic zone during
the latest Ryazanian. The stratigraphic distribution of microfacies indicates a change of original sediment from muds to more permeable silts and
sands in the Late Ryazanian, which may be attributed to a shallowing episode.
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Introduction

Ecosystems around submarine cold fluid emissions were
first discovered in the deep marine environment at the
Florida Escarpment (Paull et al. 1984), but continuous
research has revealed that they are a relatively common
phenomenon on passive, active and transform margins
(e.g., Hovland 1992, Sibuet & Olu 1998, Levin 2005).
Cold seeps are fueled by fluids with temperature either
not exceeding or just slightly exceeding the average tem-
peratures of bottom waters (Campbell 2006, Judd & Hov-
land 2007). Seeping fluids contain varying amounts of
dissolved hydrocarbons of either biogenic or thermo-
genic origin (Martens et al. 1991, Sassen et al. 1999, cf.
Judd & Hovland 2007). Seeping methane is utilised in the
sediment by a consortium of anaerobic methane-oxidis-
ing archaea and sulphate-reducing bacteria through
anaerobic oxidation of methane (Boetius et al. 2000, Val-
entine 2002, Reitner et al. 2005). In this reaction, precip-
itation of carbonate minerals and pyrite is facilitated at
the expense of methane coming from shallow or deep
sources and sea-water sulphate in pore waters. Sea-water
sulphate is, therefore, essential for anaerobic oxidation of

methane, and the rise of alkalinity and calcium carbonate
precipitation at hydrocarbon seeps take place only in the
surficial zone of the sediment where the sea-water sul-
phate has not yet been reduced (Naehr et al. 2000).

In the fossil record, carbonates precipitated in association
with submarine hydrocarbon exhalations can be identified
based on petrographical, geochemical or palaeontological
evidence (e.g., Jorgensen 1976, Clari et al. 1988, Goedert
et al. 2003, Kiel & Peckmann 2008, Peckmann et al. 2011,
cf. Campbell 2006). In contrast to paleontology and geo-
chemistry, relatively little is known about the sedimentary
and earliest diagenetic processes shaping the morphol-
ogy and anatomy of fossil seep carbonates. The relation-
ships between fossil seep carbonates and faunas with the
depositional environments in which they formed is also
poorly studied. This state of the art is surprising since car-
bonates are susceptible to and record changes of the envi-
ronment otherwise not recorded by clastic sedimentation.
Microfacies analysis of limestones has proved to be a valu-
able tool in classical carbonate sedimentology (see Tucker
& Wright 1990, Fliigel 2004 for compilations), with appli-
cation to reconstruction of, e.g., short-term changes in
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palaeoenvironment (e.g., Gasiewicz 1984, Strasser 1986),
evolution of carbonate depositional environments (Wendt
& Aigner 1985, Wendt & Belka 1991, Skompski & Szulcze-
wski 1994), and biota and evolution of carbonate buildups
(Fliigel & Fliigel-Kahler 1992, Monty et al. 1995 and refer-
ences therein). The few examples of studies of sedimento-
logical and earliest diagenetic processes at seep carbonates
include studies on the spatial distribution of different
types of carbonate and occurrence of coated grains in Late
Cretaceous seeps on Hokkaido (Jenkins et al. 2007, 2008),
description and interpretation of grapestone concretions
from the Eocene of Bulgaria (De Boever et al. 2011), the
anatomy and possible relations to gas hydrate in Miocene
seeps from the northern Apennines (Conti & Fontana
2005, Dela Pierre et al. 2010), and reversed stromatactis
structures described from the Oligocene Lincoln Creek
seeps from Oregon (Peckmann et al. 2002).

In this paper we present a detailed description of the
microfacies associated with sedimentation and early dia-
genesis, and an analysis of nine seep carbonate bodies
from the Jurassic-Cretaceous transitional beds of
Spitsbergen (Hammer et al. 2011). The aim of this anal-
ysis is to identify depositional and early diagenetic pro-
cesses affecting seep carbonates during their formation
in the shallow subsurface and on the sea floor. These
processes can be identified from characteristic sediment-
ary structures, carbonate and non-carbonate grains, as
well as biogenic structures. A detailed ammonite strati-
graphy (Wierzbowski et al. 2011) provides a rare oppor-
tunity to analyse the Sassenfjorden seep carbonates in
a stratigraphic context and to look at their evolution
in relationship to the development of the depositional
environment and the sedimentary basin.
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Geological setting

The Sassenfjorden hydrocarbon seeps comprise 15 small
carbonate bodies cropping out along the southern coast
of Sassenfjorden in central Spitsbergen, Svalbard archi-
pelago (Fig.1). They all form small patches of heav-
ily weathered and frost-wedged material with diameters
not exceeding 2 m and a volume not greater than = 6 m’
each. Seep 9 is considerably larger and reaches 5 m in
diameter and with a volume up to = 20 m’. Loose blocks
with weathered surfaces allow observation of meso-
structures and relations of some phases, but provide lit-
tle information about the general shape and anatomy of
the carbonate bodies. In addition to difficulties in defin-
ing the internal composition and shape of the carbonate
bodies, screes covering an area of up to dozens of m? per
seep and reaching up to 30 m downslope make it very
difficult to identify the relationships of the seep carbon-
ates to the enclosing rocks.

All of the seep carbonates are located 5 to 11 m below the
top of the Slottsmeya Member of the uppermost Agard-
hfjellet Formation (Dypvik et al. 1991a, Hammer et al.
2011, Fig. 2). The youngest sediments of the Slottsmoya
Member have traditionally been regarded as Volgian
(Dypvik et al. 1991a, Nagy & Basov 1998). Recent inves-
tigations show that some of the seeps and therefore the
top of the member are at least as young as the latest
Ryazanian (Wierzbowski et al. 2011). The Slottsmoya
Member is developed as black mudstones with sparse
silty beds and dispersed carbonate concretions. It was
deposited on an open shelf under oxygen-deficient con-
ditions in a generally low-energy environment (Nagy et
al. 1988, Dypvik et al. 1991b; Reolid et al. 2010) with the
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Figure 1. Simplified geological map of the study area showing the locations of the seep carbonate bodies 1-15. Numbering from W to E.

Modified from Dallmann et al. (2001).
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Figure 2. Simplified lithostratigraphic log of the Slottsmaya Member
in the southern Sassenfjorden area. Thicknesses given after Hammer
etal (2011).
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coast as distant as a few hundred kilometres to the north-
east (Dypvik et al. 2002). The deposition of the upper-
most Slottsmeya Member was affected by a markedly
reduced sedimentation rate and probably by erosion
due to tsunami waves, caused by the Mjonir impact a
few hundred kilometres to the south in the Barents Sea
(Dypvik et al. 2004, Wierzbowski et al. 2011).

According to the ammonite biostratigraphy, the Sas-
senfjorden hydrocarbon seep carbonates range from
the basal Late Volgian to the latest Ryazanian (Fig. 3).
According to Ogg et al. (2012), this should represent a
time span of approximately nine m.y. If the Jurassic-Cre-
taceous boundary is positioned within the Upper Volgian
Taimyrensis Zone, only seeps 3, 8 and 13 are Tithonian,
whereas most of Sassenfjorden seep carbonates with
known stratigraphy should be correlated with the Berri-
asian (Fig. 3; for details of Sassenfjorden seep carbonate
stratigraphy, see Wierzbowski et al. 2011 and references
therein).

