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ABSTRACT: Monitoring the biochemistry of aquatic ecosystems
is critical to understanding the biogeochemical cycling induced by
microorganisms. They play a vital role in climate-gaseous drivers
associated with natural ecosystems, such as methane emission in
wetlands and peatlands; gas cycling and fixation: methane, sulfur,
carbon, and nitrogen; water quality assessment and remediation;
monitoring oxygen saturation due to contamination and algal
proliferation; and many more. Microorganisms interact with these
environments inducing diurnal and seasonal changes that have
been, to date, poorly characterized. To aid with the long-term in-
situ monitoring of natural aquatic ecosystems, we designed a Sub-
liquid and Atmospheric Measurement (SAM) instrument. This
floating platform can autonomously measure various sub-liquid and
atmospheric parameters over a long time. This paper describes the
design of SAM and illustrates how its long-term operation can
laboratory-based microbiological studies.
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produce critical information to complement other standard

KEYWORDS: aquatic ecosystems, liquid-atmosphere interaction, biogeochemical cycling, long-term measurements, autonomous monitoring

B INTRODUCTION

Microbial diversity is truly staggering."”> Microbial life has
adapted to grow and proliferate by accessing the food and
nutrients they need from the soil, aqueous, or aerial
environments.” Microbes are pivotal to all life on Earth
because of their vast diversity in form and function.

Studies suggest that naturally occurring microorganisms in
fresh and saltwater play diverse roles in ecosystems and are
essential to Earth’s biogeochemical cycles.* Depending on the
aquatic environment, microorganisms in lentic systems can
thrive in the littoral zone,” a region of a liquid body near the
shoreline, well-lighted, shallow, and warmer than other regions
of the water; limnetic zone,” further away from the shore,
colder and having sunlight only in the upper 100 feet or so;
benthic zone,” at depths without any oxygen and sunlight;
subterranean systems,” with varied salt concentrations and pH
levels (acidophiles and alkaliphiles); salty water bodies,” with
higher salt concentration, (halophiles), higher pH, and lower
nutrients; and hydrothermal vents'® and within biofilms,'' a
grouping of cells surrounded by a polymer matrix providing a
protective barrier to the external environment. The activity in
these ecosystems may also vary seasonally, and by monitoring
them continuously over a long time, a detailed account of the
nutrient and gas cycling can be established.'” The interplay
between these ecosystems, the atmosphere, the fixation of
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nitrogen, and the release of carbon dioxide and methane, has
not been systematically characterized, partially due to the
technological difficulties in the instrumentation for the long-
term monitoring within aquatic systems.

In order to study these processes, previous research has
focused on monitoring the physicochemical parameters at
short timescales in the order of days at most. Various
autonomous platforms have also been developed, each
measuring parameters to investigate microbial activity in
their respective ecosystems. Table 1 summarizes a review of
the recent studies on the different measurements used to
understand various aquatic ecosystems.

Although the past studies were able to collect a good
amount of data on various natural aquatic ecosystems, they
lack consistent long-term field observations (except for a test
duration of 1 year and 3 months by Lindborg et al.'* and
multiple point observations over 10 months by Awomeso et
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Table 1. continued

sensor specifications

sensors

measurements

scientific objectives

study location

reference

measurement range:

Pb: Hach Lange Model LCK306

heavy metals: Pb and

on-site detection of heavy metal pollution plumes in surface water

New Danube River,

De Vito-

Cu

City of Vienna
(Lat: 482211, Long:

Francesco
21

et al.

Cu: Hach Lange Model LCK529

Pb: 0.1-2.0 mg/L

16.4304)
test duration: 2 h

Cu: 0.01-1.0 mg/L and
40—400 pug/L

2342

al,'® all other tests were short term) on micro-scale temporal
variations. Hence, they could not provide a detailed account of
the biogeochemical liquid—gas phase interchanges and cross-
talks in niche ecosystems over several months. This is the same
case with most field campaigns, where manual single time
point measurements in logistically limited one or few locations
are considered to conclude the complex biogeochemical
processes that occur in the order of days, weeks, or even
months.

To address this, we designed a maneuverable floating
observatory capable of performing autonomous long-term
measurements in remote field environments leveraging sensor
technologies that do not require frequent calibration or
maintenance and operate with low power, mass, and data
budget. This approach comes with its associated engineering
challenges in terms of power, data communication, portability,
durability, robustness, and environmental compatibility.

Monitoring the physicochemical parameters of the liquid
body, such as temperature, pH, electrical conductivity, oxygen
reduction potential, dissolved oxygen, turbidity, salinity, total
dissolved solids, and atmospheric parameters such as temper-
ature, pressure, relative humidity, wind speed, wind direction,
have been generally implemented to assess the water quality to
study the water-atmosphere fluxes of CO,'* and coastal ocean
acidification in shallow environments,'® evaluate the permis-
sible limits for human and animal consumption and
agricultural uses,'®*>*> monitor cyanobacterial harmful algal
blooms,”* and conduct field investigations for highly polluted
and/or shallow high-risk waters.”® This has several implications
if the quality of our drinking water, agriculture and
aquaculture, and biochemical exchanges induced by micro-
organisms in aquatic ecosystems is monitored systematically.

Such systems can also be used for long-term monitoring of
the climate-impacting processes associated with natural
ecosystems, such as methane emission in wetlands and
peatlands; gas cycling and fixation: methane, sulfur, carbon,
and nitrogen; water quality assessment and remediation; and
monitoring oxygen saturation due to contamination and algal
proliferation, in remote locations with restricted access to
power, data communication, and maintenance.

B METHODS

Science Goals and Objectives. The design of SAM has
been done taking a diverse collection of natural aquatic
environments as possible targets of study, such as the natural
brine pool in the Boulby Mine, UK;** subterranean sulfidic
lake in the Movile Cave, Romania;*”"*® hypersaline Tso Kar
Lake in Ladakh, India;*’ anoxic, sub-zero hypersaline high
arctic spring in Nunavut, Canada;*° and subglacial Lake
Bonney in Antarctica.’’ The scientific goal of the SAM
instrument is to monitor the various physicochemical
parameters in the liquid and various gas concentrations in
the aquatic ecosystem’s atmosphere to help determine the
biogeochemical cycles—exchange and cross-talk between
liquid and gas phases induced by microbes.

The following are the primary design requirements of the
instrument:

i. It must be able to perform continuous, autonomous, and
pre-programmable, long-term (up to a year) measure-
ments of various selected parameters, namely, environ-
mental, electrochemical, ionic, and dissolved gas
concentrations and atmospheric gas concentrations.

https://doi.org/10.1021/acsestwater.3c00082
ACS EST Water 2023, 3, 2338—-2354
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ii. It must be able to measure auxiliary data about the
environment such as localization and light condition.

iii. It should be able to navigate and position at a particular
region of interest for measurement.

iv. It should store the data within its memory until retrieval
and have the option to send data to the shore up to at
least S kilometers using long-range (LoRA) WAN
network or remotely to a server through a GSM cellular
or Iridium satellite network.

v. It should be built using commercial off-the-shelf
components with state-of-the-art technology.

Functional Requirements: Payload. Table 2 specifies
the requirements in terms of the measured parameters and
their measurement range, with the accuracy requirement of
each measurement given in brackets. These requirements were
built on the choice of measurements and their ranges used in
the existing literature and the best commercially available
sensors. In general, all the selected probes and sensors are
required to have a lifetime of at least a year between
maintenance while measuring at an hourly frequency.

Table 3 specifies the requirements for the platform systems
that are responsible for their floatability and maneuverability,
power and data management, and communication protocols
suitable under various types of deployments and operational
configurations. The descriptions of the terminologies used in
this section, namely, "float station” and "surface station” are
elaborated under the sections “Design of the SAM instrument”
and “Design of the floating platform” further in this paper. The
requirements mentioned here take a conservative approach to
enable the science goals and objectives of the SAM instrument
so that at least the minimum amount of data is gathered for a
particular study area of interest. This approach also helps keep
the instrument’s costs and risks at the lowest possible level.
Significantly for communication, various short, medium, and
LoRA protocols were explored to add sufficient redundancy if
the primary communication link fails.

Functional Requirements: Floating Platform. In
addition to the functional requirements mentioned in Tables
1 and 2, the SAM instrument has been designed to be portable
for easing logistics during field campaigns and made durable,
robust, and environmentally compatible. The choice of
materials, from the floatation systems of the SAM instrument
to its sensors, has been carefully designed considering the
harsh environment of its application field sites, for example, the
corrosive salty environment in the Boulby Mine, UK, or the
corrosive sulfur gas-rich environment in the Movile cave,
Romania. The potential impacts of the corrosive nature of the
environments will be investigated in detail during their field
deployments.

