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Environmental impact assessment has become an important issue for deep-sea resource mining. The International Seabed Authority has recently developed recommendations for guidelines on environmental assessment of resource mining effects. Several research and development groups have been organized to develop methods for environmental assessment of the seafloor and sub-seafloor under the “Zipangu in the Ocean program,” a part of the Cross-ministerial Strategic Innovation Promotion Program managed by the Cabinet Office of the Japanese government. One attempt planned for long-term environment and sub-seafloor structure monitoring uses a cabled observatory system. To support this observatory plan, we began development of a system to monitor the sub-seafloor resistivity and self-potential reflecting the physicochemical properties of ore deposits and the existence of hydrothermal fluid. The system, which mainly comprises an electro-magnetometer and an electrical transmitter, detects spatio-temporal changes in subseafloor resistivity and in self-potential. Because of the project’s policy changes, cabled observatory system development was canceled. Therefore, we tried to conduct an experimental observation using only a current transmitter and a voltmeter unit. Data obtained during three and a half months show only slight overall apparent resistivity variation: as small as 0.005 Ω-m peak-to-peak. The electrode pair closest to the hydrothermal mound shows exceptionally large electric field variation, with a semidiurnal period related to tidal variation. Results indicate difficulty of explaining electric field variation by seawater mass migration around the hydrothermal mound. One possibility is the streaming potential, i.e., fluid flow below the seafloor, in response to tides. However, we have not been able to perform rigorous quantitative analysis, and further investigation is required to examine whether this mechanism is effective. The system we have developed has proven to be capable of stable data acquisition, which will allow for long-term monitoring including industrial applications.
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INTRODUCTION
Environmental impact assessment has persisted as an important issue for on-land and marine mining activities. Constructing normative rules for undersea mining was a main topic of the “Zipangu in the Ocean program” (Yamamoto, 2020), a part of the Strategic Innovation Promotion Program (SIP) managed by the Cabinet Office of the government of Japan. The program was launched to meet expectations of recent national requirements for marine natural resources in Japan, and to develop survey technology necessary to discover those resources. Recently, the International Seabed Authority (ISA) developed recommendations for guidelines on environment assessment to evaluate the effects of resource mining. The ISA recommendations suggest long-term observations of more than one year to assess physical characteristics of the seafloor and to elucidate the distribution and activity of benthos in the baseline surveys before and after mining. Under the ISA recommendations, pre-environmental surveys and post-exploration impact assessments were conducted by the Japan Oil, Gas and Metals National Corporation (JOGMEC) during hydrothermal metal deposit mining trials (METI, 2018).
Instruments are being developed for long-term monitoring. For example, the “Edokko” monitoring system was developed. The main observation device of this system is a high-resolution time-lapse camera system to record variations of surrounding ecosystem at deep sea bottom; many practical observations have been conducted (Miwa et al., 2016). The key feature of the “Edokko” is that it does not require a special vessel for deploy and recovery operations. Fukuba et al. (2018) developed another large lander system that can accommodate a video camera system, a turbidity sensor, a conductivity-and-temperature sensor, a dissolved oxygen sensor, a flow meter, and a heat-flow meter. However, these systems are insufficient to detect temporal and spatial alterations occurring below the seafloor associated with the mining of submarine ore deposits, which are often accompanied by active hydrothermal areas with subseafloor upward fluid flow.
Electric and electromagnetic methods, which are sensitive to changes in the subseafloor structure, probably show superior performance in detecting such variations. Kaieda et al. (2018) conducted self-potential (SP) and resistivity monitoring around shore area in Scotland to detect some changes with the controlled sub-seabed CO2 release experiment for Carbon capture and storage (CCS). They observed clear anomalous changes of positive SP and electrical resistivity and concluded that CO2 migration under the seabed caused these electrical variations. MacAllister et al. (2016) detected clear semidiurnal responses using SP monitoring in a borehole nearshore, and imply that their responses are driven by ocean tidal processes in the aquifer. Soueid Ahmed et al. (2016) considered the effectivity of SP data with harmonic pumping tests using 3D inversion technique. Results suggest that the electric and electromagnetic methods for monitoring are effective for changes in the subsurface structure and conditions. Therefore, we consider adoption of a monitoring instrument based on electric and electromagnetic methods to detect environmental changes in hydrothermal activities related to mining. In the marine environment, SP survey, as well as electrical and electromagnetic explorations, has been attracting attention for hydrothermal deposit exploration (Kawada and Kasaya, 2017; Safipour et al., 2017). Constable et al. (2018) and Kawada and Kasaya (2018) carried out SP surveys using autonomous undersea vehicles (AUVs) and successfully detected negative anomalies associated with hydrothermal deposits.
