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Abstract

:

To understand the tectonic–magmatic history, crustal structure and crustal accretion mode of the Eurasian Basin in the Arctic, we calculated the crustal thickness, residual bathymetry (RB) and non-isostatic topography of the Eurasian Basin by using the latest bathymetry, free-air gravity anomaly, crustal age and sediment thickness data. The tectonic–magmatic process of the Eurasian Basin can be divided into two stages. During magnetic isochrons 24-13 (C24-C13), the crustal structure of the basin was characterized by regional variations, while the crustal structure of the basin was characterized by local variations during magnetic isochrons 13-0 (C13-0). On the whole, the western part of the basin had a thicker crustal thickness and higher RB than the eastern part of the basin during C24-C13, which should result from the northward movement of Greenland. During magnetic isochrons 24-20 (C24-C20), the crustal structure of the eastern part of the basin had abnormally strong asymmetry. We speculate that there may be mantle upwelling beneath the Kara Sea Shelf in the south of the Eastern Eurasian Basin, which provides a large amount of melt for the crustal accretion of the southern part of the Eastern Eurasian Basin. The melt focusing supply could generate abnormally thick crust (>7 km) during magma enhancement period. The Western Eurasian Basin had stronger spatial variability and more frequency asymmetric polarity reversal than the Eastern Eurasian Basin during magnetic isochrons 6-0 (C6-0). We attribute this to the inflow of the North Atlantic mantle.
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1. Introduction


In recent years, the global warming and potential natural resources led to the interest for studying the Arctic exponentially increase. As the youngest tectonic province in the Arctic Ocean, the Eurasian Basin is the key to study the Arctic region. However, the harsh climate environment, remote location and sparse geophysical and geological data limit our understanding of the crustal structure and tectonic–magmatic process of the Eurasian Basin. Although some studies on the crustal structure have been conducted, they mostly focused on the Gakkel Ridge and the western part of the Eurasian Basin [1,2,3,4]. In addition, the Gakkel Ridge forming the Eurasian Basin is the ultra-slow spreading ridge (it has the slowest spreading rate in the world) that has a unique crustal accretion model and lithospheric characteristics; it is an ideal region to study the magmatic and tectonic behavior of the spreading ridges [2]. Therefore, the study of the crustal thickness of the Eurasian Basin can not only improve our understanding of the formation process of the Eurasian Basin, but also help us to understand the crustal accretion mechanism of the ultra-slow spreading ridge.



The seismic study of the crustal thickness of the Eurasian Basin is scarce. Jokat and Schmidt-Aursch [5] reported on the crustal thickness of the Gakkel Ridge by analyzing 13 seismic stations deployed on ice floes in the central valley. They found that the oceanic crustal thickness was up to 4.9 km beneath some of centers of focused magmatism, and the crust thinned to 1.4–2.9 km in amagmatic segments. Urlaub et al. [6] computed the 2-D crustal structure model for the Nansen and Amundsen basins by using shipborne gravity profile and seismic data. They found that the crustal thickness was mainly less than 1 km in the oldest parts of both basins but could reach 6 km near the Gakkel Ridge. Schmidt-Aursch and Jokat [4] obtained a 3-D gravity model of the crustal thickness over the Gakkel Ridge and parts of adjacent region west of 65° E by using the forward modeling method. Their results showed that the Eurasian Basin had a thin crust (1–3 km) prior to magnetic isochrons 5/6 (C5/C6). Some scholars have obtained the crustal thickness model of the whole Arctic region by using gravity inversion [7,8,9]. However, the inversion parameters cannot fully conform to the characteristics of the crustal structure of the Eurasian Basin due to the fact that the Arctic contains a variety of tectonic provinces, resulting in a large deviation in the crustal thickness results of the Eurasian Basin.



We use the latest bathymetry, free-air gravity anomaly, sediment thickness and crustal age data to compute the crustal thickness of the Eurasian Basin with seismic constrains. To study the tectonic–magmatic history of the Eurasian Basin and the crustal accretion mechanism of the Gakkel Ridge, we also calculated the residual bathymetry and non-isostatic topography, and we quantified their temporal and spatial variations and asymmetry.




