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Article text
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11 Abstract: The Laptev Shelf in the eastern Siberian Arctic espnts a rare tectonic setting
12 where an active oceanic spreading centre, the Ga&kkigle, intersects a continental margin.
13 The North America-Eurasia plate boundary follows @akkel Ridge and passes into a

14 continental shelf; this has resulted in the develept of a wide rift system that has been

15 active since the Late Cretaceous. The new long-o$isismic profiles provide a reliable basis
16 for deciphering the structural characteristics & tift system. We use two new seismic

17 profiles, along with one acquired in the 1990s,%amine the crustal architecture of the rift
18 system. Our approach combines seismic interpretatime to depth conversion of seismic
19 profiles and 2D gravity forward modelling. The obtinresults indicate the presence of

20 hyperextended continental crust beneathusE Lena Rift Basin and exhumed continental
21 mantle at the base of the syn-rift succession albagift axis. The upper crust was removed
22 by brittle stretching, while the lower crust expeaded extreme ductile thinning. Our results
23 show that continental crust can be eliminated endburse of rifting without a considerable

24 heat input from asthenospheric mantle.

25 Keywords: rifts, hyperextension, mantle exhumati®imerian Arctic, Laptev Sea
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27 The Laptev Sea is located between the Taimyr Pemrasud the New Siberian Islands in the
28  Siberian Arctic. It represents a unique tectonic setting where an active spreading ridge, the
29 Gakkel Ridge in the Eurasian oceanic basin, adjoins anemél margin (Fig. 1). The entire

30 shelf is dominated by extensional structures forming a 400 to 900-km-wide and 7000¢to 1,10
31 km-long rift system, which was first inferred by Graeh(1982) soon after the spreading

32 nature of the Gakkel Ridge had been revealed (Kal®68, 1974). The first multi-channel

33 seismic reflection (MCS) data were acquired byNtegine Arctic Geological Expedition

34 (MAGE, Murmansk, RF) and by the Laboratory of Regib@eodynamics (LARGE,

35 Moscow, RF) in the second half of the 1980s. Thiegta proved the existence of the rift

36 system and allowed for the delineation of seveaajé rifts (lvanova et al. 1990; Drachev &
37 Savostin 1994; Drachev et al. 1998). More regid@lS data were acquired by BGR

38 (Hannover, Germany) in cooperation with SevMorNe#eg@hisika (SMNG, Murmansk,

39 Russia) in 1993, 1994 and 1997, allowing for batteaging of the extensional structural

40 assemblage down to a depth of 12 km and in some plecdsep as the Moho (Franke et al.

41 2000, 2001).

42 The seismic data coverage in the Laptev Sea hasdigmificantly improved in the past

43 decade. Most of the seismic acquisition was peréartny MAGE (Shkarubo & Zavarzina

44 2011; Shkarubo et al. 2014; Zavarzina et al. 2014), TGS in cooperation with DMNG (2010 to
45 2012), and ION (2010 to 2013). Some of the regional N\d&fiiles were acquired with long,

46 8 to 10 km seismic streamers and powerful sousebgsh resulted in much clearer seismic

47 imaging down to the Moho discontinuity, thereby aliogvfor previously unseen details of

48 the rift architecture and sedimentary infill to tevealed. However, the high number of

49 extensional faults bordering various half-grabenshgna and complex extensional basins,

50 combined with the presence of sub-marine permafrost (Kholodov et al. 2001), has a profound

51 negative impact on the quality of the MCS data, whickery difficult to mitigate by seismic



52 data processing. The major consequence of theseqdatity issues is limited seismic

53 resolution in somearts of the Ust’ Lena Rift in places where top pre-rift basement is situated

54 deeper than c. 10 km.

55 The existing geological interpretations of the MGadsuggest that thinned but continuous
56 continental crust underlies the entire Laptev Ryt8m (LRS), which makes it difficult to
57  explain the significant additional thickness of the syn-rift sedimentary fill preseimé ist’
58 Lena Rift. Based on well-known analogues, a rifillithickness in a range of 13 to 15 km
59 requires hyperextension of the crust up to a paimts complete rupture and mantle

60 exhumation below some deepest parts of the rit @run & Beslier 1996; Whitmarsh et al.

61 2001; Péron-Pinvidic & Manatschal 2010).

62 The first attempt to constrain the amount of crustieetching across the LRS with the use of
63 2D gravity modelling and 3D gravity inversion was psifted by Mazur et al. (2015). They
64 showed that the amount of crustal extension in the central and northeroffthdUst’ Lena

65 Rift Basin reached 430 and 500 km, respectively, rasulted in both the complete

66 elimination of the continental crust and mantle exhumaiemeath this hyperextended basin.

67 In a recent publication, Drachev and Shkarubo (2@ifémpted to illustrate the internal
68 structure othe hyperextended Ust’ Lena Rift Basin using long-offset MCS profiles by
69 MAGE and TGS. Their model also suggests the preasehexhumed mantle in the axial

70  zone of the rift.

71 In this paper, we attempt to verify the postulated mantle exhumation by compaginthetic
72 gravity response from geological models built alomgéhselected seismic profiles to the
73 observed regional gravity data compiled by Getechz{Mat al. 2015). For this purpose, we

74 have used the two interpreted two way travel time (JWAismic profiles published recently



75 by Drachev and Shkarubo (2017), the MAGE A4 and TKKS10F04 Profiles, as well as

76 one depth-converted Profile BGR 9701 published kanke et al. (2001).

77 Structure and Stratigraphy of@hk Laptev Rift System

78 The LRS consists of several wide rift basins andviddal narrower rifts, which are

79 separated from each other by high-standing blocksdérlying basement. The geology of

80 this complex rift system has been considered in detdNdoyova et al. (1990), Drachev et al.

