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Marine sediment represents one of the most significant carbon reservoirs.

Extraction of pore water from the uppermost 10 cm of the sediment column,

just below the sediment-water interface, in coastal environments can be used

to assess the rapid chemical changes caused by extensive subsurface biological

and chemical reactions. However, owing to relatively large grain size of the

sediment in some shallow coastal environments, sediment and pore water

mixes quickly making collection of core samples for pore water extraction

extremely difficult. Here, we present a simple method utilizing Rhizons to

collect in situ pore water from coastal environments. We conducted both ex

situ and in situ experiments, using fluorescein as a tracer, to understand the

influence of overlying water during pore water collection through this method.

These experiments also allowed us to assess the volume of pore water

collected before fluorescein is observed in the samples at different vertical

depths within the sediment column. We found that: 1. discarding the initial 2 mL

of water minimizes the memory effect, 2. collection of 10 mL of water avoids

interference from surrounding pore water and the overlying water column and

3. a vertical resolution of minimum 2 cm could be attained for sediments with

grain size of 1 mm and less. We finally present data from two linear transects

from different sites in the Gulf of Aqaba. Results from these case studies

demonstrate expected patterns of high concentrations of iron and hydrogen

sulfide in pore water from the sediment where surface coloration suggested

iron and sulfate reduction was dominating, respectively. Both case studies,

therefore, independently validated the Rhizon sampler method for collecting

pore water in situ from marine sediments in coastal environments.

KEYWORDS

benthic biogeochemistry, coastal environments, grain size, Rhizon, sediment
water interface
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1 Introduction

Marine ecosystems like mangroves, salt marshes, and

seagrasses meadows (also called blue carbon) captures a

significant proportion of the carbon buried in marine

sediments and stores them for millennial time scales, which is

much longer than many carbon sinks (Nelleman et al., 2008;

Laffoley and Grimsditch, 2009; Nellemann and Corcoran, 2009).

These blue carbon sinks form part of the coastal environments

and are comprised of sandy and permeable sediments with

sediment grain sizes of 2 mm or larger. Pore water

transportation and consequently, the fluxes in and out of these

sandy sediments, are impacted by pressure fluctuation due to

current and can induce advective flow of particulate and

dissolved organic matter, nutrients and oxygen (Huettel et al.,

1996). This causes sandy sediment to act as biogeochemical

reactor that efficiently consumes organic matter and recycles

organic carbon, sulfur, nitrogen and other metals (Bacon et al.,

1994; Anschutz et al., 2009). Consequently, permeable sandy

sediment and the pore water in it constitutes a fundamental

component for benthic biogeochemistry research (Nissenbaum

et al., 1972; Sholkovitz, 1973; Froelich et al., 1979).

Pore water collection from sandy sediments, however, is a

difficult process because low cohesion and high conductivity

within the sediment framework leads to collapse and mixture of

the pore water within the sediment with minimal perturbation.

The methods developed for collecting pore water from the shallow

marine coarse-grained sediments employ in situ techniques

involving either dialysis methods (Sayles et al., 1973; Hesslein,

1976; Charette and Allen, 2006; Shotbolt, 2010), suction filtration

samplers (Makemson, 1972; Sayles et al., 1973; Charette and

Allen, 2006; Beck et al., 2007), gel probe equilibrium sampler

(Campbell et al., 2008a; Campbell et al., 2008b) or extraction by

Rhizons (Seeberg-Elverfeldt et al., 2005; Shotbolt, 2010; Steiner

et al., 2018). The basis for these in situ techniques is to minimize

the perturbation of natural pore water inside the sediment

column. Maintaining this strategy, the dialysis method and gel

probe equilibrium sampler provides high depth resolution and

suction samplers allow collection of pore water at depths between

1 and 5 m (Beck et al., 2007). However, the afore-mentioned

methods are ideal for long term studies and the deployment

requires an equilibration time which varies from hours to days.

