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Marine water resources (including seawater and pore-water) provide important information for understanding the marine environment, studying marine organisms, and developing marine resources. Obtaining high-quality marine water samples is significant to marine scientific research and monitoring of marine resources. Since the 20th century, marine water resources sampling technology has become the key research direction of marine equipment. In order to have a comprehensive understanding of marine water resource sampling technology, promote the development of marine water resource sampling technology, and obtain high-quality marine water samples, this paper summarizes the current development status of the sampling technology of marine water resources from the aspects of research and application. This paper first provides an overview of seawater and pore water sampling techniques. The two sampling technologies are categorized and discussed according to different sampling means, and the advantages of different sampling means are compared. We also found similarities between seawater and pore water sampling means. Then, a comprehensive analysis of existing technologies and equipment reveals the development trend of marine water resources sampling technology, for example, the need for high temporal and spatial accuracy in sampling, etc. Finally, it explores the challenges facing deep-sea water sampling technology regarding future research, development and equipment industrialization. These reviews not only help researchers better understand the current development of marine water sampling technologies but also provide an important reference for the future development of marine water sampling technology, which provides guidance and support for in-depth marine scientific research and effective use of marine resources.
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1 Introduction

The oceans are rich in natural resources and energy potential, and the sustainable utilization of marine resources and the strengthening of research in marine science and technology are essential to maintaining the ecological balance of the Earth and the sustainable development of human society (Karydis and Kitsiou, 2013; Jamieson, 2015; Zhao and others, 2022). Marine water resources (including seawater and sediment pore-water) contain many valuable substances (e.g., salts, minerals, active substances of marine organisms, etc.), which are of great significance in guiding conventional hydrological observation of the oceans, assessment of the marine environment, research on marine organisms, geological surveys, and resource monitoring (Naraoka et al., 2008; Connelly and others, 2012; Cunliffe and others, 2013; Tseng and Tang, 2014; Da Ros and others, 2019). Therefore, research on marine water resources sampling technology, development of marine water resources sampling equipment, and acquiring high-quality marine water resources are the basis for marine scientific research and management. The literature research shows that various marine water sampling techniques have been developed comprehensively, but the literature summarizing the marine water sampling techniques is relatively small, and all of them introduce the single principle of marine water sampling techniques (Jannasch et al., 2004; Mucciarone et al., 2021). Therefore, this paper wants to introduce the development history of marine water sampling technology so that marine researchers can understand the different types of marine water sampling technology.

Marine sampling technology is an important tool for scientific research, and similar to other sampling technologies, marine water resource sampling technology focuses on the following technical studies: (1) Integrity of samples, such as in-situ acquisition techniques, holding-pressure techniques, and low-contamination and low-disturbance techniques; (2) Flexibility in Sampling: for example, the device is adjusted to different needs and is suitable for sampling at different depths as well as in different sea locations; (3) Timeliness of Sampling: the device can continuously sample at a specific time or over a long period in order to provide samples with high temporal accuracy and to effectively monitor changes in the marine environment; (4) Diversity of samples: Sampling for different marine environments and sampling objectives, not limited to seawater above the sediment interface, pore-water below the sediment, and microorganisms in marine water (Wang and Wang, 2018; Stock et al., 2019; Judd and others, 2022).

With the development of marine resources worldwide, many new sampling technologies and types of equipment have emerged in marine water resource sampling (Yu et al., 2018). In order to better understand marine water resource sampling technology, this paper reviews it and its development. This paper summarizes the research progress of marine water resource sampling technology at this stage, analyzes the development trend of deep-sea marine water resource sampling technology, and finally discusses the challenges faced by marine water resource sampling technology regarding technological development, equipment research and development, and industrialization. Through this paper, researchers can understand the current research status of marine water resource sampling technology, which facilitates them in evaluating and comparing different types of seawater samplers and choosing the one suitable for their research purposes and conditions. Ultimately, through this paper, the problems existing in the existing research can be found to provide a theoretical basis and practical guidance for subsequent research and to improve the efficiency and quality of the research.




2 Advances in marine water resource sampling techniques

This chapter introduces the main research progress of current marine water resources regarding seawater and pore-water sampling technologies. Furthermore, we analyze the functional advantages and limitations of several major marine water resource sampling technologies at this stage. The classification of the main structure of marine water resources sampling technology is shown in Figure 1.




Figure 1 | Classification of the main structure of marine water resources sampling technology.





2.1 Main content of seawater sampling techniques

Seawater sampling technology can be categorized according to its different functions. It can be divided into the pressure-retaining and the non-pressure-retaining sampler according to pressure-retaining ability. Pressure-retaining sample technology refers to keeping the pressure of the seawater constant during sampling to avoid dissolved gas release, and it can accurately maintain the original physical and chemical properties of the sample. However, the pressure-retaining sampler has the disadvantages of cumbersome operation and high cost. Non-pressure-retaining sample technology collects seawater directly into the sampling container during sampling. This sampling method is easy to operate and low cost but will affect the authenticity of the samples. It can also be divided into active and passive sampler according to their power form. Active sample technology refers to the direct sampling by the operator during the sampling process, such as using water collection bottles. Active samplers can precisely control the time and location of sampling, but they may introduce external pollution and change the characteristics of the sample. Passive sample technology uses specially designed samplers for sampling without the operator intervening in the sampling process. The advantage is that the sampling can be monitored over a long period and can avoid the effects of operator intervention. However, it is not easy to control the sampling conditions accurately.