Sensors and Measurements. Following the justification
provided to monitor various sub-liquid and atmospheric
parameters that are relevant and scientifically meaningful and
comply with the scientific goals and objectives of the SAM
instrument, Table 4 introduces the various physicochemical
parameters in the liquid and various gas concentrations in the
atmosphere of the aquatic ecosystem to be monitored by the
SAM instrument. All the selected sub-liquid and gas sensors
are commercially avalilable from their standard performance
catalogue, while for gas sensors, the measurement range and
resolution were custom-ordered to suit the range of values we
would expect during the laboratory and field deployments of
interest. The gas sensors also can adjust the range (narrow or
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Table 2. Payload Requirement Traceability Matrix
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objectives

minimum sensor requirements

sensor
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environmental
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Table 4. Suite of Sensors Used in the SAM Instrument, where ./ Is the Availability of the Sensor in that Location and X
Represents the Unavailability of the Sensor

nature of measurement measured location
measurement description parameter
sub-liquid atmosphere
environmental  Basic temperature (T) NG N4
environmental
information pressure (P) X N
about the liquid . o
and its relative humidity X Vv
surrounding (RH)
atmosphere
electrochemical basic electrical N4 X
electrochemical ~ conductivity
activity in the (EC)
liquid o
oxidation v X
reduction
potential (ORP)
pH v X
ion anion and cation calcium (Ca”") v
concentration concentrations
dissolved in the leacl/fulfatze N
liquid (Pb™'/S0O47)
chloride (CI’) v X
nitrate (NO3") v X
potassium (K") v X
sodium (Na") v X
gas dissolved  and oxygen (O,) N4 N4
concentration atmospheric gas
concentrations, (dissolved)
includi t
:gl:;;ls . carbon dioxide N4 N4
(CO) )
(dissolved)
methane (CHy) X v
nitrous  Oxide X v
(N20)
hydrogen (Hz) X v
hydrogen sulfide X v
(H2S)
sulfur  dioxide X v
(8062)
ammonia (NH3) N4 v
(dissolved)

wide band measurements; resolution varies depending on the
selected range) as required before implementing the sensors
for measurements.

Sensor Calibration. The 13 EZO circuits used for sub-
liquid sensors are first calibrated using standard solutions for
each of their corresponding measurements in the range of
values suitable for the deployed location and their expected
range of measurements. As a starting point, the expected range
of measurements is estimated from the previous literature or
with short-term data collection from the samples, if available in
the laboratory. The calibration procedure is carried out in
ambient laboratory settings. The calibration standards (Atlas
Scientific and Hanna Instruments) are carefully chosen to
cover the expected range of measurements. The temperature
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circuit is calibrated to one point for room temperature at
23 °C, using a commercial RS-91 mini temperature and
relative humidity data logger. The electrical conductivity circuit
is calibrated for an application in a brine environment with
12,880 and 150,000 uS/cm conductivity standards as low and
high calibration points, respectively. The calibration point with
the dry electrode is used as the zero-offset measurement. The
pH circuit is calibrated for the entire range (0—14) with three
calibration points at 4.00, 7.00, and 14.00 with their respective
standards. The dissolved oxygen circuit is calibrated for zero
dissolved oxygen concentration with the 0 mg/L standard. The
oxidation—reduction potential circuits that are used for ORP
measurements and for other measurements for dissolved
carbon dioxide, ions such as calcium, lead/sulfate, chloride,

https://doi.org/10.1021/acsestwater.3c00082
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nitrate, potassium, sodium, and ammonia, are calibrated to one
point with the 225 mV ORP standard. All the gas sensors and
relative humidity sensors are factory-calibrated.

Floating Platform Design. Per the primary design
requirements of the SAM instrument and the requirements
specified in Table 3 for the platform systems concerning the
floatability and maneuverability, power and data management,
and communication protocols suitable under various types of
deployments and operational configurations, the platform
systems documented in the section were carefully designed.
Figure 1 shows the SAM instrument mounted on the floating
platform with its primary and auxiliary systems.

Figure 1. SAM instrument fitted with the floating platform and sub-
liquid sensors (in the front of the image) and gas sensors (on the
right-hand side of the image).

Primary Systems. The most important prerequisite for the
SAM instrument, besides floating to allow for relevant liquid
and atmospheric gas measurements to achieve its scientific
goals and objectives, is to enable a continuous supply of power,
to retrieve and store data safely and reliably, and to navigate
the instrument to selected areas of interest in the liquid body.

A 60 W solar panel (Mobile Solar Chargers) is chosen to be
the suitable solution for a continuous power source which is
further regulated through a solar charge controller (Mobile
Solar Chargers) before charging the 200 W, 52 Ah lithium-ion
battery (Mobile Solar Chargers) that is housed in the float
station (placed on the floating platform). A backup power
source is included in the surface station (placed in the shore of
the liquid body) with a commercial 35 Ah lead acid AGM
battery (typically used in cars), which is further regulated with
a maximum power point tracking solar charge controller (GV-5
Lead Acid 12 Volt MPPT, Genasun). The Li-ion battery in the
surface station may be sourced from an additional 60 W solar
panel (Mobile Solar Chargers). The float station’s primary
battery and the surface station’s backup battery are connected
in parallel to provide a uniform 12 V DC power supply to the
12 - 5 V DC converter that is supplied to the sensors and
circuits in the instrument.

The data communication protocol between the sensors and
the microcontroller (Arduino MKR WAN 1310) is selected
depending on the distance between the designated location of
the sensors during deployment and the microcontroller. All 13
sub-liquid sensors are within a 30 cm range of the
microcontroller. Hence, the I’*C communication protocol is
used, while the data communication protocol for gas sensors
varies. Depending on the operational configuration and
location of gas sensors during deployment, either IC (short
range, 0—30 cm) or RS-485 (long range, 30 cm—1200 m). The
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data that are retrieved from the sensors to the microcontroller
are stored in a 1 GB MicroSD card in the float station. A copy
of the data is transmitted through the LoRa WAN network
established between the float and surface stations for easier
retrieval of data from the 1 GB MicroSD card installed in the
microcontroller (Arduino MKR WAN 1310) in the surface
station. More information on the data communication protocol
and data transfer and storage is provided under the
“Operational Concept” section.

Two T200 thrusters (Blue Robotics), one on either side, are
used for navigating the floating platform along with the float
station in a liquid body. By operating both the thrusters in one
direction, the forward and reverse motion can be achieved,
while the speed of rotation of the rotors will decide the speed
of motion, and by operating the thrusters in opposite
directions, steering is achieved. The speed and steering of
the thrusters are controlled with a thruster commander (Blue
Robotics) linked with basic electronic speed control (Blue
Robotics) for each thruster, all of which are powered by an
individual 14.8 V, 15.6 Ah Lithium-ion battery (Blue
Robotics).

Auxiliary Systems. These are the optional systems that
complement the measurements and operation of the SAM
instrument. They comprise systems responsible for local-
ization, payload deployment, and float station environmental
measurements.

An inertial measuring unit (Arduino MKR IMU Shield)
based on the absolute orientation sensor (BNOOSS, Bosch
Sensortec GmbH) is used for localization to monitor the
movement of the instrument in the liquid body, measuring the
acceleration, yaw rate, and magnetic field strength data each in
three perpendicular axes. These data will complement the
liquid and gas measurements and enable mapping the
measurements with respect to the location in the liquid body.

The diverse collection of natural aquatic environments
chosen as possible targets of study with the SAM instrument
poses challenges to sensor performance and maintenance
during long-term deployments. Due to the corrosive and
reactive nature of various aquatic systems, limiting the sensors’
exposure to the environment is beneficial. Particularly for the
sub-liquid sensors, which are ideally submerged in the liquid
body for the entire deployment duration, the chances of
corrosion and damage to the sensor body are very high. In
order to counter that, a payload array deployment system is
proposed and implemented. The system uses two waterproof
brushless DC servo motors, one on each side of the floating
platform, connected to a 3D printed holder for the 13 sub-
liquid sensors, which will be deployed into the liquid body just
before starting the measurements.

To monitor the health of the vital systems in the float
station, an environmental sensor is installed to measure the
temperature, pressure, relative humidity, and light intensity
within the enclosure of the float station. Table 5 shows a
summary of the capabilities and the final design implemented
in the primary and auxiliary systems of the floating platform.

The final design of the SAM instrument including the
payload (sub-liquid and gas sensors and their supporting
circuits) and floating platform has dimensions of 1045 mm
length X 795 mm width X 525 mm height, a mass of 14.9 kg,
and maximum power consumption of ~2.5 and ~209.5 W with
thrusters.

