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Abstract

The Billefjorden Fault Zone is a major terrane boundary in the Norwegian Arctic. The fault separates basement rocks of Svalbard’s north-eastern and north-western terranes that recorded discrete Precambrian tectonothermal histories and were accreted, intensely deformed and metamorphosed during the Caledonian Orogeny. Although the fault represents a major, crustal-scale tectonic boundary, its northward extent is not well constrained. The present short contribution addresses this issue and presents new seismic mapping of structures and rock units north of Wijdefjorden, where the Billefjorden Fault Zone may continue. This study shows that there is no evidence for major faulting of the top-basement reflection, and therefore, that the Billefjorden Fault Zone may die out within Wijdefjorden–Austfjorden, step ≥ 20 km laterally, or be invisible on the presented seismic data. Seismic data also suggest that Caledonian basement rocks in Ny-Friesland (north-eastern terrane) are not significantly different from basement rocks below the Devonian Graben in Andrée Land (north-western terrane). Potential implications include the absence of a major terrane boundary in northern Spitsbergen.
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Introduction

The Svalbard Archipelago consists of three basement terranes with different tectonic histories (Harland et al. 1992; Labrousse et al. 2008; Mazur et al. 2009). These terranes are separated by lithospheric boundary faults. Among these faults, the Billefjorden Fault Zone (see location on Fig. 1) juxtaposed granitic Palaeoproterozoic basement rocks of the north-eastern basement terrane (Fleming & Edmonds 1941; Gee et al. 1992; Balashov et al. 1993) against sedimentary rocks of the northern Devonian Graben that were deposited onto eclogite, migmatitic schists and metasedimentary rocks of the north-western basement terrane (Gee & Hjelle 1966; Gjelsvik 1979; Labrousse et al. 2008; Fig. 1b). Both basement terranes were deformed and metamorphosed during the mid-Palaeozoic Caledonian Orogeny (Dallmeyer et al. 1990; Gee & Page 1994). In the north-eastern terrane (Ny-Friesland), this resulted in the formation of the Atomfjella Antiform, a major gently north-plunging antiformal thrust stack 25 km in width (see Fig. 1 for location; Gee et al. 1994; Witt-Nilsson et al. 1998). In the north-western terrane, Caledonian deformation possibly resulted in large-scale folding of basement rocks into a north–south-trending, north-plunging anticline 10–15 km in width, the Bockfjorden Anticline (location shown in Fig. 1; Gee & Hjelle 1966; Gjelsvik 1979). Exhumation of basement rocks in the Bockfjorden Anticline may also have occurred during the late Silurian–Devonian extensional collapse, Late Devonian Ellesmerian contraction and/or early Cenozoic Eurekan contraction (Gjelsvik 1979; Braathen et al. 2018; Dallmann & Piepjohn 2018, 2020).

Fig. 1 (a) Base image from the International Bathymetric Chart of the Arctic Ocean (Jakobsson et al. 2012), showing Spitsbergen and the location of major structural elements in the study area (black frame). Abbreviations: AA: Atomfjella Antiform; AL: Andrée Land; Au: Austfjorden; BA: Bockfjorden Anticline; BFZ: Billefjorden Fault Zone; Bi: Billefjorden; By: Biscayarhalvøya; HL: Heel Land; Hr: Hinlopenrenna; KP: Kapp Petermann; Mf: Moffen; MFZ: Moffen Fault Zone; NF: Ny-Friesland; NL: Nordenskiöld Land; No: Norskebanken; Od: Odellfjellet; Rf: Reinsdyrflya; Sa: Sassenfjorden; St: Storfjorden; Vf: Vestfjorden; Wi: Wijdefjorden. (b) Geological map of Svalbard after Dallmann (2015).

[image: POLAR-40-7668-F1.jpg]

The Billefjorden Fault Zone is thought to have formed during Ellesmerian/Svalbardian top-west thrusting of Ny-Friesland basement rocks onto collapse sedimentary deposits of the Devonian Graben in the northern Spitsbergen (Harland et al. 1974; McCann 2000; Piepjohn 2000). Alternatively, the Billefjorden Fault Zone formed during the Caledonian Orogeny and was reactivated as a normal fault during the late–post-orogenic collapse, defining the eastern boundary of the Devonian Graben (Manby & Lyberis 1992). The fault was reactivated during subsequent tectonic events, including Carboniferous extension (Braathen et al. 2011; Smyrak-Sikora et al. 2018) and early Cenozoic Eurekan contraction (Major & Nagy 1972; Harland et al. 1974; Haremo et al. 1990).

