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A B S T R A C T

The non-unique correspondence between seismic and subsurface geology is a fundamental problem when in-
terpreting seismic data sets. Synthetic seismic models of outcrop analogs are commonly constructed to cover the
gap between the small-scale outcrop observations and low-resolution seismic data.

The Permian biosiliceous carbonate – carbonate sediments on Spitsbergen are characterized by a wide
variability in lithologies and microfacies determining the petrophysical properties (e.g., porosity, acoustic
properties) that consequently complicate seismic interpretation. This study uses 1D and 2D synthetic seismic
modelling techniques (at different resolutions) to gain an understanding of how seismic reflectors are expressed
with respect to the sediment distribution, aiming to facilitate real seismic interpretation.

In the study area, nine microfacies were defined that were used to produce a geological model displaying
small-scale microfacies variations within a well-defined sequence stratigraphic framework. Laboratory derived
petrophysical properties (Vp, ρBulk and AI) were assigned to each predefined microfacies body in the geological
models in order to construct acoustic impedance models that were used to produce synthetic seismograms.

The appearance of the seismic reflectors in the synthetic seismic profiles is primarily controlled by changes in
mineral composition and link to spatial microfacies distributions within the depositional sequences. Differences
in acoustic impedance and the origin of synthetic seismic reflections within a single microfacies type are mainly
caused by porosity contrasts (varying between 5 and 20%) and diagenetic modifications such as chertification
and cementation. This detailed information cannot be derived from the low-frequency seismograms (25–100Hz)
resulting in changes in seismic expression when seismic resolution diminishes.

Comparison with time equivalent, real and synthetic seismic data of the Finnmark Platform reveals simila-
rities with the synthetic seismic reflection patterns of Spitsbergen. In both areas, the pronounced seismic traces
follow abrupt microfacies transitions, which are coherent with cycle boundaries and timelines.

1. Introduction

Field-based studies are fundamental for understanding sedimentary
systems e.g., geometry, the lateral and vertical heterogeneity of the
sediments. Continuous exposures allow for observations at all scales
(mm to km) and provide insights into the small-scale heterogeneities
within a sequence stratigraphic framework (Janson et al., 2007;
Schwab et al., 2007; Zeller et al., 2014). An outcrop-based analysis is
the most convenient method to identify the best exploration and pro-
duction techniques in the hydrocarbon industry. Synthetic seismic

models derived from outcrop studies can be of use for comparison with
seismic datasets (Zeller et al., 2014, 2015).

Accurate interpretation of low-resolution seismic data is one of the
main factors of successful hydrocarbon exploration programs (Bacon
et al., 2007). However, indirect measurements of seismic data and
mostly incorrect prediction of subsurface geology are the fundamental
potential problems in seismic interpretation (Alves et al., 2014; May
and Hron, 1978). A method to calibrate and ground-truth seismic
analysis is to construct synthetic seismic models resulting from a pre-
defined geological framework and associated petrophysical data
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obtained from outcrops. These models can not only fill the gap between
high-resolution outcrop observations and low-resolution seismic data,
but can also answer questions related to the origin of the seismic re-
flectors (Bracco Gartner, 2000; Falivene et al., 2010; Janson et al.,
2007; Kenter et al., 2001; Kleipool et al., 2015; Schwab et al., 2007;
Zeller et al., 2015).

1D synthetic seismic traces provide the direct comparison of the
seismic response and the associated rock properties. 2D synthetic
seismic profiles resulting from a sequence stratigraphic framework
allow for a comparison with real seismic data (Hodgetts and Howell,
2000). The usability of the seismic outcrop modelling is validated by a
comparison with real seismic data of comparable sedimentary systems.
This analogy can help to understand to what extent subsurface and
outcrop are similar, and how much information from the outcrop can be
used for reservoir models. (Bracco Gartner, 2000; Falivene et al., 2010;
Jacquin et al., 1991; Ravenne and Vially, 1988; Schwab et al., 2007).

This study focuses on three selected outcrops, sections Kapp Fleur de
Lys, Idodalen, and Tålmodryggen, on Spitsbergen (Svalbard
Archipelago, Norway) (Fig. 1). The outcrops cover the Permian biosi-
liceous carbonate to carbonate succession of the Gipshuken and Kapp
Starostin Formations representing two different carbonate factories.
From bottom to top they are: (i) a tropical factory (T-factory, Schlager,
2005) with a photozoan microfacies association e.g., green algae and
benthic foraminifera; and (ii) a cool and cold-water factory (C-factory,
Schlager, 2005) with associated heterozoan biota, e.g., brachiopods,
bryozoans, echinoderms, and siliceous sponges. The carbonates formed
by the T-factory show a flat-topped platform geometry with a shallow-
water lagoon and steep slopes. The carbonates associated with the C-
factory lack platform rims and tend to form seaward sloping profiles in
equilibrium with wave action, resulting in a ramp-type morphology
with spiculitic mound structures.

The petrophysical properties, depositional setting and sequence
stratigraphy of the investigated area have been studied in detail
(Blomeier et al., 2011, 2013; Ehrenberg et al., 2001; Jafarian et al.,
2017a,b) and were used as primary input for the synthetic seismic
analysis. The seismic models were produced using multiple frequencies
(25, 35, 50, 100, 200, and 400 Hz). The output is compared with the
microfacies, rock property distribution and the general stratigraphic
framework exposed in the outcrop. This comparison is used to examine
the ability of seismic frequencies to resolve outcrop observations and
will help to explain how much of the lithologic information ideally can
be obtained from seismic data (Janson et al., 2007; Kleipool et al.,
2017).

The biosiliceous and carbonate sediments researched are marked by
a wide variability of petrophysical properties (porosity, density, and
acoustic properties), which complicate seismic interpretations (Jafarian
et al., 2017a). These deposits are reservoir rocks in various basins, e.g.,
the Permian Basin (West Texas; Montgomery, 1998) and the Finnmark
Platform (Norwegian Barents Sea; Colpaert et al., 2007; Ehrenberg
et al., 2001). Therefore, this study will be of benefit in understanding
the seismic expression of the biosiliceous carbonate – carbonate suc-
cession and link the sedimentological and petrophysical properties re-
trieved from outcrop studies to seismic data in reservoir analogues.

2. Geological setting

During the Upper Palaeozoic, the Franklinian epicontinental shelf
was situated at the northern rim of Pangea. It was arranged into a series
of platforms and basins, e.g., Svalbard, the Finnmark Platform, and
Stappen High (Barents Sea), the Wandel Sea Basin (eastern North

Greenland), the Sverdrup Basin (Arctic Canada) and the Timan-Pechora
Basin (Russia). This platform-basin configuration gradually moved from
nearly low-latitude position at 25°N in the Upper Carboniferous to a
more northern position at approximately 45°N in the Upper Permian
(Golonka, 2002; Scotese and Langford, 1995).

Spitsbergen is the main island of the Svalbard archipelago (Fig. 1A)
and shows a well-exposed upper Palaeozoic sedimentary succession
comprising the Early Carboniferous to Early Permian Gipsdalen Group
and the Early to Late Permian Tempelfjorden Group (Fig. 1B) (Nakrem
et al., 1992).

The Templet Member is the top part of the Gipshuken Formation
(upper formation of the Gipsdalen Group) in Central Spitsbergen and
shows the deposition of evaporite/carbonate cycles indicating re-
stricted, peritidal platform settings and sabkha (Dallmann et al., 1999).
Lower Permian (Artinskian) sediments related to the regressive phase
are observed in the Templet Member tops and are marked by intensely
altered intraformational clasts embedded in fine-grained sediment or
blocky sparite representing an exposure surface (Fig. 1B) (Blomeier
et al., 2011; Ehrenberg et al., 2001; Groen, 2010).