Kasaya et al. (2009) detected precursory electric potential changes associated with seismically generated turbidity flows by connecting electro-magnetometers and pressure gauges to cables laid off Hatsushima. Goto et al. (2007) connected an electro-magnetometer to an intelligent node (Asakawa et al., 2009) of a cabled observatory system off Toyohashi city. They attempted continuous resistivity monitoring by current transmission. As described herein, we review our electromagnetic observation system developed under the SIP project and discuss the results of long-term data acquired at a hydrothermal deposit area. The system mainly comprises an electro-magnetometer and an electrical transmitter, which detect changes in subseafloor resistivity and the SP both in time and space. The system currently works as a stand-alone system, but it was developed originally as a component of a cable-connected observatory for seafloor environment monitoring of the Japan Agency for Marine–Earth Science and Technology (JAMSTEC), which uses the technologies of a JAMSTEC cabled observatory system for seismic disaster prevention, called the DONET system (Kimura et al., 2013; Kawaguchi et al., 2015). Because of SIP project policy changes, the cabled observatory system development was canceled. Herein, before explaining the current system, we explain the original version of the system presumed for development. We also discuss the results of a field test conducted in the Izena hole in the middle Okinawa Trough, at which the existence of hydrothermal ore deposits has been indicated by JOGMEC (METI, 2018). A deep sulfide layer was found at depths greater than 30 m below the seafloor by drilling operations conducted by D/V CHIKYU (Totsuka et al., 2019).
INSTRUMENTS
The backbone cable system which was to be built under the SIP project was based on an existing cable system constructed under the DONET project (Kawaguchi et al., 2015). Two junction boxes equipped with optical/electrical wet mate connectors were to be deployed at two locations on the seafloor. All observational instruments are connected to each junction box using electrical wet mate connectors. Our electromagnetic observation system, which was designed to detect changes in subsurface electrical/electromagnetic features associated with mining, would be connected to one of the junction boxes. To detect temporal and spatial changes in the subseafloor environment, both measurement of the electric field in multiple channels and transmission of the electric current source are necessary. Consequently, our system has a main control unit, which governs individual observation units, and which communicates with the land observatory through the backbone cable system (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Original system configuration of the monitoring resistivity and self-potential (surrounded by the dashed square) planned for connection with the cabled observatory system. The main control unit connects to the junction box of the backbone cable system via an electrical/optical wet mate underwater connector. The main control unit has four electrical wet mate connectors to communicate with observation units. (B) Modified system configuration for a stand-alone experimental observation.
The main control unit, which has a CPU unit with an atomic clock and a power supply circuit, receives data from each observational unit. It then sends the data to the control computer in the land observatory through the junction box of the backbone cable system. The main control unit synchronizes with the land-based communication server using a standard network time protocol. It also synchronizes with each observation unit by serial communication using the RS-422 protocol, in which case the main unit functions as a time server. The main control unit can supply 24 V DC power to each observational unit, but the planned power supply from the junction box is limited to 250 W per external port. For that reason, all the instruments must have low power consumption.
The observation system used for investigation of electromagnetic field variations comprises four units (Figure 1A): two 10-channel voltmeters, a three-channel current transmitter, and a three-component magnetometer. Each unit has a CPU and an atomic clock, which work independently. The IGBT-controlled transmitter is based on the circuit of the towed electromagnetic survey system developed in Kasaya et al. (2018). Because the transmitter requires more electrical power than any other system component, a buffer battery was added to the transmitter unit to store electricity continuously. The voltmeter and the magnetometer are based on the relevant components of the OBEM system of Kasaya et al. (2009) with 20 Hz sampling and 24-bit A/D recording circuitry. The amplifier gain of the voltmeter can be chosen externally on three levels. The receiving electrode is an Ag-AgCl non-polarizing electrode. The transmitting electrode is a copper rod of 1 cm diameter and 30 cm length.
A 1-m-long ground thermometer equipped with 10 thermistors at a 10 cm interval was developed based on a stand-alone thermometer of Kinoshita et al. (2006). This thermometer was attached to each voltmeter unit to measure the subsurface temperature gradient with a 10 s sampling rate.
In addition, a conductivity–temperature–depth (CTD) meter is attached to the transmitter unit for environmental observation. Two pressure gauges were motivated to take differential pressure measurements below the seafloor. The CTD and pressure meters take observations only when the electric current is transmitted. Table 1 presents specifications of the respective instruments.
