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We have studied Rayleigh wave group velocities beneath the Aegean region of Türkiye using ambient noise tomography. Noise data were gathered from 43 broadband seismic stations belonging to three permanent broad-band arrays. The cross-correlation method was used to estimate empirical Green’s functions. Group velocities of the fundamental mode Rayleigh waves were determined using multiple filter technique. We measured dispersion for each station pair in a period range of 2–12 s and computed maps of group velocity distribution using the fast marching surface tomography method. The group velocity maps correlate well with the geological and tectonic features of the region, displaying low velocities for the Quaternary alluvial basins, moderate velocities for Cretaceous rocks, and high velocities for the regions where gneiss and granitoid rocks outcrop. Low velocity anomalies may be associated with the grabens and horsts formed by faulting and to deep mantle flow. We detect potential offshore geothermal zones in Izmir and Candarli Bay. The information from broad-band networks improves the resolution of crustal surface wave velocity structures, particularly for shallow depths. This improvement will support the assessment of seismic hazard, as the shallow layers of the crust contribute significantly to seismic activity.
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1 INTRODUCTION
The Aegean region of Türkiye is located on the western part of the Anatolian plate (AnP), sitting between three major tectonic plates: African (AfP), Eurasian (E.P) and Arabian. The AfP subducts beneath the E.P (along the arc systems such as Hellenic Arc-HA, Florence Rise-FR, Cyprus Arc-CA) resulting in intracontinental convergence and north-south shortening. The AnP switched to a north-south extensional regime in the latest Oligocene-early Miocene, and consequently exhibits a number of approximately east-west trending grabens and intervening horst blocks. At present, the AnP is being pushed to the west with counter-clockwise rotational motion along the North Anatolian Fault (NAF) zone. The kinematics of active faults are mainly normal oblique with a small strike-slip component (Ozdemir and Ince, 2005). Alluvial sediments in grabens were deposited during the early Miocene (Jolivet et al., 2013) when the north-south extension created east-west aligned grabens (e.g., Kucuk Menderes-KMG, Buyuk Menderes-BMG, Denizli-DG, Sarigol-SG, Alasehir-Gediz-AGG, and Manisa-MG) and horsts (e.g., Babadag-BaH, Bozdag-BoH, and Spil-SH) structures with an elevation up to 1,500 m (Yilmaz et al., 2000). The shaded relief topography shown in Figure 1 correlates well with the tectonic and geomorphologic structures in the study area.
[image: Figure 1]FIGURE 1 | Inset: the solid rectangle indicates the studied area shown in the main figure, AfP, African Plate; AnP, Anatolian Plate; CA, Cyprus Arc; EP, Eurasia Plate; FR, Florence Rise; HA, Hellenic Arc; MR, Marmara Region; NAF, North Anatolian Fault. Main figure: shaded relief map illustrating topography, geomorphology and tectonics of the Aegean region of Türkiye. Stations are shown with white symbols (43 broad-band in total). Triangles, diamonds, and hexagons indicate stations belonging to three different arrays, two from Türkiye (AFAD:Disaster and Emergency Management Authority and BU:Bogazici University) and a third one from Greece (HUSN:Hellenic Unified Seismic Network) respectively. Only the stations discussed in the text are identified. Faults are shown with black solid lines and were compiled from Emre et al. (2013). Filled squares indicate the location of major cities. Abbreviations shown are AGG, Alasehir-Gediz Graben; BaH, Babadag Horst; BG, Bakircay Graben; BMG, Buyuk Menderes Graben; BoH, Bozdag Horst; CB, Candarli Bay; DG, Denizli Graben; DH, Demirci Horst; GH, Gordes Horst; IB, Izmir Bay; KB, Kusadasi Bay; KMG, Kucuk Menderes Graben; MG, Manisa Graben; SB, Sigacik Bay; SG, Sarigol Graben; SM, Spil Mountain; URH, Umurbey-Rahmanli Horst; YMH, Yuntdagi-Maruflar Horst.
During the Oligocene-Middle Miocene, there was widespread magmatic activity in Western Anatolia, which waned at the end of the Middle Miocene. This intrusive volcanism produced high mountain ranges aligned northeast-southwest. A new set of northeast-southwest trending oblique faults were formed under the transtensional regime. This produced other grabens (e.g., Bakircay-BG placed between Gordes and Selendi cities) and horst (Demirci-DH, Gordes-GH, Yuntdagi-Maruflar-YMH, Umurbey-Rahmanli-URH) systems. During Miocene-Pliocene, the horst-graben morphology was considerably reduced as a result of severe erosion (Yang et al., 2021). Consequently, low-relief narrow plateau and horst surfaces were established. The Early to Middle Miocene volcanics, marls and pyroclastic rocks widely outcrop around those horsts (e.g., YMH).