The Tempelfjorden Group comprises the Kapp Starostin Formation
in Central and NE Spitsbergen as well as Nordaustlandet (Fig. 1B). It
starts with the Vøringen Member (except the Brøggerhalvøya) that is
marked by heterozoan limestones (brachiopods, echinoderms,
bryozoans) accumulating in cool-water conditions of a nearshore set-
ting during a marine transgression (Blomeier et al., 2011, 2013). The
member is succeeded by spiculitic cherts representing cold and deep-
water environments, which are associated with a number of palaeo-
geographic (closure of the Ural Ocean) and palaeoceanographic varia-
tions (upwelling of cold, nutrient-rich deep waters) (Beauchamp, 1994;
Blomeier et al., 2011, 2013; Stemmerik and Worsley, 1989).

In Central Spitsbergen, the upper part of the Kapp Starostin strata is
described as the Stensiöfjellet Member which is composed of glauco-
nitic sandstones, limestones and spiculitic cherts representing near-
shore deposition (Fig. 1B) (Dallmann et al., 1999). The transition of the
Stensiöfjellet deposits to the overlying Sassendalen Group (Triassic) is
characterized by a rapid shift to marine siliciclastics (shales, siltstones
and to a lesser extent sandstones) (Blomeier et al., 2011; Dallmann
et al., 1999).

3. Methods

3.1. Input parameter

Previous work on Svalbard comprised detailed field and laboratory
analyses to study the Templet strata and the Kapp Starostin successions
(Blomeier et al., 2011, 2013; Ehrenberg et al., 2001; Jafarian et al.,
2017a,b). Geological parameters such as microfacies characteristics,
stratigraphic framework, and petrophysical properties (sonic velocity,
porosity, and bulk density) were acquired from sections described
during earlier studies. This information was used as input to construct a
geological model (GM), an acoustic impedance model (AIM) and re-
sulting 1D and 2D synthetic seismic models.

3.2. Geological framework

During fieldwork in Central Spitsbergen, three sections, Kapp Fleur
de Lys (KF), Idodalen (ID), and Tålmodryggen (TR), have been mea-
sured (e.g., lithology, components, sedimentary structures, and colour)
that range in thickness from 97m to 139m. Based on thermogravi-
metric analysis (TGA) and thin section analyses (texture and

Fig. 1. A) Geological map of the Svalbard archipelago. Strata studied for this paper are of the Permian age indicated with the green shaded parts on the map (Dallmann et al., 1999).
Sections location on Central Spitsbergen (Kapp Fleur de Lys (KF); Idodalen (ID); Tålmodryggen (TR): present study; and Dickson Land (D-L): Ehrenberg et al., 2001) and NE Svalbard
(Eremitten (E); Hódbreen (H); Selanderneset (S); Zeipelfjella (Z): Blomeier et al., 2011, 2013) are indicated. A-A″ and B-B″ indicate cross-sections used for the geological profiles in Figs. 4
and 5. B) Chronostratigraphic framework and main lithologies in the Permian succession of Svalbard (adapted from Dallmann et al., 1999) with a schematic overview of the stratigraphic
positions of the studied sections and formations. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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composition) on 39 samples collected from the sections, nine different
microfacies were distinguished covering a proximal and distal part of
the depositional system. Individual samples were used to characterize
the vertical microfacies distribution in three stratigraphic sections from
Central Spitsbergen and provide a geological framework for 1D syn-
thetic seismic logs.

The environmental microfacies interpretation was used to identify
the relative water depth during deposition and to develop a sequence
stratigraphic model for the measured sections. Based on the sedi-
mentological observations (bed-scale to outcrop-scale) and sequence
stratigraphic correlations, the microfacies distribution panel over
Central Spitsbergen (section D-L: Ehrenberg et al., 2001; sections KF,
ID, and TR: Jafarian et al., 2017b) and NE Svalbard outcrops (sections
E, H, S, and Z: Blomeier et al., 2011, 2013) was established, which
represents the geological model (GM).

The defined microfacies in the GM were vertically extrapolated to
reach an equal height, thus filling the eroded zones of the upper portion
of the sections. Without the extrapolation, some areas would remain
unfilled and seismic artefacts could show up (Kleipool et al., 2017). This
model was used during the 2D synthetic seismic modelling and allowed
comparison with real seismic data (Hodgetts and Howell, 2000).

3.3. Acoustic impedance model (AIM)

In order to construct synthetic seismic logs and profiles of outcrops,
it is important to understand the petrophysical characteristics of the
individual microfacies. The product of compressional velocity (Vp) and
bulk density (ρBulk) is the acoustic impedance (AI) which is the key
property controlling the seismic response (Stafleu, 1994).

Velocity values were measured under realistic subsurface confining
pressure (40MPa: representing around 1,5 km depth) to ensure that the
terminal velocity of each sample is reached (Bourbié et al., 1987). In the
subsurface, rocks are saturated with brine in nearly all settings. The
Gassmann fluid substitution (Gassmann, 1951) predicts saturated
compressional wave velocities. It assumes that shear moduli remain
constant during fluid substitutions while many carbonate rocks show
shear weakening or shear strengthening (Adam et al., 2006; Baechle
et al., 2005). Due to this limitation of the Gassmann theory we used dry
P-wave velocities. Besides that, due to generally low porosity, fluids or
gasses which can fill intergranular space within sedimentary rocks are
excluded. Thus, the dominant intergranular space is assigned to cement
or micrite.

This biosiliceous – carbonate depositional system is marked by a
wide variability in microfacies types. Hence, the average values of the
dry P-wave velocity (at 40MPa) and dry bulk density (ρBulk) of each
defined microfacies were multiplied to calculate acoustic impedances
(Eq. (1)).

= ∗AI Vp ρBulk (1)

Calculated averages of porosity, dry bulk density (ρBulk), dry P-
wave velocity, and the acoustic impedance of each microfacies were
assigned to the individual microfacies bodies in the GM to show the
spatial distribution of petrophysical properties within sections. In some
microfacies (MFTs-1, 2 and 6), only one sample was accessible. The
acoustic impedance model (AIM) was used to create 2D synthetic
seismic profiles.

To construct 1D synthetic seismic logs, vertical microfacies transi-
tions in the sections (KF, ID, and TR) were used. The acoustic im-
pedance values of each sample of the individual microfacies were cal-
culated and assigned to the corresponding layers in the sections.
Sampling gaps in the sections were populated with calculated im-
pedance values based on their microfacies characteristics (colour, tex-
ture, grain size, components) provided by the detailed stratigraphic
field logs.

3.4. Synthetic seismic modelling

Vertical changes in acoustic impedance are used to calculate the
reflection coefficients (R) (Eq. (2)) (Stafleu et al., 1994). To create a link
between the rock properties and real analogue seismic data, the vertical
reflection coefficients (R) were convoluted to seismic traces using a
zero-phase Ricker wavelet (Ricker, 1953) at various frequencies (25,
35, 50, 100, 200, and 400 Hz). The output was imported into SeisLab,
an application written in MATLAB® (MathWorks, Natick, Massachu-
setts, USA) visualizing seismic models. To generate a continuous 2D
seismic profile a series of 250 shotpoints are interpolated, the 1D syn-
thetic seismic log is created from a single shotpoint.

=
−

+

R AI AI
AI AI

2 1
2 1 (2)

Zero-phase wavelets were selected because they have a higher re-
solution than minimum phase wavelets and the peaks of Ricker wave-
lets are centred at the reflecting boundaries (Schoenberger, 1974).

