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Abstract

:

This paper presents in situ methods used in the search for areas of modern hydrothermal activity, as well as the results of their long-term use during cruises within the Russian exploration area of the Mid-Atlantic Ridge (MAR). In this study, the following methods were used: CTD-sounding, methane sounding, teleprofiling and measurements with Eh, pS, pNa, pH and EF sensors. During profiling by towed complexes (RIFT, MAK-1M), various geophysical and geochemical anomalies near high-temperature, low-temperature and inactive fields were detected. Geophysical anomalies are more distinct when profiling near the bottom, and geochemical anomalies are located at a distance from the bottom (~150–200 m). Direct signs of high-temperature discharging (black smoker′s smoke, hydrothermal buildings) and indirect signs of low-temperature discharging (lithified carbonate sediments and accumulations of endemic hydrothermal fauna) were detected during teleprofiling. We have described 6 types of complex geophysical anomalies determined by CTD-sounding that allow the detection of plumes at different stages of formation and from different sources. The use of a methane sensor during sounding makes it more likely to identify a low-temperature discharge. Methane has a highly variable nature of distribution—over distances from the first hundreds of meters to tens of kilometers and a seabed height of ~50–500 m. The use of these methods together makes it more possible to detect low- and high-temperature hydrothermal discharges within mid-oceanic ridges (MOR).
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1. Introduction


Deep-sea hydrothermal vents are specific dynamic systems characterized by sharp chemical and physical gradients [1]. Since the discovery of the first hydrothermal source [2], interest in deep-sea hydrothermal systems has not decreased over the past few decades [3]. Numerous objective reasons can explain the attention paid to hydrothermal systems.



First, it is of economic interest since deposits of polymetallic sulfides are confined to the areas of modern deep-sea hydrothermal activity [4,5]. The development of such deposits will significantly expand the resource base [6].



Second, hydrothermal fields (HF) remain an “oasis of life,” supplying not only trace elements necessary for the existence of numerous endemic organisms [1,7], but also several potentially dangerous compounds [8].



Third, a comprehensive study of hydrothermal systems makes it possible to reconstruct the paleo-conditions of the deep-sea parts of the ancient oceans and can help determine the structure and chemical composition of waters in the past [9].



The main search sign is a hydrothermal plume [1] formed when a hot acidic hydrothermal solution is discharged into the oceanic water column [10]. The actual boundaries of plumes are difficult to determine due to lateral dispersion [11]. The incoming hydrothermal solution is enriched with metals (Mn, Fe, Cu, Zn and others), gases (CH4, H2, H2S, and others) and various organic compounds [12,13,14,15,16], creating geophysical and geochemical anomalies in the water. Metal concentrations (and, respectively, anomalies) in hydrothermal solutions differ, since the process of their leaching is not constant because the rock is the realization of a spatially distributed random function of the initial concentration field, conditions and mechanisms of crystallization [17].



Due to the large depth (up to 4000 m and deeper), small size and strong variability of the geochemical and geophysical anomalies in time and space [18,19], it is most advantageous to use in-situ methods for HF’s detection-profiling and sounding. Search methods have different sensitivities and limited use [1]. The application of a restricted number of methods can lead to erroneous results and increase the expenditure of time and resources. Comprehensive studies using several methods have made it possible to determine the existence and location of hydrothermal sources [20].



Here, we present the results of the application of these methods during a comprehensive study in the Russian exploration area (REA) of MAR for a long period. Based on the conducted studies, we identified the characteristic features of various anomalies, indicating a different type of hydrothermal discharge and the composition of the incoming solution.



Currently, within REA (12°48′36′′–20°54′36′′ N), 10 HFs have been discovered: Irinovskoye [21,22], Krasnov [23,24], Peterburgskoye [25], Zenit-Victoria [26], Yubileinoe [27], Puy des Folle [26], Surprise [27], Koralovoye, Molodezhnoye [28] and Holmistoe, and four hydrothermal clusters: Ashadze [26,29,30], Logachev [26,29,31,32], Pobeda [33,34] and Semenov [22,35] (Table 1). Average distances between fields on the MOR′s vary in 12–220 km (from fast to ultra-slow spreading ridges). Based on the spreading rate within the REA (~25 mm/year), the distances between the fields should be 40–200 km (on average ~ 70 km) [36]. The distances between the HF′s of the REA vary in a much larger interval (5.3–268.7 km), but on average, ~73.5 km. However, recent studies have shown that the distances between the fields within the fast- and medium-spreading MOR′s are ~3.3–19 km [37], which is 3–6 times greater than expected (11–87 km) [36]. Thus, the distances between the fields within the slow-spreading ridges (MAR, in particular) may be much less than expected, which indicates a possible large number of undiscovered HF′s within the REA. Including low-temperature ones, the number of which, according to some estimates, is at least ~25% [37].




