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Abstract: We perform an integrated analysis of magnetic anomalies, multichannel seismic and wide-11 

angle seismic data across an Early Cretaceous continental large igneous province in the northern 12 

Barents Sea region. Our data show that the high-frequency and high-amplitude magnetic anomalies 13 

in this region are spatially correlated with dykes and sills observed onshore. The dykes are group in 14 

two conjugate swarms striking oblique to the northern Barents Sea passive margin in the eastern 15 

Svalbard and Franz Josef Land regions, respectively. The multichannel seismic data east of Svalbard 16 

and south of Franz Josef Land indicate the presence of sills at different stratigraphic levels. The most 17 

abundant population of sills is observed in the Triassic successions of the East Barents Sea Basin. We 18 

observe near-vertical seismic column-like anomalies that cut across the entire sedimentary cover. 19 

We interpret these structures as magmatic feeder channels or dykes. In addition, the compressional 20 

seismic velocity model locally indicates nearly vertical positive finger-shaped velocity anomalies (10-21 

15 km wide) that extend to mid-crustal depths (15-20 km) and possibly deeper. The crustal structure 22 

does not include magmatic underplating and shows no regional crustal thinning suggesting a 23 

localized (dyking, channelized flow) rather than pervasive mode of magma emplacement. We suggest 24 

that most of crustal extension was taken up by brittle-plastic dilatation in shear bands.  We interpret 25 

the geometry of dykes in the horizontal plane in terms of the palaeo-stress regime using a model of a 26 

thick elastoplastic plate containing a circular hole (at the plume location) and subject to combined 27 

pure shear and pressure loads. The geometry of dykes in the northern Barents Sea and Arctic Canada 28 

can be predicted by the pattern of dilatant plastic shear bands obtained in our numerical 29 

experiments assuming boundary conditions consistent with a combination of extension in the 30 

Amerasia Basin sub-parallel to the northern Barents Sea margin and a mild compression nearly 31 

orthogonal to the margin. The approach has implications for palaeo-stress analysis using geometry of 32 

dyke swarms. 33 
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 34 

1 Introduction 35 

A large number of continental large igneous provinces (LIPs) were formed throughout Earth history 36 

(Coffin & Eldholm 1994, Ernst 2014). A typical LIP event is associated with eruption of over 106 km3 of 37 

basalts. This massive eruption of flood basalts and corresponding intrusive components are 38 

attributed to a temperature and melting anomaly in the mantle due to plumes (Richards et al. 1989; 39 

White & McKenzie 1995). The main eruptive phase of flood basalts is geologically short and lasts 40 

typically 1-5 million years (Jerram & Widdowson 2005, Svensen et al. 2012). LIPs are closely linked to 41 

continental breakup (Buiter & Torsvik 2014). The effect of magmatic weakening and magma-assisted 42 

breakup is pronounced on the central Atlantic (Hames et al. 2000) and northeast Atlantic margins 43 

(Eldholm & Grue 1994), East-African rift (Ebinger & Casey 2001, Buck 2006, Kendall et al. 2005), and 44 

India-Seychelles margins (Minshull et al. 2008).  45 

Giant radiating dyke swarms are often associated with LIPs and can be used as markers to 46 

reconstruct the pre-breakup position of the continents (Ernst et al. 2013). The orientation of dykes 47 

can also be used to infer palaeo-stress regime on pre-breakup continental margins (Hou et al. 2010). 48 

On the other hand, existing models for formation of giant dyke swarms are partly based on Venusian 49 

analogues (associated with coronae structures) since on Earth the entire palaeo-structures are less 50 

likely to be preserved due to erosion and plate tectonics (McKenzie et al. 1992). The lack of structural 51 

constraints and complex geometry of giant dyke swarms has promoted debates on physical 52 

mechanisms behind their formation and the role played by mantle plumes (e.g. McHone et al. 2005). 53 

With this contribution, we address the mechanical aspects of genesis and geometry of giant dyke 54 

swarms and the key role of rheological behaviour of the lithosphere affected by a mantle plume.    55 

A giant radiating dyke swarm has been identified in the Arctic region by Buchan & Ernst (2006)  in the 56 

circum-Arctic continental shelves. This has supported the existence of the High Arctic LIP-related 57 

magmatic event (Lawver & Muller 1994, Tarduno 1998, Maher 2001) previously inferred from a 58 

number of structural and lithological observations including geochemistry of basalts (Bailey & 59 

Rasmussen 1997, Ntaflos & Richter 2003, Drachev & Saunders 2006). The later analysis of detailed 60 

aeromagnetic data (Minakov et al. 2012a, Døssing et al. 2013) and analysis of multichannel and wide-61 

angle seismic profiles (Grogan et al. 2000, Minakov et al. 2012a, Polteau et al. 2016) suggested 62 

significant intrusive component of the High Arctic LIP in the Barents Sea.  63 

The lack of vegetation and perfect exposure in the islands of the northern Barents Sea region allows 64 

for unique correlation of geophysical data and onshore geology. In Franz Josef Land most dykes are 65 



3 
 

near vertical with a thickness that ranges between 2-30 meters but locally may increase to more than 66 

100 meters (Dibner 1998). Basalt flows are typically 2-70 meters thick, locally up to 100 meters with a 67 

total thickness of 200-350 m. From a geochemical point of view two major groups were identified: 68 

low-potassium tholeiitic basalts and andesitic basalts (Ntaflos & Richter 2003, Dibner 1998).  69 

Corfu et al. (2013) determined the crystallization ages of mafic sills in Svalbard and Franz Josef Land 70 

using U–Pb methods on different minerals. The ages obtained suggest a rapid magma emplacement 71 

in agreement with previous studies of other LIPs (Hames et al. 2000, Svensen et al. 2012). Their 72 

results indicate an age of ~124 Ma and ~122 Ma (with an accuracy within 1 Myr), for the sills in 73 

Svalbard and Franz Josef Land, respectively. 40K/40Ar and 40Ar/39Ar data (Nejbert et al. 2011, Shipilov 74 

& Karyakin 2011, Piskarev et al. 2009) indicate a much larger spread of ages (~200-90 Ma) with an 75 

uncertainty of some determinations of up to ±29 Myr (Shipilov & Karyakin 2011). The interpretation 76 

of these data in terms of the timing of dyke emplacement is not straightforward. The isotopic 77 

geochronology studies in other continental large igneous provinces has shown that the U-Pb dating 78 

technique generally better constrains the crystallization age of mafic intrusions compared to the K-Ar 79 

(and Ar-Ar) system that can be heavily affected by complex thermal history, extraneous argon, recoil 80 

loss, uncertainties in the ages of standards and other factors (e.g. Svensen et al. 2012) 81 

In this study we reserve the term “High Arctic LIP” for the main intrusive phase of magmatism, 82 

postulated to be a result of the plume-lithosphere interaction that initiated continental breakup of 83 

the Arctic continental lithosphere (Lawver & Müller 1994, Drachev & Saunders 2006). We assume 84 

that the younger Late Cretaceous magmatism (70-100 Ma) in the west Arctic region (e.g. Tegner et al. 85 

2011) can be related to lithosphere rifting. The proposed view is documented by a large dataset of 86 

geological and geophysical information in the Barents Sea. We reprocess and analyse magnetic data, 87 

seismic refraction, and multichannel seismic reflection data covering the dyke swarms in the 88 

northern Barents Sea. The data show no large amount of extension/rifting of continental lithosphere 89 

preceded the magmatism in the Barents Sea. The lack of Cenozoic faults or magmatism in the 90 

northern Barents Sea (Minakov et al. 2012b) makes possible to infer lithospheric stresses associated 91 

with the emplacement of the Early Cretaceous mafic dyke swarms by matching their geometry with 92 

results of mechanical modelling. The magnetic data reveal a radiating pattern of dykes crosscutting 93 

the Barents Sea shelf (Figs 1 & 2). We use these data as a rationale to discuss a possible mechanism 94 

of the dyke emplacement and predict the stress pattern related to early stages of the Amerasia Basin 95 

evolution. We briefly review existing models for the dyke geometry that are primarily based on 96 

elastic models.  After that we draw attention to the phenomenon of dilatant plastic shear bands that, 97 

as we believe, controlled the geometry of dykes.   98 
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2 Geophysical data and processing 99 

Seismic data 100 

Seismic data were acquired by University of Bergen south-east of Kong Karls Land (Minakov et al. 101 

2012a) and Joint Stock Company (JSC) Sevmorgeo in the eastern Barents Sea (Ivanova et al. 2011, 102 

Sakoulina et al. 2015) and combined to produce a composite deep seismic transect across the 103 

northern Barents Sea (Fig. 1). The western part (ESVA) consists of a 170 km long profile acquired in 104 

2008 along which 14 ocean bottom seismometers were deployed. The acoustic source consisted of 105 

four equal-sized air guns with a total volume of about 80 litres that were fired every 200 meters. The 106 

processing of these data is described in Minakov et al. (2012a). The eastern part of the transect (4-AR) 107 

consists of a combined wide-angle and multichannel seismic reflection (MCS) profile, acquired in 108 