The Rhizon sampler method, even though seldom used, has

enormous potential due to its simplicity, low cost and reusable

properties. Seeberg-Elverfeldt et al. (2005), developed a “Rhizon in

situ Sampler” for collecting pore water in combination with a

benthic chamber. However, insertion of benthic chamber is an

expensive affair and for sediments from coastal areas with higher

grain size the insertion might lead to disturbance of the sediment

column. Therefore, post sampling, the site might be permanently

impacted by the removal of the benthic chamber preventing

resampling from the same location.
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In this study, we describe a method for in situ collections of

pore water from sandy sediment with grain size as high as 2 mm

with minimal disturbance. We have designed a simple setup

where the Rhizons can be inserted vertically and extraction of

porewater is possible at a vertical resolution of a couple of

centimeters. Our Rhizon method can be employed for pore

water extraction from shallow depths (maximum 10 cm from the

subsurface) and does not require any other additional device

(e.g. benthic chamber) or the extraction of a sediment core.

Finally, we corroborate the potential of the method by

presenting two case studies where the concentration of the

expected element in the pore water demonstrates significant

correlation between the subsurface activity and the surficial

feature (color) on the sediment.
2 Methods

2.1 Study sites

The study was conducted at three different sites in the

northern Gulf of Aqaba (GoA), Red Sea adjacent to the city of

Eilat, Israel (Figure 1A).We selected the shallow offshore region at

the Interuniversity Institute for Marine Science (IUI) (29°

30’05.6”N, 34°55’01.2”E) for conducting the tracer in situ

experiments. In general, the IUI site harbors healthy coral

colonies, however, our experimental site was devoid of any such

colonies and was located at 5 m water depth and ~10 m offshore

(Figure 1B). We wanted to conduct the tracer experiments with

minimum interference from any biotic or abiotic activities,

however, the localities for the case studies were selected such

that they represent a diverse habitat with different sets of

environmental parameters. All the sites were entirely subtidal.

Katza beach (29°31’31.9”N, 34°56’08.0”E) (Figure 1A) is adjacent

to the Eilat Ashkelon Pipeline Co. Ltd (EAPC) setup and is

dominated by anthropogenic activities. The collection of pore

water was conducted at 5 m water depth and ~10 m offshore

where the sediment floor was barren (devoid of any coral colonies

or vegetation) and had traces of reddish deposits of ferric

hydroxides (Figure 1C). The North beach (29°32’50.3”N 34°

57’54.9”E), on the other hand, comprises of seagrass meadows

and is situated along the western shores of the northern tip of

GoA. Our study area is ~250 m offshore and at 7 m water

depth (Figure 1D).
2.2 Numerical modelling

To model the breakthrough of Fluorescein with different

Rhizon sampling depths we utilize the multi-component

numerical reactive transport software CrunchTope (Druhan

et al., 2013; Druhan et al., 2014; Steefel et al., 2015). We use
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CrunchTope to simulate contemporaneous advection over a 10 x

10 x 10 cm pore water box consisting of 40 x 40 x 100 cells (0.25

x 0.25 x 0.1 cm resolution) with flux or Danckwerts boundary

conditions which requires continuity of advective flux across the

boundaries. The initial box contains a fluid with the major ionic

concentrations of sea water and the overlying water column (or

Z-axis upper boundary condition) has the same major ionic

concentrations with the addition of the non-reactive tracer

Fluorescein. The permeability is fixed throughout the cell at a

constant permeability of 8.4 x 10-5 m/s (West, 2010), apart from

the ghost cell (z = 0) at the upper boundary which has a fixed

permeability of 1 m/s to represent the seawater upper boundary.
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The pressure is fixed at each of the flux boundaries to a value of 2

Atmospheres to represent hydrostatic pressure at a shallow

seafloor depth (10 mbsl). The presence of the Rhizon is

modelled using a pump at the sampling depth plus 0.1 cm,

which is extracting pore water at the rate of 10 ml/minute. The

evolving pressure field created by the pump draws fluid from

the surrounding cells and eventually the boundary conditions.

The model is run for four different Rhizon depths, 1, 2, 3 and 4

cm below sediment surface for a total of 150 s at 5 second

intervals extracting 25 ml, with the breakthrough curves showing

the concentration of Fluorescein at the original Rhizon depth

(0.1 cm above the pump locations).
A B

D

C

FIGURE 1

(A) Map of the study area with position of Israel and Red Sea relative to the surrounding countries (inset) (modified after Winters et al., 2017).
The solid stars and the corresponding site names represent the localities where the in situ experiments were conducted. Photographs taken by
the authors showing the environmental setting in (B) IUI, (C) Katza and (D) North Beach.
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2.3 Pore water sampling using
Rhizon sampler

Rhizon samplers (Rhizosphere Research Products R.V.,

Wageningen, Rhizon CSS 19.21.23F) with a PVC/PE tubing

(length—12 cm) and porous section (pore space of 0.15 µm and

length of 5 cm) were utilized (Figure 2A). We designed a case

made with polylactic acid (PLA) and/or Acrylonitrile

butadiene styrene (ABS) material which covers the porous

section of the Rhizon. It has a single opening for collection

of water from a particular depth below the sediment surface.