This section introduces the seawater sampling technology based on penetration and negative pressure forms.



2.1.1 Seawater sampling techniques based on penetration form

At the beginning of the 20th century, scientists put forward the form of seawater samplers, such as the Nansen sampler (Warren, 2008) and Niskin sampler (Niskin, 1962). The sampler consists of a through sampling chamber between the left and right end caps. By controlling the opening of the caps at both ends, seawater enters the sampling chamber; by controlling the closing of the caps at both ends, seawater is stored in the sampling chamber to complete sampling. In order to collect more quantities of seawater, the sampling chambers will be arranged as horizontal arrays, circular arrays or other forms to realize the discrete collection of seawater, as shown in Figure 2 (Crompton, 2006).




Figure 2 | Structure of the Niskin sampler. (A) Single sampling chamber; (B) Sampling chambers in a horizontal array; (C) Sampling chambers in a circular array.



This sampling method is a simple and convenient operation. However, the sampling form of simultaneous closure through the caps will cause the target stratum seawater and other strata seawater to contaminate the samples due to inadequate replacement. Moreover, due to the limitation of the sampling chambers’ volume, when obtaining more samples is necessary, the sampler’s weight and volume will increase further, thus increasing the difficulty of sampling.




2.1.2 Seawater sampling techniques based on negative pressure form

With the development of marine technology, the sampling method of seawater samplers has made some progress, and the seawater samplers based on negative pressure form have also been gradually developed and applied. The negative pressure form is divided into the following three main sampling methods:

(1) Vacuum chamber-based sampling.

The vacuum chamber-based sampling is simple. Its sampling principle is that the sample chamber is pre-treated as a vacuum state. When the sampler reaches the sampling position, the manipulator or other triggering methods open the sampling valve. At this time, the seawater enters the sample chamber under pressure difference. The University of Washington developed the “Lupton” airtight sampler based on the vacuum chamber. However, using a vacuum chamber sampling form, the volume of the sampling chamber is usually fixed, and the seawater sample volume is uncontrollable (Edmond, 1992; Von Damm et al., 1997).

(2) Plunger-based sampling.

Plunger-based sampling is done through the piston movement in the sample chamber. The University of Delaware developed a plunger-based form of the seawater sampler - “Sipper”, which is used on the “Alvin” ROV and collected 12 samples in a dive (Di Meo et al., 1999). The University of Florida also designed an inexpensive, automatic, submersible water sampler consisting of sample chambers constructed of 10 spring-loaded 60 mL syringes connected to solenoid valves and electronics to control the solenoid valves (Martin et al., 2004). In addition, Monterey Bay Aquarium Research Institute researchers have developed a seawater sampling system based on a plunger sampling form - the “Gulper” sampler (Bird et al., 2007; Zhang et al., 2009). The “Gulper” sampler utilizes a spring-driven piston built into the chamber to pump seawater into the sample chamber. “Gulper” uses energy stored in the spring to move the piston, reducing energy consumption and allowing for rapid sample collection. As shown in Figure 3, seawater is drawn into the chamber from the marine environment through the inlet valve, and the seawater above the piston is discharged through the outlet at the end cap of the chamber. Researchers fixed “Gulper” sample chambers on the AUV “Dorado” and conducted many oceanographic surveys in Monterey Bay (Zhang et al., 2012; Pennington et al., 2016).




Figure 3 | Structure and application of the “Gulper” sampler (Pennington et al., 2016).



Plunger-based samplers are simple in structure and can utilize different power systems to drive the piston movement. The volume of seawater samples can be adjusted to demand. Therefore, the plunger-based samplers are widely used. With the evolution of marine technologies, plunger-based sampling is gradually evolving from a non-pressure-retaining form to a pressure-retaining form for researchers to maintain the high quality of samples. In 1999, the University of the Mediterranean developed a high-pressure water sampler - the “HPSS”, to measure the activity of marine microorganisms. The sampler regulates the pressure of the sample using a self-contained accumulator, which allows it to sample and store seawater at different depths (Bianchi et al., 1999). As shown in Figure 4A, Woods Hole Oceanographic Institution designed a gas-tight isobaric seawater sampling system for hydrothermal fluid collection - “Jeff”, which maintains the pressure of the sample through compressed nitrogen and regulates the sampling rate through a damping hole between the two chambers (Seewald et al., 2002). When sampling, the sampling valve opens, and the pressure difference drives seawater into the sampling chamber. For secondary sampling, the pressure of the seawater sample in the sampling chamber is maintained by pumping high-pressure water into the reservoir chamber. The “Jeff” collects samples by differential pressure, which makes the sampling deployment faster. Zhejiang University has developed a novel mechanical gas-tight sampler for hydrothermal fluids (Chen et al., 2007). The sampler uses a manipulator to trigger the sampling valve, collects samples by compressing the piston inside the sampling chamber and maintains the sample pressure using an accumulator. However, the sampler is uncontrolled by the mechanical drive during sampling, which causes sample contamination. As shown in Figure 4B, Zhejiang University proposed a piston pressure adaptive gas-tight seawater sampler that can withstand 70 MPa pressure according to the pressure balance principle. The sampler can adjust the pressures according to the environmental pressure and ensure that the samples will not leak (Wu et al., 2010, 2011). For ease of application, Zhejiang University developed a gas-tight deep-sea water sampling system (GTWSS) by controlling the above multiple samplers through an integrated system, which utilizes electronically triggered sampling (Huang and others, 2012; Wu et al., 2015).