Operational Concept. This section discusses the mission
scenarios during the deployment of the SAM instrument in
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Table 5. Summary of the Floating Platform Capabilities

capability solution material specifications protection
from
environment
floatation foam high-density maximum payload X
polyethylene carrying capacity: 15 kg
(HDPE)
power source  solar panel monocrystalline  60W  monocrystalline X
structure ETFE folding solar
panel
power solar  charge NA Li-ion battery: inbuilt v
distribution controller and solar charger with the
DC converter panel
lead acid  Dbattery:
Genasun GV-5 Lead
Acid 12 Volt MPPT
solar charge controller
power storage combination of primary battery Primary battery (float v
lead acid and (float  station, station): 12 V DC,
Li-ion batteries sensor 200W, 52Ah
electronics):
lithium-ion backup battery (surface
station): 12 V DC, 35Ah
backup battery o
(surface station): navigation battery:
lead acid AGM ~ 14.8V DC, 15.6Ah
navigation
battery (float
station, thruster
electronics):
lithium-ion
communicatio 1°C, RS-485, NA sub-liquid sensors to the v
n LoRA WAN, microcontroller: I*C
GSM and
iridium gas sensors to the
: 12
network microcontroller: I"C
float station to surface
station: LoORA WAN
data Arduino NA Arduino MKR WAN v
acquisition microcontrolle 1310
r
data storage MicroSD NA float station: 1 GB N4
MicroSD
Surface station: 1 GB
MicroSD
localization inertial NA Arduino MKR IMU v
measuring unit Shield based on the
(IMU)  with BNOO055 (Bosch
accelerometer Sensortec GmbH)
sensor absolute orientation
sensor
navigation/pr  under-water NA Blue Robotics T200 X
opulsion thruster thrusters
payload waterproof NA 12V brushless X
deployment brushless DC waterproof PWM servo
motor motor
auxiliary Arduino ENV NA temperature, — pressure, v
measurement  shield relative Humidity, light

intensity ~ within  the
enclosure of the
instrument

various environments, namely, laboratory, sub-terranean, and
open surfaces. Figure 2 shows the operational configurations of
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the SAM float station and surface station concerning the
deployment of sensors, power source (solar panel/battery),
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Figure 2. Operational concept of the SAM instrument depicting the various mission scenarios and their associated system configurations.

communication protocols between the stations, and local-
ization.

Laboratory Environment. With minimal requirements for
power due to unlimited supply from the common laboratory
power grid, there is no reliance on solar panels as a power
source in this configuration. The primary and backup batteries
may nominally be used in this configuration without a cable for
a direct power supply. The deployment of the sub-liquid and
gas sensors are straight forward since there are no special cases
to separate the sensors from the float station unless testing for
a mission scenario. So, the I*’C data communication protocol is
used for all the sensor data retrieval. The data are reliably
transmitted through the LoRa WAN network from the
microcontroller in the float station to the microcontroller in
the surface station or other data-archiving hardware for long-
term data storage in laboratory servers. There are also other
provisions for data transfer through the internet. Due to
restricted access to GPS within the laboratory buildings, an
inertial measuring unit sensor is used for localization in case of
deployments in an aquatic pool inside a laboratory environ-
ment.

Subterranean Aqueous Environment. In this configuration,
due to the nature of the environment, which is typically remote
and deep underground without sufficient infrastructure, there
is no source of power from the grid or using a long cable from
a solar panel, no access to GPS for localization, no access to
the internet, cellular, or satellite communication for data
transfer. So, the batteries seem to be the only choice, and
because of that, the duration of the deployment is limited
unless the battery in the surface station is replaced with a fully
charged one between measurements. Also, depending on the
relevance of the measurement, the sub-liquid and gas sensors
may have to be separated from the float station with a longer
cable that makes the I’C data communication unreliable,
especially for the gas sensors which send the I*C clock and data
signals (sub-liquid sensors send raw analog signals and will
have to be recalibrated with longer cables). For this reason, the
data communication protocol between the gas sensors and the
float station is replaced with the RS-485 data communication
(Arduino MKR 485 Shield), which is more reliable for data
transfer over long cables up to 1200 m. Typically for SAM
instrument deployment, we anticipate a maximum cable length
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of 10 m between the sensors (sub-liquid and gas) and the float
station. The data are transmitted between the float and surface
stations through the LoRa WAN network, and the data are
stored in their respective MicroSD cards until retrieval, since
there is no provision to transfer them to laboratory servers
through the internet or cellular or satellite networks. In the
case of a cave environment with many turns and walls, the
LoRa WAN data communication protocol may not seem
effective, and there may be a loss of data transmitted between
the float and surface stations. In that case, an RS-485 data
communication link is established between the stations as a
backup data transfer link. Also, due to restricted access to GPS
within the subterranean environment, an inertial measuring
unit sensor is used for localization.

Open Surface Aqueous Environment. In this configuration,
there is no limitation for the power source from the solar panel,
unrestricted access to GPS for localization, unrestricted access
to wired or wireless internet, and cellular and satellite data
communication networks. The default configuration of the
SAM instrument with its solar panel is used as a primary power
source charging the primary battery housed within the float
station, while another solar panel charging the battery within
the surface station may serve as a backup during the night. The
sub-liquid and gas sensors are in proximity to the float station;
hence, the I?*C data communication protocol is reliably
implemented for data transfer between the sensors and the
microcontroller in the float station. The data are also
transmitted between the float and surface stations through
the LoRa WAN network, and the data are stored in their
respective MicroSD cards until retrieval. There is also a
provision to transfer the data from the surface station to
laboratory servers through the internet or GSM cellular or
iridium satellite networks, all of which have commercial shields
supported for the microcontroller used. For localization, in
addition to GPS, the inertial measuring unit is also used as a

backup.

B RESULTS

Laboratory Testing. Ahead of a long-term deployment in
a remote environment, we aim to run as many mission
scenarios as possible in laboratory and outdoor environments
in a controlled manner that will enable us to understand the
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performance capabilities and limitations of the SAM instru-
ment. Since many parts of the instrument include elements
such as metals, cables, foam, and electronic boards, it becomes
critical to understand and have an idea of what to anticipate
with the prolonged exposure to water, ions, and corrosive
sulfur and nitrogen gases. The current prototype of the SAM
instrument was only fully tested in the laboratory environment
at the time of submitting this paper, although parts of this
concept have already been tested in field campaigns in Boulby
Mine and Movila Cave. Future long-term deployments in
corrosive environments, namely, brine in Boulby mine, UK,
and sulfidic water in Movile cave, Romania, will assess the
long-term exposure’s detrimental effects. We anticipate some
wearing in the steel parts, particularly with rust formation,
which will provide feedback on the necessary design
modifications required for long-term deployments in such
extreme environments.

Figure 3 shows one of the testing configurations of the SAM
instrument in the laboratory setting. The sub-liquid sensors are

Figure 3. SAM instrument during a laboratory test under controlled
conditions using brines from Boulby Mine. This test was conducted at
the University of Aberdeen, UK, in July 2022.

submerged in brine from the Boulby mine, UK, inside the glass
beaker, while the system measures its properties for about 3
days. The sub-liquid sensors were removed from their standard
configuration (on either side of the floating platform) and put
in the glass beaker. The length of the cables of the sub-liquid
sensors is nominal (about 1 m), and the gas sensors were
installed at their nominal position. The data were collected for
the first S min of every hour at 1 Hz, which provided 300 data
points for an hour. The system is set up to wake up 2 min
before the nominal measurements to warm up (the carbon
dioxide sensor poses requirements of a warming up time of 10
s to reach a stable reading) or to stabilize the reading (the
dissolved oxygen sensor requires 5—30 s to reach a stable
reading) of some of the sensors. The system is set to sleep
mode for the remaining 53 min of the hour to save battery
power. Figure 4 shows the data of the liquid and gas
measurements collected during this laboratory test.

Since the gas sensors were measuring the ambient laboratory
atmosphere during this test, a nominal derivative performance
of the SAM instrument can be concluded by comparing the
measurements with the standard laboratory gas concentrations.
With this approach, the oxygen (~21%) and carbon dioxide
(~300—400 ppm nominal) gas concentrations were well in
accordance with the standards within a closed indoor
environment with sufficient ventilation. Since there is no
major alteration in the test conditions with the exception of the
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natural diurnal cycle, some of the measurements, such as
temperature and relative humidity, have varied naturally
throughout the test. Some other measurements have shown
gradual temperature-induced changes (mainly the liquid
measurements, as they are prone to adjust to the air
temperature because of the open system, with a clear
indication in dissolved oxygen, lead/sulfate, nitrate, and
sodium ion concentrations). Some other measurements
(redox potential, carbon dioxide, and ammonia) have shown
a gradual transition to nominal values after the operator exits
the laboratory and the measurements stabilizing after a specific
time (in the order of 2—3 h) to achieve equilibrium. Hence, it
may be wise to neglect the first 2—3 h of initial data from the
final analysis to draw better scientific conclusions. The general
trend in Figure 4 shows a constant exchange of dissolved gases
(diurnal gain and loss of oxygen from the liquid and carbon
dioxide transfer from the atmosphere to the liquid). Most of
the ion concentration measurements showed either an
increasing or a decreasing trend. Of particular interest, the
cations (calcium, lead, potassium, and sodium) showed a
decreasing trend, whereas the anions (chloride and nitrate)
showed an increasing trend. Other important measurements,
such as electrical conductivity and pH, remained stable for the
most part of the test. The sudden dip in the lead/sulfate,
chloride, and potassium ion concentrations around 12:00 local
time on July 6, 2022 is believed to be a temporary artifact due
to moving the glass beaker containing the liquid. Since the
trace gases such as hydrogen, hydrogen sulfide, sulfur dioxide,
ammonia, methane, and nitrous oxide are not expected in good
concentrations in the laboratory environment, the measure-
ments returned were ideally in the range of zero offset values
with large fluctuations.