2. Materials and Methods


2.1. Sounding of the Water Column


Sounding of the water column was carried out by the SBE 911plus sounding complex equipped with the SBE 17 SERAM memory unit as part of the CTD SBE 9plus submersible device and the onboard DU SBE 11plus unit. This complex is used to determine hydrostatic pressure, turbidity, electrical conductivity and temperature. The scanning frequency is 24 Hz. The parameters were determined from the surface to the bottom by the modernised tow-yo method—after sounding, the complex rose to the horizon of 1000 m, the vessel moved, and then the complex sank to the bottom again. The approach to the bottom was controlled by an altimeter, notifying when the distance from the bottom was reached in the range of 7–20 m. The positioning of the vessel during sounding was carried out using a thruster. The binding was carried out using the Sigma-1001 underwater navigation system.



Outboard operations were managed from the hydrological post. Descent and lifting operations were carried out from the winch through the hydraulic U-shaped portal. The descent of the probe was carried out on a cable 4.5 km long. The rate of descent was on average 1 m/s, and in the bottom (>1000 m) layer 0.5 m/s. The decrease in velocity in the bottom layer is due to the need to reduce the dynamic errors of the probe measurement channels and to improve the quality of measurement [28].




2.2. Sounding by a Methane Sensor


At the Logachev and Molodezhnoye and Koralovoye fields, standard CTD-sounding was accompanied by the measurement of CH4 concentrations with a Franatech METS methane sensor. The detection range of the sensor is 1–500 nM. The maximum immersion depth is 4000 m [28].




2.3. Profiling by Towed Instrument Package


Measurement by sensors was carried out using the towed instrument package RIFT (until 2010) and the deep-sea geo-acoustic complex MAK-1M.



During the 7th, 25th and 26th cruises of the R/V “Professor Logachev” within the Logachev and Ashadze hydrothermal clusters, profiling with the RIFT complex was accompanied by measurements with Eh, pNa, pH and pS sensors [29,38,39].



The complex MAK-1M was used to perform a sonar survey of the bottom. Simultaneously, measurements of the potential of the natural electrical field (EF) on the profiles were conducted [34]. Since 2010, EF measurements have been carried out via two channels. Simultaneous use of two channels avoids loss of information in case of failure of electrodes. The distance between the upper and lower electrodes was 70 m. The height corridor from the bottom, in which the deep-sea vehicle was towed, averaged 80–90 m. The speed of the vessel was 1.2–1.5 knots, which provided acceptable conditions for profiling.



Transitions between profiles were carried out without lifting the device on board the vessel. The device was raised to such a level that the length of the cable was equal to the distance between the completed and the next profile, which avoids dangerous bends of the cable. Transitions between profiles were carried out not on adjacent profiles but through one or more profiles. This made it possible to conduct a safer turn for the cable.



The EF data were smoothed by the least squares method and straightened using the piecewise linear approximation method to exclude the influence of changes in the speed and depth of the device.




2.4. TV-Profiling


TV studies were conducted after the detection of EF anomalies to discover deep-sea polymetallic sulfides (DPS), to obtain terrain characteristics and to identify bottom organisms.



The TVSSperre television complex (SPERRE, Notodden, Norway) was used. The television complex consists of:



-High-resolution deep-sea camera HD (Sperre, Notodden, Norway). Main features: Full HD 1080i/60 resolution (1920 × 1080), 3.27 megapixels, sensitivity 0.03lx, digital zoom 12x, RS232 control.



-Deep–sea low-light camera (Sperre, Notodden, Norway). Main features: resolution 540 TVLs (795 × 596), sensitivity 0.051x F1.2, digital zoom 12x, RS232 control.



-2 LED lamps Q-LED-III (ROS, San Diego, CA, USA). Main characteristics: light intensity 3500 lux, color temperature 5400 K, current consumption at 220 V at the input of 1.1 A, light flux width 80 × 80 degrees.



-Altimeter 1007D (Kongsberg Simrad Mesotech, Bergen, Norway). Main features: operating frequency 200 kHz, RS232 interface;



-Pressure sensor (Valeport MiniIPS, Totnes, UK). Main features: working depth-up to 6000 m, measurement accuracy ± 0.01% of the depth, resolution 0.0001 Bar (approximately 1 mm depth), RS232 interface.



The optimal distance from the bottom from the viewpoint of the safety of towing underwater vehicles and the quality of video materials is 2.5–3 m; simultaneously, the area of the observed section of the bottom is about 7–9 m2. The towing speed of the device is 0.1–0.5 knots.