Figure 4 | Structure of pressure-retaining plunger-based sampler. (A) “Jeff” sampling schematic (Seewald et al., 2002); (B) Schematic illustration of the electric control gas-tight sampler (Wu et al., 2014).



In order to obtain a larger number of samples, samplers based on the plunger form need to place sampling chambers in an array form, which increases the sampling complexity to a certain extent.

(3) Pump-based sampling.

With the gradual development of science and technology, in addition to the high demand for the quality of samples, scientists’ demand for the number of samples (high temporal and spatial accuracy) has also increased. Therefore, Pump-based sampling techniques have been developed. The pump can be connected directly to the sampling chamber, or the pump can be connected to a multi-channel valve to obtain multiple samples.

•The pump is directly connected to the sampling chamber.

Monterey Bay Aquarium Research Institute researchers first proposed osmotic form-based water sampling techniques. They developed an in-situ analyzer using a medical osmotic pump to continuously monitor nitrate concentrations in freshwater or marine water (Jannasch et al., 1994; Kastner et al., 2000). Subsequently, the team designed a long-term fluid sampling system (OsmoSampler) to collect water samples continuously and autonomously. The OsmoSampler consists of an osmotic pump connected to a sample storage tube, which relies only on osmotic pressure to drive water sampling and requires no external power or moving parts, as shown in Figure 5A. The principle of operation is that the reverse osmosis membrane divides the osmosis pump chamber into two compartments, one is filled with supersaturated NaCl solution and connected to the seawater environment; the other is connected to a long-storage sample tube and filled with pure water. Since the reverse osmosis membrane does not allow dissolved salts to pass through, the salinity difference between the two sides of the membrane causes the pure water on one side of the chamber to flow from the less concentrated side to the more concentrated side. Thus, seawater flows into the storage tube under this osmotic pressure. The Osmo sampler can be customized for different numbers of Alzet osmotic capsules and different sizes of RO membranes to determine the sampling rate and the volume of samples to be collected in a given period based on the flow rate of the osmotic pump. The osmotic pump does not require electrical power and relies only on the concentration difference to provide sampling power. Therefore, the OsmoSampler is simple, reliable, and suitable for long-term water sampling. The Osmosampler can be customized to the sampling rate according to the installation of a different number of Alzet pumps so that researchers can determine the sample position in different time scales according to the sampling rate, filling the gap in temporal accuracy of seawater samplers (Chapin et al., 2002; Wheat et al., 2003; Jannasch et al., 2004).




Figure 5 | Structural and application of the OsmoSampler. (A) Schematic of an OsmoSampler (Jannasch et al., 2004); (B) Schematic of the OP-SPE (Lin and others, 2019); (C) Picture of the OsmoSampler for pore-water sampling (Owari et al., 2019).



Then, researchers at the University of Iceland time-stamped the OsmoSampler by adding rhodamine dye to record the sampling time series (Jones and others, 2015). The sampler was applied to the Lymington River for a month-long trial. It was eventually deployed in southern Iceland for up to 40 days of sampling and monitoring to identify activities during thawing by detecting rivers draining volcanic areas. OsmoSampler has completed several experiments and sea trials to verify its application value (Chapin et al., 2004; Gkritzalis-Papadopoulos et al., 2012). Based on the principle of osmosis sampling, researchers at Xiamen University developed an osmosis pump and solid phase extraction (OP-SPE) sampler by combining reverse osmosis (RO) membrane and solid phase extraction (SPE) technology (Lin and others, 2019), as shown in Figure 5B. At the end of sampling, the average concentration can be calculated based on the target analytes on the solid phase extraction column and the sample volume. The sampler was applied in the JiuLong River for environmental testing.

The Australian Cooperative Research Center developed an Autonomous Clean Environment Sampler (ACE Sampler) for trace metals in a time sequence (van der Merwe et al., 2019). The ACE Sampler consists of 12 sets of micro-peristaltic pumps connected with sample chambers and triggered to sample chronologically, as shown in Figure 6A. Furthermore, Stanford University described a compact and inexpensive autonomous submersible multiport water sampler –”AutoSampler” (Mucciarone et al., 2021). The sampler comprises a single peristaltic pump with pinch valves, silicone tubing, nylon fittings, and a manifold. The sampler can collect 12 discrete samples at user-controllable times that can be user-modified for different requirements. As shown in Figure 6B, the electronics mounting plates for the AutoSampler illustrate the locations of the Arduino Pro Mini, real-time clock, relay boards, terminal block, and USB cable.




