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We propose a new possible earthquake precursor, a coastal water jet originating from shallow water gas seeps and colored by sediments, lifted from increased gas seeps emissions, preceding some earthquakes with offshore epicenters along the Bulgarian Black Sea coast and M ≥ 3. The new possible earthquake precursor is site specific and may be observed in shallow coastal water regions where active faults are accompanied by hydrocarbon gas seeps. We point out to a region where it can be easily detected by direct observation and satellite remote sensing, Zelenka methane seeps (ZMS), near the Bulgarian Black Sea coast. The ZMS activation is related to the tectonic stress and fracturing preceding and accompanying the earthquakes in the Shabla-Kaliakra-Balchik region along the northern part of the Bulgarian Black Sea coast. We also propose an earthquake forecasting experiment, based on the following four hypotheses: 1) The change of the methane emission of shallow horizons is related to crustal strain changes preceding earthquakes in the region; 2) extreme change of the activity of underwater methane seepages appears immediately before nearby earthquakes; 3) shallow water methane seepages activity can be monitored by remote sensing; 4) satellites can register effects from an extreme increase in their emissions. The proposed earthquake forecasting experiment is based on the monitoring of methane seepages activity in the ZMS area by direct observation and remote sensing which may provide indication for preparatory earthquake activity preceding offshore earthquakes in the region.
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INTRODUCTION
Paradoxically, no one seismologist denies that possible earthquake precursors exist, but not everyone believes that short-term forecast is possible based on their study (Ouzounov et al., 2018). Recently, increasingly complex methods are proposed in earthquake prediction research. Unique and high-precision equipment is used to study precursory variations of radon (Sabbarese et al., 2020), groundwater level (Nakagawa et al., 2019), tilt (Zhou et al., 2019), electromagnetic field (Florios et al., 2020), thermal radiation (Wei et al., 2019), outgoing long waves (Xiong and Shen, 2017), electron content in the ionosphere (Kelley et al., 2017), etc. Despite these efforts reliable short-term earthquake prediction methods are still elusive and searching for new earthquake precursors continues.
Recently, several studies demonstrated relationships between earthquake occurrences and underwater gas seepages (Nikonov, 2002; Gasperini et al., 2012; Fischer et al., 2013; Geersen et al., 2016; Géli et al., 2018; Bonini, 2019). It has been found that the great Maule earthquake in 2010 had caused new gas seepage off the coast of Chile (Geersen et al., 2016). Fischer et al. (2013) demonstrate an increase in the upward flux of gas-hydrate-derived methane after the strong 1945 Makran earthquake. Gasperini et al. (2012) demonstrate the correlation between tectonic structures and gas seepages at the seafloor along the North Anatolian Fault in the eastern Sea of Marmara and suggest that it is an interesting region for searching fluid exhalations as an earthquake precursor. Géli et al. (2018) find that aftershocks following the M 5.1 earthquake of July 25th, 2011, in the western Sea of Marmara, occur within a zone of gas overpressuring, further demonstrating relationships between seismic activity and gas dynamics along the North Anatolian Fault. Nikonov (2002) provides evidence for fire columns observed off the coast during the 1927 Crimea earthquakes probably related to self-ignition of underwater methane seepages. All these studies present evidence for coseismic and postseismic methane seepage changes or a correlation between tectonic faults and methane seepage sources. There are some papers relating gas seepage related precursory phenomena to seismic activity. Soter (1999) presents evidence for a number of precursory phenomena, including bubbling of the sea, observed prior to the M 6.2 Aigion, Greece earthquake, some of which may be considered as symptoms of gas venting. Khilyuk et al. (2000) also point out that prior to the Northridge, California earthquake of 1994 significant increase in the offshore hydrocarbon seepage has been observed but was attributed to a malfunction of the measuring device. To our knowledge, observed gas seepage related precursory phenomena have not been used as a testable tool for earthquake forecasting.