The study area is a part of Menderes Massif and Bornova flysch zone (Okay and Altiner, 2007) the surface geology exhibits six principal geologic formations (Figure 2A). The sedimentary associations consist predominantly of undifferentiated Quaternary alluvial units. They are widely available all along graben structures. Miocene volcano-sediments generally outcrop at the western and northern part of the study area, and covered by marl and equivalent units while different formations are also emplaced (Cirmik and Pamukcu, 2017). The areas situated at the eastern and western part of Izmir city, and the south of Manisa city, are represented by Late Cretaceous units in which the Senonian flysch containing limestones, are the main formation. The massive Mesozoic (generally Jura-Late Cretaceous) aged rocks are observable at the western extremity of the study area (terrestrial area of IB) by consisting of Permo-Carboniferous or Triyas carbonates. Other massive metamorphic rocks crop out on horst structures formed mainly by gneiss and granites or quartzite with weak foliation of schists (Yilmaz et al., 2000; Akcay et al., 2006). The digital elevation models obtained from the shuttle radar topography mission (SRTM) were used to generate main highlands and basins bordered by east-west (and northeast-southwest) aligned horst and graben structures (Figure 2B).
[image: Figure 2]FIGURE 2 | Maps for; (A) Surface geology (modified from Akbas et al., 2011), (B) Shaded relief topography. Abbreviations indicate tectonic features. BFZ means border of the Bornova flysch zone (Okay and Altiner, 2007).
The Aegean region of Türkiye is affected by frequent seismic activity, mostly of low magnitude (Coban and Sayil, 2019; Ozturk, 2019; Ankaya Pamukcu et al., 2021), and shows high heat flow (Pazvantoglu et al., 2021) and geothermal activity (Ozer and Polat, 2017a). Only few moderate earthquakes have been recorded in the study area (e.g., Mw6.2 Lesvos-Izmir earthquake on 12 June 2017, Mw6.5 Bodrum-Kos earthquake on 21 July 2017). Cities that are located in low velocity areas (e.g., Izmir, Manisa, Aydin, Denizli) were significantly affected by the recent earthquake of 30 October 2020 (Mw6.8) near Samos island, Greece. A detailed study of the damages for this event has been presented in (Dogan et al., 2021). Since the seismicity in the region is lot to moderate, it is difficult to constrain the mechanical properties of the underground structure using dispersion analysis of earthquake records. Low magnitude events are usually recorded at small distances providing information only for shallow depths. For this reason, an accurate Rayleigh wave velocity model is not available in our studied area. Such a model is necessary to better understand earthquake hazard and to define appropriate seismic risk mitigation measures (Bilen and Polat, 2022). An adequate Rayleigh wave velocity model for the crustal structure of the region would allow to improve the accuracy of hypocenter location which is critical to understand present tectonics in the region. The Aegean region of Türkiye is one of the world’s leading producers of geothermal energy (Acevedo et al., 2019; Ozer and Ozyazicioglu, 2019; Ahadov and Ozturk, 2022). For this reason, improving our knowledge of the crustal structure of this region would greatly help to better identify the relations between geology and the distribution of geothermal reservoirs.
In the last 15 years, the number of ambient noise tomography (ANT) studies has increased dramatically. They have been applied to geology characterization (Picozzi et al., 2009; Chavez-Garcia, and Raptakis, 2016; Kil et al., 2021), exploration of geothermal resources (Lehujeur et al., 2021; Ozer et al., 2022), geothermal monitoring (Obermann et al., 2015) and tectonic/fault mapping (Nicolson et al., 2012; Li and Lin, 2014; Brandmayr et al., 2016; Cubuk-Sabuncu et al., 2017; Monsalve-Jaramillo et al., 2018; Schippkus et al., 2018; Sahin et al., 2019; Zulfakriza et al., 2020; Cardenas-Soto et al., 2021; Zhang et al., 2022; Turunctur et al., 2023). The present development of broadband arrays in western Anatolia gives an opportunity to apply ANT to the determination of the crustal structure of this region. We analyze ambient noise records from stations belonging to three permanent seismologic arrays to determine the group velocity distribution of the upper crust, in particular its relation with the distribution of basins and horsts. The use of stations from three different arrays allows us to get a dense ray path coverage. We compute a tomographic inversion of our results and show velocity distribution in the 2–12 s period band. Rayleigh wave velocity variations are in good agreement with the geology of the region and confirm the reported low velocity structures which play a very important role in generating diffracted waves and amplifying ground motion in basins, where densely populated cities are usually located (Chavez-Garcia, 2007; Saygin et al., 2016; Mulumulu et al., 2020). Our results are the first contribution to build a crustal model based on Rayleigh wave group velocities, a model that is needed for the Aegean region of Türkiye.