81 (1998), Franke et al. (2000, 2001), Sekretov (2000), Drachev (2011, 2016), Shkarubo and
82 Zavarzina (2011) and Shkarubo et al. (2014). Thedegravity anomaly map provides the

83 basis for our regional mapping of the main structumingints of the LRS (Fig. 1); from west

84 to east, the main structural elements are as followesU#t' Lena Rift, East Laptev Horst and

85 Graben Province, Anisin Rift, Kotel’nyi High and New Siberian Rift. The total width of the

86 LRS varies from 450 to 500 kbetween Kotel'nyi Island and the Lena River Delta to c. 870

87 km in its northern part (measured in a directioraflal to the steep shelf break of the

88 Amundsen Basin to Anabar Bay).

89
90 The Ust' Lena Rift Basin (ULRB) is the largest andi@st prominent element of the LRS.

91 Its width varies from 550 km along a SW to NE-trerglprofile connecting the southern
92 termination of the Gakkel Ridge to Anabar Bay to c. B@0in the Buor-Khaya Bay (Fig. 1).
93 A large region of extended crust is present betwbereastern Taimyr coast and the

94 continental margin of the Nansen Basin, which we &dsitatively include into the ULRB.
95 Therefore, the total length of the rift when meadurea NW to SE direction varies from c.

96 800toc. 1150 km.

97 As illustrated by the seismic profiles and the gravity field (Figs. 1 and 2), the deepest axial

98 zone of the rift coincides with prominent graviow A. Its width varies from 27 to 30 km,



99 and sediment thickness reaches 14 to 15 km. Tiis moinferred to be underlain by either
100 exhumed serpentinized mantle or exhumed and ragitahned lower crust (Drachev &

101 Shkarubo 2017).

102 The axial zone is surrounded by structural domdomeinated by tilted seismic horizons,

103 which we interpret as being a result of the brittle upper crust extensional fatlithitige east,

104 there is a 125 (MAGE profile) to 131 km (TGS profile) wide region of tilted seismic horizons
105 that is probably underlain by the main extensionahcanhent fault. It constitutes the eastern
106 rifted margin of the basin, which is manifestedhe gravity field by positive anomaly B

107 (Fig. 1). The thickness of sediments along this nmaigzone of the ULRB varies from 5 to

108 12 km (Fig. 2).

109 To the west of the axial zone, the crustal blocks anchbing faults are tilted in the opposite
110 direction, which allows us to consider this domain, grafggture C, as the western flank of
111 the ULRB. This zone is best imaged by the TGS ARB4Hrofile, which crosses it for c.
112 125 km. Nevertheless, this profile does not go across the entire western flank of the rift basin
113 as there is c. 70 km of the rifted domain betwégnvestern end and the first large -offset
114 normal fault just off the Taimyr coast, which i®afly seen in the gravity field (Fig. 1).

115 Therefore, the total width of the ULRB western flaslc. 195 km if measured along the

116 projected strike of the TGS profile, and c. 195ikmeasured along the projected strike of
117 the MAGE A4 Profile. Positive gravity anomaly C corresponds to a zone of higahuated
118 lower crust, as interpreted by Drachev and Shka(@ba7). The total sediment thickness
119 along the studied part of the western flank varies from c. 3 km or less on the top ofdorsts

120 10 km at the transition to the axial rift zone.

121 The main detachment fault crossed by the TGS an&EArofiles coincides with the M/V

122 Lazarev Fault previously mapped in this part ofithptev Shelf by Franke et al. (2000,



123 2001). It is a large-offset listric fault with a pmumced convex geometry towards the east
124 and an apparent vertical throw of c. 4 to 6 kmhattbp basement horizon. Its geometry at
125 mid-crust level is poorly constrained due to the insufficient quality of the seismic data.
126 However, based on the observed reflectivity patterte lower crustal section, we assume
127 that this detachment flattens out at the middle crust level, before it bends down aratg@enetr
128 the lower crust, reaching the mantle. In a ckb¥wide zone immediately west of the

129 detachment, the syn-rift sediments rest upon the fault plane where their thickawsssr7 to

130 8 km.

131 A 75-km-wide central zone of the ULRB along the TGS ARS10P0dfile lacks apparent
132 seismic expression of brittle deformation, suchileed basement blocks, and shows a very
133 thick sedimentary infill that extends down to a thepf c. 14 km (Fig. 2). Seismic reflection
134 geometries within this zone reveal a significant numbeatbfer steep low-amplitude normal
135 faults, which affect the upper and middle partshef section. Combined offsets along these
136 faults could apparently not accommodate the largeuat of crustal thinning required to

137 provide accommodation space for as much as 15 keedifnents. Therefore, we infer that
138 the central zone of the ULRB represents a hypereetnidt basin underlain by a principal
139 exhumation detachment fault, with the fault marking therface between the sediments and

140 the underlying ductile lower crust and/or serpeizgéd mantle.

141 The steep low-amplitude normal faults occurring withie tH.RB (Fig. 2) are considered to
142 be a younger generation of faults in comparisotinéohigh-amplitude listric faults bounding
143 tilted blocks of basement in the lower sectionh#f tift. The latter were formed during the
144 main stretching phase, whereas the former are phptad result of the recent extension

145 phase as many of them penetrate up-section toetéad.