Here we propose a new possible site specific earthquake precursor (a coastal water jet originating from shallow water gas seeps and colored by sediments, lifted from increased gas seeps’ emissions) and we point out a monitoring area, Zelenka methane seeps (ZMS), near the Bulgarian Black Sea coast where the new possible precursor is easily observed. We find an extreme increase in both the seeps’ area and discharge 4 days before the strongest offshore earthquake near the Bulgarian Black Sea coast in recent decades (Md 4.7, August 5, 2009; Tsekov et al., 2019) occurring in a close proximity to the ZMS. We also find that the precursory jet with a diameter of ∼8 km is observed on a sequence of satellite images with a resolution of 250 m (NASA Earth Data, 2020). We further document and discuss the relation between methane seeps activity and seismic activity in the highly seismic offshore Black Sea region near cape Kaliakra by finding evidence for increased methane seepage activity preceding some M ≥ 3 earthquakes in the same region.
The new possible precursor is related to the common cause of earthquake precursors, the tectonic stress and the fluids properties in the Earth’s crust. It is specific to coastal regions and may be important for earthquake prediction in such often densely populated regions where the population and infrastructure are threatened by both earthquakes (Géli et al., 2018) and tsunamis (Bryant, 2018).
We discuss the suitability of the Zelenka methane seeps area as an observation point to study the new possible earthquake precursor and the possibility to organize regular observations in the region providing information on the methane seeps activity not only as a possible earthquake precursor but also as a viable source of information on environmental change processes.
MATERIALS AND METHODS
Black Sea: Properties and Seismic Activity
The Black Sea is a semienclosed basin, characterized by strong stratification, the presence of oxygen-free water layer, mud volcanoes, freshwater springs, methane sources and gas hydrates (GH), etc. The Black Sea deep water is the biggest anoxic methane and hydrogen sulfide reservoir of the world (Reeburgh et al., 1991) (87% of the water volume). It is known that the first sample with natural GH was recovered in 1972 by a gravity corer in the Danube Fan (Yefremova and Zhizhchenko, 1974). A circum-Black Sea belt of gas flares marks the lateral boundary of the GH stability zone (Vassilev, 2006). The basin is almost aseismic during the last century. Seismic activity is restricted to the periphery of the basin. Seismic activity of the region may trigger earthquake tsunamis (Bryant, 2018), mud volcano eruptions, and coastal land and underwater landslides. There is a close geophysical and hydrodynamic connection between many of these processes. Some of them may be dangerous or even catastrophic, while others may have important practical applications.
The seismicity of the Black Sea increases toward the margins of the basin. The most active regions are offshore Bulgaria, Crimea, Georgia, and Turkey. The depths of the earthquake hypocenters are up to about 35 km. Only few earthquakes are registered in the abyssal part of the basin. An unexpected result from CRIMEA project was that areas with mud volcanoes are completely aseismic (Vassilev et al., 2006), in contrast to the strong time and space correlations between mud volcanoes and earthquake epicenters in the Caspian Sea.
The focal mechanisms show primarily N-S compression. The westward motion of the Anatolian Plate and N-S deformation of the Caucasus take up most of the motion of the Arabian Plate and only ∼1 mm year−1 is transmitted through the Pontides to compress the Black Sea in N-S direction (Kalafat, 2017). The two strongest earthquakes in our area are an exception with focal mechanisms with primarily E-W compression with some N-S component and oblique strike-slip faulting (Kalafat, 2017).
The available information on the Black Sea tsunami can be divided into two types: historical (which is descriptive) and a limited number of modern data records from tide gauge measurements. A summary analysis can be found in Dotsenko and Ingerov (2007). According to sea level measurements, the highest recorded Black Sea tsunami height is 0.52 m, while visual estimates of tsunami height ∼1–2 m exist (Dotsenko and Ivanov, 2010).
Bulgarian Coastal Gas Seeps
About 50 areas with underwater gas seeps are identified near the Bulgarian Black Sea coast (Dimitrov, 2002). The gas is mainly methane (Dimitrov et al., 1979). The first documented underwater gas seeps are observed (Palii et al., 1951) at Aladja Bank (between Varna and Balchik, see Figure 1). Later, underwater gas seeps areas along the Bulgarian coast zone are observed at Tsarevo, Rosen (Mandev et al., 1978), Kamchia, Rusalka, Shabla, and Tulenovo (Dimitrov et al., 1979).
