2D crustal scale velocity models for western Norway derived from receiver function analysis and trans-dimensional inversion
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o . TABLE 1 JHO7 JH10 JH12 JHO8 JH13 JHO9 The most noticeable feature regarding
A Introd uction Selsmlc Statlons arc part O.f the GEOFO.N/Aar}l.uS temp.orary network (?OmpOsefi Of 30 JHO7 62.437 6.432 130 154/23 Station names, 0 :_J = —_“___-___-"- = ... = & — = _ the MOhO depths and VCIOCity mOdels
o .three-component and continuous recordmg stations which were opere}tmg.for dlfferent. — o e - o focatio and elevaon. . e ~ is the very thick crust obtained
Receiver functions are the deconvolved P to S conversions of tele-seismic waves at periods between 2002-2005 (Table 1). The seismographs were installed in private properties _— o~ — o — shous the number of < -20 - . under stations JHO7 & JHO6. In these
sub-horizontal crustal-upper mantle discontinuities (figure 1). Because of this natural conversion, far away from sources of noise (Svennlpgsen et al., 2007). In this research, just the rec.ord.mgs - — - - - function caleadation g B ™ cases, our results exhibit significant
they constitute a very useful technique to find detectable interfaces such as intra-crustal of twelve of them were used, according to our study area (Figure 2 & Table 1). Seismic o | 0 5 ol E differences with previous models
discontinuities or major transition zones, like the Mohorovicic discontinuity | data were obtal.ned from th? GEOFON DaFa Center, which is available onhr.le, using e oo . > N | | already published which indicate a crust
(Zhu & Kanamori, 2000). Lately, they have been used as input data in order to calculate their W?b3 DC service for selection and ext.racuon. A tqtal of 801 eqrthquakes Wlth minimum JH09 61726 280 780 fo1/43 0 50 100 z between 5 to 16 km less.The difference
velocity models, treating the inversion process as a trans-dimensional problem, which magnitude (?f Mw=35.5 were recorded during that period, from Whl‘?h those with epicentral BT23 60.490 4.933 3 114/25 - - . i g i [ between our results and previous research
means that the thickness and the number of layers are also unknown variables | dls.tances between 3()0. - 90° were ke.pt f(?r further analy51§ (Tgble D° | BT21 60.439 5.575 122 116/33 FIGURE 3 7 at the westernmost stations of the northern
(Piana AgOStineti & Malinvemo, 2010, Bodin et al., 2012) After visual ln.SPCCtIOIl and quahty ﬁlters app hed’ Just the events with hlgh Sl.gnal quahty BT20 60.388 5.908 396 129/ 47 Sc}czle.matic. P ilfetsentaaffon of w pl‘Oﬁle could be CXplained bearing n
o | o were considered. Using these criteria, the number of accepted events varies from L model applied to receiver ) mind the presence of a paleo-structure
Seismic tomography, active source seismic Synthetic receiver function one station to another. o o m - o fue inyz;m(;f' s the ool 5 that has been formerly documented and
refraction and receiver function analysis have shown : BBIS 60.467 6.859 101 121/29 e iomaTls e Vs(km/s) . . .
. . Direct P- wave O mbon of lovers andd their. explained as a flat lying reflector in the upper
the resultant litospheric structure under Southern Norway, E. MEthOdOI()gy BT17 60.423 7273 721 114744 moer of lavers and el mell)n e close to the idoiorovicic discon tiﬁg ity
showing in general clear Moho discontinuities and ~ . . ’
wiie g : u. : 1. R - f ti Iculati 2. HK stacki Iculati 3.T di . li . m(z) = Vs(z) (km/s) with depths varymg between 46 + 3 km
non-pronounced intracrutal low and high velocity anomalies. Ps PpPs . RECCCIVEY TUNCUI0N caicuiation o StaCKing caicuiaton . 1ransaimensional imversion > 0 50 100 (Svenningsen et al. 2007 Stratford & Thybo
. Distance (km) . ’ ’
However, some flat-lying structures near the Moho and After the preprocessing, the RFs were Individual receiver functions were used in The average RF considering all selected . o . . . 2011b; Kolstrup & Maupin, 2013)
M h ff . f d f 1 b S f d & . . . . . . . m [] FIGURE 6 2D Vs-velocity model for NN’ and SS’ profiles. Seismic stations are shown with yellow triangles, and the delimitations ” p up ’ .
oho o1fsets interre Or CXamplc by tratfor _J calculated using the [terative Time Domain the HK subroutine available for SAC events was used as an entry data vector 1n the 1 PR between the upper and middle crust and the Moho discontinuity are marked with black dotted lines.