Floatability and Maneuverability Testing. The two
independent operations of floatability and the maneuverability
of the platform on which the SAM instrument is housed were
tested in two different field campaigns: (i) natural brine pool at
the Boulby mine, UK, during December 2022 and (ii) sulfidic
lake in Mangalia, Romania during October 2022.

Site Description. Boulby mine (54.5561°N, 0.8234°W) is a
deep underground salt mine located on the northeastern coast
of England in the North Yorkshire region. Boulby mine is
formed from a ~250 million years old Permian Sea evaporite
that hosts the Boulby Underground Laboratory at a depth of
1.1 km.**> The sulfidic lake (43.8287°N, 28.5695°E) is in the
district of Mangalia, located in the eastern part of Romania
along the Black Sea coast. The water in the lake is sourced
from the backwaters of the Black Sea, whose excess sulfur
content gives its black color and pungent odor.

Figure 5 describes about the field campaigns for testing the
pilot and current prototypes of the SAM instrument. While in
the brine pool at the Boulby mine, the high-density
polyethylene (HDPE) foam used as the floating material was
tested as a part of the pilot prototype of the SAM instrument
with some initial measurements (shown at the top of Figure 5),
the field operation of the thrusters and the overall performance
of the floating platform (floatability and the maneuverability)
with the current prototype of the SAM instrument (shown in
the bottom of Figure 5) was tested in the sulfidic lake in
Mangalia, Romania.

The results for both test campaigns were successful. The
floatability performance of the pilot prototype of the SAM
instrument during the first campaign in the brine pool at
Boulby mine, UK, was instrumental in designing the current

https://doi.org/10.1021/acsestwater.3c00082
ACS EST Water 2023, 3, 2338—-2354


https://pubs.acs.org/doi/10.1021/acsestwater.3c00082?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00082?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00082?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00082?fig=fig3&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.3c00082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Water

pubs.acs.org/estwater

Sub-liquid measurements

Temperature (°C) Electrical Conductivity (uScm-)

228- 190 -
226-
224-

222-

1080 -

1078 - oommn sose o

185-

Redox Potential (mV)

Atmospheric measurements

Relative Humidity (%)

Temperature (°C)

255-
25-
245-

24-

1076 - . P— 180-
2- AN o
8- 1074 175 oo
21 s-' 2-
2147 1072 170- 2254
21.2- 2 36
21- 1070~ — 165~ 05-Jul14h  06-Jul12h  O7-Jubi2h  O8-Jukf2h  O05-Jultdh  O06-Jul12h  O7-Jukf2h  08-Juki2h
208- e 0, gas (%) CO, gas (ppm)
21.1- 1100 -
206 1068 160 108 00 |
05-Jul:14h 06-Jul:12h 07-Jul:12h 08-Jul:12h  05-Jul:14h 06-Jul:12h 07-Jul:12h 08-Jul:12h 05-Jul:14h 06-Jul:12h 07-Jul:12h 08-Jul:12h 4 - 1 -
y . 21.06- 900-
H Dissolved O, (mgL™ Dissolved CO, (mgL"!
482- P 2 (ML) 700- 2 (mgL™) 21.04- 800-
481- 21.02- 700 7
48- 21- 600- |
479~ 650- 20.98- 500-
478- 2096 400-
20.94 - 300 -
477+
600- 2092 200
476 05-Juli4h  06-Jul12h  O7-Jubi2h  OB-Jukf2h  O05-Julfdh  06-Jul12h  O7-Jukf2h  08-Juki2h
475 . H, gas (ppm) H,S gas (ppm)
474" I 2- 0.012- .
: 550 .
473 -0.014-
a72-48 ’ -0.016 -FAE
H ” 0,016
4m 500 0018
05-Jul14h  06-Jui12h  O7-Juli2h  08-Jul12h  O5~Julfdh  OB~uii2h  O7-ul12h  08-ulf2h  OS-Jubldh  06-Jul12h  O7-Jukf2h  08-Juki2h .
Ca?* ion (mgL"! Pb2*/S0,2 ion (mgL"! Crion (mgL! 002
262~ (maL™) 400 ] (maL7) 1.4x10° - (maL-")

3508
1.3x100 -

300
1.2x10° -
250 il

200-% 1.1x10% -}

150
“ 1x10° -
100- 7,

900000 -
o

50-*

0.022-

0.024-

0.026
05-Jul:14h  06-Juk12h  07-Jul:12h

NH3 gas (ppm)

05
05-Jul:14h  06-Jul:12h 08-Jul:12h

$0, gas (ppm)

07-Juk12h  08-Jul:12h

4 800000
05-Jul:14h 05-Jul:14h

K* ion (ppm)

244
05-Jul:1dh  06-Jul:12h

NO;"ion (mgL™)

07-Ju12h  08-Juk2h 06-Juli2h  O7-Jukf2h  08-Jukt2h
Na* ion (mgL!
700- 170000 - (maL7) 2-
1.6x107 - N
600- 165000 -
1.58x107 -
160000 -
1.56x107 - 500~
155000 -
1.54x107 - 400
150000

1.52x107 - 300

. 145000 -
1.5x107 - .
20 140000 -

1.486107 -

100- ' 135000 -

1.46x107 -

06-Jul:12h

07-Ju12h
NHs* ion (mgL"")
A

08-Jul:12h

Ja

0
05-Jul:14h  06-Juk12h  07-Jul:12h

N20 gas (ppm)

08-Jul:12h

0015
05-Jul:14h

06-Jul:12h
CH, gas (ppm)

07-Juk12h  08-Jul:12h

300 -
250~
200-

10047

0 130000 14
05-Jul:14h 06-Jul:12h 07-Jul:12h 08-Jul12h 05-Jul:1dh 06-Jul12h 07-Jul12h 08-Jul12h 05-Jul:1dh 0B-Jul12h O7-Ju:12h 08-Jul:12h 05-Jul:1dh 06-Jul12h O07-Juk12h 08-Jul:12h

-150 - 3
05-Jutfdh  OB-uif2h  O7-Jukf2h  OB~ukf2h  05-Juli4h  O06-Jub2h  O7-Jukf2h  08-Juki2h

Figure 4. Sample data collected for about 3 days during the laboratory test conducted at the University of Aberdeen, UK, in July 2022, showing the
liquid and gas measurements between July S, 14:51:00 and July 8, 16:04:00. The liquid that is used for this laboratory test is from the brine pool in

the Boulby mine, UK.

prototype of the SAM instrument that was tested in the sulfidic
lake in Mangalia, Romania. The performance of the HDPE
foam chosen as the platform’s floating material was satisfactory,
with the capability to carry the entire payload of the SAM
instrument, including batteries (weighing around 10 kg), with
little to no adverse chemical reaction from the brine or sulfur-
rich water. This was indicative of the water line observed (not
shown in the figure) during the campaign in the sulfidic lake in
Mangalia, Romania. The water line was well below the halfway
mark in the height axis of the floating platform (perpendicular
to the surface of the liquid body), suggesting room for more
payload in the future (at least additional S kg).

Field Data Collection. The natural brine pool at the
Boulby mine, UK, represents the only field campaign
conducted so far to test the performance of the payload
(sub-liquid and gas sensors) and evaluate the validity of the
measurements obtained with the SAM instrument.

For this campaign, which was conducted in December 2021,
a pilot prototype of the SAM instrument (shown in Figure S,
top) was used. It comprises some of the measurements in the
current prototype, including sub-liquid: temperature, electrical
conductivity, oxidation—reduction potential, pH, dissolved
oxygen, and dissolved carbon dioxide concentrations; atmos-
phere: temperature, relative humidity, oxygen, and carbon
dioxide gas concentrations. Figure 6 shows the data of the

2350

liquid and gas measurements collected during the field
campaign in the Boulby mine, UK.

