
1. Introduction
About 40% of the world's population live within 100 km of the coast (United Nations, 2017), while approximately 
680 million people live in low-lying coastal zones (IPCC, 2019). Coastal aquifers provide freshwater for over 1 
billion people and are a link between marine ecosystems and terrestrial systems (Ferguson & Gleeson, 2012). The 
over-extraction of coastal groundwater has led to seawater intrusion in many areas, causing groundwater quality 
deterioration and environmental problems (Michael et al., 2017; Moore & Joye, 2021; Werner, Bakker, et al., 2013; 
Werner, Zhang et al., 2013). However, the extent of seawater intrusion and the dispersive, density-dependent 
processes that accompany it are challenging to characterize, particularly if aquifer heterogeneity and temporal 
fluctuations are taken into account (e.g., Dentz & Carrera, 2005; Geng & Michael, 2020; Pool et al., 2015).

Seawater intrusion caused by pumping in coastal aquifers has been extensively studied, usually to assess the 
performance of coastal pumping wells (e.g., Bear & Dagan, 1964; Cheng et al., 2000). Well performance depends 
on their construction, including whether the well fully or partially penetrates the aquifer (e.g., Werner et al., 2009). 
Where wells fully penetrate the aquifer, the threat of seawater intrusion is typically considered based on the loca-
tion of the seawater wedge toe, which is the limit of seawater at the aquifer base and is commonly used to reflect 
the landward extent of seawater intrusion (e.g., Strack, 1976; Werner & Simmons, 2009). Studies of partially 
penetrating wells, which allow for the extraction of freshwater (in the upper part of an aquifer) overlying salt-
water in the lower part of the aquifer, require consideration of the processes accompanying saltwater up-coning, 
whereby saltwater moves vertically upwards toward the well (e.g., Dagan & Bear, 1968; Werner et al., 2009). 
Saltwater up-coning has been examined in sand tank experiments, with comparison to the results of analyti-
cal solutions and numerical models (e.g., Abdelgawad et al., 2018; Jakovovic et al., 2012; Konz et al., 2009; 
Reilly & Goodman, 1987). Analytical solutions of the saltwater distribution in coastal aquifers typically adopt 
a sharp-interface approximation, whereby freshwater and seawater are presumed to be immiscible. Numerical 
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models allow for the representation of more complex processes, such as dispersive mixing, transient processes, 
heterogeneity, chemical reactions, etc (e.g., Abdelgawad et al., 2018; Lu et al., 2009; Werner & Gallagher, 2006).

While intermittent pumping of coastal groundwater is widespread (e.g., Chen et al., 2012; Liu et al., 2001), most 
studies of seawater intrusion assume that pumping is constant or at least persistent over long timeframes (e.g., 
Lee et al., 2016; Zhu et al., 2020). This includes laboratory sand-tank analyses of pumping, which have previously 
considered only constant-pumping situations (e.g., Guo et al., 2019; Jakovovic et al., 2012). However, the action 
of intermittent pumping is likely to create different patterns of seawater intrusion and up-coning compared to 
constant pumping. In particular, temporal fluctuations in hydraulic gradients during intermittent pumping likely 
leads to more dispersive conditions, just as tides create additional dispersiveness (e.g., Werner et al., 2017). Previ-
ous studies on solute transport have shown that temporal fluctuations induced transverse solute spreading (e.g., 
De Dreuzy et al., 2012; Dentz & Carrera, 2005; Goode & Konikow, 1990). Perhaps the most relevant amongst 
previous studies is the investigation by Pool et al. (2015), who found via three-dimension stochastic modeling that 
transient tidal oscillations lead to considerable widening of the mixing zone. Therefore, physical experimentation 
and numerical simulation (rather than analytical solutions) are needed to capture the key controlling processes of 
intermittent pumping in coastal aquifers.

