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Abstract: Submarine hydrothermal vents occur over a wide depth range from a few meters to several thousands of meters. Most
existing hydrothermal fluid samplers are focused on deep-sea environments and are not suited for collecting shallow-water fluids.
In this study, a new gas-tight sampler which can be easily deployed by both submersibles and scuba divers to collect fluid samples
from both deep-sea and shallow-water hydrothermal vents is presented. The proposed sampler uses an electric control sampling
valve for fluid collection and a system to measure and display the temperature of the hydrothermal fluid while sampling. It is
capable of working in manual mode to be controlled via external signals, or in automatic mode to collect a fluid sample according
to the temperature. The master-slave architecture of the electronic system makes the sampler flexible in meeting many different
deployment requirements. The performance of the sampler has been demonstrated by preliminary field tests at a shallow-water

hydrothermal vent site.
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1 Introduction

It is well known that seafloor hydrothermal ac-
tivity plays an important role in regulating the ex-
change of heat and mass between seawater and the
oceanic crust. Deep-sea hydrothermal vents and ex-
otic organisms were first discovered in 1977 at Ga-
lapagos Rift, a spur of the East Pacific Rise (Corliss ef
al., 1979). Since then, many more deep-sea hydro-
thermal sites have been found along the mid-ocean
ridges and in back-arc basin settings (Bowers et al.,
1988; Campbell et al., 1988; Fouquet et al., 1991;
Gamo et al., 2001). These sites are typically located at
water depths of over 2000 m and are spectacularly
featured with so-called “black smokers”, which emit
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high-temperature hydrothermal fluids with black
clouds of metal sulphide particles. Most studies of
seafloor hydrothermal activity have focused on these
hydrothermal sites. However, submarine hydrother-
mal activity is not confined to deep-water environ-
ments. Recently, a number of shallow-water hydro-
thermal vents have been found and studied at the
flanks of volcanic islands and on the tops of sea-
mounts (Pichler et al., 1999; Cardigos et al., 2005;
Chen et al., 2005a; 2005b). Shallow-water hydro-
thermal vent fluids generally present transitional
chemical characteristics between deep-sea and sub-
aerial vents. They provide an exceptional opportunity
to study the differences and similarities between
submarine and sub-aerial venting, and provide a more
comprehensive understanding of the heat and mass
exchange between seawater and the oceanic crust
(Pichler et al., 1999).

Hydrothermal fluid samplers are one of the most
important engineering tools for the study of hydro-
thermal activity. To meet the requirements of scientific
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research, a variety of samplers have been developed to
collect fluids from seafloor hydrothermal vents.
These devices include the often mentioned “major”
sampler (Von Damm et al., 1985), the so-called
“Lupton” gas-tight sampler (Edmond et al., 1992),
and the isobaric gas-tight sampler (Seewald et al.,
2002), etc. They are primarily dedicated to deep-
sea environments and rely on the operation of ma-
nipulators installed on submersibles. Thus, they are
not suitable for collecting hydrothermal fluids in
shallow water where the deployment of a submersible
is neither practical nor economical. Currently, the
collection of fluid samples at these shallow sites is
usually fulfilled by plastic bottles or medical syringes
operated by scuba divers (Pichler et al., 1999; Chen et
al., 2005a; Valsami-Jones et al., 2005). Although
these methods are quite simple, however, due to the
lack of temperature measuring while sampling, it is
often difficult to collect high-purity fluid samples as
the hydrothermal fluids usually have steep tempera-
ture gradient when they erupt out of the vent and mix
with seawater (Fornari et al., 1997). Besides, the gas-
tight performance of these devices is often not satis-
factory for the analysis of gas components in hydro-
thermal fluids.

The purpose of this study is to present an electric
control gas-tight sampler that is convenient for de-
ployment by both submersibles and scuba divers.
Thus, it can be easily used to collect hydrothermal fluids
from both deep-sea and shallow-water hydrothermal
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vents. Due to the employment of an electric control
sampling valve, the new sampler simplifies under-
water operation and can work in either manual or
automatic mode. Moreover, the integrated tempera-
ture measurement system allows the sampler to mon-
itor the fluid temperature while sampling at the same
point and display the temperature value underwater in
real time. It also eliminates the wire connection with a
submersible which may cause problems from time to
time.