Thybo (2011b) and Svenningsen et al. (2007), have not Deconvolution (Ligorria & Ammon, 1999), (Helffrich et al., 2013). This routine Rj-rf code. This is an open-source software for . 1
been fully explained so far. FIGURE 3 available in the CPS package (Hermann, 2013)  considers as iputs the individual ray inversion of seismic receiver functions to ' This paleo-structure is observable from ~40 to ~49 km depth in the 1D velocity model (Figure 5), where the velocity transitions
PsPstPsSs for the radial component. After testing, the parameters (p) per event and a Vp average obtain the 1D shear wave velocity structure | . are interpreted as the‘real”’ Moho depth, at ~40 km depth, a mantle wedge characterized by a low velocity zone, the presence of an
selected G;.ussian filter W? f) Slet IO a=2.0, . ;:{rll\l/ls;ailve.locg Oglliztknli/s ’ m1n1m1zm%the undf eacﬁ station u81r(1:g tlhe rlever.slllble jump E - . old crustal segment from Baltica and finally the upper mantle, interface that was interpreted by the model as the largest velocity transition
B. Outhne COTTESPOTIEHNS 10 @ Salll 01 1.1 al dpproximately ;> CUTINS e TR STACRING PIOtEss. TAC MEH SOOI W G O ol Q - o Z. (Figure 5 & Figure 6). This structure extends almost 70 km inland from station JHO7, which coincides with the westernmost
1 Hz. This selection allowed us to remove the weighting factors were 0.5, 0.4 and 0.1, (Bodin et al., 2012). Initially, it is possible to - = -1 border of the Western Gneiss Resion (Fi 2 and the 2D ot h dinni le of <30° to th thwest (Fi 6
We present a receiver function analysis along two profiles located in north- and remanent high frequency noise and to better respectively, representing the direct P-to-S fix the number of iterations (5000), the order of the Western Gneiss Region (Figure 2) and the Projection SHOWS d dippiiig anglc ot ~ o the northwest (Figure 6).
southwestern Norway. One of them, the northern profile, is crossing the entire Western define the spikes of interest. The calculation conversion, Ps, and the reverberations burn-inperiod (1000), and the maximum M,
Gneiss Region (Figure 2). In order to understand and better image the crustal structure and the process consisted of 1000 iterations apd a PpPs and PsPs + PpSs. By last, the selected number ofpartitions of different velocities (15). . 7z e i | Lol Pos , . - . X .
Moho transition zone, including complex sub-Moho structures, we used the tele-seismic data tolerance error equal to 0.0001%, which ratio ranges were 20 < H < 50 and i This hypothesis 1s strongly supported by the high Poisson’s ratios (‘Table 2) that are registered under the westernmost stations
’ .. . . . ’ allowed us to reproduce higher percentages 1.5 <K< 2.2 for the crustal thickness and 0 of the northern profile. The subduction processes that involved ultra-high temperature and pressure conditions may
recorded by twelve broadband seismic stations, which constituted a temporary array deployed ot the signal Vp/Vs ratio, respectively 1D layered have caused a phase transition from mafic rocks to eclogite facies (Hacker et al. 2010), transforming the old subducted crust
by the University of Aarhus as part of the GEOFON global network (Figure 2). Further, using the ' ’ ' ! structure b 2 ' ’ S

into mantle-like rocks, increasing the Poisson ratio with respect to a tectonically stable crust (Qiang et al., 2010).

Hi techmque (Zhu & Kanamori, 2000), we calculated the Moho topography and the Vp/Vs On average, the Poisson’s ratio increases with the age of the crust (Zandt & Ammon, 1995) and in this case

ratios under each station in order to compare the method with previous results as well

as to constraint the local geology. At last, a 1D S-wave velocity model based on Markov chains F. Results: HK stacki ng & transdimensional inversion 04— . . ————— the cont.mental collision process suggest an 1ntermed1at§-t0-maﬁc composition. Additionally, very high Poisson ratios have been
. . . . 035 | : previously connected with the presence of melts/fluids that according our results should be 1n the proposed mantle wedge
and the Monte Carlo approach (Rj-McMC inversion) was calculated (Bodin et al., 2012) Northern profile (NN?) Southern profile (SS?) 06— . . . . (Haira et al., 2019)