The luer lock of the Rhizon was either connected with a syringe

or to a needle depending on the experiment. Two different vials
Frontiers in Marine Science 04
varying in their maximum capacity—2 mL and 12 mL were

utilized for storing the pore water. The vials were weighed, and

vacuum was created inside them. The hydrophilic porous

polymer of the Rhizon is inserted into the sediment and

water is collected either by suction with the syringe or by

inserting the needle into the vacuum vials. The vacuum inside

the vials creates a suction which pulls in water through the

Rhizon allowing for convenient collection underwater by

SCUBA. This method allowed us to collect pore water from a

maximum depth of 5 cm below the sediment-water interface

while maintaining a resolution of ~1–2 cm. After collecting the

pore water, the vials are weighed to determine the volume of

water collected.
A

B C

FIGURE 2

Schematic representation and photographs taken by the authors showing the Rhizon sampler setup and its application. (A) PLA/ABS case with a
single slit opening which covers the hydrophilic porous polymer end of the Rhizon (length 5 cm, outer diameter 2.5 mm, pore size 0.1 µm, dead
volume 0.5 mL) and the devices used for extracting pore water (vacuum vial, syringe). Pore water extraction by (B) inserting Rhizons through
sediment and syringes in an experimental setup conducted in lab, and (C) inserting Rhizons through sediment and vacuum tubes in an
experimental setup conducted in field.
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2.4 Fluorescein experiment

The major issue associated with collecting pore water using

the Rhizon sampler method is the possibility of contamination

by overlying seawater through preferential flow during insertion.

We designed two different experimental setups (lab and field

based) to assess the impact of preferential flow caused by the

insertion of the Rhizon by determining the incorporation of the

overlying seawater in the pore water sampling system. The in-lab

setup consisted of a plastic jar (14.5 cm diameter and 18.5 cm

height) which contained ~9 cm sediment with seawater filling

the rest of the jar (Figure 2B). We utilized sediment with three

different grain sizes which are referred to as: 1. large (mesh size:

2000 µm), 2. small (1000 µm) and 3. mixed (which is a

combination of large and small) for this experiment.

Fluorescein was introduced in the water and thoroughly

mixed. The overlying water mixture was collected using a

syringe. Rhizons with PLA/ABS cases having the slit opening

at different depths were inserted in the sediment. The pore water

was collected through the Rhizon using the syringe.

The in-field experiments were conducted at IUI site and the

set up consisted of a cylindrical plastic container with an internal

diameter of ~11 cm and length of 12.1 cm (Figure 2C). A hole

was drilled through the base of the chamber for inserting the

Rhizon sampler and the jar was placed upside down on the

sediment. Fluorescein was introduced and thoroughly mixed

inside the jar using a syringe through a small hole drilled on the

wall of the container. The fluorescein-water mixture inside the

chamber overlying the sediment was collected in a syringe

through the same hole. The pore water was collected in

vacuum tubes through the Rhizon samplers. The fluorescein in

the overlying and pore water samples for both the experiments

were measured in a Varian Cary Eclipse spectrophotometer with

wavelengths of 490–513 nm. The concentration of the

fluorescein in the overlying sample for both the in situ and ex

situ experiment is considered as the final concentration (100%).
2.5 Measurement of the ferrous
iron concentrations

The concentration of ferrous iron was measured in pore

water samples collected from Katza. Two different experiments

were conducted on sediment patches with red surficial coloring.

Experiment 1: We inserted four different Rhizons (representing

four different depths due to positioning of the slits on the cap)

for collecting pore water from a red patch. We collected a total of

10 mL porewater using each Rhizon while changing vials every 2

mL (Figure 5A), Experiment 2: We laid line transects on areas

which contained red/brown patches (Figures 6A, C). Samples
Frontiers in Marine Science 05
were taken with a horizontal resolution of 5 cm to minimize the

impact that each Rhizon would have on adjacent Rhizons. The

pore water samples were collected following the in-field pore

water collection protocol utilized in the fluorescein experiment.