2 Structural design of the sampler
2.1 Instrument description

As shown in Fig. 1, the new electric control
sampler consists of four major components: (1) a
sampling valve with good sealing capability under
high pressure, and a valve actuator which is used to
open and close the sampling valve; (2) a sampling
cylinder which includes a sampling chamber, a piston,
and a stop valve. The sampling chamber is connected
to the sampling valve; (3) a measurement circuit case
inside which a printed circuit board (PCB) is running
to measure the temperature of fluid and control the
valve actuator (the cable connection is not shown); (4)
a display circuit case which is used to display the
temperature and provide the sampling trigger signal.
All of the major components are fixed in a frame.
Without the snorkel and handle, the sampler is 39 cm
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Fig. 1 Schematic illustration of the electric control gas-tight sampler configurated for shallow water
(a) Front view of the sampler; (b) Right view of the sampler
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long, 13 cm wide, and 23 cm high; it weighs ap-
proximately 9 kg in air and 7 kg in seawater. The
current configuration shown in Fig. 1 is suitable for
operation by scuba divers in shallow water. In addi-
tion, the sampler is also suitable for deployment by
underwater vehicles, such as human occupied vehi-
cles (HOVs) and remotely operated vehicles (ROVs),
just by replacing the handle and the display circuit
case. For deep-sea deployment, the sampler will have
two chambers and two pistons between which an
orifice is used to regulate the flow rate during sam-
pling (Seewald et al., 2002).

The basic working principle of the electric con-
trol sampler is similar to the previous isobaric gas-
tight sampler (Seewald et al., 2002). Before deploy-
ment, the piston inside the sampling chamber is po-
sitioned against the sampling valve (Fig. 1). The
snorkel and the dead volume between the sampling
valve and piston are filled with local bottom seawater.
The chamber at the rear of the piston is filled with
pure nitrogen gas whose pressure is adjusted to an
appropriate value for the deployment depth. The
pre-filled nitrogen gas is used to maintain the fluid
sample at in situ seafloor pressure during recovery.
For sample collection, the sampler is held by a scuba
diver or the manipulator of a submersible, and the
snorkel is inserted into the hydrothermal vent. The
fluid temperature is measured by a thermocouple
bound together with the snorkel and displayed by the
display chamber in real time. Once the temperature is
stabilized, a trigger signal is produced automatically
or manually (depending on the working mode of the
sampler, see Section 2.3 for a detailed description)
and then the sampling valve is opened by the actuator.
Hydrothermal fluid fills the sampling chamber, forc-
ing the piston to move towards the other side. After a
preset filling time, the sampling valve is closed. When
the sampler is retrieved, extraction of the fluid sample
is achieved by replacing the snorkel with a micro-
metering valve and attaching a water pump to the stop
valve of the sampling chamber. Then distilled water is
pumped into the sampling chamber at the rear of the
piston as fluid is removed through the micrometering
valve. Depending on the desired analytical method,
the fluid sample may be completely extracted at one
time or sub-sampled a number of times without de-
gassing the remaining fluid. After completing the
extraction of the fluid sample, the sampling valve

and chamber are cleaned and prepared for the next
deployment.