The measurement shows the data collected over 20 h
between December 3, 2021, 10:00:00 and December 4, 2021,
05:05:00. Since the environment in the mine is artificial,
meaning the air is pumped from the surface through a tunnel
and circulated throughout the mine, the measured parameters
show sudden, unpredictable variations at 14:00 and 15:00,
which are produced by the air circulation system. Figure 6
shows that the sub-liquid measurements of the brine were also
affected by the changes in the atmosphere, which remained
consistent throughout otherwise. A few distinguishable
measurements of the natural brine are the electrical
conductivity at ~175,000 uS/cm or ~17.5 S/m which is
equivalent to ~3 times the seawater conductivity (~6 S/m) at
the surface level,*” and dissolved oxygen at ~4 mg/L or ppm,
which is typically low at higher salt concentration.

B DISCUSSION

The results presented here show the utility of the SAM
instrument for monitoring various physicochemical parameters
in the liquid and various gas concentrations in the aquatic
ecosystems’ atmosphere to help determine the biogeochemical
cycles between liquid and gas phases induced by microbes and
industrial processes using commercially available sensors. The
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Figure S. (top) Testing the pilot prototype of the SAM instrument
during a field campaign in a natural brine pool at Boulby mine, UK, in
December 2021. The campaign involved basic floatability testing of
the platform material with some initial measurements of the brine for
a week. (bottom) Testing the current prototype of the SAM
instrument during a field campaign in a sulfidic lake at Mangalia,
Romania, in October 2022. The campaign involved full floatability
and maneuverability testing of the platform for an hour.

electronics and embedded microcontroller enabling the LoRa
WAN network could read all the sensors and transmit data
wirelessly between the float and surface stations, while leaving
a local copy of the data in MicroSD card on both stations as a
backup. The dimensions of the SAM instrument, including the
floating platform, are 1045 mm length X 795 mm width X 525
mm height; it has a mass of 14.9 kg and a maximum power
consumption in laboratory test configuration of ~2.5 and
~209.5 W with thrusters. A fully charged (not charged during
the operation) primary (lithium-ion) battery in the float

station and the backup (lead acid AGM) battery were sufficient
for a nominal test operation of 15 days with continuous hourly
measurements. This fully integrated system should be valuable
for others to conduct continuous water quality and
atmospheric monitoring campaigns.

This is an open-source system, and we have provided
schematics for others to replicate the data logger with the
embedded MicroSD data storage and a preferred remote data
transmission to laboratory servers. The various operational
concepts will help decide the additional components needed to
be installed depending on the deployment environment. For
example, a solar charge controller and GSM or iridium network
module will form the main electronics of the system for an
open surface liquid body deployment. The circuit boards can
be purchased, as they are factory-tested for water ingress and
can be mounted directly on the circuit board with other
components. No soldering is required. All other aspects of the
construction involve mounting circuit boards in IP67-rated
enclosures and wiring. In order to make the wiring flexible, all
sensor connections are made with removable screw terminals
and jumper terminals. We have also provided a computer-
aided design file for the entire assembly with accurate
dimensions, weight, and power consumption.

Due to its versatility and independent nature, the SAM
instrument can be used to study natural aquatic systems with
climate-impacting applications in remote locations with
restricted access to power, data communication, and
maintenance. Nitrogen deposition, one of the climate-changing
phenomena, is associated with atmospheric methane and
nitrous oxide emissions from wetlands’ and high-latitude
warming, which have stimulated carbon dioxide and methane
emissions from permafrost peatlands.”® Sulfur and ammonia
gas cycling in niche ecosystems have been discovered to be
associated with microbial diversity.*® Similarly, microbes can
also be responsible for sulfur, carbon, and nitrogen cycling.””**
Understanding the exchange of these greenhouse gases is vital
for predicting the rate of progress of various climate-impacting
processes that follow. By monitoring these gases continuously,
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Figure 6. Sample data collected using the pilot prototype of the SAM instrument for 20 h during the field campaign in the natural brine pool at the
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some of the puzzles surrounding the contribution of these
gases toward climate change may be solved.

Monitoring the physicochemical parameters can be
beneficial for industrial applications too, such as in fish
farms. Temperature, pH, dissolved oxygen, total suspended
solids, ammonia, nitrite, and nitrate concentrations have to be
continuously measured to evaluate the permissible levels for
aquaponic systems that provide information about the survival,
growth, and food intake of fish.*”** Also, pH is an excellent
indicator to observe the nutritional profile in freshwater fishery
sectors, including calcium, magnesium, iron, manganese, and
zinc,*' and monitoring the electrical conductivity, pH, and
oxidation—reduction potential becomes vital in brackish water
fish cultures.*” The same parameters can also be used to assess
the quality of groundwater that could be compromised by
anthropogenic activities,”® industrial effluents,"** and algal
bloom contamination.***”

Although the SAM instrument offers several research and
industrial applications, the deployment and operation of the
SAM instrument do come with risks and challenges. Some of
the field sites, including saline lakes, may host salt crusty
deposits on lake surface, making the floating platform’s
maneuvering tricky. Several works have investigated and
proposed solutions with the use of simple camera'®'*** or
ultrasound sensors'* for detecting and navigating around such
obstructions. Long-term deployments also impose restrictions
on recalibration due to possible degradation of the sensors
(higher in a corrosive saline environment). According to the
datasheets of the various sensors used in the SAM instrument,
the time before recalibration is determined by the types of
probes and the level of chemical reaction occurring in the
deployed field environment. Because every case is different,
there is no predefined schedule for recalibration. In environ-
ments that are mild (not too oxidating or acidic or salty), the
probes need to be recalibrated once per year for the first 2
years and, after that, every ~6 months. If the probes are used in
an environment known to have multiple cations and anions
inducing chemical reactions (such as saline lakes), the
recalibration should be done monthly and before every
deployment. However, the working life of the probes depends
on the probe type, spanning between 2 years for glass
electrodes (ORP, pH, etc.) to 10 years for metal electrodes
(EC). For field deployments that require several months to
years in a harsh environment, the degradation of the sensors
needs to be taken into account. Some probes may stop working
after the depletion of its electrolyte solution which may occur
in 2 years or earlier (DO), while others may degrade with
corrosion on its electrode surface (EC). In cases like this, it is
best to limit the maximum duration of the field deployment to
a year in clean environments such as freshwater lakes and
ponds and to 6 months for saline environments.

Another important consideration during deployment of the
SAM instrument in environments of ecological importance and
pristine nature is microbiological contamination control.
During the Minimally Invasive Direct Glacial Access project
(MIDGE), IceMole, a maneuverable thermoelectric melting
probe, was used to collect the first englacial brine samples from
Blood Falls, Antarctica. A specialized protocol was followed to
reduce the exterior bio-load by an order of magnitude, to levels
standard in most clean rooms, and 1—3 orders of magnitude
below that of Taylor Glacier ice surrounding Blood Falls, in
order to maintain the scientific integrity of samples collected
and minimize the impact to this specially protected ecosystem.
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Prior to deployment, the exterior surfaces of the IceMole were
cleaned using 3% H,O, and rinsed with Nanopure deionized
water.***” Since the probes and sensors of the SAM
instrument are only compatible with chemical sterilization,
the same cleaning process with 3% H,0, and deionized water
should be used prior to deployment.

B CONCLUSIONS

This paper describes an open-source, autonomous, and
modular system, the SAM instrument, to monitor the
biochemistry of natural aquatic ecosystems. Throughout the
design and development phase of the instrument, it was
intended for use in remote field environments where
traditional biochemical monitoring mechanisms with sophisti-
cated and large equipment cannot be implemented. However,
since we are in the early phase of the development, the SAM
instrument and its associated systems are still too large to
transport easily and portable only with a standard-size pallet
across various field sites of interest to deploy. This particularly
complicates matters when transporting across country borders
with standard freight carriers that cause unnecessary delays and
customs charges. In order to counter this, the future design of
the SAM instrument will be miniaturized to accommodate
inside a flight case for ease of carrying manually across borders
and deployment in any field environment around the world.

A few other planned future improvements to the system
include accessing various depths of the liquid body to obtain a
vertical profile of stratified measurements. This will be
achieved with the help of an underwater mechanism, lowered
from the floating platform with the sub-liquid sensors or a
maneuverable underwater probe that will carry the sub-liquid
sensors to various depths while measuring. Potential additional
features of the underwater mechanism/ maneuverable probe
will include an autonomous liquid sampler as a first step to
sample and store fresh liquid samples for biological analysis
with a method that is yet to be finalized. Upon further
improvements, the SAM instrument is expected to be tested in
the laboratory and deployed in Movile cave, Mangalia,
Romania, with long-term deployment goals in Iceland, Lake
Magic in Western Australia, and Tso Kar Lake in Ladakh,
India.

Such autonomous and modular systems are in high demand
and can be used for long-term monitoring of the climate-
impacting processes on Earth with proper adaptations in
accordance with a suitable operations concept required for the
application. Upon completion of the necessary design changes
and end-to-end development and testing phases, the
applications could also go beyond Earth to monitor, sample,
and analyze extraterrestrial aquatic systems in the coming years
with upcoming ambitious space missions to other ocean worlds
of our solar system.*’

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsestwater.3c00082.

