
Received: 5 September 2019 Accepted: 5 April 2020

DOI: 10.1002/vzj2.20030

Vadose Zone Journal

S P E C I A L S E C T I O N

Transdiscipl inary Contributions and Opportunit ies in Soil Physical Hydrology

Suction cup system-dependent variable boundary condition:
Transient water flow and multicomponent solute transport

Iael Raij-Hoffman1,2 Diederik Jacques3 Naftali Lazarovitch1

1Wyler Dep. of Dryland Agriculture, French
Associates Institute for Agriculture and
Biotechnology of Drylands, Jacob Blaustein
Institutes for Desert Research, Ben-Gurion
Univ. of the Negev, Sede Boqer Campus,
Midreshet Ben-Gurion, Israel
2Dep. of Land, Air and Water Resources,
Univ. of California, Davis, CA, 95616, USA
3Institute for Environment, Health and Safety,
Belgian Nuclear Research Centre (SCK
CEN), Boeretang 200, Mol, B2400, Belgium

Correspondence
Iael Raij-Hoffman, Dep. of Land, Air and
Water Resources, Univ. of California, Davis,
CA 95616, USA.
Email: iraij@ucdavis.edu

Abstract
Suction cups are widely used in agricultural and environmental research and moni-

toring under the hypothesis that the sample chemistry represents the soil pore water

solute composition around the cup location. The objective of this study was to analyze

the sampling procedures that lead to the most representative sample for soil aqueous

phase composition when using a falling head suction cup. This was achieved by sim-

ulating simultaneously the hydraulic and geochemical response of the suction cup

sampled soil solution and its immediate surroundings when evacuated by a system-

dependent variable boundary condition. Different soils, water contents, vacuum appli-

cations, and suction cup internal volumes, as well as variable hydraulic conductivities

of the ceramic cup, were evaluated, and their effects on the sampling rate and sample

chemical composition were reported. Model results showed that potential extracted

soil solution volume depends on a combination of internal suction cup volume and

vacuum applied, independently from soil type or water content. A linear relationship

was defined between the ratio of the extracted sample to suction cup volume and the

initial applied vacuum, for all simulations. The pH values and general chemistry of the

sampled solution were found to be more similar to those in the soil when a porous cup

system is filled until hydraulic equilibrium is reached. Following this, a small volume

suction cup system with a high initial applied vacuum, which allows for faster sample

collection, could be optimal.

1 INTRODUCTION

Measuring soil solution chemistry is of great importance in
environmental and agricultural research and monitoring. Dis-
solved solutes in the soil solution, including nutrients and pes-
ticides, migrate through the soil and potentially leach into
groundwater and/or reach other sources of water. From an
agricultural perspective, dissolved solutes in the soil solu-
tion are available to plants, and their concentration is impor-
tant for fertilization scheduling and nutrient use efficiency
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studies. However, measuring soil solution chemistry is a
challenging task because the solution needs to be separated
from the soil solid phases without significantly changing its
composition. Suction cups have been used for this purpose
since their invention by Briggs and McCall in 1904. In their
work Briggs and McCall (1904) presented for the first time
a method of sampling a “portion of soil moisture with the
dissolved substances which it contains.” The main advan-
tages of suction cups include low installation costs, low dis-
turbance of the water flow regime (depending on sampling
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F I G U R E 1 Diagram of suction cup system. The porous tip is
located in the soil, the suction device applies vacuum, and the water
flows from the soil through the porous tip and into the sample
collection bottle

time), wide range of sampling volumes, nondestructiveness,
the ability to sample at various depths, and the possibility
of repetitive sampling. The main disadvantages or concerns
include the limited and uncertain sampling volume and the
ability of this sample to represent the chemical variability
encountered in heterogeneous soil profiles (Dorrance, Wil-
son, Everett, & Cullen, 1991; Geibe, Danielsson, van Hees,
& Lundström, 2006; Schlotter, Schack-Kirchner, Hildebrand,
& von Wilpert, 2012; Weihermüller, Kasteel, Vanderborght,
Šimůnek, & Vereecken, 2011), as well as sample alteration by
the system via filtering, sorption, and gas exchange (Gross-
mann & Udluft, 1991; Hansen & Harris, 1975; Weihermüller
et al., 2007). In a comment paper to Briggs and McCall
(1904), published in the same year, the representability of the
chemistry of the sampled soil solution was already questioned
(King, 1904).

In this study, the term “suction cup” is used for the entire
sampling device in which a porous cup tip (hereafter “porous
tip”) in the soil is connected to a sample collection con-
tainer via a pipe and a flexible tube (Figure 1). The porous
tip is buried in the soil, is permeable to water but not to
air (Grossmann & Udluft, 1991), and is mostly made of an
oxide ceramic, but also from stainless steel, nylon, glass,
polyethylene, polytetrafluoroethylene, or polyvinyl chloride
(PVC) (Dorrance et al., 1991; Weihermüller et al., 2007). In
this study, we will focus on the ceramic porous tip type. The
most common, inexpensive device is one to which vacuum is
applied and then sealed. As water flows into the cup, due to

Core Ideas
• A water flow and solute transport model was com-

bined with a chemical modeling tool.
• Physical and chemical processes taking place

when using suction cups were modeled.
• A small volume and high initial vacuum least dis-

turbed the carbonate chemistry.
• For systems in equilibrium, the pH error depends

on the initial vacuum applied.
• A linear relationship between sampled volume and

suction cup design is presented.

the potential difference, the vacuum in the cup decreases until
it reaches hydraulic equilibrium, and water stops entering the
cup.