2.2 Sampling valve and actuator

As mentioned above, the sampling valve is one
of most important parts of the sampler for ensuring
the success of sampling. To obtain a high quality fluid
sample, the seawater cannot be allowed to seep into
the sampler before sampling. Similarly, the fluid
sample once obtained must not be allowed to leak out
during the recovery of sampler from the seafloor.
Thus, the sampling valve must have bidirectional
sealing capability under high pressure. Moreover, the
sampling valve should also have a good thermal tol-
erance and corrosion resistance since most hydro-
thermal fluids are quite hot and highly corrosive. To
address these issues, a custom-made sampling valve
is applied. As shown in Fig. 2, the sampling valve
employs two sliding O-ring seals and a cone seal
comprising a valve poppet and seat. Cone seals are
widely used in fluid and air control valves because of
their good sealing capability and ease of machining
(Bergada and Watton, 2004; Dou et al., 2005). A
spring is employed to produce an initial sealing force
between the valve poppet and the seat. A special
feature of the sampling valve is the pressure-balanced
valve poppet (Chen et al., 2007). Because the two
sliding O-ring seals and the valve seat have the same
diameter, the pressure forces on the valve poppet are
always equal and opposite no matter which port is
subjected to high pressure, that is, the valve poppet is
always pressure-balanced. One benefit of using a
pressure-balanced valve poppet is that the sealing
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Fig. 2 Structure of the sampling valve (modified from
Wu et al. (2012))
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force does not vary with the pressure of the operation
fluid. Therefore, the valve actuator only needs to
overcome the spring force and a little friction force to
move the poppet and open the valve. Once the ex-
ternal actuating force is released, the valve closes
again automatically (Wu et al., 2012). To achieve
good repeatability of the contact seal, an alignment
pin is used to prevent rotation of the valve poppet,
thus ensuring the same contact surface with the valve
seat each time.

Since the hydrothermal fluid is highly corrosive,
the parts of the sampling valve that can come into
contact with a fluid sample, including the valve body,
valve poppet, and pocket are constructed of titanium
alloy (Ti-6Al1-4V) because of its high strength and
excellent resistances to corrosion and heat. The valve
seat is made of polyetheretherketone (PEEK) as it is
much softer than titanium alloy, so a non-leakage
contact seal between the valve poppet and the seat can
be easily achieved. Besides, PEEK also has a good
thermal tolerance (260 °C for long-term use) and
corrosion resistance which can reasonably meet the
requirements of hydrothermal fluid collecting (Taylor
et al., 2006; Victrex Inc., 2009). All the O-rings of the
sampling valve are made of perfluoroelastomer. It
should be pointed out that when the sampling valve
with a PEEK seat is used to collect deep-sea high-
temperature (approaching 400 °C) hydrothermal flu-
ids, the sampler snorkel (Fig. 1) and filling rate will
be properly designed and regulated so that the tem-
perature of incoming sample fluids can be lowered
from 400 °C to below 260 °C (Taylor et al., 2006).
Otherwise, the PEEK valve seat may be damaged or
degraded.

According to the characteristics and working
principle of the sampling valve, a single-shot linear
actuator is designed (Wu et al., 2009). As shown in
Fig. 3, the actuator consists of a pressure case inside
which a preloaded actuating spring is used to produce
an output force and linear movement. When not ac-
tuated, the spring is compressed and constrained by
two triggering rings and spring seats. Each triggering
ring consists of four individual quarter rings, which
are assembled together and held tightly by a wire loop
(Figs. 4a and 4b). The wire loop includes a steel wire
tied with a piece of fiber which is encircled around a
metal film resistor (Fig. 4c). When energizing the
actuator, current is passed through the resistor of

triggering ring 1, which then heats and melts the fiber.
As soon as the wire loop is broken, the quarter rings
fan out, allowing the actuating spring to move for-
ward to produce an output force and displacement.
When it is time to release the actuating force, the
triggering ring 2 is then triggered in the same way and
the spring comes back to its free state. Once the ac-
tuator has been fired, the actuating spring needs to be
loaded again for the next deployment. The maximal
output force of the actuator is dependent on the load
capacity of the triggering ring, which can constrain
the preloaded actuating spring before breaking. More
specifically, it is limited by the strength of the wire
loop. The fiber used here is a high performance pol-
yethylene fiber, which is usually called Dyneema
fiber, which has very high strength and elastic mod-
ulus (van Dingenen, 1989; Hoppe, 1997). Conse-
quently, the load capacity of the triggering ring is
dramatically improved. For more information about
this actuator, please refer to Wu et al. (2009).
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Fig. 3 Schematic illustration of the sampling valve ac-
tuator (modified from Wu et al. (2009))
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Fig. 4 Schematic illustration of the triggering ring (Wu et
al., 2009))
(a) Front view; (b) Top view; (c) Illustration of the wire loop

