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Radon is an excellent natural tracer for studying various geophysical processes.

In the past centuries, radon isotopes measurement approaches for marine

research have been fully developed but still suffer limitations. Here we present

the setup and validation of an improved continuous online measurement

system (PIC-ORn) to measure dissolved radon in the surface ocean and

other water bodies. We demonstrated that the PIC measurement efficiency is

~2 times higher than a RAD7 and is less affected by relative humidity and

produces reliable results. Laboratorial measurements indicated that the new

PIC-ORn system responded timely to the change of radon activities in water.

The new system was successfully deployed during a cruise to the northwest

Pacific Ocean in June 2021. Despite low radon-in-water activities, the results

obtained by the new PIC-ORn system matched the traditional measurement

systems within the estimated uncertainties. The PIC-ORn detector takes

advantage of higher efficiency, lower cost, and power consumption, and is

less affected by air moisture. The new system does not rely on drying units,

further reducing on-site supervision, which would benefit the researches in

submarine groundwater advection and diffusion and ocean-atmosphere

gas exchange.

KEYWORDS

radon, surface ocean water, PIC, continuous measurements, RAD7
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2022.1047126/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1047126/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1047126/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1047126/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.1047126&domain=pdf&date_stamp=2022-11-25
mailto:xubc@ouc.edu.cn
https://doi.org/10.3389/fmars.2022.1047126
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.1047126
https://www.frontiersin.org/journals/marine-science


Li et al. 10.3389/fmars.2022.1047126
1 Introduction

Natural radon isotopes can be used as tracers of various

chemical and physical processes in the environment. Because the

half-lives of 219Rn (t1/2 = 3.96 s) and 220Rn (t1/2 = 55.6 s) are so

short, it is difficult to measure them precisely. However, 222Rn

(t1/2 = 3.83 d) is often measured and has been widely employed

for studies such as upwelling and downwelling (Sarmiento et al.,

1976), air-sea interactions (Broecker and Kaufman, 1970;

Broecker and Peng, 1971), diffusion from sediments (Corbett

et al., 1998), earthquake prediction (Kuo et al., 2010; Chen et al.,

2018a) and submarine groundwater discharge (SGD) (Null et al.,

2012; Prakash et al., 2018; Santos et al., 2021). Simultaneous

measurements of radon and other natural gases (such as CO2

and CH4) were used recently to delineate the significance of SGD

and thus better understand carbon and nutrient biogeochemical

transformations (Santos et al., 2012; Schubert and Paschke, 2015;

Chen et al., 2018b; Chen et al., 2022).

Radon isotopes measurement approaches for marine

research have been fully developed in the past centuries. For

grab samples, the radon in water is traditionally trapped via a

radon extraction line system and transferred to Lucas alpha

scintillation cells followed by measurement by a counting system

after being sealed for 3 hours to allow the 222Rn progenies (218Po,
214Po) to reach radioactive equilibrium (Stinger and Burnett,

2004). This method benefits by having maximum measurement

efficiencies approaching 300% which was widely used in multiple

international research programs including GEOSECS, TTO and

GEOTRACES (Broecker et al., 1967; Key et al., 1979; Xu et al.,

2022). This approach, however, is time consuming and may

present numerous logistical difficulties. Most recently,

continuous measurement of radon was achieved by combining

a commercial radon-in-air analyzer RAD7 (Durridge, Inc., USA)

with a water/gas exchanger (RAD AQUA) (Burnett and

Dulaiova, 2003). In this approach, radon is continuously

degassed from a water stream and circulated in a closed air

loop with a RAD7 counting chamber. After reaching an air-

water equilibrium, such a system allows continuous on-site

radon monitoring in surface waters (Burnett et al., 2001;

Wang et al., 2019). Another approach uses a RAD7 connected

to a small (40 or 250 mL) glass bottle (RAD-H2O system) that

provides a portable on-site method for measuring radon samples

with relatively high activities, such as groundwater or some river

waters (Lee and Kim, 2006). Note that the passivated implanted

planar silicon alpha detector that used in the RAD7 is sensitive

to humidity in its chamber. An extra drying unit is always need

to remove moisture from the air stream to meet the requirement

that the relative humidity in the RAD7 chamber remains below

10%, typically less than 6% (Burnett et al., 2001; Xu et al., 2010).