[image: Figure 1]FIGURE 1 | (A) Black Sea (in the upper left corner) and the area of interest (enlarged). Numbers designate geographical locations discussed in the text: 1) cape Shabla, 2) Tyulenovo, 3) cape Kaliakra, 4) Zelenka, 5) cape Chirakman, 6) Town of Kavarna, 7) Town of Balchik, 8) City of Varna, 9) Cape Emine, 10) City of Bourgas (Google Earth™); (B) cape Kaliakra and ZMS (Google Earth™); (C) methane seeps from the seafloor covered by sand and clay aleurites; (D) ZMS outcrops of Sarmatian limestone; (E) photo of the ZMS seafloor with inactive microcraters at water depth ∼9 m from Sep. 10, 2009, obtained 36 days after the Md = 4.7 earthquake (underwater photos K. Gerilowski).
[image: Figure 2]FIGURE 2 | The Shabla-Kaliakra-Balchik seismic region: main faults and registered earthquakes over the period 1986–2014 (after Oaie et al., 2016 and Tsekov et al., 2019). Yellow dots represent earthquake epicenters. With a red star is represented the strongest earthquake in the region over the period 1986–2014, occurring on 5 August, 2009, with Md 4.7. Numbers indicate this earthquake and its foreshocks and aftershocks in a chronological order.
Zelenka Methane Seeps
Intensive gas seeps from the seafloor are observed at least from a century in the area of the fisherman hut “Zelenka.” The area, known as Zelenka methane seeps, is located 3 km to the west of cape Kaliakra (Figures 1A,B). According to the first investigations (Dimitrov et al., 1979): 1) the seepage area of ∼29,000 m2 is located 170–270 m of the coast and its size is 550× (25–100) m; 2) most of the seeps are at water depths 5–10 m; 3) sand and clay aleurites with outcrops of Sarmatian limestones cover the seafloor (Figures 1C,D); 4) the gas is mainly methane (93–96%) and nitrogen (4–5%) and the rest is divided between O2, CO2, and C2H6; 5) the discharge of a seep is ≤4 lmin-1 and the ZMS annual discharge is ∼0.04 km3year−1 (37.5 × 106 m3year−1).
Historical Earthquakes and Tsunamis in the Shabla-Kaliakra-Balchik Region
Shabla-Kaliakra-Balchik region (43.0N-44.3N; 27.75E-30.0E) (Tsekov et al., 2019) where the methane seeps zone Zelenka is located is characterized by moderate seismic activity in recent decades. It is distributed on a multitude of intersecting onshore and offshore faults. In the past, several strong earthquakes hit the region. According to historical records, the settlements in the region suffered damage from earthquakes and even tsunamis (Papadopoulos et al., 2011; Oaie et al., 2016). In the first century BC, Strabo mentioned that the ancient Bizone (modern Kavarna, see Figure 1A) was destroyed in 64 BC–19 AD and the lobe part of cape Chirakman with the houses of the richest citizens sunk in the sea (Papadopoulos et al., 2011; Peev, 2016). Two strong historical earthquakes with not well-defined epicenters but possibly related to the Shabla-Kaliakra-Balchik zone occurred in 543 AD and 1444 AD (Guidoboni et al., 1994; Ranguelov, 2008; Oaie et al., 2016).
The strongest regional earthquake in recent times occurred on March 31, 1901, 07:12:24 with an epicenter on an offshore fault near Port Balchik, 22 km west from Zelenka. The estimated parameters of the quake are Mw 7.2, MMI X, and depth 14 km. The quake generated widespread landslides and rockfalls along the shore.
The quality of the information about the seismic activity in the region improved significantly after 1986, several years after starting of operation of the Bulgarian National Seismic Network in 1980 (Botev et al., 2013; Tsekov et al., 2019). In the recent decades, information on the weak seismicity in the Shabla-Kaliakra-Balchik region is also available, with a magnitude of completeness Mc = 2,2 (Tsekov et al., 2019).