Figure 6 | Seawater sampler based on peristaltic pumps. (A) Pictures of ACE Sampler (van der Merwe et al., 2019); (B) Schematic of the “AutoSampler” (Mucciarone et al., 2021).



•The pump is connected to a multi-channel valve.

The University of Tokyo developed a rotary pressure-preserving water sampler – WHATS, which uses a pump and a multi-channel rotary valve to control the sampling of six sampling chambers, and each chamber has a piston (Tsunogai et al., 2003). The initial state of the piston is located in the bottom of the sampling chamber, the upper part of the chamber is full of distilled water, the sampling control of the rotary valve to the pump and the chamber is connected to the pump when the pump to extract the distilled water, piston moving upward, and the hydrothermal samples flowing into the chamber. After that, the Water Hydrothermal-fluid Atsuryoku Tight Sampler II (WHATS-II) was developed by Hokkaido University based on the WHATS (Saegusa et al., 2006). WHATS-II consists of four 150 mL stainless steel sampling chambers, eight ball valves, a manipulator, a pneumatic peristaltic pump and a flexible inlet pipe. Subsequently, as shown in Figure 7, the researchers optimized and developed WHATS-3, including a T-shaped inlet, four double-chamber sampling chambers, a valve operating system and an impeller pump unit (Miyazaki and others, 2017).




Figure 7 | Diagram of the WHATS-3. (A) Structural of the WHATS-3 (mm); (B) Structural of valve manipulating mechanics; (C) Structural of sampling bottle (Miyazaki and others, 2017).



A 128-channel multi-seawater collection system - “ANEMONE-11”, was developed at Kochi University (Okamura and others, 2013). ANEMONE-11 consists of an in-situ pump unit, a valve unit, a sampling bottle set and a control unit, as shown in Figure 8A-1. The pump unit is arranged in four piezoelectric pumps, each with a 10 mL/min flow rate. The valve unit consists of four 32-channel solenoid valves, and all valves are opened and closed according to the preset time intervals. The valve unit is connected to 128 40mL sampling bottles, with the inlet of the bottles connected to the solenoid valve unit and storing seawater samples, and the outlet connected to the seawater environment. Before the deployment, all sampling bottles were filled with distilled water, and the sampler triggered sampling when the work depth exceeded the preset depth threshold. When sampling, the pump continuously pumps seawater to the valve unit and the sampling bottles. Sampling is stopped when the work depth is lower than the preset depth or when all samples have been sampled. In 2012, ANEMONE-11 was mounted on the “Shinkai 6500”, and a hydrothermal plume survey was conducted in the Okinawa Trough, as shown in Figure 8A-2. To spatially and temporally precise sampling in hydrothermal plumes, researchers at Woods Hole Oceanographic Institution have developed a novel Suspended Particulate Rosette (SUPR) multi-sampler that can be deployed either on a mooring for unattended time series sample collection or on a ROV to enable sampling tasks (Breier et al., 2009). After that, they designed a Suspended Particulate Rosette V2 Large-Volume Multi-sampling System (SUPR-V2) for collecting plume samples, as shown in Figures 8B-1, B-2 (Breier and others, 2014). SUPR-V2 was designed with a customized sample control valve. It consisted of two sets of 14-port valves, one for controlling the inlet switch of the sample container and the other for controlling the outlet switch of the sample container. Stepper motors synchronously actuate the two sets of valves to complete the sampling.




Figure 8 | Seawater sampler with multi-channel valve. (A-1) Schematic of the Anemone-11; (A-2) Picture of the Anemone-11 (Okamura and others, 2013); (B-1) Schematic of the SUPR-V2; (B-2) Picture of the SUPR-V2 (Breier and others, 2014).



Table 1 shows the technical parameters of some multi-channel seawater samplers. According to Table 1, the existing seawater samplers are gradually developing in the direction of miniaturization and intelligence while ensuring the number and volume of samples. Therefore, portability and intelligence have also become the key technical difficulties to be overcome in designing and developing new seawater samplers.


Table 1 | Table of technical parameters of multi-channel seawater samplers.







2.2 Main content of pore-water sampling techniques

With the gradual increase in the demand for research on marine geological and energy development, marine water sampling is not limited to collecting seawater above the sediment interface. The sampling technology for pore-water below the sediment has also been developed. Sediment pore-water usually reflects the trend of seafloor geological changes, which is of great significance for marine geochemical changes and deep-sea resource acquisition (Matos et al., 2022). The main way to obtain pore-water in two ways: One is the non-in-situ pore-water sampling technology, as shown in Figure 9, through the first collection of sediments and then through pressure filtration (Bender et al., 1987), centrifugation (Carignan et al., 1985) or vacuum filtration (Dickens and others, 2007) to separate the pore-water. These methods are simple, but the sediment samples in the original environment after the departure of a large degree of destruction result in the physical and chemical properties changing, and there will be a certain error in the measurement. Besides, each sampling consumes human resources, and material resources are not conducive to a long period of multiple sampling.