Although a humidity correction for the RAD7 could be

automatically made by the Capture softer provided by

Durridge, the data precision will be partly degraded compared

with readings taken in dry conditions.
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A technological advance for radon measurements that is

independent of some of the above limitations suggests using a

pulsed ionization chamber (PIC) (Curtiss and Davis, 1943; Seo

and Kim, 2021; Zhao et al., 2022). The PIC sensor measures

charge pluses created during air ionization by a-particles
generated by radon. Compared to other radon detectors, such

as semiconductors and scintillators, almost all generated a-
particles can be deposited in the ionization chamber and

counted, so the absolute detection efficiency is much higher

than other conventional methods (Gavrilyuk et al., 2015). Liu

et al. (2022) reported that by changing the relative humidity

from<5% to 65%, the counting efficiency of the PIC sensor is not

significantly affected by air moisture. A drying unit is not a

necessary part while utilizing a PIC sensor, which not only helps

to reduce the total volume of the system, but offers a possibility

for a long-term radon field monitoring with less on-

site supervision.

We present here a miniaturized, inexpensive active PIC

Oceanic Rn monitor (“PIC-ORn”) with high efficiency and

sensitivity, which provides an alternative method for the

surface seawater survey of radon. The new PIC-ORn system

requires minimal operator intervention and produces high-

resolution readings, thereby overcoming some of the

disadvantages of the currently available instrumentation.
2 Materials and methods

2.1 System setup

The PIC-ORn onboard measurement system consists of two

main components: (i) a commercially available water-gas

equilibrator (RAD AQUA, Durridge, In., USA) for radon-gas

extraction from the pumped seawater connected via closed air

loop to (ii) a PIC-ORn detector (described in detail in section

2.2) for radon-in-air activity measurements (Figure 1). The RAD

AQUA water-gas equilibrator (also called exchanger) has been

widely used in conjunction with RAD7 radon analyzers for on-

site radon surveys and time-series observations (Burnett and

Kim, 2001; Dulaiova et al., 2005; Chanyotha et al., 2018). Other

gas extraction modules, such as membrane contactors, can also

be used for this purpose (Schubert et al., 2008; Petra and Ales,̌

2019). During operation, the equilibrated radon-in-air is

circulated through an air filter (with 0.45 mm pore size) to

prevent dust particles and radon Po-daughters from entering the

measurement system. Then the air is directed to the

measurement system via an internal air pump and is returned

to the RAD AQUA exchanger. A one-way valve in the air stream

just upstream of the RAD AQUA is used to prevent

unanticipated water backup causing damage to the detector

(Figure 1). The measured radon-in-air activities can easily

convert into to corresponding radon-in-water activity through

a specific radon partitioning coefficient which is dependent upon
frontiersin.org
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the temperature and salinity of the water (Schubert et al., 2012).

The temperature and salinity are parameters that are routinely

measured during oceanic surveys.
2.2 PIC-ORn equipment

2.2.1 Hardware design

The PIC-ORn system is designed in two separate sections: the

control unit and the measurement unit (Figure 1). This design is

convenient and avoids any electrical noise interference generated

by the control unit and from the vibration caused by the

diaphragm air pump to the measurement unit. The entire

system can be powered by either 12 V batteries or AC via an

eight-core watertight cable. Real-time interactive communication

between PIC-ORn and the ship-based PC is accomplished

through a USB cable. Fitting on the measurement and control

chambers are IP67 waterproof grade, meeting the requirements of

long-term continuous field survey monitors.

The control unit is composed of a microcontroller (MCU), a

data logger, a diaphragm air pump, and a GPS module. The

built-in MCU is the core of the PIC-ORn detector, which

provides the appropriate power to the other devices and

contains the command control and data transmission between

the PIC-ORn and the PC software. For each integration time

(minimum at 1 minute), the combined information, including

radon activity, temperature, humidity, pressure, and GPS

locations, are transmitted from the MCU to the PC interfaced

by the program software. A data logger (a TF card) automatically

stores the dataset once the MCU receives the data. The data can

be revised and downloaded using a remote terminal via WiFi.
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An STM32F103 chip (STMicroelectronics Inc., Italy) was

selected as the MCU. This chip contains multiple serial

interfaces and general-purpose input/output (GPIO) ports and

has the advantages of low cost and power consumption. The

ATK1218-BD positioning module (Xingyi Electronic

Technology Co., Ltd, China) is used to obtain longitude and

latitude coordinates during the radon survey measurements.

