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Abstract



The US Appalachian Basin and the Arctic Norwegian and Russian Barents Sea shelf (BSS) areas
are two strategic provinces for the energy industry. The Appalachian Basin is a well-studied,
mature, onshore basin, whereas the offshore BSS is still considered a frontier area. This study
suggests that the Appalachian Basin may be an appropriate analogue for understanding the BSS
and contribute to development of a tectonostratigraphic framework for the area. Although the
Appalachian and BSS areas reflect different times and settings, both areas began as passive
margins that were subsequently subjected to subduction and continent collision associated with
the closure of an adjacent ocean basin. As a result, both areas exhibited multi-phase subduction-
type orogenies, a rising hinterland that sourced sediments, and a foreland-basin sedimentary
system that periodically overflowed onto an adjacent intracratonic area of basins and platforms
with underlying basement structures. Foreland-basin sedimentary systems in the Mid-to-Late
Paleozoic Appalachian Basin are composed of unconformity-bound cycles, related to specific
orogenic pulses called tectophases. Each tectophase gave rise to a distinct sequence of lithologies
related to flexural events in the orogen. In this study, similar sequences are recognized in both
BSS foreland-basin and adjacent intracratonic sedimentary sequences that formed in response to
the Late Paleozoic—Mesozoic Uralian-Pai-Khoi-Novaya Zemlya Orogeny, suggesting that the
processes generating the sequences are analogous to the tectophase cycles in the Appalachian
Basin. Hence, this pioneering use of the Appalachian area and its succession as large-scale
tectonostratigraphic analogues for the BSS may further enhance understanding of Upper

Paleozoic to Middle Jurassic stratigraphy across the BSS.
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1 INTRODUCTION

The use of analogues is recognized as an important tool in providing solutions for
qualitative and quantitative problems pertinent to both academia and the energy industry (e.g.,
Howell et al., 2014; Schellart and Strak, 2016; Sun et al., 2021). Analogues are especially
desirable when dealing with areas where geological uncertainties predominate. Use of geological
analogues typically involves using a well-known geological system, area, or process (the
standard) to help explain possible similarities between the standard and a target of interest. For
example, Ulmishek (1986) suggested that the assessment of undiscovered hydrocarbon resources
in poorly known areas (targets of interest) should be based on comparative analysis of geologic
elements and processes in a well-explored analogue area (standard). In this study, the well-
known geological evolution of the onshore, east central, US Appalachian region (Fig. 1A),
including the foreland basin and adjacent cratonic area, is the standard, whereas the Barents Sea
shelf (BSS) (Fig. 1B) is the target area of interest. The BSS is part of the Norwegian (western
BSS) and Russian (eastern BSS) Arctic continental shelf and currently represents a frontier
province—in particular the northern sectors—for hydrocarbon exploration, and for future carbon
storage capture (NPD, 2017).

The BSS is commonly characterized as a large tectonic element within the Arctic system
of platforms and basins (e.g., Drachev, 2016). Even though the BSS is a well-studied Arctic
region, research focusing on external, large-scale, tectonostratigraphic analogues to the overall

setting and development of the BSS remains scarce. Hence, the overarching goal of this paper is



to investigate possible analogue relationships between the U.S. Appalachian and BSS systems of
basins and platforms. Elements of the Appalachian system (Fig. 1A) have been previously used
as possible analogues for the nearby Timan-Pechora Basin (e.g., Artyushkov and Baer, 1986),
and earlier generic comparisons of the Appalachian orogen with the Caledonian and Uralian
orogens have been attempted (Arthaud and Matte, 1977; Artyushkov and Baer, 1983, 1985;
Kruse and McNutt, 1988; Knapp et al., 1998; Matte, 2002; Brown et al., 2004, 2006b; Puchkov,
2009; Hatcher, 2010; Allen and Allen, 2013). For example, Puchkov (2009) briefly suggested
that evolution of the Uralian Orogeny was like that of the Taconian and Alleghanian orogenies in
the Appalachian area but went no further in defining the analogue. Difficulties in developing
suitable regional external analogues for the offshore BSS probably result from lack of familiarity
with possible analogue basins and the fact that the BSS is not as well explored as other regions.
In fact, Scott (2007) published a report entitled, “Eastern Barents Sea-Novaya Zemlya-Kara Sea
tectonic relationships: The search for an appropriate analogue,” which highlights the importance
of finding suitable analogues for the BSS.

Accessibility to BSS data can also be difficult. In the Norwegian sector, data from several
exploration-wells and seismic surveys are available also through the Norwegian Petroleum
Directorate (NPD). However, wells concentrate in southwestern-most areas and a large majority
did not reach Paleozoic strata. Moreover, the northern sector (>74°30°N) has not yet been
opened for petroleum activity (NPD, 2017), and seismic quality is often poor, and most is only
two-dimensional. In the Russian sector, data tend to concentrate in southern areas and are very
difficult to obtain except what is published. Unlike the Norwegian Svalbard archipelago (Fig. 1),
access to the Russian Novaya Zemlya archipelago is restricted. Clearly, the above situation

makes it challenging to generate large-scale studies capable of integrating both sectors of the



BSS. As aresult, BSS problems, such as far-field tectonics, halokinesis, energy potential,
stratigraphic facies, regional tectonism, among others, remain more unresolved to the north. In
trying to resolve these issues, several analogues have been used at various scales, but with
varying degrees of success. What has been lacking, however, is a large-scale, analogue-generated
model to integrate all these aspects across the BSS. Hence, in this study we present the
Appalachian foreland basin and adjacent intracratonic areas as such a large-scale analogue
capable of treating all these aspects together, thus, representing another instrument in the BSS
analogue toolbox.

The geology and tectonostratigraphy of both Appalachian and BSS areas are largely the
result of their development within the classic framework of the Wilson cycle (Wilson, 1966;
Puchkov, 2009; Ettensohn et al., 2019), which necessarily includes such large-scale tectonic
elements as passive margins, foreland basins and intracratonic platforms (e.g., Walcott, 1970;
Price, 1973; Beaumont, 1981). The Appalachian foreland basin and adjacent intracratonic
platforms and basins are considered sources of potential analogues for comparison, because they
represent the “type-area” of the Wilson cycle (Wilson, 1966; Ettensohn et al., 2019) and also the
“type-area” for related tectonostratigraphic sequences (Hatcher et al., 1989; Tollo et al., 2010).
Consequently, the Wilson cycle and the resulting tectonostratigraphic sequences provide the
foundation for testing this hypothesis of basin analogues.

Hence, the overarching goal of this paper is to define and test the above analogue
hypothesis by providing a review of the main tectonostratigraphic features of the BSS and
systematically comparing them with those of the Appalachian foreland basin and adjacent
intracratonic areas. Because no seismic data were available for this study, our interpretations are

based largely on published literature.



1.1 ANALOGUE POTENTIAL AND TESTING

Geologic studies frequently rely on analogues because the development of rocks and
structures can rarely be observed directly (Alexander, 1993). This is true for the BSS because: 1)
the area is mostly submerged; 2) seismic imaging to the north is often poor; 3) well data north of
74°30°N are often limited or non-existent; 4) most wells do not hit basement; 5) Russian data are
mostly inaccessible; 6) structural elements are widespread and frequently affected sedimentation;
and 7) several orogenic events affected the area and overlapped in time and space (see section 2).
Hence, choosing analogues applicable at both local and regional scales and capable of integrating
both shelf sectors is difficult. For example, an analogue employed to understand the Nordkapp
Basin, a rift basin (Fig. 1), may fail in explaining the South Barents foreland basin. To help with
addressing such challenges, after examining several basinal areas, we chose the following key
aspects of the Appalachian area for comparison with the target BSS area: 1) areal extent; 2)
evidence for multiple tectonic events of similar types and durations; 3) presence of coeval, far-
field, structural reactivation; and 4) presence of foreland-basin and an adjacent intracratonic
areas with distinctive tectonostratigraphic sequences. Testing for each of these aspects required a
systematic comparison of the standard (Appalachian area) with the target (BSS) (see Table 1).