2 DATA AND METHOD
Our data come from three different permanent networks: AFAD, BU, HUSN. All of the instruments are three-component broadband seismometers. The sensors are Guralp CMG-3ESPC or CMG-3T with a 60 s or 30 s free period for AFAD, 3ESPC or 6TD sensors for BU, and Streckheisen STS-2 or Nanometrics Trillium Trillium-120P sensors with a free period of 120 s for HUSN network. The distance between stations spans the range 10–335 km (Figure 1). We used data from total of 43 stations (32, 6, and 5 stations from AFAD, BU, and HUSN, respectively).
Velocity structure, tectonic features and the interstation distance are key factors in defining the frequency range for which ANT is useful. It has often been shown that, on the long term, the seismic noise may be approximated as a diffuse field. When this interpretation applies, long term average time-domain correlations of seismic noise between two stations approximate the Green´s function of the medium between the two observation sites (Wapenaar, 2004; Weaver and Lobkis, 2004; Roux et al., 2005). The Rayleigh wave pulse that emerges from the correlation between two stations will be symmetric about the origin time with causal (positive time) or acausal (negative time) pulses when the noise sources are evenly distributed. Chavez-Garcia and Rodriguez (2007) showed that, when the interstation distance becomes much larger than the dominant wavelength, the fundamental mode of Rayleigh waves is the most stable propagation mode in time domain. In this study, we compute time domain cross-correlations using 3 months of continuous noise data recorded in 2021. The large correlation between the vertical and radial parts indicates that Rayleigh wave propagation is dominant in the noise cross-correlations and the Love waves may also emerge in the cross-correlation of the traversal components (Campillo and Paul, 2003; Kang and Shin, 2006). We chose to analyze seismic noise recorded in the vertical component only. In this way, we can confidently identify any emerging surface wave pulse as a Rayleigh wave. We analyze on the vertical component of the noise data records to avoid ambiguity with possible Love waves. One-hour windows were selected from the continuous data streams, were baseline corrected (offset and linear trend) and the instrument response was removed. Then, a 0.04–0.5 Hz bandpass filter was applied, and the data were resampled to 25 sps. After computation of cross-correlation, the traces were normalized in the time domain (Chavez-Garcia and Rodriguez, 2007) before computing an average for each station pair. Signal-to-noise ratio (SNR) of the result was improved using the phase-weighted stack (PWS) technique (Schimmel and Gallart, 2007) to compute averages. The PWS technique enhances weak but coherent signals by stacking individual correlation windows using weights that depend on the coherence measured with instantaneous phase. Rayleigh wave group velocities were determined for each average cross-correlation function using the multiple filter technique (Dziewonski et al., 1969; Herrmann, 1985; Hermann, 2013). Finally, the spatial variations of Rayleigh wave velocity in the period range from 2 to 12 s were determined using a non-linear iterative 2-D tomography (Rawlinson et al., 2008).
3 GROUP VELOCITY MEASUREMENTS
We obtained 716 high quality empirical Green’s functions (EGF), with SNR larger than 10, out of a total of 903 possible pairs for 43 stations. Figure 3A shows an example of average EGFs estimated from average cross-correlations for the vertical component of INCE station and the rest of the stations. The EGFs are plotted according to interstation distance. The waveforms are asymmetrical in relation to zero lag time, implying that the noise sources were unevenly distributed. The average Rayleigh wave propagation velocity is around 2.6 km/s. Figure 3B shows average cross-correlations for AYDB-KIRA, ESEN-PASA, and KARB-SIMV station pairs with 53, 117, and 231 km interstation distances respectively. The asymmetry of the cross-correlations with respect to zero lag time is apparent at each station pair, with the signal emerging only at positive times. This means that most energy in the ambient noise wave field propagates from the southwest (AYDB, ESEN, KARB) to northeast (KIRA, PASA, SIMV). Figure 3C shows the energy distribution for these correlation functions in the period-group velocity plane showing clearly the group velocity dispersion of the fundamental mode Rayleigh-waves. A dispersion curve is easily picked from the locations of the maximum amplitudes in this plane in the period ranges 1.4 to 6 for AYDB-KIRA, 2 to 10 for ESEN-PASA and 3 to 12 for KARB-SIMV station pairs.