Figure 9 | Non-in-situ pore-water sampling methods. (A) Structural of vacuum extraction method; (B) Structural of filtration method.



The other way is the in-situ pore-water sampling technology, which refers to the collection equipment being buried directly in the sediment sampling to obtain the pore-water samples. Scientists favor in-situ sampling because of its higher accuracy. However, in-situ sampling is limited by the sampling environment and time, plus the need to use large vessels or submersibles, the technical difficulty is high, and sampling is challenging (Barnes, 1973). Hence, researchers are more interested in developing in-situ pore-water sampling techniques. This section focuses on two in-situ pore-water sampling techniques.



2.2.1 In situ pore-water sampling techniques based on dialysis form

In 1976, Hesslein proposed an in-situ pore-water sampling technique using the principle of equilibrium dialysis - the Peeper sampler. The Peeper consists of many small cavities of the same volume, and both sides of the cavity are covered with dialysis membranes. The cavity is pre-encapsulated with a sampling medium (e.g., deionized water, electrolyte solution, etc.) (Teasdale et al., 1995). When sampling, with the characteristics of the membrane, some soluble ions and molecules in the pore-water exchange substances with the medium through the membrane. After a while, both sides of the membrane reach equilibrium. The ion concentration in the pore-water is calculated by measuring the concentration of the solution in the chamber. As shown in Figure 10, the Peeper can sample and monitor the sediment depth at the centimeter level. Due to the constraints on the time of equilibrium dialysis, the sampling time is usually between 2-20 days and has a low temporal resolution, which can lead to errors in the calculation of interfacial exchange fluxes in pore-water profiles (Wise, 2009; Xu et al., 2012).




Figure 10 | Peeper sampler sampling method. (A) Structural of the Peeper principle; (B) Picture of Peeper sampler.






2.2.2 In situ pore-water sampling techniques based on negative pressure form

Researchers at Woods Hole Oceanographic Institution designed an in-situ pore-water sampler using compressed springs to provide power to filter pore and bottom water from six depths in 2 m of the sediment (Sayles et al., 1976). After that, researchers at Harbor Branch Foundation proposed an in-situ sediment pore-water sampler, which collects pore-water simultaneously from four 1 cm sediment depths at 2 cm intervals. The filtration section of the sampler consists of four filter rings of different depths. The filtration section is connected to pumps, allowing the sample at four discrete locations without disturbing the sample. Furthermore, laboratory and field tests showed vertical profiles of ammonium, reactive phosphate and silicate (Montgomery et al., 1981).

Researchers at Zhejiang University designed an automatic core water sampler based on a microcontroller (Han et al., 2009). The sampler joins the stepper motor and microcontroller control system in the mechanical mechanism to realize the time-sharing automatic sampling. With differential pressure and check valves, pore-water can flow and be retained in sampling chambers, as shown in Figures 11A, B. Moreover, the Guangzhou Marine Geological Survey and other research institutes in China developed an in-situ gas-tight pore-water sampler for deep-sea sediments (Chen and others, 2009), as shown in Figure 11C. Subsequently, Liu et al. improved the in-situ gas-tight pore-water sampler for deep-sea sediments that can simultaneously sample pore-water and seawater (Liu et al., 2018). As shown in Figure 11D, the optimized sampler improves the sampling chamber to double chambers. Before sampling, the solenoid valve-1 and the solenoid valve-2 are closed. When sampling surface seawater, the solenoid valve-1 is opened and the solenoid valve-1 is closed after sampling is completed. When sampling pore-water, the solenoid valve-2 is opened, the pore-water enters sampling chamber-2, and the solenoid valve-2 is closed after completing sampling.




Figure 11 | (A, B) Top view and schematic of sample bottle structure of the Automatic Core Water Sampler based on Microcontroller (Han et al., 2009); (C) Schematic of An In Situ Gas-tight Pore Water Sampler for Deep-sea Sediments (Chen and others, 2009); (D) Schematic of sample bottle structure of An In Situ Gas-tight Pore Water Sampler (Liu et al., 2018).



Although the sampler mentioned above is highly functional and capable of obtaining the pore-water of different sedimentary layers, the sampler is complex and disturbs the samples in application. In addition, the sampler is made of alloy materials, which can contaminate the samples.

The OsmoSampler is also suitable for pore-water sampling. Researchers at the University of California use OsmoSampler to monitor the chemistry and flow rates of fluids that diffuse from sediments into the ocean. Sampling at different sediment depths and ranges determines the flow field sediments. The samples are then analyzed chemically to determine the flux of chemical elements diffusing into the ocean. Similar to the principle of seawater sampling, the OsmoSampler only relies on the difference in osmotic pressure to sample the pore-water continuously and autonomously, which has high stability. In 2019, researchers from Chiba University deployed an OsmoSampler at a methane seep vent in the Japan Sea to sample in-situ pore water at 30 cm of sediment, as shown in Figure 5C. It is applied underwater for up to one year to analyze changes in geochemical elements in pore-water over time during gas hydrate formation and dissolution (Owari et al., 2019).