2. Geological Setting


The Eurasian Basin formed about 56 Ma ago and is composed of the Nansen Basin, the Amundsen Basin, and the Gakkel Ridge (Figure 1a) [10,11]. The basin is connected to the North Atlantic Ocean via the Fram Strait between Svalbard and Greenland, and it is bounded by the Laptev Sea Shelf on the west. According to magnetic data, Glebovsky et al. [11] found that at the initial stage of the basin opening in the early–middle Eocene approximately 53-44 Ma ago (magnetic isochrons 24-20, C24-C20), it had a relatively high spreading rate, with a total spreading rate of 22–27 mm/year. Subsequently, the spreading rate sharply decreased to a minimal value of 5–9 mm/year in the Oligocene–early Miocene (magnetic isochrons 13-6, C13-C6). At present, the Gakkel Ridge is the mid-ocean ridge with the slowest spreading rate in the world. The spreading rate gradually decreases from ~12 mm/year in the west to ~6 mm/year in the east [1,4].



Along the axis of the Gakkel Ridge, amagmatic segments without any igneous crust alternate with magmatic segments with large volcanoes [1,4]. The western part of the Gakkel Ridge (west of 85° E) is divided into three tectonic–magmatic zones based on magnetic, bathymetry, and rock sampling data [1], as follows: the Western Volcanic Zone (WVZ, 6°30′ W-3°30′ E), the Sparsely Magmatic Zone (SMZ, 3°30′ E-29° E), and the Eastern Volcanic Zone (EVZ, 29° E-85° E). The WVZ has strong magmatism and high magnetic anomaly. Rocks recovered in the WVZ are virtually all basalts. The SMZ has weak magmatic activity. The mantle peridotites are exposed on the seafloor in the SMZ. The EVZ is composed of six volcanic centers. Near a volcanic center, magmatic activity is strong, and basalts predominate the recovered rocks. However, between volcanic centers, the magmatic activity is weak and rock samples are mainly peridotite. In addition, six off-axis basement ridges (Figure 1a)—A (10° E), B (19° E), C (31° E), D (42° E), E (62° E), and F (70° E)—occur in the western part of the Gakke Ridge; they are considered to be unique crustal feature of the ultra-slow spreading ridge [1].



The plate reconstruction model suggests that the Eurasian Basin formation should precede the opening of the Greenland–Norway Sea and should be connected to the Labrador Sea via Baffin Bay [10,12]. During the late Cretaceous–late Eocene (ca. 70-35 Ma), Greenland continued to move northward relative to the North American and Eurasian plates, eventually resulting in Greenland joining the North American plate and the separation of the Yermak Plateau and the Morris Jesup Rise [4,10,11]. This caused the formation of the WVZ and the connection of the Eurasian Basin with North Atlantic Ocean.



In addition, the crust structure of the Eurasian Basin has obvious asymmetry. The basement of the Amundsen Basin is more rugged and shallower than that of the Nansen Basin [13,14]. Based on the analysis of the subsidence and spreading rate of the basement, it is considered that this may be the result of the asymmetric spreading rate [13]. Vogt et al. [15] was the first to observe the asymmetry of the spreading rate: at 20-0 Ma, the spreading rate of the Amundsen Basin was 10–20% slower than that of the Nansen Basin, and the asymmetry became more and more obvious as the crustal age increased. Glebovsky et al. [11] found that in the basin opening before the C24, the crust increment of the Amundsen Basin was about 40 km more than that of the Nansen Basin. Ling et al. [16] found that the crustal structure of basement ridges C and E have asymmetric crustal structure.




3. Data and Method


3.1. Input Data


Topography and bathymetry grid data (Figure 1a) were obtained from International Bathymetry Chart of the Arctic Ocean Version 4.0 (IBCAO Ver. 4.0) [17] with a grid spacing of 200 m × 200 m. IBCAO Ver. 4.0 incorporates new shipborne data and constrains ~19.8% of the area of the Arctic Ocean with individual depth soundings. Modern multibeam bathymetry occupies ~14.3% of the area of the Arctic Ocean.



Free-air gravity anomaly data (Figure 1b) were derived from the DTU21 global gravity model at 1′ × 1′ from the Danish Technical University [18]. DTU21 contains new measurement data from two polar orbiting satellite radar altimeters (Cryosat-2 and SARAL/AltiKa).



Sediment data (Figure 1c) were extracted from the ArcCRUST sediment grid data with a grid spacing of 10 km × 10 km [9]. ArcCRUST sediment grid data incorporates the latest sediment data of the Arctic Ocean.



Crustal age data (Figure 1d) were extracted from the latest global ocean crustal age data model with a grid spacing of 1′ × 1′ [19]; this model is based on the magnetic anomaly identifications and plate tectonics model of Müller et al. [20].