Materials and methods

In order to identify the earliest processes affecting the
formation of the seep carbonates, we applied microfacies
analysis to the Sassenfjorden seep carbonates. The acces-
sibility and quality of the material allowed us to analyse
nine out of 15 carbonate bodies. The analysis has been
performed on uncovered thin sections (48 mm x 28
mm) prepared from unoriented and oriented samples.
Thin sections were investigated under an optical micro-
scope in plane-polarised and cross-polarised light for the
identification of the carbonate minerals. The distinction
between calcitic and non-calcitic mineralogy was pos-
sible after staining the thin sections in Alizarin-S solu-
tion (Friedman 1959). Non-carbonate opaque minerals
were observed under reflected light optical microscopy
to distinguish between sulphides and hydroxides. Defi-
nitions of different carbonate phases are based on Folk
(1959). Carbonate microfacies terminology is after Dun-
ham (1962) and Embry & Klovan (1971). The relative
abundance of different types of grains was estimated
using comparison charts for visual percentage estima-
tion (Bacelle & Bosellini 1965 in Fliigel 2004). Micro-
scope photographs were made with a Leica DC 300 dig-
ital camera under the magnifications of 2.5, 5, 10, 20
and 40x. When necessary, the whole thin-section was
scanned using a Nikon LS4000 slide scanner. In total, 344
thin sections were examined. Stable C isotope data have
been obtained from 15 rock samples from two of the
microfacies identified below; see Hammer et al. (2011)
for analytical techniques.

Results

Investigation of thin sections of the Upper Jurassic -
Lower Cretaceous Sassenfjorden hydrocarbon seeps has
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Figure 3. Stratigraphy of the Sassenfjorden hydrocarbon seep carbonates and the stratigraphic distribution of described microfacies and sedi-
mentary structures. Circle size indicates the relative abundance of the observed features; small = rare; medium = common; large = abundant.

Modified from Wierzbowski et al. (2011).

revealed the presence of ten depositional microfacies
variably distributed among the nine investigated seep
bodies. The bulk volume of the investigated carbonates
is made up of only four dominant microfacies types, four
are volumetrically important in some seeps only, whereas
two other microfacies are only accessory features in
a single seep. The microfacies are grouped into two
sets, within which are subsets that are ordered volum-
etrically. Stable C isotope data for two of the volum-
etrically important microfacies are given in Table 1. We
also identified two types of early diagenetic structures in
the seeps, and three types of microborings in fossil shells.

Microfacies set I

Peloidal packstone

This microfacies type (Fig. 4A) has peloids reaching up
to =~ 1 mm in diameter variously dispersed in a recrystal-
lised matrix. The 6"°C values of this microfacies range
from -43.22 %o to -33.00 %o (Tab. 1). The primary poros-
ity varies from around 20% to more than 40%. A nodu-
lar fabric is common, indicating several recurring stages
of corrosion and grain cementation (Fig. 4A, B). Three
types of grains are present in the peloidal packstone. The
most common grains (around 90%) are brown peloids,
composed of recrystallised micrite with a variable

admixture of small allochem grains (Fig. 4B). Some of
them are filled with euhedral dolomite (Hammer et al.
2011, fig. 4c). A few of the smaller peloids, not exceed-
ing 500 um in diameter, show signs of seven or nine
longitudinal grooves on the outer surface (Fig. 4C). The
second grain type is coated grains with opaque minerals
in the core, surrounded by a carbonate envelope that
usually consists of calcitic pseudomorphs after acicular

Figure 4. Microfacies of the Volgian-Ryazanian Sassenfjorden seep carbo-
nates. A) Peloidal packstone, grey arrow points to a small nodule. Seep
15, PMO 214.991. B) Detail of a bigger nodule with two stages of cor-
rosion visible (white and grey arrows, respectively). Seep 5, PMO 214.938.
C) Detail of a peloid with longitudinal grooves on the surface. Seep 10,
PMO 214.976. D, E) Detail of a grain with a black core in transmitted
and reflected light, respectively. White arrows point to peloids with a
pyritic core; the grey arrow points to a peloid with an oxidised core sur-
rounded by pseudomorphs after acicular gypsum. The asterisk on Fig. 4D
indicates a sponge spicule with traces of an internal canal. Seep 3, PMO
214.968. F) Detail of rounded (left) and angular (right) phosphatic grains,
surrounded by carbonate micritic cover. White arrow points to a glaucony
grain enclosed within the phosphate. Grey arrow points to a small peloid
enclosed within phosphate. Seep 3, PMO 214.975. G) Matrix of peloi-
dal packstone. Grey arrow points to a fragment of an articulated hexact
spicule network. White arrows point to glaucony grains. Seep 3, PMO
214.966. H) Detail of a sponge gemmule. Seep 13, PMO 171.024E.
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gypsum (Fig. 4D). Much less commonly, these coated
grains are filled with framboidal pyrite aggregates (Fig.
4E). The third, and least common, type of grains in the
peloidal packstone have variable amounts of phosphate
in their cores. The phosphatic core may contain various
amounts of dispersed detrital material. These grains are
surrounded by carbonate envelopes which show weak
traces of lamination (Fig. 4F). The recrystallised carbon-
ate matrix hosting the grains in the peloidal packstone
contains dispersed clastic material. Glaucony grains (Fig.
4F, G) and quartz silt are quite common, but never reach
significant amounts. The most common are bioclasts
consisting of well preserved phosphatic shells of lingulid
brachiopods and sponge remains. Sponges are preserved
either as calcite-replaced discrete spicules with remnants
of the internal canal visible (Fig. 4D) or fragments of
articulated hexacts (Fig. 4G). Another type of sponge
remains is represented by spherical cysts made of a single
chamber reaching up to 250 pm in diameter, surrounded
by a row of short (= 10 pm) spicules perpendicular to
the surface. We interpret these cysts as fossil sponge
gemmules (Fig. 4H). The peloidal packstone microfa-
cies hosts fossil tubes two to four mm in diameter (Fig.
5A), which are filled with later cements or with geopetal
microspar (Hammer et al. 2011, fig. 5d). Some of these
tubes are covered by isopachous carbonate cement, and
they commonly show traces of wall delamination (Fig.
5A). In the vicinity of tubes the peloidal packstone is
often corroded and encrusted by pyrite.

Calcareous mudstone

This microfacies type (Fig. 5B) was found in eight of
the seeps investigated (Fig. 3). In seeps 2 and 5 it forms
the bulk of the carbonate volume; however, most of the
investigated carbonates are composed of lithologies other
than micrites. The §"°C isotope values range from - 23.33
%o to -15.15 %o (Table 1). The calcareous mudstone
microfacies is formed mainly of grey to brown calcitic
micrite (crystallites < 4 pm in diameter), but patches of
coarser texture indicate local recrystallisation of micrite
into microsparite. Small micritic nodules are commonly
lined with a pyritic coating (Fig. 5B); framboidal pyrite is
also generally dispersed in the calcareous mudstone. In
places, the matrix is bioturbated, represented by irregu-
lar bands of disturbed sediment and diverging burrows
up to 500 pm in diameter (Fig. 5B). In the bioturbated
matrix, allochems are unevenly distributed and are rep-
resented by quartz sand, as well as dispersed glaucony
grains, bioclasts, including calcareous and agglutinated
foraminifera, fragments of shells and sporadic sponge
spicules. In seep 2, the calcareous mudstone microfacies
hosts rare fossil tubes (Fig. 5B).