The optimal choice for conducting pumping experiments in sand tanks is to use a three-dimensional sand tank 
(e.g., Danquigny et al., 2004), because the three-dimensional dynamics of the problem and to limit the effect of 
the sand tank boundaries on seawater intrusion phenomena (Lu & Luo, 2014). However, observations of salt 
plume dynamics are difficult to obtain in three-dimensional experiments. Thus, two-dimensional sand tanks 
have been widely used to observe variations in saltwater plumes, limiting the analysis to a cross-sectional profile 
whereby the pumping well represents a horizontal extraction feature, similar to a horizontal well situated parallel 
to the coast (e.g., Abdelgawad et al., 2018; Konz et al., 2009; Shi et al., 2011).

The current study adopts sand tank experimentation to explore the behavior of the freshwater-seawater interface 
under various situations of intermittent pumping from a laboratory-scale coastal aquifer. The intent is to build on 
prior experimentation that considers only constant pumping cases, such as those of Werner et al. (2009), Jakovovic 
et al. (2012), and Abdelgawad et al. (2018). Werner et al. (2009) used two-dimensional (cross-sectional) sand tank 
experiments to examine transient saltwater up-coning under different pumping rates, saltwater densities and well 
penetration depths. They found that saltwater plumes were dispersive during up-coning but eventually, mixing 
zones resembled sharp interfaces after the plume reached the pumping well. They concluded that freshwater may 
be extracted from coastal groundwater wells even though saltwater up-coning plumes are in contact with the well, 
due to mixing processes. Jakovovic et al. (2012) found that the peculiar salt plume shapes encountered in some of 
the experiments of Werner et al. (2009) were attributable to adsorption of the dye tracer. Abdelgawad et al. (2018) 
conducted sand tank experiments of a single cycle of saltwater up-coning and the decay that occurs when pump-
ing ceases, considering an inclined freshwater-saltwater interfaces. They showed that the critical pumping rate 
and critical time (for invasion of the well with saltwater) were more sensitive to variations in the well location 
(i.e., distance to the coastal boundary) than the well depth, and that higher dispersion led to faster up-coning.

Previous experimental studies of saltwater up-coning have presumed homogeneous aquifer conditions (Abdelgawad 
et al., 2018; Reilly & Goodman, 1987; Werner et al., 2009; Zhou et al., 2005). However, coastal aquifer systems 
are invariably heterogeneous, and often multi-layered (e.g., Chang et al., 2018; Collins & Gelhar, 1971; Werner & 
Gallagher, 2006). Further research of the processes accompanying saltwater up-coning in heterogeneous coastal 
aquifers is warranted (Werner, Bakker, et al., 2013).

The objective of the current study is to compare the performance of a well in a laboratory-scale coastal aqui-
fer when pumping is constant or intermittent, and where the extraction of saltwater is avoided. The conditions 
under which intermittent pumping avoids well salinization were explored. The comparison between constant and 
intermittent pumping included two approaches: (a) where the pumping rate is the same in both constant- and 
intermittent-pumping scenarios of extraction when wells are active (i.e., the mean pumping rate of intermittent 
pumping is lower than the corresponding constant-pumping scenario), and (b) where the total volume of extracted 
water is the same in constant- and intermittent-pumping scenarios is the same. In the former, we assume that 
salinization of a well renders it unusable for the foreseeable future, and therefore, intermittent and constant 
pumping experiments are compared based on the volume of extracted water prior to well salinization. In the 
latter scenarios, two indicators (i.e., the well salinity and the volume of seawater in the aquifer) were assessed to 
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compare the effects of constant and intermittent pumping on seawater intrusion. Additionally, both homogeneous 
and layered aquifers were evaluated.

2. Methodology and Materials
2.1. Laboratory Experiments

The sand tank used in this study is shown schematically in Figure 1. The tank consists of 20 mm thick polyme-
thyl methacrylate (PMMA), with internal height and width of 60 and 10 cm, respectively, while the horizontal, 
longitudinal dimensions are given in Figure 1. Reservoirs at either end of the tank are connected to 50 L storages 
of freshwater and saltwater to create constant concentration and head boundary conditions. Sand is excluded 
from freshwater and saltwater reservoirs (R2 and R4; Figure 1) by PMMA plates drilled with evenly distributed 
circular holes of 2.0 mm diameter and covered in geotextile. The total cross-sectional area of holes is 40% that 
of the sand tank. Adjustable PMMA plates allow for the head to be modified at the upstream and downstream 
boundaries. The saltwater boundary (R4, Figure 1) head was set to 47.8 cm (above the sand tank base), while the 
freshwater boundary (R2, Figure 1) was 49.8 cm to induce freshwater discharge toward the saltwater boundary 
(i.e., representing the ocean).