2005-2006 that crosses the northern Barents Sea and the northernmost part of the Novaya Zemlya 109 

foldbelt   (Ivanova et al. 2011, Sakoulina et al. 2015). The profile was acquired in 4 legs (240–500 km 110 

long each) and has total length of 1370 km. In this paper only a part of the profile is presented (140-111 

1000 km). The ocean bottom seismic stations were deployed with a 10-km interval along 4-AR. The 112 

acoustic source consisted of a powerful single air gun with the chamber volume of about 120 litres. 113 

The shot interval was 250 meters. The data processing has been previously described in Ivanova et al. 114 

(2011) and Sakoulina et al. (2015). 115 

We remodelled the western part of 4-AR using a combined reflection and refraction tomography 116 

method (Hobro & Singh 1999, Hobro et al. 2003). The profile was processed separately for the two 117 

segments: WNW-ESE part (140 – 500 km) and E-W part (500-1000 km). The first arrivals and Moho 118 

reflected travel times were picked after standard processing applied to recorded data including 119 

bandpass filtering, deconvolution, normalization of amplitudes by Ivanova et al. (2011) and Sakoulina 120 

et al. (2015). We performed the travel-time tomography using the JIVE3D code (Hobro & Singh 1999, 121 

Hobro et al. 2003). Using this approach the travel-time misfit function was optimized together with 122 

smoothness constraints to find a P-wave velocity model. A 1D starting model was constructed using 123 

previously published velocity models in the northern Barents Sea (Minakov et al. 2012a, Ivanova et al. 124 

2011, Sakoulina et al. 2015). The forward problem solution was based on a ray perturbation method 125 

adopted from Fara & Madariaga (1987). The optimization problem was solved using iterative LSQR 126 

method (Paige & Saunders 1982). We used 30 nonlinear iterations to update the initial starting 127 

model. The uncertainty of picking was set to 100 ms beyond 30 km offset and 70 ms at closer 128 

distances. The final chi-square value was ~2.3 for the WNW-ESE segment and ~1.3 for the E-W 129 

segment, respectively. We attribute the increase of the chi squared value for the WNW-ESE segment 130 

to a complex three-dimensional velocity structure. The checkerboard resolution tests for both parts 131 
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of the 4AR profile as well as the ray coverage, data residuals and traveltime plots can be found in 132 

Supplementray Material 1 & 2.  In Fig. 3b & c, we show the velocity model, resulted from our 133 

tomographic inversion of Pg and PmP phases, together with the velocity model by Sakoulina et al. 134 

(2015) which is based on a forward modelling of all interpreted phases including secondary arrivals. 135 

The two models are in general agreement apart from minor discrepancies in the configuration of 136 

Moho.   137 

The MCS survey along the 4-AR profile (Figs 4 & 5) was carried out by JSC Sevmorneftegeofizika in 138 

2005 onboard RV "Akademik Lazarev". The airgun source consisted of 4258 cu. in. (69.8 litres) BOLT 139 

1900 airguns. The SeaMUX 2000 seismic streamer was used as a receiver. The main acquisition 140 

parameters are provided in Table 1. The seismic data along the 4-AR profile were processed in JSC 141 

Sevmorgeo. The initial processing was performed using FOCUS software (Paradigm Geophysical) and 142 

presented in Ivanova et al. (2011). 143 

In this work the data were reprocessed aiming to eliminate the surface-related multiple reflections. 144 

The re-processing of the 4-AR MCS data was performed using FOCUS and GeoDepth© software 145 

(Paradigm Geophysical). The processing sequence included: band-pass filtering, SRME multiple 146 

removal, velocity analysis, geometrical spreading amplitude correction,  tau-p deconvolution, 147 

multiple suppression using Radon transform, spectral equalization and broadening of the spectrum.  148 

The final processing step consisted of seismic migration applied to shot data both in time domain. 149 

We applied Kirchhoff pre-stack time migrationusing average (RMS) velocities. In addition, F-X and 150 

time-dependent deconvolution were applied to migrated seismic sections. 151 

Magnetic anomalies 152 

We compiled a magnetic anomaly map for the northern Barents Sea region (Fig. 2) including a 5x5 km 153 

grid extracted from the circum-Arctic CAMP compilation (Gaina et al. 2011) and 2x2 km grids for the 154 

Svalbard and Franz Josef Land regions. The aerogeophysical survey over Franz Josef Land was carried 155 

by the Polar Marine Geological Expedition (PMGRE) in 1997 and 1998-2000. The results of processing 156 

and interpretation of trackline data were presented in Verba et al. (2004), Glebovsky et al. (2006a,b), 157 

and Minakov et al. (2012b). The magnetic data over the Svalbard region were acquired by 158 

Sevmorgeo-PMGRE, TGS-NOPEC Geophysical Company and the Norwegian Geological Survey (NGU) 159 

in 1989-1991. The results of data processing and interpretation south and east of Svalbard can be 160 

found in Skilbrei (1991), Skilbrei (1992), and Olesen et al. (2010). The specifications of aeromagnetic 161 

data are placed in Table 2. 162 
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The profile aeromagnetic data over Franz Josef Land were re-processed in VNIIOkeangeologia 163 

including more accurate leveling procedures. The additional processing included the adjustment of 164 

the regional trends in the data. We used a 500-km Butterworth low-pass filter to extract a regional 165 

trend of magnetic anomalies from the CAMP grid. The corresponding long-wavelength component 166 

was removed from the local grids for Svalbard and Franz Josef Land areas and replaced by the trend 167 

derived from the CAMP grid.  168 

3 Geological interpretations 169 

In the following we present an integrated interpretation of seismic and magnetic data within the 170 

northern Barents Sea region with an emphasis on the geometry and distribution of mafic intrusions. 171 

The study region is composed of the Kong Karls Land platform (a Permian-Carboniferous carbonate 172 

platform overlain by 1-4 km of Mesozoic sediments; Grogan et al. 1999) and the ultra-deep East 173 

Barents Sea sedimentary basin in the east (Drachev et al. 2010) that stretches along the Novaya 174 

Zemlya islands (Fig. 1). The northern part of this basin is sometimes considered as a separate unit – 175 

North Barents Basin (e.g. Ivanova et al. 2011). The basin contains Upper Devonian to Cretaceous 176 

sediments with major subsidence during Permian-Triassic times (Drachev et al. 2010, Gac et al. 2012). 177 

Onshore western Franz Josef Land, a well penetrated a mainly Triassic section (including a thin layer 178 

of Carboniferous sediments) overlain by Barremian to Albian basalts interbedded with coal-bearing 179 

sediments (Dibner et al. 1992). The well penetrated an Vendian (Ediacaran) metamorphic basement 180 

at about ~2 km depth (Dibner et al. 1992). In the eastern part of the archipelago two wells were 181 

terminated at ~3.5 km in siliciclastic Middle Triassic (Anisian) strata. The stratigraphic interpretation 182 

of the seismic section in Fig. 3 generally follows Ivanova et al. (2011). 183 

Dykes 184 

As revealed by aeromagnetic data (Fig. 2), the dykes in the northern Barents Sea can be grouped in 185 

two regional swarms running oblique to the passive margin: the Franz Josef Land and Svalbard dyke 186 

swarms, respectively. The first swarm penetrates the existing structural grain of Franz Josef Land 187 

and the region north of Novaya Zemlya. In the west Svalbard region, the dykes could probably follow 188 

Caledonian (and older) faults (Ritzmann and Faleide 2007, Breivik et al. 2005, Gernigon & Brönner 189 

2012). The Carboniferous grabens and associated faults (Faleide et al. 2008) could also facilitate 190 

magma migration at shallower levels south of Kong Karls Land (Minakov et al. 2012a). North of Kong 191 

Karls Land, the dykes cut pre-existing basement structures inferred from geophysical data. Most of 192 

dykes in Figs 1 & 2 are 30°- 90° off the boundaries of basement blocks and zones of weakness 193 

identified by Marello et al. (2013). We also notice that a number of dykes within the Svalbard swarm 194 

intersect each other. WNW-ESE 195 
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The northwest part of the Franz Josef Land archipelago is covered by plateau basalts that correspond 196 

to a broad magnetic high (Dibner 1998). The dykes intruding the sedimentary cover (and locally 197 

cutting the extrusive rocks) correlate with positive high-frequency and high-amplitude magnetic 198 

anomalies (see Supplementary figure S3 for additional data on the relationship between magmatic 199 

and sedimentary rocks). We assume that the dyke emplacement during a normal polarity period and 200 

a steep orientation of the natural remanent magnetization (Abashev et al. 2015) allows for this direct 201 

correlation. 202 

In multichannel seismic data (Figs 4 & 5) the dykes can be identified as sub-vertical discontinuities 203 

that can be traced below 6-7 seconds (13 – 15 km depth) and pinching out at about 2 seconds (~ 3 204 

km depth) as was also shown before by Khlebnikov et al. (2011). The sills in the East Barents Basin 205 

are often spatially associated with these vertical zones of disrupting seismic signatures. On seismic 206 

these vertical features are wider at the top crystalline basement and pinch out at the average depth 207 

of sills. The seismic horizons bend upwards in the vicinity of these anomalies that can be related to 208 

the ascending magma and/or fluids. The dyke anomalies are best imaged on the eastern flank of the 209 