Bioclastic-peloidal wackestone/packstone

This rare microfacies is found in a few samples from
seeps 10 and 12. It is characterised by bioclasts and infre-
quent lithoclasts embedded in microsparitic matrix
with peloids (Fig. 5C). Some of the bioclasts are embed-
ded in brown, recrystallised micrite. The bioclasts are
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Table 1: 0'3C isotope composition of two main
microfacies from seep locality 9
Microfacies é:C
Peloidal packstone -32.00
Peloidal packstone -34.29
Peloidal packstone -34.39
Peloidal packstone -36.27
Peloidal packstone -37.80
Peloidal packstone —43.22
Calcareous mudstone -15.15
Calcareous mudstone -16.21
Calcareous mudstone -17.65
Calcareous mudstone -18.28
Calcareous mudstone -18.69
Calcareous mudstone -19.53
Calcareous mudstone -21.49
Calcareous mudstone -22.12
Calcareous mudstone -23.33

represented mainly by angular and unabraded bivalve
and brachiopod shell fragments, and rare crinoid frag-
ments. The bivalve shells can be recognised by blocky-
calcite replacement in constrast to the brachiopod
shells which show a primary foliated structure. Com-
plete articulated bivalve and brachiopod shells are filled
with peloidal carbonate or dolomite. Where present,

Figure 5. Microfacies of the Volgian-Ryazanian Sassenfjorden seep
carbonates. A) Detail of a tubeworm fossil from the peloidal pack-
stone microfacies. Grey arrow points to tube wall delamination. Note
botryoid growing on the external surface of the tube wall. Seep 9,
PMO 171.025A. B) Calcareous mudstone. Grey arrow points to a
worm tube fossil, white arrow points to a diverging burrow. Seep 2,
PMO 215.008. C) Bioclastic-peloidal packstone. Note the articulated
bivalve filled with dolomite and calcite spar. Seep 15, PMO 214.989.
D) Lithoclastic rudstone. White arrow points to peloids between
bigger lithoclasts. Seep 1, PMO 214.959. E) Bioclastic grainstone.
Note imbrication and micritisation of some bioclasts. Seep 9, PMO
214.706. F) Cortoid with original lamellar structure of bivalve shell
preserved intact. White arrow points to microboring parallel to the
bioclast surface. Grey arrow points to thin microborings penetra-
ting inside the bioclast. Seep 9, PMO 214.776. G) Heavily micritised
and microbored bioclast. White arrow points to peloids originating
from decomposition of micritised bioclasts. Seep 9, PMO 214.726. H)
Detail of a tuberoid. Seep 9, PMO 214.772.
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larger lithoclasts of micritic or peloidal carbonate show
irregular corroded outlines and are covered with a thin
pyrite lining. The percentage of clasts in the bioclastic-
peloidal wackestone/packstone microfacies is variable,
ranging from = 20% to 60%. The matrix is composed of
microspar containing dispersed peloids up to two mm
long. The whole rock is sometimes transected by sedi-
ment-filled cracks.

Lithoclastic rudstone

This microfacies is common in seep carbonate 1 and
consists of a peloidal matrix hosting subrounded to sub-
angular lithoclasts (Fig. 5D). The lithoclasts of strongly
recrystallised brown micrite in places have their centres
filled with coarse-crystalline carbonate. No traces of cor-
rosion or pyrite linings have been observed in the outer
surfaces of the lithoclasts. Some lithoclasts are fractured,
with cracks filled with sparitic cement. The total amount
of lithoclasts in the rock volume can vary from 25 to
40 %. The matrix of the lithoclastic rudstone is formed
of recrystallised peloids and small rounded lithoclasts
reaching up to 30% of the rock volume. The remaining
volume is occupied by sparite.

Microfacies set II

Bioclastic grainstone

This microfacies is present exclusively in seep 9, where
it forms more than a third of the total volume of the car-
bonate body (Fig. 3). It comprises bioclasts, coated grains
and lithoclasts with sparite filling the pore space (Fig.
5E). The total volume of all clasts varies from 20% up to
40%, depending on the degree of compaction. More than
90% of all bioclasts are flat, imbricated, shell fragments
of bivalves and brachiopods, which form a cemented
hash. Bivalve shells are dominant, and commonly have
the original lamellar shell structure preserved (Fig. 5F).
The shelly bioclasts measure from = 200 um to more
than 15 mm in length and from less than 100 um to
about 2 mm in thickness. Due to intensive microerosion,
larger bioclasts are often abraded and worn to cortoids,
defined as grains surrounded by a penetrative, destruc-
tive, micritic cover (Fig. 5F). Heavily micritised bio-
clasts have fallen apart prior to diagenesis resulting in
multiple, smaller, micritic grains (Fig. 5G). The 10% of
non-bivalve and brachiopod bioclasts comprise serpu-
lid tubes, both isolated and encrusting larger bioclasts,
and calcareous benthic foraminifera, represented by spe-
cies of Lenticulina, Astacolus, Lingulina, Marginulina,
Globulina and Epistomina (for details see Hjalmarsdottir
etal., 2012). One unidentified specimen of an encrusting
benthic foraminiferan has also been found.

The carbonate matrix of the bioclastic grainstone micro-
facies contains various amounts of glaucony and phos-
phatic grains. Glaucony can sometimes be present in sig-
nificant amounts, giving the rock a characteristic green
coloration. The amount of glaucony is positively corre-
lated with the amount of quartz, which in extreme cases
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can comprise around 50% of the rock volume, giving it
a calcareous sandstone appearance. Accessory, but very
characteristic, clasts found in bioclastic grainstone are
tuberoids (Fig. 5H), defined as rounded to subrounded
micritic grains resulting from fragmentation of biocalci-
tied sponges above the sediment/water interface. Tuber-
oids are the only sponge remains found in seep 9. They
are accompanied by peloids reaching up to 500 pum in
diameter, and by corroded intraclasts. The bioclastic
grainstone microfacies is cemented by several genera-
tions of early and later cements.

Sponge boundstone

This microfacies was found in seeps 2, 3, 5, 8 and 13 (Fig.
3). It is characterised by sponge fossils within a peloidal
matrix (Fig. 6A). The sponges are undeformed and rela-
tively undamaged, with a detailed morphology visible in
cross-section. The outer walls of the sponges are com-
monly marked by a thin lining of pyrite-rich micrite,
which in places also lines the cloaca. The sponges are
filled with microspar and botryoidal carbonate, and their
soft tissues and skeletal substances are replaced by bot-
ryoidal spar (Fig. 6A). The sponge spicules are mainly
hexacts and rare tetraxons, and they are invariably
replaced by blocky calcite. The spicules are more abun-
dant in the micrite-rich peripheries of the sponges, but
somewhat less common in the botryoidal phase replac-
ing most of the sponge skeletal and fleshy substances. In
places, the sponges are uniformly replaced by a botryoidal
carbonate without any visible body outline, leaving only a
net of articulated calcite-replaced spicules (Fig. 6B).