3.2. Mantle Bouguer Anomaly


We used the FA2BOUG program [21] to convert free-air gravity anomaly to Bouguer gravity anomaly with the topography data from IBCAO Ver. 4.0 grid for terrain corrections. In order to remove the gravity effect caused by sediment, we used the method of Rao and Babu [22] to calculate the gravity anomaly of sediments at the sea level (Figure 2a). Since sediment density increases with depth, we calculated gravity anomaly using the density-depth function of Lebedeva-Ivabova et al. [9]. The complete Bouguer gravity anomaly was obtained by removing the gravity effects of the sediment from the Bouguer gravity anomaly. Further, we removed the gravity effects of the crust-mantle density interface from the complete Bouguer gravity anomaly to obtain the mantle Bouguer gravity anomaly (MBA). Based on the seismic crustal thickness, the uniform crustal thickness was assumed to be 3 km. The densities of sea water, basement rock, crust, and mantle are 1030, 2670, 2800 and 3300 kg/m3, respectively.




3.3. Thermal Correction


We used the simple 1-D plate cooling model [23] and the 2-D crustal age grid to calculate the 3-D mantle thermal model for a 100 km thick layer. The temperature was set to be    T 0  = 0   ℃   at the surface and    T m  = 1350   ℃   at 100 km depth. The 3-D mantle thermal model was converted into a 3-D density structure using the thermal expansion equation,   ∆ ρ =  T 0  −  T α   ρ 0   , where    T 0   ,    ρ 0    and  α  are the reference temperature, reference density, and thermal expansion coefficient, respectively. In the calculation, these parameters were set to    T 0  = 1350   ℃  ,    ρ 0  = 3300   kg/m3, and   α = 3.5 ×   10   − 5      ℃  − 1    . Thus, we could obtain the gravity effects of lithospheric cooling (Figure 2b).




3.4. Residual Mantle Bouguer Anomaly and Crustal Thickness


The Residual Mantle Bouguer Anomaly (RMBA, Figure 2c) was calculated by removing the thermal correction from the MBA. The RMBA reflects the deviation from the assumed crustal–mantle structure in a calculation, which is caused by the combined effects of crustal thickness, crustal density, and mantle temperature [16,24]. It is possible to obtain the maximum relative crustal thickness variations if assuming that the RMBA signal is only caused by crustal thickness variations. Here, the crustal thickness was calculated via the downward continuation of the RMBA to a constant depth using the method of Parker [25]. The downward continuation depth was set to be 7 km, i.e., the sum of the average water depth (4 km) and the average crustal thickness (3 km). The RMBA data was filtered using a cosine taper before downward continuation. There is a trade-off between the crust thickness and the crust–mantle density difference [26]. For the same RMBA, a larger crustal-mantle density difference will produce a smaller lateral crustal thickness variation [26]. In order to obtain the best crustal thickness model, we fixed the mantle density at 3300 kg/m3, assuming that the crustal thickness varies between 2700 kg/m3 and 2900 kg/m3 in steps of 500 kg/m3, and we calculated a series of corresponding crustal thickness models. Then, we compared these crustal thickness models with the crustal thickness determined by 13 seismic stations [5] and calculated the best fitting slope and RMS for difference between gravity-derived and seismically determined crustal thickness (Table 1). We found that the crustal thickness model with a crustal density of 2800 kg/m3 had both the smallest RMS and best fitting slope close to 1. Therefore, the crustal thickness model with a crust/mantle density contrast of 500 kg/m3 was considered to be the best crustal thickness model (Figure 3a).



We compared the gravity-derived crustal thickness values with 13 seismically determined crustal thickness values in the central valley in order to evaluate the robustness of the crustal thickness model. Figure 4 show the relationship between gravity-derived and seismically determined crustal thickness. The gravity-derived results agreed relatively well with the seismic results. The average and standard deviation for the difference between gravity-derived and seismically determined crustal thickness were 0.05 km and 0.81 km, respectively.




3.5. Residual Bathymetry


The residual bathymetry (RB, Figure 3b) was obtained by removing the thermal subsidence of lithospheric cooling and sediment loading from the observed seafloor bathymetry. RB reflects the initial topography of mid-ocean ridge formation and later off-axis tectonic-magmatic activity. The sediment loading correction was calculated assuming Airy compensation:   ∆ Z =  h s   (   ρ m  −  ρ s   )  /  (   ρ m  −  ρ w   )   , where   ∆ Z   is the correction value;    h s    is the sediment thickness; and    ρ m   ,    ρ w   , and    ρ s    are the mantle density, sea water density, and sediment density, respectively. The values are the same as those in the calculation of the MBA. The thermal subsidence caused by lithospheric cooling was calculated using the plate cooling model of Stein and Stein [27].