146
147 The East Laptev Horst and Graben Province (ELHGRIneld across the eastern part of the

148 Laptev Shelf and the adjoining Yana-Indigirka Lowland ¢. 800 km in a north to south
149  direction, while its width increases from c. 100 km in its central part to c. 350 km in the
150 southern, onshore part. It is clearly expressed in the gravity field as a series of positive
151 anomalies corresponding to several high-standingkBlaar horsts, of the pre-rift basement
152 (the North Laptev, Stolbovoi and Shiroston Blockshjch are separated by much smaller
153 negative anomalies, revealing a series of smahvuaining halfgrabens (Fig. 1). The TGS
154 and MAGE seismic profiles cross the large triangft@ped North Laptev basement high,
155 which stretches from the shelf break towards Stolbovanésfor c. 340 km and is c. 230 km
156 wide in its northern part and just c. 30 km widetensouthern part. In the gravity field, it

157 fully corresponds to anomaly D (Fig. 1).

158 In general terms, the ELHGP can be portrayed atatively stable region affected by

159 moderate extensional deformation. Its structur@ised by a succession of 10 to 15 km-

160 wide half-grabens and intervening horsts bounded by predominantly westward-dipping listric
161 normal faults. The majority of these faults were dieactive during the initial rift stage and

162 then were reactivated during the second, most recent extension phase, while sofaeltthe

163 reveal the initial extension stage only. The magtetof the fault offsets is in the range of a
164 few hundred meters, up to 2 km, while sedimentkiméss over the ELHGP varies from 0 m
165 over the elevated Stolbovoi Island to 3 km in selvef#he half-grabens located along the

166 western margin of the ELHGP.

167

168 The Anzhu Rift Zone forms a c. 630n-long chain of interconnected large half-grabens,

169 two-sided grabens and intervening horsts between the ELHGP and the Kotel’'nyi High - the

170 largest single high-standing block of the pre-rift basement present in this geetstfelf. The



171 latter is clearly depicted in the gravity field by 450x270 km rhomboid-shapedveogitivity

172 anomaly E (Fig. 1).

173 The Anisin Rift forms the northern part of the Anzhu Rifn2oAs illustrated by the MAGE

174 A4 Profile, it is an asymmetric feature with a degiesterly dipping main detachment fault,
175 the IB Kapitan Dranitsin Fault of Franke et al. (2DOwhich is located along its eastern

176 flank, and a number of antithetic normal faultariorg its western margin. It is clearly

177 depicted in the gravity field as a north to soutiksg c. 215-km-long negative anomaly

178 (Fig. 1). The southern part of the rift is confiredhe 25 to 55«m-wide Zarya Half-graben,

179 while the northern part of the rift, north of 77°,represented by a much broader region of
180 extension that varies in width from 100 to 130 km. Fromimto south, the length of the rift,
181 including its inferred northern part, is c. 340 Kdediment infill thickness varies from 2 km
182 along the western flank of the rift to up to 5 km along the MAGE A4 Profile and over 5 km in

183  its northern part.

184 The Bel’kov-Svyatoi Nos (or just Bel’kov) Rift is separated from the Anisin Rift by the

185 Bel’kov Horst. It stretches for c. 430 to450 km from an area northwest of Bel'’kovsky Island,

186 where it branches out from the Anisin Rift, to the Sviylos Cape on the southern shore of
187 the Dmitri Laptev Strait. A 17%m-long northern part of the rift has a maximum widfic.

188 75 km and consists of three parallel half-grabent) the main west-faced detachment fault

189 located just off the wesoast of Bel’kovsky Island. This part of the rift is represented by one

190 of the most prominent gravity lows just west of Bel’kovsky Island, where the rift has the

191 thickest sediment fill of c. 5.5 km (Drachev et al. 1998; Franke et al. 2001).

192 About 25 kmsouth of the southern tip of Bel’kovsky Island, the rift experiences a sharp 45 to

193 50° bend towards the SE, and continues in this direction fokkBY5etween the Stolbovoi

194 Horst in the west and the Kotel’'nyi High in the east.



195

196 The New Siberian Rift is the easternmost elemeth®fLRS. It stretches for c. 400 km in a
197 NW to SE direction between the two most contrasting basement highs: the Kotel'nyi and De-

198 Long Highs in the west and east, respectively (FigThg rift has a profoundly asymmetric
199 profile, with the main detachment fault located at itstea flank separating the rift from the
200 De-Long High (Franke & Hinz 2009; Drachev, 2011). The'sifvidth is 120 to 130 km, and

201 the MAGE A4 Profile provides an almost completessr@ection of it, with the exception of
202 the north-eastern margin of the rift where the peagtops ¢.10 km west of the main border

203 fault.

204 The interior of the New Siberian Rift is complicatey a 200km-long and c. 15 to 3@&m-

205 wide horst block that separates the western parteofitly the Neben Graben of Franke et al.
206 (2001) and Franke and Hinz (2009), from the mdinasiis. The total thickness of the rift
207 sedimentary infill decreases from over 10 km in the deepest northern part to les&rhan 1

208 the vicinity of Novaya Sibir’ Island, where the rift terminates (Franke & Hinz 2009; Drachev
209 2011).

210

211 The stratigraphy of the LRS is a highly speculativatter due to the complete lack of deep
212 wells offshore and the very fragmentary and incon@pldépper Cretaceous and Cenozoic
213 stratigraphic record preserved onshore. The most reoemmary of the seismic stratigraphy
214 of the Laptev Shelf has been published by Drachev and Shkarubo (@0d 7pr the purpose
215 of this paper, we adopt stratigraphy from their pulbiicca The sedimentary fill of the ULRB
216 is comprised of three major seismic units (Fig.(B)a syn-rift Laptev Lower Unit (LLU) of
217 inferred Upper Cretaceod®wer Eocene age, which was deposited during bogtching

218 and thinning rift phases; (ii) a post-rift Laptev Mid Unit (LMU), which was deposited

219 during the rift stalled phase (this term was proposed by Van Wijk and Blackman, 2005) in the



220 latest Eocenemid-Miocene (the age is based on our knowledge of the interaction between the

221 North American and Eurasian Plates; Savostin & Karasgd 1&aina et al. 2002; Glebovsky
222 et al. 2006); and (iii) a Laptev Upper Unit (LUU)heh forms a continuous cover over the

223 entire Laptev Shelf and was accumulated during therstlate MiocenePleistocene stage

224  of extension.