SAM instrument sensor specifications; photographs of
the sub-liquid and gas sensor circuits; circuit diagram for
power source and distribution and thruster control;
electronics design of the sub-liquid and gas sensors;
sensor calibration scheme and standards used; com-

https://doi.org/10.1021/acsestwater.3c00082
ACS EST Water 2023, 3, 2338—-2354


https://pubs.acs.org/doi/10.1021/acsestwater.3c00082?goto=supporting-info
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.3c00082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Water

pubs.acs.org/estwater

puter-aided design model of the SAM instrument; and
physical parameters of the SAM instrument (PDF)

B AUTHOR INFORMATION

Corresponding Author
Miracle Israel Nazarious — School of Geosciences, University
of Aberdeen, Aberdeen AB24 3UE, UK,; ® orcid.org/0000-
0002-7148-8803; Email: miracle.nazarious@abdn.ac.uk

Authors
Maria-Paz Zorzano — Centro de Astrobiologia (CAB), INTA-
CSIC, 28850 Madrid, Spain
Javier Martin-Torres — School of Geosciences, University of
Aberdeen, Aberdeen AB24 3UE, U.K,; Instituto Andaluz de
Ciencias de la Tierra (CSIC-UGR), 18100 Granada, Spain

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsestwater.3c00082

Author Contributions

The manuscript was written through the contributions of all
authors. M.LN. has conceived the design of the SAM
instrument with critical scientific inputs from M.-P.Z. and
J-M.-T. M.LN. wrote the original article, which was revised by
M.-P.Z. and J.M.-T. All authors have given approval for the
final version of the manuscript. CRediT: Miracle Israel
Nazarious conceptualization (lead), formal analysis (equal),
funding acquisition (equal), methodology (equal), project
administration (lead), validation (equal), visualization (lead),
writing-original draft (lead); Maria-Paz Zorzano formal
analysis (equal), methodology (equal), supervision (equal),
validation (equal), writing-review & editing (equal); Javier
Martin-Torres funding acquisition (equal), methodology
(equal), supervision (equal), validation (equal), writing-review
& editing (equal).

Funding

This development work of the SAM instrument was under-
taken with the help of the University of Aberdeen’s Round 3 of
the “Internal Funding to Pump-Prime Interdisciplinary
Research and Impact Activities” (SF10237—59) in 2021/22
and Dr. Allan and Norma Young Foundation “Lab starting
grant” (CF95052-11). M.-P.Z. was supported by grant
PID2019-104205SGB-C21 funded by MCIN/AEI/v10.13039/
501100011033.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors would like to acknowledge the support from the
Allan and Norma Young Foundation. They thank and
recognize the collaboration with the STFC-funded Boulby
Underground Laboratory in Boulby Mine, North Yorkshire,
UK, for providing access to deploy the SAM instrument in the
brine pool at their facility. They also thank collaborators Dr.
Deepak Kumaresan from Queen’s University Belfast and
Alexandra Hillebrand-Voiculescu and Catalina Haidau from
"Emil Racovita” Institute of Speleology, for the campaign to
the sulfidic lake and Movile Cave in Mangalia, Romania, in
October 2022 and for further testing and deployment of the
SAM instrument.

2353

B REFERENCES

(1) Zobell, C. E; Rittenberg, S. C. Microbiology by numbers. Nat.
Rev. Microbiol. 2011, 9, 628—628.

(2) Thaler, D. S. Is Global Microbial Biodiversity Increasing,
Decreasing, or Staying the Same? Front. Ecol. Evol. 2021, 9,
No. 565649.

(3) Hibbing, M. E; Fuqua, C.; Parsek, M. R; Peterson, S. B.
Bacterial competition: surviving and thriving in the microbial jungle.
Nat. Rev. Microbiol. 2010, 8, 15—25.

(4) Rousk, J.; Bengtson, P. Microbial regulation of global
biogeochemical cycles. Front. Microbiol. 2014, S, No. 103.

(5) Besta, T.; Mares, J.; Capkova, K.; Janecek, E.; Stenclové, L.; Kust,
A lvh’ha, M.; Konopacov4, E.; Rehékové, K. Littoral periphyton
dynamics in newly established post-mining lakes. Aquat. Sci. 2023, 85,
21.

(6) Masmela-Mendoza, J. E.; Lizarazo Forero, L. M. Denitrifying
bacteria in the limnetic zone of Lake Tota, Colombia. Univ. Sci.
(Bogota) 2021, 26, 1—16.

(7) Walker, A. M.; Leigh, M. B.; Mincks, S. L. Patterns in Benthic
Microbial Community Structure Across Environmental Gradients in
the Beaufort Sea Shelf and Slope. Front. Microbiol. 2021, 12,
No. 581124.

(8) Kadnikov, V. V.; Mardanov, A. V.; Beletsky, A. V.; Karnachuk, O.
V.; Ravin, N. V. Microbial Life in the Deep Subsurface Aquifer
Iluminated by Metagenomics. Front. Microbiol. 2020, 11, No. 572252.

(9) Yakimov, M. M.; la Cono, V,; Slepak, V. Z.; la Spada, G.; Arcadi,
E.; Messina, E.; Borghini, M.; Monticelli, L. S.; Rojo, D.; Barbas, C,;
Golyshina, O. V.; Ferrer, M.; Golyshin, P. N.; Giuliano, L. Microbial
life in the Lake Medee, the largest deep-sea salt-saturated formation.
Sci. Rep. 2013, 3, 3554.

(10) Hou, J.; Sievert, S. M.; Wang, Y.; Seewald, J. S.; Natarajan, V.
P.; Wang, F.; Xiao, X. Microbial succession during the transition from
active to inactive stages of deep-sea hydrothermal vent sulfide
chimneys. Microbiome 2020, 8, 102.

(11) Penesyan, A.; Paulsen, I. T.; Kjelleberg, S.; Gillings, M. R.
Three faces of biofilms: a microbial lifestyle, a nascent multicellular
organism, and an incubator for diversity. NPJ Biofilms Microbiomes
2021, 7, 80.

(12) Lockwood, S.; Greening, C.; Baltar, F.; Morales, S. E. Global
and seasonal variation of marine phosphonate metabolism. ISME J.
2022, 16, 2198-2212.

(13) Chang, H.-C.; Hsu, Y.-L,; Hung, S.-S; Ou, G.-R;; Wy, J.-R;
Hsu, C. Autonomous Water Quality Monitoring and Water Surface
Cleaning for Unmanned Surface Vehicle. Sensors (Basel) 2021, 21,
1102.

(14) Lindborg, T.; Rydberg, J; Tréjbom, M.; Berglund, S.;
Johansson, E.; Lofgren, A.; Saetre, P.; Nordén, S.; Sohlenius, G,;
Andersson, E.; Petrone, J; Borgiel, M.; Kautsky, U,; Laudon, H.
Biogeochemical data from terrestrial and aquatic ecosystems in a
periglacial catchment, West Greenland. Earth Syst. Sci. Data 2016, 8,
439—-459.

(15) Eugster, W. CO , exchange between air and water in an Arctic
Alaskan and midlatitude Swiss lake: Importance of convective mixing.
J. Geophys. Res. 2003, 108, 4362.

(16) Cryer, S.; Carvalho, F.; Wood, T.; Strong, J. A;; Brown, P,
Loucaides, S.; Young, A.; Sanders, R; Evans, C. Evaluating the
Sensor-Equipped Autonomous Surface Vehicle C-Worker 4 as a Tool
for Identifying Coastal Ocean Acidification and Changes in Carbonate
Chemistry. J. Mar. Sci. Eng. 2020, 8, 939.

(17) Cao, H.; Guo, Z.; Wang, S.; Cheng, H.; Zhan, C. Intelligent
Wide-Area Water Quality Monitoring and Analysis System Exploiting
Unmanned Surface Vehicles and Ensemble Learning. Water (Basel)
2020, 12, 681.

(18) Awomeso, J. A.; Awomeso, J. A,; Taiwo, A. M.; Idowu, O. A;
Gbadebo, A. M.; Oyetunde, O. A. Assessment of water quality of
Ogun River in southwestern Nigeria. Ife J. Sci. 2019, 21, 375.