The saltwater solution was produced by dissolving 1,000 g of sodium chloride (NaCl) in 40 L of tap water (i.e., 
freshwater). The densities of freshwater and saltwater, measured with a calibrated pycnometer, were 1.000 and 
1.019 g/cm 3, respectively. The saltwater density was lower than typical seawater values to reflect the dilution 
of seawater that is often observed in the saltwater bodies of coastal aquifers (e.g., Post et al., 2018; Werner & 
Gallagher, 2006). Brilliant Blue (C37H34N2Na2O9S3) was chosen as a saltwater tracer, using a concentration of 
70 mg/L. Brilliant Blue is not susceptible to adsorption to sand particles or chemical reactions with the sodium 
chloride solution (Stockman et al., 1997), and has been successfully used in previous studies of seawater intrusion. 
This includes the sand tank experiments of Guo et al. (2019), who explored the influence of tidal fluctuations and 
groundwater exploitation in multilayered aquifers. The electrical conductivity (EC) of freshwater was 0.265 mS/
cm at 20°C, while that of the saltwater solution was 40.06 mS/cm. The concentration of NaCl was inferred from 
measurements of EC by developing a linear relationship between NaCl concentration and EC, allowing EC to be 
used as a surrogate for the salt concentration (e.g., Lide, 2004).

To prevent the salinity of the saltwater reservoir from decreasing (due to fresh groundwater discharge), NaCl and 
brilliant blue were added to the saltwater storage at a ratio of 2500:7, using continuous EC monitoring to deter-
mine the need for supplementary additions of salt. This ensured that the concentration (and color) of saltwater 
was stable at 25.0 ± 1.0 g/L.

Three types of aquifer systems were evaluated in this study: a homogeneous unconfined aquifer (HUA), and 
two stratified systems (aquifer-aquitard-aquifer): SUA (stratified unconfined aquifer) and UACA (unconfined 
aquifer-confined aquifer), with the latter having an aquitard of lower permeability. Four different kinds of sand 
were used to create these arrangements, with properties given in Table 1. Sieve analyses produced grain-size 
distributions (see Supporting Information S1, Figure S1) that yielded values for d10, d50, d60 and the uniformity 

Figure 1. Schematic diagram of the experimental set up, showing major sand tank components: R1: Freshwater overflow 
tank, R2: Freshwater reservoir, R3: Sand-filled seepage chamber, R4: Saltwater reservoir, and R5: Saltwater overflow tank. 
Dimensions are given in cm.
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coefficient (d60/d10) that are listed in Table 1. Here, d refers to the grain size 
and the subscript indicates the percentage of material that is smaller than d. 
Other sand characteristics are also given in Table 1. Based on these, sand A 
is coarse sand, sand B is medium sand, sand C is fine sand, and sand D is also 
fine sand (i.e., finer than sand C). All of the sand types are well sorted (i.e., 
uniformity coefficient <2.5; Parker, 1994).

Figure 2 illustrates the placement of the four sand types (sands A to D). In 
the HUA cases, the thickness of sand A was 54 cm, while in SUA cases, 
sand A, B, and C had thicknesses of 27, 18, and 9 cm, respectively. In the 
UACA cases, the thicknesses of sand A, B, and D were 27, 18, and 9 cm, 
respectively.

A wet-packing method similar to that described by Ataie-Ashtiani (1998) was used to minimize entrapped air and 
non-uniform compaction. First, the dry sand was placed in boiled water and soaked to fully saturate the sand. Sand 
was then added to the tank with 40–50 mm of water depth above the sand surface, so that the sand was always 
immersed during its transfer to the sand tank. The sand was emplaced and gently tamped with each 40–50 mm of 
depth added to the tank to assist with compaction and to avoid excess settling and additional compaction during 
experiments. The sand particle densities were measured using the pycnometer method, producing 2.65, 2.60, 
2.65, and 2.50 g/cm 3, respectively. Corresponding bulk density values given in Table 1 were obtained by meas-
uring the dry mass and volume. The sand porosity (n) was subsequently estimated using: n = 1 – (bulk density/
particle density).