The spatial extent to which suction cups affect the soil
domain has been widely studied (Narasimhan & Dreiss,
1986; Tseng, van Genuchten, & Jury, 1995; van der Ploeg &
Beese, 1977; Weihermüller, Kasteel, Vanderborght, Pütz, &
Vereecken, 2005; Wu, Baker, & Allmaras, 1995). The activ-
ity domain, or sampling volume, depend not only on the soil
properties but also on the water content or irrigation rate,
applied suction, size of the whole suction cup system or of the
porous tip itself, and porous tip hydraulic properties (Essert
& Hopmans, 1998). The sampling rate, the spatial extent of a
suction cup, and/or its effect on water flow in the profile do
not depend solely on the suction cup or the soil properties and
conditions, but on functional parameters such as internal vol-
ume and vacuum applied and their subsequent change with
time (Grossmann & Udluft, 1991; Weihermüller et al., 2007).

Modeling water flow into suction cups has been of inter-
est for 40 yr already, with the objective of understanding their
activity domain, representability and disturbance to the water
flow, influence on the water content around them, origin of
the sampled solution in the soil profile, and suction cup dis-
turbance to solute transport (Tseng et al., 1995; van der Ploeg
& Beese, 1977; Warrick & Amoozegar-Fard, 1977; Weiher-
müller, Kasteel, & Vereecken, 2006; Weihermüller et al.,
2011; Wu et al., 1995). Numerical studies can be used to illu-
minate different aspects in detailed heterogeneous spatial and
temporal water flow and solute transport fields and to avoid
more complex experimental setups.

A crucial aspect in numerical evaluations of the behavior in
a cup–soil system is the implementation of the complex time-
variable boundary condition at the porous tip. Narasimhan
and Dreiss (1986) presented a numerical model that combines
Richards’ equation in a finite element mesh for calculating
transient flow of water to a suction cup that has been evacuated
and then sealed and Boyle’s law for calculating the increase
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in pressure inside the suction cup as water enters the vacuum
space. Wu et al. (1995) fitted an exponential function to the
measured suction in the cup as a function of time, and Wei-
hermüller et al. (2011) took a −30-cm offset from the depth-
averaged pressure head in a simulation without the suction
cup.

Chemical modification of the water sample can occur when
the soil solution, in equilibrium with the soil gas phase, equi-
librates with the gas phase in the suction cup. For example,
the partial pressure of CO2 inside the suction cup is lower
than in the soil air. When the extracted soil solution equi-
librates with the low-CO2 atmosphere, it degasses, causing
an increase in pH and potentially allowing calcite to precip-
itate. This phenomenon has been widely studied, mainly for
the carbonate chemistry as well as for acidic soils (Hendershot
& Courchesne, 1991; Kaupenjohann & David, 1996; Suarez,
1987; Takkar, Ulrich, & Meiwes, 1987; Zabowski & Slet-
ten, 1991), and it was found that the pH shift of the sampled
solution will depend on the ratio of sampled solution to the
system’s total volume. This ratio is dynamic, as soil solution
enters the suction cups, and will depend on physical properties
of the system. Therefore, a model that combines both physi-
cal and chemical processes is needed to realistically describe
common scenarios where suction cups are used (e.g., irri-
gated agriculture). Different techniques have been suggested
at the sampler end to prevent discrepancies between the pH
of sampled and in situ soil solution. For example, Kaupen-
johann and David (1996) used a syringe system instead of
suction cups, and Suarez (1987) suggested a multichambered
suction cup system. However, as the main advantages of suc-
tion cups are their simplicity and low price, the regular falling
head type is widely used in environmental and agricultural
experimental studies with the objective of monitoring solute
transport.

To study the dynamic behavior of water uptake by the suc-
tion cup system and the possible effects on the water compo-
sition, it is required to simultaneously simulate the hydraulics
and the chemistry in the soil, at the boundary between the suc-
tion cup and the soil, and inside the suction cup. The objective
of this study is to analyze the sampling procedures that lead
to the most representative sample for soil aqueous phase com-
position when using a suction cup. This study presents, for
the first time, a framework to simulate a system-dependent
variable boundary condition for a suction cup that has been
evacuated and sealed, including multicomponent solute trans-
port and chemical equilibrium of a solution that meets an
atmosphere with a different partial pressure of CO2 in a two-
dimensional model. Such a model can be used to estimate the
sampling rates under different soil and sampling conditions
and estimate pH errors depending on the chemistry of the sys-
tem and the ratio of sampled solution to internal suction cup
volume.