[image: Figure 3]FIGURE 3 | (A) Record section showing the EGFs computed for all station pairs that include station INCE plotted as a function of interstation distance. Waveforms are normalized and bandpass filtered between 0.04 and 0.5 Hz. A clear Rayleigh wave pulse propagates with a group velocity around 2.6 km/s (blue solid line). (B) Phase-weighted stacked cross-correlations for AYDB-KIRA, ESEN-PASA, and KARB-SIMV station pairs. (C) Examples of the multiple-filter analysis (MFA) for EGFs.
Given the large amount of data we have available, we are able to investigate possible variations in the results as a function of period of the year and length of the analyzed data. An example is shown in Figure 4 for two station pairs, DUV-UZP and AYVA-GDZ. We show average cross-correlation functions for the complete year of data, for the first 6 months of the year and for three different choices of a 3-month period. In spite of slight amplitude differences, the Rayleigh wave pulse is present in all cross-correlation traces, with the exception of the 3-month summer period for AYVA-GDZ station pair. Clearly, 3 months are enough to compute a reliable EGF average from cross-correlation of seismic noise, even if 1-year data allows to get a larger SNR, as shown by the relative amplitudes of the Rayleigh wave pulse and the spurious signal close to zero lag time. Figure 4 also shows again the asymmetry of our results, pointing to a non-homogeneous distribution of noise sources. Both station pairs show clear pulses for positive lag time. This suggests that source of ambient noise to the West are more energetic than noise sources to the East of the studied region.
[image: Figure 4]FIGURE 4 | Cross-correlations for two different station pairs for different lengths of data between 3 months and the complete year and choosing different 3-month periods along the year (Winter: Dec-Jan-Feb, Spring: Mar-Apr-May, Summer: Jun-Jul-Aug, Autumn: Sep-Oct-Nov), (A) DUV-UZP. (B) AYVA-GDZ. With only one exception for a 3-month period for pair AYVA-GDZ, all traces allow to identify a clear Rayleigh pulse. All the signals are clearly asymmetric, with a useful pulse appearing only for the positive lag. Most of the energy in the ambient noise wave field for these pairs propagates from west (DUV, AYVA) to east (UZP, GDZ) directions. Location of station pairs is given in Figure 1.
Our results have no useful information for periods below 1 s (Figure 5). The number of group velocity values determined from group velocity dispersion curves for all station pairs is larger than 400 in the period range from 2 to 12 s (Figure 5A). Figure 5B shows all group velocity dispersion curves determined from ambient noise. In the period range from 2 to 12 s we observe average velocity to increase slowly between 2.5 and 2.8 km/s. However, the scatter of individual curves is quite significant, pointing to large variations in the studied area. The values of period for which a group velocity could be measured is weakly correlated with distance between station pairs. As distance increases, the minimum period value for which a group velocity could be estimated also increases but the increment is small (Figure 5C).
[image: Figure 5]FIGURE 5 | Rayleigh wave group velocity values as a function of period. (A) Number of individual group velocity estimates for each period. (B) All group velocity dispersion curves are plotted together. Average group velocities (indicated by the red solid line) vary from 2.5 to 2.8 km/s between 2 and 12 s period. (C) Distribution of period values for which a group velocity was estimated as a function of distance between station pairs. Group velocities were determined mainly for period values below 12 s. The dashed line at the bottom of the plot highlights the small increase in minimum period with increasing distance between station pairs.