2.5. Hydroacoustic Underwater Positioning


The vessel was driven according to the profiles and sounding stations using a bow retractable rotary column and according to the HiPap-101 underwater navigation system (Kongsberg Maritime, Bergen, Norway). The Kongsberg CNode Mini transponder was integrated into the MAC-1M complex; on the rest of the devices, the transponders were attached with specially made mounts-holders to the frames of the devices.





3. Results and Discussion


3.1. Profiling by RIFT and MAK-1M


Profiling by towed vehicles is a standard method used to detect geophysical and geochemical anomalies. The origin of these anomalies in the bottom water is associated with processes occurring around the following: (1) ores surrounded by ion-conducting moisture-saturated rocks and (2) hydrothermal plumes.



The anomalous intervals of the EF values were taken to be those whose amplitude was at least 0.25 mV, which was three times higher than the standard deviation of the field values (background noise) outside the anomalous intervals.



3.1.1. Ashadze Hydrothermal Cluster


Eight and seventeen profiles were performed near the Ashadze-1 and Ashadze-2 HF′s, respectively.



Several characteristic EF anomalies and weak Eh anomalies were noted on the profiles crossing the Ashadze-1 field (Figure 1). A decrease in Eh and a less distinct decrease in pH indicate the effect of high-temperature fluids on water [1]. The submeridional profile in Figure 1a is made 600 m east of the hydrothermal vent. The Eh anomaly was observed ~650 m to the NEE from the source, where, apparently, the current is directed. The EF anomaly is located ~1000 m to the NE from the source. Since the profiling was performed at 30–40 m from the bottom, it is likely that the device moved below the plume, which explains the weakness of the Eh anomaly.



The submeridional profiles in Figure 1b,c were obtained near the Ashadze-2 HF (12°59.5′ N 44°54.4′ W)—approximately 35–40 m to the east and west from the crater, respectively, at 110–150 m from the bottom.



The pS anomaly coinciding with Eh (Figure 1b) to the north of the source (~700 m) may indicate sulfide particles far from the source. To the SSW of the source (~460 m), the weaker Eh anomaly is not accompanied by a pS anomaly (Figure 1c). This is explained by the movement of the plume to the north of the source.



The geochemical anomalies were accompanied by weak EF anomalies. The anomalies are faint and differ in shape from those detected near the bottom (Figure 1a). Most of the Eh anomalies are displaced relative to the EF anomalies by distances up to ~950–1000 m. The revealed Eh anomalies have the following features: a gradual decrease precedes a sharp decline. It is possible that the complex form of anomalies is associated with a blurred plume boundary.




3.1.2. Peterburgskoye, Semenov and Irinovskoye Hydrothermal Areas


The Peterburgskoye field was discovered in 2010 when the anomaly with an amplitude of ~1 mV was confirmed. Simultaneously, CTD-sounding did not reveal hydrothermal anomalies. Active high-temperature hydrothermal activity within the field ended about 63 thousand years ago [33]. Low-temperature discharge or magnetite and sulfide mineralization of rocks (because of hydrothermal discharge in the past) may cause EF anomalies in this case.



In 2011, about 15 anomalies within a range of 0.3–9 mV were detected in the area of the Semenov hydrothermal cluster, marking 5 HF’s (Figure 2). EF anomalies reach large values both within the active and inactive hydrothermal sites.



To the south of the Semenov cluster, a new Irinovskoye field was discovered (Figure 2). Initially, the Irinovskoye field, despite well-marked EF anomalies, was deemed inactive. The age of its ores is ~7.8–69 thousand years, which indicates weak hydrothermal activity [33]. Nevertheless, two active sources were discovered in 2013 [21]. Apparently, hydrothermal activity within the Irinovskoye field has a sporadic character.




3.1.3. Pobeda Hydrothermal Cluster


Several EF anomalies with an intensity of at least 0.25 mV were detected in the area of 17°00′–17°10′ N of the MAR (Figure 3).



During the verification of two EF anomalies on profiles 37L57se and 37L59se, massive sulfide ores were sampled at several stations. Thus, Pobeda-1 HF was discovered.



The Pobeda-2 HF was discovered during dredging in the area of the EF anomaly established on profiles 37L055se and 37L060se (Figure 3), where massive sulfide ores, metalliferous sediments and hydrothermal crusts were raised. Additionally, along the 37L055se profile, the second profile was passed at a lower speed. The distance between the profiles was about 80 m. An EF anomaly of 12.3 mV intensity was detected. The intensity of the anomaly has increased by more than 3 times, which underlines the importance of conducting work with the towing complex at a speed not exceeding 1.3 knots.