East Barents Basin (southeast of Franz Josef Land). In the central part of the basin the interpretation 210 

is more complicated below the high velocity sill complex (described in detail in the following section 211 

and also by Polteau et al. 2016). Here the dyke anomalies are thinner and occur locally as we show a 212 

zoomed subset of the uninterpreted seismic section (Fig. 5). We acknowledge that the interpretation 213 

of these features is not unique. For example, a localized flow of metamorphic fluids, penetrating 214 

crystalline basement, could also result in a similar pattern.  215 

 216 

Sills and lava flows 217 

In MCS data (Figs 4 & 5) we identify sill intrusions resided in the East Barents Sea Basin using the 218 

following criteria: high (positive) acoustic impedance contrast, unconformable relations to host 219 

sedimentary layers, and saucer-shaped geometry of reflectors (Figs. 4, 5 and S3). In seismic sections, 220 

these sub-horizontal anomalies are most clearly observed in the Middle Triassic strata. Sub-volcanic 221 

intrusive and extrusive mafic rocks are also assumed in the lowermost Cretaceous strata based on 222 

MCS data. Similar magmatic rocks are observed within the Upper Jurassic Agardfjellet Formation in 223 

the Kong Karls Land platform (Grogan et al. 2000). 224 

Most of the saucer-shaped sill intrusions visible on seismic data are within Triassic organic-rich 225 

siliciclastic rocks in the central part of the profile (Figs 4 & 5). A possible large sub-horizontal sill 226 

complex (lateral extent of 100-200 km) can be identified near the top basement at ~6 s or about 13-227 

km depth (Figs 4 & 5). This interpretation is supported by two sills (150 and 400 m thick) in the Lower 228 
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Carboniferous and a thick mafic sill at the top basement (Carboniferous – Ediacaran transition) 229 

penetrated by a borehole in western Franz Josef Land (Fig. S3; Dibner 1998, p. 126). 230 

The average thickness of sills observed onshore Franz Josef Land both in boreholes and outcrops 231 

varies in the range of 20-100 meters. A similar thickness of sills is reported for the Svalbard region 232 

(Senger et al. 2014a).  The metamorphic aureoles are observed within a few tens of meters of the 233 

dyke contact in Franz Josef Land (Dibner et al. 1992). The thickness of contact aureoles in the host 234 

sediments reported for Spitsbergen is 1.5-2 times larger than the thickness of sills (Senger et al. 235 

2014b). 236 

Possible hydrothermal vent complexes are identified at about 1.5-1.8 seconds (1.5-2 km depth) in the 237 

eastern flank of the basin, just above the dyke anomalies (Fig. 5). A northerly location of the major 238 

volcanic activity is suggested by the presence of lava flows on Franz Josef Land (particularly abundant 239 

in the western part of the archipelago) and on Kong Karls Land (east of Svalbard). Sill intrusions in the 240 

north are generally shallower (and in younger stratigraphic intervals) compared to the southern part 241 

of the East Barents Basin (Shipilov & Karyakin 2011) possibly indicating a northward increase of 242 

magma volume and pressure. 243 

Structure of crystalline crust 244 

The crustal P-wave velocity model (Fig. 3) indicates that the northern part of the East Barents Sea 245 

Basin is confined between two higher-velocity domains (profile distance of 0-400 km and 750-1000 246 

km, respectively). The thicker crust in the east is probably related to the northernmost tip of the 247 

Novaya Zemlya fold-and-thrust belt that links to the Taimyr foldbelt in the east (Drachev et al. 2010). 248 

The western part of the profile can be interpreted as a Caledonian crystalline basement modified by 249 

mafic intrusions (at the profile distance of 0-300 km). The northern East Barents Sea Basin is 250 

characterized by lower velocities of the crystalline crust (5.8-7.1 km/s). The Moho depth within the 251 

basin varies between 29 km and 35 km. It increases to the east and approaches of over 40 km at the 252 

northern tip of the Novaya Zemlya fold-and-thrust belt . A slight increase of crustal thickness east of 253 

Svalbard can be the result of mafic intrusions in the lower crust. The crustal thickening and/or 254 

buckling due to Eocene Eurekan/Svalbard Orogeny cannot be also excluded. At the same time, a 255 

number of observations suggest that the formation of the fold-and-thrust belt was associated with a 256 

thin-skin deformation restricted to western Svalbard (e.g. Leever et al. 2011). Thus, it appears from 257 

the lower crustal velocities that the amount of possible underplated intrusive material or magmatic 258 

lower crust is limited. In addition, the velocity model across the northern Barents Sea does not 259 

indicate significant stretching of the crust associated with the LIP magmatism assuming 35 km as an 260 

average thickness of the continental crust. The bulk velocities in the crystalline crust are in the range 261 
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of 6.0-7.0 km/s, which is much lower than is typical for a mafic igneous lower crust (Ridley & Richards 262 

2010). This indicates that the magma transport in the crust was rather localized than pervasive 263 

(underplating).  Despite these two processes are generally not mutually exclusive, we conclude that 264 

most of the High Arctic LIP intrusions in the northern Barents Sea have been emplaced by a localized 265 

magma transport such as dyking and/or channelized magmatic flow.  266 

The pattern of P-wave velocity anomalies (Fig. 3b) is characterized by the presence of high velocity 267 

finger-shaped anomalies that have been previously interpreted east of Svalbard as parts of a Lower 268 

Cretaceous magmatic feeder system (Minakov et al. 2012a). The high velocity anomalies south of 269 

Kong Karls Land (up to 10% with respect to 1D background velocity model) are spatially correlated 270 

with the sills and dykes at shallower levels. The dyke-like anomalies in the multichannel data in Figs 4 271 

& 5 are sometimes spatially correlated with higher compressional velocities in the crystalline crust. A 272 

2-3 km increase of the Moho depth is observed beneath this type of velocity anomalies in the 273 

western part of the profile (Fig. 3; 0-100 km). 274 

The architecture of the crystalline crust is characterized by the basement highs and lows which 275 

correspond to gentle domes and sinks in the structure of the sediments above. The reflection seismic 276 

data indicate that the Franz Josef Land region represented a structural high already in Mesozoic 277 

times whereas Cenozoic uplift and erosion (Henriksen et al. 2011, Minakov et al. 2012b) emphasized 278 

the present-day topography in the northeast Barents Sea. 279 

 Conceptual model 280 

We summarize the geological and geophysical information in the form of a conceptual model in Fig. 6. 281 

The model includes magmatic source region which forms at the brittle/plastic-viscous rheology 282 

transition, radiating dykes, and sills within the sedimentary basin. A radial stress pattern is exerted by 283 

the deep mantle plume. The lithosphere is weakened by melts and fluids above the magmatic source 284 

region. The magma may ascend vertically in porous melt-rich channels in the viscous regime 285 

(Connolly & Podladchikov 2007, Keller et al. 2013) and spread laterally (away from the source region) 286 

at the level of neutral buoyancy. The magma transport in the brittle-plastic part of the lithosphere 287 

occurs in dykes. Most of eruptions occur in the axial volcanic zone above the hot mantle plume. In 288 

the vicinity of the sedimentary basin the level of neutral buoyancy deepens due to the density 289 

decrease in sediments compared to the adjacent basement rocks. The sills are fed by dykes (mostly 290 

from below) and spread sideways at weak sedimentary horizons. This conceptual picture forms the 291 

basis for our mechanical model that aims to infer regional palaeo-stress field and associated 292 

geometry of dykes in the northern Barents Sea.  293 
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4 Mechanical models for dyke emplacement 294 

Model geometry and problem setup 295 

Mechanical modelling of deformation associated with a magmatic reservoir is an important tool 296 

towards better understanding of the emplacement process (see Grosfils et al. (2013) for elastic 297 

models and Gerbault (2012) for elastoplastic models). Specifically, the geometry of dykes in 298 

horizontal plane is often explained using 2D elastic mechanical models (Odé 1957, Muller & Pollard 299 