With the development of the front probe, the Rhizon sampler has been widely used. German scientists first developed the Rhizon in-situ sampler (RISS) and validated its application for sampling sediment pore-water (Seeberg-Elverfeldt et al., 2005). The Rhizon sampler was initially used as a micro-tensiometer to sample seepage water in the unsaturated zone, which allows the sampling of soil profiles with minimal disturbance to the sediment and the flow field. Scholars used a combination of field experiments, tracer studies, and numerical modeling to assess the applicability of Rhizon samplers for pore-water sampling. They demonstrated the utility of the RISS by sampling sediments in the Wadden Sea and validated that the Rhizon sampler is a promising form in in-situ pore-water sampling, as shown in Figures 12A-1–A-3. Zhejiang University designed a multi-depth in-situ pore-water pressure-retaining sampler (MIPPS) based on the Rhizon sampler, which can sample 24 different pore-water pressure-retaining samples with a depth resolution of 2 cm (Wang et al., 2022). Eventually, the sampler was applied in the South China Sea, as shown in Figures 12B-1, B-2. The Rhizon sampler can sample the pore-water in centimeter layers on the depth sequence. The in-situ pore-water sampler still relies on the submarine to carry and deploy, which is a high economic cost. Hence, the Rhizon sampler is seldom used for in-situ sampling. Most researchers still recover the deep-sea columnar sediment and then use the Rhizon sampler for secondary sampling (Miller et al., 2014; Steiner et al., 2018; Anschutz and Charbonnier, 2021). In 2021, scientists at Boston University designed a mass spectrometry-based pore-water sampling system for sandy sediments, in which sampling probes consist of PEEK tubes with POREX filters (Chua et al., 2021). The rotary valve can switch to seven individual probes, and a peristaltic pump extracts pore-water from the probes. However, this sampler mentioned above can only be used in offshore environments due to the limitation of the pump.




Figure 12 | (A) Schematic of the Rhizon sampler to obtain pore water (Seeberg-Elverfeldt et al., 2005); (B) Schematic and application of the MIPPS (Wang et al., 2022).







2.3 Comparison of sampling systems for marine water resources

After much research and analysis, we summarize the technical parameters of main samplers in developing marine water resources sampling technology. Table 2 shows a comparison table of technical indexes of samplers for marine water resources (including seawater and pore-water). According to Table 2, the sampling object, sampling depth, sampling speed and quantity are the more important technical parameters in the sampling technology of marine water resources. When designing the sampler to meet the above indexes, we should consider how to simplify the structure of the sampler as much as possible. For example, in order to collect pressure-retaining samples with higher depth, we can reduce the number of samples appropriately and use Jeff, WHATS, etc, in monitoring the temporal and spatial changes of the marine environment and the need to obtain a larger number of samples, reduce the pressure-retaining capacity requirements appropriately and use OsmoSampler, ANEMONE-11, etc.


Table 2 | Technical indexes of samplers for marine water resources.



The following conclusions can be obtained through comparative analysis: (1) Seawater and pore-water sampling methods based on the negative pressure form are similar, and the sampling is mainly carried out by connecting the power element through the storage device. When samples must be prefiltered, adding a prefiltering element at the front of the power element is necessary. As shown in Figure 13, the pre-filtration element (including filter membrane, cartridge, Rhizon sampler, etc.) is used to filter impurities in marine water and large soil particles in sediment, and the size and pore size of the filter can be selected according to the need. Power elements (including vacuum tubes, syringes, peristaltic pumps, etc.) provide power for sampling. Although the principle of marine water resource sampling based on negative pressure form is the same, very few samplers can simultaneously be oriented to in-situ seawater and pore-water sampling. (2) In the deep-sea marine water resources sampling technology, pressure-balanced piston and piston suction sampling methods are the main sampling means of pressure-retaining sampling. (3) With the development of science and technology, the number of samples and the sampling time resolution have gradually become more important technical parameters of the marine water sampler. Ensuring the compactness, low power consumption, and economy of the sampler while sampling at high resolution is a problem that needs to be solved at this stage. (4) Researchers are increasingly concerned about the purity and cleanliness of the samples, such as the pollution of the sampler material to the environment, the disruption of the environment during sampling and so on.




Figure 13 | Schematic of marine water sampling principle based on negative pressure.







3 Some reflections



3.1 Challenges in sampling techniques for marine water resources



3.1.1 Making in situ marine water resource samples more reliable

In the current research on marine water resource sampling, the most important concern is the authenticity and reliability of the samples obtained. Many factors make the samples distorted, such as changes in the temperature and pressure of the marine environment during sampling, changes in the properties of the samples due to poor sampling time, pollution and the disturbance of the sampler to the environment, etc., which leads to the distortion of the sample (in spatial, temporal or other aspects). In order to ensure the rigor of scientific research, we must use effective means to ensure the authenticity of the samples.