On profile 37L68se, metalliferous sediments and a fragment of breccia with abundant sulfide mineralization were raised. Perhaps this anomaly reflects the influence of the fields Pobeda-1 or Pobeda-2. It is also possible that there is another small ore object—the Pobeda-3 HF. All three objects constitute the Pobeda hydrothermal cluster.



Forty km SW of the Pobeda cluster, an EF anomaly was observed on profile 37L149se (16°49′ N 46°37′ W). TV observations and dredging revealed no obvious signs of hydrothermal activity. Nevertheless, a sufficiently high intensity of the anomaly (0.8 mV) provides grounds for detailed work. It is likely that inactive or low-temperature HF has been detected in this area, which is of interest for further research.




3.1.4. Molodezhnoye and Koralovoye HF’s


Three well-localized EF anomalies and 8 weak anomalies were detected in the 13°05′–13°10′ N of the MAR. Based on the results of profiling, a scheme of isolines of the logarithm of the gradient ΔU was constructed (Figure 4).



The profiles 41L034se, 41L039se, 41L040se and 41L037se revealed intense anomalies of an obvious ore type, which allowed us to concentrate the points of geological testing here and identify two new Molodezhnoye and Koralovoye HF’s. Active hydrothermal discharge forms a vast area (1 km or more) of EF anomalies. Such a large area may be due to the discharge of low-temperature diffusion sources around the main high-temperature source or the wide distribution of sulfide ores.




3.1.5. Logachev Hydrothermal Cluster


The EF, Eh and pS anomalies near Logachev HF were obtained at 15 m (E–W profiles) and 35 m (S–N profiles) from the bottom (Figure 5). The distance between the profiles was 250 and 500 m, respectively [38]. Fluctuations in the geophysical and geochemical parameters are synchronous and indicate a nearby local source. In the structure of the rising plume (Figure 6), spatial differentiation of the EF and Eh fields inside the plume is observed.



The EF, Eh and EH2S minima are found in the lower (~15 m) part of the plume. The low Eh associated with high sulfide concentrations is rather local. The rapid precipitation of most metals in the form of sulfide particles near the source [41] can explain the localization of the Eh anomaly. The remaining dissolved metals (mainly Fe and Mn) were transported and precipitated as oxides and hydroxides [42]. Thus, the lower part of the plume is dominated by sulfides, while the upper part is dominated by Fe oxyhydroxides [42,43]. Since the near-bottom waters of the MAR are rich in oxygen (compared to the Pacific Ocean) [44], the increase in Eh can also be caused by the oxidation of H2S remaining after the formation of sulfides.



Profiling at 200 m from the bottom also revealed distinct Eh and pS anomalies. The EF anomaly is weak at this distance and has an uncharacteristic shape (Figure 7). An atypical shape may be associated with the influence of a plume rather than an ore object.



Based on all of the above, we conclude that EF anomalies are more frequently recorded near the bottom. Geochemical anomalies (Eh, pS) are often revealed at 150–200 m from the bottom.



Profiling should be divided into stages focused on identifying various anomalies. First, in the “high” interval, to identify the geochemical anomalies; second, in the “low” interval, to reveal EF anomalies. The EF anomalies in the “low” interval have an amplitude of several mV and a typical shape. Anomalies EF in the “high” interval not only have an amplitude several times smaller but also differ in shape. Perhaps they are associated not with the ores but with the influence of a hydrothermal plume. Sulfides recorded in the “high” interval can increase the EF at the interface between the plume and seawater.



The EF anomalies can indicate both high-temperature and low-temperature discharges. Several reasons may cause low-intensity EF anomalies: (1) scattered inclusions of ore minerals (sulfides, magnetite); (2) the peripheral part of intense anomalies of small size, located between the profiles; and (3) interference.



The Eh anomaly can be spatially close to the EF anomaly or located far enough away from it (~100–1000 m) (Figure 1, Figure 6 and Figure 7). This may be due to the detection of various stages of plume formation. Near the hydrothermal source, the plume does not spread and retains sharp boundaries, which contributes to the proximity of the Eh and EF anomalies.



For more accurate detection, it is best to reduce the distance between profiles. The anomalous section may be between the profiles—in this case, weak symmetrical anomalies on neighboring profiles may indicate this.





3.2. TV-Profiling


Television profiling makes it possible to detect and outline areas of modern hydrothermal activity. It is actively used in deep-sea and shallow-water studies of the ocean floor [1], 3D reconstruction, and modeling of the seabed [45].