1977, McKenzie et al. 1992, Hou et al. 2010). The setup of our mechanical model is inspired by these 300 

previous studies.  301 

The model consists of an elastic (or elastoplastic) circular plate containing a circular hole and subject 302 

to a pressure and shear stress boundary conditions (Fig. 7a). The inner and outer radii are 200 km 303 

and 1200 km, respectively. We use a plane strain approximation that is assumed to be valid at mid-304 

crustal depths. The deformation related to the vertical stresses is ignored. Thus, our model setup 305 

should be equivalent to an upper lithosphere weakened by a circular mantle plume. The effects of 306 

fluid/melt pressure, temperature and prescribed rules of strain softening are not included in our 307 

model. A more complete description of the problem would have to include a 3D visco-elasto-plastic 308 

thermomechanical model and multiphase physics. However, given the sparsity and uncertainty of the 309 

geological and geophysical data, we believe that our simplified model constitutes a reasonable first-310 

order approach. 311 

We further specify the inner boundary as a free surface that corresponds to a weak inner region. In 312 

our numerical experiments we explore the effect of far-field shear stress and corresponding stress 313 

concentration around the central circular region weaken by mantle plume. We start with isotropic 314 

boundary conditions, i.e. radial extension. Then, we proceed by introducing some amount of far-field 315 

pure shear.  316 

Analytical solution for elastic rheology 317 

Let us first consider an analytical solution to the mechanical problem of stress concentration around 318 

a circular inclusion assuming that all deformation is elastic. Yarushina and Podladchikov (2007) 319 

derived an analytical solution to a similar problem using the method of Muskhelishvili (1953). The 320 

model is subject to boundary conditions for homogeneous pressure ( ( )rr p tσ = ) and zero hoop 321 

stress ( 0=θσ r ) at the inner boundary and the homogeneous horizontal stress components 322 

( ( )xx xx tσ σ ∞= , ( )yy yy tσ σ ∞= ) and zero shear stress ( 0=xyσ ) at the outer boundary. The solution for 323 

stresses is given by the following expressions: 324 
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( ) ( ) ( )( )2 2 41 4 3 cos2rr p P R r R r R rσ τ θ∞= − Δ − − + ;     (1) 325 

( ) ( )( )2 41 3 cos2p P R r R rθθσ τ θ∞= + Δ + + ;      (2) 326 

( ) ( )( )2 41 2 3 sin 2r R r R rθσ τ θ= + − ;       (3) 327 

where , ,rr rθθ θσ σ σ  are the radial hoop and shear stress components; ( , )r θ  are polar coordinates; 328 

R is the inner radius, p∞  is the pressure at the outer boundary, PΔ - pressure difference at the 329 

inner and outer radii, ( ) / 2yy xxτ σ σ∞ ∞= − is the shear stress at the outer boundary. Here and 330 

everywhere else in the paper, we assume that the tensile stresses are positive. The solution in terms 331 

of the maximum shear stress ( ) 22
max 4/ xyxxyy σσστ +−=  is presented for isotropic boundary 332 

conditions 0=τ  (Fig. 8a) and for 2/PΔ=τ (Fig. 8b). The pressure gradient and far-field pressure 333 

(e.g. due to gravitational potential energy differences) is set to 10 MPa .  334 

Geometry of tensile (mode-I) fractures 335 

The seismic velocity model in Fig. 3 indicates no significant regional stretching of the crust. Therefore, 336 

we suggest that the deformation associated with magma emplacement in the northern Barents Sea 337 

was localized by brittle-plastic failure of the crust linked to the process of dyking. According to 338 

Anderson’s criterion, once the dyke is initiated it propagates normal to the least principal stress 339 

(Anderson 1937; Pollard 1973; Delaney et al. 1986). Odé (1957) employed this idea to explain the 340 

radiating geometry of the Spanish Peaks dykes at the eastern edge of the Colorado Plateau. 341 

McKenzie et al. (1992) further developed this model to explain the geometry of dykes on Earth 342 

(Mackenzie dyke swarm in the Canadian Shield) and Venus (associated with coronae structures) by 343 

constructing stress trajectories for the direction normal to the least compressive stress. These studies 344 

used an analytical solution for a perforated elastic plate in a plane strain approximation similar to the 345 

one described before. However, these authors were mainly interested in the area far from the plume 346 

and made an assumption that 1/ <<rR , which implies that the radius of the circular hole is small 347 

compared to the distance from the centre of the hole. Alternatively, Hou et al. (2010) used a finite-348 

element model of thin elastic plate with a large circular “plug” stressed at the external boundaries to 349 

model directions of principal stresses and matched the geometry of dykes within the Mackenzie 350 

swarm. 351 

Following these authors, we derive the largest principal stress trajectories using the analytical elastic 352 

solution from equations (1) – (3) and solving numerically an ordinary differential equation: 353 
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( )yxtg
dx
dy ,θ= ,          (4) 354 

in which the angle ( )yx,θ  determines the orientation of principal stresses given that  355 
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xy

σσ
σ

θ .       (5) 356 

We use a 4th-order Runge-Kutta method to integrate equations (4) and (5).  357 

Without shear applied, the geometry of tensile fractures is radially symmetric (Fig. 8a). Adding of the 358 

far-field shear component leads to deviation of trajectories from a radial trend towards the direction 359 

nearly orthogonal to the extension (Fig. 8b). Deviation occurs at distances nearly equal to the plume 360 

diameter. Close to the plume tensile stress still exhibits nearly radial pattern. These trajectories 361 

might represent the geometry of the dyke swarm if initiating fractures were not interacting with each 362 

other, i.e., were located at a considerable distance or were immediately healed after initiation by 363 

material with similar elastic properties. 364 

To date this model provides the most popular explanation of the geometry of dykes in giant swarms. 365 

The model is elegant, easy to implement and gives required physical intuition based on the 366 

parameter PΔ/τ . This dependence can be slightly modified by the external pressure p∞ . The 367 

approach based on elastic model may give correct results for the case of a single fracture. However, 368 

each new fracture must modify the stress state and, thus, the next dyke should be modelled using a 369 

slightly different stress distribution.  370 

Moreover, the geometry of dyke swarms suggests more complicated settings than predicted by the 371 

elastic model. The density of dyke populations across the stress trajectories is not uniform. There are 372 

some preferred emplacement directions. The curvature of dykes can be different compared to 373 

predictions. Dykes may swing and intersect each other.  374 

Geophysical and geological observations provided in Figs. 1-2, and Fig. S3 suggest that dykes that 375 

apparently belong to the same LIP event can intersect and can be affected by each other and local 376 

crustal heterogeneity. We interpret some magnetic anomalies (Fig. 2 and Fig. S3) as fractures (or 377 

shear zones) oriented orthogonal to the main strike of the dyke planes. The existence of shear zones 378 

cutting dykes is documented on Franz Josef Land (Dibner 1998). Geological observations on many 379 

islands of the archipelago indicate that some mafic intrusions cut the lava flows and the Early 380 

Cretaceous sedimentary rocks (Dibner et al. 1992). These observations suggest that the dykes within 381 

the swarm intruded neither independently nor simultaneously. We believe that a more consistent 382 
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formulation for the modelling of fracture networks such as dyke swarms should include irreversible 383 

plastic deformation. However, analytical solutions for this type of problems are complicated and 384 

exist only for small PΔ/τ . Thus, numerical solutions are required.     385 

Numerical elastoplastic Model 1 386 

The development of plastic deformation in the crust can be viewed either as formation and growth 387 

of microcracks or sliding on grain boundaries. The upper crust is considered to deform through 388 

cataclastic faulting while a semibrittle regime is more typical at higher pressures (Hirth & Tullis 1994). 389 

This behaviour is well described using the Mohr-Coulomb yield criterion 390 

s
yyxx YF −⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
+= ϕ

σσ
τ sin

2max ,        (6) 391 

where ϕ is the friction angle, sY is the yield stress, maxτ is the maximum shear stress. In the 392 

elastoplastic models, the total strain rate can be decomposed on the elastic and plastic components 393 

as soon as yield criterion 0F =  is reached (Yu 2007). Elastic components are still governed by 394 

Hooke’s law, while for plastic components plastic flow law is applied. This leads to additional 395 

dependence of elastoplastic stiffness tensor on stresses. The relationship between the strain rate and 396 

stress rate can be written as 397 

ep total= ⋅σ D e&& ,           (7) 398 

where  totale& is the total strain rate (written as a 3x1 vector for finite element numerical 399 

implementation); σ& is the stress rate (3x1 vector); epD is a 3x3 elastoplastic tangent modular matrix 400 

that depends on elastic and plastic material parameters and stresses, namely: 401 

ep Q F F QI⎛ ⎞∂ ∂ ∂ ∂= −⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠
D D D D