In 1D and 2D seismic models, the increment in acoustic impedance
is represented by hard-kick signals (positive peak; red) and the decrease
in acoustic impedance is characterized by soft-kick signals (negative
peak; blue).

The vertical resolution of the high-frequency seismic signal was
approximated at 3.5m (quarter wavelength criterion assuming a
400 Hz peak frequency and 5500m/s average velocity; Eq. (3)), which
decreased to about 55m when lowering the wavelet frequency to 25 Hz.
The 25–50 Hz frequencies are commonly used in E&P industry, since
they may reach potential hydrocarbon depths (Stafleu et al., 1994). The
low-frequency synthetic seismic models are used for comparison with
subsurface seismic data. The high-frequency wavelets (100–400 Hz) do
not reach that depth but emphasize which features of the depositional
setting such as microfacies distribution and geometry were overlooked
with decreasing wavelet frequency.

=

( )
Wavelength λ

Velocity

Frequency Hz
( )

( )

m
s

(3)

4. Results

4.1. Microfacies analyses

The studied succession covers a large variety of microfacies types.
Nine microfacies types were recognized according to their lithology,
texture, grain size, main components and consequently their deposi-
tional environment (Fig. 2). The following microfacies types were de-
fined: MFT-1: Sandstones, MFT-2: Clay-to siltstones, MFT-3: Spiculitic
massive cherts, MFT-4: Spiculitic bedded cherts, MFT-5: Coarse-
grained, bryozoan limestones, MFT-6: Lithoclastic rudstones (carbonate
breccias), MFT-7: Fine-grained, mixed-bioclastic limestones, MFT-8:
Microbial limestones, MFT-9: Coarse-grained, brachiopod limestones.
Table 1 provides more detailed information of the individual micro-
facies types, e.g., porosity, mineralogy, acoustic impedance. An ex-
tensive description of the microfacies can be found in Jafarian et al.
(2017b).

4.2. Sections

4.2.1. Kapp Fleur de Lys section (Section KF)
At this location (Figs. 1 and 3), the Templet Member is marked by

an alternation of microbial limestones and mudstones (MFT-8) that are
succeeded by lithoclastic rudstones (carbonate breccias; MFT-6). It
shows an increase in thickness when moving from Kapp Fleur de Lys
section to Tålmodryggen section (Fig. 3). The contact of the Templet
and the overlying Vøringen Members is not exposed (Groen, 2010;
Jafarian et al., 2017b). The succeeding Vøringen Member comprises
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silicified, bioclastic limestones (MFTs-7 and 9), which show a fining-
upward trend. A monotonous series of bedded and massive cherts
(MFTs-3 and 4) with claystone partings (MFT-2) characterizes the Kapp
Starostin Formation. The uppermost part of this section shows a suc-
cession of chert units (MFTs-3 and 4) grading into silicified, bioclastic
limestones (MFT-9) and glauconite-rich sandstones (MFT-1) con-
stituting the Stensiöfjellet Member.

4.2.2. Idodalen section (Section ID) and Tålmodryggen section (Section
TR)

In sections ID and TR, the deposits of the Templet and Vøringen
Members are lithological analogous to those outcropping in section KF
(Figs. 1 and 3). However, in section TR, the Vøringen Member starts
with a basal limestone breccia (MFT-6), which is absent in sections KF
and ID (Fig. 3). This basal part is overlain by bioclastic cherty lime-
stones (MFTs-7 and 9) and sandy horizons (MFT-1). In both localities
(sections ID and TR), the deposits of the Kapp Starostin Formation
continue with chert units (MFTs-3 and 4) and dark claystone horizons
(MFT-2). The succession gradually shifts into silicified, heterozoan
carbonates (MFT-5) which are less developed within section ID and not
exposed at section KF.

4.3. Sequence stratigraphy

Based on the interpretations of depositional environments, the
herein-defined microfacies are arranged in cyclic patterns developed by
fluctuations of relative sea level (Fig. 3).

The Early to Late Permian (Artinskian to Kazanian) biosiliceous –
carbonate succession on Spitsbergen shows a second-order cycle with a
duration exceeding twenty Myr (Nichols, 1999), which can be sub-
divided into five third-order sequences (Jafarian et al., 2017b) (Fig. 3).
The third-order parasequences (S0, S1, S2, S3, and S4) are packages of

beds that demonstrate a progradational pattern with a thickness of
several tens of meters and a range of one to ten Myr (Nichols, 1999).
The boundaries of the parasequences (PSB1, PSB2, and PSB3) are
marked by an abrupt rise in relative sea level followed by a sudden shift
from shallow (e.g., carbonates and sandstones) to deep marine micro-
facies (e.g., claystones and cherts). The top of the shallowest unit is
interpreted as the parasequence boundary. However, SB shows the
boundary between the Templet (S0) and Vøringen (S1) Members, which
is characterized by the lowest base level in the studied area and re-
presenting periods of subaerial exposure. This surface is interpreted as
the sequence boundary and indicates a hiatus. PSB1 separates the
Vøringen Member from the Kapp Starostin Formation (S2) and, PSB2
and PSB3 are positioned between the shallowest and deepest units
within the Kapp Starostin strata.

The following parasequences were defined:

• (S0): This cycle comprises Templet Member developing in a mar-
ginal marine environment. It shows a progradational pattern, which
is marked by microbial limestones (MFT-8) topped by carbonate
breccias (MFT-6) and Microcodium bearing sediments suggesting
periods of subaerial exposure (Fig. 3). Hence, the upper part of this
regressive cycle is interpreted as an unconformity boundary (SB).

• (S1): This parasequence contains the Vøringen Member. At section
ID (not exposed in section KF) this cycle is started with claystone
horizon (MFT-2) that represents a substantial relative rise in sea
level (Fig. 3). In section TR, heavily altered extraclasts (MFT-6) of
older strata within the lower part of the Vøringen Member, indicate
erosion of earlier deposits through high wave energy (during
transgression) in the shallow-water area. The shallowing-upward
trend is marked by coarse-grained, bioclastic limestones (MFT-9)
(Blomeier et al., 2011; Groen, 2010). The occurrence of fine-
grained, heterozoan limestones (MFT-7) at the top of this succession

Fig. 2. Thin section photographs of each distinguished microfacies: A: MFT-1, Sandstones (Sk-1.41.1); B: MFT-2, Clay-to siltstones (FE-1.7.2); C: MFT-3, Spiculitic massive cherts (TR-
1.62.1a); D: MFT-4, Spiculitic bedded cherts (TR-1.18.1); E: MFT-5, Coarse-grained, bryozoan limestones (ID-1.26.4); F: MFT-6, Lithoclastic rudstones (carbonate breccias) (TR-1.19.1); G:
MFT-7, Fine-grained, mixed-bioclastic limestones (TR-1.18.1); H: MFT-8, Microbial limestones (ID-1.3.1); and I: MFT-9, Coarse-grained, brachiopod limestones (KF-1.9.1).
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might record a renewed deepening of the depositional environment
at the transition into the overlying parasequence.

• (S2, S3, and S4): Cycles S2, S3 and S4 in the Kapp Starostin
Formation show a similar microfacies arrangement, from basal
claystone horizon and bedded cherts (MFTs-2 and 4) to massive
chert (MFT- 3). These deposits locally followed by a coarsening and
shallowing-upward trend into bioclastic limestones (MFT-5) (Fig. 3).

