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Abstract

The deep-water basin on the Lomonosov Ridge in Central Arctic was rapidly formed on a shallow water shelf in the early Miocene. The continuity of the main seismic reflectors in the sedimentary cover of the ridge indicates no significant crustal stretching during the subsidence. The absence of large free-air gravity anomalies above the ridge precludes the dynamic topography in the mantle from being a cause of the formation of the basin. In the Miocene, the ridge was very far from the convergent boundaries therefore lithospheric flexing is unlikely to produce the subsidence. Under these conditions, crustal subsidence on the ridge was most probably associated with the increase in the crustal density due to metamorphic reactions catalyzed by fluid infiltration from the mantle. 
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 Abstract

The deep-water basin on the Lomonosov Ridge in Central Arctic was rapidly formed on a shallow water shelf in the early Miocene. The continuity of the main seismic reflectors in the sedimentary cover of the ridge indicates no significant crustal stretching during the subsidence. The absence of large free-air gravity anomalies above the ridge precludes the dynamic topography in the mantle from being a cause of the formation of the basin. In the Miocene, the ridge was very far from the convergent boundaries therefore lithospheric flexing is unlikely to produce the subsidence. Under these conditions, crustal subsidence on the ridge was most probably associated with the increase in the crustal density due to metamorphic reactions catalyzed by fluid infiltration from the mantle. 

 Introduction

	[image: Fig 1]
	Figure 1

  The Central Arctic (Figure 1) is characterized by deep water conditions. The Eurasian Basin is underlain by the oceanic crust. It was formed by sea-floor spreading on the Gakkel Ridge during the last 53 Myr. The nature of the crust in the 1–4-km-deep Amerasian Basin is debatable. Most researchers relate it to the oceanic type, probably modified by magmatic intrusions and underplating [D{�ssing et al., 2017; Grantz et al., 2011; Lawver et al., 2002 and many others]. However, band magnetic anomalies formed by sea-floor spreading are absent in this region. Hence, it is believed that the oceanic crust was formed during the Cretaceous Normal Superchron 83–125 million years ago [Olson and Amit, 2015] when the Earth's magnetic field had normal polarity.

Deep seismic refraction profiling shows that a 1-5-km-thick layer with P-wave velocities typical of the granitic layer of the continental crust exists in the upper crust of the Amerasian Basin [Kashubin et al., 2013]. Based on these data many Russian authors believe that the basin is underlain by the continental crust (see [Piskarev et al., 2016] for review). In this case, the question arises, what could have caused a strong crustal subsidence with the formation of deep-water basins on the continental crust which was initially above sea level or close to it. The lack of direct data regarding the history of crustal subsidence in the Amerasian Basin is the main problem.
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  Deep-sea drilling in the Central Arctic was carried out only in the axial part of the Lomonosov Ridge close to the North Pole (Figure 2). The water depth in this region is about 1000 m [Backman et al., 2006; Moran et al., 2006]. Four holes were drilled (Figure 2), which allowed the compilation of a composite 428-m-long geological section. A regional seismic unconformity (shown in yellow) separates the Cenozoic sedimentary cover from the underlying Cretaceous continental crust.

 Basin Evolution
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	Figure 3

  The drilling data obtained on the Lomonosov Ridge allow us to reconstruct the history of crustal movements on the ridge during the Cenozoic and latest Cretaceous. The part of the composite section with the thickness about 200 m includes the Paleocene and lower Eocene sediments which were deposited in the brackish-water estuarine environment (Figure 3). The middle Eocene and Oligocene sediments are absent which produces a 26-Myr long non-depositional hiatus and regional unconformity (RU) in the seismic section [Poselov et al., 2014]. This non-deposition epoch ended in the early Miocene 18.2 Myr ago. The hiatuses with the absence of sediments alternating with the episodes of shallow-water deposition also occur in the lower part of the composite section [Backman et al., 2008]. There are a few meters of Upper Cretaceous terrestrial deposits at the base of the composite sedimentary section. These deposits are of the late Campanian or probably Maastrichtian age. About 72.5 Myr ago, the so-called Post-Campanian unconformity (pCU) was formed at their top. These data indicate that the crust surface of the Lomonosov Ridge remained close to sea level for at least 54 Myr.
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  A drastic change in the deposition on the ridge occurred in the early Miocene 18.2 Myr ago. Regional unconformity RU was overlain by the pelagic sediments whose deposition has continued up to present (Figure 3). This suggests rapid subsidence of the crust with the formation of a deep-water basin. As follows from the seismic reflection data, the subsidence occurred all across the ridge (see, e.g., Figure 4). Its magnitude is about 1 km on the ridge axis and up to 2–2.5 km on the ridge's margins.