2 MATERIALS AND METHODS

2.1 Model framework

Water flow and multicomponent solute transport in the
soil were simulated using HYDRUS (2D/3D) and the
UNSATCHEM module (Šimůnek, van Genuchten, & Šejna,
2016), whereas the chemistry of the sampled soil solution in
the suction cup was simulated using PHREEQC (Parkhurst &
Appelo, 1999).

The UNSATCHEM model simulates the complex inter-
actions between the soil matrix and the major ions in the
soil: Na+, Ca2+, Cl-, SO4

2-, K+, Mg2+, and alkalinity. Two-
dimensional advective–dispersive chemical transport under
transient water flow conditions in a partially saturated porous
medium is described by the partial differential equation
(Šimůnek, Šejna, & van Genuchten, 2012):

∂θ𝑐𝑘
∂𝑡

+ ρ
∂𝑐𝑘
∂𝑡

+ ρ
∂𝑐𝑘
∂𝑡

= ∂
∂𝑥𝑖

(
θ𝐷𝑖𝑗

∂𝑐𝑘
∂𝑥

)
−

∂𝑞𝑖𝑐𝑘
∂𝑥𝑖

(1)

where k = 1, 2, …, Nc, ck is the total dissolved concentration
of the aqueous component k [M L−3], 𝑐𝑘 is the total sorbed
concentration of the aqueous component k [M M−1], 𝑐𝑘 is the
total concentration of aqueous component k in the minerals,
which can precipitate or dissolve [M M−1], ρ is the bulk den-
sity of the medium [M L−3], Dij is the dispersion coefficient
tensor [L2 T−1], qi is the volumetric water flux [L T-1], θ is
the volumetric water content [L3 L−3], and Nc is the number
of aqueous components. The dispersion coefficient tensor in
the liquid phase, Dij, is given by Bear (1972) in Šimůnek, van

Genuchten, and Šejna (2011). Cation exchange and selectivity
between the aqueous and exchangeable phases is defined by
the Gapon selectivity coefficient, under the assumption that
the cation exchange capacity is constant and independent of
pH (Šimůnek et al., 2012). Calcite and gypsum precipitation
and dissolution were considered. An expanded explanation of
all chemical species considered in UNSATCHEM simulations
can be found in Šimůnek et al. (2012).

PHREEQC is a numerical code that solves chemical reac-
tions of a wide range of aqueous solutions interacting with
minerals, gases, solutions, exchangers, and sorption surfaces,
among other processes. For the example in this study, a solu-
tion was defined for the PHREEQC simulations including the
same aqueous components as in UNSATCHEM, a fixed tem-
perature of 20 ◦C, solution volume, and pH. A gas phase was
defined by volume and CO2 partial pressure. The two phases
were then equilibrated, and calcite and gypsum were allowed
to precipitate.

A MATLAB subroutine was built such that during a given
time period (1 min was found to be of a high enough resolution
in this study), the boundary condition at the porous tip has a
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fixed pressure head and water flows into the cup due to pres-
sure difference between the soil and the cup. After each time
period of 1 min, the change in vacuum in the porous cup sys-
tem is calculated using Boyle’s law as defined in Equation 2.
For isothermal conditions, the absolute pressure multiplied by
the volume of air remains a constant. For a time period dti,

(
ℎatm + ℎ𝑖

)
𝑉𝑖 =

(
ℎatm + ℎ𝑖+1

)
𝑉𝑖+1 (2)

were hatm is the absolute atmospheric pressure head
(1,035 cm), hi is the initially applied vacuum, Vi is the total air
volume of the suction cup system, including the sample col-
lection bottle (Figure 1), Vi+1 is the volume of air after some
water entered the cup, and hi+1 is the remaining vacuum pres-
sure. The change in vacuum (hi+1) is then used as a new pres-
sure head at the boundary condition of the suction cup, and a
new 1-min water flow simulation is done.

The partial pressure of CO2 inside the suction cup is cal-
culated according to Equation 3 after every time period, as it
changes with changing pressure:

pCO2 = 𝑥𝑖𝑃 (3)

where pCO2 is the partial pressure of CO2, xi is the mole
fraction of CO2 (which in the current case is atmospheric
concentration 400 μmol mol−1 at time zero), and P is the total
pressure of the gas mixture.

The total pressure of the gas inside the suction cup is cal-
culated as

𝑃 = 𝑃atm + 𝑃v (4)

where Patm is the atmospheric pressure, and Pv is the pressure
head (vacuum) applied in the suction cup.

The updated pCO2, the cumulative solute concentrations
leaving the domain through the suction cup boundary, and
the water volume are updated every 10 min in an input
file of the PHREEQC model. Therefore, all processes hap-
pening at the soil–water–air domain are calculated with
HYDRUS (2D/3D)–UNSATCEHM, and the reactions hap-
pening inside the suction cup are calculated using PHREEQC.
The PHREEQC model calculates equilibrium between the liq-
uid phase and the gas phase, allowing for CO2 degassing of the
solution, and calcite and gypsum precipitation. In every time
step, the chemical equilibrium is performed for the cumu-
lative volume of water that entered the cup and the corre-
sponding weighted concentration for each solute. Such an
approach allows using the atmospheric xi in every simulation
time step and letting PHREEQC calculate any mineral precip-
itation from the beginning of the sampling event. For each new
sampling event, the suction cup is opened and the air inside
reaches equilibrium with the atmosphere again.