Relative to areal extent, although not equal, the extent of the Appalachian area (0.93
million km?) approaches that of the BSS (1.4 million km?). Furthermore, in both areas, tectonic
events largely tie to key Pangean Wilson cycles. In the Appalachian area, the cycle involved
opening and closure of the lapetus and Rheic oceans, whereas in the BSS area the cycle involved
opening and closure of the lapetus and Uralian oceans, both of which triggered multiple,

diachronous, continent-margin orogenies (e.g., Ziegler, 1989; Matte, 2002; Puchkov, 2009;



Hatcher, 2010). In fact, Puchkov (2009) noted that the duration of the Uralian Orogeny (~214
Ma; Middle Devonian—Middle Jurassic; eastern BSS) is comparable to that of the Appalachian
orogenies (~217; Middle Ordovician—Permian; Appalachian area). Moreover, in both areas,
subduction-type orogenies preceded final continent-continent collision. Importantly, these
orogenies also reactivated widespread basement structures, which, on the BSS, are largely
Precambrian to Caledonian in age (Anell et al., 2013), and in the Appalachian area, are
Precambrian to Cambrian in age (Ettensohn et al., 2019). Similarly, these tectonic events resulted
in distinctive, geometrically comparable, tectonostratigraphic successions of carbonates and
clastics that can be characterized in similar terms in both areas (cf., NPD, 2017; Ettensohn et al.,
2019; see Section 2). Nonetheless, challenges related to different paleogeography, paleoclimate,
and timing remain. However, these challenges do not necessarily invalidate the basic tectonic
mechanisms that underpin the analogous development of both areas.

Although the tectonic development and stratigraphic framework of the Appalachian area
are already well-known (e.g., Ettensohn et al., 2019), these same aspects of the BSS, especially
for the eastern Russian sector, are incompletely known. Our first step, then, in testing analogies
was to understand the regional stratigraphy of the BSS. This was accomplished through an
extensive review of the literature and NPD archives, which resulted in a stratigraphic
chart/section that encompasses most of the BSS (see Section 2). Searching this chart/section for
cyclic, unconformity-bound, stratigraphic responses, comparable with those in the Appalachian
area represented a critical test of the analogue, because presence of such cycles is evidence of
similar tectonic mechanisms, which were already developed for the Appalachian area (see

Section 3). In the end, application of Appalachian tectonostratigraphy as an analogue allowed the



interpretation of the late Paleozoic to Middle Jurassic BSS succession in term of flexural

tectonics.

2 GEOLOGICAL SETTING

2.1 Barents Sea shelf (BSS)

The BSS covers approximately 1.4 million km? and comprises the sea-areas with average
water-depths of about 230 m located between northern Norway, Svalbard, Franz Joseph Land,
and Novaya Zemlya (Fig. 1B). The regional structural framework includes large basins west of
Novaya Zemlya, which gently pass westward into an extensive platform area with smaller basins
(Marello et al., 2013) (Fig. 1B). The very southeastern end of the BSS is defined as the Timan-
Pechora Basin, which continues onshore areas (Stephenson et al., 2006; Stoupakova et al., 2011).
The eastern and western areas of the BSS are delimited by an overall N-S monoclinal structure
that roughly corresponds with the offshore boundary between the Norwegian and Russian sectors
(Worsley, 2008; Faleide et al., 2017) (Fig. 1B). The geologic evolution of the eastern BSS was
mainly influenced by the Uralian Orogeny (e.g., Petrov et al., 2008), whereas the western BSS
had multiple influences, including Caledonian and Uralian orogenic events, followed by the late
Mesozoic—Paleogene opening of the North Atlantic (e.g., Worsley, 2008).

The eastern BSS sector consists of two very deep basins (Fig. 1B), with thicknesses of
possibly more than 20 km in the South Barents Basin and 12 km in the North Barents Basin
(Gee, 2005; Ivanova et al., 2006; Shipilov, 2010; Klitzke et al., 2015), which cover a basement
of most likely Timanian (Late Proterozoic—Early Cambrian) origin (Gee et al., 2006; Kuznetsov,
2006; Drachev, 2016). Timanian basement structures trend NW-SE and are truncated by Uralian

and Caledonian structures, on the eastern and western margins of the BSS, respectively (Pease et



al., 2014; Gernigon et al., 2018). The western BSS sector exhibits many smaller basins and
intervening platforms, with sedimentary thicknesses of at least 10 km (Faleide et al., 1984).
These western basins have a basement of likely Caledonian origin (Gee et al., 2010; Corfu et al.,
2014; Klitzke et al., 2019), originating from the Silurian—Devonian continental collision of
Baltica and Laurentia that formed the supercontinent Laurussia (Ziegler, 1989; McKerrow et al.,
2000; Torsvik and Cocks, 2017; Miall and Blakey, 2019). The dominant Caledonian structural
trends are N-S and NE-SW (Gee et al., 2008; Gernigon et al., 2014) (Fig.1B).

In general, the tectonostratigraphic framework of the BSS is represented by a clastic-
carbonate-clastic succession (Figs. 2, 3) that reflects complex relationships among tectonics,
eustasy, paleogeography, and paleoclimate. Ordovician to Middle Devonian rocks have only
been identified in the eastern BSS basins and include organic-rich rocks that sourced large
volumes of hydrocarbons (Alsgaard, 1993; Guo et al., 2010; He et al., 2012; Polyakova, 2015;
Stoupakova et al., 2011, 2015). During Early Devonian to Early Carboniferous time, the BSS
migrated out of equatorial and into subtropical conditions (Worsley, 2008; Lopes et al., 2016).
Continental and marginal-marine clastics were deposited in western parts of the shelf (Figs. 2, 3,
B’-B’’), while widespread carbonate sedimentation predominated in shallow-marine basins
across the eastern parts of the shelf (Stemmerik and Worsley, 2005; Dallmann et al., 2015) (Fig.
3, C-C’, B-B’). Ongoing sea-level rise, regional uplift and development of half-grabens favored
deposition of thick warm-water carbonate successions, including buildups and lagoonal
evaporites on the BSS during Carboniferous and Early Permian time. (Stemmerik et al., 1994;
Stemmerik and Worsley, 2005; Rafaelsen et al., 2008; Blomeier et al., 2009) (Figs. 2, 3). In the
eastern BSS during Late Carboniferous—Early Permian time, black, phosphate-bearing, siliceous,

radiolarian-rich, shales grade eastward into turbidite deposits (Smelror et al., 2009) (Figs. 2, 3).



On the western BSS, Upper Carboniferous to Lower Permian deposits include algal
build-ups and limestones locally intercalated with evaporites (Dallmann et al., 2015). By Early
Mid Permian time, the BSS had migrated into more temperate latitudes, contributing to the shift
in regional deposition from shallow, warm-water to deeper-water carbonates and spiculitic cherts
(Stemmerik, 2000; Matysik et al., 2018) (Figs. 2, 3). Moreover, Upper Permian petroleum
source-prone, calcareous, silica-rich, black shales have been identified in both the Norwegian
and Russian Barents Sea shelves (Figs. 2, 3), having thicknesses of ~100 m and ~350 m
respectively (Henriksen et al., 2011; Konyukhov, 2016). During Late Permian—Early Triassic
time, the Uralian Orogeny culminated, resulting in rapid crustal subsidence and deposition of
flysch- and molasse-like sediments in the eastern BSS (Faleide et al., 1984; Nikishin et al., 1996;
Golonka and Ford, 2000) (Fig. 3). As the Uralides evolved, large volumes of clastics, initially
consisting of prolific organic-rich muds (Figs. 2, 3), were deposited across the BSS (Johansen et
al., 1993; Brekke et al., 1999; Riis et al., 2008; Anell et al., 2014, 2016; Lundschien et al., 2014;
Konyukhov, 2016; Uchman et al., 2016). During Mid Triassic—Early Jurassic time, uplifted
Uralian source areas to the east contributed large volumes of prograding clastic sediments,
whereas on parts of the western shelf, deposition of source-prone black shales predominated
(Ohm et al., 2008; Stupakova et al., 2012; Polyakova, 2015; Georgiev et al., 2017) (Figs. 2, 3).
During Late Jurassic to earliest Cretaceous time, Kimmeridgian rifting and deposition of
organic-rich black shales marked the inception of North Atlantic tectonism across the BSS (Figs.
2, 3) (Lopatin, 2003; Faleide et al., 2008; Henriksen et al., 2011; Serck et al., 2017). Events
associated with the opening of the North Atlantic Ocean may have started as early as Late
Paleozoic—earliest Triassic and persisted into Cenozoic time (Knutsen and Larsen, 1997; Ryseth

et al., 2003; Stemmerik and Worsley, 2005; Amantov and Fjeldskaar, 2018).