2.3 Display chamber

Hydrothermal fluids usually have a steep tem-
perature gradient as they mix with seawater. During
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the collection of hydrothermal fluids, temperature is
used as the guide for the snorkel placement, as the
highest temperature indicates where the vent fluid is
undergoing the smallest amount of mixing with the
surrounding seawater. Existing samplers mostly have
hardwired connections or non-contact communica-
tion with underwater vehicles so it is convenient for
the operators to use a computer to read the tempera-
ture data and control the samplers. However, this
method is not practicable for the samplers operated by
scuba divers when they are used to collect fluid sam-
ples from shallow-water hydrothermal vents. Besides,
sometimes connecting a hardwire from the sampler to
an underwater vehicle may be not suitable for safety
reasons. Therefore, a shallow-water display chamber
and a deep-sea display chamber are designed for the
new sampler to facilitate the deployment by scuba
divers and underwater vehicles, respectively.

As shown in Figs. 5 and 6, all the electronic parts
are encapsulated in a pressure case. A circuit board is
running to communicate with the measurement board
(inside the measurement chamber) and to convert the
original data to the temperature value, which is then
displayed by light-emitting diodes (LEDs). In addi-
tion, a magnetic reed switch is connected to the circuit
to produce a manual trigger signal when ready to take
a sample. The switch is placed as close to the cham-
ber’s center line as possible since the magnetic field
intensity there is the strongest. A magnet ring is in-
stalled outside the chamber, the initial position of
which is adjusted to keep the magnetic reed switch in
the “ON” position. Once the magnet ring is removed,
the switch turns from “ON” to “OFF”, and then a
voltage jump is produced and detected by the circuit.
For deployment by scuba divers, the shallow-water
display chamber is fixed on the frame of the sampler
and has a hardwire connection with the measurement
chamber via an underwater cable. An adhesive tape
and elastic cord are used to facilitate the fixing and
removal of the magnet ring (Fig. 5). For deployment
by underwater vehicles in the deep sea, the display
chamber is redesigned to withstand high pressure and
to facilitate operation by a manipulator. As shown in
Fig. 6, the display chamber is installed on a fixing
plate which is then placed in the basket of an under-
water vehicle, where it is easy to observe the tem-
perature by a camera. The magnetic reed switch can
be conveniently triggered using the manipulator to

depress the push rod, which can come back to its
original position with the help of a spring when the
pushing force is released. Furthermore, the connec-
tion between the display chamber and the measure-
ment chamber can be replaced by an inductively
coupled link (ICL), which allows near-field wireless
serial communication via a pair of simple coils
(Fornari et al., 1997). As a result, the display chamber
is separated from the sampler. This makes it feasible
to use only one display chamber to communicate with
several samplers just by switching the ICL coils dur-
ing each dive.
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Fig. 5 Schematic illustration of the shallow-water display
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Fig. 6 Schematic illustration of the deep-sea display
chamber for underwater vehicles

The sampler is designed to work at the seafloor
with a maximum depth of 4000 m. Wu et al. (2009)
demonstrated that the sampling valve, actuator, and
sampling chamber worked well at an ambient pres-



Wu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2014 15(2):120-129 125

sure of 40 MPa. Moreover, the deep-sea display
chamber must withstand pressures up to 40 MPa. The
strength of the glass window was calculated based on
the equation for a flat circular plate.

o (tY
r=5ila) @

where P, is the collapse pressure, o is the fracture
strength of glass, ¢ is the thickness, and d is the un-
supported diameter. In our current design, a fused
silica glass window is used, the fracture strength of
which is 48.3 MPa. The calculated collapse pressure
is 124 MPa according to Eq. (1). So the glass window
has a safety factor of 3 when working at the maximum
depth of 4000 m. The display chamber has also been
tested in a high-pressure vessel at a pressure of 40 MPa
for 8 h, and no leakage or failure is found.

3 Temperature measurement and sampling
control system

3.1 Hardware architecture

The main functions of the sampler’s electronic
system are to digitize the signals of the temperature
sensors, display temperature values in real time, and
control the valve actuator. To make the system flexi-
ble enough to meet different application requirements,
we constructed a master-slave hardware architecture
which is schematically illustrated in Fig. 7.