The main signs of active hydrothermal discharge are hydrothermal buildings, their debris, and the “smoke” of smokers (Figure 8). TV observations do not detect areas of low-temperature activity since they do not form significant hydrothermal structures and do not produce the “smoke.”



Nevertheless, teleprofiling can detect indirect signs of low-temperature discharge.



Near the Koralovoye HF, we noted a lithification in the flank of the fault below the slope and around a ′′hole′′ in the sediments (possibly, a low-temperature vent). Lithification is possibly caused by the transit of hydrothermal fluid through them (Figure 9). Fluid penetrates into the sediments and cools down because of mixing with seawater under subsurface conditions. In the process of fluid interaction with rocks, the cementation of sediments occurs due to the redeposition of carbonate material and the deposition of metal sulfides. Lithified sediments can be considered a sign of low-temperature discharging.



Additionally, an indirect sign of low-temperature hydrothermal activity may be endemic organisms near hydrothermal vents [46], in particular, mollusks Caliptogena sp. (Figure 10). Bivalves Caliptogena sp. exist in symbiosis with chemoautotrophic thiobacteria and for their existence, numerous elements and compounds (Cu and Zn sulfides, hydrogen, methane, etc.) are needed. Mass accumulation of these organisms may indicate hydrothermal activity, including low–temperature [47].




3.3. CTD-Sounding


CTD-sounding allows us to register the parameters of turbidity, temperature, pressure and electrical conductivity in situ. Deviations of these geophysical fields from the background ocean values indicate active hydrothermal discharge.



Over a long period, we have obtained graphs of the distribution of geophysical parameters near numerous HF’s (Figure 11). The vertical distribution of parameters near the bottom at all stations is typical of near-bottom tropical Atlantic water. It is characterized by a close-to-linear trend of a decrease in salinity and temperature and an increase in density with microinversions. Background turbidity values near the bottom, on average, reach values of 0.012–0.024 FTU. Anomalies of a hydrothermal nature distorted the linearity.



Based on the characteristics and signs of geophysical anomalies, we identified six types of complex geophysical anomalies.



The first type is shown in Figure 11a in the ~3020–3080 m, where a neutral buoyancy plume is formed. Negative anomalies of temperature (0.882 °C), salinity (0.0094‰) and density (0.0023 kg/m3), correlating with a turbidity anomaly (0.021 FTU), characterize the plume. The formation of the Atlantic model plume explains the reduced temperature and salinity [38,48]. Mn and Fe form fine colloidal particles [49,50] and spread over considerable distances from the source [51], causing increased turbidity.



Increased turbidity and temperature at a reduced density characterize the second and third types. Salinity anomalies are negative and positive, respectively. This complex anomaly indicates the influence of an ascending hydrothermal plume on the water. The phase differentiation of the hydrothermal fluid under subsurface conditions explains the difference in salinity anomalies. Discharging both the desalinated and mineralized hydrothermal solution was confirmed by sampling the hydrothermal solution near the Logachev HF (29.1–40.2‰). The turbidity anomaly is associated with metal sulfides and hydroxides forming near the source. The reduced density is due to the discharging of a hydrothermal solution saturated with gases of magmatic and metamorphic origins [28,29]. The second type is shown in Figure 11b—a multilayer ascending hydrothermal plume near the Logachev field with positive anomalies of temperature (0.016–0.536 °C) and turbidity (0.027–0.031 FTU), negative anomalies of salinity (0.0025–0.0038‰) and density (0.0032–0.0059 kg/m3). The third type is shown in Figure 11a—a plume near the Ashadze-2 field in the 3140–3170 m with weak positive anomalies of temperature (0.0205 °C and salinity (0.003‰), a decrease in density (0.0014 kg/m3) and a sharp increase in turbidity (0.026 FTU).



The fourth type is an analog of the 3rd, but reflects a fluid with a higher density than the surrounding water, resulting in the formation of a reverse-plume with negative buoyancy [52]. A similar plume was observed earlier near the Logachev field [38].



The fifth type is highlighted in Figure 11c, where we note the oscillation of geophysical parameters in 2750–2770 m. Such anomalies are not considered signs of hydrothermal activity and are recognized as insignificant. The oscillation of temperature and salinity disrupts the characteristic linearity of their distribution. The breach with the absence of a turbidity anomaly may indicate low-temperature hydrothermal discharge, which is confirmed by other sensors (e.g., methane sensor) [28].