2.2 Uralian-Pai-Khoi-Novaya Zemlya Orogeny

The traditionally named “Uralian-Pai-Khoi-Novaya Zemlya” Orogeny (Volkov, 1963), was
the product of the collision of Siberia and Kazakhstania with the Baltic margin of Laurussia
(Puchkov, 1997, 2003; Brown et al., 2004; Pease et al., 2014; Torsvik and Cocks, 2017). The
Uralide belt is today represented by a N-S linear belt, at least 2500 km in length (Fig. 4A), which
represents the Paleozoic collision of at least two intra-oceanic arcs at the eastern margin of
Baltica, followed by continent-continent collision (Brown et al., 2006a; Puchkov, 2009).

Broadly viewed, the orogeny developed in Paleozoic (Ordovician—Permian) and Mesozoic
(Triassic—Jurassic) stages (Puchkov and lvanov, 2020). The Paleozoic stage in the BSS area is
tied to the closure of the Uralian Ocean during Early Carboniferous to Permian time, with the
main orogenic phase taking place in Late Permian to Early Triassic time (Ershova et al., 2015;
Petrov et al., 2016; Smelror and Petrov, 2018). The foreland basin for this stage of collision was
concentrated in the present-day Novaya Zemlya area and was filled with dark shales, flysch-like
and molasse-like sediments (Figs. 2, 3, 4) (Brown et al., 2006a, Reid et al., 2007; Puchkov,
2009).

The late stages (at least Late Mesozoic) of the Uralian Orogeny are often called the Pai-
Khoi-Novaya Zemlya Orogeny (Smelror and Petrov, 2018; Puchkov and lvanov, 2020). Pai-
Khoi (Figs. 1B, 4) is a complex structural area between what is now the Novaya Zemlya
archipelago and the northernmost Ural Mountains (Timonin et al., 2004). Novaya Zemlya (Figs.
1B, 4) is an arc-shaped archipelago, which has been interpreted as the result of the Late Triassic
to Early Jurassic collision of Siberia, which acted as a transpressional indenter, with a former

continental embayment on the northeastern margin of Baltica (Lopatin et al., 2001; Petrov et al.,



2008; Smelror et al., 2009; Scott et al., 2010; Faleide et al., 2017; Curtis et al., 2018; Smelror and
Petrov, 2018; Puchkov and Ivanov, 2020). During this phase of orogeny, what had been a Late
Paleozoic foreland basin became inverted as a fold-thrust belt and pushed westward onto the
margin of Baltica as the current, arc-shaped Novaya Zemlya archipelago. Puchkov (2009)
interpreted this Mesozoic phase to represent the terminal collision in the Uralides. The resultant
Novaya Zemlya fold belt (archipelago) is approximately 1200 km in length (Fig. 4A), represents
the amalgamation of several allochthons, and exposes Precambrian to Early Triassic successions
(Filatova and Khain, 2010; Toro et al., 2016; Zhang et al., 2018). The geographic position of the
archipelago suggests that it represents a northward continuation of the Uralian Orogeny, but such
a possibility is still debated (Dedeev, 1959; Volkov, 1963; Otto and Bailey, 1995; O’Leary et al.,
2004; Buiter and Torsvik, 2007; Scott et al., 2010; Pease et al., 2014; Toro et al., 2016; Smelror
and Petrov, 2018). Although a major tectonic analysis of Novaya Zemlya is beyond the scope of
this paper, it is important to be aware that the development of the Novaya Zemlya fold belt

significantly influenced the tectonostratigraphy on the BSS.

2.3 Appalachian Basin

The Appalachian Basin represents a large-scale, composite foreland basin associated with
the amalgamation of Pangea (e.g., Hatcher et al., 1989). The Appalachian Basin is approximately
2050 km in length and is about 530 km at its broadest point and includes an area of
approximately 536,000 km? (Colton, 1970). The stratigraphic succession is wholly Paleozoic,
with thicknesses of nearly 600 to 900 m on its western flank and more than 13,700 km on its
eastern flank, and a total sedimentary volume of about 2,300,000 km?® (Ettensohn et al., 2019).

Large intracratonic basins occur to the west (Fig. 1A), and to the east, the Appalachian Mountain



belt has a NE-SW orientation and a length of 3000 km (Hatcher, 2010). Moreover, some workers
include the Ouachita fold belt (Fig. 4B) as a structural extension of the Appalachian system that
extends southwestward for an additional 2100 km (Thomas, 1985; Denison, 1989; Viele, 1989;
Miall and Blakey, 2019). In a broad view, the Appalachian Basin and adjacent intracratonic areas
reflect subsidence accompanying a series of terrane collisions with the Appalachian margin
during at least five orogenies (Ettensohn et al., 2019). These tectonic events contributed to the
development of Pangea and represent one complete Wilson cycle (Stockmal et al., 1998;
Hatcher, 2010; Miall and Blakey, 2019).

The tectonostratigraphic framework of U.S. parts of the Appalachian Basin is represented
by a clastic-carbonate-clastic succession (Fig. 5), which reflects complex relationships among
tectonics, eustasy, paleogeography, and paleoclimate. The succession began with the deposition
of continental clastics in rift basins formed during the initiation of the lapetan cycle during Late
Precambrian—Early Cambrian time (Curtis and Faure, 1997; Gao et al., 2000). Laurentia shifted
southward from its Late Precambrian equatorial position, and by Cambro—Ordovician time, the
Appalachian margin had reached subtropical, arid latitudes, contributing to thick carbonate
successions along the passive margin (Torsvik and Cocks, 2017; Miall and Blakey, 2019) (Fig.
5). By the Early—Middle Ordovician transition, island-arc collision with promontories on the
Appalachian margin generated the Taconian Orogeny and a concomitant regional unconformity
across large parts of Laurentia (Sloss, 1963; Finney et al., 1996; Park et al., 2010) (Fig. 5). At the
time, the Appalachian region remained within arid latitudes (Torsvik and Cocks, 2017) and
produced a foreland-basin succession including black-shale deposition of excellent petroleum
potential within and beyond the foreland basin (Park et al., 2010; Ettensohn et al., 2019). The

Appalachian margin remained in arid latitudes until Late Mississippian time, and during this



period, experienced a series of orogenic events, the Salinic and Acadian/Neoacadian orogenies
(Hatcher, 2010; Ettensohn et al., 2019; Miall and Blakey, 2019). These orogenic events
generated foreland-basin deposits that include widespread black-shales, as well as coarser-clastic
and carbonate sequences that comprise one of the most prolific petroleum systems within the
foreland and adjacent intracratonic basins (Cluff and Dickerson, 1982; Roen, 1984; Ettensohn,
1985; Ettensohn and Lierman, 2012; Konyukhov, 2014) (Figs. 1A, 5). By Late Mississippian—
Early Pennsylvanian time, the Appalachian margin moved into the tropical, equatorial belt
(Torsvik and Cocks, 2017). At the same time, continent-continent collision with Gondwana
generated the Alleghanian Orogeny (Hercynian-Variscan), and a fold-thrust belt that filled the
adjacent foreland basin with a coal-rich clastic blanket that prograded more than 1000 km
westward across the craton (Hatcher et al., 1989; Greb et al., 2008; Ettensohn et al., 2019) (Fig.
5). By Late Triassic-Jurassic time, global plate-tectonic reconfiguration led to widespread rifting
along the former Appalachian Mountain belt, initiating the Atlantic Wilson cycle (Miall and

Blakey, 2019).