(19) Ryu, J. H. Prototyping a low-cost open-source autonomous
unmanned surface vehicle for real-time water quality monitoring and
visualization. HardwareX 2022, 12, No. e00369.

https://doi.org/10.1021/acsestwater.3c00082
ACS EST Water 2023, 3, 2338—-2354


https://pubs.acs.org/doi/suppl/10.1021/acsestwater.3c00082/suppl_file/ew3c00082_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miracle+Israel+Nazarious"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7148-8803
https://orcid.org/0000-0002-7148-8803
mailto:miracle.nazarious@abdn.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria-Paz+Zorzano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+Martin-Torres"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00082?ref=pdf
http://10.13039/501100011033
http://10.13039/501100011033
https://doi.org/10.1038/nrmicro2644
https://doi.org/10.3389/fevo.2021.565649
https://doi.org/10.3389/fevo.2021.565649
https://doi.org/10.1038/nrmicro2259
https://doi.org/10.3389/fmicb.2014.00103
https://doi.org/10.3389/fmicb.2014.00103
https://doi.org/10.1007/s00027-022-00914-y
https://doi.org/10.1007/s00027-022-00914-y
https://doi.org/10.11144/Javeriana.SC26-1.dbit
https://doi.org/10.11144/Javeriana.SC26-1.dbit
https://doi.org/10.3389/fmicb.2021.581124
https://doi.org/10.3389/fmicb.2021.581124
https://doi.org/10.3389/fmicb.2021.581124
https://doi.org/10.3389/fmicb.2020.572252
https://doi.org/10.3389/fmicb.2020.572252
https://doi.org/10.1038/srep03554
https://doi.org/10.1038/srep03554
https://doi.org/10.1186/s40168-020-00851-8
https://doi.org/10.1186/s40168-020-00851-8
https://doi.org/10.1186/s40168-020-00851-8
https://doi.org/10.1038/s41522-021-00251-2
https://doi.org/10.1038/s41522-021-00251-2
https://doi.org/10.1038/s41396-022-01266-z
https://doi.org/10.1038/s41396-022-01266-z
https://doi.org/10.3390/s21041102
https://doi.org/10.3390/s21041102
https://doi.org/10.5194/essd-8-439-2016
https://doi.org/10.5194/essd-8-439-2016
https://doi.org/10.1029/2002JD002653
https://doi.org/10.1029/2002JD002653
https://doi.org/10.3390/jmse8110939
https://doi.org/10.3390/jmse8110939
https://doi.org/10.3390/jmse8110939
https://doi.org/10.3390/jmse8110939
https://doi.org/10.3390/w12030681
https://doi.org/10.3390/w12030681
https://doi.org/10.3390/w12030681
https://doi.org/10.4314/ijs.v21i2.11
https://doi.org/10.4314/ijs.v21i2.11
https://doi.org/10.1016/j.ohx.2022.e00369
https://doi.org/10.1016/j.ohx.2022.e00369
https://doi.org/10.1016/j.ohx.2022.e00369
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.3c00082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Water

pubs.acs.org/estwater

(20) Rao, A. S.; Marshall, S.; Gubbi, J.; Palaniswami, M.; Sinnott, R.;
Pettigrovet, V., ‘Design of low-cost autonomous water quality
monitoring system’, in 2013 International Conference on Advances in
Computing, Communications and Informatics (ICACCI), 2013, 14—19.
/(21) De Vito-Francesco, E.; Farinelli, A.;; Yang, Q; Nagar, B;
Alvarez, R.; Merkogi, A.; Knutz, T.; Haider, A.; Stach, W.; Ziegenbalg,
F.; Allabashi, R. An innovative autonomous robotic system for on-site
detection of heavy metal pollution plumes in surface water. Environ.
Monit. Assess. 2022, 194, 122.

(22) Martinez Paz, E. F; Tobias, M.; Escobar, E.; Raskin, L.;
Roberts, E. F. S.; Wigginton, K. R.; Kerkez, B. Wireless Sensors for
Measuring Drinking Water Quality in Building Plumbing: Deploy-
ments and Insights from Continuous and Intermittent Water Supply
Systems. ACS EST Eng. 2022, 2, 423—433.

(23) Griffiths, N. A;; Levi, P. S.; Riggs, J. S.; DeRolph, C. R.; Fortner,
A. M,; Richards, J. K. Sensor-Equipped Unmanned Surface Vehicle for
High-Resolution Mapping of Water Quality in Low- to Mid-Order
Streams. ACS EST Water 2022, 2, 425—43S.

(24) Miller, T. R; Tarpey, W.; Nuese, J; Smith, M. Real-Time
Monitoring of Cyanobacterial Harmful Algal Blooms with the Panther
Buoy. ACS EST Water 2022, 2, 1099—1110.

(25) Li, Y; Tian, L; Li, W.; Li, J.; Wei, A; Li, S.; Tong, R. Design
and Experiments of a Water Color Remote Sensing-Oriented
Unmanned Surface Vehicle. Sensors 2020, 20, 2183.

(26) Payler, S. J.; Biddle, J. F.; Sherwood Lollar, B.; Fox-Powell, M.
G.; Edwards, T.; Ngwenya, B. T.; Paling, S. M,; Cockell, C. S. An
Ionic Limit to Life in the Deep Subsurface. Front. Microbiol. 2019, 10,
No. 426. .

(27) Novikova, A.; Hubka, V.; Valinova, S.; Kolarik, M.; Hillebrand-
Voiculescu, A. M. Cultivable microscopic fungi from an underground
chemosynthesis-based ecosystem: a preliminary study. Folia Microbiol.
(Praha) 2018, 63, 43—S5.

(28) Reboul, G.; Moreira, D.; Bertolino, P.; Hillebrand-Voiculescu,
A. M,; Lépez-Garcia, P. Microbial eukaryotes in the suboxic
chemosynthetic ecosystem of Movile Cave, Romania. Environ.
Microbiol. Rep. 2019, 11, 464—473.

(29) Pandey, S.; Clarke, J.; Nema, P.; Bonaccorsi, R;; Som, S.;
Sharma, M.; Phartiyal, B.; Rajamani, S.; Mogul, R.; Martin-Torres, J.;
Vaishampayan, P.; Blank, J.; Steller, L.; Srivastava, A.; Singh, R;
McGuirk, S.; Zorzano, M. P.; Giittler, J. M,; Mendaza, T.; Soria-
Salinas, A,; Ahmad, S.; Ansari, A.; Singh, V. K,; Mungi, C.; Bapat, N.
Ladakh: diverse, high-altitude extreme environments for off-earth
analogue and astrobiology research. Int. J. Astrobiol. 2020, 19, 78-98.

(30) Magnuson, E.; Altshuler, L; Ferndndez-Martinez, M. A.; Chen,
Y. J.; Maggiori, C,; Goordial, J.; Whyte, L. G. Active lithoautotrophic
and methane-oxidizing microbial community in an anoxic, sub-zero,
and hypersaline High Arctic spring. ISME J. 2022, 16, 1798—1808.

(31) Lawrence, J. P.; Doran, P. T.; Winslow, L. A; Priscy, J. C.
Subglacial brine flow and wind-induced internal waves in Lake
Bonney, Antarctica. Antarct. Sci. 2020, 32, 223—237.

(32) Cockell, C. S.; Holt, J.; Campbell, J.; Groseman, H.; Josset, J.
L.; Bontognali, T. R. R.; Phelps, A.; Hakobyan, L.; Kuretn, L.; Beattie,
A,; Blank, J.; Bonaccorsi, R.;; McKay, C.; Shirvastava, A.; Stoker, C.;
Willson, D.; McLaughlin, S.; Payler, S.; Stevens, A.; Wadsworth, J.;
Bessone, L.; Maurer, M.; Sauro, F.; Martin-Torres, J.; Zorzano, M. P;
Bhardwaj, A.; Soria-Salinas, A.; Mathanlal, T.; Nazarious, M. L;
Ramachandran, A. V.; Vaishampayan, P.; Guan, L; Perl, S. M,
Telling, J.; Boothroyd, I. M; Tyson, O.; Realff, J.; Rowbottom, J.;
Lauernt, B.; Gunn, M.; Shah, S.; Singh, S.; Paling, S.; Edwards, T.;
Yeoman, L.; Meehan, E.; Toth, C.; Scovell, P.; Suckling, B. Subsurface
scientific exploration of extraterrestrial environments (MINAR §):
analogue science, technology and education in the Boulby Mine, UK.
Int. J. Astrobiol. 2019, 18, 157—182.

(33) Zheng, Z.; Fu, Y,; Liu, K; Xiao, R.; Wang, X.; Shi, H. Three-
stage vertical distribution of seawater conductivity. Sci. Rep. 2018, 8,
9916.

(34) Meng, X.; Zhu, Z.; Xue, J.; Wang, C.; Sun, X. Methane and
Nitrous Oxide Emissions from a Temperate Peatland under Simulated
Enhanced Nitrogen Deposition. Sustainability 2023, 15, 1010.

2354

(35) Ueyama, M.; Iwata, H.; Endo, R.; Harazono, Y. Methane and
carbon dioxide emissions from the forest floor of a black spruce forest
on permafrost in interior Alaska. Polar Sci. 2023, 35, No. 100921.

(36) Chen, Y.; Wu, L.; Boden, R.; Hillebrand, A.; Kumaresan, D.;
Moussard, H.; Baciu, M.; Lu, Y.; Colin Murrell, J. Life without light:
microbial diversity and evidence of sulfur- and ammonium-based
chemolithotrophy in Movile Cave. ISME ]. 2009, 3, 1093—1104.