Lower-order sea-level variations (fourth and fifth-order cycles) or
high-energy storms locally disturb parasequences (S2, S3, and S4) and
subdivide them into a number of temporally shoaling-upward cycles
(Jafarian et al., 2017b) (Fig. 3).

4.4. Geological model (GM)

Lateral modelling of sedimentary facies provides a better under-
standing of the microfacies variability during sedimentation. Based on
the microfacies distribution and defined sequence/parasequence
boundaries, third-order sequences and associated microfacies in Central
Spitsbergen and NE Svalbard are laterally correlated to produce a
geological model (GM) (Figs. 4 and 5) (Jafarian et al., 2017b). The
latter shows that section TR (Central Spitsbergen) is positioned in a

proximal shallow-water setting marking by a higher input of extraclasts
and sand content in the Vøringen Member and a greater portion of
shallow-water microfacies (limestones) in the Kapp Starostin Formation
(Fig. 4). Towards section KF, limestones gradually become thinner
while deep-water bedded cherts (MFT-4) increase in thickness.

There is an overall limited lateral microfacies variation, and com-
parable sedimentation patterns occur along NE Svalbard up to Central
Spitsbergen (Figs. 4 and 5). The geological models (GM) suggest that NE
Svalbard is positioned at a low accommodation locality as shown by the
thinner sequences and shallower microfacies (massive cherts, sand-
stones, and bioclastic limestones) of the Kapp Starostin Formation.
However, the Vøringen Member shows deeper-water sedimentation
(bryozoan limestones) in this area compared with Central Spitsbergen
(Figs. 4 and 5).

4.5. Petrophysical properties

The 39 samples that were used for modelling represent a wide range
of petrophysical properties (Table 1; Fig. 6).

The mineralogical composition of the sediments covers a broad
range of carbonate contents from 0.4% to 97.6%. The carbonate content
decreases from the Templet Member to the Kapp Starostin Formation

Table 1
Petrophysical properties and Textural characteristics, occurrence, and environmental reconstruction of the microfacies types (MFTs) from Spitsbergen.

MFT-
Number MFT-Name Carbonate

range (%) 
Porosity 

range (%) 

Bulk
density 

range (g/cc) 

Vp 
(40MPa) 
(km/s)

Acoustic
impedance

range (Nsm-

3)

Dominant 
pore type Texture Components Occurrence Depositional

environments

MFT-1  Sandstones 0.40 11.8 2.35 4.46 10.49 Reference  Sandstone
Well-sorted, edge-rounded to 
rounded, sand-sized quartz grains, 
less than 5% glauconite minerals

Kapp 
Starostin Fm.

Represent alluvial to 
shore face conditions of 
the inner shelf

MFT-2  Clay- to 
siltstones 6.80 1.0 2.59 5.39 14.00 Crack Clay- to 

siltstone

Components are not clear 
recognizable due to obliteration of 
primarily origin

Kapp 
Starostin Fm.

Reflect quiet
environments, typically 
for the deep marine area
of the outer ramp

MFT-3
 Spiculitic
massive
cherts

6.5–25.9 0.7–20.7 2.08–2.61 3.76–5.70 7.83–14.83 Crack

Packstone
to 

wackeston
e 

Abundant megaspicules, arenitic to 
ruditic skeletal fragments (often 
heterozoan). Sediments are
intensively silicified

Kapp 
Starostin Fm.

Form around and below
the SWWB

MFT-4
 Spiculitic

bedded 
cherts

4.8–45.2 0.7–2.6 2.48–2.64 4.55–5.85 11.30–15.48 Crack

Packstone
to 

wackeston
e 

Abundance microspicules and 
burrows in micritic matrix. The
deposits are affected by 
silicification

Kapp 
Starostin Fm.

Form in quiet water, low-
energy conditions below
the SWWB

MFT-5

 Coarse-
grained, 
bryozoan 

limestones

42.1–87.3 0.4–1.7 2.63–2.68 5.54–5.79 14.61–15.40 Crack Floatstone
to rudstone

Poorly sorted debris of bryozoans, 
echinoderms, occasional
brachiopods and spicules of 
sponge. Matrix is composed of 
micrite/microsparite. Sparry-filled 
inter- and intraparticle voids
present

Kapp 
Starostin Fm.

Form in distal mid ramp 
around the SWWB

MFT-6

 Lithoclastic
rudstones
(carbonate
breccias)

76.1 1.3 2.70 5.44 14.70 Reference Rudstone

Abundant angular to well-rounded 
intraformational clasts embedded in 
micritic/microsparitic matrix. 
Locally blocky or sytaxial sparite
cemens are present

Templet Mb., 
Vøringen Mb.

Within sabkha
environments, the former 
deposits are influenced 
by erosion, reworking 
and redeposition in 
diverse degrees

MFT-7

 Fine-
grained, 
mixed-

bioclastic
limestones

37.9–97.6 0.5–5.9 2.50–2.69 4.48–6.16 11.50–16.64 Crack Grainstone

Mainly fine to medium brachiopod 
shell debris and sometimes sponge
spicules are cemented by blocky 
sparite

Vøringen Mb.
Form in agitated water 
conditions around the
FWWB

MFT-8  Microbial
limestones 82.1–88.1 1.4–5.3 2.57–2.68 4.99–5.59 12.80–14.70 Crack  Bindstone

Abundant Algal mats, dense
micritic peloids and sand-sized, 
quartz grains in micritic matrix

Templet Mb. 
Reflect marginal-marine, 
tidal flats of a warm-
water carbonate platform

MFT-9

 Coarse-
grained, 

brachiopod 
limestones

87.3–93.1 1.1–2.5 2.63–2.66 5.36-5.68 14.17–14.95 Crack Rudstone

Abundant coarse-grained, well to 
poorly sorted, thick-shelled 
brachiopods, rare debris of 
bivalves, gastropods, trepostome
bryozoans and echinoderms. 
Components mainly are cemented 
by sparite

Vøringen Mb.

Reflect high-energy, 
periodic storm events, 
during which the skeletal
material was reworked 
and accumulated across
the inner ramp (above
FWWB)
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Fig. 3. A detailed overview of sedimentological sections (TR, ID, and KF) in Central Spitsbergen showing thickness, main lithology, depositional cycles (third, fourth/fifth-orders) and
sequence/parasequence boundaries (SB, PSB1, PSB2, and PSB3). Besides, acoustic impedance variations and 1D synthetic seismic traces are added. A Ricker wavelet (Ricker, 1953) is
used with an array of different frequencies (25, 50, 100, 200, and 400 Hz). The red colours are positive signals (hard-kick) and blue colours are negative signals (soft-kick). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. The geological model of Central Spitsbergen based on the sequence stratigraphy correlation showing lateral microfacies changes. Section locations (TR, ID, D-L, and KF), third-
order sequences (S0, S1, S2, S3, and S4), and sequence/parasequence boundaries (SB, PSB1, PSB2, and PSB3) are added.
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while the biogenic silica (spicules) content increases (Table 1).
Each microfacies type is characterized by different amounts of

porosity and an almost certain mineralogical composition. Porosity
values fall between 0.4% and 5.9% except for two porous samples with
11.8% (sandstones) and 20.7% (spiculitic massive cherts) porosity.
Since variability of porosity within the studied samples is generally low,
the porosity has been considered constant (average) for a given mi-
crofacies in the petrophysical input models. Thus, lateral and vertical
porosity changes within each microfacies body are not incorporated in
the 2D models while they are considered as 1D synthetic seismic logs.