4 GROUP VELOCITY MAPS
Each dispersion curve determined from ambient noise cross-correlation corresponds to the average group velocity between the two stations analyzed, that is a given path along the surface. Given the large number of paths for which we have information, it is possible to compute a tomography inversion to determine Rayleigh wave group velocity variations along the surface of the region. If we analyze group velocities for each period value, the problem is inherently 2D given that Rayleigh waves propagate along the free surface. Structural variations with depth will be revealed by velocity shifts as a function of period. We have analyzed periods between 2 and 12 s with 1 s increment. After measuring the group velocities between available stations, the tomography of the medium is computed and the spatial variations of Rayleigh wave velocities are mapped. We applied the Fast Marching Surface Tomography (FMST) algorithm, which is a non-linear tomographic inversion scheme combining forward computation with a subspace inversion method (Rawlinson and Sambridge, 2005). At each iteration, travel times are computed from the length of the path crossing each square cell and its current group velocity and compared with the observed travel time for each path. The error between observed and computed travel times is used in a standard L-curve analysis to determine the optimum damping (ε) and smoothing (η) parameters. These parameters control the trade-off between data fit and model perturbation relative to the reference model and model smoothness. The damping factor ensures that the changes in the model remain small at each iteration. The smoothness of the solution model is determined by the smoothing factor. The optimal damping and smoothing parameters are searched between 0 and 1,000. We found the optimal damping and smoothing parameters to be ε = 11 and η = 11 from the trade-off curves. The optimal parameters ensure a reasonable enhancement in data fitness. For the starting model, we used a constant velocity field calculated from the average velocity of all dispersion measurements for each working period. The error is estimated using the root mean square (rms) given by:
[image: image]
where n is the number of travel times available for each period, tm is the computed travel time and to is the observed travel time for path number i. The final misfit between observed and the calculated are given in Table 1.
TABLE 1 | Traveltime misfit values for the starting and final models of the group velocity map inversion. The root mean square (rms) is calculated using Eq. 1.
[image: Table 1]Synthetic checkerboard tests were used to determine the resolution of the available paths. We set an initial 2-D problem composed of an alternating pattern of low and high velocity perturbations in checkerboard models. Different cell sizes between 0.15o and 0.30o were evaluated. Using a cell size of 0.2o, the checkerboard perturbation models are recovered satisfactorily. Figure 6A shows the checkerboards that were recovered from the inversion using our available paths. Figure 6B shows the ray paths that were used to recover the checkerboard test models. The number of ray paths that were used for periods of 2, 44, and 6 s, are 682, 684, and 683 respectively. For longer periods, the number of available paths decreases down to 479 for 12 s. The synthetic test results show that the velocity pattern is well recovered for periods up to 12 s, even if the number of available paths is smaller.
[image: Figure 6]FIGURE 6 | Maps for; (A) the checkerboard resolution tests for periods up to 12 s. First figure shows initial checkerboard model. The white rectangles identify the region where the results are satisfactory. The input of the checkerboard tests is an alternating pattern of positive and negative velocity squares with a maximum perturbation of 0.8 km/s. A, D, G, I, M, S, U are the cities of Aydin, Denizli, Gordes, Izmir, Manisa, Selendi, and Usak, respectively. Other abbreviated letters indicate name of tectonic features (see Figure 1), (B) distribution of ray paths for each period. The number of available ray paths (nrpaths) at different periods are given on the lower corners of each panel.
5 RESULTS
Figure 7 shows the final group velocity distribution maps obtained from our data as a function of period between 2 and 12 s. Although uneven distribution of available propagation paths may cause artifacts, no evident smearing effects are observed in our results with the exception of cells at the edges for which very fewer paths are available. We have defined a region where we considered our results reliable using the number of paths within each cell. Arbitrarily, we chose 30 paths as a minimum and consider that cells including at least that number of paths have a group velocity that is well constrained.
[image: Figure 7]FIGURE 7 | Rayleigh wave velocity maps obtained from our tomography analysis for 2, 4, 6, 8, 10, and 12 s. Group velocities are mostly in the 1.8–3.3 km/s range. The area that we considered is well resolved area is indicated by white rectangles. The thick dashed and dotted lines follow our interpreted low (LVZ) and high (HVZ) velocity zones.
It is generally accepted that Rayleigh waves group velocities are sensitive to shear wave velocities at depths about half their wavelength (Szanyi et al., 2013; Dias et al., 2015; Martha et al., 2017; Sarjan et al., 2021). On the other hand, computation of sensitivity kernels (Nicolson et al., 2012; Li and Lin, 2014) showed that fundamental-mode Rayleigh wave group velocities at about 10–12 s periods can detect the shear wave structure at depths between 12 and 15 km. We cannot estimate wavelength as it depends on phase velocity. However, group and phase velocities will be similar if group velocities are relatively constant, as they are in our results. Therefore, we may estimate that our results reflect shear wave structure in the 1–10 km depth range.
