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Abstract

Radon is recognized as a powerful tracer of certain geophysical processes in marine and aquatic environments. In
the past few decades, the instruments and methods for measuring radon concentration in water have been
developed to some extent but still lack underwater in-situ measurements. Here we present an in-situ detection
equipment for radon-in-water (pulsed ionization chamber (PIC)-radon) to measure dissolved radon in ocean and
groundwater settings. The equipment has been successfully deployed in the Jiaozhou Bay in July 2022 and has
achieved 14 d of unattended underwater in-situ observation. Then it was successfully placed in a groundwater
monitoring well in the Laizhou Bay in November 2022 and monitored radon activities for over 30 d. The results
showed that this instrument had a good indication of submarine groundwater discharge. The PIC-radon detector
takes advantage of smaller size, lower power consumption, and is barely influenced by humidity, making it
particularly suitable for long-term in-situ measurement, especially in harsh environments with limited human

care or deployment spaces.
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1 Introduction

Radon is an ideal geochemical tracer for the study of marine
processes. Compared with traditional physical and chemical in-
dicators such as temperature, salinity, dissolved oxygen, pH, etc.,
radon isotopes in the ocean are more robust to assess ocean pro-
cesses on the time scale of 20 d due to their unique half-life. For
example, it has been widely used as an ideal tool for studying
processes such as submarine groundwater discharge (SGD) flux
and material contribution, air-sea exchange flux, and water-rock
interaction in coastal oceans ( Burnett and Dulaiova, 2003; Bur-
nett et al., 2001, 2006; Dulaiova et al., 2005; Null et al., 2012;
Prakash et al., 2018; Santos et al., 2010; Wang et al., 2019, 2020).
High spatial-temporal resolution radon data are needed for an
accurate long-term estimation of these processes, which might
benefit the combination of radon and physical models for vari-

ation prediction (Xu et al.,2022).

In 2000, Burnett et al. (2001) demonstrated an automated sys-
tem that can determine the radon activity in coastal ocean wa-
ters. The system was composed of a commercial radon-in-air
analyzer RAD7 and a water-air exchanger. The RAD7 analyzed
222Rn from a constant stream of water passing through the air-
water exchanger that distributes radon from the running flow of
water to a closed air loop. In 2005, Dulaiova et al. (2005) demon-
strated an automated multi-detector system in which the air
stream was fed to three RAD7 connected in parallel. The system
can measure radon concentration in water quickly and accur-
ately. Note that RAD7 is designed to determine Rn by measuring
a particles generated by the decay of radon’s daughters.
However, the daughter of radon is a positively charged particle,
which is particularly susceptible to the influence of humidity to
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be neutralized, resulting in a sharp decline in the measurement
efficiency of RAD7. RAD7 needs to operate in an environment
with relative humidity below 10% (Burnett et al., 2001; Xu et al.,
2010), so additional desiccants are needed to remove moisture
from the entire air loop. This leads to the need for someone on
duty to change the drying unit regularly.

In recent years, radon measurement technology based on the
pulsed ionization chamber (PIC) measurement principle has
been applied to the measurement of radon concentration in wa-
ter (Li et al., 2022; Seo and Kim, 2021; Zhao et al., 2022). The a
particles generated by the decay of radon in the PIC will ionize
the air, generating a large number of “electron-ion” pairs. The
“electron-ion” pairs will drift towards the ionization chamber
poles under the action of an electric field, resulting in a change in
the electrical signal (Gavrilyuk et al., 2015; Studnicka et al., 2019).
Each o particle generates an electrical signal, so the radon con-
centration can be determined according to the number of elec-
trical signals produced. Since it is measured as an electrical sig-
nal from the ionization of a particles, it is almost unaffected by
humidity. More recently, Liu et al. (2022) reported that the meas-
urement efficiency of the radon probe based on the pulse ioniza-
tion principle is not significantly affected by relative humidity be-
low 65%. Zhao et al. (2022) demonstrated a radon-measuring in-
strument based on the PIC measuring principle, which was com-
posed of a PIC radon probe and a water gas separation device.
The seawater was pumped into the water gas separation device
by a water pump to achieve the separation of water and gas, and
then the radon concentration in the gas phase was measured by
the PIC radon probe. However, the gas extraction membrane
module they used was not pressure resistant, which constrained
the system functioning in shallow water settings.

In this work, we developed an in-situ measurement equip-
ment (“PIC-radon”), which is based on gas-liquid separation
through permeable sheet membrane and radon measurement
through pulse ionization. The sheet membrane is pressure toler-
ant, so the system has the potential to be deployed into deep wa-
ter. It has extremely low power consumption, minuscule size,
and is barely influenced by humidity, making it particularly suit-
able for long-term in-situ observation, especially in harsh envir-
onments with limited human care or deployment spaces.