Ferrozine reagent was used following Stookey, 1970 and the iron

concentrations were measured in an Agilent Cary 8454

spectrophotometer with wavelength of 562 nm at the NEGEV

Lab, IUI, Eilat. The detection limit for Fe was 1 µmol/L.
2.6 Sulfide analysis

The transect for sulfide (H2S) analysis was conducted in the

North beach where black patches appear within the seagrass

meadow due to seagrass die off caused by increased sulfide

concentration in the sediment (Carlson Jr. et al., 1994)

(Figures 7A, C). Samples were collected along a transit with a

5 cm horizontal resolution. The vacuum vials were filled with 2

mL Diamine (4%) prior to the pore water collection (Cline,

1969). We measured the sulfide concentration in the pore water

sample in an Agilent Cary 8454 spectrophotometer with

wavelength of 665 nm at the Negev Lab, IUI, Eilat. The

detection limit for H2S was 1 µmol/L.
3 Results

3.1 Fluorescein experiment

3.1.1 Ex Situ
For the fluorescein experiment conducted in lab, we observe

an increase in the fluorescein after an intake of 5 mL of the pore

water every time we sampled from 1 cm depth irrespective of the

sediment grain size (Figure 3A). When sampled at depth of 2 cm,

the fluorescein remains relatively constant and below 20% till the

first ~ 5–7.5 mL of pore water have been extracted following

which we see a linear increase (Figure 3B). With an increase in

the sampling depth (3, 4 and 5 cm), we observe an overall

inclusion of less than 10% of the fluorescein except after ~12 mL

at 3 cm depth (Figures 3C–E).

3.1.2 In Situ
In the in situ (field) experiment we observed relatively lower

concentrations of fluorescein entering the system. An excess of

10% fluorescein entered in the pore water only at depth of 1 cm

and once (out of three times) at 2 cm after extracting 5 mL of

pore water. The overall amount of fluorescein entering the

sampling vials remains low and below 10% at greater depths

with negligible concentrations of fluorescein measured at 3 cm

and 4 cm depth (Figure 4).
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3.2 Iron analysis

Figure 5B, demonstrates the relation between iron

concentration and the amount of pore water collected at different

depths ranging from 1–4 cm at 1 cm resolution. The concentration

of Fe increases initially till 4 mL following which a saturation is

attained. Overall, we observe an increase in saturated iron

concentration with depth with a slight exception at 2 and 3 cm

depth. The saturated Fe concentration value is lower for pore water
Frontiers in Marine Science 06
collected from 3 cm (72.2 µmol/L) as compared to 2 cm (76.5 µmol/

L). Figure 6 represents the redness on the sediment surface and the

corresponding Fe concentration in the pore water from the same

area before (Figures 6A, B) and after (Figures 6C,D) a storm event.

There is a significant correlation between the surficial coloring and

the measured iron concentrations (Figures 6B, D) and we observe a

gradual increase of both from the edge to the center within the red

patches. The pore water collected from the region outside the red

patches has a significantly lower Fe concentration (Figures 6B, D).
B

C D

E

A

FIGURE 3

The proportion of fluorescein (%) in the samples with reference to the fluorescein in the overlying water as a function of the extracted volume
of porewater through Rhizons for sediments with different grain sizes. This experiment was conducted in the lab. The large and small sized
sediment grains were sieved through mesh with sieve size of 2000 µm and 1000 µm respectively and were mixed together in mix1, mix2 and
mix 3 categories. The profiles represent porewater extraction when the single opening in the PLA/ABS case is at (A) 1 cm, (B) 2 cm, (C) 3 cm, (D)
4 cm and (E) 5 cm below the sediment surface. The corresponding theoretical model is plotted in required graphs.
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The peak values in Fe concentration observed for the same patch

before (2000 µmol/L) and after (14 µmol/L) the storm event

differed significantly.
3.3 Sulfide analysis

We observe 0 to 2 µmol/L concentration of sulfide in the

region without the black patch. However, the pore water

collected within the black patches of the sediment

demonstrates presence of sulfide in the pore water and we

observe a gradual increase from the edge to the center of the
Frontiers in Marine Science 07
patch. This trend in sulfide concentration is similar for patches