225 The timing of crustal extension onset is also unclda shown by Drachev (2002) and

226 Drachev and Shkarubo (2017), the pre-rift basememtlynmrmed during the late Mesozoic

227 (Late Jurassieearliest Cretaceous) orogeny. Aptian and Albiantioental coal-bearing

228 sediments known frorkotel’nyi Island and Chukotka (Sokolov 2010; Kos'ko et al. 2013)

229 are the oldest post-orogenic formations, which wat a sharp angular unconformity upon
230 rocks that have been subjected to contractionardedtion. These sediments do not provide
231 evidence in favour of their accumulation in a rift segtand, therefore, should be considered

232 as pre-rift deposits.

233 The oldest sediments documented in several smalblegps in the coastal areas of the North
234 Verkhoyansk Mountains and the Yana-Indigirka Lowland are continensioctediments of
235 Paleocene age (Grinenko 1989). Therefore, theaifingg should have been initiated

236 sometime between the latest Early Cretaceous anBdleocene, perhaps sometime in the
237 Late Cretaceous. An important recent finding of a@weanian-Turonian volcanic centre in
238 the North Verkhoyansk Mountains (Prokopiev 2013ymeovide evidence in favour of the

239 rift onset occurring in the earliest Late Cretaceous.

240 Seismic and Grévity Data used fdr Mddelling

241 For the purpose of this study, we have used thrn@léchannel seismic reflection profiles
242 oriented quasi-orthogonally to the shelf extenslidalric (Fig. 2). The MAGE A4 and TGS

243 ARS10F04 Profiles were acquired between 2008 aid@ 20id cross almost the entire rift



244 system the central and NE parts of the Laptev Sih,tive exception of the western flank of
245 the ULRB (Fig. 1)., The BGR 9701 Profile was acquired997, and its interpreted depth-

246 converted version was published by Franke et alD120

247 For the gravity modelling, we have implemented timelepth conversion of the MAGE and

248 TGS profiles. Velocities in the sedimentary covaravderived from seismic stacking

249 velocities, which provide an adequate control feptths up to the length of the seismic

250 streamers (c. 8 km). Below 8 km, we have used phbl seismic refraction data from the

251 Laptev Sea (Franke et al. 2001) as well as refractada from the North Chukchi Basin

252 (Sakulina et al. 2011); the latter is filled with Cretaceous and Cenozoic siliciclastic sediments

253 (Drachev 2016). The range of the velocities useshmswvn in Table 1.

254

255 Table 1. P-wave acoustic velocities used for time to depth cawernf MAGE A4 and TGS

256 ARC10F04 seismic reflection profiles, along with the d@gs used in the gravity modelling

Interval seismic Velocity
velocity used for . calculated
L ayer\block Time/Depth | DS | ¢ om
y ep 3
: (g/cm?) .
conversion density
(kml/s) (km/s)
Sea water 15 1.03 15
Sedimentary unit LUU 2.10 2.52
Sedimentary unit LMU 1.8t05.5 2.30 3.39
Sedimentary unit LLU 2.56 5.16
Sedimentary unit LLU below c. 11 km in axial part g ) 263
the ULRB (TGS ARS10F04 model only) '
Inferred weakly deformed Pz and Mz sedimentary ) 2 65 567
rocks of outer Palaeo-Siberia passive margin ' )
Inferred deformed Pz and Mz sedimentary rocks of
outer Palaeo-Siberia passive margin and accreted 5.6 10 6.25 2.74 6.10
terranes
Deformed Pz and Mz sedimentary rocks of proxima i 276 6.19
Palaeo-Siberia passive margin ' '
‘Non-Siberian’ lower crust beneath late Mz fold belts 6.4t07.1 2.90 6.76
Lower crust of Palaeo-Siberian continent - 3.00 7.11
Serpentinized upper mantle 6.9t07.5 3.10 7.43




| Upper mantle | 8.0 | 330 | 8.00

257 The gravity data used for the 2D models was derfv@th a merge of the Getech reprocessed
258 satellite altimeter gravity data set offshore anddgd gravity data onshore (Green &

259 Fairhead 1996; Fairhead et al. 2004) as well asiggglomain data from the Arctic Gravity

260 Project (Kenyon et al. 2008). The data sets wenmgetkinto a single coherent 2 km grid that

261 includes Bouguer anomaly and free-air anomaly dathore and offshore, respectively. The

262 Bouguer reduction density of the final grid (onshpaet only) was 2.67 g/cc. It should be

263 noted that although the gravity is presented agm grid, the resolution of the satellite

264 gravity data set is ¢. 12 km minimum wavelength, withreasing noise at wavelengths below

265 20 km.

266 Gravity Modelling

267 The 2D/2.5D gravity modelling permits testing of gegptal/seismic models against the

268 observed gravity field. For this study, we used®@eosoft GM-SYS 2-D forward-modelling
269 package with model layers of infinite length. Thigeagach is justified because the main

270 geological structures modelled (rifts) show no shstance along-strike variability that may
271 produce oubf-plane effects influencing the models. Since thelelled sections are located
272 entirely offshore, we used the free-air gravity aates. The modelling technique enabled
273 conversion of the interpreted seismic units/horg&orio geological bodies within the model.
274 Each of these bodies appeared as a polygon widssigned density value. The software
275 calculates the gravity response of the model usiadegbhnique outlined by Talwani and

276 Ewing (1960). The gravity response from a propasedel was compared with the observed
277 gravity; the model was then interactively adjustatila satisfactory fit was obtained

278 between the synthetic response and the observeiygpaofile.