The sixth type is an anomaly of anthropogenic nature caused, for example, by stirring up sediments. The dredge, cutting into the ground, raises a large amount of sediment that can remain in the water column for a long time. This type was noted near the Peterburgskoye field, where CTD-sounding was performed immediately after the dredging. The average turbidity in the bottom layer was 0.055 FTU, which is a very high value, even for hydrothermal plumes. Simultaneously, the layer of anomalous turbidity directly borders the ocean floor (Figure 12). After 12 days, the sounding station was re-performed at the point where the anomaly was detected. The distribution of all geophysical parameters of the water has changed. First, turbidity returned to the background values. Second, the expressive thermohalocline disappeared. Nevertheless, the thermohaline characteristics of the bottom boundary layer (deeper 3000 m) changed slightly. Therefore, at a depth of 3100 m, the following values were recorded at the first station: temperature—2.7105 °C, salinity—34.9188‰, and at the second station: temperature—2.7366 °C, salinity—34.9203‰. CTD sounding makes it possible to detect artificial anomalies of anthropogenic origin and to organize ecological and geochemical monitoring.




3.4. Measurements using a Methane Sensor


The methane sensor sounding was performed near the Koralovoye, Molodezhnoye and Logachev HF’s together with CTD-sounding.



Methane concentrations near hydrothermal vents were measured numerously in the bottom layer by sampling for subsequent analysis in the laboratory [53,54,55,56,57,58]. However, this method is limited by the number of samples that can be taken. Measurement of dissolved CH4 in-situ allows us to accurately record CH4 concentrations in the water and to understand the structure of the methane anomalies.



3.4.1. Logachev Hydrothermal Cluster


The hydrothermal plume near the Logachev field extends at two levels: 250 and 40 m from the bottom [54]. The sounding station was located close to the Irina-I source (~50 m to the NW). We recorded neutral buoyancy plume and ascending hydrothermal plume [28]. The obtained background concentrations slightly exceeded those obtained in previous studies (2.1–2.5 nM > 1–1.7 nM) [58] and significantly exceeded the background level of the Atlantic Ocean (0.4–0.5 nM) [59]. The maximum methane concentrations (18.7 nM) are less than the CH4 concentrations found in a plume about 38 m SW of the Smokey Strobe source (113.9 nM) [58].



Zhou et al. noted a methane anomaly (7.14 nM) at ~250–300 m from the bottom at ~440 m to the NW of the Quest source [58]. The anomaly can be the product of the hydrothermal discharge of the Quest source or the result of discharging from an unknown source [58]. Nevertheless, Keir et al. reported a CH4 anomaly of ~10 nM, more than 10 km north and south of the Logachev HF, at the height of the neutral buoyancy plume spread, while the turbidity anomaly was observed only south of the source [54]. Similar anomalies in amplitude and extent were observed near the Juan de Fuca Ridge and Central Indian Ridge [60,61]. The composition of hydrothermal fluid end-members and source type can explain differences in the concentrations and elevations of methane spreading.



Previous studies have shown that CH4 anomalies near the Logachev field form well-defined layers at 180–300 m to 500 m from the bottom [54,58]. Our results show methane anomalies at 10–130 m, which is inconsistent with the reported levels of the hydrothermal plume. The separation of the CH4 anomaly from the bottom, as noted in previous studies, may be related to the stage of cold desalinated waters, which we observed during sounding (Figure 11b). Within this stage (~2910 m and deeper), concentrations rapidly decrease to background values, interrupted by a layer of ascending hydrothermal plume.




3.4.2. Molodezhnoye and Koralovoye HF’s


Since the Koralovoye and Molodezhnoye fields were discovered in 2020 [28], methane concentrations have been measured for the first time.



At 200 m to the SE from the Koralovoye field, a weak CH4 anomaly (up to 5 nM) is associated with a neutral buoyancy plume. At the second station, at ~190 m to the NNE from the source at <50 m from the bottom, a dissolved methane anomaly followed with the absence of geophysical anomalies (Figure 11c). These signs can indicate a possible low-temperature discharge with a high content of CH4.



Near the Molodezhnoye field, a weak CH4 anomaly associates with a plume by analogy to the Koralovoye and Logachev HF’s.



Figure 13 shows a comparison of graphs of dissolved CH4 and turbidity, which is the main sign of hydrothermal activity during sounding [20]. As can be seen from the graphs, CH4 anomalies have different geometries depending on the type of source and the distance. Methane anomalies do not correlate with geophysical anomalies (turbidity, temperature, salinity). Previously, the absence of a correlation between CH4 and temperature was noted for the Endeavor hydrothermal site [60]. Surveys within the Central Indian Ridge have shown methane anomalies that are not accompanied by increased turbidity. The authors attribute this to the serpentinization of ultramafic rocks of the oceanic core complexes and not to hydrothermal activity [61].