In Billefjorden and Sassenfjorden, the Billefjorden Fault Zone is well constrained and disrupts seismic reflections (see location in Fig. 1; Bælum & Braathen 2012; Kubiak 2020; Nergård 2020). In the south of Sassenfjorden, seismic, magnetic and structural field data suggest that the fault proceeds onshore Nordenskiöld Land and Heer Land, and into Storfjorden and the northern Barents Sea offshore (location shown in Fig. 1; Major & Nagy 1972; Haremo et al. 1990; Skilbrei 1992; Bælum & Braathen 2012). In the north, the Billefjorden Fault Zone can be traced onshore into Odellfjellet (Fig. 1). Farther north, the fault is believed to continue offshore in nearshore fjords (Austfjorden, Wijdefjorden; Fig. 1). However, its continuation north of Spitsbergen and interaction with known east–west-striking, late Cenozoic normal faults (e.g., Moffen Fault Zone; Eiken 1992; Geissler & Jokat 2004) is poorly constrained, and only a few studies have attempted seismic mapping of the fault in this area (e.g., Kowalewski et al. 1990; Czuba et al. 2004, 2005; Geissler & Jokat 2004; Roy 2007, figures 101–102; Jokat et al. 2008; Geissler et al. 2011).

The present contribution presents new seismic mapping north of Wijdefjorden and briefly discusses potential implications for the continuation of the Billefjorden Fault Zone and for major terrane boundaries in Svalbard. Note that the term “basement” refers to rocks older than the Caledonian Orogeny. Seismic reflection data used in the present study are from the DISKOS database. The analysed profiles show relatively high resolution, and lines trending east–west (i.e., orthogonal to the Billefjorden Fault Zone) are ideal to identify major disruptions of the bedrock related to brittle faulting along the Billefjorden Fault Zone at the mouth of Wijdefjorden (Fig. 2). High-resolution versions of the figures are available on DataverseNO at doi.org/10.18710/LP3YMQ.

Fig. 2 TWT map of the top-basement reflection around northern Spitsbergen. Note the trace of major gently north-plunging basement folds (yellow lines) and the possible continuation of the Billefjorden Fault Zone in Wijdefjorden (dotted red line). The locations of areas shown in Fig. 3 and Supplementary Fig. S2 are indicated in blue, and black lines show the location of all the other seismic lines used in the present study. Abbreviations: AA: Atomfjella Antiform; AL: Andrée Land; BA: Bockfjorden Anticline; BFZ: Billefjorden Fault Zone; By: Biscayarhalvøya; Hr: Hinlopenrenna; KP: Kapp Petermann; MFZ: Moffen Fault Zone; NF: Ny-Friesland; Rf: Reinsdyrflya; RFZ: Reinstranda Fault Zone; Wi: Wijdefjorden.
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Results and interpretation

Analysis of seismic data north of Wijdefjorden shows two distinct seismic units characterized by distinct seismic facies, and two major reflections (including the seafloor). Each seismic facies and reflection is described and then interpreted in the present section.

Description lower seismic unit (facies 1)

The lower seismic unit shows a chaotic facies (seismic facies 1) and typically consists of steeply east- and west-dipping, arcuate and low- to moderate-amplitude reflections (Fig. 3a and red lines in Fig. 3b–c; see Supplementary Fig. S1 for uninterpreted seismic profile and Supplementary Fig. S2 for more interpreted seismic data). In places, these arcuate reflections are continuous for up to 1 km, show moderate to high amplitude and curve upwards and downwards, defining minor (geometrical) peaks and troughs with both symmetric and asymmetric geometries and hundreds of metres wavelength (red lines in Fig. 3a–c and Supplementary Figs. S1, S2). These are particularly well developed in the western part of the seismic profile. In the east, regularly spaced, moderate amplitude reflections dominate and occur down to one second (TWT). These display comparable attitude to the seafloor reflection, though with gradually increasing vertical amplitude at depth (Fig. 3c).