Laminated coverstone with serpulids and crinoids

This microfacies consists of calcite-cemented material
arranged in layers up to 1 cm thick (Fig. 6C). The upper
and lower surfaces of successive layers are wavy and
often show signs of truncation, corrosion and repeated
carbonate precipitation, which can be marked by

Figure 6. Microfacies and early diagenetic structures of the Volgian-
Ryazanian Sassenfjorden seep carbonates. A) Sponge boundstone.
Grey arrows point to pyrite lining the external and internal surfa-
ces of a sponge. Seep 8, PMO 215.018. B) Detail of an articulated
net of spicules within corroded calcite spar. Seep 8, PMO 215.017.
C) Laminated coverstone with serpulids and crinoids. White arrow
points to a pyritic lining on an intraclast. Grey arrow points to a ser-
pulid tube. Seep 13, PMO 171.023B. D) Intraclastic/bioclastic flo-
atstone. White arrow points to a fragment of a serpulid tube with
no internal filling. The large horizontal crack is an artifact produced
during sample preparation. Seep 8, PMO 215.016. E) Spicule pack-
stone. White arrows point to corrosive outline. Seep 3, PMO 214.975.
F) Bivalve shellstone. Note the geopetally arranged peloids partially
filling the bivalve shells. Seep 9, PMO 214.715. G) Hydrofracturing
veins. Note the spider-shape pattern in the upper-middle part of the
picture (white arrow). Seep 3, PMO 214.869. H) Sediment-filled
crack. White arrow points to a quartz grain. Seep 9, PMO 214.806.
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accumulations of small sparitic intraclasts, pyrite linings
and by isopachous crusts of calcite-cemented silt. Small
peloids, bioclasts and rare quartz grains are incorporated
into each layer, together with sporadic, large, corroded
and pyrite-covered intraclasts (Fig. 6C). The bioclasts
comprise crinoid ossicles measuring up to 5 mm in
diameter and serpulid worm tubes.

Intraclastic-bioclastic floatstone/rudstone

This microfacies has been found in seep 8. It is charac-
terised by angular lithoclasts and fragmented bioclasts
floating in a fine-grained carbonate matrix (Fig. 6D).
The lithoclasts are those found in the layered coverstone
microfacies, but rare fragments of peloidal facies also
occur. The clasts are angular and lack pyrite linings; in
the limited sample available they show no fitting. The
bioclasts are sharp-edged fragments of serpulid tubes,
with each fragment representing one quarter to a half of
the original circumference of the tube. There are no signs
of botryoidal cement filling the tubes. Unidentified shell
fragments are also observed.

Spicule packstone

This is a very rare microfacies, preserved in seep 3 as iso-
lated corroded intraclasts floating in the peloidal micro-
facies. It is characterised by an accumulation of disartic-
ulated sponge spicules surrounded by calcareous micrite
(Fig. 6E). The spicules are replaced by calcite and have
various morphologies, dominated by monaxons, with
some hexacts and tetraxons. Although disarticulated,
the spicules are well preserved and no signs of breakage
have been observed.

Bivalve shellstone

This microfacies is present in seep body 9 and consists
of clusters of articulated or disarticulated (but relatively
complete) bivalves (for species details see Hammer et al.
2011) surrounded by different generations of carbon-
ate cements (Fig. 6F). The bivalve shells are replaced by
blocky calcite; some are very thin and corroded, or some-
times completely absent, leaving only a mould. Complete
shells and the shelter porosity between the disarticulated
shells may be partially filled with peloids or recrystal-
lised micrite, forming geopetal structures. The remain-
ing space is occupied by later cements. The percentage of
the shell material in the total volume of bivalve shellstone
microfacies is below 10%.

Early diagenetic structures
Fracturing veins

These structures have been found in thin sections from
seep carbonate 3 and are visible on weathered surfaces of
loose carbonate blocks from seep body 2 (Fig. 6G). The
veins form enclaves of pointed, elongated (up to 3 cm or
longer), thin (2-3 mm), parallel voids filled with botryoi-
dal cements. They are present only in calcareous mudstone
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and are fabric-selective, since they terminate at microfa-
cies boundaries. In the proximity of the veins the enclos-
ing sediments are heavily cemented by botryoidal car-
bonate, which projects from the veins into the sediment.
A characteristic feature of the veins is the presence of nets
of crescent-shaped fractures projecting out from a central
cavity and forming a spider-shaped pattern (Fig. 6G).

Sediment-filled cracks

Sediment-filled cracks are found in seep carbonates 9
and 10 (Fig. 3). They have been observed in the calcar-
eous mudstone, peloidal packstone and bioclastic grain-
stone microfacies. They consist of wedge-shaped cracks
a few centimetres in depth and not more than a few mil-
limetres in width (Fig. 6H). The walls on the opposite
sides of the cracks generally fit to each other, indicating
no shear displacement after opening. The crack fillings
are composed of calcareous mudstone with rare, floating,
bio- and lithoclasts. Flow structures have been observed
within the fillings. The bioclasts and lithoclasts derive
from the walls, but have not been greatly displaced as
they can be traced back to the point where they separated
from the host rock. Elongated bioclasts are commonly
oriented parallel to the walls.

Microborings

Microborings are very common in bioclasts in the bio-
clastic grainstone microfacies from seep 9. Intensive
decomposition of the larger bioclasts makes it difficult
to estimate the total percentage of bioclasts affected by
microborings, but this value is most likely very high,
since the small and unbored bioclasts present in the
microfacies derive mainly from the decomposition of
intensively microbored larger bioclasts. The microbor-
ings can be grouped into three main types.

Type I microborings consist of tubular to club-shaped
morphologies up to 300 um long and around 50 to 80
pum wide, arranged perpendicularly to obliquely to the
shell surfaces. They are usually solitary, but in places
form clusters of three to eight. No branching has been
observed. The internal walls of the microborings are flat
or slightly curved (Fig. 7A), and are filled with dark cal-
careous micrite with varying amounts of disseminated

pyrite.

Type II microborings have tubular morphologies and are
concentrated slightly below and parallel to the shell sur-
faces (Fig. 7B). When the shell surfaces are corroded, the
type II microborings lie directly below the surfaces and
in cross-section are visible as shallow, bulbous depres-
sions (Fig. 7B). Truncations are rare. Since the circular
cross-section and diameter (up to 100 pm) are similar to
type I microborings, we infer that they form one system.
Single examples may be as thick as = 300 um in diameter.
The filling consists of sparry calcite or dark micrite.
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Figure 7. Early diagenetic structures and microborings from the Volgian-Ryazanian Sassenfjorden seep carbonates. A) Tubular microborings
formed in a brachiopod shell. Seep 9, PMO 214.744. B) Cross-sections of possible tubular microborings parallel to the shell surface. Seep 9,

PMO 214.726.

Type III microborings consist of relatively rare, thin
(from 5 up to 30 pm), long microborings penetrating the
whole thickness of the bioclast (Fig. 5F). They are den-
dritic and branch either at right angles or at acute angles,
thus giving characteristic, antler-shaped patterns. Thin
(5 to 20 pm) elongated galleries of microborings located
directly below the surface of the bioclasts probably repre-
sent the same system, although the branching patterns of
these is unknown.