279 Gravity models are non-unique, which means thattlaee a multitude of density and

280 geometrical configurations that can produce the sam@itude and wavelength anomaly.
281 However, by using seismically constrained boundaaied geologically reasonable densities
282 for the modelled bodies down to the Moho, we alle &b minimize the number of possible
283 outcomes. The range of rock densities (Table ajlgpted from a previous modelling study
284 by Mazur et al. (2015) as well as being calculatechfseismic interval velocities using a

285 Nafe-Drake formula (Ludwig et al. 1970; Brocher 3D0

286 The boundaries of the modelled bodies down todpeof pre-rift upper Mesozoic basement
287 inclusive are guided by seismic interpretation. Enlesundaries are considered to be reliable
288 along most of the modelled profiles, except fordieepest central zone of the ULRB.

289 Therefore, we tend to preserve these interpretisthée boundaries while performing the

290 modelling.

291 The depth to the Moho is also fairly well constedrby the seismic data along significant
292 parts of the MCS profiles. However, where the Mafas not observed in the seismic record,

293 its depth was estimated by fitting the observed @ldulated gravity data.

294 The least constrained seismic boundary is the MiuasCDiscontinuity (MCD) due to
295 homogeneity of the seismic image of the basemeat most of the interpreted seismic
296 profiles; however, some parts of the seismic profilesaae a higher reflectivity in the lower

297  section, which is interpreted as a possible indicative feature of the lower crust.

298 We also introduce some degree of first-order hggemeity to crustal densities beneath both
299 the western flank and axial zone of the ULRB, and thistdo the east of the axial zone. This
300 is mainly based on an assumption that the westank bf the ULRB could be underlain by
301 the deformed margin of the ancient Siberian palaetwent with Lower Proterozoic high-

302 grade metamorphic complexes present at the lowst tguel and deformed dense lower



303 Palaeozoic carbonate rocks present in the uppst.c@ontrarily, the Eastern Laptev Shelf
304 basement could consist of less dense deformed RenmiJurassic siliciclastic rocks that

305 were deposited along the distal part of the Paldib@rian margin and in the troughs situated
306 between colliding terranes and the margin. The abe®n metamorphic crust could be

307 completely absent in this tectonic domain.

308 There are a few localities where the seismic recondathstrates the presence of some weakly
309 deformed sedimentary successions directly benéatkop basement discontinuity (Franke et
310 al. 2001). We interpret these occurrences as moderately deformed pre-rift siliciclastic

311 sedimentary rocks of either Jurasdi@rly Cretaceous or latest Early Cretaceous (Apban

312 Albian) age. The analogues of the former are exposestabovoi Island, while the latter are

313 known to be present in the centrakpaf Kotel’'nyi Island (Kos’'ko et al. 2013). We used

314 lower densities for these pre-rift sedimentary bodies (Table 1).

315 While performing the modelling, we tried to avordroducing significant changes to the

316 seismically well-constrained horizons bounding sé&samits LLU, LMU and LUU, and to
317 the Moho at points where it is detectable in there& record. Most modifications were

318 introduced to the MCD as it was the least constraineddaynThe consistency between the
319 seismic boundaries and the model was interacti@ehyeved through a number of iterations

320 inthe process of integrated interpretation.

321 Results

322 The resulting gravity models are presented in Fige.® The gravity synthetic response of

323 the models is low-pass filtered using a 20 km dfita@velength. This is done to remove the
324 gravity effect caused by the short-wavelength featofehe seismic horizons used to build

325 the models. The resolution of the observed grawfisfiore gravity is mostly based on

326  satellite altimetry data) is insufficient to fully resolve <20 km wavelengths (see also Childers



327 et al. 2001). Furthermore, the short-wavelengthaignhadditionally smoothed out by the
328 gridding algorithm. Therefore, the observed gravitgnisstly unable to replicate the short-
329 wavelength geometries revealed by seismic refledtmizons. However, in the range of the
330 long-wavelength anomalies (>20 km), which are nyosdused by the irregularities of the
331 Moho and the MCD as well as by large basement hagiasdepressions, there is a

332 satisfactory fit between the modelled and obsegragity along all the modelled profiles.

333
334 Model (a) along the TGS Profile (Fig. 3a) confirme thitial seismic interpretation by

335 allowing for the continental crust to be entirelyntied out in the axial part of the rift where
336 the sedimentary fill is directly underlain by upmentinental mantle. Since the latter is no
337 longer protected by the crust from exposure tafuirculating in the sedimentary fill, we
338 introduced a body of serpentinized upper mantlé weduced density beneath the rift axis.
339 The Moho descends from c. 13 km in the centre of theRJtd27 km beneath the rift flanks.
340 An important misfit of c. 3 knbetween the ‘seismic’ and the modelled Moho is observed at
341 the eastern end of the profile. Additionally, thedelled base of the inferred serpentinized
342 mantle below the ULRB is 4 km shallower than theeindd seismic boundary. This may
343 result from the poorly constrained velocity struetof the continental crust and mantle

344 underlying the LRS.

345 The MCD is located at depths of between 12 andrii8lkshows no discernible trend of

346 depth variation beneath most of the ELHGP, beinmarily located at depths of 15 to 16 km
347 except for two half-grabens borderittge Bel’kov Horst. Along the SW margin of the ULRB,
348 the MCD clearly deepens in SW direction.