TABLE 1 | Specifications of observation instruments.
[image: Table 1]INSTALLATION AND RECOVERY OPERATION
We conducted experimental observation using the modified version of the developed system at the Izena hole (Figure 2), which is a known hydrothermal deposit area (METI, 2018). A hydrothermal mound called the Dragon Chimney site is in the northeastern part of the observation area (Figure 2C). Because of cancellation of the cabled observatory system, we modified the transmitter and the voltmeter (receiver) units for stand-alone operation (Figure 1B). For this observation, the current transmission occurs in only one component with an electrode pair equipped with a 30-m-long cable (Figure 3A). A potential electrode array is also a 30-m-long cable with 10 potential electrodes and a common electrode (Figure 3A). Each electrode array was bundled on the base frame of the corresponding unit for deployment (Figure 3B for the receiver unit).
[image: Figure 2]FIGURE 2 | Maps of the survey area: (A) regional map around Japan, (B) map of the mid-Okinawa Trough with the location of the Izena hole, and (C) map of the survey area in the Izena hole. Known hydrothermal mounds are marked. Locations of the receiver and transmitter units are marked by stars, with blue (for receiver) and light blue (for transmitter) triangles indicating the nearest and furthest electrodes of these units. The distance between each unit was 90.5 m, and that between the westernmost source electrode and the easternmost potential electrode (ch. 1) was 97.5 m.
[image: Figure 3]FIGURE 3 | (A) Electrode configuration of the receiver unit and the transmitter unit. Electrode cables have length of 30 m. (B) Photograph of the receiver unit. (C) Photograph of the transmitter unit.
The system installation operation was conducted in January 2018 using a remotely operated vehicle (ROV, HAKUYO 2000; Fukada Salvage and Marine Works Co. Ltd.). The receiver unit (Figure 3B) and the transmitter unit (Figure 3C) were deployed on the seafloor using a winch system. Operations were monitored by the ROV via HD cameras. After landing, we released each unit from the winch via acoustic release (Figure 4). These units were located eastward of the sulfide mound designated as the North site (Figure 2C). The potential electrode array was extended westward of the receiver unit, and the transmit electrode cable was extended eastward of the transmitter unit (Figure 3A). Both cables were in almost inline in the east-west direction. The distances between each unit was 90.5 m, and that between the westernmost source electrode and the easternmost potential electrode (ch. 1) was 97.5 m. After installation operation, we carried out the acoustic ranging using an ROV Homer (Type 7835, Sonardyne Inc.). The absolute error of the ROV Homer is as small as 0.1 m according to the catalog specifications. The ROV held its position and measured the distance using the ROV Homer. However, the error in the acoustic positioning of the ROV from the mother ship may be within 1 m, which determines the overall accuracy of the positioning.
[image: Figure 4]FIGURE 4 | (A) Photograph of the install operation. Each unit was deployed using a winch system. Before installation, the ROV dove and waited for the instrument near the deployment location. (B) Photograph of the ROV, HAKUYO 2000. (C) Receiver unit descending by a winch system. (D) Photograph of the installed receiver unit, the potential electrode array, and the 10-channel thermometer.
Data acquisition started on January 17, 2018. The voltmeter (receiver) recorded data continuously with a 20 Hz sampling rate. Due to the limitation of the battery size, the transmitter sent two rectangular-wave sets every hour with a 20 Hz sampling rate, which consisted of a 2-s-long transmission of the positive current followed by a 2-s-long suspend and a 2-s-long transmission of the negative current. The CTD and the two pressure gauges also recorded the data at the time of signal transmission. The recovery operation was conducted on May 4, 2018 using JAMSTEC’s R/V KAIMEI. Data were acquired perfectly from deployment until recovery.