in order to observe the main velocity interfaces that characterize the area, including for example . recetverfunction 03 ¢ ‘ J N ' An schematic model Tinked to the 1D velocitv results
discontinuities as well as the crustal-mantle transition zone and its features. Station Moho depth | Vp/Vs Station Moho dpth | Vp/Vs | 025 : 415-400 Ma: Continental subduction . . . Y
ol = e e . (Figure 5) 1s presented according to the tectonic summary
JHO7 49.76 +0.18 1.90 = 0.05 BT23 30.51£ 1.71 1.54 +0.05 : é 02 C Baltica made by Hacker et al., (2010) (Figure 7). At the
] . JH10 4420+ 046 | 1.85+0.01 BT21 31.63% 1.10 1.69 + 0.06 g 0.3 =015 ' (\,\’&“‘S beginning, between 415-400 Ma, the subducted plate
C. GEOIOg ical setti ng T 39032054 1312 0.02 BT20 30992034 | 150004 £, 01 | ‘ ~ & could be divided in two different segments (A and B): an
The Caledonian orogeny (490-390 Ma) was one of the major tectonic events on the Fennoscandian TH08 37772060 166002 oT16 31972039 20 L 001 N Ps phase amival time 0.05 | Ps phase arrival time : s Complex Joper mantie 1nc:1plenf slabhtear andlthelremnant crust that was
shield, formed during the collision between Baltica and Laurentia. During this period, — T R Y7 — e | 0 : \Western previously exhumated lately between 400 — 395 Ma
allochthonous nappes were thrusted onto Fennoscandian basement rocks from the west, forming - - - - 0 005 L—— : e (Hacker et al. 2010). The paleo-slab corresponding to the
four well identified nappe units, from which three are present in southern Norway THO09 3921+ 1.12 | 1.69 + 0.04 BT17 36.69+ 0.90 1.61 + 0.03 time () b exhumated crust formed a mantle wedge (low velocity
. . . —0.1°- I I | | I eceiver function examples for northern ltrahigh- Z01C that Stlll remains under the
(Stratford & ThYbO, 201 lb) the upper, mlddle and 10W6r aHOChton CaledOnldeS TABLE 2 100 depths and Vp/Vs parameters for northern and southern profiles ° ° ° timLO(S) " 20 2 FIGURE 4 R(JH13)]:md iouthern 51{0ﬁ]l;s (BBtIh8) Umter?ar:]gorppl:iiiure 400-395 Ma: Prog ressive E-to-W exhumation h) file. Th 1 d
Western Norway 1s dominated by the Western Gneiss Region (WGR; Figure 2), an area that was - __ __ — — — h st Ps arrivals (=2 5 3.5 b 4 for stations BT23. BT21 and BT20. wh Laurentia Jllochthons — Baltica northern profile. The oldest crust
. . . . . 0 ~ _ o .
strongly reworked during the Caledonian orogeny. It 1s composed of high to ultra-high pressure rocks, & CATHESL TS dITivals (~2. -3 8) are observed for sta 1ons ’ an » WAIETE l incipient (Figure 7). Cven NOW Preserves {tS
including eclogites in the northwest, indicating ultra-high pressure depths around 425-400 Ma 10 the thinnest crust was found (Table 2). The crust becomes thicker under stations BT19, BB13 slab tear: own velocity transient, after which the
" : . ' ' ] 1 1 ~ _ ' segment A .
(Hacker et al., 2010). In fact, subduction down to 100 km depth in the west to 20 km in the east, 2 V:I*ldirllngiZ;nWBhSI ctlg 138931133 r?ffﬁ;ejellgéie Ir)xfoezirgvesli:\tfle?jlsigtigrus;(l) c?i);;gif&?uli\t/[ig?z(ifgll;e I — upper mantle can be found with S-wave
suggests westward subduction of the basement and portions of the allochthons units : [ by S 4 The velocit t. " 4 h f, tations BT21. BT19 and BT17. On th transition zone_low velocity zone Uppermantle  velocities going beyond to 4.1 km/s.
(Walsh et al 2007) Durin 0St-010 enic COHa ge in the 1ate-CaledOIlian g 3 0bserved. ¢ velocl y fansitions arc smoo Or stalions ? an ) n ¢ f Schematic tectonic model that explains the results obtained from the 1D and 2D velocity models.
K ' 5P S b contrary, sharp interfaces are clearly identifiable in the first 10 km depth under stations BT23 PP The tectonic stages and the metamorphism information were obtained from the diagrams made by
(Hacker et al.. 201 O) the ultra-hi gh pressure rocks of the WGR were exhumed (Walsh et a] 2007) 40 —-__Rea] e o Y5 P Y ) i i p .. i ) . ’ exhumated FIGURE 7 Hacker et al. 2010 according to his research and references there in. a) Stage 1, which shows in a simple
& 9 P ' | BT20 and BB18. The most patent interface is related with the Mohorovicic discontinuity slab: segment B way the main tectonic elements involved in the continental collision. b) Stage 2, showing how the
- . . . exhumation process could modify the crustal mantle transition zone.