3 APPALACHIAN AND BSS ANALOGUES
3.1 Large-scale tectonic analogues

It is very true that perfect analogues do not exist (Alexander, 1993), but on a broad scale,
as imperfect as they are, as comparisons, analogues can still prove to be very useful. Howell et
al. (2014) have noted that at the largest scales, analogues of size and geometry of geological
features may be effective ways to begin the comparison of two areas, and such a comparison can
be done between the Appalachian and BSS regions (Table 1). Both areas contain basins filled

with thick sedimentary successions and include regions exhibiting foreland and hinterland



physiographic domains. Both hinterlands exhibit multi-generational mountain belts that formed
through diachronous subduction/collisional events associated with ocean closure. In the
Appalachian region, the lapetus and Rheic oceans closed during several Paleozoic collisions with
peri-Gondwanan microcontinents and Gondwana (e.g., Hatcher et al., 2007). Closure of the
lapetus Ocean continued northward into the western BSS region with collision of Baltica and
Laurentia to form the minor supercontinent Laurussia and the Arctic-North Atlantic Caledonides
(e.g., Corfu et al., 2014).

Although the BSS is about one-third larger than the Appalachian region, both areas
exhibit similar large-scale tectonic features (Fig. 1; Table 1). For the Paleozoic, Appalachian
hinterland (now mostly eroded), the analogous BSS feature is the Late Paleozoic—Mesozoic
Uralian and Novaya Zemlya hinterland, suggested by Puchkov (2002) to be structurally
analogous features. Cratonward (west) of the Appalachian hinterland is the Appalachian foreland
basin, which was superimposed on Late Precambrian precursor rift basins (Rome Trough, Fig.
1A, Ettensohn, 2008). Similarly, cratonward of the Uralian hinterland is an extensive foreland-
basin belt extending from the Caspian Sea to Novaya Zemlya (Fig. 4C), including Novaya
Zemlya itself in Late Paleozoic time and later incorporating the South and North Barents basinal
areas in Permo-Triassic time and again in Late Triassic-Jurassic time (Nikishin et al., 2002;
Miuiller et al., 2019). The Uralian succession across the BSS was similarly superimposed on
Caledonian and Timanian basement structures.

Cratonward of the Appalachian Basin is a transitional area, represented by the Cincinnati
Arch (Fig. 1A), interpreted to have been a Pennsylvanian—-Permian, Alleghanian bulge (Tankard,
1986), which resembles the broad monoclinal structure between the western and eastern BSS

sectors interpreted here to be a transitional bulge-like zone. Others have interpreted even larger



areas of the western BSS to have been a Jurassic, Uralian-Pai-Khoi-Novaya Zemlya bulge (e.g.,
Miiller et al., 2019) (Fig. 6). West of the Alleghanian bulge area in the Appalachian region, is a
broad, foreland zone of large intracratonic basins and intervening platform areas, most of which
probably began as reactivated rift basins (Klein and Hsui, 1987). This broad intracratonic region
is rife with older basement structures (Fig. 1A), which were periodically reactivated by far-field
tectonics during the various Appalachian orogenies (Ettensohn et al., 2019). In the Norwegian
BSS, a broad platform system, basins and uplifts are similarly underlain by Caledonian,
basement structures, which may have been reactivated by far-field tectonics during the Uralian
Orogeny (Anell et al., 2013).

Like tectonics, the paleoclimatic evolution in both areas is comparable because the
succession of paleoclimates represents a shift from humid to arid, and again to humid conditions
(Table 1). It is important to note that even though the succession of paleoclimates in both areas
was similar, the paleogeographic position was not. In a broad view, the humid conditions in the
Appalachian area were due to its more equatorial position, whereas the BSS was influenced by
both equatorial and highly temperate zones as the area moved to its current geographic location
(Miall et al., 2019). Such tectonic and paleoclimate similarities led to the development of largely
comparable stratigraphic successions, which include multiple regional unconformities and the

persistence of carbonate platforms (Figs. 2, 3, 5; Table 1).

3.2 Tectonic process analogues
The similarities between Appalachian and BSS regions reflect largely comparable
tectonic histories. The Paleozoic development of the Appalachian region reflects the closure of

seaway and continent-continent collision (Hatcher, 2010). After development of a Cambro-



Ordovician, carbonate-rich, passive margin, a mid-Ordovician to Mississippian phase involving
the westward, subduction-related collision of island arcs and peri-Gondwanan terranes, generated
several marine, facies-rich foreland basins, which migrated westward in space and time
(Ettensohn, 2008). During the four orogenies involved, the accompanying foreland basins
developed cyclic, unconformity-bound, sedimentary sequences in response to the orogeny; these
sedimentary sequences have been termed tectophase cycles by Johnson (1971) and Ettensohn et
al. (2019). Far-field forces during subduction promulgated the reactivation of extensive basement
rift systems across the adjacent foreland. This phase ended with continent-continent collision and
the generation of an extensive, Pennsylvanian—Permian clastic wedge (Fig. 5). Subsequent Late
Triassic-Jurassic rifting and sedimentation ended the Appalachian Wilson cycle and marked the
inception of the Atlantic cycle (Ettensohn et al., 2019). The evolution of the Appalachian area
can be condensed into eight stages, which are summarized in Table 2.

If the Appalachian evolution (Table 2) is seen as a large-scale analogue to the BSS area,
then similar evolutionary stages should be observed in both areas. Although the Arctic-North
Atlantic Caledonides generated the basement in western parts of the BSS and many of the
structures therein, we will not include them in this comparative analysis, because the resulting
sedimentary succession was largely eroded (Nikishin et al., 1996). Instead, we will use the well-
preserved Late Paleozoic—Mesozoic Uralian-Pai-Khoi-Novaya Zemlya succession and structures
on the BSS, because, as in the Appalachian area, they are the products of diachronous collisional
events associated with the closure of the Uralian Ocean (Puchkov, 2009).

In the BSS, several basement structures were developed during the Timanian and
Caledonian orogenies, and these were later reactivated by the collapse of the Caledonides, and

during the Uralian-Pai-Khoi-Novaya Zemlya Orogeny (Anell et al., 2013). This event



corresponds to stages 1 and 2 in the Appalachian area (Table 2) where a regional framework of
pre-Appalachian basement structures was reactivated by the multiple Appalachian orogenies
(Ettensohn, 2008). In both areas, orogenic collapse triggered relaxation, rifting and erosion, and
widespread deposition of mainly continental-clastic sequences (Figs. 2, 3, 5; Table 2). Next, in
the BSS region, a Late Mississippian to Early Permian, carbonate-rich stable platform developed
behind a Middle Devonian island arc above the westward subduction of the Uralian oceanic plate
on the eastern BSS area (e.g., Ziegler, 1989; Smelror et al., 2009) (Figs. 2, 3). This event
corresponds to stage 3 in the Appalachian area (Table 2), where a stable platform rich in
carbonate rocks developed during the Middle Cambrian—Early Ordovician (Fig. 5).

By Pennsylvanian time, major subduction, involving arc collision on the eastern BSS
region (Ziegler, 1989; Nikishin et al., 1996), is represented by a regional Late Carboniferous—
Permian unconformity (Fig. 3), which marks the inception of crustal loading in the Novaya
Zemlya/eastern BSS region. This event corresponds to stage 4 in the Appalachian area (Table 2),
where crustal loading triggered by the Taconian Orogeny is represented by a regional Middle
Ordovician unconformity (Fig. 5). The increasing crustal loading in the Novaya Zemlya/eastern
BSS area eventually triggered widespread deformational loading, which is represented by the
extensive deposition of cherty limestones to black shales (Fig. 3), representing basal foreland-
basin sequences. This event corresponds to stage 5 in the Appalachian area (Table 2), where the
inception of the Appalachian foreland basin (Ettensohn et al., 2019) is represented by the
deposition of carbonates and black shales overlying the Middle Ordovician unconformity (Fig.
5). Following crustal loading, the Novaya Zemlya/eastern BSS area rebounded. Widespread
flysch-like and molasse-like sequences were deposited in that area during Permian to Late

Triassic time and are represented by black shales and marine to marginal-marine clastics (Fig. 3).