The sampler -”Jeff” was designed with heat and pressure preservation sampling methods to ensure the air tightness of the sample chamber during sample and storage to avoid the escape of soluble gases in the samples caused by environmental factors and the distortion of the samples. Researchers at Zhejiang University used CFD simulation to analyze the effects of different sample chamber structures on the seawater to replace the pure water to optimize the sample chambers. Through the numerical simulation, Seeberg-Elverfeldt et al. analyzed the sampling resolution in different depth layers during the Rhizon sampler sampling to improve spatial accuracy. Moreover, scientists at the Australian Cooperative Research Center designed and processed the sampler with clean materials to avoid contamination of samples by the materials.

In order to obtain and improve the quality of samples, the marine water resource sampling technology still needs to be upgraded further. For example, marine water resource sampling technology should be enhanced in pressure-retaining, temperature-retaining and material selection. Furthermore, the sampler should be simple in structure and light in weight while considering low pollution characteristics. It is also necessary to carry out in-depth theoretical and experimental research, such as the effect of environmental perturbations during sampling on the spatial and temporal resolution of samples, the diffusion and perturbation of the sample replacement process, etc. Thus, the design of the new samplers is optimized based on theoretical studies.




3.1.2 Enriched sampling functions for marine water resources

According to the literature analysis, with the development of the ocean, the application of samplers is also gradually complex, and the technical difficulty of sampling deep-sea marine water resources is increasing. For example, the osmotic pump sampler gradually moved from seawater to deep-sea pore-water collection, and deep-sea sediment pore-water in-situ gas-tight sampler evolved to sample both seawater and pore-water at the same time, and the number of samples taken by seawater sampler based on pump suction had grown from a dozen to hundreds.

With the application of samplers to the deep and distant sea, the new sampling technology will also face some bottlenecks. When an osmotic pump sampler samples pore-water, sediment particles gradually clog the sampler inlet in the complex sediment environment, unlike the simple seawater environment. It can lead to problems such as sampling failures or sampling rates becoming unstable due to environmental changes, leading to errors in the temporal resolution of the samples that are difficult to predict and resolve promptly. In addition, for seawater sampler based on pump suction, the stability of the dynamic sealing characteristics of the switching valve and the power consumption of the power supply system for obtaining more samples in the deep sea environment are also difficult problems that should be explored further.





3.2 Fresh ideas: how to promote technology development and industrialization



3.2.1 Integration with new ocean observation technologies

In order to obtain more comprehensive data on marine water resources and to compare the accuracy of samples taken by samplers, samplers can be used in integrated applications with sensors. Used in conjunction, they can provide more comprehensive and accurate ocean data, providing more information and insight for scientific research and environmental monitoring. For example, the ANEMONE-11 can carry a CTD to acquire real-time temperature, salinity and depth data. ANEMONE-11 can collect seawater samples for subsequent laboratory analysis and testing. Combining the two applications provides more comprehensive and accurate ocean information, providing insight into the ocean’s changing patterns and the ecosystem’s structure and function. Seawater samples can also be compared with sensor data to ensure the reliability and accuracy of the data. In addition, through the combination of sensor and seawater sample data, data on different time and spatial scales can be obtained. It is important for understanding marine ecosystems, biodiversity and ecological functions.

Therefore, marine water samplers can be equipped with deep-sea in situ observing systems for more complex studies to obtain comprehensive long-term, multi-parameter marine environmental data. Samplers can be deployed in specific marine areas for long-term marine environmental monitoring. Data obtained from physical, chemical and biological sensors in the in situ observing network can be compared and analyzed with in situ marine water samples for a more comprehensive understanding of the data. It has important implications for the study of seasonal and inter-annual variability.




3.2.2 Promoting diversification and commercialization of application scenarios

At the present stage, the development and application of marine water resource sampling technology is mostly limited to universities and research institutes, and few commercial marine water samplers have been put into marine environmental observation. We should emphasize the commercial development of marine water samplers, understand the different needs of people’s livelihood and environmental protection, and expand the application areas and scope of the application of water samplers, such as sewage discharge monitoring in the city, environmental pollution in the shallow sea, and monitoring different geological environments in the deep sea. A wide range of applications can enable researchers to understand users’ needs fully and clarify the difficulties that must be solved in developing the marine water resources sampling technology.






4 Conclusions and prospects

In summary, marine water resources (including seawater and pore-water) sampling technology has been developed to a great extent from the beginning to the present, and part of the sampler has been widely used in the fields of marine engineering, deep-sea ecology, deep-sea geoscience research and so on. The traditional sampler based on penetration form is still used in seawater sampling technology due to its simple operation, stable work, and other advantages. In order to obtain high-quality samples, researchers can make a targeted selection of samplers based on negative pressure forms. For example, it is possible to obtain pressure-retaining samples using power springs and vacuum chambers. However, the large disadvantage makes the sampler difficult to assemble and troublesome to deploy when more samples are needed. With the pump suction, tens to hundreds of samples can be collected using the switching valve, but the rotary valve requires a high switching accuracy. Pump suction can also be integrated through several mini-peristaltic pumps to collect samples. The pump suction sampler is small and simple but difficult to apply to the deep-sea environment to ensure the motor can be manipulated. Sampling using osmotic pumps is relatively energy-efficient and environmentally friendly, but its slow flow rate is only suitable for collecting seawater on a time scale. The osmotic pump is also used in the in-situ pore-water sampling. Like seawater sampling, it is more suitable for sampling on a time scale. In addition, due to the unique membrane structure of the Rhizon sampler, it is increasingly being used for in-situ sampling, and more accurate samples can be obtained at depth profiles.