3 20 (Kigure 5). In all the cases, the velocity changes from the crust to the adjacent upper mantle
= e 043 FIGURE 2 34 36 38 40 3436384042 34 3638 4042 44 34 3638 4042 34 36 38 40 42 34 56 38 40 42 goes from 3.8 to 4.2 km/s (Figure 5), as was also observed 1n the velocity models of nearby This project was funded by the Chilean state through the Postdoctoral fellowship ‘Postdoctorado en el extranjero Becas Chile 2019’ project number
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main geological units close § 20 In relation to the Velocity model for the northwestern proﬁle (Figure 5), Sharp discontinuities Bodin, T., Sambridge, M., Tkal¢i¢, H., Arroucau, P., Gallagher, K. & Rawlinson, N. 2012. Transdimensional inversion of receiver functions and surface wave dispersion. J. Geophys. Res., 117, B02301 Q G I s
to the study area. < . . . . . Hacker, B.R., Andersen, T.B., Johnston., S., Kylander-Clark, A.R.C., Peterman, E.M., Walsh, E.O., Young, D. 2010. High-temperature deformation during continental-margin subduction & exhumation: The ultrahigh-pressure
----------- 1B The seismic stations are 8 can be observed between 5 to 10 km depth for all seismic stations, with exception of JHOS. Western Gneiss Region of Norway. Tectonophysics 480. 149-171.
marked with pink dots. . . . . Helffrich, G., Wookey, J., Bastow, . 2013: The Seismic Analysis Code: A Primer and User’s Guide. Cambridge University Press, United Kingdom
60° Northern (NN°) and southern 30 \\_ In addltlon, 5) hlgh VelOCIty anomaly can be observed between ~20-24 km depth under Hermann, R. 2013: Computer Programs in Seismology: An evolving tool for instruction and research. Seismological Research Letters 84. 1081-1088. O ~N [ e
w (SS’) profiles are also shown. o ik . . . « . . . . . Ligorria, J.P., Ammon, CJ. 1999. Iterative deconvolution and receiver-function estimation. Bulletin of Seismological Society of America 89 (5). 1395-1400. \}8
3 | R station J H09 AS COU.ld be IlOthGd fOI' the Southern Statlonsa the MOhOTOVlClC dlscontlnmty 1S Kolstrup, M.L., Maupin, V. 2013: A Proterozoic boundary in Southern Norway revealed by joint-inversion of P-receiver functions and surface waves. Precambrian Research. 238. 186-198. Earth
N . ) . o o o o . . . . . . . . . . . .
WGR - Western Gneiss Region 40 Piana Agostinetti, N. & Malinverno, A. 2010. Receiver function inversion by trans-dimensional Monte Carlo sampling. Geophys. J. Int. 181. 858-8
HRB -Hardangervida’a-Rogiland the most eVldent lnterface along the prOﬁle' VelOCltleS to the IOWGI' crust to the lmmedlately Stratford, W. & Thybo, H. 201 1b. Seismic structure and composition of the crust beneath the southern Scandes, Norway. Tectonophysics 502. 364-382.
............. Block upper mantle are ranging fI'OIIl ~38 to 41 or 4 2 km/s Under station JHO’] the average Qiang, X., JunMeng, Z., ZhongXiong, C., ShunPing, P., HongBing, L. 2009. Moho offset beneath the central Bangong-Nujiang suture of Tibetan Plateau.
/ ~ SFDZ - Sveconorwegian Frontal 5 . ) . ? . . Svenningsen, L., Balling, N., Jacobsen, B.H., Kind, R., Wylegalla, K., Schweitzer, J. 2007. Crustal root beneath the highlands of southern Norway resolved by teleseismic receiver functions. Geophys. J. Int. 170. 1129-1138. S A C
S 5g° Deformation Zone e T To . i 5 5s 19 34 36 38 40 42 34 36 38 40 42 34 36 38 40 42 34 36 38 40 42 44 Vel()Clty m()del ShOWS an extensive Crustal-manﬂe transition area: a IQW VelOCIty 7Z0one 18 Walsh, E.O., Hacker, B.R., Gans, P.B.,(F.rove, M., Gehrels,G..Z'OO7. Protoli.th ages and exhumation histories ofultra’high'pressure rocks across the Western Gneiss Region, Norway. GSA bulletin 119. 289-301. ‘
A Y ! A Vs(km/s) Vs(km/s) Vs(km/s) Vs(km/s) Vs(km/s) Vs(km/s) . . .. . Zandt, G. & Ammon, C.J. 1995. Continental crust composition constrained by measurements of crustal Poisson’s ratio. Nature. Vol. 374. Pp 152-154. MATLAB
12° 124° observed between ~ 40 - 43 km depth, after which the interface could be divided in two Zhu, L. & H. Kanamori. 2000: Moho depth variation in southern California from teleseismic receiver functions. Journal of Geophysical Research, 105, 2969-2980.

F IG U RE 5 Posterior ensemble showing the 1D-S wave velocity model for all stations located in the northwestern and
southwestern profiles

different velocity segments from ~43 to 46 km depth and.from ~46 to 49 km depth (Figure 5).