(37) Rohwerder, T.; Sand, W.; Lascu, C. Preliminary Evidence for a
Sulphur Cycle in Movile Cave, Romania. Acta Biotechnol. 2003, 23,
101—-107.

(38) Kumaresan, D.; Wischer, D.; Stephenson, J.; Hillebrand-
Voiculescu, A.; Murrell, J. C. Microbiology of Movile Cave—A
Chemolithoautotrophic Ecosystem. Geomicrobiol. ]. 2014, 31, 186—
193.

(39) Romano, N.; Islam, S. Productivity and Elemental/Chlorophyll
Composition of Collard Greens in an Aquaponic System at Different
Combinations of Media and Black Soldier Fly (Hermetia illucens)
Larvae Frass Supplementations. Aquac. Res. 2023, 2023, No. 3308537.

(40) Xiao, G.; Cheng, X.; Zhu, D.; Li, Z.; Feng, L.; Peng, X; Lu, Z.;
Xie, J. Exploring the mechanism of a novel recirculating aquaculture
system based on water quality parameters and bacterial communities.
Environ. Sci. Pollut. Res. 2023, 30, 34760—34774.

(41) Ullah, H,; Gul, B.; Khan, H.; ur Rehman, K.; Hameed, 1; Zeb,
U,; Roomi, S.; Zill-E-Huma. Impact of pH on the growth and
nutritional profile of Lemna minor L. as a sustainable alternative for
Pakistan’s feed sector. Aquac. Int. 2023, DOI: 10.1007/s10499-023-
01063-1.

(42) Shafi, J; Waheed, K. N.; Mirza, Z. S.; Zafarullah, M.
Stratification of soil quality indicators with increasing pond age in
brackish water carps polyculture. J. Appl. Aquac. 2023, 1-24.

(43) Ngatia, M,; Kithiia, S. M.; Voda, M. Effects of Anthropogenic
Activities on Water Quality within Ngong River Sub-Catchment,
Nairobi, Kenya. Water (Basel) 2023, 15, 660.

(44) Krishnamoorthy, N.; Thirumalai, R; Lenin Sundar, M,;
Anusuya, M.; Manoj Kumar, P.; Hemalatha, E.; Mohan Prasad, M;
Munjal, N. Assessment of underground water quality and water
quality index across the Noyyal River basin of Tirupur District in
South India. Urban Clim. 2023, 49, No. 101436.

(45) Zenati, B.; Inal, A.; Mesbaiah, F.-Z.; Kourdali, S.; Bachouche,
S.; Pinho, ]. Pollutant load discharge from a Southwestern
Mediterranean river (Mazafran River, Algeria) and its impact on the
coastal environment. Arab. J. Geosci. 2023, 16, 146.

(46) Durell, L; Scott, J. T.; Nychka, D.; Hering, A. S. Functional
forecasting of dissolved oxygen in high-frequency vertical lake profiles.
Environmetrics 2023, 34, No. e2765.

(47) Zhang, L.; He, K; Wang, T.; Liu, C.; An, Y.; Zhong, J. Frequent
algal blooms dramatically increase methane while decrease carbon
dioxide in a shallow lake bay. Environ. Pollut. 2022, 312, No. 120061.

(48) Dachwald, B.; Mikucki, J.; Tulaczyk, S.; Digel, L; Espe, C.;
Feldmann, M.; Francke, G.; Kowalski, J; Xu, C. IceMole: a
maneuverable probe for clean in situ analysis and sampling of
subsurface ice and subglacial aquatic ecosystems. Ann. Glaciol. 2014,
SS, 14-22.

(49) German, L.; Mikucki, J. A;; Welch, S. A,; Kathleen, A. W.;
Lutton, A.; Dachwald, B.; Kowalski, J.; Heinen, D.; Feldmann, M.;
Francke, G.; Espe, C.; Lyons, W. B. Validation of sampling antarctic
subglacial hypersaline waters with an electrothermal ice melting probe
(IceMole) for environmental analytical geochemistry. Int. J. Environ.
Anal. Chem. 2021, 101, 2654—2667.

(50) Hendrix, A. R; Hurford, T. A.; Barge, L. M; Bland, M. T;;
Bowman, J. S.; Brinckerhoff, W.; Buratti, B. J.; Cable, M. L.; Castillo-
Rogez, J; Collins, G. C.; Diniega, S.; German, C. R.; Hayes, A. G,;
Hoehler, T.; Hosseini, S.; Howett, C. J. A.; McEwen, A. S.; Neish, C.
D.; Neveu, M,; Nordheim, T. A.; Patterson, G. W.; Patthoff, D. A,;
Phillips, C.; Rhoden, A.; Schmidt, B. E.; Singer, K. N.; Soderblom, J.
M,; Vance, S. D. The NASA Roadmap to Ocean Worlds. Astrobiology
2019, 19, 1-27.

https://doi.org/10.1021/acsestwater.3c00082
ACS EST Water 2023, 3, 2338—-2354


https://doi.org/10.1007/s10661-021-09738-z
https://doi.org/10.1007/s10661-021-09738-z
https://doi.org/10.1021/acsestengg.1c00259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestengg.1c00259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestengg.1c00259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestengg.1c00259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestwater.1c00342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestwater.1c00342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestwater.1c00342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestwater.2c00072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestwater.2c00072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestwater.2c00072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/s20082183
https://doi.org/10.3390/s20082183
https://doi.org/10.3390/s20082183
https://doi.org/10.3389/fmicb.2019.00426
https://doi.org/10.3389/fmicb.2019.00426
https://doi.org/10.1007/s12223-017-0527-6
https://doi.org/10.1007/s12223-017-0527-6
https://doi.org/10.1111/1758-2229.12756
https://doi.org/10.1111/1758-2229.12756
https://doi.org/10.1017/S1473550419000119
https://doi.org/10.1017/S1473550419000119
https://doi.org/10.1038/s41396-022-01233-8
https://doi.org/10.1038/s41396-022-01233-8
https://doi.org/10.1038/s41396-022-01233-8
https://doi.org/10.1017/S0954102020000036
https://doi.org/10.1017/S0954102020000036
https://doi.org/10.1017/S1473550418000186
https://doi.org/10.1017/S1473550418000186
https://doi.org/10.1017/S1473550418000186
https://doi.org/10.1038/s41598-018-27931-y
https://doi.org/10.1038/s41598-018-27931-y
https://doi.org/10.3390/su15021010
https://doi.org/10.3390/su15021010
https://doi.org/10.3390/su15021010
https://doi.org/10.1016/j.polar.2022.100921
https://doi.org/10.1016/j.polar.2022.100921
https://doi.org/10.1016/j.polar.2022.100921
https://doi.org/10.1038/ismej.2009.57
https://doi.org/10.1038/ismej.2009.57
https://doi.org/10.1038/ismej.2009.57
https://doi.org/10.1002/abio.200390000
https://doi.org/10.1002/abio.200390000
https://doi.org/10.1080/01490451.2013.839764
https://doi.org/10.1080/01490451.2013.839764
https://doi.org/10.1155/2023/3308537
https://doi.org/10.1155/2023/3308537
https://doi.org/10.1155/2023/3308537
https://doi.org/10.1155/2023/3308537
https://doi.org/10.1007/s11356-022-24585-2
https://doi.org/10.1007/s11356-022-24585-2
https://doi.org/10.1007/s10499-023-01063-1
https://doi.org/10.1007/s10499-023-01063-1
https://doi.org/10.1007/s10499-023-01063-1
https://doi.org/10.1007/s10499-023-01063-1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10499-023-01063-1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/10454438.2023.2168582
https://doi.org/10.1080/10454438.2023.2168582
https://doi.org/10.3390/w15040660
https://doi.org/10.3390/w15040660
https://doi.org/10.3390/w15040660
https://doi.org/10.1016/j.uclim.2023.101436
https://doi.org/10.1016/j.uclim.2023.101436
https://doi.org/10.1016/j.uclim.2023.101436
https://doi.org/10.1007/s12517-023-11260-0
https://doi.org/10.1007/s12517-023-11260-0
https://doi.org/10.1007/s12517-023-11260-0
https://doi.org/10.1002/env.2765
https://doi.org/10.1002/env.2765
https://doi.org/10.1016/j.envpol.2022.120061
https://doi.org/10.1016/j.envpol.2022.120061
https://doi.org/10.1016/j.envpol.2022.120061
https://doi.org/10.3189/2014AoG65A004
https://doi.org/10.3189/2014AoG65A004
https://doi.org/10.3189/2014AoG65A004
https://doi.org/10.1080/03067319.2019.1704750
https://doi.org/10.1080/03067319.2019.1704750
https://doi.org/10.1080/03067319.2019.1704750
https://doi.org/10.1089/ast.2018.1955
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.3c00082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