2 Materials and methods

2.1 System setup
The entire “PIC-radon” device is functionally divided into the
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equilibration unit, measuring unit, and control unit. The equilib-
ration unit mainly achieves gas-liquid separation, including per-
meable sheet membrane and sintered metal plate (Fig. 1). The
measurement unit, mainly detects radon concentration and en-
vironmental parameters, including radon probe and air temper-
ature-humidity-pressure sensor. The control unit mainly pro-
vides power to other modules, as well as functions such as data
acquisition and storage. When the PIC-radon system is im-
mersed in seawater, the dissolved radon gas in the seawater will
be degassed by passing through the permeable membrane,
which then enters the measurement unit and is counted by the
radon probe in the measurement unit. At the same time, the en-
vironmental parameter sensor monitors the working state of the
PIC chamber. The control unit accelerates the gas circulation in
the PIC by controlling the diaphragm air pump and conducts
periodic data acquisition and storage.

2.1.1 Hardware design

The permeation sheet membrane and the sintered metal
plate of the equilibration unit are located at the end of the entire
device and sealed through the end cover (Fig. 1). The permeable
sheet membrane (Biogeneral, USA) is made of Teflon material,
used for gas-liquid separation. The sintered metal plate serves as
a supporting material under the permeable membrane. There
are evenly distributed pore sizes on the metal plate to make sure
radon gas enters the counting chamber effectively.

The measurement unit mainly consists of a PIC radon probe
and environmental sensors (Fig. 2a). This PIC radon probe (Ek-
man Technology, China) is used to measure radon concentra-
tion in air, which sensitivity is (0.559 + 0.012) cpm/(pCi-L-1)
(cpm: counts per minute), the background is (0.10 + 0.11) cpm
and detection range is 3.0-10 000 Bq/m?. The volume of its ioniz-
ation chamber is only 200 mL. We can also choose radon probes
with larger detection volumes according to measurement re-
quirements. We used a BME680 sensor (Bosch Company, Ger-
many) to monitor air temperature, atmospheric pressure, and re-
lative humidity inside the PIC chamber simultaneously. This
sensor has a small size, low power consumption, and can meet a
sampling rate of once per second, making it very suitable for
monitoring air conditions. The measurement unit is powered
and controlled by the control unit through two watertight cables
(Fig. 1).

We developed a set of integrated circuits as the control unit of
the instrument. It mainly consists of four parts: core processing
module, data storage module, air circuit control module, and

] radon (Rn)f

water line
metal plate
membrane A
_— t micro-
air phase computer
LEkgs I: air pum
sensor, Ly
end cover PIC probe T T aﬁ‘;;:
water phase

Fig. 1. Schematic diagram of the pulsed ionization chamber (PIC)-radon system for continuous measurements of radon-in-water.
The system consists of an equilibration unit, a measuring unit, and a control unit. The blue arrows indicate the direction of the airflow;
the black arrows indicate the power supply to each module; the yellow arrows indicate communications between each component.

Esrs is the abbreviation for environment.
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measure-
ment unit

Fig. 2. The internal structure of the pulsed ionization chamber
(PIC)-radon system (a); the lower part is the measurement unit,
and the upper part is the control unit. b. An overall photo of the
PIC-radon. The entire capsule is made of polyoxymethylene
which can withstand water pressure of 100 m depth.

power management module (Fig. 2a). The core processing mod-
ule (STMicroelectronics Inc., Italy) is used to control other mod-
ules and interact with the PC software. The data storage module
(a TF card) is used to store relevant data, including time, radon
concentration, cpm, relative humidity, atmospheric pressure,
and air temperature. The air circuit control module is composed
of a micro diaphragm pump (Kamoer Company, China) and
some hoses, and its inlet and outlet are connected to the meas-
urement unit. By turning on the micro diaphragm pump, the per-
meated gas can be distributed more quickly and evenly in the
ionization chamber, which is conducive to achieving more accur-
ate measurements. The power management module can convert
the external power supply into the voltage required by the entire
instrument, such as the 12V of the radon probe and the 6 V of the
micro diaphragm pump, etc.

The size of the equipment is 31 cm in length and 11 cm in dia-
meter (Fig. 2b). In the air, the weight of the equipment is less
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than 5 kg. The overall power consumption of the equipment is
less than 2.5 W and can be powered by battery or AC power via a
two-core watertight cable. The data of the instrument is stored in
the data storage module and/or uploaded to the PC software.

2.1.2 Software design

A PC software was developed which can achieve real-time
control and data collection of the PIC-radon (Fig. 3). Real-time
interactive communication between PIC-radon and PC software
is based on the RS-232 Modbus protocols with the baud of 19 200 bps
(bits per second), which is accomplished through a four-core wa-
tertight cable. The sampling interval can be set up as 10 min or
any other manually set-up interval. After the period is set, the
real-time measurement data will be periodically uploaded to the
PC software. The collected data are stored as text files in the com-
puter and displayed as diagrams in the PC software (Fig. 3). If the
PIC-radon is found to be working abnormally, one can use this
software to reset the measurement. It is also easy to turn on/off
the diaphragm air pump and set the duration through the PC
software.