  D = 2600 + 365  t   1 2    ,   t < 20   M a  



(1)






  D = 5651 − 2473 e x p  (  − 0.0278 t  )  ,   t > = 20   M a  



(2)




where  D  and  t  are the thermal subsidence value and the crustal age, respectively.




3.6. Non-Isostatic Topography


Furthermore, we obtained the non-isostatic topography by subtracting the isostatically compensated topography from the RB. Non-isostatic topography (Figure 3c) reflects the topographic features that are supported by lithospheric stress. A high non-isostatic topography value indicates relatively insufficient deep compensation and a topography supported by tectonic stress, while low non-isostatic topography value indicates that the lithosphere is in a state of relatively isostatically compensation.


  ∆  h  i s o   = ∆ h ×  (   ρ m  −  ρ c   )  /  (   ρ m  −  ρ w   )   



(3)




where,   ∆  h  i s o     and   ∆ h   are isostatic topography and the crustal thickness, respectively, and    ρ m   ,    ρ c   , and    ρ w    are the mantle density, crustal density, and sea water density, respectively, as noted in the calculation of the MBA.





4. Results


We used polar stereoscopic projection to project all data onto Cartesian coordinates to eliminate the errors caused by the planar treatment of curvilinear coordinates. We resampled all the data onto 5 km grids. In addition, in order to eliminate the boundary effect, we mirrored the data before data processing. A large number of observations and simulations have shown that in a slow spreading mid-ocean ridge, magmatic segments and amagmatic segments occur alternately, which significantly affects the crustal structure and topography [28,29,30]. In order to quantitatively analyze the spatial and temporal variations of crustal structure and tectonic–magmatic activity in the Eurasian Basin, we calculated the variations of crustal thickness, residual bathymetry and non-isostatic topography at different stages of the basin’s evolution (Figure 5a–c) according to the magnetic isochrone and flowline. We generated flowlines along the ridge from the west to the east at an interval of 20 km, sampled the data along the flowline, and projected the data onto the ridge axis. We averaged all data with same crustal age and used them as the crustal structure feature at the stage of the basin’ evolution. In addition, we obtained asymmetry using the data of the north of the ridge (Amundsen Basin) minus the data with same crustal age on the conjugate side (Nansen Basin) (Figure 5d–f).



4.1. Crustal Thickness


The crustal thickness of the Eurasian Basin was found to range from 0 km to 9 km. In the initial spreading stage (C24-C20, 53-44 Ma), although the Eurasian Basin had the thickest crustal thickness (4.3 ± 0.53 km), it was much thinner than the normal oceanic crustal thickness (6–8 km), indicating that the melting was weak and the magma supply was small during basin formation. During C20-C18 (44-40 Ma), the crustal thickness of the basin significantly decreased to about 3.65 km. Subsequently, the average crustal thickness of the basin did not significantly change.



During C24-C6 (53-20 Ma), the spatial variability of crust thickness was relatively weak, and the standard deviation was less than 0.5 km. In contrast, during C6-0 (20-0 Ma), the crustal thickness of the basin had a strong spatial variability (STD > 0.7 km). The local thickening of the crust and the appearance of basement ridge reflected the melt focusing supply of the Gakkel Ridge. During C5-C2A (11-3.5 Ma), the overall crust of the basin was significantly thickened, and the average crustal thickness increased to ~3.9 km. The WVZ had a relatively thick crustal thickness (>4 km), indicating that the magma supply was relatively strong. In the SMZ and the EVZ, the crustal thickness was obviously thinner than that in the WVZ, but the crust near the basement ridge was significantly thickened, indicating that the magmatism was mainly concentrated on the basement ridge. During C5-C2A, there are three obvious crustal thickening zones (91° E, 97° E and 108° E: G, H, I, respectively, in Figure 5) in the eastern part of the basin. Compared to the surroundings, their crust was thickened by ~2 km, ~2.4 km and ~3 km, respectively.