The bulk density distribution shows that the lowest bulk density
value 2.08 g/cc occurs in the spiculitic massive cherts microfacies
(MFT-3), and lithoclastic rudstones microfacies (MFT-6) have the
highest bulk density value, 2.70 g/cc (Table 1; Fig. 6A). At a pressure of
40MPa, compressional velocities of the mixed facies vary from 3.76 to
6.16 km/s. The acoustic impedance values range between 7.83 and
16.64 Nsm−3 and are generally higher in the carbonate-rich micro-
facies (MFTs- 5 to 9) (Table 1; Fig. 6B).

Petrophysical input models (Figs. 7 and 8) illustrate that the highest
average porosity (11.8%) and lowest average bulk density (2.35 g/cc) is
covered by sandstone microfacies. Hence the lowest average velocity
(4.46 km/s) and acoustic impedance (10.49 Nsm−3) occurs in this

microfacies. The highest averages of Vp (5.68 km/s) and acoustic im-
pedance (15.06 Nsm−3) are measured in the coarse-grained, bryozoan
limestone microfacies (MFT-5) in combination with the lowest average
porosity (0.99%).

4.6. Synthetic seismic logs (1D)

The observed outcrop microfacies distributions on Central
Spitsbergen have been translated into synthetic seismic logs at multiple
frequencies, e.g., 25, 50, 100, 200 and 400 Hz (Fig. 3).

4.6.1. Sequence/parasequence boundary
In sections TR and ID, the sequence boundary (SB) between the

Templet and Vøringen Members is marked by a soft-kick signal in the
200–400 Hz logs (Fig. 3). In a distal realm (section KF), this boundary is
not reflected within the synthetic seismograms since the thickness of
the Templet Member falls below seismic resolution.

The 200 and 400 Hz logs show that PSB1 in section KF represents
the shift from relatively high-porous, fine-grained, mixed-bioclastic
limestones (MFT-7) of the Vøringen Member to the overlying silicified
cherts (MFT- 3) of the Kapp Starostin Formation (Fig. 3). This transition
is reflected as a low-amplitude soft-kick signal. In section TR, the upper

Fig. 5. The geological model of NE Svalbard based on the sequence stratigraphy correlation showing lateral microfacies changes. Section locations (E, H, S, and Z), third-order sequences
(S0, S1, S2, S3, and S4), and sequence/parasequence boundaries (SB, PSB1, PSB2, and PSB3) are added.

Fig. 6. A) Cross plot of measured dry P-wave velocity and bulk density for each measured sample coded by microfacies. Circle symbols indicate the measured value of one sample for each
microfacies, whereas square symbols indicate the average values for each microfacies. B) The acoustic impedance domains are arranged by microfacies type (MFT). The small squares
indicate the maximum and minimum values measured; the large square relates to the average value of the specific MFT.
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part of the Vøringen Member is marked by massive cherts, which are
lithologically similar to the overlying Kapp Starostin strata (Fig. 3).
These top chert units show a different mineralogical composition
compared with the lower carbonate sediments (MFT-9). The interface
between them is reflected as a pronounced hard-kick signal. Therefore,
facies similarity of the top of the Vøringen Member and the overlying
Kapp Starostin strata cause a downward shift in the position of PSB1
within the synthetic seismograms. In section ID, the microfacies tran-
sition within the Vøringen Member frequently changes on a meter or
sub-meter scale resulting in destructive interfering waves.

The 200 and 400 Hz logs display that in section KF, the gradual shift
from massive cherts to bedded cherts across PSB2 is expressed as a soft-
kick signal (Fig. 3). This is in contrast to the pronounced hard-kick
signal at this boundary in section ID. PSB2 in section TR is marked by a
sharp transition from bryozoan limestones to overlying shales, expected
to show a hard-kick signal at this interface (Fig. 3). However, this
transition is obliterated in the seismic seismograms, which might be due
to the limited thickness of carbonate layer falling below seismic de-
tectability.

In section KF, PSB3 separates deep-water shale and bedded cherts
from porous massive cherts of the underlying cycle. This transition is
expressed as a pronounced soft-kick signal in the 100–400 Hz logs
(Fig. 3). In contrast to section KF, PSB3 shows a distinct hard-kick signal
in sections TR and ID representing carbonates overlain by shale and
spiculitic cherts (Fig. 3).

4.7. Synthetic seismic profiles (2D)

4.7.1. Sequence/parasequence boundary
In Central Spitsbergen and NE Svalbard, the lithoclastic rudstone

(MFT-6) and shale layer (MFT-2) interface marking the sequence
boundary (SB), falls below seismic detectability. Hence, SB shows the
transition from the microbial limestones (MFT- 8) of the Templet
Member to the coarse-grained, heterozoan carbonates (MFTs- 5 and 9)
of the Vøringen Member and is reflected as a low-amplitude soft-kick
signal in the 400 Hz profiles (Figs. 9 and 10).

PSB1 displays the transition of carbonate (Vøringen Member) to
shale and spiculitic chert (Kapp Starostin Formation) and is detected as
a continuous hard-kick signal (100–400 Hz profiles) along NE Svalbard
up to Central Spitsbergen (Figs. 9 and 10). However, at the location of
section S in NE Svalbard (Fig. 5), the occurrence of massive cherts at the
top of the Vøringen strata record a renewed deepening of the sedi-
mentary environment at the transition into the subsequent para-
sequence. This shift towards the overlying shale and chert layers is
reflected as a soft-kick signal in the 400 Hz model (Fig. 10). The al-
ternating layers of sandstone and shale across the PSB1 fall below the
seismic detectability.

The high-frequency profiles (200 and 400 Hz) show that in both
areas (NE Svalbard and Central Spitsbergen), PSB2 and PSB3 generally
represent the interface between the carbonates on top of the shal-
lowing-upward cycle and the overlying deep-water cherts. PSB2 and
PSB3 are expressed as strong positive seismic signals (Figs. 9 and 10).
The facies change over, e.g., sandstone to shale, across these boundaries
thins below seismic resolution.

Fig. 7. Petrophysical input models: the distribution of bulk densities (A), porosities (B), pressure wave velocities (C) and the calculated acoustic impedances (D) are superimposed on the
geological models of Central Spitsbergen. Sections location and sequence/parasequence boundaries (SB, PSB1, PSB2, and PSB3) are added.
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5. Discussion

5.1. Interpretation of the synthetic seismic profiles

5.1.1. Structural style and morphology
The shape of the seismic reflectors follows the antecedent topo-

graphy of the studied areas (Figs. 9 and 10). Anticline and syncline
shapes can be recognized from the seismic reflectors, which imply
thickness variations of the Kapp Starostin successions. During the Per-
mian, no main tectonic movement has been documented on Svalbard.
Differences in accommodation space most likely resulted from the
distribution and reactivation of pre-existing structural elements, and
eustatic sea-level fluctuations (Blomeier et al., 2013; Ehrenberg et al.,
2001). The amplitude strength of seismic reflectors varies laterally
emphasizing lateral changes in microfacies (Figs. 9 and 10). For ex-
ample, at PSB2 in Central Spitsbergen, carbonates shift into massive
cherts frequently (Figs. 4 and 9). Moreover, destructive interference
patterns as a result of wedge-shaped sediments with microfacies alter-
nating on a meter or sub-meter scale and microfacies pinch outs, cause
a decline of amplitude reflectors and discontinuity of them in the stu-
died areas. Continuity of seismic reflections is closely related to con-
tinuity of bedding. Seismograms generated with the low-frequency
wavelets (25–100 Hz) do not show any detailed depositional geometries
such as these microfacies pinch-outs and sediment wedges (Figs. 9 and
10). This holds for NE Svalbard in particular.