349 In order to achieve a tighter fit between the obsdrand calculated gravity, we needed to

350 introduce a discrete sedimentary body with an iasee density of 2.63 g/chat the base of

351 the ULRB depocentre underlain by the exhumed mawlke assume that this body could



352 represent a sedimentary section intruded by mdfec Bespite the fact that there is no
353 proven evidence of syn-rift magmatism known anywherthe Laptev Sea region, one can

354 expect that it occurred within the hyperextendedezof the rift.

355 Model (b) demonstrates an alternative model thahtams a satisfactory fit between the

356 observed and calculated gravity without a bodyespentinized mantle below the rift axis
357 (Fig. 3b). The main difference between the two medethe presence of the thicker lower
358 crust that underlies the central zone of the ULRB emunterbalances the absence of mantle
359 with reduced density that is included in model {&.achieve a reasonable fit with the

360 calculated gravity, we needed to lower the basgedfments by 1 km and introduce a

361 significant amount of the lower crustal materialdvelthe seismically defined detachment.
362 The geometry of the latter is considerably steedemit cuts through the lower crust as

363 compared to model (a).

364
365 The modelled crustal section along the MAGE A4 Reofivhich is located c. 60 to 100 km

366 south of the TGS Profile in the hyperextended zointhe ULRB, confirms the presence of a
367 12 to 15-km-thick sedimentary fill in the axial part of the basin that is underlain by the
368 severely stretched upper crust and exhumed lowsst ¢Fig. 4). In model (a), the Moho is
369 located at depth of ¢. 19 to 23 km under the hyperertémdne of the rift and at 25 to 30 km
370 under the ELHGP, and it is characterized by a fajdgd fit between the seismically picked

371 and modelled Moho.

372 The modelled MCD below the ELHGP fluctuates at depthsetwveen 12 and 18 km, with no

373 visible trend to the depth variation, and it demonstrataajor misfit with the ‘seismic’

374 MCD due to the unconstrained nature of the lafi¢the SW margin of the rift basin, the

375 MCD deepens in a SW direction from c. 15 km to t8d&t the end of the profile.



376 There are also some local misfits between the se&iy observed and modelled top of the
377 basement horizon at the eastern flank of theasftwell as the top of the exhumed lower
378 crustal block that has to be up to c. 2 km deeper tmamferred seismic horizon to allow for

379 a better fit.

380 The New Siberian Rift is filled with c. 11 km ofsyift and post-rift sediments and it is
381 clearly associated with an asymmetric perturbatv@thin the upper and lower crust. In this

382 area, the total thickness of the upper and lowestds reduced to 11 km.

383 In model (b), we tested an alternative scenaribdahaws for a greater extent of the upper
384 crust layer below the ULRB (Fig. 4b). We assumedfarent geometry for the main

385 detachment fault that remains an intracrustal detesnt below the entire stretch of the

386 ULRB. To maintain a good fit between the calculated the observed gravity, we needed to
387 significantly reduce the lower crust thickness bplaeing it with the upper mantle to

388 counterbalance the effect of thicker upper cruswvalihe detachment fault.

389
390 The BGR 9701 Profile is located between the TGS ABED4 and MAGE A4 Profiles,

391 running parallel to the latter and traversing therergxial zone and eastern flank of the

392 ULRB. The published interpretation of this profi{leranke et al. 2001) allows for much

393 thicker pre-rift continental crust to be present below the entire rift basin, which clearly
394 contradicts the modelled profiles located justit® $outh and north of the BGR 9701 Profile.
395 To resolve this contradiction, we tested threetalusodels for the BGR 9701 Profile (Fig.

396 5).

397 In the BGR 9701 original interpretation (Fig. 5dje tULRB appears as a broad feature with
398 two 25 to 35km-wide grabens and a dividing basement horst in its dgrdara The sediment

399 thickness reaches c. 14 km in the grabens, reduciag km over the central horst. The



400 Moho depth at the flanks of the basin is constmimg the seismic refraction data and varies
401 from 25 to 22 km, deepening away from the axial pathe ULRB; no Moho is detected
402 right beneath the central portion of the profileeThickness of the continental crust beneath
403 the ULRB varies from c. 17 km at the SW end of thefife to 9 to 10 km below the axial

404 grabens, and to over 22 km at the NW end of thélpro

405 Model (a) demonstrates the calculated gravity respdrom the published interpretation of
406 the BGR 9701 Profile by Franke et al. (2001). As thterpretation postulates roughly flat
407 Moho and a quasi-uniform lower crust thickness,lifapement geometry becomes the most
408 important factor controlling the gravity responseng the model. Consequently, two major
409 lows of the forward-calculated gravity profile doeated above the axial grabens. At the
410 same time, a significant synthetic gravity higlaligned with the NE portion of the profile,
411 where the thickest crust and the rise in Moho aferred to be present. These three parts of
412 the model are the regions with the biggest misftsMeen the observed and calculated

413 gravity. At the same time, the observed gravity lagbve the axial grabens clearly implies
414  significant crustal thinning, which is in contrast to Franke at(@001) interpretation,

415 whereas the observed flat gravity profile aboveNt¥ Lazarev Fault indicates that it has no

416 impact on the Moho configuration.

417 In order to produce a better fit between the obsgiand calculated gravity, we needed to

418  introduce significant modifications to the Franke et al. (2001) interpretation (Figs. 5b and c).
419 The crustal thickness is reduced west of the mataahment fault by deepening the top of

420 the basement horizon (LS1 horizon of Franke et al., p@0d raising the Moho from c. 25 to

421 c. 16 km. In the original interpretation, the LSIihon was picked in the 3.5 to 6 km depth

422 range along the eastern flank of the ULRB, which isstterably shallower in comparison to

423 its depth in the TGS and MAGE profiles (5to 11 &nd 7.5 to 11 km, respectively). To

424 obtain a satisfactory fit between the modelled abserved gravity data, we had to infer a



425 deeper top basement boundary, which requires addibhdo 4 km (in one location, it is up to

426 7 km) of syn-rift sediments.