OBSERVED SPATIO-TEMPORAL VARIATION OF ELECTRIC SIGNAL
The voltmeter measured the electric potential difference of each electrode relative to the common electrode. The offset value of each electrode relative to the common electrode was calculated using the 10-minute-long data during the period after landing the instrument and before the cable extension operation. For each electrode, the offset value is assumed to be time-independent and is subtracted from the raw data. Figures 5A–D present the time series of the electric field on April 30, 2018, obtained for four electrode pairs with an electrode span of 7–8 m. The electric field is calculable by any pair of potential electrodes being divided by the distance between the pair. Many spike-like waveforms are signals from the transmitter. The sweep-wave-like waveforms from 0:00 to 4:00 in Figures 5A–D are also signals from a transmitter loaded on an AUV during a different experimental geophysical survey using two AUVs (Kasaya et al., 2020). The variation of electric field calculated from the electrode pair closest to the mound (ch. 8 and 10) was exceptionally large. The period of this large variation was almost semidiurnal. Other pairs’ data also show semidiurnal variation. Figure 5E is a further enlarged view of the waveforms, clearly depicting two pairs of positive and negative rectangular waves from the transmitter and signals from the AUV. Signals from the AUV change in the amplitude and polarity, reflecting that the AUV approaches close to the voltmeter within the time window of Figure 5E.
[image: Figure 5]FIGURE 5 | (A–D) Time series of the electric field calculated by four almost equally spaced electrode pairs on April 30, 2018. Locations of these electrodes are denoted by red squares in Figure 3A. (E) Enlarged (10 min) time series obtained the electrode pair (ch. 6–1) recording the responses of rectangular waveforms from the transmitter unit used for the present study and a transmitter loaded on an AUV during another survey (Kasaya et al., 2018; Kasaya et al., 2020).
Figure 6A Presents the spatial distribution of electric potential relative to the common electrode, averaged over the entire observation period after the installation, with error bars. Figures 6B–K show the time series of the 1-h averaged electric potentials relative to the common electrode. The pattern of this spatial distribution is kept thought observation term, and the potential values of ch. 8 and ch. 10 are negative and positive, respectively (Figures 6I,K). Small fluctuations in these channels correspond to the temporal variations of the electric field shown in Figure 5A. The cause of the positive value of ch. 10 will be considered in the Discussion.
[image: Figure 6]FIGURE 6 | (A) Spatial variation of the electric potential relative to the common electrode (averaged over the entire observation period). (B–K) Time series of 1 h average values for each electric potential relative to the common electrode throughout the observation period. For each electrode, the value immediately before installation was set to zero (the value measured in the period before installation was subtracted from the raw data).
RESISTIVITY DATA
To estimate the apparent resistivity, we first split the time series data into every two transmission cycles (16-s-long). For each set of divided data, we remove a long period trend, stack two transmission cycles, and cut 0.15 s before and after the rectangular wave to remove chargeability effects. Then, we calculated V/I for each electrode pair from the measured potential difference and the recorded electric current via linear approximation between the voltage and the current. Here, I is the source current amplitude (in A); V represents the received voltage (in V). The apparent resistivity was calculated using the geometry of the current transmitter electrodes and the receiver electrodes. These apparent resistivity estimations followed the procedure explained by Kasaya et al. (2020). The absolute values of apparent resistivity, however, have uncertainly because we were unable to carry out the resistivity calibration using data acquired in the middle sea layer.
Figures 7A–D show the relative variations for the calculated daily mean apparent resistivity with error bars for the same four electrode pairs as those presented in Figure 5, minus the averaged value of the whole observation term. Figures 7E–H also show the calculated relative variations of 1 h mean apparent resistivities for April 30, 2018, which is the same data window as those used in Figures 5A–D. In all pairs in both time windows, the error bars are extremely small. The overall variation of the apparent resistivity is as small as 0.005 Ω-m peak-to-peak. The apparent resistivity shows temporal variations, but these are random among the electrodes. Therefore, these variations may contain information of local subsurface fluctuations near the electrodes.
[image: Figure 7]FIGURE 7 | Time series of the relative apparent resistivity calculated from four electrode pairs shown in the legend. Each averaged value is also shown in the legend. (A–D) Daily mean values throughout the observation period. (E–H) One-hour mean value of the relative apparent resistivity on april 30, 2018. Electric signals were transmitted twice each hour.
OTHER SENSOR DATA
For the observation of environmental conditions, CTD and pressure meters were attached to the transmitter unit. A 10-channel ground thermometer was attached to the receiver unit. Figures 8A–C show time series of the ambient temperature and electrical conductivity measured using the CTD meter, with depth measured by the pressure gauges. The ambient temperature, measured at the transmitter location, was stable. The variations are only about 0.11°C throughout the observation period (Figure 8B). The pressure time series, taken from one of the two pressure sensors, shows clear tidal variations of the 12 h period. No clear correlation was found between the ambient temperature/electrical conductivity and tidal variations throughout the observation period. Figures 8D–F show the enlarged time series during april 30, exhibiting very small changes (about 0.02°C). There is less clear correlation between the tidal variations and the ambient seawater temperature or electrical conductivity.