2.2 Laboratory tank experiment

To assess the detection efficiency of the PIC-radon, we con-
ducted an indoor-tank laboratory experiment to compare the
PIC-radon with the commercial RAD AQUA-RAD7 system (Fig. 4).

At the beginning of the experiment, the PIC-radon system
and the RAD7 were both placed in the air with the internal air
pump on until they reached equilibrium in the air. To meet
RAD7’s measurement requirements, a drying column was con-
nected in series throughout the gas path to reduce the relative
humidity. Then the PIC-radon system and RAD AQUA-RAD7
were both set up in the tank, which was filled with high-radon tap
water. We used a submersible pump to provide a continuous wa-
ter flow to the water-air exchanger. For quick balancing, the wa-
ter flow speed was set to 2 L/min (Schmidt et al., 2008; Zhao et al.,
2022). In the previous calibration, the measurement efficiency of
the RAD7 was known to be (0.015+0.000 3) cpm/(Bq-m-3). The
PIC-radon system and RAD AQUA-RAD7 measured the activity
of radon continuously for 2 h with 10 min data reporting interval.
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Fig. 3. Display diagram of the PC software.
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Fig. 4. A continuous measurement of tap water in an indoor tank via the pulsed ionization chamber (PIC)-radon system with a

commercial RAD AQUA-RADY7 system.

Through this experiment, we can evaluate the degassing effi-
ciency and equilibrium time of the PIC-radon system.

2.3 Field experiments

2.3.1 Nearshore experiments

To test the PIC-radon in seawater, a long-term in-situ obser-
vation of the offshore area was conducted from July 20, 2022 at
the Jiaozhou Bay, China (Fig. 5). We still use the PIC-radon and
the RAD AQUA-RAD?7 system for comparison tests. To ensure the
accuracy of the measurement, the PIC-radon and the submers-
ible pump for the RAD AQUA-RAD7 were fixed on the same float-
ing platform, and approximately 1.5 m away from the water sur-
face. Just like before, the water flow speed was set to 2 L/min. The
entire comparison test lasted for about 70 h and the data collec-
tion interval for both systems was set to 10 min. Afterward, we
used the PIC-radon to carry out long-term in-situ observation
from July 20 to August 2, 2022 in the Jiaozhou Bay to assess the ef-
fect of tides on radon concentrations.

2.3.2 Long-time series radon measurements in groundwater
To test the PIC-radon in groundwater, we conducted a long-
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Fig. 5. Map for conducting radon concentration measurement
in the Jiaozhou Bay.

term in-situ observation in a groundwater well at the Laizhou Bay
coast, China (Fig. 6). The PIC-radon was placed at 1.5 m water
depth in the brine well (length: 40 cm, width: 30 cm). The dis-
tance between the ground and the surface of the well water is
about 15 m. Firstly, we measured the long-term standing ground-
water from November 3 to November 22, 2022. Then we pumped
out the old groundwater and started measuring the newly replen-
ished groundwater from January 4 to January 17, 2023. As we ob-
served daily trends, we set the sampling interval to 30 min, and
radon activities were characterized using a 1-h interval averaging
approach to smooth out the statistical scatters.

3 Results

3.1 Laboratory tank experiments

In the air, the PIC-radon system background value ranged
from 0.3 cpm to 1.1 cpm within 100 min counting, with an aver-
age of (0.67 £ 0.27) cpm (n = 10, n: the number of counting res-
ults). This value is basically consistent with the previous laborat-
ory test results.

In the tank, the RAD AQUA-RAD7 system reached the water-
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Fig. 6. Map for conducting radon concentration measurement
in the Laizhou Bay (a); the instrument was placed in the brine
well (length: 40 cm; width: 30 cm) (b).



182

gas equilibration after about 30 min, while the PIC-radon system
needs about 230 min. When both systems reached water-gas
equilibration, the average value of RAD7 and PIC-radon by aver-
aging the count rates of the platform period is (7.83 + 1.13) cpm
(n=12)and (2.17 £ 0.41) cpm (n = 12), respectively. The meas-
urement efficiency of PIC-radon is about 28% of that of the RAD
AQUA-RADY7 system. Because of the lower degassing efficiency of
sheet membrane compared with the water-gas exchanger, based
on statistical analysis, we found a lower measurement efficiency
and longer water-gas equilibration time of the PIC-radon com-
pared with those of RAD AQUA-RAD?7 system. However, the data
variation trends of both systems were consistent with each other

(Fig. 7).
3.2 Field experiments

3.2.1 Nearshore experiments
According to previous laboratory tank experiments, the meas-
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Fig. 7. Radon activities measured by the pulsed ionization
chamber (PIC)-radon system (blue spots) and a commercial
RAD7-AUQA system (orange spots). The error bars were calcu-
lated by counting statistics (10).
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urement efficiency of PIC-radon is about 28% of that of the RAD
AQUA-RAD?7 system, which can be used as efficiency to calculate
the radon activities of PIC-radon. Meanwhile, as the equilibrium
time of PIC-radon is about 3.5 h longer than that of RAD AQUA-
RAD7 based on the previous laboratory tank experiments, we
shifted the overall data of PIC-radon forward by 3.5 h as shown in
Fig. 8.