During C24-C20, the basin had a strong asymmetry to the east of 70° E. The crust of the Nansen Basin was about 3.8 km thicker than that of the Amundsen Basin. Subsequently, the asymmetry of crustal thickness rapidly weakened. During C20-C13 (44-33 Ma), the crustal thickness asymmetry of the basin as a whole was still negative, but the amplitude decreased by about 1/2. During C13-0, asymmetric polarity of the crustal thickness of the basin changed along the axis. It was characterized by a local high amplitude asymmetry anomaly. During C13-C2A, the asymmetry of the western part of the basin (west of 29° E) was mainly negative, and the crust of the Nansen Basin was 0.5–0.6 km thicker than that of the Amundsen Basin. During C2A-0, the asymmetric polarity of crustal thickness reversed in the western part of the ocean basin, but the overall asymmetry was weak, with an average amplitude of 0.2 km. The basement ridge had strong asymmetry. The asymmetry of basement ridge C and E were negative and positive, respectively, with the amplitude of ~ 2 km. During C5-C2A, the crust of the north side of basement ridge D was about 1 km thicker than that of the south side. During C6-C5, the asymmetry in the eastern part of the basin (east of 85° E) was mainly positive, and the crust of the Amundsen Basin was about 0.7 km thicker than that of Nansen Basin. During C5-C2A, there were two asymmetric negative values with high amplitude (108° E and 118° E) in the eastern part of the basin, and the maximum values were 3.3 km and 1.5 km, respectively. During C2A-0, the asymmetric polarity of the eastern basin became negative, and the crust of the Nansen Basin was about 0.7 km thicker than that of the Amundsen Basin.




4.2. Residual Bathymetry


Except for C2A-0, the average residual bathymetry (RB) of the Eurasian Basin ranged from −0.6 km to −0.2 km. During the initial spreading stage (C24-C20), the average RB of the basin was −0.58 km. During C20-C18, the average RB of the basin decreased to −0.6 km and then systematically increased. The RB reached the maximum value (−0.2 km) during C5-C2A. During C24-C13, the amplitude of RB variation was only 0.03 km, and the spatial variability was relatively weak (STD = 0.11 km). During C13-C6, RB increased from −0.57 km to −0.48 km. Subsequently, the RB rapidly increased, and the amplitude of RB variation reached up to ~0.15 km. In addition, the spatial variability of the RB became strong, and the basin showed some locally high RB values, most of which were located at the basement ridges. During C2A-0, due to the existence of the central valley, the average RB of the basin was as low as −0.91 km and gradually decreased from west to east. In addition, the basin had strong spatial variability (STD = 0.35 km), and the basement ridge along the axis had a high RB.



During C24-C20, the RB showed relative symmetry to the west of 70° E, while the RB showed asymmetry to the east of 70° E. The RB of the Nansen Basin was about 0.77 km higher than that of the Amundsen Basin to the east of 70° E. Subsequently, the asymmetry of RB significantly weakened. During C20-C18, the RB asymmetry of the basin was mainly negative. During C18-C6, the RB asymmetry gradually became opposite to that at C24-C20. During C6-C5, the basin still showed a relatively high positive asymmetry to the east of 70° E. During C5-0, asymmetric polarity of the RB alternated with positive and negative along the axis. The asymmetry of basement ridge B and E were opposite to that of the crustal thickness, showing positive and negative values, respectively, and an amplitude exceeding 1 km.




4.3. Non-Isostatic Topography


A large number of observations and simulations showed that the ridge axis is in an isostatic state, so the basin had the lowest non-isostatic topography (1 km) during C2A-0 [24,31]. Compared to the RB, the non-isostatic topography had a greater variability. During C24-C2A, the non-isostatic topography gradually increased, and the variation amplitude reached ~0.5 km, indicating that the compensation for the topography was increasingly insufficient. During C24-C6, the spatial variability of non-isostatic topography of the basin was weak (STD < 0.1 km), and the eastern and western parts of the basin had nearly the same non-isostatic topography values. During C6-0, the spatial variability of the non-isostatic topography of the basin gradually became strong and showed some locally high non-isostatic topography, most of which were located at the basement ridge.



During C24-C20, the non-isostatic topography of the north and south sides of the basin had nearly the same values. During C20-C6, the asymmetry value of the non-isostatic topography of the basin was positive, except that the asymmetry value near 62° E was negative. In addition, the asymmetry amplitude gradually increased from west to east, indicating that the Amundsen Basin of the eastern basin was in a relatively non-isostatic state, and the lithosphere may have been supported by tectonic stress. During C6-0, asymmetric polarity of the non-isostatic topography alternated with positive and negative values along the axis. The asymmetry of basement ridges B and E were positive and negative, respectively, with amplitude even exceeding 1 km. The WVZ had relatively weak asymmetry compared to that of the SMZ and the WVZ.