 Probable Mechanisms of the Subsidence

A number of deep sedimentary basins exist on the continents and on their margins. Many basins contain large volumes of hydrocarbons, which makes the problem of basin formation very important. Several mechanisms have been proposed to explain the subsidence of the continental crust. Among these mechanisms, vertical displacements of the lithosphere driven by the convective flows in the underlying mantle (dynamic topography) are very popular [Flament et al., 2013; Lithgow-Bertelloni and Silver, 1998]. As noted above, the magnitude of the crustal subsidence on the Lomonosov Ridge is about 1 km in its axial part and reaches 2–2.5 km on the ridge's margins. Such a subsidence due to the dynamic topography should produce intense negative free-air anomalies over the ridge. However, in reality, the positive free-air anomalies with an amplitude of a few tens of milligals exist over the ridge (Figure 3.1.2 in [Piskarev et al., 2016]). Another mechanism is a lithospheric flexure under the loading of a large nappe or under a pull of the subducted plate attached to the edge of the plate that remains on the surface [Allen and Allen, 2013; Watts, 2001]. In the Neogene, there were no convergent boundaries close to the Lomonosov Ridge, which rules out the possibility that crustal subsidence was this mechanism.

Crustal thinning due to lateral extension with the related isostatic subsidence was initially proposed for the Baikal Graben [Artemjev and Artyushkov, 1968, 1971]. It was assumed that viscous deformations develop in the lower, heated, part of the crust whereas the upper crust becomes split into blocks by large normal faults. Various possible modes of extension of the lithospheric layer were suggested later (e.g., [McKenzie, 1978; Wernicke, 1985]). In the pure shear model, the intensity of stretching  β can be determined from the depth  hw of the water-loaded basin formed after the complete cooling of the crust and mantle in the lithospheric layer. In the case of local isostasy, 

  

	
  β={1−[(ρm−ρw)/(ρm−ρc)](hw/hc0)}−1
	(1)	


 Here,  ρm=3.33 g/cm 3 is mantle density,  ρw=1.03 g/cm 3 is water density,  ρc=2.84 g/cm 3 is crustal density, and  hc0=40 km is the initial thickness of the continental crust. Assuming in formula (1)  hw=1−2 km for the water depth in the basin that was formed in the early Miocene, we obtain 

  

	
  β=1.12−1.23
	(2)	


 The subsidence began 18.2 Myr ago. During that time, a new temperature distribution could not have been established in the crust and underlying mantle. Therefore, formula (2) gives the minimum stretching intensity which would be necessary to produce the observed subsidence.
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  Rifted terrains with considerable lithospheric stretching are quite numerous (see, e.g., [Artyushkov, 1993; Ziegler, 1992]). In particular, they are widespread in the North Sea, East Africa, and Eastern China. These regions are characterized by intense deformations of the basement with normal faulting and splitting of the upper crust into a set of the large blocks (Figure 5). The blocks become tilted to cover the stretched lower crust. The tilt angle  θ increases with the intensity of stretching  β as [Artyushkov, 1993]: 

 θ=α−arcsin⁡[(sin⁡α)/β]
 Here,  α is the initial dip angle of the normal faults. With a typical  α value of  ∼25° and  β=1.23 (which corresponds to  hw=2 km) 

 θ=5[degree]
 The blocks with these tilt angles can be easily noticed in the Cenozoic deposits in the high-quality seismic reflection profiles across the Lomonosov Ridge. However, no tilted blocks are observed in the profiles. For example, in the profile shown in Figure 2, at the ACEX drilling site, all the beds in the Cretaceous sedimentary cover are continuous. Similarly, in the profile in Figure 4, the continuity can be traced along the reflector D 1 corresponding to the Regional unconformity as well as along the reflector A which is the base of the Eocene units. These data indicate that the deep-water basin on the Lomonosov Ridge could not be produced by lithospheric stretching.