427 The two resulting best-fit models (b) and (c) dent@ts significant crustal thinning below
428 the axial grabens: up to 5 to 6 km of the totaktthickness in model (b) and 2 to 4 km in
429 model (c), mainly accommodated by the rise in thehM The main difference between the
430 two models is the presence of upper crust belovat& grabens in (b), while upper crust is
431 completely removed in (c) and exhumed lower crsishierred to underlie the deepest parts
432 of the grabens. Accordingly, the upper crust belogvadxial grabens in (b) is converted into
433 the lower part of sediments filling both grabens in {@.achieve a better gravity fit in model

434  (c), additional Moho uplift is also introduced.

435 Additional changes introduced to the origirsgismi¢ model are related to the geometry of

436 the main detachment fault that is inferred to uhdeas a mid-crust detachment, the entire
437 ULRB eastern flank. It is further speculated tha ¢letachment cuts through the lower
438 continental crust along the eastern flank of the crimtalk) that may represent an H-block of

439 Lavier and Manatschal (2006) and Péron-Pinvidic lslachatschal (2010).

440  Discussion

441 The integration of the recently acquired long-offseismic profiles with 2D gravity forward
442 modelling provides a much more reliable tool forigbering the crustal architecture of the
443 LRS. While seismic data tightly constrain intraseelithhorizons and, in most cases, the top
444 basement horizon, the gravity modelling providesighle insights into the configuration of
445 the Moho, MCD and the top basement morphology. ddrebination of both methods allows
446 a successful portrayal of the full crustal sectiod avercomes the limitations of seismic

447 imaging.



448 The depth-converted seismic profiles accompaniedgravity models reveal the presence
449 of hyperextended crust beneath the ULRB; its preséncharacterised by Moho uplift and
450 thinning of the pre-rift crust. Moho uplift and atal thinning were compensated by vast
451 subsidence of the rift basins, creating accommodatpace for as much as 12 to 14 km of

452  syn- to post-rift sediments.

453  The results obtained illustrate a brittle mode of upper crustal stretching that is demonstrated
454 by the presence of tilted basement blocks boundedtriclnormal faults on both sides of the

455 rift axis. In contrast, the lower crust experiendedtile thinning, which is suggested by a

456 gradual reduction in crustal thickness towards ittexis. In the southerly located MAGE

457 A4 and BGR 9701 Profiles, the upper crust may leeadyp thinned out and the lower crust is

458 exhumed at the base of sedimentary section. Alongdttiernmost TGS ARS10F04 profile,

459 the modelling revealed even more advanced crusttkhing that led to the exhumation of

460 the upper continental mantle beneath the rift sediary fill, which was predicted by the

461  earlier gravity modelling (Mazur et al. 2015).

462 In a magma-poor rift setting reviewed by Franke (30ithospheric extension in response to
463 divergent plate movements did not result in a digant heat input from the asthenospheric
464 mantle. The LRS is a typical magma-poor rift zonel aar results suggest that there was
465 almost complete break-up of the crust prior toliheak-up of continental mantle. This

466 situation seems to reflect an initiation of margddumation, which is a feature that is widely
467 documented for mature magma-poor continental mar@grg. Whitmarsh et al. 2001;

468 Manatschal et al. 2010). Consequently, the LRSespwnds to an embryonic non-volcanic
469 margin, where pre-rift crust has been mostly orrehtieliminated across the rift axis but

470 continental mantle has not yet broken up.



471 Using the modelled cross-sections, which providelmmore reliable constraints over the
472 crustal architecture of the LRS than any of the jmesly published seismic interpretations,
473 we were able to estimate the amount of total nestet extension for all the models. The
474 amount of stretching was calculated based on thitbaedeoutlined by Mazur et al. (2012), i.e.
475 through reconstructing the crust to its pre-rift kmess, which is assumed to be 35 km. This
476 calculation estimated the finite crustal extensmbe 315 km along the MAGE A4 Profile,
477 320 km along the TGS ARS10F04 Profile, and 235 komgthe BGR 9701 Profile. Due to
478 the fact that none of the modelled profiles crémsdntire width of the LRS, the obtained
479 values can only be considered as minimum extensatres along the modelled profiles and
480 they do not represent total extension values adhmsentire rift system; nevertheless, they
481 provide a good match with the extension estimasetan 3D gravity inversion (Mazur et

482  al., 2015; pseudo-section 3 in their table 1).

483  Conclusion

484 The LRS remains one of the least studied presengdaglynamic settings where a divergent
485 plate boundary crosses a continental margin ansgesaa transition from ocean floor

486 spreading to intracontinental rifting. Therefore, tiaptev Sea provides a unique opportunity
487 for studying all stages of continental break-upnfraitial stretching to mantle exhumation

488  and the initiation of seafloor spreading.

489 Recent advances in seismic data acquisition ifRili&sian Arctic led to much better imaging
490 of the sedimentary fill and consolidated baseménh® LRS. However, the existence of sub-
491 marine permafrost and intense faulting limit seismic dasalution at depths greater than 8 to
492 10 km. This, in turn, makes any models of the LRS tectonics that are based entirely on

493  seismic data very unreliable.