within the seagrass (Figure 7B) and sandy, seagrass devoid,

environment (Figure 7D), with the peak reaching to 310 µmol/

L and 384 µmol/L respectively.
4 Discussion

Pore water chemistry is used to understand diagenetic

processes, rate of benthic fluxes, and depositional environments

in the sediment owing to their rapid and dynamic response to any

subsurface chemical alterations (Aller, 2014; Steiner et al., 2018).
FIGURE 4

The proportion of fluorescein (%) in the samples with reference to the fluorescein in the overlying water as a function of the extracted volume
of porewater through Rhizons from different depths. This experiment was conducted in the field.
A B

FIGURE 5

(A) Photographs taken by the authors showing the collection of pore water from one of the red patch using different Rhizons representing
different depths in 2 mL vials, (B) Fe concentration in the pore water as function of the volume of porewater collected through Rhizons from
different depths.
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Extracting pore water, especially from the uppermost 5 cm of

sediments with coarse grain size (> 2 mm), however, is

challenging. The most common extraction methods involves

squeezing, centrifugation and Rhizon sampler with each method

having advantages and/or disadvantages over others (Dickens

et al., 2007; Schrum et al., 2012; Miller et al., 2014; Miller et al.,

2017; Steiner et al., 2018). A common disadvantage with all the

procedures developed so far is the disturbance of sediment

column caused by insertion of sampling device. The Rhizon in

situ sampler developed by Seeberg-Elverfeldt et al. (2005) has been

an advancement in this aspect and creates very little disturbance in

sediment with grain size ranging between 0.11 to 0.33 mm. This

Rhizon sampling method involves implanting a poly carbonate

platform which is 0.6 cm thick, ~ 5 cm wide (to protect the filter

part of the Rhizons) and a height which varies depending on your

sampling depth. In addition, there are nylon chords sticking out of

the platform for manipulating the movement of the Rhizons. This

deployment can be complex for sandy sediments of coastal

environment with higher grain size, for underwater collection

by self-contained underwater breathing apparatus (SCUBA)

divers or for remotely operated underwater vehicles (ROVs).

By utilizing the PLA and ABS caps with slit opening at

specific depths, we managed to vertically insert the Rhizon and

collect water at desired depths (Figure 3). The closed system

experiment in lab demonstrated detection of fluorescein in the
Frontiers in Marine Science 08
pore water at 1 cm depth almost immediately after extracting

water irrespective of the grain size of the sediment (Figure 3A).

This suggests that the radius of influenced cylindrical volume

around the slit openings are at least 1 cm (Seeberg-Elverfeldt

et al., 2005). At 1 cm depth the model suggests a higher

proportion of fluorescein entering the system given the same

volume of pore water extracted. At 2 cm depth, we observe the

entrance of fluorescein in the pore water almost immediately

except for the smallest grain sized sediment (1 mm) used in our

experiment where the fluorescein starts entering after ~10 mL

(Figure 3B). This result indicates that given the grain size is 1

mm (maximum) or less, we can achieve a resolution of 2 cm for

vertical depth profile through our method. The theoretical

model indicates entrance of fluorescein after 18 mL of

porewater extraction. At greater depth the model demonstrates

no fluorescein in the system until 20 mL, however, irrespective of

the grain size (1–2 mm), when more than 15 mL of water was

drawn the proportion of fluorescein entering went above 10%

(Figures 3C–E). This discrepancy between the model and the

observed pattern in terms of early entrance of fluorescein in our

experiment is most likely due to the closed system which allowed

preferential flow of fluorescein from the top and along the

boundaries of the inner wall of the container. Also there exists

an additional influence of the adjacent Rhizons inserted in the

sediment which are drawing water at the same time.
A B

C D

FIGURE 6

Photographs taken by the authors showing the line transect method for collecting pore water before (A) and after (C) a storm event. Collections
were made at the red marks which are 5 cm apart. Fe concentration in the pore water and the intensity of redness as function of the sampling
position in the sediment patch before (B) and after (D) a storm event.
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In the natural setting the proportion of fluorescein entering