Data
We use the following data in our analysis (provided as a supplement to this paper): 1) Data from the Bulgarian National Seismic Network about 198 seismic events occurring over the period 1986–2014 in the Shabla-Kaliakra-Balchik region (Supplementary Table S1), located in the NE part of Bulgaria and the adjacent part of the Black Sea (43.0°–44.3°N, 27.75°–30.0°E). The strongest earthquake in the region over the considered period: Western Black Sea; 27.5 km east of Zelenka; 43.38°N, 28.77°E; depth 8 km; Md 4.7; August 5, 2009, 07:49:00.3 (M4.7); 2) Global CMT (https://www.globalcmt.org; errors are from CMT inversion): 43.42 ± 0.02°N, 28.60 ± 0.02°E; depth = 19.9 ± 1.6; half duration = 0.7; centroid time minus hypocenter time: 1.5; moment tensor: Expo = 23, 0.169, 2.850, −3.020, −1.650, 0.354, 1.230; Mw = 5.0, Mb = 4.7, Ms = 0.0, scalar moment = 3.59e+23; fault plane 1: strike = 211, dip = 65, slip = 171; fault plane 2: strike = 305, dip = 82, slip = 26 (200908050749A BLACK SEA); 3) geophysical and geochemical data from the offshore methane seepages area Zelenka (43.381°–43.383°N, 28.426°–28.431°E; ∼350 × 200 m) including: (3.1) echosounder bathymetry and seafloor mosaic image from 800 kHz side-scan sonar (Supplementary Images S1–S3); (3.2) main onshore and offshore faults locations: Zelenka is in the Charakman Fault Zone (Figure 2); (3.3) locations of 102 most active seepage groups providing evidence for migration pathways (Supplementary Image S1); (3.4) underwater videos and photos, starting at depths 9.4, 8.9, and 6.8 m showing the seafloor with the most active seepages and wide areas around them showing microcraters but without gas bubbles, indicating recent strong gas seepage activity (10 September 2009); Figure 1E (3.5) images obtained by the infrared camera for thermal analysis FLIR from the cliff, showing seepages registered on the sea surface as thermal anomalies (Supplementary Image S4); (3.6) results from gas content and sediment samples analyses; 4) Aqua ЕОS satellite images with resolution 250 m from sensor MODIS true color R (700 nm), G (546.1 nm), B (435.8 nm) over the period 01.08.2009–04.08.2009, showing the development of a light colored jet originating from Zelenka (Figure 3); 5) 16 Aqua ЕОS satellite images with resolution 250 m from sensor MODIS true color R (700 nm), G (546.1 nm), B (435.8 nm) for days with M ≥ 3 earthquakes in the Shabla-Kaliakra-Balchik region, as well as some preceding and following days (Supplementary Data Sheet S1); 6) Copernicus data “Black Sea high-resolution L4 sea surface temperature” (30.07–11.08.2009) and satellite data for sea surface temperature from NOAA 15, 17, 18, 19 and MetOp 2 for the period from 30 July to 13 August 2009 (MHPHI-RAS Marine Portal, 2020).
METHODS
To identify possible methane seepage precursors the following analyses have been done: 1) ZMS area is surveyed with an echosounder and side-scan sonar as well as underwater video recording and infrared imaging of the sea surface with an infrared camera for thermal analysis from the cliff to obtain the temperature of the surface water: 1) lengths of the jets axes are determined from geo-referenced satellite images; 2) time of appearance of the jets is estimated. These results are supported by underwater visual observation of the sea floor and infrared observation of sea surface temperature changes above the active methane seeps region.
RESULTS
We find precursory changes in the activity of the shallow water Zelenka methane seeps (Black Sea, Bulgaria, Cape Kaliakra) related to the strongest earthquake in the Shabla-Kaliakra-Balchik region for recent decades (Tsekov et al., 2019) (Md 4.7, 5 August 2009, with an epicenter ∼27.5 km east from Zelenka).
Eight earthquakes with Md 2.3–4.7 and depths 8–20 km are registered during the period 2–8 August 2009 in the Shabla-Kaliakra-Balchik region as a foreshocks, mainshock, aftershocks series. Five of the quakes occurred on 5 August (7:49–15:56), starting with the mainshock with Md 4.7, which has been followed by four aftershocks later on the same day (Figure 3).
To obtain satellite imaging information about the region of interest during the foreshocks, main shock, aftershock series from 2 to 13 August 2009, we search the NASA archives (https://ladsweb.modaps.eosdis.nasa.gov). In the period 1–14 August 2009 15 satellite images of the ZMS area are available. Four of these satellite images registered brightly colored jets in the area of ZMS during the 4 days preceding the 5 August 2009 mainshock. Figure 3 shows the three images with highest quality. Table 1 summarizes the times of the satellite images and the lengths of the jet axes. Unfortunately, due to the poor quality of the images the errors in the axes length determination are significant (Figure 3; Table 1).
[image: Figure 3]FIGURE 3 | Satellite images from the period 1 to 3 August with superimposed earthquake epicenters. Indicated are the dates of image generation and the lengths of the new possible precursor, the colored jets.