This module has dual positioning functions from both GPS

and Beidou systems, which have an update rate of up to 20 Hz

with a positioning accuracy of up to 2.5 m circular error

probability (CEP). The KLC-2 micro diaphragm air pump

(Kamoer Company, China) provides a maximum airflow rate

of 1.5 L/min, which guarantees a rapid equilibrium of radon-gas

between air and water phases. It has the advantages of a large

voltage regulation range, low heating effect, low noise, and long

service life.

The measuring unit can be sealed with an air inlet port and

an air outlet port, in which a PIC radon probe (HS Radon Co.,

China, or FT-lab Co., Korea) and an environmental sensor are

assembled. This commercially available radon probe with an

active volume of 0.2 L is used to monitor the radon-in-air

activities. It has a power consumption of about 1 W (12 V

DC, 0.065 A) with an operating temperature from 10 °C to 40 °C.

We used a BME680 sensor (Bosch Company, Germany) to

moni tor a i r temperature , humidi ty , and pressure

simultaneously. The sensor uses an I2C interface, an onboard

power supply voltage stabilizing chip, and a level chip with good

compatibility. When the sampling rate is set at 1 Hz, the current

consumption is only 3.7 microamperes.

Based on a conceptual diagram of the hardware system

(Figure 2A), we designed the hardware circuit board and
FIGURE 1

Schematic diagram of an automated radon measurement system for continuous measurements of radon-in-water. Everything inside the dotted
lines is the PIC-ORn detector, which consists of the measurement and control units. Equilibrated air from the RAD AQUA exchanger is directed
to the measurement unit via a diaphragm air pump. Every ten minutes or other manually set-up interval, the combined information including
radon activity, temperature, humidity, pressure, and GPS locations are stored in the data logger and/or transmitted from the microcontroller unit
(MCU) inside the PIC-ORn detector to a self-programed PC software. One can download all the data afterwards if a computer is not readily
available on field site.
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packaged the electronic control system (Figure 2B). The total

power consumption of PIC-ORn with the air pump running is

approximately 5 W.

2.2.2 Software design
We developed a PC Software package (“Radon-Survey-

Software v2.0”) to run the command control, real-time data

display, and storage of the PIC-ORn detector data. A

corresponding Embedded Software was implanted into the

MCU of the PIC-ORn to control each sensor, acquire data,

and interact with the PC Software, based on the RS-232 Modbus

protocols with the baud of 19200 bps.

The Embedded Software on the MCU is programmed with C-

language based on Keil software platform. The control flow

diagram of PC Software and Embedded Software were shown

respectively (Figure 3). The PC Software is programed based on

Visual Studio 2017 platform with C-language which has a concise

user interface. The control commands can be easily sent to the

PIC-ORn by clicking corresponding buttons. The menu functions

of the PC Software include communication setting, system

configuration, diagram display, status display, and air pump

setting, etc. After the connectivity between PC Program and

PIC-ORn established, the PC Software can further configure the

PIC-ORn system with different manual set-up, including device

reset, single data acquisition, data save, algorithm optimization,

and data type selection. The operation mode of air pump can be

set as on, off, automatic or periodical modes, which improves the

adaptability of the PIC-ORn detector to meet various

requirements during survey measurements with different radon

activities. The radon concentration reported by the PIC-ORn

detector can be displayed in diagram display area of the PC

Software in real time. The software can conduct preliminarily data
Frontiers in Marine Science 04
analysis such as full screen views, clipped views, single point

display and data smoothing.
3 Results

3.1 Leakage test and efficiency
calibration of PIC-ORn

Any gas leakage in the system will affect the radon

measurement accuracy and sensitivity. A routine leak check

was conducted by injecting high purity helium gas into the

system until the inner pressure increased to 130 Kpa, ~30%

higher than atmospheric pressure (i.e., 101 Kpa). A long-time

monitor of air pressure, humidity, and temperature was

conducted at 10-min intervals via the internal BME680 sensor.