[image: Figure 8]FIGURE 8 | Time series of (A) the pressure meter (depth) and (B,C) the ambient temperature and electrical conductivity throughout the observation period (D–F) Same as (A–C), but with data for April 30, 2018.
Figure 9 presents the time series of the 10-channel ground thermometer, which was deployed near the receiver unit and which complements the CTD meter deployed near the transmitter. The sensor probe of the thermometer penetrated only 60 cm, about the middle of its length; it then bent (Figure 4D). Perhaps a hard layer existed at that depth below the seafloor. The uppermost four sensors measure the ambient seawater temperature because these sensors were above the seafloor, whereas the other six sensors are expected to measure the subsurface temperature. However, all sensors except for the lowermost sensor (ch. 1) seem to record the ambient temperature for all periods of the observation. The nine sensors aside from ch. 1 give almost identical temperature changes to those of the ambient temperature measured using the CTD meter. Consequently, the data of the ground thermometer might be used as a reference for the ambient temperature of the deployment location. Except for ch. 1, the data of a 10-channel ground thermometer, which measures the ambient temperature of the receiver, presents a similar pattern to that measured using the CTD meter for ambient temperature (compare Figure 9A with Figure 7B). Daily temperature variation (April 30) is as little as about 0.02°C. The temperature of ch. 1 has a higher value and less variability than the data of other channels. Since the test data obtained in the laboratory and in a shallow water area verified to show the same trend for all channels, the cause of the observed variations in ch. 1 requires further investigation.
[image: Figure 9]FIGURE 9 | (A) Time series of the temperature variation measured using a 10-channel thermometer during the whole observation period (B) Same as A, but with data of April 30, 2018.
DISCUSSION
We conducted continuous electric potential and DC resistivity monitoring near a hydrothermal deposit area and acquired stable data for three and a half months. First, we discuss the apparent resistivity variations. The absolute values of apparent resistivities are comparable to those of other data obtained by AUVs at and near this site (Kasaya et al., 2020). However, we were unable to carry out the calibration in the middle layer as in the towed DC resistivity survey. Therefore, only relative values are discussed herein. The relative apparent resistivity calculated from four almost equally spaced electrode pairs was stable throughout the observation period (Figures 7A–D). Its peak-to-peak variation is less than 0.005 Ω-m. The relative apparent resistivity in April 30 also shows no clear daily or semidiurnal variation (Figures 7E–H). The ambient conductivity was also stable (Figures 8C,F), with variation of less than 0.001 S/m (0.0001 Ω-m). The obtained apparent resistivities are very low values, which are smaller than the ambient seawater conductivity recorded by the CTD meter attached to the transmitter unit. For the analyses described above, the apparent resistivity is calculated using the dipole–dipole electrode configuration, for which the sensitivity is high in a region near each electrode. Consequently, the time variation of the calculated apparent resistivity might be caused mainly by local pore conditions changing around each electrode, not the change of deeper subsurface structures.
Next, we briefly describe the spatial distribution of the electric potential relative to the common electrode (Figure 6). The overall spatial distribution pattern is not changed throughout the whole observation period (Figure 6A), although small short-term fluctuations that are probably excited locally persist in the sensors near the hydrothermal mound (e.g., Figure 6K). The region near the North site including the observed area is a zone of a large negative SP anomaly down to −50 mV, the value of which was obtained from deep-tow observations at altitude of 5 m (Kawada and Kasaya, 2017). This negative SP anomaly distribution around the ore deposit area is probably caused by the oxidation–reduction potential (Sato and Mooney, 1960). Its range spans approximately 300 m (Kawada and Kasaya, 2017; Kubota et al., 2020). Consequently, the spatial distribution observed by the 30-m-long potential electrode array in the present study should be interpreted as a relative spatial distribution within the large negative anomaly.
We discuss the time-dependent behavior of the observed signals. The electric field calculated from four electrode pairs with an electrode span of 7–8 m shows variations of natural origin as well as signals of the current transmission (Figures 5A–D). The electrode pair closest to the mound (ch. 8 and 10) represents the largest variation with a semidiurnal period. Figure 10 presents the power spectrum of electric field of the four electrode pairs calculated by FFT analysis. The entire time series was divided into 31 segments of 532,488 s in length with no gaps. Each segment was subjected to FFT analysis using a rectangular window, and the output was averaged in the frequency domain. All of these pairs have the largest power spectrum at 12 h as well as peaks at 6 h and 8 h. A 24-h peak is also found, although it is weaker than the others. The peaks at 6 and 8 h are probably due to diurnal response, since they are respectively the second and third harmonics of the tidal components. MacAllister et al. (2016) also detected signals at about 6, 8, 12, and 24 h responses influenced by tides in their near shore long-term SP observation. These variations are apparently correlated with and/or induced from tides. Consequently, the electrical signal might detect some responses influenced by subsurface variations.