TABLE 1 | Satellite images data.
[image: Table 1]Four days before the offshore M4.7 earthquake from 5 August 2009, the area with active methane seepages, located 27.5 km from the epicenter, increases 3–5 times. This estimation is based on the size of the area with microcraters but without seeps on the seafloor observed by the diver Dr. K. Gerilowski 36 days after the earthquake (Figure 1E). It indicates an extreme increase of methane emissions from the ZMS, which is further confirmed by the observed contrast jets in the satellite images (Figure 3).
Our working hypothesis is that upward gas flow lifts sediments from the sea floor, which may create observable sea surface temperature anomalies. Infrared camera observations show a temperature anomaly on the sea surface ≤0.5°C on a background temperature of 6.5°C in calm weather above the active seeps area, thus further confirming the extreme methane seepage activation.
The M4.7 offshore earthquake is preceded by two probable foreshocks (2 and 4 August 2009) and followed by several aftershocks, five of them in the period 5–8 August 2009. August 4th, 2009 Md = 2.3 earthquake is identified as a foreshock according to the Gardner and Knopoff (1974) window criteria (Tsekov et al., 2019). August 2nd, 2009 Md = 2.3 earthquake is just outside Gardner and Knopoff (1974) space-time window and formally it is not a foreshock according to their criteria. However, it occurs offshore, on the Batovo fault, which intersects the Kaliakra fault where the mainshock occurred and probably is part of the preparation process and thus may be considered as a distant foreshock. The proposed new possible precursor appears just a day before the first earthquake of the series (the distant foreshock). The epicenter of the second foreshock is near the coast, south of cape Shabla. It is followed by the 5 August Md4.7 main earthquake in the series, occurring offshore on the Kaliakra fault. It is interesting that the ZMS area is just in the line which connects the foreshocks epicenters and almost in its middle. The coincidence between the increased methane seeps activity and the occurrence of foreshocks is a strong suggestion that the methane seeps activity reflects the preparation process of the following earthquake and thus it may be considered as a possible earthquake precursor.
To study further the possible relation between surge in methane seepage activity and the seismic activity in the Shabla-Kaliakra-Balchik region we search satellite images for evidence of precursory or coseismic methane seepage activation prior to all regional earthquakes with M ≥ 3. There are 11 such quakes over the period 1986–2014, excluding the M ≥ 3 foreshocks and aftershocks as well as the already considered Md 4.7 earthquake of 5 August 2009. The epicenters of 3 of these 11 quakes are close to the shore but inland. No precursory or coseismic methane seeps activation is identified on satellite images for these 3 quakes. The remaining 8 earthquakes have offshore epicenters. Four of these are preceded by methane seepage surge identified on satellite images. Four days prior to the Md 3.8 earthquake of 30 November 2009 wide low-contrast colored jet indicating methane seepage activation is observed. A day prior to the Md 3.1 earthquake of 22 April 2011 contrast colored jet is observed. The jet enlarges the following day, hours before the quake. The proposed new possible earthquake precursor is also identified hours prior to the Md 3.7 earthquake of 3 December 2012 and a day prior to the Md 3.2 earthquake of 6 February 2013.
We also checked for the new possible precursor 33 Google Earth images of the study area for periods without earthquakes and we found none, which suggests that the new possible precursor is not a common event. Thus, the probability that it occurs by chance hours/days before the corresponding earthquakes is low.
DISCUSSION
The area of ZMS is appropriate for organizing an observation experiment and monitoring of the new possible precursor, because of the following: 1) the area is easily observable, being close to the coast. The water is shallow which allows gas bubbles to reach the sea surface making it easy to monitor seeps activity observing the surface; 2) fine-grained almost white sediments cover the seafloor and strong methane emission could lift them to the surface creating contrast colored jets. Thus, identification of extreme methane emissions is relatively easy; 3) there is proximity to active seismic zone which potentially influences methane seepage activity in the ZMS area. According to our database for the period 1986–2014, 198 earthquakes are registered by the Bulgarian National Seismic Network (Tsekov et al., 2019) or the average number of earthquakes per year is about 7. Also, a large number of active faults have been found offshore, along the Bulgarian Black Sea coast (Genov, Dimitrov, 2003; Dimitrov and Genov, 2004; Dimitrov and Vasilev, 2016), close to the ZMS area. Most active is the Kaliakra deep fault zone, the eastern wing of which sinks relative to the western. It is a bundle of subparallel faults, well expressed in the relief of the bottom, which can be traced to the cape Emine, and perhaps even on the land southwest of the city of Bourgas (see Figure 1A). The earthquake hypocenters in this area are relatively shallow, with depths up to 15–30 km.