Fig. 3 (a) East–west-trending seismic section north of Spitsbergen, across Norskebanken and the mouth of Wijdefjorden. The profile shows the top-basement reflection (dashed white line) and a westwards thickening post-Caledonian (Devonian?) sedimentary succession. Black arrows denote multiples and dotted yellow lines fold axes. See Fig. 2 for location; (b) and (c) are zooms in the western and eastern parts of (a), respectively. In (b), a detailed view of the chaotic aspect and associated steeply east- and west-dipping reflections (red lines) characterizing seismic facies 1 (Caledonian basement rocks) is shown, whereas (c) shows gently undulating to gently west-dipping moderate amplitude reflections (dashed orange lines) and onlaps, toplaps and downlaps geometries (yellow half-arrows) characteristic of seismic facies 2 (post-Caledonian sedimentary rocks). Notice that the shallow seafloor reflection resulted in several multiples (black arrows).
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Interpretation lower seismic unit (facies 1)

Moderate–high amplitude, arcuate, curving up and down reflections display varied and unique shapes (no reflections show exactly the same pattern) with consistently similar geometries throughout the lower seismic unit despite seismic artifacts (e.g., multiples; Fig. 3). This suggests that they do not represent noise. In addition, these reflections are typically strongly similar in shape, size and attitude to fold structures on seismic data (Ji & Long 2006) and to north–south-trending fold structures with 1–2 km wide wavelength within basement rocks in Ny-Friesland (Harland et al. 1992, figure 4; Witt-Nilsson et al. 1998). Furthermore, seismic velocity obtained for this rock unit in north of Spitsbergen is ≥ 5.5 km/s, that is, comparable to basement rocks in Spitsbergen (Geissler & Jokat 2004; Czuba et al. 2005). The lower seismic unit characterized by seismic facies 1 is, therefore, interpreted as tightly folded basement rocks. In adjacent onshore areas of Ny-Friesland, previous field studies recorded the presence of Palaeoproterozoic rocks of the Atomfjella Antiform, which were tightly folded and metamorphosed during the Caledonian Orogeny (Gee et al. 1994; Witt-Nilsson et al. 1998). Because of the proximity with the interpreted basement rocks off the coast of northern Spitsbergen, which crop out at seafloor level near the northern tip of Ny-Friesland (Fig. 3a, c), offshore basement rocks are thought to be comparable to those of the Atomfjella Antiform. Note the coincidence of antiformal fold structures in basement rocks with antiformal structures in overlying seismic units (Fig. 3, Supplementary Figs. S1, S2). The moderate-amplitude reflections that display geometries analogous to the seafloor are interpreted as multiples.

Description upper seismic unit (facies 2)

Seismic facies 2 (uppermost facies) is made up with laterally continuous, gently undulating, moderate amplitude reflections. In places, these reflections terminate against each other laterally (onlaps) and upwards (toplaps), and against a major reflection downwards (downlaps; see yellow half-arrows in Fig. 3a–b). In the upper part, seismic reflections of seismic facies 2 display low amplitude, dip gently to the west and are truncated by linear, flat-lying reflections that mimic the morphology of the seafloor (Fig. 3b). The uppermost portion (< 0.25 second TWT) of the upper seismic unit shows continuous, high-amplitude reflections.

Interpretation upper seismic unit (facies 2)

Based on their relatively good lateral continuity, on their undulating to gently west-dipping geometries and on the observed seismic onlaps, downlaps and toplaps, the reflections characterizing seismic facies 2 are interpreted as sedimentary strata. Considering the geology of nearby onshore areas like Andrée Land and Reinsdyrflya (see Figs. 1 and 2 for location) where the presence of the Devonian Graben deposits, several kilometres in thickness, is well documented by previous field studies (Murascov & Mokin 1979; Manby et al. 1994; Friend et al. 1997; Dallmann & Piepjohn 2020), these offshore sedimentary strata are believed to correspond to post-Caledonian sedimentary rocks, most probably of Devonian age. This interpretation is supported by the analysis of seismic refraction data in nearby offshore areas (Ritzmann & Jokat 2003) and by the seismic stratigraphy established by Geissler & Jokat (2004) for the continental margin north of Spitsbergen (lower part of their unit NoB-1 with seismic velocity > 3 km/s). The uppermost, flat-lying, high-amplitude reflections just below the seafloor most likely represent younger Cenozoic sediments. However, some of these flat-lying reflections mimic the shallow seafloor and, therefore, include multiples (black arrows in Figs. 3a–b). It is, therefore, difficult to assess the thickness of the Cenozoic sediments.