Sand hydraulic conductivity (K) values were determined from in-situ sand tank experiments, using only fresh-
water. The sand was presumed to be homogeneous and isotropic for the purposes of K calculations. Adjustable 
PMMA plates were set to create head differences (between the freshwater and saltwater boundaries) of 2.0, 2.5, 
and 3.0 cm. The flow rate was measured (at 5, 10, and 30 min to test for steady-state conditions), allowing for K 
(i.e., KA, KB, KC, and KD for sands A, B, C, and D, respectively) to be determined using the formulation provided 
by Bear (1972) for layered aquifers. Values of K (averaged over the three different times) are given in Table 1. 
The specified testing data in Supporting Information S1, Tables S1–S4. Application of the Kozeny-Carman equa-
tion (Fitts, 2002) to Table 1 parameters led to estimates of KA, KB, KC, and KD of 157, 34.6, 11.2, and 1.73 m/d, 
respectively. While KA obtained from the Kozeny-Carman equation is similar to that obtained from in-situ sand 
tank experimentation, other in-situ K values (i.e., KB, KC, and KD) were over-estimated by the Kozeny-Carman 
approach. Jazayeri et al. (2020) found that the Kozeny-Carman equation over-estimated K obtained from Darcy 
column tests while Werner et al. (2009) encountered the opposite. In the absence of clear guidance in the current 

Sand 
class

d10 
(mm)

d50 
(mm)

d60 
(mm)

Uniformity 
coefficient

Bulk 
density (g/

cm 3)
n 

(−)
K 

(m/d)

Sand A 0.61 0.72 0.74 1.21 1.74 0.34 162

Sand B 0.27 0.34 0.40 1.48 1.70 0.34 19.7

Sand C 0.13 0.16 0.17 1.31 1.67 0.37 2.05

Sand D 0.052 0.063 0.067 1.29 1.54 0.38 0.37

Table 1 
Properties of Different Sands Used in Sand Tank Experiments

Figure 2. Photos of porous media arrangements within sand tank experiments, as: (a) homogeneous unconfined aquifer 
(HUA), and two stratified aquifer systems (aquifer-aquitard-aquifer), referred to as: (b) SUA (stratified unconfined aquifer), 
and (c) UACA (unconfined aquifer-confined aquifer), with the latter having lower aquitard permeability.
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literature on causes of differences between laboratory K-estimation methods, and given that in-situ values best 
represent experimental conditions, those values of K were used as model parameters.

Specific yield (Sy) values were measured from in-situ sand tank experiments, using only freshwater. First, adjust-
able PMMA plates were fixed at a height h1 and kept stable. Then, adjustable PMMA plates were dropped to h2, 
and the volume of water released from the aquifer (Vw) was measured. The value of Sy was subsequently estimated 
using: Sy = Vw/(length of R3 × sand tank width × (h1 – h2)). The specific storage (Ss; 1/cm) for confined aquifer 
conditions was adopted from the range for sand given in Table 2.5 of Freeze and Cherry (1979), with a value of 
10 −7 cm −1 being similar to that used in the coastal aquifer modeling analysis of Werner (2017).

Figure 3 provides a schematic illustration of the pumping well arrangement used in experiments. Figure 3a shows 
the fully penetrating well (W1) used in aquifers HUA and SUA, while Figure 3b identifies the location of the 
extraction point (H1), indicative of a partially penetrating, short-screened well, used in aquifer UACA. W1 is 
located at x = 108 cm and constructed of PVC pipe with inner diameter of 1.5 cm, drilled with evenly distributed, 
2 mm diameter holes and covered in geotextile. H1 was placed at x = 120 cm and z = 20 cm, with geotextile again 
used to avoid sand entering the well.