Power consumption and size are generally the
main concerns for deep-sea electronic equipment
design. The MSP430 micro controller unit (MCU)
from Texas Instrument is one of the new generation of
ultra-low power microcontrollers. It is widely used in
battery-operated instruments like data loggers, hand-
held meters, and medical equipments (Wang et al.,
2009; Zhao et al., 2009; Tan et al., 2010). In addition
to extremely low power consumption (ranging from
several microwatts in active mode to less than 0.1 mW
in sleep mode), MSP430 MCU has a series of models
with abundant on-chip peripherals, such as analog-to-
digital (AD) converters, digital inputs/outputs (I/Os),
timers, and universal synchronous/asynchronous
receive/transmit (USART) interfaces (Texas Instru-
ments Corporation, 2003). So it can significantly
simplify the circuit design as well as reduce the size.

In our application, two MSP430F149 MCUs are
adopted in the master and slave circuits. As Fig. 7
shows, in the slave unit, signals from the thermocou-
ple and thermistor are filtered and amplified by the
signal conditioning module, and then digitized using
the MSP430’s built-in 12-bit AD converter. Since the
valve actuator employs heating the metal film resistor
quickly to melt the fiber, a large driving current
(generally hundreds of micro amperes) is required. A
ULNZ2068 is one of the high-voltage and high-current
Darlington arrays from Allegro MicroSystems, which
is designed for interface between low-level logic and
a variety of peripheral loads like relays, solenoids,
and heaters. A ULN2068 has a high output current up
to 1.5 A while requires a low input current less than
1 mA. Besides, it integrates four Darlington switches
in a single chip with compact sizes as small as 13 mmx
10 mmx2.5 mm (Allegro MicroSystems, Inc., 2002).
Therefore, it is an ideal solution for the design of a
driving circuit. The master unit consists of an
MSP430F149 and an LED display. A trigger signal
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Fig. 7 Functional block diagram of the hardware
architecture
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from the magnetic reed switch is detected using the
MCU’s interrupt port. The master unit communicates
with the slave unit via RS232 or ICL.

Prototype circuit boards of master and slave
units are shown in Fig. 8. To minimize the dimensions
of the slave unit, the signal conditioning and driving
circuits are laid out on a small individual PCB board,
which is then stacked on the main board. Even with
the battery attached, the circuit board is as small as
128 mmx26 mm. Similarly, the RS232 and ICL
communication modules are also designed on two
small PCB boards, respectively (not shown in Fig. 8).
They use the same interface connecting to the master
and slave units, thus making it very convenient to
change the communication modes.

128 mm

26 mm

Signal conditioning and driving circuits

y = e =

RS232/ICL interface

LED display MSP430

Fig. 8 Circuit boards of the slave (up) and master (down)
units

3.2 Software architecture

Upon startup, the master unit sends out a tem-
perature measurement command periodically at pre-
set intervals. Once the command is received, the slave
unit starts digitizing the signals. After finishing the
AD conversion, the data is transmitted back to the
master unit to be converted to a temperature value and
displayed via LEDs. For the valve control, two
working modes are considered in the software design.
In the manual working mode, the master unit sends
out a valve opening command according to the in-
terrupt event caused by the magnetic reed switch.
Consequently, the slave unit continuously outputs
current for several seconds (depending upon the time

needed to heat the resistor) to open the sampling valve.

After a preset filling time counted using the MSP430’s
built-in 16-bit timer, the master unit sends out a valve
closing command, and then the slave unit responds in
the same way to close the valve. In the automatic

working mode, the master unit does not need an ex-
ternal trigger signal but sends out the valve opening
command according to the temperature values. A
reference temperature is set in the program prior to
each deployment. When the measured temperature
reaches the reference temperature and remains stable
for a period of time, the master unit sends out the
valve opening command automatically. Thus, this
working mode simplifies the operation of the sampler
during deployment. However, it requires the operator
to predict the temperatures of hydrothermal fluids,
which may be difficult at unfamiliar vents. According
to actual deployment requirements, the working modes
can be easily changed by downloading a new program,
and all the parameters can be reset by commands from
a computer.