This event corresponds to stage 6 in the Appalachian area (Table 2), which was repeated during
each Appalachian orogenic pulse and explains the deposition of multiple foreland successions
(Ettensohn et al., 2019) (Fig. 5). In the BSS, at least two phases of crustal loading and relaxation
are apparent during at least Late Triassic time (Fig. 3). Lastly, one final tectonic pulse thrusted
Novaya Zemlya on top of the eastern BSS (Petrov et al., 2008), generating a regional Triassic—
Jurassic unconformity and resulting in the deposition of Lower—Middle Jurassic marine,
marginal-marine and terrestrial clastic sequences (Fig. 3); this represents the termination of the
Uralian-Pai-Khoi-Novaya Zemlya cycle (Petrov et al., 2008; Henriksen et al., 2011). This event
corresponds to stage 7 in the Appalachian area (Table 2), during which Pennsylvanian—-Permian
continental collision (Alleghanian Orogeny) triggered regional unconformity development and a
subsequent, largely terrestrial, clastic wedge (Fig. 5), which represents the termination of the
Appalachian cycle (Ettensohn et al., 2019). In the BSS area, Late Jurassic—Eocene rifting,
associated with the opening of the North Atlantic Ocean and the polar basin to the far west and
north, respectively, became the dominant tectonic process. These events correspond to stage 8 in
the Appalachian area (Table 2), during which Late Triassic—Jurassic rifting is associated with the

opening of the Atlantic Ocean.

3.3 Foreland-basin analogues

Foreland basins represent a flexural crustal response to an advancing deformational load,
the erosion of which largely provides the infilling sediments (Quinlan and Beaumont, 1984).
Such foreland crustal responses may propagate across distances of more than 1000 km
(Beaumont, 1981; DeCelles and Giles, 1996) and reflect a dynamic relationship between

tectonics and depositional regime (Figs. 7A, 7B). Deformational loading in the form of a fold



and thrust belt develops in response to orogeny, generating subsidence in front of the load, as a
subsiding foreland basin and an uplifted peripheral bulge on the distal edge of the foreland basin.
Uplift on the bulge typically generates an unconformity, and as the load migrates cratonward, the
basin, bulge and contained sediments will also migrate cratonward (Fig. 7; Quinlan and
Beaumont, 1984).

The tectonic setting of the Appalachian Basin has been used to construct
tectonostratigraphic models for foreland-basin sedimentation (Johnson, 1971; Ettensohn, 1991,
2004, 2008; Ettensohn et al., 2019), and following similar lines of thought, Johnson (1971) used
the concept of “tectophase cycles” to predict, discuss, and illustrate the tectonostratigraphic
succession of a foreland basin. Inasmuch as subduction-related orogenies occur in a series of
deformational pulses or “tectophases” (Johnson, 1971; Jamieson and Beaumont, 1988; Camacho
et al., 2005), each tectophase will generate a typical sequence of lithologies (Fig. 8), representing
isostatic responses to the changing deformational load. In collisional orogenies, however, lower
parts of a typical cycle are wholly overwhelmed by widespread, thin-skinned uplift and
accompanying terrestrial sedimentation, as in the Appalachian Alleghanian Orogeny. Several
examples of tectophase sequences are present in the Appalachian Basin (Ettensohn et al., 2019),
but the Mississippian sequence, a stratigraphic response to the Neoacadian Orogeny (Fig. 9),
probably provides the best example of the model.

According to Ettensohn et al. (2019), a typical foreland-basin sequence (Fig. 8) begins
with a regional unconformity marking bulge uplift and moveout (Figs. 8, 9A). In addition to
these regional, sequence-bounding unconformities, more localized unconformities may also
occur due to far-field reactivation of local basement structures. Bulge uplift and moveout is

followed by initial subsidence typically represented by the rapid deposition of shallow-water



carbonates or sands (Fig. 8), but this phase may be absent where subsidence is very rapid (Fig.
9A). Once load migration ceases and the load becomes static, subsidence outpaces
sedimentation, as most of the load is subaqueous and generates little clastic sediment (Fig. 7A).
As a result, mostly fine-grained organic matter from the water column accumulates. Many
foreland-basin source rocks originate in this fashion (UImishek and Klemme, 1990; Ettensohn,
1997).

As surficial relief and complete drainage nets develop, clastic sediments from the
adjacent load fill the foreland basin with “flysch-like” sediments represented by deep- to
shallow-marine, clastic deposits (Figs. 7B, 8, 9B). Once filled, the basin passes through a short
“equilibrium” phase, during which basin fill and eroded source areas are at or near base level;
distal parts of the basin may experience sediment starvation at this time (Fig. 9C). In the
Mississippian example from the Appalachian Basin (Fig. 9), equilibrium carbonates predominate
during this phase because of unique subtropical, lowstand conditions in the area (Fig. 9D).
However, this phase may be minimal or absent in different climatic or non-lowstand conditions.
The equilibrium phase is followed by a relaxation phase when proximal parts of the foreland
basin and adjacent “unloaded” source areas (Fig. 9D) undergo rebound (Fig. 9E), and previously
deposited sediments are cannibalized. This phase is dominated by widespread deposition of
finer-grained, marginal-marine, post-orogenic, clastic sediments, which often include redbeds
and coals. These “molasse-like” sediments (Fig. 8) end the tectophase cycle and are typically
truncated by a regional unconformity marking the inception of the next tectophase.
Tectonostratigraphic sequences like the tectophase cycle have been recognized in several other
foreland basins (Allen et al., 1991; Sinclair et al., 1991; Coakley and Watts, 1991; Su et al.,

2009).



However, each foreland basin is different in the number of cycles, each of which reflects
an orogenic event. For example, the Alpine foreland basin exhibits only one cycle (Allen et al.,
1991; Sinclair et al., 1991), whereas the Appalachian Basin exhibits 13 such cycles reflecting
five orogenies, of which cycles beginning with the Ordovician Utica (Fig. 10) and Devonian
Marcellus (Fig. 11A) black shales are best known for their hydrocarbon potential. Of special
interest relative to foreland-basin cycles are the two Taconian tectophase cycles in the
Appalachian Basin (Fig. 10). Figure 10 illustrates one ideal case of well-developed cycles in an
along-strike section that shows how orogeny and accompanying cycles migrate in space and time
(south to north), as well as the varying tectonostratigraphic responses in each of the two cycles.
On the BSS, we have recognized three such tectophase successions (Fig. 3) reflecting two major
orogenic events.

Using Appalachian Basin models (Figs. 8-11A) as a basis, a schematic cross section
illustrating the tectonostratigraphic development of the Late Permian—Middle Jurassic succession
across the BSS is presented (Fig. 11B). This model illustrates multiple tectonic pulses in the
eastern BSS region and a largely southeastern to northwestern progradation of deeper-marine
shales and clastic wedges. The formation names correspond to the Norwegian nomenclature
currently adopted by the Norwegian Petroleum Directorate. At least three major clastic wedges
were deposited during Late Permian, Triassic, Late Triassic (Norian) and Middle Jurassic times
(Fig. 11B). To our knowledge, the only wedge with a “formal”” name is the “Triassic Boreal
Ocean Delta,” (Klausen et al., 2019) (Fig. 11B). The unconformities in red are the result of
tectonic pulses caused by the Uralian-Pai-Khoi-Novaya Zemlya Orogeny on the eastern BSS
region. So, as not to be mistaken for a tectophase-bounding unconformity, it is important to note

that the green, Permo-Triassic unconformity in Figure 11B, used as a datum herein, is related to



regional uplift accompanying the Permo-Triassic super-plume event (Drachev, 2016), which was
responsible for extrusion of the Siberian Traps in the West Siberian Basin (Saunders et al.,
2007). In the rest of this section, we will examine the Late Permian—Middle Jurassic BSS cycles
(Figs. 2, 3, 11B), considering the Appalachian Basin models pictured above (Figs. 8-11A).