σ σ σ σ
         (8) 402 

Implicit in this equation is that plastic deformation is governed by flow potential Q , which is usually 403 

taken in the form similar to the yield function 404 

constQ yyxx +⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
+= ψ

σσ
τ sin

2max .        (8) 405 

Here, ψ is the dilation angle that controls the volume increase during shear. We first consider the 406 

case of associated plastic flow. In the associative plasticity, the friction angle is equal to dilatation 407 
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angle ( ϕψ = ), which means that shear on the fault plane is accompanied by a similar component of 408 

volume increase. 409 

Our numerical elastoplastic model is based on the formulation and the MATLAB code by Yarushina et 410 

al. (2010). The stresses are integrated using finite element method (Zienkiewicz & Taylor 2005). We 411 

use a forward Euler incremental method for solving elastoplastic problems. The loading is 412 

incrementally increased towards the yield stress. The algorithm accounts for the drift from the yield 413 

surface and force equilibrium. The accuracy of the numerical solution is benchmarked versus elastic 414 

and elastoplastic analytical solutions by Yarushina et al. (2010).  415 

The numerical grid consists of 1000x1000 elements with an adaptive cell size of 0.6 x 1.2 km close to 416 

the circular hole and 1.4 x 7.5 km at the outer boundary (Fig. 7a). We choose 4-node isoparametric 417 

quadrilateral elements. The dimensions of the model are the same as in the elastic case (inner and 418 

outer radii are 200 km and 1200 km, respectively). Boundary conditions are pressure and pure shear 419 

stress applied at the outer boundary. Both friction and dilation angles are set to 30⁰. The yield stress 420 

in equation (6) is 30 MPa. The elastic parameters are: Poisson’s ratio of 0.3 and shear modulus of 30 421 

GPa. Note, that the elastic solution for stresses given in equations (1) – (3) is independent of material 422 

parameters. The initial pressure at the outer boundary is 10 MPa. The values of the yield function (Eq. 423 

6) are shown for isotropic stress (radial extension) boundary conditions (Fig. 9a) and combined 424 

pressure-shear loading at 2/PΔ=τ  (Fig. 9b).                                  425 

Geometry of shear (mode-II) fractures  426 

A number of previous studies suggested that the zones of shear failure may serve as pathways for 427 

magma migration in the crust (Regenauer-Lieb 1998, Weinberg & Regenauer-Lieb 2010, Gerbault 428 

2012). In these models, the direction of shear failure and faulting in the crust is predicted using a 429 

plane strain slip-line theory. This approach has been also applied in other geodynamic settings 430 

(Tapponnier & Molnar 1976, Regenauer-Lieb & Petit 1997). The two sets of conjugate shear 431 

trajectories (α- and β- slip-lines) are found from an equation similar to equation (4): 432 

( )( ))2/4/(, ϕπθ −±= yxtg
dx
dy

.        (9)  433 

The slip-lines represent the shear failure (mode-II fracture) pattern inside the plastic zone (Fig. 9). For 434 

purely isotropic load ( xx yyσ σ∞ ∞= ), the slip trajectories show a symmetric fan-shaped logarithmic 435 

spiral pattern (Fig. 9a). A similar pattern of crustal fractures was previously obtained by Gerya (2014) 436 

using a 3D numerical thermomechanical model of Venusian coronae structures. Applying of the shear 437 
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load ( xx yyσ σ∞ ∞≠ ) results in the formation of two pairs of conjugate fault populations bisected by the 438 

largest compressive stress (vertical) direction (Fig. 9b). The curvature of the slip-lines depends on the 439 

friction angle. However, it does not significantly affect the general pattern. It should be noted that 440 

the way the trajectories are computed using equation (9) does not depend on the specific problem 441 

and this technique can be used in models with different geometry and boundary conditions. 442 

Using the slip-line approach we can predict the arcuate geometry of dilatant faults (Fig. 9). The 443 

geometry of slip-lines shows preferred directions (not axisymmetric) when far-field shear is applied 444 

(Fig. 9b). The drawback of this approach is that the location and spacing of slip-lines is predefined by 445 

numerical grid and not by rock heterogeneity or any other physical factors. Moreover, the 446 

experiments on rock deformation show that the dilation angle should decrease with the increase of 447 

strain and must be smaller than the friction angle ( ϕψ < ). This leads to different kinematic and 448 

stress characteristics, implying that stress and strain will have localization along different directions. 449 

At the same time, laboratory experiments and field observation of borehole break-outs show that 450 

localization of strain and stress occurs within shear bands that may deviate from slip-lines 451 

(Vardoulakis et al. 1988; Papamichos et al. 2010).  452 

Numerical elastoplastic Model 2 and shear bands 453 

The numerical Model 2 is similar to Model 1 except that we use here a non-associative plastic flow 454 

law ( ϕψ < ). Thus, in this approach the yield function is different from the flow potential ( QF ≠ ). 455 

This type of rheology leads to instabilities of deformation and formation of shear bands (Rudnicki & 456 

Rice 1975). These are observed experimentally and have been modelled numerically (Cundall 1989). 457 

Dilational effects are very common in rocks during shear. This phenomenon is partly due to small 458 

asperities at the fault planes that  dilate the fracture until the strain reaches some critical value 459 

(Vermeer & de Borst 1984). The critical yield stress can be higher in dilatant rocks since a part of the 460 

elastic energy can be spent on the volume change before the material breaks in shear. However, 461 

laboratory and in situ observations of rock deformation show that the dilation angle is much smaller 462 

than the friction angle and typically is around 8=ψ °, while the friction angle is typically around 463 

30=ϕ ° (Vermeer & de Borst 1984). The boundary conditions are the same as in Model 1 (Fig. 7). 464 

The development of plastic shear bands around a magma chamber was previously studied using 465 

numerical elastoplastic modelling by Gerbault (2012). The model proposed in this study can be 466 

viewed as a larger-scale implementation of the approach presented by this author. 467 

Our numerical experiments show that initial (physical) heterogeneity is required for localization by 468 

shear-banding. Tests with homogeneous models and without shear applied did not show localization 469 
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of deformation in shear bands. Small-scale heterogeneities are intrinsic to the crust as indicated by 470 

seismological studies of coda (scattered) waves associated with regional seismic phases (Sato et al. 471 

2012). Thus, we impose an initial random isotropic field on the yield stress (shown in Fig. 7b). We use 472 

a Gaussian autocorrelation function to make a random realization. The maximum amplitude of 473 

heterogeneity is 2% and the correlation length is ~8 km.  474 

The regime of isotropic extension (pressure boundary condition) results in a fan-shaped logarithmic 475 

spiral pattern of dilatant shear bands (Figs. 10a and 11a). The shear bands initiate at the inner 476 

boundary adjacent to the assumed mantle plume and propagate outward while the far-field pressure 477 

is incrementally increased (Figs. 10-11). The angle of shear bands with respect to the largest principal 478 

stress lies in the range of Coulomb ( 2/4/ ϕπ − ) to Arthur angle ( 4/)(4/ ψϕπ +− ) (Vermeer & de 479 

Borst 1984). Both the pressure (Fig. 10) and shear stress (Fig. 11) are reduced within the shear bands. 480 

Thus, the material softening in our model is not prescribed but results from formation of shear bands. 481 

The observed dilatation and weakening is favourable for focusing of fluid or magma inside the 482 

deformation bands since much lower fluid (magma) pressures are needed to overcome resistance 483 

from the rock. The shear bands turn beyond one diameter to the shear direction following the 484 

Coulomb angle when shear loading is applied (Figs 10b and 11b). The geometry of shear bands is 485 

bisected by the direction of the far-field largest compressive stress. The strain localization in our 486 

mechanical model is caused by the rheological instability and does not involve any prescribed 487 

weakening rule. The plastic shear strain and volumetric strain (dilatation) within shear bands are 488 

shown in Supplementary Figure S4. 489 

Our results show that the mechanical model including the non-associated elastoplastic rheology is a 490 

suitable approach to describe the deformation around the plume centre. It captures the general 491 

pattern of the two conjugate dyke swarms in the northern Barents Sea (Figs. 1 and 2). The dilatant 492 

shear bands initiate on random (physical, not numerical) small-scale heterogeneities in the crust and 493 

propagate away from the magmatic centre. We propose that under-pressured weak shear bands 494 

facilitate magma transport in the vicinity of the source region. The propagation of the fractures 495 

further away from the magmatic centre is further addressed in the Discussion. For instance, the 496 

dykes may change the propagation regime from mode-II to mode-I fracture depending on a local 497 

state of stress.  498 

5 Discussion             499 

Palaeo-reconstruction of Amerasia Basin and geometry of dyke swarms  500 
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Pre-breakup reconstructions of the Amerasia Basins often juxtapose the East Siberian and Arctic 501 

Alaska margin with the Canadian Arctic margin for the Early Cretaceous epoch (Drachev & Saunders 502 

2006, Drachev 2011, Grantz et al. 1998, Sweeney 1985, Lawver et al. 2002, Shephard et al. 2013). 503 

These kinematic models imply a counter-clockwise rotation of the Arctic Alaska plate at the 504 

spreading axis oriented nearly orthogonal to the northern Barents Sea margin. In this study we 505 

employ a similar pre-breakup kinematic reconstruction of the Amerasia Basin (Fig. 12a) that generally 506 

follows the model by Shephard et al. (2013). In addition, it includes the Chukchi Borderland and 507 

Bennett Island located north of Franz Josef Land (Drachev & Saunders 2006). It should be also noted 508 

that the relative position of the New Siberian Islands is not accurately restored in Fig. 12 due to Late 509 