Description major reflection

The two seismic successions defined by seismic facies 1 and 2 are separated by a major rugged reflection. In the west, this reflection occurs at a depth of approximately one second (TWT), whereas it becomes gradually shallower and eventually merges with the seafloor reflection towards the east (Fig. 3). This reflection displays a relatively homogeneous geometry throughout the study area, curving up and down gently with a wavelength of 1–2 km (dotted yellow lines in Fig. 3a–b), and typically appears as a high- to moderate-amplitude seismic peak (red; i.e., positive reflection, like the seafloor). From a regional perspective, this major reflection gently deepens towards the west and north-west (Fig. 2).

Interpretation major boundary

The rugged appearance of this major reflection suggests that it represents a major erosional unconformity. In addition, the positive character of the reflection strongly suggests that rocks characterized by seismic facies 1 (lower seismic unit) are relatively denser than rocks defining seismic facies 2 (upper seismic unit). Based on the geology of nearby onshore areas, this reflection is interpreted as the boundary between folded and metamorphosed Caledonian basement rocks and overlying, mildly deformed, post-Caledonian sedimentary successions. This is supported by published basement sonobuoy velocities north of Spitsbergen (Geissler & Jokat 2004). The reflection is referred to as the top-basement reflection in the discussion. Considering the complex tectonic history of Caledonian basement and Devonian sedimentary rocks in adjacent onshore areas (e.g., Gee et al. 1994; Dallmann & Piepjohn 2020), the curving attitude of this major reflection is interpreted as the seismic expression of 1–2 km wide, upright fold structures (dotted yellow lines in Fig. 3a–b). Since these gentle upright folds also appear to propagate into the overlying post-Caledonian sedimentary strata, they are likely post-Caledonian in age, that is, possibly Devonian and/or early Cenozoic.

Discussion

Despite tentative interpretation by earlier workers (Kowalewski et al. 1990; Roy 2007), the present analysis of more recent, deep-penetrating seismic data north of Wijdefjorden shows no clear sign of faulting (Fig. 3a–c, Supplementary Figs. S1, S2). On the contrary, the top-basement unconformity can be traced across the northward prolongation of Wijdefjorden and throughout the study area north of Spitsbergen without any significant disruption, or any change in seismic character (Fig. 3a–c, Supplementary Figs. S1, S2; see Supplementary material for further discussion and expected seismic character). Instead of abrupt depth variation, which is typically observed across major faults (see Supplementary material for further discussion and estimate of the expected offset), the reflection gently deepens westwards and north-westwards (Fig. 2). Allaart et al. (2020) reported north–south-trending ridges on bathymetric data in northern Wijdefjorden, but these consist either of recent glacial deposits following the trend of the fjord and are associated with a flat-lying top-basement reflection (Allaart et al. 2020, figure 5) or of tightly folded, subvertical basement units of the Atomfjella Antiform (Manby 1990; Witt-Nilsson et al. 1998). Based on these observations, we discuss three possible scenarios for the Billefjorden Fault Zone north of Wijdefjorden.

Since there is no sign of faulting, the Billefjorden Fault Zone probably dies out northwards within Wijdefjorden or Austfjorden (possibly south of Kapp Petermann; see Fig. 1 and Fig. 2 for location). In this scenario, displacement along the fault zone would decrease northwards towards the fault tip. This would imply that the Billefjorden Fault Zone does not represent a major terrane boundary. This is supported by deep seismic sounding, which shows no sign of abrupt lateral variation in seismic velocity at the mouth of Wijdefjorden or in Austfjorden, that is, no offset of high velocity basement rocks against relatively low velocity post-Caledonian sedimentary rocks (Czuba et al. 2004, 2005). The lack of deep-penetrating seismic sections orthogonal to the fault in Wijdefjorden and Austfjorden does not allow further testing of this model.