4 Preliminary deployments and results

In May 2010, two sets of new electric control
samplers were developed and went through the
first sea trial at the hydrothermal vent site near off
Kueishantao Islet (24°51'N, 121°55'E) located at a
tectonic junction of the fault system extension of
Taiwan and the southern rifting end of the Okinawa
Trough (Chen et al., 2005a), to verify their me-
chanical and electronic capabilities. Since hydro-
thermal vents in this field are in shallow water with
depths of about 10-30 m, the samplers were deployed
by scuba divers (Fig. 9). Prior to deployment, each
sampler was prepared as described in Section 2.1, and
the pre-filled nitrogen gas was kept at one atmosphere
pressure. During the first deployment, the samplers
were used successfully to take fluid samples from a
low-temperature vent characterized by discharging a

(b)

Fig. 9 Two sets of the new electric control samplers on
the dock before sea trial (a) and deployment of the
sampler by a scuba diver in a shallow-water hydro-
thermal vent off Kueishantao Islet (b)
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whitish fluid at a depth of 18 m. The temperature of
the hydrothermal vent was measured to be approxi-
mately between 35 °C and 46 °C (Fig. 10). In general,
the mechanical parts of the sampler, including the
sampling valve, valve actuator, sampling chamber,
and electronic system were shown to work well.
During the second deployment, the two samplers
were tested at a shallower vent with a depth of
8 m. The fluid temperature was measured as high as
116 °C. The sampling valves and actuators worked
properly according to the operation of scuba divers.
Unfortunately, the hydrothermal vent is so shallow
that the fluid pressure was not high enough to move
the piston, hence no sample was collected.

Temperature (°C)
= 2 N N W W
o O O O O O,
T T T T T T

5F

14112" 430" 1447"

Time

y3e 13557 15'04"

Fig. 10 Temperature of the white vent during the collec-
tion of a hydrothermal fluid sample

Laboratory tests were carried out after the sea
trial to verify if the sampler has the ability to collect
samples from very shallow sites with depths less than
10 m. It was found that when the two O-rings of the
piston were lubricated by grease, the piston could be
moved by a pressure less than 10° Pa. During another
test, the chamber at the rear of the piston was evacu-
ated after the sampling valve was closed. Then the
sampler was successful in sucking water from a
bucket when the sampling valve was opened. In this
case, the sampler is able to collect samples from any
shallow sites. Fluorolube grease is recommended for
the O-rings during actual deployment of the sampler.

The fluid samples obtained were analyzed at an
onshore laboratory (Table 1). It should be noted that
the dissolved oxygen (DO) concentrations in the flu-
ids collected by the new samplers were quite low
compared to previous study (Kuo, 2001). Because
oxygen is nearly absent in the endmember of hydro-

thermal fluids, the DO in the fluid samples is regarded
as having been introduced by the pre-filled seawater
in the sampler’s dead volume (as described in Section
2.1) and the entrainment of ambient seawater during
sampling. The low DO concentrations in the samples
indicate that the new sampler is capable of collecting
high-purity hydrothermal fluid samples.

Table 1 Parts of the chemical analysis results of the
fluid samples

DO Si0,

Sample %) pH (umol/kg) Salinity
No. 1 3.7 5.28 89.0 33.1
No. 2 4.5 5.99 55.2 33.7

In summary, the first sea trial demonstrated the
successful integration between the new sampler’s
mechanical components and electronic system, and
its convenient operation by scuba divers. The failure
to collect a fluid sample during the second deploy-
ment indicates that when the sampler is used to collect
fluid samples from very shallow hydrothermal vents,
the sampling chamber should be evacuated before
deployment.

5 Conclusions

A new electric control gas-tight sampler has
been successfully designed and built to collect fluid
samples from seafloor hydrothermal vents. With
compact temperature measurement integrated with
the sampling system and electric control sampling
valve, the sampler is able to measure and display the
fluid temperature underwater in real time, as well as
control the sampling process automatically without
communication with the submersible. By using an
underwater magnetic reed switch, the sampler can
also be conveniently triggered by a simple action.
These features facilitate the sampler’s deployment by
both submersibles and scuba divers. Finally, pre-
liminary field tests demonstrated the sampler’s me-
chanical and electronic capabilities. We conclude that
with proper preparation of the sampling chamber
before deployment, this sampler is suited for both
deep sea and shallow water. Further work will be
carried out to use the sampler, deployed by an ROV, to
collect fluid samples from deep-sea hydrothermal
vents.
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