As previously mentioned, the tectophase cycles are based on the presence of
unconformities and a distinct overlying stratigraphic sequence (Fig. 8). In the Appalachian
cycles, the basal unconformities and overlying succession typically become younger in space and
time cratonward (Fig. 11A). Similarly, in the BSS, the first tectophase (Fig. 3; purple) is
represented by the development of a basal Uralian unconformity in the east during Late
Carboniferous (Bashkirian—Gzhelian) time (Fig. 3; col. 5, 6, 14), which migrates westward,
becoming progressively younger into Early Permian (Kungurian) time (Fig. 3). Rocks on top of
the basal unconformity are typically transgressive carbonates or black shales in Appalachian
sections and represent rapid subsidence (Figs. 8, 10). Likewise, in the BSS section, Lower to
Upper Permian (Kungurian—Wuchiapingian) deeper water carbonates and spiculites and Permo-
Triassic black shales reflect transgression and rapid subsidence atop the unconformity (Figs. 2, 3,
11B), representing major deformational loading in the Uralides. Once loading halts, relaxation
sets in and widespread erosion in the now uplifted orogen results in basin infilling with flysch-
like clastics followed by molasse-like sediments, which are well observed in the Appalachian
area (Figs. 8-11A). On the BSS, Late Carboniferous to Permian, deeper water, black shales do
grade upward into flysch-like clastics of the Sassendal and lowermost Kapp Toscana groups
(Figs. 2, 3, 11B), but at the Permo-Triassic transition, a prominent unconformity, most likely
associated with regional uplift caused by the Permo-Triassic plume event, extensively truncates

the section (Figs. 3, 11B). By Early Triassic (Induan) time, the unconformity is succeeded by



thick, molasse-like sedimentation, including marginal-marine, cyclically alternating, black shales
and clastics with later fluvio-deltaic facies and coal (Fig. 3; 11B), suggesting local pulses of
thrust movement in the nearby orogen like those noted in the Acadian section (Figs. 11A).

In the Appalachian Acadian sequence, the molasse-like sediments were deposited more
proximally in the Catskill and Price-Pocono “Deltas” (Ettensohn, 2004). On the BSS, the very
prominent molasse-like sequence comprises the “Triassic Boreal Ocean Delta” (Fig. 11B), which
is purported to be the largest deltaic complex of its type in the Earth’s history (Klausen et al.,
2019). These deltaic sequences were abruptly uplifted and capped by a Late Triassic, mid-Norian
unconformity that signaled the advent of another tectophase, representing the advent of folding
and thrusting of the Novaya Zemlya archipelago upon the BSS or the Novaya Zemlya Orogeny
(Petrov et al., 2008; Henriksen et al., 2011). This tectophase (Fig. 3; orange) is represented by a
typical sequence of organic-rich, flysch-like and molasse-like sediments and only lasted for
about 20 m.y. from mid-Norian time to the Triassic-Jurassic boundary (Figs. 3, 11B). Rocks
from this tectophase were abruptly truncated along a widespread, regional unconformity at the
Triassic-Jurassic boundary (Figs. 3, 11B). This unconformity apparently characterizes the
inception of another tectophase (Fig. 3; black), which represents the final transpressional
collision and indentation of a segment of Siberian crust into Baltica in the Novaya Zemlya
archipelago (Drachev et al., 2010; Curtis et al, 2018). Like the Alleghanian collisional orogeny
(Fig. 5), this final collision generated a large wedge of alternating terrestrial and marginal-marine
clastic sediments without lower parts of the cycle as in the Appalachian Basin (Table 2, Stage 7;
Figs. 2, 3, 5). Sedimentation persisted for about 35 m. y. until Middle Jurassic (Bathonian) time,

when uplift related to the opening of the Atlantic generated another unconformity (Figs. 3, 11B),



overlain by deep-water, Atlantic-type oceanic shales (Henriksen et al., 2011), which effectively

terminated the Uralian-Pai-Khoi-Novaya Zemlya tectonostratigraphic succession on the BSS.

3.4 Intracratonic-basin analogues

Intracratonic basins are areas within the craton that have experienced broad, long-period,
regional-scale sagging, with most lacking a rapid, initial subsidence phase (Klein and Hsui,
1987; Xie and Heller, 2009; Armitage and Allen, 2010). These basins are generally described as
having sedimentary thicknesses of less than 5 km, and rarely 6—7 km, exhibiting a generally
saucer-like geometry, lacking major syn-tectonic faults, and experiencing only occasional post-
sedimentary faulting (Xie and Heller, 2009; Allen and Armitage, 2012). These characteristics are
probably oversimplified because of the variety of subsidence mechanisms and geometries
associated with these basins (Klein and Hsui, 1987; Ulmishek and Klemme, 1990; An and
Assumpcao, 2006; Ritzmann and Faleide, 2009; Armitage and Allen, 2010; Cloetingh and
Burov, 2011; Gac et al., 2013). In the United States Illinois and Michigan basins (Fig. 1A),
subsidence mechanisms are related to much earlier phases of rifting (Kolata and Nelson, 1991;
McBride and Kolata, 1999), and subsequent flexural stresses associated with nearby orogenic
activity (Cloetingh and Burov, 2011). Interestingly, Gac et al. (2013) concluded that the eastern
BSS basins were largely formed by mechanisms like those forming the Illinois and Michigan
basins, which were contemporaneous with Appalachian orogenies.

Stratigraphic successions in intracratonic basins are predominantly of terrestrial to
shallow-water origin, which suggests that sedimentation effectively kept pace with subsidence
(Allen and Armitage, 2012). Moreover, intracratonic stratigraphic successions can at times be

tied to the development of adjacent foreland basins (Ettensohn, 1985, 1992) (Fig. 11A). In fact,



the same flexural stresses controlling foreland-basin sedimentation may also influence patterns
of cratonic sedimentation some distance from the foreland basin, making it difficult to
distinguish the intracratonic from the foreland tectonostratigraphic sequences (Ettensohn et al.,
2019). Widespread source-rock deposition can also occur (Vyssotski et al., 2012), but some
hydrocarbons in these basins may have originated in the adjacent foreland basin (Oliver, 1986;
Sorokhtin et al., 2015).

In the Appalachian area, parts of various foreland-basin stratigraphic sequences migrated
beyond the foreland basin into the adjacent intracratonic basins (Figs. 1A, 11A) (Ettensohn,
1992), intertonguing with local, intracratonic, stratigraphic sequences. Similarly, the Paleozoic to
Mesozoic tectonostratigraphic sequence in the Novaya Zemlya foreland basin and eastern BSS
basins (Figs. 1B, 2, 3, 11B) may represent foreland basin overfill and regional progradation of
foreland tectonostratigraphic sequences far onto the adjacent craton, as in the Appalachian
system (Fig. 11A). The persistent large-scale cratonward progradation of the Uralian-Pai-Khoi-
Novaya Zemlya succession (Fig. 11B, southeastern Triassic—Jurassic clastic sequences)
contributed to the filling of intracratonic basins in the western BSS and Russian-Norwegian BSS
transitional areas (e.g., Olga and eastern Nordkapp basins; Figs. 1B, 2, 3, 11B), intertonguing
with local intracratonic stratigraphic sequences.

Because of the several formation mechanisms possible (Allen and Armitage, 2012), the
tectonostratigraphic nature of intracratonic basins can be unclear (Lindsay et al., 1993).
However, based on work in the Appalachian area (e.g., Quinlan and Beaumont, 1984), it is also
important to understand that some intracratonic basins may experience periodic interactions with
adjacent foreland basins, resulting in periods of yoking (Ettensohn and Lierman, 2015) and

intracratonic subsidence (Howell and van der Pluijm, 1990) related to orogenic activity in the



adjacent orogen. Hence, if development of intracratonic basins in the eastern BSS area is like
that in the Appalachian area, as suggested by Gac et al. (2013) for the BSS, then processes from
Appalachian intracratonic areas may well provide analogues, especially relative to subsidence
rates (Smelror et al., 2009), fault reactivation (Anell et al., 2013), and foreland-basin-like

stratigraphic successions on the BSS (Fig. 3).

4 SUMMARY

Using the features and history of a well-known area as analogues to understand a lesser-
known area is a widely used technique in the geologic sciences and industry. Even though the
studied areas may be widely separated and represent different times and places, external
analogues may compensate for a lack of in-place data and provide new perspectives. Clearly,
analogues are not perfect, but in areas of limited or unavailable knowledge, they should be
examined as one of the first sources of information. To our knowledge, basin areas external to
the Barents Sea shelf (BSS) and adjacent areas have not been widely used as analogues to the
BSS. Inasmuch as both the Appalachian and BSS areas record the closure of an ocean or oceans
and reflect the final stages of a Wilson cycle during the formation of Pangea, it is reasonable to
expect the possibilities of at least large-scale analogues.