The results show that the above parameters remained constant

for 17 hours after the air inlet and outlet valves were closed,

proving the monitor’s airtightness (Figure 4A). Any residual

radon gas in the system was also removed during the helium

purging process. This provided an excellent opportunity to

check the background of the system. The background of the

PIC sensor averaged at 0.37 ± 0.80 Bq/m3 (n=102, Figure 4B),

about two times higher than a typical RAD7 background (0.2

Bq/m3) but still very low. Slight variations were observed during

the background test may be due to some unanticipated circuit

noise signals. The inherent background of RAD7 rises due to the
210Pb (t1/2 = 22.3 yr) deposition on its probe as service time

increases. However, this not a problem for a PIC since radon

radioactive progenies can never be counted. Based on these

results, the detection limit of the PIC sensor is estimated at 2.7

Bq/m3 (Currier, 1968).
B

A

FIGURE 2

(A) A conceptual diagram of the hardware system. (B) A picture of our packaged electronic control system.
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The measurement efficiency of the PIC-ORn detector was

standardized against a recently calibrated RAD7. A rock

standard sample (Durridge, Inc., USA) with known radon

activity was prepared as the radon source by being sealed for

over one month to allow 222Rn to equilibrate with the 226Ra in

the rock. The radon was introduced to the calibration system

and create a peak signal via PIC-ORn’s internal air pump. The

system was run for five minutes to let radon gas homogeneously

mix inside. We held the air flow for another five minutes to allow

the complete decay of 220Rn (t1/2 = 55.6 s) as well as
219Rn (t1/2 =

3.96 s) after removal of the radon source. A desiccant column

was connected to the system to ensure that the air relative

humidity is below 10% since high moisture can affect the

sensitivity of RAD7’s semiconductor detector. The RAD7 and

PIC detectors were connected in series with each other and the

rock sample and the counting intervals for both instruments

were set to 30 min. The radon activity (counts per minute, cpm)

of a rock standard sample we used was 32.7 ± 2.8 cpm and 59.5 ±

2.6 cpm measured by the RAD7 and PIC-ORn detectors,

respectively. The errors represent 2-s uncertainties. These

results, expressed in terms of radon sensitivity at 0.012 cpm/

(Bq/m3) for the PIC detector and 0.0065 cpm/(Bq/m3) for the
Frontiers in Marine Science 05
RAD7 indicates that the measurement efficiency of the PIC-ORn

detector was approximately 1.8-fold of the RAD7 detector used

in this case.
3.2 Laboratory tank experiments

We conducted an indoor-tank laboratory experiment for

more than 24 hours to compare PIC-ORn to the commercial

RAD AQUA-RAD7 setup. We used two tanks (3 meters in

length and width) filled with water: tank #1 was filled to 1 meter

depth with “old” water, while tank #2 was filled with the same

water up to 3 meter depth. To ensure that the water in the tanks

has background levels of radon equilibrated with radon in the

atmosphere, we kept the waters in the tanks for >30 days while

continuously aerating them. We deployed a submersible pump

to provide a steady water flow into a RAD AQUA exchanger at a

rate of 2 L/min. Radon activities were then measured both by the

PIC-ORn and RAD7 systems setup in series. We set both

instruments to collect data in 10-min counting intervals and

measured the “background” activity in the aged water for about

30 min. After that, we started filling the tank with tap water
BA

FIGURE 3

Control flow charts of the PC Software (A) and Embedded Software on the MCU (B), respectively.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1047126
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Li et al. 10.3389/fmars.2022.1047126
(groundwater source) known to have high radon levels. After 6

hours of data acquisition, we ceased input of the high radon tap

water, and continued to monitor radon in the tank water for

another 17 hours. Finally, we moved both systems to tank #2

which was filled with low radon-aged water. The radon-in-water

data were characterized using a 1-h interval averaging approach

to smooth out the statistical scatters.

During the tank experiment, the PIC-ORn was controlled by

user-customized software, and the data transmission as well as

data storage worked without any issues. As the first tank started

filling up, the radon-in-water activities measured by both PIC-

ORn and RAD7 rapidly rose from an initial background level of

20 Bq/m3 to over 300 Bq/m3 (Figure 5A). After the groundwater

input was ceased, within 17 hours monitoring period we observed

a gradual decreasing trend of radon activities due to radon escape

into the atmosphere as well as decay loss. We also found a rapid

decline in radon-in-water concentrations after these two systems

were moved to the 2nd tank that contained aged low-radon waters

(Figure 5A). The responses of the two radon-detection systems

were almost identical when switching between tank waters with

different radon activities (Figure 5A). Based on statistical analysis,

we found that the testing results of the PIC-ORn were consistent

with the RAD7 (R2 =0.98, Figure 5B). Due to higher measurement

efficiency of PIC, The error bars of the PIC-ORn were generally

smaller than the RAD7 within 1-s uncertainties.
Frontiers in Marine Science 06
3.3 Field measurements