Cretaceous – Cenozoic extension in the East Siberian shelf (Drachev et al. 2010, Drachev 2011). The 510 

position of Ellesmere and Axel Heiberg Island is modified due to Early Cenozoic compression and 511 

formation of the Eurekan fold-and-thrust belt (Piepjohn et al. 2007). In Fig. 12a, Ellesmere and Axel 512 

Heiberg Island are shifted towards Greenland compared to the model by Shephard et al. (2013). The 513 

light grey lines for Arctic Canada indicate the location of coastlines in the reconstruction by Shephard 514 

et al. (2013). This configuration creates geometrical problems to fit in the Lomonosov Ridge when the 515 

Eurasia Basin is closed. The previously published configuration of Ellesmere Island has been 516 

tentatively introduced to account for the Eurekan compression by fixing the northern coastline and 517 

extending the Ellesmere and Axel Heiberg islands to the south. However, the amount of compression 518 

and exact location of the blocks that composed the Ellesmere and Axel Heiberg islands are poorly 519 

constrained (G. Shephard pers. comm. 2016). In the presented reconstructions, we have moved the 520 

entire block by ~200 km to the south. This configuration provided a more reasonable configuration 521 

with respect to the closure of the Eurasia Basin. 522 

Four areas of Early Cretaceous magmatism can be identified in the circum-Arctic region: the East 523 

Svalbard, Franz Josef Land, Arctic Canada, and the area adjacent to the Arctic Alaska margin and 524 

Bennett Island (Drachev & Saunders 2006, Tegner & Pease 2014). The geometry of dykes in the 525 

northern Barents Sea is proposed in this contribution (Figs. 1 & 2). The geometry of dykes in Arctic 526 

Canada (Fig. 12a) follows Buchan & Ernst (2006). The Canada dykes strike obliquely (30°-45°) with 527 

respect to the passive margin. The quadruple spatial distribution of magmatism forms a pattern that 528 

resembles the conjugate families of dilatant plastic shear bands obtained in our numerical 529 

experiments when a far-field shear stress was applied at the outer boundary (Figs. 10b, 11b & 12b). 530 

However, taking into account complexities of the local stress state and the younger deformation we 531 

do not attempt to match the exact geometry of dykes in the circum-Arctic region.  532 

At the same time, we find that the general pattern of dykes in the northern Barents Sea (Fig. 12a) is 533 

well captured by geometry of dilatant shear bands in our model (Fig. 12b). This can be interpreted in 534 
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terms of dyke emplacement controlled by conjugate shear directions away from a magmatic center 535 

north of the northern Barents Sea margin. We suggest that the network of dilatant shear bands 536 

served as pathways for magma and/or developed concurrent to the magma emplacement (see also 537 

further discussion on the problem of magma transport in the next section). Similarly, our model can 538 

explain the orientation of dykes in the Sverdrup Basin of Arctic Canada including Axel Heiberg Island 539 

and Ellesmere Island (Fig. 12a). However, the initial geometry of dykes in this region could be 540 

modified by younger deformation.  541 

Based on existing laboratory experiments (Katz et al. 2003, Holtzman et al. 2006) and numerical 542 

models (Keller et al. 2013, Gerya et al. 2015, Gerya & Burov 2015) we anticipate that the magmatic 543 

weakening of the lithosphere, associated with the axial volcanic zone and magma-rich shear bands, 544 

should have evolved rapidly (within 1-2 Myr) through continental breakup to development of an 545 

oceanic spreading center where most of volcanic activity should occur. However, this model is 546 

complicated by observations of a younger Cretaceous volcanism on the Arctic Canada margin.  547 

Recent U-Pb dating results on the timing of magmatism in Arctic Canada Islands were reported by 548 

Evenchik et al. (2015). These authors have analyzed samples from the Cretaceous dolerite sills and 549 

volcaniclastic rocks on Ellef Ringnes Island. The U-Pb dating of intrusive rocks gave ages of 120-126 550 

Ma, similar to Corfu et al. (2013). The volcaniclastic rocks are younger (~101-105 Ma). This probably 551 

indicates a prolonged volcanic activity after the main intrusive event at 120-126 Ma. The volcanic 552 

activity could be associated with seafloor spreading center parallel to the Arctic Canada margin and 553 

formation of the Alpha Ridge volcanic plateau (e.g. Funck et al. 2011). The prolonged volcanism on 554 

the Arctic Canada margin is also indicated by the radioisotopic and geochemical analyses of silicic 555 

volcanic rocks on the northern coast of Ellesmere Island (~97-104 Ma) (Estrada et al. 2016). We can 556 

speculate that lithosphere rifting in a combination with small-scale mantle convection (e.g. model by 557 

Nielsen & Hopper 2004) could be responsible for this younger (post-breakup) volcanic activity on the 558 

rifted margin of Arctic Canada. In contrast, the Barents Sea margin was probably located farther 559 

away from the plume center and was separated by the Lomonosov Ridge microcontinent. This can 560 

explain the lack of younger Cretaceous volcanism on the Barents Sea margin.  561 

The pre-breakup reconstruction of Greenland suggests that some dykes in northern Greenland could 562 

belong to the Svalbard swarm. However, recent U-Pb dating of several dykes in this region has shown 563 

much younger ages of ~80-85 Ma (Thorarinsson et al. 2015). Early Cretaceous basalts are also found 564 

in the Chukchi Borderland and Bennett Island (Drachev & Saunders 2006) but the resolution of 565 

magnetic data in this region is not high enough to identify dykes.  566 
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We propose that the High Arctic LIP dykes were initiated by utilizing a fracture pattern originating 567 

from a plume-related pressure gradients and regional far-field shear stresses in the continental 568 

lithosphere. The geometry of dykes in large swarms is shown to be controlled by regional principal 569 

stresses. Pre-existing heterogeneities in the crust can lead to local stress concentrations which might 570 

alter dyke geometry only locally not affecting the regional pattern.  A combination of extension 571 

related to the opening of the Canada Basin and a smaller compressional component during the Early 572 

Cretaceous epoch can explain the mode of lithospheric failure and emplacement of mafic dyke 573 

swarms in the Arctic region (Fig. 12b). The direction of largest tensile stress follows the kinematic 574 

model for the opening of the Canada Basin that is sub-parallel to the northern Barents Sea margin. 575 

On the palaeo-Pacific side, some compression can be related to multiple terrain accretion along the 576 

Koyukuk-Nutesyn and Farallon subduction zones (Shephard et al. 2013).  577 

Timing of breakup 578 

The magmatic weakening of the proto-Arctic lithosphere associated with the LIP would subsequently 579 

lead to continental breakup and initiation of seafloor spreading in the Amerasia Basin shortly after 580 

122-124 Ma. The assumption of earlier seafloor spreading in the Amerasia Basin, as suggested by 581 

Grantz et al. (2011) and in other publications would create a mechanical problem: the deformation 582 

must have been focused in the weakest region (i.e. at the mid-ocean ridge or plate boundary) while 583 

failure of adjacent thick continental crust and concurrent dyke emplacement would not have 584 

occurred.  585 

Døssing et al. (2013) based on interpretation of new aeromagnetic data have suggested that the 586 

Franz Josef Land and Arctic Canada dyke swarms might also cross the Alpha Ridge and adjacent 587 

Lomonosov Ridge margin. The formation of the Alpha Ridge would definitely postdate the time of 588 

breakup. The seismic velocity structure of the Alpha Ridge indicates that the crustal thickness of this 589 

structure is about 30 km (Funck et al. 2011). About 2/3 of the crust has P-wave velocities >7.1 km/s 590 

suggesting a mafic igneous crystalline basement. Dredging and seismic reflection data indicate thick 591 

basaltic cover at shallower levels. We assume that even if some fragments of continental crust 592 

intruded by dykes were preserved below the basalts, these fragments must have been highly 593 

attenuated and deformed. In our opinion, the linear magnetic anomalies on the Alpha Ridge, mapped 594 

by Døssing et al. (2013), should be more likely related to structures of oceanic rifting with excess 595 

magmatism (similar to Iceland rift zones). The discrepancy of a large amount of extension in the 596 

Amerasia Basin and very little regional extension in the northern Barents Sea would require a 597 

mechanical decoupling of these two regions at a post-breakup time. 598 
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Another argument constraining the timing of continental breakup is the requirement of continental 599 

denudation area north of the Barents Sea margin during Barremian-Aptian time. The latter is 600 

suggested by Barremian-Aptian fluvial deposits in the Barents Sea and Svalbard linked to tectonic 601 

uplift in the north (Maher 2001, Midtkandal & Nystuen 2009). The river deltas were prograding into 602 

southerly regions during Barremian time (Smelror et al. 2009). The MCS data in the central Barents 603 

Sea show clinoforms prograding from the north and northeast source areas to the southern sink 604 

region (Dimitriou 2014, Midtkandal et al. 2015). The transition from mainly shale to the Barremian 605 

sandstone units is responsible for a regional stratigraphic horizon throughout the northern Barents 606 