Nevertheless, You O.R. et al. and Kawagucci et al. noted a correlation between CH4 anomalies within the Central Indian Ridge (Segment 4, 11.3 S and Segment 5, 12.6 S; Dodo HF, 19.5 S and Solitaire HF, 18.4 S) [53,56]. The CH4 concentrations (~3.3–42.3 nM and ~2–36.7 nM, respectively) are similar to those obtained by us [53,56].



At the moment, the exact location of the hydrothermal vents, the plumes from which were studied in the work of You O.R. et al. [56] is unknown. Due to this, we cannot determine the distance at which the anomalies were detected. Suppose that the maximum concentrations (20 and 42 nM) were obtained close to the source (by analogy with the Logachev field). Then, a decrease in methane concentrations to 3–5 nM occurs at a distance of 2.3–5.8 km from the intended source, which is less than in other studies [54,60] but still significantly more than in our work.



Based on the coordinates of the sounding stations shown in the work of Kawagucci et al. [53] and the coordinates of the Dodo and Solitaire HF’s [62], we determined that elevated concentrations of CH4 (>5 nM) were detected at a distance of up to 1.5 km from the source, which is the closest to our results.



Based on the results of the sampling of the Logachev hydrothermal fluid end-member [29] and hydrothermal plumes, a schematic structure of methane anomalies was constructed (Figure 14). The maximum concentrations of CH4 in our work are close to the ocean floor (~50–100 m), below the levels of turbidity anomalies. In the case of low-temperature discharging, methane anomalies are present without any signs of increased turbidity, and the maximum is located at ~ 20–30 m from the bottom.



The model constructed by Keir et al. showed that CH4 concentrations of ~5 nM in the plume are reached at ~4–10 km from the source [54]. This model does not correspond to our results of measuring CH4 concentrations in situ. The structure of the methane plume shows a small distance and height of the CH4 distribution, which confirms previous conclusions [58].



Methane released from marine gas hydrates tends to remain in the deep part of the ocean [63,64]. Based on the results of sounding, we conclude that deep-sea hydrothermal CH4 is also incapable of rising to a great height from the seabed. Methanotrophic archaea and bacteria can actively oxidize CH4 to CO2 [65], which can have a significant impact on their distribution near hydrothermal vents.



Dissolved CH4 can be a reliable marker of modern high- and low-temperature hydrothermal activity. However, the rapid speed of its scattering and variability in the distribution range caused by the influence of numerous factors suggest the need for a dense network of sounding stations or profiles to accurately determine the location of the source.






4. Conclusions


	(1)

	
Profiling by towed vehicles makes it possible to record geophysical (EF) and geochemical anomalies (Eh, pS, etc.). Geophysical anomalies are more often revealed near the bottom, while geochemical anomalies are expressed at 150–200 m from the bottom. Profiling should be conducted in two stages: in the ′′high′′ interval to determine geochemical anomalies and in the “low” interval to identify geophysical anomalies. The EF anomalies in the “low” and ′′high′′ intervals have different forms, apparently caused by different reasons—the polarization of the ores and the influence of metal sulfides in the plume, respectively. Geophysical and geochemical anomalies can be separated from each other at distances up to 1000 m, which may be due to the evolution of the plume. EF anomalies are a good search sign of high- and low-temperature discharge and even inactive fields.




	(2)

	
TV profiling allows the detection of direct evidence of high–temperature discharge-hydrothermal structures and smokers’ black “smoke”. Lithification of sediments and accumulation of endemic hydrothermal fauna (e.g., mollusks Caliptogena sp.), which can be observed during teleprofiling, may be indirect signs of low-temperature discharge.




	(3)

	
Based on the capacity, amplitude, position and sign of anomalies (turbidity, temperature, salinity and density), we have identified 6 types of complex geophysical anomalies. Types reflect the stage of plume formation, mineralization of end-members of hydrothermal fluid and the cause of its origin (anthropogenic or natural). CTD-sounding is a good method for detecting and verifying hydrothermal anomalies. However, this method cannot detect low-temperature discharging with due accuracy.