The PIC-ORn system was deployed on the R/V

Dongfanghong 3 during a cruise to the northwest Pacific

Ocean in June 2021. Surface seawater was continuously

delivered into the RAD AQUA exchanger through the ship-

based submersible water supply system. The water flow rate was

set to 3 L/min and the air flow rate at 1.5 L/min during the entire

period, as recommended by Dimova et al. (2009). Radon was

measured both by the PIC-ORn and a RAD AQUA-RAD7

system setup in series. To meet the RH requirement of RAD7

(<10%), the airstream was dried by passing through a large

laboratorial desiccant column that filled with 8-mesh CaSO4-

CoCl2 drierite (W. A. Hammond, Co., USA). Since the expected

radon in surface ocean water was relatively low, the integration

measurements intervals of the PIC and RAD7 system were set at

1 hour to reduce the analytical uncertainties. A portable

temperature probe (HOBO data logger) was attached to

monitor the temperature variations at the air/water interface

of the RAD AQUA with 30-min intervals. The radon-in-air

activities (Cair) measured by the PIC-ORn and RAD AQUA-

RAD7 systems were then converted to corresponding radon-in-

water activities (Cwater) by applying the temperature radon

partition coefficient (Kw/air) via the following equation 1

(Weigel, 1978; Schubert et al., 2012).
B

A

FIGURE 4

(A) The internal pressure of the PIC sensor injected with up to 130 Kpa with pure helium gas. After the air inlet and outlet valves of the PIC
sensor were closed, the air pressure, humidity and temperature were monitored simultaneously for 17 hours via the BME 680 sensor installed
inside the instrument. (B) The background radon activities of the PIC sensor over a 17-hour period.
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Cwater Bq=m3� �
= Cair · Kw=air (1)

To further verify the accuracies of PIC-ORn system results,

seven discrete grab samples were collected during the cruise

period in 6 L HDPE bottles equipped with a three-port screw-on

cap. The radon activity of each water sample was immediately

measured on-board by using a four-port Rn extraction line

system and Lucas cell counting following the method

described by Stringer and Burnett (2004). The system was

calibrated using NIST-traceable 226Ra standard solutions

several times on each of four ports, with an average

uncertainty below 10%. The radon-in-water concentrations

(Cwater) could be calculated with the following equation:

Cwater Bq=m3� �
= CPM= E · Vð Þ (2)

where CPM is the radon in counts per minute for a

measurement period of 100 minutes; E is the calibrated

efficiencies of each port of the Lucas cell counting system

(cpm/Bq); and V is the water sample volume (m3).
4 Discussion

4.1 Radon survey measurements in the
northwest Pacific Ocean

During the survey experiments, the radon activities in

surface seawater measured by PIC-ORn ranged from 0.80 Bq/

m3 to 7.4 Bq/m3 (i.e., 0.048-0.44 dpm/L) with an average of 3.7 ±

1.4 Bq/m3 (n=96). The radon distribution showed a typical trend
Frontiers in Marine Science 07
of lower concentrations in the open ocean and higher

concentrations in coastal regions, such as the South Yellow Sea

area (Figure 6). This is relevant to more terrestrial inputs in

shallow areas, such as riverine input, pore-water exchange, and

submarine groundwater discharge, which result in relatively

high radon activities (Kim et al., 2005; Liu et al., 2017; Wang

et al., 2021).

Despite the very low activities, the radon results for both

automated systems were consistent with the Lucas cell results

within the estimated 1-s uncertainties (Figure 7). Whether the

instrumentation is portable and whether operations require less

manual supervision need to be considered when a user conduct

radon survey measurements in the field or on a boat. The

laboratory radon determination using a Rn-gas extraction line

and Lucas cell counting, as a traditional method in the last

century, has an advantage of high efficiency (up to three hundred

percent) which results in lower counting uncertainty (<10%,

Figure 7). However, a big disadvantage of this method is the

fewer data point collection and heavy operator involvement.