5. Discussion


Our results showed that the Eurasian Basin had an abnormally thin crust, low residual bathymetry, and non-isostatic lithosphere due to the fact that the Gakkel Ridge forming the Eurasian Basin is an ultra-slow spreading ridge. The spreading rate controls the mantle melting. When the spreading rate drops below 20 mm/year, conduction cooling limits the mantle melting, resulting in a melt decrease [4,32]. In addition, compared to the fast spreading ridge, the lithosphere of the ultra-slow spreading ridge is colder and harder. Thus, the crust cannot sink to a sufficient depth to compensate the topography after magma eruption, resulting in the non-isostatic topography [16,33]. It is generally believed that with a decrease in the spreading rate, the melting degree of the lower mantle will decrease, and the crust will become thin [2]. The spreading rate of the Eurasian Basin gradually decreases from west to east [11]. However, the crustal thickness of the eastern basin is nearly same as that of the western basin, and it is even thicker than that of the western basin, which indicates that the crustal thickness of the Eurasian Basin is not positively correlated with the spreading rate. The phenomenon has been observed in the ultra-slow spreading Mohns Ridge and Southwest Indian Ridge [24,34]. According to the temporal and spatial variations of crustal thickness, RB and non-isostatic topography, the spatial variability of crustal structure was relatively weak during C24-C13, and the crustal structure was characterized by regional variation. In contrast, during C13-0, the spatial variability of crustal structure of the basin gradually became strong and crustal structure was characterized by local variation. Next, we analyze and discuss the two stages of the tectonic–magmatic process of the Eurasian Basin.



5.1. The Crustal Structure during C24-C13


The Eurasian Basin had the thickest crust and lowest non-isostatic topography during C24-C20, indicating that the lithosphere was in a relatively hot and isostatic state. As shown in Figure 5, the Western Eurasian Basin has a thicker crustal thickness and higher RB than the Eastern Eurasian Basin, except for the eastern Nansen Basin at 97–113° E. We speculate that this is due to the northward movement of Greenland. In the late Cretaceous (~80 Ma), Greenland began to move northward, which led to the north of Greenland gradually change from the extensional state to the compressive state. The compression between Greenland and Ellesmere Islands reached the peak in the middle Eocene (~49 MA), resulting in the so called “Eurekan” deformation [35,36]. It has been proposed that the northward movement of Greenland may have led to the formation of the Lomonosov Ridge Platform and stimulated the volcanic eruptions that formed high-amplitude magnetic anomalies at the present-day Morris Jessup Rise and Yermak Plateau [10,11,37]. We suggest that Greenland served as an obtuse that intruded into the Lincoln Sea and forced the mantle of the Lincoln Sea to flow westward into the Eurasian Basin, which caused the enhancement of mantle melting and magmatism. Compression and magmatism thickened the crust of the western part of the basin and uplifted the terrain.



During C24-C20, the crustal structure of the eastern part of the basin had abnormally strong asymmetry. The crustal thickness asymmetry with long wavelength and high amplitude is generally considered to be related with hot spots or large-scale magmatism [38]. Hot spots will thicken the crust near a hot spot, forming a regional asymmetric crustal structure [24,26,39,40]. According to analysis of magnetic anomaly data and seismic data, it was found that the Kara Sea Shelf in the south of the eastern Eurasian Basin (Figure 3) has high amplitude positive magnetic anomaly (>150 nT) and low velocity anomaly [41,42]. We speculate that there may be mantle upwelling beneath the Kara Sea Shelf in the south of the Eastern Eurasian Basin, which provides a large amount of melt for the crustal accretion of the southern part of the Eastern Eurasian Basin. Unexpectedly, the northern side of the Eastern Eurasian Basin has a faster spreading rate than the southern side [11]. It is easier to develop large normal faults or detachment faults in slow and ultra-slow spreading ridges with little magma [43,44]. The magma supply of the northern side of the Eastern Eurasian Basin is lesser and the crustal accretion should be dominated by tectonic extension. The tectonic extension can accommodate more lithospheric spreading, so the flank where large faults are developed often corresponds to a faster spreading rate [30]. In addition, ridges are prone to move to the weaker and hotter side of the lithosphere [38]. Strong magmatic activity makes the lithosphere of the southern side of the Eastern Eurasian Basin hotter than that of the northern side. This may cause the ridge jump to the south, resulting in a faster spreading rate in the north. During C20-C13, the non-isostatic topography of the northern side of the Eurasian Basin was higher than that of the southern side, indicating that the lithosphere of the northern side of the basin is supported by tectonic stress. Magmatic activities were found to be mostly concentrated on the southern side of the Eurasian Basin, while the northern side is mainly tectonic extension. In the ultra-slow spreading ridge, large normal faults can be active for a long time. The continuous extension and uplift of the footwall cause crustal thinning and topographic uplift, which deviate from the Airy compensation model [45], thus forming a non-isostatic topography.