Nine laboratory experiments were performed, as summarized in Table 2. The naming of cases in Table 2 (e.g., 
“eSUA-2”) identifies each as a laboratory experiment (“e”), along with the porous media arrangement (e.g., 
“SUA”) and the experimental time-series (e.g., “-2” indicates the scenario of intermittent pumping). Laboratory 
experiments involved pumping scenarios that sought the maximum allowable period (and volume) of extraction 
before salinization (based on a threshold salinity) of the well occurred, considering alternative intermittency in 
the pumping rate (Figure 3d). Non-pumping conditions were used as initial conditions for pumping experiments. 
These involved the establishment of a steady-state saltwater wedge (Figure 3c), representing the balance between 
buoyancy and advective forces driven by the 2 cm difference in boundary water levels. Constant-pumping scenar-
ios involved extraction (Q; mL/min) that ceased (at time Tc) when the chloride concentration of pumped water 
reached 250 mg/L (i.e., salinity equal to 1% of the boundary salt concentration), which was determined from the 
corresponding EC of 0.671 mS/cm. Intermittent-pumping scenarios adopted a period of pumping (Tpump) and a 
subsequent period of no pumping (Tstop), as shown in Figure 3d. Tpump was set to 15 min, which is less than Tc 
obtained from all constant-pumping experiments. The time-averaged extraction rate, 𝐴𝐴 𝑄𝑄  = QTpump/(Tpump + Tstop), 
is also given in Table 2.

Figure 3. Schematic diagrams of experimental arrangements, as: (a) Cross section showing the fully penetrating pumping 
well (W1) used for aquifers HUA and SUA, (b) Cross section showing extraction point H1 used for aquifer UACA, (c) 
saltwater wedge (of area A0) under initial, steady-state conditions, with freshwater and saltwater boundary heads of Hf and Hs, 
respectively, and (d) time series of intermittent pumping.
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Photographs of laboratory experiments were taken at 15 min intervals (and also at the cessation of each experi-
ment) using a Nikon D3200 digital camera. Photographs were analyzed for the extent of saltwater using the follow-
ing steps: (a) photographs were georeferenced in ArcMap (https://developers.arcgis.com/), (b) the color image 
was converted to a single-band image (red), (c) the edge of the dye tracer was taken as the freshwater-saltwater 
interface (the specific concentration represented by the interface is discussed in the Results), (d) and the area of 
the saltwater wedge (A0) was obtained in ArcMap. The volume of salinized aquifer (i.e., the region where the dye 
tracer is apparent) in the experiments, V0, was calculated as A0 multiplied by the sand tank width.

2.2. Numerical Modeling

SEAWAT (Langevin et al., 2007) was used to model the laboratory experiments, and to extend the analysis to 
consider a wider range of pumping scenarios. The governing equations of SEAWAT can be found in the user 
manual (e.g., Langevin et al., 2007), and are therefore not listed here.

Numerical models adopted the same dimensions as the sand tank experiments. The hydraulic properties used 
in models are listed in Tables 1 and 3. The molecular diffusion coefficient of NaCl was set to 1.6 × 10 −5 cm 2/s, 
following Li and Gregory (1974). The longitudinal dispersivity (αL) for all four sand types was taken to be 0.2 cm 
based on values used in other experiments (e.g., Badaruddin et al., 2015; Jakovovic et al., 2011; Mehdizadeh 
et al., 2014). The transverse dispersivity (αT) was set to αL/20, following Harleman and Rumer (1963).

The pumping stresses and boundary and initial conditions of models represented laboratory settings. That 
is, the lower boundary was set to a no-flow condition, while the left and right head boundaries were repre-
sented by specified–head boundary conditions (using the Time-Varying Constant Head (CHD) package 
of SEAWAT), assigning specific values of hf and hs, respectively. The left and right solute boundaries were 
specified-concentration conditions that adopted fixed salinities of incoming water, namely freshwater (equal to 