 Crustal Subsidence due to Metamorphic Reactions in the Crustal Layer

In the absence of significant stretching and large isostatic anomalies over the Lomonosov Ridge, the formation of a deep-water basin in the early Miocene can only be explained by the increase in the rock density in the crustal layer. This mechanism was previously proposed for explaining the formation of the ultradeep basins in the Barents Sea, North Caspian and South Caspian regions [Artemieva and Thybo, 2013; Artyushkov et al., 2014; Gac et al., 2012]

Under the conditions of local isostasy the formation of a water-loaded basin with depth  hw requires that gabbro with density  ρgb would pass into eclogite with density  ρe in the gabbro layer with thickness 

 hgb=(ρe/ρm)[(ρm−ρw)/(ρe−ρgb)]hw
 Assuming  ρe=3.4 g/cm 3,  ρgb=2.9 g/cm 3, and  hw=1−2 km with the other parameter values indicated above, we find 

 hgb=4.7−9.4km
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  Seismic refraction soundings in the southern part of the Lomonosov Ridge with the water depth indicated above show that the Moho depth is by 6–7 km smaller beneath the ridge than beneath the adjacent shelf (Figure 6) [Poselov et al., 2014]. It is most probable that this boundary is underlain by eclogites which are denser than mantle peridotites. However, eclogites are characterized by P-wave velocities typical of mantle peridotites and, according to the seismic data, these rocks are commonly placed below the Moho. Thus, it is quite probable that the Moho beneath the Lomonosov Ridge is underlain by dense mafic eclogites which actually pertain to the crust as suggested by their mineralogical composition.

In the presence of fluids, the rate of metamorphic reactions increases by orders of magnitude [Austrheim, 1987; Jamtveit and Austrheim, 2010]. Hence, rapid transformation of gabbro into eclogites in the lowermost crust of the Lomonosov Ridge in the early Miocene can be hypothetically thought of as the result of metamorphism under infiltration of fluids from the mantle.

Rapid crustal subsidence with the formation of deep-water basins is a typical feature of the large hydrocarbon basins such as the North Caspian and West Siberian basins and many others [Artyushkov, 1993]. Therefore, it is quite probable that the Lomonosov Ridge pertains to the same basin type.

 Conclusions

As follows from the data presented above, rapid formation of a deep-water basin on the Lomonosov Ridge occurred without significant stretching of the lithospheric layer. In the absence of the large free-air gravity anomalies above the ridge, the subsidence required a considerable increase in the density of the rocks within the crust due to the metamorphic reactions. Strong acceleration of metamorphism was possible under the infiltration of fluids from the mantle. Similar episodes of rapid crustal subsidence with the formation of deep-water basins took place in many sedimentary basins [Artyushkov, 1993; Artyushkov et al., 2014]. It is probable that several other deep-water basins located to the east of the Lomonosov Ridge in the Central Arctic, the Makarov and Podvodnikov basins, as well as the deeply submerged Mendeleev High were also formed by this mechanism.
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Figure 1. Deep-water provinces of the Central Arctic. Location of the deep-sea drilling site is shown by red dot. Bathymetry visualizations based on the GEBCO2014 grid. https://www.gebco.net/data_and_products/imagery/documents/gebco_2014_arctic_oce an.pdf.
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Figure 2. Four boreholes and composite section of the Cretaceous sediments on the Lomonosov Ridge (modified after [Moran et al., 2006]).
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Figure 3. Sediment thickness in the axial part of the Lomonosov Ridge versus the duration of the deposition (modified after [Jakobsson et al., 2007]; m.c.d. – meters composite depth).
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Figure 4. Fragment of the seismic profile across the eastern slope of the Lomonosov Ridge [Jokat, 2005] modified by [Rekant et al., 2012]. Line  D1 corresponds to the Regional unconformity RU and line A is the base of the Eocene deposits. Cretaceous deposits are located below line B.
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Figure 5. Tilted blocks in the northern margin of the Bay of Biscay (modified after [Pinet et al., 1987]). Dashed lines indicate boundaries between the main seismic complexes; the numbers denote P-wave velocities (km/s).
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Figure 6. Velocity model of the Earth's crust along the Arctic-2007 profile [Poselov et al., 2014]. RU is the Pre-Miocene regional unconformity, pCU is Post-Campanian unconformity, AB is acoustic basement, MS is the top of the metasedimentary layer, B is the top of the upper crust, L is the top of the lower crust, M is Moho, 6.1 are P-wave velocities (km/s), the dotted blue lines are main unconformities in the time-to-depth transformed seismic profile A-7.
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