The actions of running a program, either HYDRUS
(2D/3D) or PHREEQC, and writing and reading files were all

F I G U R E 2 Two-dimensional axisymmetric finite element mesh
domain in HYDRUS (2D/3D) with its boundary conditions. The
zoomed area shows the ceramic porous tip (light blue) and three
subregions of 1-cm width each

done through a MATLAB program (codes available at https:
//github.com/iaelraij/Scup-VBC or from the corresponding
author).

2.2 Simulation domain

A suction cup installed in the middle of a cylindrical container
was simulated with an axisymmetrical domain (Figure 2) in
HYDRUS (2D/3D). The defined mesh for the general simu-
lations consisted of 4,050 non-equidistant nodes with higher
node density in the vicinity of the suction cup and in the
porous tip. Longer preliminary simulations aided to define
a sufficient fine mesh to deal with the nonlinear chemistry,
sharp concentration fronts, and hydraulic gradients. Solute
and water mass balances were recorded and monitored dur-
ing both the preliminary and presented simulations. Mass bal-
ances for the simulation cases were calculated by accounting
for all fluxes (irrigation, drainage, and sample solution), as
well as initial and final conditions. Values were acceptable
with a median and average relative errors of <0.05% for water
and solute balances, excepting alkalinity, which had high mass
balance error percentage of up to 15% (5% on average) due to
very low total alkalinity values.

Two materials were defined: soil (loamy sand, loam, and
silty loam) and a porous tip made of a ceramic material
(Table 1). Soil hydraulic properties for the loamy sand,
as well as transport and exchange parameters for all soils,
were taken from Raij, Šimůnek, Ben-Gal, and Lazarovitch
(2016). Hydraulic properties for the loam and silty loam were
obtained from the soil catalog in HYDRUS. Hydraulic prop-
erties for the porous tip were taken from Weihermüller et al.
(2006). Porous tip bulk density, solute transport, and exchange
parameters were assumed equal to those defined for the soil.

https://github.com/iaelraij/Scup-VBC
https://github.com/iaelraij/Scup-VBC
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T A B L E 1 Hydraulic and transport parameters of the loamy sand soil and porous tip

Soil parameter Units Sandy loam soil Loam soil Silty Loam soil Porous tip
θr cm3 cm−3 0.004 0.078 0.067 0.001

θs cm3 cm−3 0.36 0.43 0.45 0.5

α cm−1 0.016 0.036 0.02 0.0005

n – 3.43 1.56 1.41 2.8

l – 0.5 0.5 0.5 0.5

KS, normal cm min−1 0.101 0.0173 0.075 2.2167 × 10−4

KS, low cm min−1 2.2167 × 10−5

KS, high cm min−1 2.2167 × 10−3

ρb g cm−3 1.5 1.5 1.5 1.5

KG (Mg/Ca) – 0.43 0.43 0.43 0.43

KG (Ca/Na) L mmolc
−0.5 0.14 0.14 0.14 0.14

KG (Ca/K) L mmolc
−0.5 0.60 0.60 0.60 0.60

CEC mmolc kg−1 43.7 43.7 43.7 69.9

λL cm 1.7 1.7 1.7 1.7

λT cm 0.17 0.17 0.17 0.17

Note. Hydraulic properties described by the model of van Genuchten–Mualem (van Genuchten, 1980): θr, residual water content; θs, saturated water content; α and n,
empirical shape parameters; l, tortuosity factor; Ks, saturated hydraulic conductivity; ρb, bulk density; KG, Gapon exchange coefficients for different cation pairs; CEC,
cation exchange capacity; λL and λT, longitudinal and transverse dispersivities, respectively.

T A B L E 2 Irrigation water composition

Watera [Ca2+] [Mg2+] [Na+] [K+] [SO4
2−] Alkalinity [Cl-] pH

mmolc L−1

GW 10.13 9.76 13.89 0.33 7.81 3.09 22.67 8.05

DW 1.72 0.38 1.52 0.02 1.08 1.10 1.37 7.52

aGW, brackish groundwater; DW, low-salinity water.

The cation exchange capacity of the porous tip was averaged
from the measurements of Grobler, Claassens, and Annandale
(2003). The bottom of the porous tip was defined at a depth of
0.25 m, and the total depth of the domain was 0.5 m. Porous tip
dimensions were defined as follow: diameter of 2.4 cm, length
of 6 cm, and wall width of 0.35 cm. Three subsequent subre-
gions of each 1 cm around the porous tip were defined in the
geometry of the simulations for the model results to specify
the chemistry around the cup in different spatial resolutions
(see details in Figure 1).