[image: Figure 10]FIGURE 10 | Power spectra of electric fields of four electrode pairs calculated by FFT analysis. Colors are the same as those used for Figure 5.
From now on, we discuss possible mechanisms of the temporal electrical variations for each electrode pair (Figure 5). We first consider the migration of seawater mass around a hydrothermal mound caused by tides. Kasaya et al. (2018) detected precursory electric potential changes associated with seismically generated turbidity flow by an electromagnetic meter connected to a cabled observatory system. The maximum height and horizontal velocity of the turbidity flow were over 30 m and about 100 mm/s. The maximum temperature change caused by the arrival of turbidity flow was 1.5°C. These results are much larger than those observed during the present study (temperature change are 0.11°C). However, the amplitude of potential changes observed using the electro-magnetometer with 20 m electrode distance is less than 0.15 mV (about 0.0075 mV/m in an electric field). This value is less than one-tenth of our observation results (about 0.07 mV/m). Therefore, with static water temperatures during the present observation, it is difficult to explain these variations caused by the migration of seawater mass around a hydrothermal mound.
A change in the depth of the redox front around an orebody would change the distribution of the negative SP anomaly (Sato and Mooney, 1960). In the context of the present study, the source of this anomaly must be close to the seafloor because the detected variations were observed in a short, 30-m-long electrode array. More importantly, the electric field responses differ among electrode pairs (Figure 5). After removing the offset between electrodes using the pre-extending operation data, temporal changes in each electrode after installation are gradual (Figures 6B–K). They are extremely large in the closest electrode pair to the hydrothermal mound. For that reason, we do not believe that changes in the redox potential are the main reason. The possibility of induced electric current exists because of variation in the geomagnetic field to affect the electric potential variations (Ward and Hohmann, 1987). However, the geomagnetic induction phenomenon should affect the wide area more or less simultaneously. This mechanism cannot account for the local variation found within a 30 m electrode array.
Bearing in mind that the temporal variation of the electric field is strongest with the electrode pair closest to the vent field, streaming potential (e.g., Jouniaux and Ishido, 2012; Revil and Jardani, 2013) in response to tides is another candidate for the observed temporal variation in the electric field. Tides might alter the sub-seafloor rock and sediment pore structure by poroelasticity, which might cause changes in the flow rate of upwelling hydrothermal fluid (e.g., Jupp and Schultz, 2004). MacAllister et al. (2016) also pointed out that some SP signals are periodic responses to changes in fluid pressure and chemical concentration gradients within the coastal aquiferthat are driven by ocean tides. If the electrical current source related to the streaming potential is generated by variation in the upwelling flow rate, then its response is greater near the area of an active hydrothermal system. The observed result is consistent with this idea because the response of potential variation to tides becomes stronger toward the hydrothermal mound of the North site (Figure 5). To verify this supposition, we must conduct flow rate measurements and determine the in situ electrokinetic coefficient, which represents the relation between the flow rate and the electrical variation.
CONCLUSION
For this study, we planned an integrated electromagnetic long-term monitoring system connecting to a cabled observatory system. We also conducted an experimental observation near the hydrothermal deposit area using only a developed current transmitter and a voltmeter unit. We were able to detect the controlled source signal. We obtained very stable apparent resistivity with no significant change through all observation terms. The electrical data exhibited characteristic changes over time. The electric field variation of the electrode pair closest to the hydrothermal mound is exceptionally large. In fact, the period of this large variation is almost semidiurnal. We conclude that explaining the electric field variations by the migration of a seawater mass around a hydrothermal mound is difficult. We inferred that this variation results from the effects of streaming potential, i.e., fluid flow below the seafloor, in response to tides. The cause for obtained electric potential variations, however, demands further investigation. As established for the electromagnetic observation technique, these observations are expected to be adaptable to other purposes of sub-surface structure monitoring such as CCS and environmental monitoring. During this study, we were unable to observe connection of a cabled observatory because of cancellation of a cable deployment plan. Nevertheless, we completed the development of all instruments. By connecting our system to a cable system, if a cabled observatory is constructed, we will be able to carry out long-term monitoring.
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