5.1.2. Sequence/parasequence boundary
Since sequence/parasequence boundaries are marked by a sudden

shift from shallowest to deepest microfacies associated with high pet-
rophysical contrasts, high-amplitude seismic reflectors are expected to
occur at these transitions.

In the studied areas, the profound shift in carbonate producers from
T-factory (Templet Member) to C-factory (Vøringen Member), see
Table 2, has been associated with large-scale climatic, paleoceano-
graphic and paleogeographic changes linked to the northwards drift of
Pangea (Beauchamp, 1994; Beauchamp and Baud, 2002; Beauchamp
and Grasby, 2012; Blomeier et al., 2011; Reid et al., 2007). Based on
geological models, this carbonate switchover marks the sequence
boundary (SB), which is reflected as a low-amplitude soft-kick signal
(Figs. 3, 9 and 10).

Stafleu et al. (1994) demonstrated that the acoustic properties of
tight limestones of the Vercors (France) might be controlled by grain-
size and texture. In the studied synthetic seismic models, the low-am-
plitude, negative reflectors at SB can be explained by textural differ-
ences in carbonates resulting from depositional and diagenetic altera-
tions (Table 2). The carbonate content of the micrite-supported
sediments from the T-factory varies between 76.1% and 88.1%. These
values largely correspond to the fraction of micrite filled interparticle
space (MFTs-6 and 8). Sediments produced within the C-factory, on the
other hand, are grain-supported. The wide range of carbonate content
(37.9%–97.6%) is related to the type of grains and associated post-de-
positional processes. Diagenetic modifications such as cementation and
recrystallization can change the pore network and texture of sedimen-
tary rocks and to the associated acoustic impedance (Fournier and
Borgomano, 2007; Jafarian et al., 2017a). In the investigated areas,
bioclastic-dominated limestones associated with the C-factory (S1),
which are affected by cementation and chertification, show higher
acoustic velocities and impedances compared to the mud-dominated
limestones formed by the T-factory (S0) (Jafarian et al., 2017a). The
increase in acoustic properties can be explained by the framework of
interlocking crystals that were formed during diagenetic processes.
These rock modifications may result in higher rock rigidity and lower

Fig. 8. Petrophysical input models: the distribution of bulk densities (A), porosities (B), pressure wave velocities (C) and the calculated acoustic impedances (D) are superimposed on the
geological models of NE Svalbard. Sections location and sequence/parasequence boundaries (SB, PSB1, PSB2, and PSB3) are added.
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porosities and thus provide a better framework in conveying seismic
signals compared to a more flexible micritic matrix (Jafarian et al.,
2017a; Janson and Lucia, 2014) (Figs. 3, 9 and 10).

In the Kapp Starostin Formation, which is dominated by deeper and
cold-water spiculitic chert horizons, the carbonate content increases
towards the sequence tops as a result of third-order sea-level variations
(Figs. 4 and 5). The parasequence boundaries PSB1, PSB2, and PSB3 are
marked by an abrupt microfacies shift from carbonates to cherts (Figs. 4
and 5). Jafarian et al. (2017a) reported that an increment in carbonate
content results in an increase of acoustic velocities. The carbonate-rich
layers have higher bulk densities as well as velocities and consequently
acoustic impedances compared to the surrounding chert units. The
amplitude strength and polarity of the seismic traces are controlled by
the relative difference in the acoustic properties at the transition be-
tween two sediment bodies (Nichols, 1999). Thus, independently of
seismic frequency, a transition from carbonates to cherts creates the
largest acoustic impedance contrasts and the pronounced seismic re-
flections (Figs. 3, 9 and 10).

These findings are in line with Zeller et al. (2015) who investigated
Upper Jurassic to Lower Cretaceous shelf mixed carbonate – siliciclastic
sediments in the Neuquén Basin (Argentina) that had a low-porosity

domain (around 5%). The carbonate-rich sequence tops showed a
higher acoustic impedance contrast with the surrounding siltstones and
shales, which resulted in strong reflections within the synthetic seis-
mograms.

In both investigated areas, the 200 Hz, 400 Hz and to a lesser extent
100 Hz profiles display an almost one to one relationship between the
acoustic impedance models and the seismic events; SB, PSB1, PSB2, and
PSB3 are at their true horizontal and vertical positions (Figs. 9 and 10).
PSB1 that separates the outer ramp cherts of the Kapp Starostin For-
mation and the inner ramp carbonates of the Vøringen Member is the
most robust feature that can be observed in all profiles (Figs. 9 and 10).
Toward lower frequencies, 35–50 Hz, sequence/parasequence bound-
aries are obliterated (SB and PSB2) or show a mismatch with the out-
crop equivalents (PSB3). The 25 Hz profiles do not provide insightful
information on microfacies distribution and associated internal struc-
tures (Figs. 9 and 10).

As expected, the resolution problems and interference patterns de-
creases by an increment of the frequency (Figs. 9 and 10). The limited
resolution of conventional industrial seismic wavelets precludes a one
to one correspondence between the outcrop observations and seismic
images. This is because of the wavelength of the seismic waves, which

Fig. 9. Synthetic seismic profile at multiple frequencies (A: 25 Hz, B: 35 Hz, C: 50 Hz, D: 100 Hz, E: 200 Hz, F: 400 Hz) of Central Spitsbergen. Acoustic impedance values were used to
calculate the reflection coefficients between the individual unit interfaces. Ricker wavelet (Ricker, 1953) was used for convolution to generate a synthetic seismic profile. The red colours
are positive signals (hard-kick) and blue colours are negative signals (soft-kick). Sections location, microfacies transitions, defined third-order sequences (S0, S1, S2, S3, and S4) and
sequence/parasequence boundaries (SB, PSB1, PSB2, and PSB3) are superimposed. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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are too large to detect sediment heterogeneities on a meter-scale. In the
low-frequency spectrum, higher-amplitude reflections might be caused
by the occurrence of interference waves.

5.2. Relation to petrophysical properties

5.2.1. Porosity
It is known that porosity has a significant influence on acoustic

velocities and impedance variations (Anselmetti and Eberli, 1993;
Braaksma et al., 2003; Hossain and Zhou, 2015). Generally, with de-
creasing porosity and increasing density, velocity, and acoustic im-
pedance increase.

In Miocene carbonates of the Cerro de la Molata platform (SE Spain;
Kleipool et al., 2017) and Barremian-Aptian carbonates from the
Provence (SE France; Fournier et al., 2014) with a high-porosity domain
(0% to max 50%), porosity and pore types exert a significant, first-order

Fig. 10. Synthetic seismic profile at multiple frequencies (A: 25 Hz, B: 35 Hz, C: 50 Hz, D: 100 Hz, E: 200 Hz, F: 400 Hz) of NE Svalbard. Acoustic impedance values were used to calculate
the reflection coefficients between the individual unit interfaces. Ricker wavelet (Ricker, 1953) was used for convolution to generate a synthetic seismic profile. The red colours are
positive signals (hard-kick) and blue colours are negative signals (soft-kick). Sections location, microfacies transitions, defined third-order sequences (S0, S1, S2, S3, and S4) and
sequence/parasequence boundaries (SB, PSB1, PSB2, and PSB3) are superimposed. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Table 2
Summary of the carbonate producing factories information, averages of petrophysical properties and textural characteristics.