Interpretations

Microfacies set I - early carbonate formation within the
sediment

The most common type of microfacies in the studied
seep carbonates (Fig. 3) is peloidal packstone (Fig. 4A).
The rounded to ovoid shape of the peloids, together with
their sharp boundaries and considerable quantities of
incorporated detrital material, are indicative of a faecal
origin (Fliigel 2004). Dolomite crystals filling the peloids
(Hammer et al. 2011, fig. 4c) were most likely formed
during a later diagenetic event and were thus not ini-
tially present within the peloids (Beauchamp & Savard
1992, Gaillard et al. 1992, Kelly et al. 1995). Definitive
crustacean faecal peloids Favreina and Palaxius have
been identified in Oxfordian hydrocarbon seep depos-
its in Beauvoisin in southern France (Senowbari-Daryan
et al. 2007) and in Eocene methane-seep limestone from
the Humtulips Formation in Washington (Peckmann
et al. 2007). Although the Sassenfjorden seep peloids
are within the size range of these examples, it would be
unwise to attribute the bulk of the Sassenfjorden pel-
oids to crustacean faecal pellets since they lack the con-
spicuous and taxonomically important patterns of inter-
nal longitudinal canals (Bréonnimann 1972). Moreover,

in recent hydrocarbon seeps crustaceans are common,
but they never occur in numbers high enough to explain
such a accumulation of faeces as in the Sassenfjorden
seeps (e.g.,. Barry et al. 1996, Olu-Le Roy et al. 2004, cf.
Sibuet & Olu 1998, Levin 2005).

The Sassenfjorden seep peloids might instead have been
produced by other groups of deposit-feeding organisms,
including polychaetes (cf. Fauchald & Jumars 1979),
protobranch bivalves, irregular echinoids and holothu-
rians. Deposit-feeding protobranch bivalves produce
rods of expelled faeces (e.g., Cox 1960, Zardus 2002),
which are susceptible to fragmentation and can give pel-
oids with conspicuous longitudinal grooves on the sur-
face (Cox 1960, fig. 2). Some of the Sassenfjorden seep
peloids are unstructured internally with an odd num-
ber of longitudinal grooves (Fig. 4C), and protobranch
bivalves are common in the seep carbonates (Hammer et
al. 2011), which could indicate a causative link. Irregular
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echinoids are deposit feeders known to produce fae-
cal pellets of undigested sediment (e.g., Kier 1972, pl. 2,
tig. 2) which are within the range of sizes encountered
in Sassenfjorden seep peloids. Some irregular echinoids
possess symbionts and are encountered in the vicin-
ity of recent and fossil cold seeps (Temara et al. 1993,
Van Dover et al. 2003, Olu-Le Roy et al. 2004, Gaillard
et al. 2011), where they are believed to benefit from the
local chemosynthetically produced organic matter. No
examples are known from the seep carbonates, nor from
the earlier part of the Slottsmegya Member (Rousseau &
Nakrem 2012). However, if they were also present in the
seeps they may have contributed to the observed sedi-
ment reworking within them. Among other organisms,
holothurians are worth mentioning. They are burrow-
ers producing faeces several centimetres in length, which
usually decompose in hours after formation (Conde et al.
1991). However, carbonate authigenesis inside burrows
of holothurians (e.g., Haas et al. 2010) has been postu-
lated as one of the possible mechanisms of carbonate
authigenesis in recent cold seep carbonates, but appli-
cation of this mechanism to the Sassenfjorden seeps is
problematic since no obvious burrows have been found
within the seep carbonates.

An allochthonous origin for the peloidal material is
unlikely since the nearest shallow-water environments
were distant and devoid of carbonates (Dypvik et al.
2002) and the Slottsmeya Member is characterised by a
low-energy, deep to middle shelf setting with no turbi-
dite deposits (Dypvik et al. 1991b). An autochthonous
origin by winnowing of fines by currents is also unlikely
since the depositional environment was too deep for wave
action to have had any influence on the sediment (see
Pratt et al. 2012 for comparison). A more plausible expla-
nation for the accumulation of faecal pellets in the Sas-
senfjorden seep carbonates is that they were locally pro-
duced by various deposit feeders and later condensed by
removal of fine material due to fluid flow at the seep site.

One of the grain types in peloidal packstone mixed with
faecal peloids comprises irregular coated grains with a
pyritic core and carbonate envelope. They are most likely
associated with a localised process of anaerobic oxidation
of methane resulting in the formation of pyrite aggre-
gates covered with carbonate. Similar coated grains have
been recorded in the Campanian Yasukawa seep in Hok-
kaido (Jenkins et al. 2008) and from Eocene grapestone
concretions from near Varna, Bulgaria (De Boever et al.
2011). However, these grains are not directly comparable
with the coated grains from the Sassenfjorden seep car-
bonates. The Varna examples are single-coated grape-
stones exceeding 15 cm in diameter and are believed to
originate through multistage formation of carbonate
at the surface of the seep (nuclei) and in shallow burial
(cortex). The Varna grapestone nuclei do not exceed 2
mm in diameter and they, rather than whole concretions,
are more comparable to the Sassenfjorden grains. The
Sassenfjorden seep coated grains are more similar in size
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to the cores of Yasukawa grains, which are interpreted
to have originated at around the sediment-water inter-
face. However, the cores of the Yasukawa coated grains
are composed of fractured siliciclastic sediment (Jen-
kins et al. 2008, fig. 3, 4) in contrast to the pyritic nuclei
(Fig. 4D, E) of the Sassenfjorden seep grains. The Sassen-
fjorden coated grains were then likely to have formed in
less vigorous fluid flow than their Yasukawa equivalents,
and their formation did not involve fracturing of surficial
sediments. The pyrite aggregates indicate that the coated
grains probably formed within the sediment at shallow
depths where sulphate reduction coupled with anaero-
bic oxidation of methane was possible. Asymmetric grain
shapes resulted from grains pressing against one another
as they grew within the sediment. Oxic conditions dur-
ing later stages of grain growth oxidised the pyrite in the
core to opaque minerals such as iron oxyhydroxides and
gypsum (Fig. 4D).

Another grain type found within the peloidal packstone
microfacies is that of grains with phosphatic cores (Fig.
4F). The relative timing of the formation of these grains
remains difficult to estimate. They may have formed
before the seepage commenced and were coated during
carbonate authigenesis, or they may have formed close to
the surface within the existing hydrocarbon seep carbon-
ate. The presence of carbonate particles within the phos-
phate (Fig. 4F) supports the latter interpretation.

The bioclastic/peloidal wackstone/packstone micro-
facies (Fig. 5C) found in seeps 10 and 12 seems to be a
variety of the peloidal facies with a greater proportion
of bioclasts. The greater volume of bioclasts may indi-
cate a shallower depth of formation or with an ecologi-
cal succession due to a longer duration of methane flux
(Sahling et al. 2002, Jenkins et al. 2007). Fragments of
epifauna (e.g., crinoid ossicles) inferred to benefit from
hardgrounds (shells and exhumed seep carbonate),
encapsulated within this carbonate microfacies, indicate
that the carbonate authigenesis took place close to the
sediment-water interface. Rapid cementation is shown
by sediment-filled cracks (Fig. 6H). However, the gen-
eral mode of authigenesis (formation of carbonate within
pelletised sediment) remains the same.