The lower boundary condition was defined as a seepage
face with a pressure of−30 cm, in a circular area with a 4.6-cm
radius. The boundary condition at the surface of the porous tip
of the suction cup was defined as a variable boundary condi-
tion through the subroutine between MATLAB and HYDRUS
(2D/3D) coupled with UNSATCHEM. Irrigation water was
applied uniformly at the upper boundary and defined as vari-
able flux with a rate of 8 mm d−1 (2 L d−1) applied during 1 h
at 6:00 a.m. In order to test the system with a range of water
qualities used for irrigation, applied water quality alternated
from low-salinity water for 2 d to a pulse of brackish water
for another 2 d, followed by low-salinity water for the rest of

the simulation (Table 2). The initial conditions for water and
dissolved, adsorbed, and precipitated solutes were imported
from a 60-d simulation in which only low-salinity water was
applied until the drainage Cl− concentrations were constant.
The CO2 soil pore air concentrations were defined to be 10
times the atmospheric concentrations, 4,000 μmol mol−1.

2.3 Parametric cases

Different scenarios defined as parametric variations give an
overall picture of the simulation approach and reach some
general conclusions related to sampling schemes and chem-
istry of the sampled soil solution (Table 3). The total volume
of the suction cup system and the initial vacuum applied were
varied in a three-by-three grid (total volume of the suction
cup system = 100, 500, and 5,000 cm3 and the initial vac-
uum applied = 250, 500, and 813 cm), resulting in nine sim-
ulations for each soil type. The sampled solution was limited
by the algorithm to 400 cm3 because higher sampling vol-
umes are generally undesirable and unrealistic. The geome-
try of the porous tip was not changed; the different volumes
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T A B L E 3 Summary of parametric cases

Internal
volume

Initial
vacuum

Sandy
loam Loam

Silty
loam

cm3 cm
100 −250 • •† •

−500 • •† •
−813 • •† •

500 −250 • • •
−500 •‡ • •
−813 • • •

5000 −250 • • •
−500 • • •
−813 • • •

Note. Dots indicate simulations with normal porous tip saturated hydraulic con-
ductivity (Ks) and irrigation of 2 L d−1.
†Simulations with irrigation of 1 L d−1 and no irrigation.
‡Simulations with high and low porous tip saturated hydraulic conductivity (Ks)
and irrigation of 2 L d−1.

occur in the external part of the suction cup, mainly the sam-
ple collection bottle, located aboveground (Figure 1). All the
simulations had the same initial and atmospheric boundary
conditions.

The behavior of the system under different water content
conditions was tested using the loam soil as an example by
running three additional simulation cases with half of the
applied daily irrigation (1 L d−1) and zero irrigation for the
suction cup with internal volume of 100 cm3 and for initial
vacuum of −250, −500, and −813 cm. The smallest volume
(100 cm3) was chosen for convenience, as lower water con-
tents were expected to require longer simulations in order to
achieve hydraulic equilibrium.

The sensitivity of the porous tip saturated hydraulic con-
ductivity (Ks) was tested with three additional simulations
in the sandy loam soil. The medium value was based on the
value of Weihermüller et al. (2006) (Table 1), a value whereas
one order of magnitude lower or higher was taken for the low
and high values, respectively. The initial vacuum applied was
−500 cm, in order to not exceed the air entry pressure values
(Soilmoisture Equipment Corporation, 2000). The total vol-
ume of the suction cup device was defined as 500 cm3 for the
varying KS simulations.

3 RESULTS AND DISCUSSION

3.1 Physical processes: Parametric cases

A combination of different initial applied pressures (−250,
−500, and −813 cm) and internal suction cup volumes
(100, 500, and 5,000 cm3) was simulated, and the dynamics
between the sampled soil solution volume and pressure head

inside the suction cup as a function of time were analyzed. As
water enters the cup, the pressure in the cup increases until
hydraulic equilibrium is reached (Figure 3a–3c) and water
stops flowing into the cup (Figure 3d–3f). During the first
minutes after applying vacuum, the water extraction rates are
very similar between the different parametric cases for each
soil (Figure 3d–3f). The 5-L suction cup system has a distinc-
tive higher sampling volume than the smaller systems, and
sampling stops before equilibrium is reached due to a 400-cm3

limitation imposed to the simulations. Maximum sampled soil
solution volume is distinctive for each initial vacuum–internal
volume combination and similar for the different soils. Pres-
sure at hydraulic equilibrium is distinctive for each soil, and
varies slightly within simulations.

By imposing lower irrigation amounts for the loam soil,
water contents in the soil are lower at the time of sampling.
Lower water contents in the soil surrounding the suction cup
decreased sampling rates and time to equilibrium but did not
largely affect the hydraulic equilibrium final pressure and total
sampled volumes (Figure 4).