The main challenges in transposing Appalachian models to the BSS are the differences in
timing, paleogeography, and paleoclimate. Even though the timing of tectonic events in the two
areas is not the same, overall temporal differences should not affect the use of large-scale
Appalachian analogues in the BSS area, because both areas experienced a very similar tectonic
history. Similarly, the paleogeographic placement in time of both areas was not identical, but the

succession of resulting paleoclimates in both areas was nearly the same and resulted in large-



scale clastic-carbonate-clastic successions, which broadly reflect a similar sequence of non-
marine, marine, non-marine depositional settings. Moreover, both basins experienced times of
rapid subsidence that led to the accumulation of thick stratigraphic sequences.

Assuming that Appalachian and BSS (Uralian) successions are tectonostratigraphically
analogous and are largely the products of flexural interactions (loading and relaxation), then
Appalachian tectonostratigraphic flexural models (e.g., tectophase cycles) should be applicable
to the BSS. For example, using the Appalachian tectophase model merely transposes a Lower
Permian-to-Jurassic succession of units on the BSS for a Lower-to-Upper Paleozoic successions
of units in the Appalachian area. In this context, units from the Norwegian BSS would largely
represent more distal cratonic areas, whereas units from the Russian BSS and Novaya Zemlya
would constitute more proximal intracratonic, bulge-related, and foreland-basin areas. Hence, an
Appalachian model effectively provides critical background when analyzing BSS regional
unconformities, organic-rich rocks, petroleum systems, stratigraphic geometries, basin filling,
correlation, tectonic timing and helps with integrating the regional tectonostratigraphy of both
Norwegian and Russian BSS sectors.

The Paleozoic Appalachian succession is the result of complex interactions among
foreland basins, intracratonic basins, platform systems and the widespread reactivation of
Precambrian structures, which facilitated interactions between foreland and intracratonic basins.
Similarly, the Upper Permian-to-Middle Jurassic BSS succession is the result of large-scale
interactions among similar features of a younger age. In the BSS area, the Upper Paleozoic
sequence generally begins with a major bounding unconformity, overlain in succession by
organic-rich marine shales, flysch-like clastics, and molasse-like clastics, and is subsequently

truncated by an unconformity. This succession is analogous to those in several Appalachian



foreland basins and adjacent intracratonic areas and is herein interpreted to be parts of
unconformity-bound tectophase cycles related to flexural interactions with the orogen.

The large-scale setting with a deformed precursor basement, a closing ocean, a collisional
orogen, and resulting foreland and intracratonic basins is much the same in both areas. What is
new in this analysis is the recognition of tectonostratigraphic cycles in the BSS succession that
reflect flexural responses typical of Appalachian tectophase cycles. The idea that the existing
BSS stratigraphy can now be related to distinct phases of Uralian orogeny is relatively new and
especially critical in understanding the BSS succession in a tectonostratigraphic framework. This
understanding is clearly a product of using Appalachian tectonostratigraphic analogues and
provides a foundation on which to develop the study of related BSS petroleum systems. This, we
hope, will provide an additional tool for hydrocarbon exploration and in finding suitable carbon-

capture and storage targets across the BSS.

(Data sharing not applicable to this article as no datasets were generated or analyzed during the current

study).
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Table 1: Schematic comparison between the Appalachian and BSS areas in terms of general features, tectonics,

stratigraphy, and paleogeography. Please refer to text for detailed description and discussions.

Items

Appalachian area

Barents Sea shelf area

Approximate area (km?)

0.93 million (Appalachian foreland

and intracratonic areas)

1.4 million (shelf area)

Present-day setting

Continental

Mostly Offshore

Approximate maximum thickness

13.7 (Appalachian Basin); 6.0

(IMinois Basin); and 4.3 (Michigan

Unknown. More than 20 km is

believed in the South Barents

(km) Basin. At least 10 km in western
Basin)
basins.
Exploration status Mature Mostly frontier
Tectonics

Structural elements (present day)

Foreland and intracratonic basins;
structural highs and platforms. Nine

superimposed foreland basins

Foreland, intracratonic, rift and
strike-slip basins. Structural highs
and platforms. Abundance of

structural highs

Diachronous collisional events

associated with oceanic closure

Closure of lapetus and Rheic

Oceans

Closure of lapetus and Uralian

Oceans

Stratigraphy

Overall succession

Clastic-carbonate-clastic

Clastic-carbonate-clastic

Foreland basin succession

Easily identified. Several

superimposed foreland basins.

Not easily identified. At least one

Mesozoic and one Paleozoic basin




Unconformities

Multiple. Local and regional

Multiple. Local and regional

Level of foreland preservation

Very good. Most foreland

lithologies are preserved regionally

Variable. The Paleozoic foreland
basin(s) were structurally inverted
by thrusting and destroyed by

erosion

Carbonate platforms

Warm water (stable platform,
abundant); salt is not abundant;
cold water (following the beginning
of collision); chert is present at

local to basinal scale

Warm water (stable platform,
abundant); salt is common to
abundant; cold water (following the
beginning of collision); chert is

present at a regional scale

Paleogeography

Overall paleoclimate succession

Humid-arid-humid

Humid-arid-humid

Paleocontinent development in time

Laurentia-Laurussia-central Pangea

Baltica-Laurussia-northern Pangea

Influence of major glaciation

Ordovician, Devonian, and Permo-

Carboniferous

Permo-Carboniferous and Late

Cenozoic




Table 2: General comparison between the Appalachian and BSS areas in terms of timing and tectonic events.

Stages

Appalachian area

Barents Sea shelf area

Timing

Event

Timing

Event

Basement precursors

Precambrian

Presence of

Precambrian

basement structures

Late

Precambrian-

Late Devonian

Presence of

Timanian and

Caledonian

basement structures

Orogenic collapse and

relaxation

Late
Precambrian-

early Cambrian

Relaxation, rifting,
erosion, and
deposition of

continental clastics

Late
Devonian—
Early

Carboniferous

Caledonian
relaxation, rifting,
erosion, and
deposition of
continental clastics

(western BSS)

Middle Stable platform
Late
Stable platform Cambrian- Stable platform development
Carboniferous—
development Early development (behind offshore
Early Permian
Ordovician arc to the east)
Pennsylvanian
Inception of subduction- Inception of
inception of
type orogeny (s) with Taconian Orogeny
Early-Middle orogeny with
bulge migration and with unconformity | Early Permian
Ordovician unconformity and
foreland-basin and initiation of
initiation of basal
development basal tectophase
tectophase
Permian— Deformational
Deformational loading Middle Deformational
earliest loading and
and platform subsidence Ordovician— loading and
Triassic (at platform
to develop a foreland Mississippian | platform subsidence
least one subsidence (cherty




basin (one or more (during four (marine black shales tectophase limestones to black
tectophases) orogenies and | during each of nine during one shales)
nine tectophases) orogeny)
tectophases)
Infilling of foreland
Infilling of foreland
and some
Late and some
Relaxation through intracratonic basins
Ordovician— intracratonic basins
infilling of foreland basin with syn- and post-
Mississippian with syn- and post-

with syn- and post-

(during four

orogenic clastics

Permian-Late

orogenic clastics

orogenic clastics; Triassic (flysch- and
orogenies and (flysch- and
termination of tectophase molasse-like
nine molasse-like clastics
(one or more tectophases) clastics during at
tectophases) during each of nine
least one
tectophases)
tectophase)
Mississippian- Triassic-Jurassic
Final ocean closure and Pennsylvanian unconformity,
continental collision with unconformity, overlain by a
major unconformity Pennsylvanian— | overlain by a largely | Lower—Middle | largely terrestrial
development, overlain by Permian terrestrial clastic Jurassic clastic wedge,