	(4)

	
The methane sounding near the Logachev, Koralovoye, Molodezhnoye HF’s and the analysis of published data on CH4 concentrations in hydrothermal plumes revealed high variability in the behavior of this element. The maximum values of turbidity and methane can be 50–100 m apart from each other, and the height of the rise of CH4 above the bottom often does not exceed 200–300 m. Elevated concentrations of CH4 with the absence of distinct geophysical anomalies may indicate low-temperature discharging. The range of CH4 anomalies depends on several factors and can vary from the first 100 s of meters to the first 10 s of kilometers, thereby complicating the use of a methane sensor in search operations. A dense grid of profiles will allow high- and low-temperature sources to be detected with high accuracy.
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Figure 1. The results of profiling by EF (horizontal and vertical components), Eh, pH, pNa and pS sensors: (a) over the Ashadze-1 field at 30–40 m above the bottom; (b,c) over the Ashadze-2 field at 110–150 m above the bottom. The dotted line shows the position of the hydrothermal source. 
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Figure 2. Schemes of isolines of the logarithm of the gradient ΔU: (a) the Semenov hydrothermal cluster; (b) the Irinovskoye HF. 
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Figure 3. (Left) the EF anomalies near the Pobeda hydrothermal cluster; (right) combined scheme of isolines of the EF (ΔU) and the logarithm of the gradient ΔU, Pobeda hydrothermal cluster (modified after Gablina et al. [34]). 
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Figure 4. (Left) the EF anomalies on profiles; (right) scheme of the logarithm of the gradient ΔU. The Molodezhnoye and Koralovoye HF’s. 
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Figure 5. (Left) anomalies of the Eh at 15 m from the ocean floor [38]; (right) from bottom to top: anomalies of the Eh, EF and content of sulfide sulfur (pS) in the ascending (15 m above the bottom) hydrothermal plume of the Logachev field [40]. 
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Figure 6. The structure of the geophysical ((a) EF) and geochemical ((b) Eh and EH2S) anomalies above the active hydrothermal structure Irina-2 (Logachev field) [38]. 
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Figure 7. Anomalies EF (horizontal and vertical components), pS and Eh over the Logachev-1 field at 200 m from the bottom. 
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Figure 8. On the (left) a hydrothermal building in the area of the Molodezhnoye HF; on the (right) “smoke” from a black smoker in the area of the Koralovoye HF. 
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Figure 9. On the (left) the “hole” in the sediments; on the (right) lithified sediments in the upper part of the flank of the fault. 
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Figure 10. Massive accumulation of bivalves near the Koralovoye HF. 
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Figure 11. Changes in geophysical parameters near the Logachev (a), Ashadze-2 (b) and Koralovoye (c) HF’s: temperature (red, °C), salinity (blue, ‰), density (green, kg/m3), turbidity (black, FTU). 
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Figure 12. Changes in geophysical parameters near the Peterburgskoye HF: temperature (red, °C), salinity (blue, ‰), density (green, kg/m3), turbidity (brown, FTU). On the (left)—sounding immediately after dredging; on the (right)—sounding 12 days after dredging. 
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Figure 13. Change in the concentration of dissolved methane (red) and turbidity (black) with depth: (a) 50 m to the NW from the Irina-I vent (Logachev field); (b) 160 m to the NW from the Molodezhnoye field; (c) 190 m to the NNE from the Koralovoye field; (d) 200 m to the SE from the Koralovoye field. 
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Figure 14. The schematic structure of the methane anomaly over hydrothermal vents based on the results of sounding over the Logachev, Koralovoye and Molodezhnoye fields. 
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Table 1. Hydrothermal fields and clusters within the REA and the distances between them (from south to north).






Table 1. Hydrothermal fields and clusters within the REA and the distances between them (from south to north).





	№
	Name of the Object
	N
	W
	Discovery Year
	Distance between Fields, km





	1
	Ashadze cluster
	12°58.40′
	44°51.80′
	2003
	0



	2
	Koralovoye field
	13°07.23′
	44°53.84′
	2020
	16.77



	3
	Molodezhnoye field
	13°09.34′
	44°51.84′
	2020
	5.32



	4
	Irinovskoye field
	13°19.97′
	44°54.60′
	2011
	20.31



	5
	Semenov cluster
	13°30.82′
	44°57.78′
	2007
	20.91



	6
	Logachev cluster
	14°42.50′
	44°58.00′
	1994
	132.85



	7
	Krasnov field
	16°38.40′
	46°28.50′
	2004
	268.72



	8
	Pobeda cluster
	17°09.00′
	46°25.20′
	2015
	57.05



	9
	Holmistoe field
	17°57.00′
	46°29.30′
	2014
	89.25



	10
	Peterburgskoye field
	19°52.00′
	45°52.00′
	2010
	222.93



	11
	Zenit-Victoria field
	20°07.75′
	45°37.35′
	2008
	38.77



	12
	Yubileinoe field
	20°09.00′
	45°44.60′
	2012
	12.83



	13
	Puy des Folle field
	20°30.50′
	45°38.50′
	2008
	41.23



	14
	Surprise field
	20°45.40′
	45°38.60′
	2012
	27.61
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