Sea (Grogan et al. 1999). On Svalbard, the Helvetiafjellet Formation is associated with a change of 607 

paleoenvironment from marine to nearshore-continental containing coal layers and footprints of 608 

dinosaurs. The Isachsen Formation in the Sverdrup Basin of Arctic Canada and the Kuparuk Formation 609 

in north Alaska (Leith et al. 1992) can be considered as analogues to the Helvetiafjellet Formation 610 

and linked to the plume-related surface topography.  611 

Magma transport within East Barents Sea Basin 612 

Understanding the mechanism of magmatic intrusions into sedimentary basins has important 613 

implications for petroleum industry and paleoclimate research. Seismic data and borehole 614 

information obtained within the East Barents Sea Basin indicate the presence of a dolerite sill 615 

complex that seemingly extends throughout the entire basin (Shipilov & Karyakin 2011, Polteau et al. 616 

2016; and Chapter 3 of this paper). At the same time, the eastern branch of the dyke swarm south of 617 

Franz Josef Land cuts the northern East Barents Basin nearly orthogonally (some dykes swing slightly 618 

towards the basin in the western part of the archipelago; Figs. 1-2). Below we discuss possible 619 

mechanisms controlling the magma transport in the continental crust away from the plume-related 620 

magmatic source region into the Barents Sea. 621 

The zone of shear failure were suggested to facilitate magmatic transport away from an upper crustal 622 

magma chamber (Gerbault 2012), in a form of anastomosing dykes at deep crustal levels (Weinberg 623 

& Regenauer-Lieb 2010), and on lithospheric scales associated with Alpine collision (Regenauer-Lieb 624 

1998). Localized melt bands oriented along shear directions have been observed in laboratory 625 

experiments on deformation of partially molten aggregates (Holtzman et al. 2003, Katz et al. 2006). 626 

White et al. (2011) reported on mainly double-couple earthquake mechanisms (mode-II fracture) 627 

associated with dyke propagation from mid-crustal depths in Iceland. Laboratory experiments on 628 

quartz aggregates by Hirth & Tullis (1994) indicate a transition from dominant mode-I to dominant 629 

mode-II microfracturing that occurs at about 0.6 GPa. In nature the depth of this transition is 630 

probably also controlled by temperature and composition. Thus, the dilatant plastic shear bands may 631 
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facilitate the magma migration where the mode-I fractures are inhibited by higher confining pressure, 632 

temperature and other reasons. 633 

Lateral propagation of magma in dykes is assumed to be driven by magma pressure at the source 634 

region and topographic gradients (Fialko & Rubin 1999). Theoretical models (e.g. Lister & Kerr 1991) 635 

predict the lateral propagation of dykes in the crust along the level of neutral buoyancy. The effect of 636 

the topographic gradient (or more generally, gravitational potential energy difference) on the dyke 637 

propagation path has been recently illustrated by monitoring the growth of a 45-km long dyke in 638 

Iceland (Sigmundsson et al. 2015). Both theory and observations suggest that a laterally spreading 639 

dyke can propagate into an area with falling lithostatic pressure while the depth of propagation is 640 

controlled by the level of neutral buoyancy. The lithostatic pressure at given depth and the depth to 641 

the level of neutral buoyancy must have been deeper in the sedimentary basin when compared to 642 

Franz Josef Land. Thus, it may partly explain the reorientation of magma flow towards the East 643 

Barents Sea Basin. 644 

The extent of vertical versus horizontal magma transport mechanism in the lithosphere cannot be 645 

ruled out. The study of anisotropic magnetic susceptibility of the Mackenzie dyke swarm by Ernst & 646 

Baragar (1992) suggests that the flow within dykes is mostly vertical within ~500-km horizontal 647 

distance from the magmatic centre and mostly horizontal farther away. Taking this as a first-order 648 

estimate, the magma transport within the East Barents Sea Basin might have occurred through the 649 

lateral flow at the level of neutral buoyancy. 650 

The surface topography as another controlling parameter at the time of emplacement can be 651 

inferred based on structural and lithological constraints. Grogan et al. (2000) interpreted north-652 

northwest trending flexures at the Mesozoic level within the Kong Karls Land platform in 653 

multichannel seismic data. The flexure developed above the Late Paleozoic faults reactivated in Late 654 

Mesozoic and Cenozoic times. The field relations indicate that flood basalts in Kong Karls Land were 655 

extruded on top of a nearly flat landscape. Following their arguments, the flexure was filled-in by the 656 

lowermost part of fluvial sediments of the Helvetiafjellet Formation before the eruption. These 657 

observations indicate that the elevated topography north of the Barents Sea margin initiated before 658 

the eruption of flood basalts in Kong Karls Land.  659 

Another prominent topographic feature in the Barents Sea region is the NNE-SSW oriented Novaya 660 

Zemlya foldbelt. This foldbelt follows the eastern flank of the East Barents Basin and was probably 661 

formed in Triassic-earliest Jurassic times (Drachev et al. 2010). Paleogeographic reconstructions for 662 

the Cretaceous period indicate that Novaya Zemlya was a highland region (Smelror et al. 2009). Thus, 663 

this elevated topography could affect the stress regime and propagation path of dykes. The faults 664 
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and zones of weakness associated with this fold belt could also provide the zones of increased 665 

permeability. In addition to that, the distribution of gravitational potential energy in the Barents Sea 666 

could lead to rotation of principal stresses from horizontal to vertical planes. This would change the 667 

preferred mode of magma emplacement from dykes to sills. Poro-elastoplastic numerical models by 668 

Rozhko et al. (2007) suggest that fluid-filled fractures pressurized from below tend to develop as 669 

vertical dykes or V-shaped intrusions in horizontal extension while sub-horizontal intrusions develop 670 

in a compressive stress regime. Thus, the compression associated with surface topography changes 671 

could contribute to the formation of the thick sill complex in the East Barents Sea Basin. A geological 672 

analogue to the East Barents Sea intrusive complex is the dolerite intrusions along the deformation 673 

front of the Transantarctic Mountains associated with the Ferrar LIP (Elliot et al. 1999). Ernst et al. 674 

(1995) provided other geological examples of sedimentary basins intruded by sills that were fed by 675 

dyke swarms. 676 

Porous flow localized by a channeling instability (Connolly & Podladchikov 2007; Yarushina et al., 677 

2015) is another mechanism of magma transport as an alternative to fluid filled fractures. Such fluid 678 

flow initiates in response to the fluid overpressure and propagate in the direction of the pressure 679 

gradients. Formation of dyke-like features by the mechanism of shear fractures explained above may 680 

be accompanied by  such processes. This model could probably explain kilometres-scale thickness of 681 

vertical column-like anomalies observed in the seismic reflection images and tomographic velocity 682 

models (Figs. 3 - 5). The next step toward understanding the magma transport in dykes and sills 683 

should be implementation of two-phase viscoelastoplastic deformation models such as presented by 684 

Keller et al. (2013) and Yarushina et al. (2015). The effect of three-dimensional stress field should 685 

also be taken into account. 686 

6 Conclusions 687 

Geophysical and geological data in the Barents Sea indicate that an area in excess of 1.5 x 106 km2 688 

has been affected by the Early Cretaceous volcanism. The northern Barents Sea was affected by two 689 

dolerite dyke swarms: in the eastern Svalbard and Franz Josef Land regions, respectively. 690 

Multichannel seismic data indicate that the dykes fed the dolerite sills, resided in Permian to Early 691 

Cretaceous sedimentary strata in the northern Barents Sea. In multichannel seismic data the dyke-692 

like anomalies penetrate the entire sedimentary cover. Wide-angle seismic data indicate that the 693 

dykes or feeder channels may extend to mid-crustal depths (15-20 km) and possibly deeper. The 694 

Moho depth below the igneous province of 30-37 km is evidence that significant lithosphere thinning 695 

and decompressional melting did not occur. Seismic velocities in the lower crust do not exceed 7.1 696 
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km/s, indicating a lack of underplating. We infer a localized mode for both the deformation and 697 

magmatic transport within the crust.  698 

These observations can be explained by magma transport in dykes radiating from a hot-spot region 699 

north of the Barents Sea margin shortly before the Amerasia Basin continental breakup. In support of 700 

this idea we considered a 2D plane strain elastoplastic finite-element modelling. The geometry of 701 

dykes in the northern Barents Sea region is predicted by the pattern of dilatant plastic shear bands in 702 

a model containing a circular hole with the radius of 200 km and subject to combined far-field 703 

extension pressure and pure shear load. Dilatant plastic shear bands are suggested to control the 704 

magmatic transport in the northern Barents Sea. Other mechanical models for formation of dyke 705 

swarms are discussed and their strengths and shortcomings are highlighted. We suggest that the far-706 

field shear stress in the Early Cretaceous epoch resulted from a combination of extension in the 707 

Amerasia Basin subparallel to the northern Barents Sea margin and orthogonal compression related 708 

to palaeo-Pacific subduction. 709 
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Figure captions: 1045 