a largely terrestrial clastic

wedge

wedge, migrating far
beyond the foreland

basin

migrating far
beyond the foreland

basin

Beginning of Atlantic

cycle

Late Triassic—

Jurassic

Orogenic collapse,
rift development and

infill

Late Jurassic—

Eocene

Transpression on
western part of
BSS and oceanic

flooding
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Fig. 1: Map A) Main structural elements and major shale-play systems in the eastern, central, and northern United
States. The Appalachian foreland and adjacent intracratonic basins are included in the black rectangle. The Ouachita
system of basins and platforms is partially represented in the southern and southwestern parts of the figure. The
Rome Trough (yellow) represents a pre-Appalachian system of rift basins. The solid and dotted black lines represent
section lines in Figures 5 and 10, respectively. The former Appalachian Mountains are represented by an area of
complexly deformed and metamorphosed rocks to the east of the Appalachian Basin. Data were compiled from the
Energy Information and Administration EIA (2021, sedimentary basins and organic-rich plays); Tetra Tech (1981,
arches and sags); Repetski et al. (2008, Paleozoic structures); and Sims et al. (2008, Precambrian structures). Map
B) Main structural elements of the Barents Sea shelf (BSS) region. The red lines illustrate a highly schematic
structural lineament framework (NPD, 2021). The solid purple line is the offshore boundary (NPD, 2017) between
the Norwegian (western) and Russian (eastern) BSS sectors. The dotted and dashed purple lines are stratigraphic
section lines in Figures 2 and 6, respectively. The solid black lines are stratigraphic section lines in Figure 3. The
black-dashed lines represent Caledonian, Timanian, and Uralian-Pai-Khoi-Novaya Zemlya thrust fronts (Drachev,
2016). The North and South Barents basins represent present-day expression of the Uralide foreland basin on the
BSS; the central highs at longitude 38°-40° represent a probable forebulge area; and the structurally complex area
on the Norwegian side represents intracratonic basins and intervening platform areas. Structural elements were

compiled from the NPD (2021).
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Fig. 2: Schematic chronostratigraphic and lithostratigraphic diagram for eastern areas of the Norwegian BSS and a
generalized stratigraphic column for eastern Svalbard (left-most column, modified from NPD, 2017) (dotted purple
line in Fig. 1B). The question marks represent uncertainties concerning the interpretation of, facies, and source-rock
occurrence. Comparison with Figure 3 shows that this figure is a very generalized regional stratigraphic

interpretation, which also lacks stratigraphy from the eastern BSS.
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Fig. 3: Schematic tectonostratigraphic section (solid black line in Fig. 1B) of eastern Spitsbergen (1); BSS (2-4; 7-
13); Novaya Zemlya (5; 6; 14); Pechora Basin (15; 16) and northeastern Timan-Pechora Basin (17). The time scale
reflects the International Chronostratigraphic Chart (Cohen et al., 2013). Colors represent generic depositional
environments. Colored lines on the right-hand margins of each section represent tectophases in the main Uralian
(purple) and Novaya Zemlya (orange and black) orogenies. Key references, but not the only references, used in
constructing the section include: Timan-Pechora Basin (e.g., Abrams et al., 1999; Prischepa et al., 2011; Schenk,
2011); Pechora Basin (e.g., lvanova, 1997; Suvorova and Matveeva, 2014; Norina et al., 2014; Zhuravlev et al.,
2014); Novaya Zemlya (e.g., Nakrem, 2007; Drachev, 2016; Zhang et al., 2018); BSS (e.g., Dalland et al., 1988;
Johansen et al., 1993; Grogan et al., 1999; Larssen et al., 2002; Margulis, 2008, Leonchik and Senin, 2010;
Tugarova et al., 2008; Smelror et al., 2009; Henriksen et al., 2011; Stoupakova et al., 2011; Ustritskiy and Tugarova,
2013; Polyakova, 2015; Burguto et al., 2016; NPD, 2017; Olaussen et al., 2018); eastern Spitsbergen (e.g.,

Stemmerik and Worsley, 2005; Riis et al., 2008; Dallmann et al., 2015; Nicolaisen et al., 2019).
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Fig. 4: A) Extent of the Uralide fold belt and associated facies; Ordovician to Middle Carboniferous deposits are
pre-orogenic, mostly platform, sequences. Although not highlighted in the figure, Proterozoic rocks are locally
exposed on Novaya Zemlya (e.g., Evdomikov et al., 2000). B) Major Hercynian-aged fold belts involved in the final
amalgamation of Pangea (modified from Proust et al., 1998). C) Paleogeographic reconstruction illustrating the
convergence of Laurussia (southeastern continent) and Siberia-Kazakhstania (northeastern continent) during
Avrtinskian time, and the location of the Uralides and adjacent foreland basin belt, which includes the area that is

now the Novaya Zemlya archipelago (northwestern-most area of the belt). The distribution of warm and cold



currents reflects results related to closure of the sea-way connection between the Uralides and the Paleo-Tethys

Ocean (modified from Reid et al., 2007).
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Fig. 5: Schematic northwest-southeast cross section across the north-central Appalachian foreland basin, illustrating
major stratigraphic relationships and stratigraphic units (Fig. 1A,; solid black line). The Mid-Ordovician
unconformity represents inception of the U.S. Appalachian foreland basin. The unconformity-bound stratigraphic
units reflect the following orogenies: Ordovician (Taconian); Silurian (Salinic); Devonian (Acadian); Mississippian
(Neoacadian) and Pennsylvanian—Permian (Alleghanian). Note the presence of Precambrian basement structures,
related to earlier pre-Appalachian rifting, which were periodically reactivated during later Appalachian orogenies.
Lo=Loudon Fm.; W=Weverton Ss.; MS=Mt. Simon Ss.; K=Kerbel Fm.; E=Eau Claire Fm.; M=Martinsburg Sh.;
Br=Brassfield Lms.; T=Tuscarora Ss.; L=Lockport Dol.; BlI=Bloomsburg Fm.; S=Salina Gr.; Co=Columbus Lms.;
O=0nondaga Lms.; Hun=Huntersville Chert; Or=Oriskany Ss.; N=Needmore Sh.; Ma=Marcellus Sh.; Bu=Burket
Sh.; Mi=Middlesex Sh.; R=Rhinestreet Sh.; H=Huron Sh.; C=Cleveland Sh.; Oh=0hio Sh.; Ol=Olentangy Sh.;

BB=Bedford-Berea; Su=Sunbury Sh.; Bor=Borden Fm. (modified from Ettensohn et al., 2019).
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the Novaya Zemlya Orogeny (modified from Mdller et al., 2019).
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Fig. 7: Sequential schematic diagrams showing flexural relationships among foreland-basin formation, sediment
infill and deformational loading. A) Basin-bulge formation and migration with subaqueous deformational loading
and little clastic influx (represents first three parts of the tectophase cycle; Fig.8B). Major surficial deformational
loading with major clastic influx during part 4 of the tectophase cycle. The pycnocline is a zone of thermohaline
density stratification lacking O, below which organic-rich muds can be preserved ( A= peripheral bulge; ¥= axis of

foreland basin; modified from Ettensohn et al., 2019).
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the tectophase model to the right and the accompanying stratigraphic response to the left. A) Same as Figures 7A



and 8, parts 1[lower unconformity], 2, 3). B) and C) Same as Figure 7B and Figure 8, part 4. D) Same as Figure 8,
part 5. E) Same as Figure 8, parts 6, 7F) Figure 8, part 1, upper unconformity and new Alleghanian tectophase

(modified from Ettensohn et al., 2012).
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Fig. 10: Schematic, southwest-northeast, Middle-Upper Ordovician section (section ABCD in Fig. 1A) paralleling
the strike of the Appalachian Basin and showing repetition of foreland-basin tectophase cycles for the Taconian
tectophases, which are marked by a succession consisting of a basal unconformity, thin transgressive carbonate,
black-shales, flysch-like sediments, and molasse-like sediments. The younging of the Antes-Utica shales reflects the
northward migration in space and time. Ga. = Georgia; Md. = Maryland. No vertical scale intended. (Modified from

Ettensohn et al., 2019).
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Fig. 11: Model A) shows a highly schematic cross-section, illustrating Devonian—-Mississippian black shales in east-
central United States and basin yoking during black-shale deposition. Datum is the Devonian-Mississippian
boundary, which is a subtle unconformity in parts of the Appalachian Basin. Note the distribution of black shales
and coarser clastics, overflowing from the Appalachian foreland basin into the Illinois intracratonic basin (modified
from Ettensohn, 1992). Many of these black shales are source rocks for clastic reservoirs throughout the basin.
Model B) shows a highly schematic cross-section, illustrating the Late Permian—Middle Jurassic tectonostratigraphic

succession in the BSS area, illustrated using an Appalachian-type tectonostratigraphic model (Figs. 8-11A). Datum



is the Permo-Triassic unconformity (green) that represents regional uplift accompanying the Permo-Triassic plume
event. Deep marine deposits include organic-rich shales. The unconformities in red are associated with Uralian-Pai-

Khoi-Novaya Zemlya tectophases.