Unfortunately, the proposed new possible precursor depends strongly on weather conditions. Storms could erase the microcraters on the seafloor produced by extreme methane emissions. Clouds and wind waves could mask the underwater jets and make their satellite registration impossible. To avoid the clouds dependence a drone may be used for remote monitoring in cloudy days.
On the other hand, studying the seismic activity in the Shabla-Kaliakra-Balchik region and possibly predicting some of the stronger regional earthquakes is of great importance. Earthquakes in the region pose significant hazard to the near coastal settlements (Ranguelov et al., 2011). Moreover, some regional earthquakes may trigger gravitational processes along the coast (landslides, rockfalls) increasing the earthquake risk.
We propose to organize monitoring of the activity of Zelenka methane seeps (ZMS) which may include 1) regular check of satellite images for possible detection of the new possible precursor; 2) drone observation with thermo- and 4K cameras; 3) geophysical survey with a small motorboat, ROV, USV, and/or AUV for estimation of the emissions area and discharge. Survey equipment may include GPS, underwater camera, side-scan sonar, multibeam, and profiler and sampling devices for gas, water, and seabed sediments; 4) setup of an online observation system with underwater video and gas discharge measurements and observations with a thermocamera from the cliff.
We also note that shallow water seeps with effects on water surface could be not so shallow. The critical depth is proportional to the gas discharge. A result from CRIMEA project shows that bubbles from natural gas seeps in the north-western part of the Black Sea reach the atmosphere if originating from depths shallower than 70 m. The rest of the deeper seeps are consumed from biological and chemical processes in the water volume.
CONCLUSION
This work proposes a new possible earthquake precursor, colored jets from lifted sea floor sediments triggered by extreme emissions of shallow water gas seeps. The new possible precursor is detected by satellite images with a resolution 250 m before a moderate offshore earthquake along the Bulgarian Black Sea coast. The precursor is observed ∼24 hours before the first foreshock at a distance of 26.5 km from its epicenter and ∼4 days before the main earthquake on 5 August 2009 at a distance of 27.5 km from its epicenter. It results from the abrupt increase of the emitting area of ZMS (3–5 times) and the gas discharge from the seeps. We find similar behavior prior to several 3 ≤ M < 4 earthquakes in the same region, with less pronounced colored jets detected by satellite images.
We note that this work provides only an initial case history in support of the proposed new possible earthquake precursor. To meet the strict IASPEI criteria for “significant” earthquake precursors (Wyss, 1991; Wyss, 1997; Wyss and Booth, 1997) it is necessary to have simultaneous long-term data on methane seeps activity and seismic activity in a given region, which is still not available. We also note that the time coincidence between the observed increase methane seeps activity and occurrence of foreshocks, which are one of the recognized “significant” earthquake precursors (Wyss, 1991; Wyss, 1997), suggests that the observed phenomenon may indeed be used as an earthquake precursor.
The new possible precursor is site specific. It may be used for predicting offshore seismic activity in shallow water coastal regions. Our results demonstrate the uncommonly suitable conditions for monitoring the possible earthquake related changes in methane seeps activity in the Zelenka methane seeps area, located ∼3 km western from cape Kaliakra, Black Sea. The shallow water column allows bubbles and temperature anomalies to be easily registered at the sea surface.
One of the main strengths of the proposed new possible earthquake precursor is that it can be detected and observed relatively easily by remote sensing methods. We demonstrated it for the ZMS area, along the Bulgarian Black Sea coast, but it is probably applicable to other shallow water offshore seismic active regions. Thus, it is suitable for organizing regular monitoring. We discussed possible organization of regular observations searching for the proposed new earthquake precursor.
In parallel with monitoring for the precursor, the observation instruments may provide information on the budget of greenhouse gases and their impact on climate change, bioproductivity, and biodiversity, as well as to carry out an inventory of coastal gas seeps areas providing additional opportunities for energy development of coastal communities.
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