Figure 1. Bathymetry of the Barents Sea region. Red lines are axes of magnetic anomalies interpreted 1046 

as Early Cretaceous dolerite dykes. A composite seismic transect (SVA – 4AR) crosses the giant 1047 

radiating dyke swarms in the northern Barents Sea. The East Barents Sea basin is shown using 1048 

contours of depth to top crystalline basement from  Klitzke et al. (2015). KKL – Kong Karls Land. The 1049 

location of the crustal-scale transect in Fig. 3 is shown by yellow line. The location of the seismic 1050 

profile in Fig. 4 is shown by hatched grey line. The SRTM15_PLUS (release of 2015) global topography 1051 

grid (Becker et al. 2009,  Smith & Sandwell 1997) is used that includes the IBCAO bathymetry 1052 

(Jakobsson et al. 2012) for the Arctic region. 1053 

Figure 2. Magnetic anomalies of the Barents Sea region. A composite seismic transect (SVA – 4AR) 1054 

crosses the giant radiating dyke swarms in the northern Barents Sea. The East Barents Sea basin is 1055 

shown using  contours of depth to top crystalline basement from Klitzke et al. (2015). The higher 1056 

resolution grids with a cell size of 2 km are highlighted in more saturated colours. KKL – Kong Karls 1057 

Land. The location of the crustal-scale transect in Fig. 3 is shown by yellow line. The location of the 1058 

seismic profile in Fig. 4 is shown by hatched grey line. 1059 

Figure 3. P-wave velocity model along the wide-angle profiles ESVA and 4AR. (A) The magnetic 1060 

anomalies extracted along the crustal transect. (B) Results of refraction and reflection tomography in 1061 

this study. Location of ocean bottom stations is shown by black triangles. (C) Results of forward 1062 

modelling by Sakoulina et al. (2015). The velocity models do not show underplating, indicating 1063 

predominantly localized (dykes, channelized magma flow) rather than pervasive magmatic transport 1064 

associated with the High Arctic LIP in the northern Barents Sea. We suggest that most of crustal 1065 

extension was taken up by brittle-plastic dilatation in shear bands.   1066 

Figure 4. Multichannel seismic data across the northern East Barents Basin, Profile 4-AR (380 - 850 1067 

km). See Fig. 1-2 for location. The interpretation of seismic stratigraphic unit follows Ivanova et al. 1068 

(2011). The interpreted stratigraphic units are: K (green) – Cretaceous; J (blue) – Jurassic; T (magenta) 1069 

– Triassic; P (brown) - Permian. Possible dykes/feeders and sills are highlighted with red colour. A 1070 

number of sills are identified in Triassic strata; some sills are also inferred at deeper levels – in 1071 

particular, at the sediment-crystalline basement interface. Most dyke-like anomalies are pinching out 1072 

in Triassic strata. The location of the data subset shown in Fig. 5 is indicated by dashed box. 1073 

Figure 5. Zoomed uninterpreted multichannel seismic section showing mafic intrusive complexes 1074 

within the northern East Barents Sea Basin.  1075 
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Figure 6. Geofantasy on dyke emplacement and crustal structure within a continental large igneous 1076 

province. Buoyancy-driven channelized magmatic flow originates in the lowermost lithosphere where 1077 

a hot mantle plume stalls. In the brittle-plastic upper lithosphere the magma flow is focused in dykes 1078 

radiating from the focal region weakened by ascending melts and fluids. The dykes propagate at the 1079 

level of neutral buoyancy in the crust and feed sills in the sedimentary basin. 1080 

Figure 7. General setup of analytical and numerical models. The model is in horizontal plane. (A) The 1081 

finite element mesh of the circular domain. The actual number of elements in the finite-element 1082 

model is hundred times larger than shown in the figure. Thick arrows show the boundary constraints 1083 

applied along the perimeter of the model. R – is the radius of circular hole in the centre of the model 1084 

(200 km); ∞
xσ , ∞

yσ are stresses at the outer radius; ( ) / 2x yp σ σ∞ ∞ ∞= +  is pressure at the outer 1085 

boundary.  (B) The random Gaussian field of the yield strength used in the setup of numerical models. 1086 

Correlation length is 8 km.   1087 

Figure 8. Elastic analytical solutions for the maximum shear stress. Trajectories of the largest 1088 

principal stress are shown in white for pressure (A) and combined pressure and shear stress (pure 1089 

shear) boundary conditions (B). These trajectories illustrate a possible geometry of tensile (mode-I) 1090 

fractures in the crust. Red arrows indicate direction of external loading. Notice that the centre area 1091 

has higher stresses. Therefore, fractures will be initiated from the centre. 1092 

 Figure 9. Results of elastoplastic finite-element Model 1 (associated plasticity). Mohr-Coulomb yield 1093 

stress (see Eq. 6 ) for isotropic extension (pressure) boundary conditions (A) and combined pressure 1094 

and shear stress (pure shear) boundary conditions: / 2Pτ = −Δ , (B). Slip lines illustrate a possible 1095 

geometry of shear (mode-II) fractures in the crust. 1096 

Figure 10. Results of elastoplastic finite-element Model 2 (non-associated plasticity). The pressure 1097 

field is shown for isotropic extension (pressure) boundary conditions (A) and combined pressure and 1098 

shear stress (pure shear) boundary conditions: / 2Pτ = −Δ , (B). Thick arrows show the boundary 1099 

constraints applied along the perimeter of the model. The extension pressure is positive. Note that 1100 

most shear bands are under-pressured (i.e. dilating).  1101 

Figure 11. Results of elastoplastic finite-element Model 2 (non-associated plasticity). The maximum 1102 

shear stress field is shown for isotropic extension (pressure) boundary conditions (A) and combined 1103 

pressure and shear stress (pure shear) boundary conditions: / 2Pτ = −Δ , (B). Thick arrows show the 1104 

boundary constraints applied along the perimeter of the model. Note low shear stress inside shear 1105 

bands.  1106 
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Figure 12. Geometry of the High Arctic LIP dyke swarms. (A) Mafic dykes on top of the plate 1107 

kinematic reconstruction for the Arctic region at ~140 Ma. The kinematic model follows Shephard et 1108 

al. (2013). In this study, Ellesmere and Axel Heiberg Island are moved towards Greenland by ~200 km 1109 

to account for the early Cenozoic Eurekan orogeny. The configuration of the in the model by 1110 

Shephard et al. (2013) is also shown using thinner lines. (B) The maximum (plastic) shear strain 1111 

computed for combined pressure and pure shear stress boundary conditions ( / 2Pτ = −Δ ). The 1112 

plastic strain is localized within shear bands. Geometry of dykes in Arctic Canada follows Buchan & 1113 

Ernst (2006). EL – Ellesmere, AX – Axel Heiberg Island, SV – Svalbard, FJL – Franz Josef Land, KKL – 1114 

Kong Karls Land, BI - Bennett Island, CHB – Chukchi Borderland, AAM – Artic Alaska margin, GRE – 1115 

Greenland, AR – Alpha Ridge and tentative location of magmatic centre. Thin grey lines show isobath 1116 

-1600 m. 1117 

Tables: 1118 

Table 1. Acquisition parameters of the multichannel seismic reflection data 1119 

Table 2. Specifications of aeromagnetic data 1120 

 1121 

Supplementary figures: 1122 

Fig. S3. Relationship between magmatic and sedimentary rocks in  Franz Josef Land. Schematic 1123 

geological transect modified from Dibner et al. (1992) (upper plate) and the grid of high-resolution 1124 

aeromagnetic data (lower plate). Zoomed map of magnetic anomalies in Fig. 2 for the Franz Josef 1125 

Land region is shown. The legend for the geological transect: 1- Cenozoic sediments, 2- 1126 

Undifferentiated Triassic-Jurassic sedimentary rocks, 3 – Basaltic lava flows, 4 – Dolerite dykes. The 1127 

magnetic anomalies derived from a grid are shown above the geological transect. The triangles along 1128 

the transect show the location of boreholes.  1129 

Fig. S4. Results of elastoplastic finite-element Model 2 (non-associated plasticity). The maximum 1130 

shear stress field is shown in MPa. Combined pressure and pure shear stress boundary conditions 1131 

( / 2Pτ = −Δ ). (A) Maximum plastic shear strain (B) Bulk plastic strain (dilatation). Positive sign 1132 

indicates volume increase.  1133 



























 

Parameter Value
Shot point interval 37.5 m 
Source depth 10 m 
Streamer length 6000 m 
Number of recording channels 480
Group interval 12.5 m 
Nominal fold 80 
Record length 12 s 
Sampling rate 2 ms
 

 



Survey Parameter Value
Franz Josef Land Trackline spacing 5 – 10 km 
PMGRE (1997, 1998-2000) RMS 5 nT 
 Flight altitude 500-800 m 
 Direction of tracklines N-S
   
Svalbard Trackline spacing 4 – 8 km 
Sevmorgeo-PMGRE, TGS-
NOPEC, NGU (1989-1991) 

RMS 6-9 nT

 Flight altitude 250, 900, 1550 m 
 Direction of tracklines E-W 
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