5.2. The Crustal Structure during C13-0


During C13-0, the RB and average crustal thickness of the Eurasian Basin significantly increased. Compared to the previous spreading process, the spatial variability of the crustal structure of the Eurasian Basin was enhanced. In addition, a large number of off-axis linear basement ridges appeared along the ridge axis. Unexpected, an abnormally thick crust (>7 km) appears in some areas of the Eurasian Basin, indicating that the local magmatic activity of the ultra-slow spreading ridge is not weak and may even be equivalent to that of the fast-spreading ridges. The spreading rate is not the only factor controlling the thermal structure and crustal thickness of the lithosphere, and the mantle thermochemical anomaly and magma supply intensity also are crucial factors [34,46,47]. The accretion of oceanic lithosphere is episodic for ridges with various spreading rates, but the frequency of these episodes is the lowest for slow spreading ridges [30]. During the magma enhancement period, more melt and higher magma supply frequency form a thicker crust. In the ultra-slow spreading ridge, the melt flows along the lithosphere-asthenosphere boundary to the volcanic center [1,4]. We suggest that the melt focusing supply mode could provide more melt for the volcanic center, thus forming the thicker crustal thickness during magmatic enhancement period.



In the ultra-slow spreading ridge, the serpentinization and fluid circulation could reach 15 km depth, which enhances the stability of the lithosphere-asthenosphere boundary so that the basement ridge can stably exist for a long time [4]. We identified three relatively obvious basement ridges in the eastern part of the basin based on the analysis of crustal structure (G, H, I in Figure 5). Our results showed that the crustal structure of basement ridges C and E have obvious asymmetry. According to the formation mechanism of the “Inner Corner” high topography of the transform fault system, Ling et al. [16] attributed the high asymmetry of basement ridges C and E to the concentration of tectonism on one flank of the Gakkel Ridge. During C6-0, the western part of the basin had stronger spatial variability and more frequent asymmetric polarity reversal than the eastern part of the basin. It has been proposed that the separation of Greenland and Svalbard at magnetic isochron C5/C6 led to hotter and less viscous North Atlantic mantle inflows into the Eurasian Basin [4,46,48,49]. This not only establishes a stable melt supply source in the WVZ but also promotes the focusing volcanism of the SMZ and the EVZ, resulting in prominent locally crustal structure characteristics and stronger spatial variability of crustal structure in the western part of the basin. Although the melt eventually focused on the ridge axis at the shallow levels, the advection of heat in the mantle and heat introduced by fractional crystallization could preferentially occur beneath one ridge flank, resulting in asymmetry in the magma distribution and tectonic extension [30]. Therefore, we suggest that the mantle upwelling is unlikely to be perfectly centered beneath the ridge axis but may randomly occur on one side of the ridge, resulting in asymmetric polarity reversal.





6. Conclusions


Using the latest bathymetry, gravity anomaly, crustal age, and sediment thickness data, we calculated the crustal thickness, residual bathymetry, and non-isostatic topography of the Eurasian Basin. By analyzing their temporal and spatial variations, we studied the tectonic–magmatic history, crustal structure, and crustal accretion mode of the Eurasian Basin. Our main conclusions are as follows:




	
The tectonic–magmatic process of the Eurasian Basin can be divided into two stages. During C24-C13, the crustal structure of the basin was characterized by regional variations, while the crustal structure of the basin was characterized by local variations during C13-0.



	
During C24-C13, the western part of the basin had a thicker crust and higher RB than the eastern part of the basin. The northward movement of Greenland compressed the western part of the Eurasian Basin to a certain extent and forced the mantle of the Lincoln Sea to flow westward into the Eurasian basin, resulting in crustal thickening and topographic uplift.



	
During C24-C20, the crustal structure of the eastern part of the basin showed asymmetry. We speculate that there may be mantle upwelling beneath the Kara Sea Shelf in the south of the Eastern Eurasian Basin, which provides a large amount of melt for the crustal accretion of the southern part of the Eastern Eurasian Basin. The tectonic extension on the northern side of the eastern part of the basin and the ridge jump to the south led to a faster spreading rate in the northern side of the eastern basin.