Carbonate
producing factories

Dominant
MFT

Dominant biota Dominant diagenetic
features

Texture Average
carbonate (%)

Average
porosity (%)

Average Vp
(40MPa) (km/
s)

Average Acoustic
impedance
(Nsm−3)

T-factory
carbonates

MFTs- 6, 8 Algal mats, few sponge
spicules, foraminifers,
ostracods

Micritization Mud-
dominated

83.0 2.7 5.2 14.0

C-factory
carbonates

MFTs- 5, 7
and 9

Brachiopods, bryozoans,
echinoderms, sponge
spicules

Chertification,
Cementation

Grain-
dominated

77.1 1.9 5.5 14.6
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control on elastic properties.
The average porosity of the predefined microfacies is< 4%, except

for the sandstone microfacies with an average of 11.8%. The acoustic
impedance models of this study follow the density and porosity trends
(Figs. 7 and 8). On Central Spitsbergen, Jafarian et al. (2017a) de-
monstrated that a decrease in velocity was accompanied by an increase
in porosity. However, this negative trend is more evident for the re-
lative high-porous samples (porosity > 5%; MFT-1: TR-1.41.1; MFT-3:
KF-2.12.1; MFT-7: KF-1.6.1; and MFT-8: ID-1.4.1). This results in a high
impedance contrast to surrounding non-porous layers and consequently
high-amplitude reflections in the synthetic seismic seismograms
(Fig. 3). For example, in section KF, PSB2 and PSB3 demonstrate the
transition from porous massive cherts to bedded cherts by a strong
negative reflection.

The wide scatter of values in velocity–porosity transforms can be
caused by the type of pores (e.g., Xu and Payne, 2009; Zhao et al.,
2013). Stiff pores, i.e., vuggy and moldic, can increment the pore space
considerably without increasing the general elastic compressibility of
the sediments. In contrast, a small fraction of crack-like pores results in
softening the rock and reducing velocity (Xu and Payne, 2009; Zhao
et al., 2013).

In the studied samples, the majority of the porosity is not visible in
thin sections suggesting that it primarily occurs as micropores and
microcracks. This finding is in agreement with the model of Xu and
Payne (2009), which shows that crack-like pores dominate the pore
space in this dataset diminishing acoustic velocity (Jafarian et al.,
2017a). Hence, even in these relatively low-porous sediments, porosity
still plays an important role controlling the acoustic properties, but the
influence is less compared to datasets with wider porosity domains.

5.2.2. Mineralogy
The impact of mineralogy on the acoustic properties is well visible

in sediments with limited porosity and pore types such as the studied
dataset (Jafarian et al., 2017a; Kleipool et al., 2015). In this low-porous,
biosiliceous – carbonate deposits, the seismic reflectors created with
high-frequency wavelets (200–400 Hz) follow the spatial microfacies
distribution within the defined parasequences (Figs. 9 and 10).

Since NE Svalbard is located in shallower depth, lower-order sea-
level fluctuations associated with overall stormier, high-energy condi-
tions locally disturb chert-dominated third-order sequences by the de-
position of single limestone or sandstone beds (Blomeier et al., 2013;
Jafarian et al., 2017b) (Fig. 5). Therefore, in this area, the contrast in
mineralogy is significant within the individual parasequences, which
are expressed as seismic reflectors in the 200 and 400 Hz profiles
(Fig. 10). However, the seaward pinch-out of shallow-water deposits
(limestone or sandstone) results in a momentary transition from bedded
into massive cherts in Central Spitsbergen (Fig. 4). These subtle mi-
crofacies changes are marked by minor physical contrasts (Fig. 9). The
low-resolution profiles (25–100 Hz) do not have the ability to resolve
these microfacies alternating on a meter or sub-meter scale that occur
within the lower-order sequences.

We can infer that the appearance of the seismic reflectors is pri-
marily influenced by the high mineralogical contrasts of the defined
facies, which variations are predominantly linked to relative sea-level
fluctuations and, to a lesser extent, the sedimentary system. Due to
variations in the spatial microfacies distribution, the proximal part
displays higher internal amplitude contrasts with respect to the distal
part (Figs. 3, 9 and 10). These observations are consistent with the
results of Kleipool et al. (2015) who argued that high-amplitude con-
trasts in a low-porous mixed siliciclastic – carbonate ramp system
(Upper Jurassic, Spain) are caused by the abrupt shifts in the type of the
sediments. For the mixed carbonate – siliciclastic system of the So-
brarbe delta system (Pyrenees, N-Spain) with a domain porosity be-
tween 0 and 5%, De Jong (2015) also documented that the seismic
traces follow the spatial microfacies distribution. Nevertheless, sedi-
ments of a single microfacies type with an almost given mineralogical

composition (chert units in particular) show differences in acoustic
impedance (Table 1). In the example shown in Fig. 3, PSB2 at section ID
and KF representing the transition from massive to bedded cherts,
however, shows different seismic signatures. This signifies internally
non-homogeneous sediments, which most likely can be explained by
the impact of visible and non-visible (microcrack) porosity or diage-
netic alterations such as chertification and cementation that may en-
hance the seismic signal.

5.3. Seismic timeline and facies

Deposition and transportation of sediments within the C-factory are
controlled by waves and currents resulting in a ramp-type morphology
with continuous layer distribution. In the studied ramp system with
overall limited lateral microfacies variations, significant changes in
sediment composition and texture are coherent with the sequence/
parasequence boundaries (e.g., carbonates-chert interfaces) (Figs. 4 and
5). These major transitions are mostly set to coincide with stratigraphic
time surfaces. Consequently, the brightest seismic reflectors are co-
herent with both (Figs. 9 and 10). This is in line with the main premise
in sequence stratigraphy that major stratal surfaces effectively signify
geologic time surfaces. The latter is marked by sharp lithological con-
trast resulting from lateral shifts of the facies tracts (Van Wagoner et al.,
1990). For the Bahamian T-Factory carbonate system, Eberli et al.
(2001, 2002) showed that seismic reflections had chronostratigraphic
significance. Sea-level fluctuations resulted in changes in sediment
composition, sedimentation rate and diagenesis, which led to variations
in sonic velocities, impedance contrasts and associated hard-kick and
soft-kick seismic reflections (Eberli et al., 2001, 2002). Kleipool et al.
(2017) proposed a conceptual model of the microfacies control on
seismic reflectors within the C-factory. They noted that when cool-
water carbonate factories are active, rapid microfacies shifts as a result
of sea-level fluctuation are coherent with timelines and consequently
with the main impedance boundaries. In contrast, shelf carbonate sys-
tems are marked by a complex geometry with high lithological and
physical differences within a single microfacies tract, whereas lateral
microfacies shifts tend to be gradational over large distances. Thus,
seismic signatures follow microfacies boundaries instead of geological
time surfaces.

In the Permian shelf-margin mixed sediments of the upper San
Andres Formation (Last Chance Canyon, New Mexico) Stafleu and
Sonnenfeld (1994) proposed two impedance models: (i) one with con-
trast at time-significant surfaces and, others (ii) with contrast at facies
transitions. Comparison between these models and seismic line (placed
around 50 km northwest of Last Chance Canyon) suggests that facies
shifts, which are oblique to stratal surfaces, may be a prominent origin
for seismic reflectors rather than time-significant surfaces. However,
the resolution of stratal surfaces and facies shifts is intensely controlled
by carbonate-sandstone alternations.

All in all, we can deduce that the type of carbonate factory, which is
decisive for the platform morphology and consequently depositional
character, controls the seismic reflection pattern.

5.4. Synthetic seismic profiles as analogue

The applicability of synthetic seismograms of outcrops and petro-
physical data can be tested, if compared to time equivalent subsurface
analogs (Bracco Gartner, 2000; Eberli et al., 2004).