In the 2–4 s period range, the western part of the studied region, including inland and offshore areas, is characterized by a low velocity zone (LVZ) with a group velocity about 1.8 km/s. In addition, there is a distinct high velocity zone (HVZ) in the middle of the studied area with a group velocity of 3 km/s. This high velocity zone, indicated by a thick dotted line in Figure 6, is elongated at an almost W-E direction and bends to a N-S direction at its western end, following precisely Bozdag Horst (BoH in Figure 1). This velocity maximum stands out because sedimentary basins its north and south are characterized by low velocities. In the northern part of the studied area, between latitude 38.5 and 39, a sequence of low and high velocities appear which most likely correspond to the horst-graben systems in the area.
In the period range between 6 and 10 s, low velocity anomalies are predominant in offshore areas. With increasing period, these anomalies form a N-S oriented single body (highlighted by a thick dashed line in Figure 7). This LVZ (group velocity smaller than 2.0 km/s) appears consistently up to 10 s period. It probably corresponds to a thick sedimentary sequence in the area. Most of the LVZs and HVZs that were identified at smaller periods, may still be observed at 10 s period. Velocities of horst and graben structures increase with period. In the maps for 6 and for 8 s period, we have emphasized a low velocity anomaly in the southeast corner of the studied area with a thick dashed circle. For smaller periods, this anomaly shows relatively high velocities (about 2.4 km/s), which decrease to 2.1 km/s at 6 and 8 s period. We interpret this feature as a small horst inside a larger basin.
At 12 s, the observed offshore low velocity zone may still be identified with a smaller spatial extension and with a group velocity that increases from 1.9 to 2.3 km/s. Other prominent LVZs exist in inland (e.g., MG, AGG) with velocity in the range 2.3–2.5 km/s, close to horst structures (e.g., URH, DH). The basin in the southeast end of the study area, has a velocity of ∼2.5 km/s. On the other hand, a HVZ seen near the URH becomes prominent with a velocity increase from 2.9 (at 6 s) to 3.4 km/s.
6 DISCUSSION
We will now compare our tomography results with previous observations in our studied area. Our results for Rayleigh wave group tomography correlate well with the geological and tectonic characteristics in the study area. In general, group velocity results are limited with low period ranges (thin crustal depths) in the study region where a clear fault zone signature is not present as similarly suggested by Fichtner et al. (2013) and Delph et al. (2015).
For comparison, a tomographic image of the surface group wave velocity obtained from this study for 2 s period (Figure 8A) is shown together with Bouger gravity anomaly (Figure 8B), heat flow (Figure 8C), and magnetic (Figure 8D) results reported by Gonenc et al., 2012, Pamukcu et al., 2019, Pazvantoglu et al., 2021; Teknik et al., 2023.
[image: Figure 8]FIGURE 8 | Maps for; (A) Surface group velocity of this study, (B) Gravity anomaly (Gonenc et al., 2012), (C) Heat flow (Pazvantoglu et al., 2021), and (D) Magnetic (Teknik et al., 2023).
We interpret the low velocity zones in offshore areas (e.g., IB, CB) as sedimentary sequences overlying a Miocene basement. The size of the IB low velocity zone is 50 × 20 km (Figure 8A). The IB low velocity zone has been recently mapped down to 1.7 km depth on an SW-NE aligned seismic reflection profile with a Vp about 2.4 km/s (Altan et al., 2023), in good agreement with our result (<1.6 km/s for Rayleigh waves). The size of the other low velocity body (CB) is 20 × 20 km, mainly inland. These low velocity bodies are bounded by a high velocity ridge confirming the ridge-basin structure and the ongoing erosional surfaces (Goktas, 2016). Between 6 and 10 s periods, these low velocity zones are clear and combine in a single structure with a slight velocity increase from 1.8 km/s to 2.1 km/s. A different concave arc-shape low velocity structure (80 km long) appears between IB and CB, and persists at 10 s period, for which sediment thickness has been estimated between 5 km and 9.75 km using magnetic inversion, Curie depths, and local earthquakes, respectively (Ozer and Polat, 2017b; c). For periods larger than 12 s, the offshore low velocity zone disappears (Figure 7). Teknik et al. (2023) identified a large magnetic anomaly (∼100 nT) at the location of LVZ’s aligned on IB and CB (Figure 8D), which he associated to magmatic intrusions. Hence, IB and CB may be interpreted as having a volcanic origin and may represent the Late Miocene extensional period that affected the study area. Inland, our low velocity anomalies are in good agreement with high heat flow and low magnetic values around 28.5oE-38.0oN up to 6 s period, supporting their interpretation in terms of tectonic and volcanic activity.