As shown in Fig. 8a, the radon activities in the nearshore area
of the Jiaozhou Bay ranged from 124 Bq/m3 to 356 Bq/m?3 as de-
termined by the PIC-radon, and ranged from 93 Bq/m? to
473 Bq/m3 as determined by RAD AQUA-RAD7 system; the aver-
age radon activities are (241 + 50) Bq/m? and (228 + 94) Bq/m?,
respectively. The average values of both systems are basically the
same. The long-term monitoring data indicate that the variation
of radon activities are inversely correlated with the local tides,
with radon peaks generally at low tide (Fig. 8a). The PIC-radon
system is not as sensitive as the RAD AQUA-RAD7 system. This is
because the equilibrium time of the permeation membrane is
longer, resulting in tidal variations being smoothed. Therefore,
the PIC-radon system is especially functional in scenarios with
the demand for long-term variations with daily scale resolution.

As shown in Fig. 8b, we found the concentration was signific-
antly affected by the astronomical tide. At astronomical neap
tides, radon concentration values ranged from 200 Bq/m?3 to
400 Bq/m3. With the arrival of astronomical spring tides, the
radon concentration value significantly increases. The highest
concentration (875 Bq/m?3) of radon occurs at the lowest astro-
nomical tide (July 30), which is about 4 times the lowest value.
After the spring tide, the radon concentration rapidly decreased
again.

3.2.2 Long-time series radon measurements in groundwater
In the first section, when the PIC-radon was placed in the
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Fig. 9. A 30-d time-series radon measurement conducted beneath (1.5 m) a brine well on coast of the Laizhou Bay. a. The long-term
standing groundwater; b. the second section is the data after the well was drained and replaced with newly replenished groundwater.

brine well, the radon activities rose to around 1 500 Bq/m? after
about 10 h (Fig. 9). The water-gas equilibration time is longer
than that of laboratory tank experiments. Perhaps because the
water in the well was stationary, the efficiency of water-gas ex-
change through the permeable sheet membrane was reduced.
Afterward, the radon activity continued to rise and reached its
peak. Finally, the radon concentration has been fluctuating
around 2 000 Bq/m?®. In the second section, with the replenish-
ment of fresh groundwater, the concentration of radon rose rap-
idly and reached a maximum of 8 229 Bq/m? (Fig. 9). This result
indicated that the instrument had a very good and fast response
to concentration changes. Through these two measurements, we
could see that the difference in radon concentration between old
groundwater and new groundwater was very obvious. Afterward,
the radon concentration began to decrease, but the rate of de-
cline was significantly slower than the radioactive decay curve,
indicating that there must be continuous groundwater exchange
during this period.

It should be noted that the instrument remained in the well
after the first stage of experiments and was not removed until the
second stage of experiments completed. The whole process las-
ted 75 d. When we took out the instrument from the well, we
found that some sediment covered the surface of the permeation
sheet membrane. We only need a simple rinse of the instrument.
This result indicated that the instrument can be well used for
long-term in-situ observation.

4 Conclusions

We have developed a new instrument that can be used for
long-term in-situ observation of radon concentration in water. It
has the advantages of low power consumption, minuscule size,
barely influenced by humidity, and so on. However, it also has
the disadvantages of low degassing efficiency and long water-gas
equilibrium time. The equilibrium time is about 4 h, and the
measurement efficiency is about 28% of the RAD AQUA-RAD7
system. Therefore, it is very suitable for long-term in-situ obser-
vation in a high-concentration environment, especially in a harsh
environment with limited human care and deployment space.
The PIC-radon system is especially functional in scenarios with
the demand for long-term variations with daily scale resolution.
For example, it is used for long-term monitoring of groundwater
at the land-sea boundary to assess the issues of seawater intru-
sion and soil salinization. Meanwhile, it can also be deployed on
other unmanned mobile platforms, such as unmanned boats or
drifting buoys. The next step will be to further improve the de-
gassing efficiency and equilibrium time of the device by selecting

different permeable membrane materials. Research in submar-
ine groundwater discharge and ocean-atmosphere gas exchange
will benefit from utilizing this system.
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