Additionally, many extra parts needed for this system make it

difficult to carry, such as a vacuum pump, compressed helium,

Lucas cells, photomultiplier tubes, and liquid nitrogen (or dry ice

for the cold trap) (Peterson et al., 2009). The RAD AQUA-RAD7

system currently provides a much portable approach for

continuous radon survey measurements. The RAD7 is a high

performance instrument that can discriminate different alpha-

emitting energies from radon and thoron radioactive progenies.

Specific alpha particles end up in its specific windows (A-H) in

each measurement. A useful software (“Capture” provided by

Durridge) is also available for free, which would help user to
B

A

FIGURE 5

(A) A continuous laboratorial measurements via a commercial RAD AQUA-RAD7 system (blue squares) and the PIC-ORn (red triangles). (B)
Scatter plot of the radon-in-water activities measured by the PIC-ORn versus the RAD7. The error bars represent the 1-s uncertainties based on
counting statistics.
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simplify the transfer of data from the RAD7 to a terminal

computer. However, the RAD7 suffers from two dominating

drawbacks: (i) relatively low inherent measurement efficiency of

RAD7’s semiconductor alpha detector; (ii) maintain low internal

relative humidity while operates since the detector efficiency is

affected by moisture. The field results of the RAD7 shown much

larger uncertainties (~50%, Figure 7) compared to the PIC-ORn

method. Dulaiova et al. (2005) shown that with multiple RAD7

detectors coupled, it could achieve greater efficiency and

throughput for assessment of radon in the coastal ocean.

In comparison, the new automatic continuous radon

survey measurement system (PIC-ORn) we present here
Frontiers in Marine Science 08
overcomes some of above limitations versus above two

conventional radon-in-water measurement techniques and

builds in with customized hardware and software. The new

system has relatively higher uncertainties (<30%, Figure 7)

compared to the Rn line (<10%) but benefits of automatic

measurements. We demonstrated that the PIC measurement

efficiency is ~2 times higher than a RAD7 and is less affected

by relative humidity and produces reliable results. The

uncertainties are uniformly lower for the PIC relative to

the RAD7. It does not rely on a drying unit and has low

power consumption, further reducing manual supervision

when applies it to continuously measure dissolved radon in
FIGURE 7

Seven surface seawater samples were collected during the boat survey (the locations of the sampling points are shown on Figure 6). Bar
diagram shows the radon in surface water results from a comparison between three independent techniques: a radon-gas extraction line
combined with Lucas cell counting (grey), the PIC-ORn detection system (blue) and the RAD7 systems (green). The error bars represent the 1-s
uncertainties based on counting statistics.
BA

FIGURE 6

Distributions of dissolved radon activities measured by the PIC-ORn (A) and RAD7 (B) in surface waters of the northwest Pacific Ocean in June
2021, respectively. The circled numbers 1-7 represent discrete grab samples collected and measured via Lucas cell counting to compare with
the automated systems.
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the surface ocean and other water bodies. Customized

software interfaces the combined survey measurements for

radon activity, temperature, humidity, pressure, GPS

continuously stored in a data logger and/or be transmitted

to a PC onboard. The new software also allows radon

concentrations can be viewed in real time. We thus believe

that the PIC-ORn system offers the user the most benefit for

automatically continuous radon survey because one can start

the measurement at one’s convenience and leave it counting

as long as necessary to achieve the desired monitoring time

and uncertainty level.
4.2 Perspectives

The PIC-ORn detection system was applied for

continuous radon measurements in surface water and good

agreements among three different approaches achieved. The

measurement efficiency of single PIC sensor is about two

times higher than a RAD7 detector. Further higher efficiency

can be accomplished with PIC-ORn system by adding more

PIC sensors. However, air volume dilution and delayed

equil ibrium should be carefully considered on this

occasion. Presumably, a PIC-ORn detector could be used

with various sized sampling bottles for grab sample

determination of radon in water. The next step would be to

mate the PIC-ORn approach to a good oceanographic pump,

add a marine GPS module with depth sounder. In this

manner, one could do depth profiles by sending the pump

to different depths of interest, quickly measure the radon

activities in the ocean anywhere. Research in submarine

groundwater advec t ion and di ffus ion and ocean-

atmosphere gas exchange will benefit from utilizing

this system.
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