The grains within the peloidal packstone microfacies come
from pelletisation of mud by deposit feeders and from an
authigenic precipitation of non-carbonate minerals. All of
them were formed within the sediment in the shallow sub-
surface. The accumulation of these grains within the sedi-
ment increased the porosity and permeability with respect
to surrounding muds. The relatively impermeable muds
diverted large amounts of fluids into the permeable pel-
letised sediments. This favoured fluid flow and resulted
in more abundant methane-derived carbonate cementa-
tion within pelletised sediment, giving a peloidal appear-
ance to the bulk of the carbonate and only a minor con-
tribution of micritic facies. In contrast, in more permeable
sediments like silts and sands a more diffusive flow was
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favoured, resulting in the formation of calcareous mud-
stone (Beauchamp & Savard 1992, Campbell 1992, 2006,
Greinert et al. 2001, Campbell et al. 2002). With progres-
sive substrate cementation, worm tube fossils, showing
some similarities with vestimentiferan tubes (i.e., delam-
inated wall, Peckmann et al. 2005, Himmler et al. 2008,
Haas et al. 2009; Figs. 5A, 5B), could have acted as fluid
conduits. Since peloidal packstone together with calcare-
ous mudstone are among the most abundant microfacies
in the Sassenfjorden seeps and they are found in all of the
seeps investigated, we infer that they constitute the core
facies of the Sassenfjorden seep carbonates. Since mud-
stones commonly contain well preserved burrows filled
with carbonate cement, the formation of the seep carbon-
ate must have take place at depths of dozens of centime-
tres below the sediment-water interface at most, which is
usually the situation in recent cold seeps (e.g., Hovland et
al. 1987, Naehr et al. 2000, Tsunogai et al. 2002, cf. Levin
2005, Campbell 2006) where the process of anaerobic oxi-
dation is at its most intensive (Boetius et al. 2000).

The fluid flow pattern within pelletised sediment was
probably responsible for the difference in isotopic compo-
sition between the peloidal packstone and the calcareous
mudstone. In seep 9, the peloidal packstone microfacies
has a more depleted §6"*C isotope composition than the
calcareous mudstone microfacies (Hammer et al. 2011).
This can be explained by more intensive fluid flow within
permeable pelletised sediment and incorporation of light
organic carbon from the initial pool that was constantly
resupplied in depleted carbon by fluid flow (Table 1). In
less permeable mudstone the carbon pool of fluid was
restricted due to weak flow, which resulted in a smaller
absolute pool of light carbon available for crystallisation,
and heavier carbon isotopes were gradually added from
pore waters. In consequence, this led to a less depleted
signature in the authigenic calcareous mudstone microfa-
cies. The restricted fluid flow within the calcareous mud-
stone is further testified by the development of fracturing
veins, which we suggest were the result of hydrofractur-
ing episodes. Lower initial permeability resulted in over-
pressuring, which was occasionally released forming cres-
cent-shaped fractures filled with botryoidal calcite. These
rapid pressure-release episodes caused desintegration of
calcareous mudstones and formation of lithoclastic rud-
stones with injection of peloids into the openings (Fig.
5D). It is also likely that the heavier isotopic values of the
sampled mudstones compared with the peloidal pack-
stone resulted from multistage formation of mudstones
and incorporation of heavier carbon isotopes during later
diagenesis (Peckmann & Thiel 2004). However, biotur-
bation and early brecciation indicate that at least some
micrites formed at early stages.

Microfacies set II - early carbonate formation near the
sediment/water interface

The laminated coverstone microfacies (Fig. 6C) from
seep 13 can be interpreted as fossil laminated crust
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formed close to the sediment/water interface in rela-
tively permeable sediment (e.g., Olu-Le Roy et al. 2004,
tig. 2d; Feng & Roberts 2010). In the Svalbard seep car-
bonates, this is indirectly indicated by the presence of
serpulid worm tubes enclosed within the coverstone car-
bonate. The intraclastic-bioclastic floatstone/rudstone
is probably an effect of disintegration and brecciation of
these facies close to the sediment-water interface. A pos-
sible factor responsible for such brecciation was episodes
of rapid release of overpressurised fluids, as described
in the previous section, or the collapse of the carbon-
ate overhanging cavities (e.g., Judd & Hovland 2007, fig.
2.37).

The Late Volgian (localities 3, 8 and 13) and the earli-
est Late Ryazanian seeps (localities 2 and 5) contain rel-
atively large numbers of well preserved sponges. Sili-
ceous hexacts with internal channel indicate siliceous
sponges, but rare tetraxons diverging at a 120° angle
show that demosponges were also present (de Lauben-
fels 1955). Recent glass sponges are most common in
moderately deep marine settings at depths between 300
and 600 metres (Leys et al. 2007), but in the Late Juras-
sic Peritethyan area they formed extensive belts of bio-
constructions in shallow water (Fliigel & Steiger 1981,
Leinfelder et al. 1993, Trammer, 1989, Krautter 1997,
Pisera 1997, Oldriz et al. 2003). However, their presence
on Svalbard does not coincide with the Oxfordian acme
of glass sponges and is probably ecologically controlled,
since they also occur in Oligocene seep deposits (Rigby
& Goedert 1996).

Siliceous sponges and demosponges are susceptible to
early biocalcification (e.g., Neuweiler et al. 2007) because
of the presence of protein components together with sil-
ica in their skeletons (de Laubenfels 1955). The degrading
organic macromolecules are known to bind Ca** and Mg**
ions on their surface, thus enabling nucleation of car-
bonate minerals in environments with increased alkalin-
ity (Reitner 1993). This model of biocalcification can be
applied with some restrictions to the Sassenfjorden seep
material. In hydrocarbon seeps, a rise of alkalinity and
formation of carbonate usually take place within the sedi-
ment (Greinert et al. 2002, Bayon et al. 2009) and bottom
waters are only rarely affected (e.g., Reitner et al. 2005).
The complete preservation of sponges in the Sassen-
fjorden seeps indicates that they were calcified rapidly
where high alkalinity occurred and sponge tissues were
protected from collapse after subsequent decay (Warnke
1995, Hammes 1995). The limited preservational poten-
tial of the sponges indicates that immediately prior to bio-
calcification they must have been populating the sea floor
and they were calcified in vivo or very early post mortem.
They probably colonised local carbonate hardgrounds
exposed on the sea bottom, and were perhaps filter feed-
ing on the free-living microbes, as has been recently sug-
gested for geodiid demosponge assemblages from the
Thuwal seeps in the northern Red Sea (Batang et al. 2012)
or from the Queen Charlotte Sound off Canada (Vaughn
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Barrie et al. 2011). Episodic deposition of thin blankets
of sediment on top of the carbonate hardgrounds popu-
lated by sponges provided an additional volume of sedi-
ment for a rise in alkalinity and in consequence allowed
sponge biocalcification. Uncovered sponges were not sub-
jected to biocalcification and decomposed into accumu-
lations of loose spicules, which were calcified in excep-
tional cases. The biocalcification within the sediment may
have been coupled with sulphate reduction (i.e., Reitner
& Schummann-Kindel 1997), giving a pyrite lining on
the inner and outer surface of the sponge (Fig. 6A). Some
of the calcified sponges may also have acted as fluid con-
duits.