A linear relationship was found for the ratio of potential
sample volume (Vs), defined as the volume of water that
can enter the sampling device until hydraulic equilibrium is
reached, to the total internal sampler volume (Vi) as a function
of the initial vacuum applied, hi (Figure 5). The simulations
performed for Vi = 5,000 cm3 were not included, as they did
not reach hydraulic equilibrium. This linear relationship can
be derived from Equation 2, where Vi+1 is the total volume of
air remaining inside the suction cup after the system achieved
hydraulic equilibrium, and therefore

𝑉𝑖+1 = 𝑉𝑖 − 𝑉s (5)

where Vs is the volume of the sampled solution when the sys-
tem achieves hydraulic equilibrium.

From Equations 2 and 5, we therefore derive Equation 6:

𝑉s
𝑉𝑖

=
ℎ𝑖

−ℎf − ℎatm
−

ℎf
−ℎf − ℎatm

(6)

where hf is the pressure (soil and in the suction cup) at
hydraulic equilibrium. Even though hf changes along the dif-
ferent simulations (different soils and water content), this
change is small in comparison with hi and hatm absolute val-
ues, and therefore one linear relationship with two empirical
parameters can be defined for all the simulations with R2 of
.998 (Equation 7, Figure 5):

𝑉s
𝑉𝑖

= −0.001ℎf − 0.034 (7)

As hi decreases, the hf value becomes more important and
Equation 7 becomes less accurate.

This relationship can be therefore used to predict the max-
imum potential soil solution that can be sampled with a
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F I G U R E 3 Pressure inside the suction cup and cumulative volume of sampled soil solution for three different suction cup volumes and three
initial applied vacuum values. The TAV stands for “time after vacuum application”

F I G U R E 4 (a) Pressure inside the suction cup and (b) volume of sampled solution for the 100-cm3 suction cup at three irrigation levels
(normal = 2 L d−1, low irr = 1 L d−1, and no irr = 0 L d−1) and three initial applied vacuum values (P = −250, −500, and −813 cm). TAV stands for
“time after vacuum application”

system of a known internal volume and initial vacuum
applied, if enough time is allowed. Additionally, these two
parameters can be easily modified in order to achieve desired
sampled volumes.

3.2 Chemical processes: Parametric cases

In addition to the physical-related sampling properties, the
coupled HYDRUS, UNSATCHEM, and PHREEQC model
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F I G U R E 5 The ratio of potential sampling solution volume (Vs,
cm3) to the total internal volume of the suction cup (Vi, cm3) as a
function of the vacuum application (hi , cm) for a combination of
volumes and pressures. Each point represents one sampling day. Low
irr. stands for low irrigation treatment at a rate of 1 L d−1, and no irr.
stands for no irrigation treatment

F I G U R E 6 Time to hydraulic equilibrium (Δt) as a function of
pH error (ΔpH, difference between soil solution sampled pH and soil
pH in a 3-cm radius around the cup) for nine initial pressure (P, cm)
and internal suction cup volume (V, cm3) combinations in the sandy
loam soil. Each dot represents a daily sampling during a 12-d
simulation. The V5000 examples (internal volume of 5,000 cm3) did
not reach hydraulic equilibrium, hence the relatively low Δt, which in
this case stands for sampling time and not time to hydraulic equilibrium

setup also simulates the chemical equilibrium of the sampled
solution with the air phase inside the suction cup, as well
as the differences between sampled concentrations and soil
resident concentrations. Due to the lower CO2 partial pres-
sure inside the cup compared with the soil pore air phase, the
sampled solution degasses and the pH increases. As already
shown by Suarez (1987), the pH error decreases when the

F I G U R E 7 ΔpH as a function of initial pressure applied (hi , cm)
for the different parametric cases (V, cm3 stands for internal suction cup
volume, LowI stands for low irrigation treatment at a rate of 1 L d-1,
NoI stands for no irrigation treatment, and Ks stands for the saturated
hydraulic conductivity of the ceramic suction cup tip). Each point
represents one sampling day, and the ΔpH was calculated once the
system achieved hydraulic equilibrium. All 12 d of simulation are
presented for the sandy loam soil, whereas only Day 3 is presented for
all other soils and cases. Squares represent systems with internal
volume of 100 cm3, × represents systems with internal volume of
500 cm3. Details of the parametric cases can be found in Table 3

sampled volume to total suction cup volume ratio increases.
Following equation 7 it can be therefore hypothesized that
the pH error will decrease with lower initial vacuum applied.

The pH difference between the sampled soil solution and
the soil adjacent to the cup (ΔpH or pH error) is defined as

ΔpH = pHsampled solution − pHsoil (8)