At the present stage, the marine water resources sampler has been developed more completely, and researchers can choose the appropriate sampling technology according to their needs (time scale or space scale, etc.). The above analysis shows that seawater and pore-water sampling principles are similar. However, samplers are mostly limited to sampling a single type of marine water resource (seawater or pore-water). The subsequent development of marine water resources sampling technology can be considered to sample in-situ seawater and pore-water simultaneously and obtain high temporal and spatial resolution samples to broaden the application scene. In the deep sea environment, the samplers are carried by ROVs and other submersibles for power supply, deployment and recovery. The sampling time will be subject to certain limitations. Hence, developing samplers that can be independently deployed is also necessary. In addition, the marine water resources sampler design and development process also needs to consider the sampler weight and volume, sampling costs, material impact on the environment and other issues. To overcome the above problems, scientific research and technological innovation need to be strengthened, promoting the development and application of marine water resources. Sampling technology plays an important role in environmental protection and sustainable development.
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OsmoSampler

1994

USA

» Sampling Objects:
Seawater and Pore-water

o Working Depth: 4000 m
o Power Method: Osmotic
Pump (Alzet)

o Sampling Rate: 12 puL/h

o Sampling Time: 365 days
o Storage Method: Non-
pressure-retaining

Jeff

2002

USA

o Sampling Object:
Seawater

o Working Depth: 4500 m
o Sampling Method:
Pressure-balanced Piston

o Sample Volume: 150 mL
o Sampling Rate: 1 mL/s
o Storage Method:
Pressure-retaining

RISS

Gas-tight Sampler for
Hydrothermal Fluids

2005

2007

German

China

o Sampling Object: Pore-
water

o Working Depth: 1.5 m

o Sampling Method:
Rhizon Sampler

o Number of Samples: 6

o Sampling Rate: 0.33 mL/
min

» Storage Method: Non-
pressure-retaining

o Sampling Object:
Seawater

o Working Depth: 3000 m
o Sampling Method:
Pressure Balancing Valve

o Sample Volume: 100 mL
o Sampling Rate: 1.1 mL/s
o Storage Method:
Pressure-retaining

Gulper

Automatic Core
Water Sampler

GTWSS

ANEMONE-11

OP-SPE Sampler

2007

2009

2012

2013

2016

USA

China

China

Japan

China

o Sampling Object:
Seawater

o Working Depth: 1500 m
o Sampling Method:
Piston Suction

o Sample Volume: 2 L

« Sampling Rate: 0.5 L/s

o Number of Samples: 10
o Storage Method:
Pressure-retaining

o Sampling Object: Pore-
water

o Working Depth: 3000 m
o Sampling Method:
Piston Suction

o Sample Volume: 35 mL
o Number of Samples: 65
o Storage Method:
Pressure-retaining

o Sampling Object:
Seawater

o Working Depth: 1500 m
o Sampling Method:
Pressure-balanced Piston

o Sample Volume: 180 mL
or 83 L

o Number of Samples: 12
o Storage Method:
Pressure-retaining

o Sampling Object:
Seawater

o Working Depth: 5000 m
o Sampling Method:
Pump Suction

o Sample Volume: 40 mL
o Number of Samples: 128
o Sampling Rate: 40 mL/
min

o Storage Method: Non-
pressure-retaining

o Sampling Object:
Seawater

«  Sampling Method:
Osmotic Pump (RO
membrane)

« Sampling Rate: 90 mL/d
« Sampling Time:10 days
« Storage Method: Non-
pressure-retaining

In-situ Gas-tight
Pore-water Sampler

2017

China

o Sampling Object:
Seawater and Pore-water

o Working Depth: 4000 m
o Sampling Method:
Vacuum Filtration

o Sample Volume: 100 mL
o Number of Samples: 10
o Storage Method:
Pressure-retaining

MIPPS

2022

China

o Sampling Object: Pore-
water

«  Working Depth: 3000 m
o Sampling Method:
Piston Suction

« Sample Volume: 10 mL
o Number of Samples: 24
o Storage Method:
Pressure-retaining
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WHATS-II 4000 m 4 150 mL 56x59.5x28.5 cm 29 kg
WHATS-3 3500 m 8 20 or 50 mL 39.5%37.570 cm Unavailable

ANEMONE-11 5000 m 128 40 mL Unavailable 40 kg

SUPR-V2 5500 m 14 2L Unavailable 67-130 kg

Remote Access Sampler 5500 m 48 100-500 mL 73x73x128 cm 110 kg
Aqua Monitor 4000 m 47 1000 mL 14.6x62.3 cm 125 kg
Coastal Sampler 100 m 14 500 mL 106.6x45.7x30.4 cm 60 kg
ACE Sampler 100 m 12 65 mL Unavailable 10 kg
AutoSampler 30m 12 On-demand 40.6x24.5 cm 10 kg
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