Alternatively, the fault may step laterally by 20 km or more, that is, in Hinlopenrenna to the east or west of the studied seismic profiles (Fig. 2). Such behaviour is common for major strike-slip faults (e.g., Sylvester 1988; Nilsen & Sylvester 1995) and was previously reported along the Billefjorden Fault Zone in Billefjorden and Sassenfjorden (Bælum & Braathen 2012). A potential south-east-dipping fault was mapped in south-eastern Reinsdyrflya by Dallmann & Piepjohn (2020, figure 33), and this fault could possibly offset the Billefjorden Fault Zone laterally in northern Wijdefjorden. However, the Reinstranda Fault Zone is a normal fault (Dallmann & Piepjohn 2020) and, hence, is highly unlikely to have accommodated kilometre-scale lateral displacement. This is also the case of the Moffen Fault Zone, which is thought to be a late Cenozoic normal fault (Eiken 1992; Geissler & Jokat 2004; Geissler et al. 2011) and whose north-east–south-west-striking segment was not identified on seismic data (present study), thus suggesting that the fault dies out west of Wijdefjorden. In addition, no major north–south-striking fault and no major offset of the top-basement reflection were observed on seismic data in areas east and west of the mouth of Wijdefjorden, and seismic velocities do not show any abrupt lateral variation characteristic of the presence of a major fault (Czuba et al. 2004, 2005; Czuba 2007). Moreover, studies along onshore portions of the Billefjorden Fault Zone showed that large-scale strike-slip movements are unlikely (Lamar et al. 1986; Lamar & Douglass 1995; Piepjohn 2000; Michalski et al. 2012). Furthermore, the fault steps in Billefjorden–Sassenfjorden are in the order of 1–3 km. A major step of the fault ≥20 km north of Spitsbergen is, therefore, unlikely.

Another possibility is that the fault is invisible on seismic data and juxtaposes two basement terranes with strongly similar seismic signatures. However, strong lithological differences between basement rocks in north-eastern (Ny-Friesland; Harland et al. 1993; Gee et al. 1994; Witt-Nilsson et al. 1998) and north-western Spitsbergen (Biscayarhalvøya; Gee & Hjelle 1966; Gjelsvik 1979; Labrousse et al. 2008) suggest otherwise. In addition, the undisrupted character of the top-basement reflection north of Wijdefjorden contrasts with the complex post-Caledonian reactivation history of the Billefjorden Fault Zone recorded by field studies in Spitsbergen (Harland et al. 1974; Lamar et al. 1986; Lamar & Douglass 1995; Piepjohn 2000; Braathen et al. 2011). This scenario is, therefore, considered highly unlikely.

In this perspective, it is relatively simple to explain the transition from basement rocks to Devonian sedimentary rocks across Wijdefjorden. The transition may be explained by preferential (glacial) erosion along the west-tilted lithostratigraphic boundary/unconformity between hard, intensely deformed and metamorphosed Palaeoproterozoic basement rocks and relatively weak, shale-rich Devonian sedimentary rocks, which merges with the seafloor just east of the mouth of Wijdefjorden (Fig. 3a–c, Supplementary Figs. S1, S2). Since basement rocks of the north-eastern and north-western terranes were both deformed into large north–south-trending folds during the Caledonian Orogeny (e.g., Atomfjella Antiform and Bockfjorden Anticline; Gee & Hjelle 1966; Gjelsvik 1979; Gee et al. 1992; Witt-Nilsson et al. 1998), the west-tilted unconformity and, therefore, the resulting erosional trough would trend north–south, that is, parallel to the Atomfjella Antiform and to Wijdefjorden. Note that this does not preclude further exploitation (uplift–exhumation) of major north–south-trending basement ridges in subsequent tectonic events (e.g., Ellesmerian and Eurekan contraction, Devonian extension).

Conclusion

Seismic data north of Wijdefjorden show the presence of shallow (≤one second TWT), tightly folded Caledonian basement rocks and of gently folded post-Caledonian (Devonian?) sedimentary strata to the west. Seismic interpretation in this area closely correlates with the geology of nearby onshore areas.

The data show no sign of faulting north of Wijdefjorden, and the top-basement reflection gradually deepens from seafloor level off the tip of Ny-Friesland to ca. one second (TWT) in the west. Because of the absence of clear evidence of faulting, the location and nature of the northern continuation of the Billefjorden Fault Zone remain uncertain, but the most probable explanation is that the fault dies out northwards in Wijdefjorden.

Nonetheless, the homogeneity of intra-basement seismic facies and the continuity and homogeneous character of the top-basement reflection suggest that the rheology of Caledonian basement rocks does not significantly vary across Wijdefjorden in Andrée Land (below Devonian Graben) and Ny-Friesland. The presence of a major, lithospheric terrane boundary between Ny-Friesland and Andrée Land is, therefore, highly questionable.

Regardless, much work is needed to further constrain tectonic relationships of basement rocks, the Billefjorden Fault Zone and related terrane boundaries in northern Spitsbergen, and acquiring new seismic data in this area (e.g., in Vestfjorden–Austfjorden–Wijdefjorden) may significantly help to resolve these relationships.
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