The extraction domain (actual volume from which soil
solution is being sampled) changes with time and according
to the soil water content or pressure applied at the suction cup
boundary (Weihermüller et al., 2005); therefore, a fixed soil
volume in a 3-cm radius around the porous tip was chosen
for comparison between the pH in the soil and the pH in the
soil solution extracted. The ΔpH vs. the time needed to reach
hydraulic equilibrium (Δt) is presented in Figure 6 for nine
parametric cases using the sandy loam soil. For systems that
were allowed to reach hydraulic equilibrium (V = 100 cm3

and V = 500 cm3), applied vacuum is the primary driver for
ΔpH, independent of how long it took to reach equilibrium
(Figures 6 and 7), whereas the total internal volume does not
affect ΔpH (empty and solid symbols for internal volumes
of 100 and 500 cm3, respectively). When the initial applied
vacuum is low, ΔpH is larger and other factors such as soil
texture play a role in the absolute pH error (Figure 7). For
the largest volume (5,000 cm3), hydraulic equilibrium is not
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F I G U R E 8 (a) Cumulative volume of sampled soil solution and (b) pressure head inside the suction cup in a 500-cm3 device as a function of
time after vacuum application (TAV) of −500 cm for three saturated hydraulic conductivity (Ks) values of the porous tip in the sandy loam soil

reached within the sampled time period and pH errors remain
high (red symbols, Figure 6). The relationship between
applied vacuum and ΔpH changes with solution composition,
and it is not the same at every sampling day (Figures 6 and 7).

The soil solution volume and quality depends on a com-
bination of the total internal volume, initial vacuum applied,
and extraction time. If the internal volume is large, it is pos-
sible to collect a large sample, but it will take longer to
achieve hydraulic equilibrium. If hydraulic equilibrium is not
achieved, then a larger pH error will be obtained. It has already
been advised to take as small of samples as possible, in order
to reduce the disturbance of the natural soil water flow (Gross-
mann & Udluft, 1991). However, results from this study show
that sampling a low volume of solution in a large system can
cause large differences between the pH values in the sam-
pled solution and in the soil surrounding the cup. The soil
volume from which the suction cup extracts water is a tran-
sient property that depends on the water content at the porous
tip boundary and the volume of the water extracted (Gross-
mann & Udluft, 1991). This dynamic sampling soil volume,
together with soil heterogeneity and sampling time, requires
a thoughtful interpretation of the measurement and the rep-
resentativeness of the water extracted. Weihermüller et al.
(2007) makes a similar remark and concludes that this lim-
ited representativeness can be improved with state-of-the-art
modeling techniques, such as the one developed and applied
in our study.

3.3 Physical processes: Porous tip saturated
hydraulic conductivity variations

Figure 8 shows the pressure head inside the cup and the
cumulative volume of sampled soil solution for three simu-

lations with different hydraulic conductivities of the porous
tip. High and medium Ks of the porous tip material have
similar sampling rates in the first minutes of sampling, and
then the medium Ks rate decreases (Figure 8A). However,
the high-Ks porous tip sampling rate is higher, and it reaches
hydraulic equilibrium earlier than the medium-Ks cup. The
low-Ks porous tip samples soil solution with a different rate
than the medium- and high-Ks tips, and as expected, a longer
extraction time is needed to achieve the same soil solution
sampled sampled volume as for the high and medium Ks.

Porous tip properties, such as Ks, affect the sampling rate,
whereas the potential sampled volume for a specific soil
depends on the combination between the initial vacuum and
total volume of the system, as this determines how long a
gradient can be sustained. The relationships for sample vol-
ume and sampling time, as well as the flexibility of the pro-
posed model framework for changing the soil and porous tip
hydraulic properties, soil chemistry, imposed vacuum, and
porous tip dimensions, can help to design and plan the sam-
pling system and timing, as well as to interpret the results, by
revealing the timeframe in which the solution was sampled.

3.4 Chemical processes: Porous tip saturated
hydraulic conductivity variations

The pH in the soil solution is affected by the different irri-
gation water qualities and decreases when the pulse of saline
water reaches the porous tip at Day 4 (Figure 9A). In addition,
changes in soil solution chemistry along the 12-d simulation
affect the pH error in different ways.

Figure 9B presents the differences between the pH of the
soil solution in the soil volume of 3-cm radius from the porous
tip and the pH of the sampled water after equilibrium with
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F I G U R E 9 pH values for the soil pore water solution (empty
circles) collected with three suction cups (Scup) with different saturated
hydraulic conductivity (Ks) porous tip values and pH of the soil
solution in a 3-cm radius from the porous tip (solid circles) in the sandy
loam soil. All “Ks” in the legend refers to the Ks of the porous tip.
(a) pH values at hydraulic equilibrum for the sampling of each day
during 12 d and (b) pH values at every 10-min time step, during one
sampling event on Day 4

the air phase inside the suction cup system during a single
sampling event, for three systems with different porous tip
hydraulic conductivities. The pH of the sampled soil solution
increases after equilibration between the sampled soil solu-
tion and an air phase with lower pCO2. The increase in pH is
greater for the suction cup with the lowest tip hydraulic con-
ductivity, due to the lower water flux into the cup (Figure 8).
As soil solution enters the suction cup, the pH decreases, and
the difference in pH between the soil and the sampled solu-
tion decreases as well. The pH decreases due to the increase in
pCO2 inside the cup when the air phase is compressed by the
entrance of soil solution and the larger mass of water involved
in the chemical equilibrium process.