the pore water never goes above 30% irrespective of the depth

profiles and stabilizes after collection of 4 mL (Figure 4). This

suggests an overall lower preferential flow from the top and

homogenization of fluorescein content in the pore water. The

proportion of fluorescein entering the pore water decreases with

depth of the slit through which the water is extracted with no

fluorescein recorded below 3 cm. This vertical resolution was

further supported by our case study of measuring the iron

concentration at different depths, where we observed an

overall increasing trend in the Fe concentration with depth

(Figure 5). A discrepancy exists at 2 and 3 cm. The lower

value at 3 cm rather than 2 cm demonstrates the heterogeneity

within natural systems and for future work we recommend

collecting multiple replicates especially when collecting pore

waters within 3 cm of the sediment-water interface to capture

the broader trends within the sediment column. We further

recommend maintaining a resolution of at least 2 cm when the

size of the sediment grains are more than 1 mm.

Previous studies, including the in situ sampling of pore water

which involves the insertion of Rhizon horizontally limits our

ability to characterize the underlying pore water geochemistry

below areas of sediment with different surficial features. The

vertical insertion of Rhizons as part of our method allowed us to

assess the spatial variability in the concentration of both Fe and
Frontiers in Marine Science 09
H2S in the pore water which were measured below red and black

patches on the sediment surface respectively. The redness of the

patches on the sediment surface represents the subsurface

activity which is expressed as ferrihydrite veil on the surface.

The iron after reacting with the available oxygen at the

sediment-water interface forms ferrihydrate which controls the

red color of the sediment surface. The congruence of the peak in

redness and ferrous iron concentration in the pore water

confirms the association between the surficial features and the

subsurface activity. Similarly, sulfate reducing bacteria below the

sediment-water interface reduces sulfate to sulfide which are

located below the black patches on the sediment surface. The

spatial variability in H2S concentration along with the presence

of a peak likely due to formation of FeS in concentration at the

black patch validates the same pattern.

Compared to other in situ sampling methods the method

presented in our study requires minimal technical equipment

and labor. We acknowledge the disadvantages associated with

sampling artifacts e.g. contamination by overlying water at

shallower depths (1–2 cm below sediment-water interface), the

potential for clogging of the sampling slit due to sediment grains,

sediment disturbances and the potential to create a preferential

flow path. However, these could be dealt with by collecting

multiple replicates of the pore water samples. In addition, due to

the vacuum applied, there is a potential to loss dissolved gases,
A B

C D

FIGURE 7

Photographs taken by the authors showing the line transect method for collecting pore water at a seagrass (A) and a non-seagrass (C) habitat.
Collections were made at the red marks which are 5 cm apart. H2S concentration in the pore water as function of the sampling position in the
sediment patch at a seagrass (B) and a non-seagrass (D) setting.
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and for species where this is an important consideration another

method should be used. The pore water can be utilized for

myriad of geochemical studies, although, precaution should be

taken as some of the colloids might be filtered out owing to small

pore size of the Rhizon. The Rhizon method is ideal for assessing

the spatial heterogeneity of pore water chemistry and has the

potential to study depth profiles within the sediment at

resolution of 1 to 2 cm. The low cost, reusable, equipment of

the Rhizon and casing as well as the ease of sampling

demonstrate the future utility of this method.
5 Conclusion

The present study demonstrates an easy, fast, and

economical method to collect pore water from coarse sediment

of coastal areas by employing Rhizon samplers. The deployment

of Rhizon can be easily carried out by SCUBA divers and/or

ROVs underwater. We validate the usage of the Rhizon sampler

method by conducting two case studies where the pore water

chemical properties represent the expected subsurface chemical

and biological activities. The major disadvantage in using

Rhizon has been previously stated to be the poor

determination of the fluid migration distance. We placed PLA/

ABS cap with a narrow circular opening on the porous section of

the Rhizon samplers which demonstrated a depth resolution of 1

cm with best results observed at a depth of 2 cm or below the

sediment surface. Utilizing this method, we recommend safe

amount of porewater collection to be 10 mL after discarding the

initial 2 mL to avoid any contamination from the overlying

water. The method presented in this study, utilizes vertical

insertion of the Rhizon which causes minimum disturbance in

the sediment column with sediment grain size as high as 2 mm.

The Rhizon sampler method, therefore, demonstrates high

potential for easy in situ collection of pore water for various

chemical analysis from permeable sandy sediments.
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