We interpret the sponge boundstone microfacies as
one of the surficial facies of the Late Volgian and earli-
est Late Ryazanian Sassenfjorden seeps (localities 3, 8,
13 and 2, 5, respectively). Another surficial microfacies
found exclusively in seep 9 is bioclastic grainstone, com-
posed predominantly of worn shell fragments (Figs. 6E,
E G). Microborings and serpulid tubes encrusting some
of the bioclasts confirm that this sediment originated at
the sediment/water interface. The bioclasts are mainly
autochtonous and there is no evidence for long-distance
grain transport (Fig. 8). The local imbrication of shells
and absence of fine-grained material indicates some bot-
tom current activity during formation, although win-
nowing due to high flux from the subsurface is another
possible explanation for these observations. The smaller
bioclasts originated from the decomposition of bivalve
shells, found in large clusters in the same seep (Hammer
etal. 2011). An autochthonous origin of most of the bio-
clasts in the bioclastic grainstone microfacies is also sup-
ported by the presence of brachiopods, which so far
have not been identified outside seeps in the transitional
Jurassic-Cretaceous sediments on Svalbard (Birkenmajer
et al. 1982). Disarticulation of the shells resulted from a
variable degree of micritisation (Bathurst 1966), and per-
vasive micritisation led to the decomposition and frag-
mentation of bioclasts into small detrital peloids (Fig.
6G). A similar process of clast micritisation and decom-
position has been recognised in recent (Reid et al. 1992)
and fossil (Samankassou et al. 2005) marine sediments.
Peloids formed in this way are not synonymous with, and
should not be confused with faecal peloids from peloidal
packstone (see Fliigel 2004, p. 110, for discussion of pel-
oid terminology).

In bioclastic grainstone micritisation of the clast peri-
pheries is associated with the occurrence of cortoids (Fig.
5F). These grains are bioclasts coated with either con-
structive (Kobluk & Risk 1977) or destructive, Mg-cal-
cite, micritic cover (Bathurst 1966, Reid & Macintyre
2000). In shallow-water sediments the destructive cover
is usually attributed to the activity of phototrophic
microendoliths (Peryt 1983). This link seems rather
unlikely in the Sassenfjorden seeps, which were located at
outer to middle shelf depths, almost certainly below the
photic zone (Dypvik et al. 1991b). It is likely that in the
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seep environment, cortoid development could be par-
tially enhanced by intense activity of chemoautotrophic
and heterotrophic microorganisms, forming films and
mats on bioclastic substrates (e.g. Barbieri & Cavalazzi
2005). However, micritic covers developed preferen-
tially around aragonite bivalve shell fragments and not
on more resistant brachiopod and serpulid calcitic skel-
etal fragments (Fig. 7B). This indicates that micritisa-
tion was localised to less resistant aragonite and suggests
that an inorganic process due to partial dissolution and
recrystallisation was the causative mechanism (Winland
1968, Alexandersson 1972, Fliigel 2004). This inorganic
process usually affects aragonite or Mg-calcite, which
lose Mg to the surrounding undersaturated fluids and
turn into more stable low-Mg calcite with a lower con-
centration of Mg (Neugebauer & Ruhrmann 1978, Flii-
gel 2004). A very early diagenetic origin of the calcite
envelope is indicated by the preservation of the original
lamellar structure of the bivalve bioclasts (Fig. 5F); the
more resistant calcite prevented the dissolution of the
original aragonitic structure during subsequent diage-
netic stages (Winland 1968).

The Late Ryazanian seep 10 and especially the latest
Ryazanian seep 9 contain remains of fossil glass sponges
in the form of tuberoids (Fig. 5H). Tuberoid formation is
a result of patchy biocementation of a decaying sponge
body and takes place above the sediment column or in
the shallow subsurface in yet uncemented sediment.
After subsequent decomposition of sponges, tuberoids
are spread around and mixed with other grains (Warnke
1995). In seeps 9 and 10 the presence of tuberoids, and
micritised and microbored shells indicate prolonged res-
idence on the sea floor. We interpret the change of mode
of preservation of sponges within the Sassenfjorden seep
carbonates from complete sponges (Late Volgian to earli-
est Late Ryazanian, Fig. 6A) to tuberoids (Middle to Late
Ryazanian, Fig. 5H) as evidence for prolonged exposure
on the sea bottom and increased time averaging within
surficial sediments of seep 9 as compared with older
seeps. In the Late Volgian to the earliest Late Ryazanian,
the Sassenfjorden sponges were covered with mud which
favoured their complete preservation. However, in the
Late and especially latest Ryazanian bottom conditions
prevented their preservation. Among the possible causes,
omission by bottom currents removing the fines seems
to be likely, especially in connection with the occurrence
of glaucony and imbrication of bioclasts. The relative
longevity of this seep could have enabled the mixing of
tuberoids with large amounts of autochthonous, coarse-
grained, shelly material even in a relatively low-energy
setting.

Bioclasts and tuberoids in rock-forming amounts occur
exclusively in seep 9. This may be a result of several cou-
pled circumstances. Seep 9 is the only seep where clus-
ters of bivalves developed (Hammer et al. 2011), provid-
ing an abundant supply of coarse-grained material. This
is also the only seep spanning more than one ammonite



NORWEGIAN JOURNAL OF GEOLOGY

biochron (Wierzbowski et al. 2011), which may have
influenced the amount of shell material available for con-
densation and, in consequence, enabled the formation of
a lag of coarse-grained bioclastic grainstone. Moreover,
seep 9 is markedly larger than the other seep carbonates,
which influenced the volume of available shell material.
It is possible that these factors acted as positive feedbacks
and the accumulation of bioclasts enabled more substrate
for colonisation by shelly organisms, again increasing the
volume of accumulating bioclasts.

A phenomenon known from some recent pockmarks
from shallow-water settings is concentration of coarse-
grained material in the depression (e.g, Hammer &
Webb 2010). The exact cause of this phenomenon
remains unknown. It may, however, be linked with
increased current activity inside pockmarks due to cur-
rent deflection (Hammer et al. 2009). Similar processes
have been observed in some recent examples (e.g., Boe et
al. 1998), where the increased current activity is likely to
resultin a relative enrichment of the coarser grains. The
processes observed within seep 9, such as accumulation
of autochtonous material, prolonged exposure on the
sea bottom and removal of fine material by currents are
in general agreement with processes observed in recent
pockmarks. However, as stated above, the intense frost-
wedging and permafrost-related slumping means that
the original shape of the carbonate body and its relation-
ship to the surrounding sediments is poorly constrained.