This simulation setup also simulated calcite precipitation
inside the suction cup, along with changes in the Ca2+ concen-
tration of the sampled solution. The concentration of the sam-
pled solution changes with time, and the values presented in
Figures 10 and 11 represent the solution accumulating inside
the cup during the simulation. Changing concentrations dur-
ing the simulation days, due to the pulse of saline water,
caused different sampling patterns, as shown for Days 1, 4,
8, and 12 (Figures 10 and 11). Calcium concentrations in the
sampled solution are lower than the soil solution concentra-
tions due to precipitation of calcite inside the suction cup after
degassing (Figure 10). Such chemical reaction inside the suc-
tion cup could potentially clog the porous tip pores and there-
fore decrease its hydraulic conductivity with time. Differences
in sampling rate, mainly for the porous tip with the lowest

F I G U R E 10 Calcium concentrations in the sampled soil solution (Scup) and in the soil adjacent to the cup in a 3-cm radius (soil) for four
sampling events on Days 1, 4, 8, and 12 in the sandy loam soil (Panels a, b, c, and d respectively). The Ks value refers to saturated hydraulic
conductivity
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F I G U R E 11 Chloride concentrations in the sampled soil solution (Scup) and in the soil adjacent to the cup in a 3-cm radius (soil) for four
sampling events on Days 1, 4, 8, and 12 in the sandy loam soil(Panels a, b, c, and d respectively). The Ks value refers to saturated hydraulic
conductivity. The TAV stands for “time after vacuum application”

Ks, caused differences in resident soil solution concentration,
and therefore in the sampled solution concentrations as well.
These differences are not present on the first day of sampling
(Figure 9A) but appear in the following days (Figure 10B-
10D). The concentrations of Ca2+ in the soil, and of Cl− in
Figure 11, were calculated as an average of the concentrations
in all the nodes at a 3-cm radius. Future work should address
the complexity of the changing sampling volume and a com-
parison of sampled solution with soil concentrations for the
actual sampled volume.

Even though Cl− concentrations inside the suction cup are
not affected by any geochemical process (degassing, calcite
precipitation), the concentrations in the sampled solution dif-
fer from the concentrations measured in the soil solution in the
3-cm radius adjacent to the porous tip (Figure 11). These dif-
ferences change during the sampling event and with the vary-
ing influx concentrations due to the saline water pulse. This
is an example of the dynamic sampling area or volume of the
suction cup, as the concentration in the extracted solution is
representing different locations in the soil at varying times.

Overall, the results of this study show the effect and mag-
nitude of physical properties of a suction cup system on the
chemistry of the sampled solution and its similarity to or dif-
ference from the soil solution surrounding the sampling point.
The potential use for the developed framework is vast and
includes calculating the dynamic suction cup sampling soil
volume, triggered sampling according to specific conditions
around the cup, testing different sampling times, simulating

small differences in tracer concentrations (Cl−) due to con-
centration gradients close to the soil cup, and so on.

4 CONCLUSIONS

A combined HYDRUS (2D/3D)–UNSATCHEM and
PHREEQC routine enables to simulate water flow and
multicomponent solute transport in a soil–suction cup system
with a system-dependent boundary condition at the suction
cup tip via a MATLAB subroutine. The model simulates the
pressure increase in the suction cup when water enters the
sampler at rates that depend on the soil hydraulic properties,
soil water content, applied sampling vacuum, suction cup
volume, and porous tip properties. Sampled solution pH
values change during the sampling event due to the chemical
equilibrium between the sampled solution and the gas phase
inside the suction cup system. From a physical point of view,
a small sample volume collected during the shortest time
possible has the smallest disturbance in the soil surroundings
of the cup. However, pH values and general chemistry of the
sampled solution are closer to those in the soil when a porous
cup system is filled to its potential. In this case, according
to the simulations, a small volume of the suction cup system
with a high initial applied vacuum was found to be optimal.
The higher the porous tip Ks, the higher the sampling rate.
However, the Ks will be limited by the air entry value of
the porous material and, therefore, the maximum possible
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vacuum to be applied. Overall, sampling pore soil water
without altering its pH and chemical composition remains a
challenging task, and this study provides a tool for understand-
ing and predicting these changes. The proposed model setup
allows for decision making regarding suction cup volume and
Ks, applied suction, and sampling duration for extraction of a
desired soil solution amount under different irrigation and/or
flow conditions and allows for understanding the chemical
differences between the soil and sampled solutions. The main
limitations of this numerical setup include the relatively
long simulation time, the unknown porous tip transport and
exchange properties, and the lack of representation of the
potential solute filtering effect of the porous tip.
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Šimůnek, J., Šejna, M., & van Genuchten, M. Th. (2012). The
UNSATCHEM Module for HYDRUS (2D/3D): Simulating two-
dimensional movement of and reactions between major ions in soils.
Prague: PC Progress.

Šimůnek, J., van Genuchten, M. Th., & Šejna, M. (2011). The HYDRUS
software package for simulating two- and three dimensional move-
ment of water, heat and multiple solutes in variably-saturated media,
technical manual, version 2.0. Prague: PC Progress.
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