494 Our study presents the first results of seismic andityrdata integrationThe study’s aim

495  was to provide reliable constraints on the crustal architecture of this rift system. The
496 modelling performed allowed us to test the hypothesimantle exhumation proposed by
497 Mazur et al. (2015) and Drachev and Shkarubo (2084¢9ording to our results, there istlé
498 chance that pre-rift continental crust is presernwveithe NW part of the ULRB north of 75°N
499 and west of 130°E. Although a very thin layer cé thwer continental crust is still

500 reconcilable with the gravity response along theSTARRS10F04Profile (Fig. 3b), this

501  scenario is highly unlikely since it would require the lower crust to have very low viscosity.

502  The relatively low resolution of the satellite altimeter-derived gravity data used in this study,
503 the poor resolution of the seismic data in the dsepart of the ULRB, and the scarcity of

504 wide-angle deep seismic refraction data mean tleattistal models presented here can only
505 be considered as a first rough representation of thstadrarchitecture of the LRS. Should the
506 modern long-offset seismic reflection and refractexperiments be carried out in the future,
507 along with the acquisition of ship-born gravity datauch tighter constrained models could

508 be produced. However, the importance of the requisented in this paper is in

509 demonstrating that some previously published models, latisiy the presence of thinned but

510  still continuous continental crust throughout the entire rift system, are not sufficiently

511 accurate.
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633 Figure Captions

634 Fig. 1. The gravity field and the main structural elemesftthe Laptev Rift System. The

635 satellite altimeter gravity field (coloured background), which is comprised of free-air
636 anomaly offshore and Bouguer anomaly onshore, was compiled by Getech (Mazur et al.
637 2015 and references therein). The insert map in the left-hand-side lower corner shows
638 the plate tectonic setting of the studied area (black rectangle), the axis of the Gakkel
639 Spreading Ridge (bold red line), the axis of linear magnetic anomalies (after Glebovsky
640 et al. 2006) and earthquake epicenters (black circles) from

641 https://earthquake.usgs.gov/earthquakes/se@l#Roman numerals denote the

642 following structural elements:H Ust' Lena Rift: la- inferred zone of mantle

643 exhumation, Ib- Omoloy Graben; I+ East Laptev Horst and Graben Province=lla

644 North Laptev High, lIb- Stolbovoi Horst, llc- Shiroston High, lld- Ust' Yana Graben,

645 lle - Central Laptev Terraces; HAnzhu Rift Zone: llla- Anisin Rift, Illb - Zarya

646 Graben, lllc- Bel'kov-Svyatoi Nos Rift, 1lld- Bel'kov Horst, Ille- Kigilyakh Horst,

647 llIf - Tas-Takh Graben; I¥ New Siberian Rift: IVa- Neben Graben, IVb Sannikov

648 Horst; V- Eurasia Basin rifted margin; W Eurasia Oceanic Basin: ViaAmundsen

649 Basin, VIb- Nansen Basin; VIt Kotel'nyi Basement High; VIIt De Long Basement

650 High. The red Arabic numerals on the insert map denote the following geographic

651 features:  Anabar Bay; 2~ Nansen Basin; 3 Amundsen Basin; 4 Buor-Khaya

652 Bay; 5- Yana-Indigirka Lowland; & Kotel'nyi Island; 7 - Stolbovoi Island; &

653 Bel’kovsky Island; 9 - Svyatoi Noc Cape; 18 Dmitri Laptev Strait; 1+ De Long

654 Islands; 12- Novayasibir’ Island; 13 - North Verkhoyansk Mountains.

655 Fig. 2. Geological cross-sections along the interpreted depth-converted seismic profiles used
656 for the gravity modelling. Cross-sections (a) and (c) are based on Drachev and Shkarubo

657 (2017); cross-section (b) is modified from Franke et al. (2001). See Fig. 1 for the


https://earthquake.usgs.gov/earthquakes/search

658 locations of the seismic profiles.

659 Fig. 3. Modelled crustal cross-sections along MCS Profile TGS ARB4(see Fig. 1 for the

660 location). A legend explaining the colour of the polygons is given in Fig. 2. Model (a) is
661 based on the interpretation by Drachev and Shkarubo (2017; Fig. 2a), which assumes
662 that exhumed serpentinized upper mantle is present underneath the sedimentary fill of
663 the ULRB. Model (b) tests an alternative scenario where thin lower crust is present at
664 the base of the ULRB. The dot-dashed magenta line corresponds to the Moho modelled
665 in model (a), i.e. showing the divergence between two models. Other modelled

666 boundaries fully coincide with model (a).

667 Fig. 4. Modelled crustal cross-sections along MCS Profile®E A4 (see Fig. 1 for the

668 location). A legend explaining the colours of the polygons is given in Fig. 2. Model (a)
669 tests the interpreted seismic profile given in Fig. 2c. Model (b) tests an alternative

670 scenario with upper crust present beneath the axis of the ULRB. The main detachment
671 fault is a low-angle fault that separates the lower and upper crust. Dashed and dot-
672 dashed magenta lines correspond to model the Mid-Crust Discontinuity and the Moho,
673 respectively (showing the divergence between the two models). Other modelled

674 boundaries fully coincide with model (a). For the complete legend, see Fig. 3.

675 Fig. 5. Modelled crustal cross-sections along MCS Profi@B9701 (see Fig. 1 fohée

676 location and Fig. 3 for the complete legend). Model (a) is based on the interpretation by
677 Franke et al. (2001). It demonstrates a significant misfit between the calculated and

678 observed gravity. Models (b) and (c) are alternative models that provide a much tighter
679 fit between the observed and calculated gravity. Note that the modelled boundaries in
680 model (c) are shown only in places where they diverge from those modelled in (b); in all

681 other cases, they are equal to the seismic horizons and boundaries shown in model (b).
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