	
During C13-0, an abnormally thick crust (>7 km) appeared in some areas of the Eurasian Basin, indicating that the local magmatic activity of the ultra-slow spreading ridge is not weak and may even be equivalent to that of the fast spreading ridges. We attribute this to the melt-focusing supply.



	
During C6-0, the western part of the basin had stronger spatial variability and more frequent asymmetric polarity reversal than the eastern part of the basin. The inflow of North Atlantic mantle has led to the western part of the basin having prominent locally crustal structure characteristics. The mantle upwelling is unlikely to be perfectly centered beneath the ridge axis but may randomly occur on one side of the ridge, resulting in frequent asymmetric polarity reversal.
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Figure 1. (a) Bathymetry of the Eurasian Basin. Red five-pointed star indicates the North Pole. Black lines indicate the magnetic isochrones of the Eurasian Basin. Black dotted line indicates the ocean–continent boundary. ① indicates the WVZ. ② indicates the SMZ. ③ indicates the EVZ. White line indicates the flowline of Gakkel Ridge. Red lines indicate the basement ridges. Yellow dotted line indicates the spreading axis. (b) Free-air gravity anomaly. (c) Sediment thickness. (d) Crustal age. 
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Figure 2. (a) Map of calculated gravity effects of sediment. Red five-pointed star indicates the North Pole. Black lines indicate the magnetic isochrones of the Eurasian Basin. Black dotted line indicates the ocean-continent boundary. White dotted line indicates the spreading axis. (b) Map of calculated gravity effects of thermal correction. (c) Map of calculated residual mantle bouguer anomaly. 
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Figure 3. (a) Map of crustal thickness. Black lines indicate the magnetic isochrones of the Eurasian Basin. Black dotted line indicates the ocean–continent boundary. ① indicates the WVZ. ② indicates the SMZ. ③ indicates the EVZ. White line indicates the flowline of Gakkel Ridge. Red lines indicate the basement ridges. Yellow dotted line indicates the spreading axis. Purple shadow indicates the high magnetic anomaly zone. (b) Map of residual bathymetry. (c) Map of non-isostatic topography. 
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Figure 4. Comparison of gravity-derived crustal thickness values with seismically determined crustal thickness values from 13 seismic stations. 
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Figure 5. (a–c) indicate the variations of crustal thickness, residual bathymetry, and non-isostatic topography, respectively, along the Eurasian Basin opening axis at different stages of the basin evolution. ① indicates the WVZ. ② indicates the SMZ. ③ indicates the EVZ. The numbers in the upper left corner and upper right corner of the graph indicate mean ± standard deviation and different stages of the basin’ evolution, respectively. Yellow circles indicate the basement ridges. Cyan circles indicate the newly identified basement ridges. (d–f) indicate the asymmetry of crustal thickness, residual bathymetry, and non-isostatic topography, respectively, along the Eurasian Basin opening axis at different stages of the basin′ evolution. 






Figure 5. (a–c) indicate the variations of crustal thickness, residual bathymetry, and non-isostatic topography, respectively, along the Eurasian Basin opening axis at different stages of the basin evolution. ① indicates the WVZ. ② indicates the SMZ. ③ indicates the EVZ. The numbers in the upper left corner and upper right corner of the graph indicate mean ± standard deviation and different stages of the basin’ evolution, respectively. Yellow circles indicate the basement ridges. Cyan circles indicate the newly identified basement ridges. (d–f) indicate the asymmetry of crustal thickness, residual bathymetry, and non-isostatic topography, respectively, along the Eurasian Basin opening axis at different stages of the basin′ evolution.



[image: Jmse 10 00157 g005]







[image: Table] 





Table 1. Sensitivity of model results to assumed crustal density.
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	Assumed Crustal Density (kg m−3)
	Best Fitting Slope a
	RMS (km) b





	2.7
	0.69
	0.68



	2.75
	0.63
	0.71



	2.8
	0.72
	0.65



	2.85
	0.58
	0.74



	2.9
	1.7
	0.72







a Fit of the data using the relationship: seismic thickness    C  s e i s   =  C i  + R ×  C  g r a    , where    C i    is the y intercept,  R  is the best fitting slope, and    C  g r a     is the gravity-derived thickness. b Root mean square for the difference between gravity-derived and seismic crustal thickness.
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