The Upper Palaeozoic carbonate to biosiliceous successions of
Svalbard occur along the entire Arctic shelf region and are known hy-
drocarbon plays on the Finnmark Platform, Loppa High and Sverdrup
Basin (Ehrenberg et al., 2001; Golonka, 2002; Lerch et al., 2016). These
deposits are characterized by a wide variability in petrophysical prop-
erties that hence introduce an additional uncertainty into seismic
analyses.

The Templet Member analyzed in this study is the microfacies
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equivalent of the tropical carbonates (foraminifera, algae) of unit L-7,
but also time equivalent with the lower part of the overlying unit L-8 at
the Finnmark Platform (Norwegian Barents Sea) (Fig. 11A). The top of
unit L-8 consisting of heterozoan carbonates (e.g., crinoids, bryozoans,
brachiopods) correlates with the Vøringen Member researched in this
study, and lithological unit L-9 (Templefjorden group) is time and mi-
crofacies equivalent to the Kapp Starostin Formation (Jafarian et al.,
2017b).

In the Finnmark Platform, Colpaert et al. (2007) studied the seismic
sequence stratigraphy of the Upper Palaeozoic deposits by using 3D
seismic data, and detailed lithostratigraphic studies resulting from well
logs and cores. Based on well log data, synthetic seismic wavelets at
25 Hz frequency were constructed for correlation with the defined
seismic sequences.

The thickness of the measured sections on Spitsbergen with at most
139m falls below seismic resolution at real-frequency spectrum of 25
and 35 Hz. Therefore, the high-frequency wavelets (50–400 Hz) has
been used for comparison with the real and synthetic seismic models of
the Finnmark Platform of Colpaert et al. (2007) (Figs. 9 and 11). One
needs to be aware that the continuous data of well logs, with ap-
proximately 50 cm vertical resolution, are more accurate for generating
a seismic model, even at low-frequency wavelets, than data based on a
limited number of samples. However, outcrop data do show lateral and
vertical heterogeneity of the sediments due to the fine scale, data
continuity and their 3D accessibility. Additionally, petrophysical data
can be directly linked to sediment samples.

In the Finnmark Platform, the carbonate factory switching from
tropical (unit L-7) to cool-water (unit L-8) is recognized by a low-am-
plitude positive signal in the real and synthetic seismic data (Colpaert
et al., 2007) (Fig. 11D). On Spitsbergen, this boundary is obliterated at
25 Hz and showed a negative signal toward higher-frequency profiles

(50–400 Hz) (Figs. 9 and 11B, C). A low-impedance interval at the basal
transgressive sediments of unit L-8 could be related to the reworked
lowstand deposits or higher shale content. These deposits are also
present at the base of the Vøringen strata but thin out below seismic
detectability.

The overlying cool-water grainstones (brachiopods, bryozoans, and
echinoderms) of unit L-8 display high acoustic impedance values si-
milar to the seismic expression of heterozoan carbonates in the
Vøringen Member. The real seismic of unit L-8 shows mounded
bryozoan build-up structures on the deeper-water slopes (Colpaert
et al., 2007). These features were not observed on Spitsbergen since the
study area was located in the shallower depositional setting during this
period (Fig. 11B and C).

In the Finnmark Platform, the sharp interface between low-im-
pedance cherts of unit L-9 (Average Vp: 5 km/s) and high-impedance
carbonates of unit L-8 (Average Vp: 6 km/s) is marked by a distinct
positive reflection in the synthetic and real seismic data (Fig. 11D). The
seismic expression at this major microfacies shift is matched with the
synthetic seismic signature at PSB1 of the present study (Figs. 9 and
11B, C). Based on subsurface seismic data of unit L-9, spiculites mounds
occur along restricted zones that show internal variations in seismic
reflections. The seismic behavior of the Kapp Starostin Formation also
shows similar heterogeneities which originate from changes in li-
thology, porosity or the impact of a secondary process such as cherti-
fication (Figs. 9 and 11) (Colpaert et al., 2007). In the Finnmark Plat-
form, isolated mounds as well as continuous buildup complexes of
different sizes could cause the wavy character of seismic reflectors.

In summary, it can be deduced that there are no big impedance
contrasts between the micrite-supported tropical carbonates of unit L-7
(the Gipsdalen Group, Average Vp: 6 km/s) and the grain-supported
cool-water carbonates of unit L-8 (the Bjarmeland Group, Average Vp:

Fig. 11. A: The Upper Paleozoic lithostratigraphy of the Barents Sea Shelf and Spitsbergen (Colpaert et al., 2007; Ahlborn et al., 2014). B: the 1D synthetic seismic trace of the section TR
(25 Hz) is superimposed on the 2D synthetic seismic profile (25 Hz) of Central Spitsbergen. C: the 1D synthetic seismic trace of section TR (50 Hz) is superimposed on the 2D synthetic
seismic profile (50 Hz) of Central Spitsbergen. D: Synthetic seismic log (well 7128/6-1) and real seismic profile (25 Hz) of Finnmark platform (Colpaert et al., 2007).
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6 km/s) (Fig. 11D) (Rafaelsen et al., 2008). The distinct seismic events
in the synthetic and real seismic data of the Finnmark Platform are
caused by major shifts in the type of sediments, which are coherent
with the cycle boundaries (e.g., carbonate – non carbonate shifts).
These observations are in line with the findings of the present study and
are also in agreement with the results of the seismic model of Rudolph
et al. (1989). The latter showed that in regions of complex depositional
architectures with abrupt microfacies changes, sequence boundaries
might represent a simplified, but still valid version of the actual sub-
surface stratigraphy.

6. Conclusions

The goal of this study was to document the seismic expression of the
Permian low-porous, biosiliceous – carbonate sediments, which were
studied at several outcrops on Svalbard. The key findings of the trans-
position of the observed outcrop microfacies variations into synthetic
seismograms at multiple frequencies are:

• The sequence stratigraphy documented in the outcrop can be linked
to the reflectors in the synthetic seismic profiles produced with high-
frequency wavelets (100–400 Hz).

• Conventional, low-frequency wavelets (25–50 Hz) have a resolution
limitation and do not show a clear relationship between the
Svalbard outcrop observations and the synthetic seismic profiles.
However, some of the key surfaces (sequence/parasequence
boundaries) can be identified in the real seismic spectrum but show
a mismatch between the seismic reflectors and their outcrop
equivalents.

• Abrupt microfacies transitions related to changes in sea level, fol-
lowed by the amount of porosity and diagenetic effects such as ce-
mentation and chertification cause high-amplitude reflections in the
synthetic seismic profiles. In the deeper and cold-water spiculites-
dominated parasequences, the carbonate-rich sequence tops have
strong seismic reflections in the synthetic seismic seismograms. The
amount of porosity has the adverse effect on the acoustic velocities
whereas carbonate content, cementation and chertification enhance
the acoustic velocities and impedances in the present dataset.

• Within the C-carbonate factory, which is marked by lateral homo-
genous layers, major reflections are coherent with main facies shifts,
thus sequence/parasequence boundaries and depositional timelines.
In contrary, a facies dependent seismic signature would be expected
in T-carbonate factory due to the lateral heterogeneity of the sedi-
ment within a single facies tract.

• Rapid changes in lithology and diagenetic overprints cause inter-
ference patterns resulting in a poor correlation between the syn-
thetic seismograms and outcrop observations.

• Comparison with real seismic and synthetic seismic traces of the
Finnmark Platform, a subsurface analogue with similar lithology,
shows similarities in the seismic reflection patterns. This compar-
ison confirms that major changes in the mineral composition of the
sediments as a result of sea-level fluctuations are the main trigger
for shifts in amplitude strength and polarity of the seismic traces.
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