Our results are relevant in relation to geothermal energy in Türkiye. 80% of the Turkiye’s geothermal energy is produced in the Aegean region (Ozer and Ozyazicioglu, 2019). Geothermal fields are dependent on a heat source (such as the cooling magma mass), a permeable reservoir rock, an impermeable overburden, and large water circulation (Ozguler et al., 1983). The combination of low seismic velocities and high heat flow surrounded by fault systems are important factors. Our low velocity zones (<2.3 km/s) are correlated with high heat flow values (>100 mWm−2), positive magnetic anomalies (>10 nT) and low body (Vp) waves (Ozer and Polat, 2018) around E-W aligned grabens such as Alasehir-Gediz, Sarigol and Buyuk Menderes. These areas coincide with operating geothermal power plants. Similar combinations of those factors are also clear around latitude 39 and longitude 27. There are two distinct low velocity zones located NW and SE of the Yuntdagi-Maruflar Horst (YMH). These areas show low Vp (<4 km/s), high heat flow (>85 mWm−2) and positive magnetic anomalies (>20 nT) making them suitable candidates for geothermal exploration.
The low velocities (<1.7 km/s) observed around offshore areas between latitude 38–39 and longitude 26.5–2.75. These areas highlight large magnetic anomalies (>40 nT) and neighboring inland parts highlight large heat flows (>90 mWm−2). Except for a few initiatives in Indonesia and Iceland (Karason et al., 2013; Sircar et al., 2023), the offshore geothermal technology has only had small-scale developments. However, if societal requirements push for the development of offshore geothermal facilities, we are convinced that the low velocity zones delineated in our study are very attractive targets, as suggested by Altan et al. (2023).
7 CONCLUSION
In areas of lot to moderate seismicity, it is not possible to get enough earthquake data to explore the subsurface structure using tomographic methods. This is certainly the case of the Aegean region of Türkiye, where detailed information about the subsurface velocity structure is an acute necessity to better understand seismicity and to mitigate its effects. We have taken advantage of one whole year of seismic noise data recorded by 43 broadband stations belonging to three different networks to examine the subsurface structure using cross correlation of ambient noise. Average cross-correlation of seismic noise allows estimating the Green’s function between station pairs, from which surface waves may be identified. We have used the vertical component to identify without ambiguity Rayleigh waves pulses. Multiple filter analysis allowed us to compute group velocity between station pairs in the period range from 2 to 12 s. Out of a possible 903 station pairs, we estimated group velocities for a total of 716 paths in our studied region. These velocities were used to compute tomographic maps of Rayleigh waves group velocities.
The quantity and quality of our results allowed us to rule out significant seasonal variation in the ambient noise records. We showed that 3 months period was enough to get a reliable result. Fault limits between east-west oriented grabens and horsts (including northeast-southwest aligned narrow horst blocks) are readily identified in our velocity maps. Our results are in very good agreement with the geologic and tectonic characteristics of the region, showing low velocities for the Quaternary alluvial basins, moderate velocities for Cretaceous rocks, and high velocities for the regions where gneiss and granitoid basement rocks outcrop. Thus, our results are able to characterize geological features in the region in terms of velocity structure. Moreover, our velocity maps allow us to correlate velocity structures as a function of period with gravity, magnetic, and heat-flow anomalies that have been lined to geothermal energy production areas. This good correlation allows us to point to offshore areas that have a high potential for future geothermal energy development.
We have shown that ambient noise tomography is a very useful tool to characterize Western Anatolia in terms of Rayleigh wave group velocities. The results are well correlated with geology and tectonics, and also with very different geophysical measurements, making ambient noise tomography a useful complement. This is especially the case in the exploration of new geothermal energy prospects. Of course, the regional character of the networks used limited strongly the results in the low period range. For this reason, our results are limited at the local scale. The objective of a follow-up manuscript will focus on estimation of a 3-D shear-wave velocity structure of the Aegean region of Türkiye from the inversion of group velocity dispersion curves.
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