Palaeobathymetry

The bioclasts that accumulated in seep 9 contain vari-
ous microborings, which can be used as a tool for esti-
mating palaeowater depth (cf. Glaub 1994, Glaub &
Bundschuh 1997). A similarity between recent and fossil
forms allows the use of actualistic studies for palaeo-
bathymetrical analysis. In the Sassenfjorden seeps,
relatively rare, perpendicular, club-shaped microbor-
ings (Fig. 7A) are within the range of shapes and sizes
represented by macrotubular forms sensu Glaub 1994
(see also Vogel & Brett 2009, fig. 35). Galleries paral-
lel with the shell surface with the same range of diam-
eters as macrotubular forms may be connected in a sin-
gle system with perpendicular microborings. Macrotu-
bular forms are smaller than most of the borings made
by polychaetes (see Pemberton et al. 1988 for compari-
son) and are usually compared with fragments of sys-
tems made by phoronids (Voigt 1975, Glaub 1994). The
facies-crossing character of these microborings attrib-
uted here to types I and IT makes them less useful for pal-
aeobathymetric reconstructions (Glaub 1994). It should
be noted that the direct assignment of producer to spe-
cific microborings is connected with speculative simpli-
fications (see discussion in Pickerill & Harland 1984),
and forms similar in cross-section to the forms described
herein can also be compared with undescribed micro-
borings of presumed bryozoan origin (e.g., Vogel &
Marincovich 2004, fig. 4.5) as well as with Rogerella isp.
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created by acrothoracican cirripedia (Senowbari-Daryan
etal. 1993) or Podichnus isp. by the pedicle of articulated
brachiopods (Bromley & Surlyk 1973). Whichever solu-
tion is chosen for the material in question, the microbor-
ing morphological types I and II were non-phototrophic
and likely had wide bathymetrical distributions.

Type III microborings, composed of thin (up to 20 pum)
galleries entangling around the bioclasts and in places
penetrating inside, are also taxonomically problematic.
Galleries parallel with the substrate are similar in size to
fossils from the ichnogenus Orthogonum, which is some-
times attributed to fungi (Radtke 1991, Glaub 1994).
However, it should be kept in mind that thin galleries
entangling the bioclast can also be ascribed to other ich-
nogenera, like Reticulina or Eurygonum, and attribut-
ing the Svalbard material to any of these is not possible
at the present time. Penetration of fungal hyphae inside
the bioclasts is perfectly possible, but we have failed to
find any bulbous chambers for sporangia to prove the
fungal affinities of the microborers. Furthermore, the
thin branches penetrating inside the bioclasts (Fig. 5F)
and diverging at acute to right angles do not show a
reticulate pattern and do not rejoin after diverging once,
so a sponge affiliation is also possible (Pickerill & Har-
land 1984). As well as for microtubular forms, a non-
phototrophic mode of nutrition can also be postulated
here and such forms have been suggested to occupy all
depths, though with greater accumulation in the deeper
bathymetrical zones (Glaub 1994). This is in agreement
with the outer to middle shelf interpretation of Dypvik et
al. (1991b).

Indirect evidence for proximity to the photic zone is
given by well preserved specimens of Epistomina sp., an
aragonitic foraminiferal genus which is considered to be
a grazing herbivore and accompany seaweeds (Reolid et
al. 2008). It is also a sensitive indication of phytodetri-
tus input (Reolid 2012, pers. comm.). Grazing on non-
phototrophic microorganisms is, however, also a possi-
ble explanation for the presence of Epistomina sp. The
specimens are well preserved and do not show any signs
of transport (Hjalmarsdottir et al., 2012, fig. 5k), They
may come from pseudoplanktonic falls, as testified by
abundant wood remains, scattered in the Sassenfjorden
seep carbonates (Hammer et al. 2011) and in the entire
Slottsmeya Member.

Stratigraphic evolution

The stratigraphic distribution of the Sassenfjorden seeps
shows that the highest percentage of peloidal facies
occurs especially in the Volgian seep carbonates (seep
bodies 3, 8 and 13). The earliest Late Ryazanian seeps
(seep bodies 1, 2 and 5) have features shared with the
Late Volgian seeps (sponge microfacies) and the latest
Ryazanian seep 9 (calcareous mudstones). In contrast to
the Late Volgian, the latest Ryazanian seep is composed
predominantly of calcareous mudstones (Fig. 3). A
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similar distribution pattern is observed for the sponges,
which are common in the Late Volgian seep carbon-
ates and occur only sporadically within the earliest Late
Ryazanian carbonates, being replaced by bioclastic grain-
stones with tuberoids in the latest Ryazanian. We infer
that this trend observed in the stratigraphic distribution
of microfacies is connected with a change in properties of
the background sediments (Dypvik et al. 1991b, fig. 13).
The Late Volgian seeps developed in relatively imperme-
able muds, where flow was restricted to narrow zones
of pelletised sediments. This influenced the duration of
flow and resulted in a self-sealing of seeps by the local-
ised formation of carbonates (Hovland 2002), result-
ing in short-lasting seeps (Wierzbowski et al. 2011). The
earliest Late Ryazanian seeps have some transitional fea-
tures. The latest Ryazanian seep developed in more per-
meable silts and sands, which dispersed fluid flow and
allowed long-lasting seepage.

All seeps investigated are developed in a condensed
interval six metres in thickness (Fig. 2). Based on the
profile presented by Dypvik et al. (1991b, fig. 13) and on
discussion of the sedimentology of the overlying sedi-
ments (Dypvik et al. 1992), Wierzbowski et al. (2011, p.
274) connected the stratigraphic condensation of the
seep interval with a general shallowing that took place
during the whole seep interval, starting at least in the
Late Volgian. The present study confirms the condensed
nature of the interval investigated, with a possible change
of sediment character in the uppermost part of the
Slottsmgya Member just before the latest Ryazanian.

Conclusions

1. The Sassenfjorden seeps represent the effects of seep-
age during a period of c.a. 9 m.y. in a low sedimenta-
tion rate setting.

2.Early carbonate formed within the sediment makes
up the bulk of the authigenic carbonate. Carbonate
formed around the sediment/water interface is volu-
metrically far less important.

3.Early carbonate formed within the sediment has rel-
atively low diversity, comprising peloidal pack-
stones and calcareous mudstones. Peloidal packstone
is a result of faecal pellet accumulation by sediment
removal by fluid flow and early carbonate authigene-
sis within permeable pelletised sediment. Calcareous
mudstone is carbonate formed in impermeable muds
in the immediate surroundings. Carbonate formed
around the sediment-water interface comprises diverse
carbonate microfacies, representing different micro-
environments on the top of the seep carbonates. They
are represented by carbonate slabs colonised by serpu-
lids, sponges that inhabited the surface of the carbon-
ate, and accumulation of disintegrated and worn shell
fragments.

4.The microboring assemblage from the latest Ryaza-
nian seep 9 consists mainly of heterotroph and
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chemoautotroph trace fossils. No obvious photoauto-
troph traces have been identified. Palaeowater depth
in the latest Ryazanian thus exceeded that of the pho-
tic zone. The proximity of the photic zone, however,
is indirectly indicated by the presence of algal-grazing
foraminifera.

5.The Late Volgian to Late Ryazanian seeps developed in
relatively impermeable muds. They were short-lasting
due to obscured fluid flow and self-sealing of conduits
by precipitating carbonate. Sediment changed to more
permeable silts and sands before the latest Ryazanian.
The latest Ryazanian seep developed in permeable silts
and sands, which facilitated a more undisturbed fluid
flow. The longevity influenced the size of this seep car-
bonate and resulted in the accumulation of large vol-
umes of coarse-grained material.
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