Experiment Aquifer Well Q (mL/min) Tpump (min) Tstop (min)𝐴𝐴 𝑄𝑄 (mL/min)

eHUA-1 HUA W1 200 Constant pumping 200

eHUA-2 HUA W1 200 15 60 40

eHUA-3 HUA W1 200 15 120 22

eSUA-1 SUA W1 140 Constant pumping 140

eSUA-2 SUA W1 140 15 60 28

eSUA-3 SUA W1 140 15 90 20

eUACA-1 UACA H1 200 Constant pumping 200

eUACA-2 UACA H1 200 15 60 40

eUACA-3 UACA H1 200 15 90 29

Table 2 
Laboratory Pumping Scenarios

Parameter Definition Unit Value

ρf Density of freshwater g/cm 3 1.000

Cf Chloride concentration of freshwater g/L 0.0

ρs Density of saltwater g/cm 3 1.019

Cs Chloride concentration of saltwater g/L 25.0

Sy Specific yield – Sand A: 0.25, Sand B: 0.20

Ss Specific storage 1/cm 10 −7

αL Longitudinal dispersivity cm 0.2

αT Transverse dispersivity cm αL/20

Table 3 
Parameters Adopted in SEAWAT Simulations of Sand Tank Experiments
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0 g/L) for the left boundary and saltwater (equal to 25 g/L) for the right boundary. A uniform mesh of 0.3 cm 
square cells was adopted, meeting the Peclet criterion of Pe ≤ 2 (Zheng & Bennett, 2002), where 𝐴𝐴 𝐴𝐴𝐴𝐴 ≈ Δ𝐿𝐿∕𝛼𝛼L , 
and 𝐴𝐴 Δ𝐿𝐿 is commonly taken as the cell size in the groundwater flow direction. The third-order TVD scheme was 
used in SEAWAT to reduce artificial dispersion and numerical oscillation, and the value of the courant number 
was set to 1.0 (Zheng & Bennett, 2002). Calculated values of flow, head and solute concentrations were recorded 
at intervals of 1.5 min.

The WEL package of SEAWAT was used in simulating extraction, which occurred via a peristaltic pump with 
inlet placed within the lower part of the PVC pipe (which was evenly perforated) in experiments HUA and SUA. 
Figure 4 illustrates the representation of wells and the model grid. The red region in Figure 4a reflects a zone 
of high-K used in the HUA and SUA models, corresponding to the perforated section of the PVC pipe. A simi-
lar high-K representation of the slotted section of an extraction well was tested and successfully adopted by Li 
et al. (2022) in their analysis of ASR in heterogeneous aquifers. The region simulating the well contained 780 
cells assigned K values of 4.3 × 10 4 m/d in both the vertical and horizontal directions. The well cell represent-
ing the peristaltic pump hose inlet was contained in the fourth-bottom layer (i.e., 1 cm from the aquifer base; 
Figure 4a). In the UACA model, the well cell extraction point was set at 20 cm from the aquifer base (i.e., the 
67th-bottom layer), as shown in Figure 4b.

The experiments listed in Table 2 were each simulated using SEAWAT, with results compared to experimental 
observations in the form of saltwater distribution (see Figures S3–S11, in Supporting Information S1). The numer-
ical model was subsequently used to explore other intermittent pumping scenarios, as listed in Table 4. These 
include cases with the same time-averaged extraction rate (i.e., constant-pumping scenarios with Q = 𝐴𝐴 𝑄𝑄 ). Werner 
and Simmons (2009) categorized saltwater intrusion problems into head-controlled system and flux-controlled 
types, depending on the freshwater boundary condition (i.e., fixed head or fixed flux, respectively). The current 
experimental study adopted head-controlled conditions because the physical set-up of the apparatus limited the 
type of upstream condition that was possible. However, previous studies indicate that flux-controlled systems are 
more vulnerable to groundwater pumping (e.g., Lu et al., 2012). Therefore, flux-controlled cases were produced 
using numerical simulation (see Table 4). The naming of cases in Table 4 (e.g., “mSUA-2,” “fSUA-2,” etc.) iden-
tifies the freshwater boundary condition as head-controlled (“m”) or flux-controlled (“f”). The WEL package was 
used to simulate the specific freshwater flux boundary, adopting a flux into the aquifer equal to that obtained in 
the absence of pumping within the head-controlled system. The specified values of the inland boundary flux were 
61.2, 36.9, and 36.8 mL/min for fHUA fSUA and fUACA cases, respectively.

Figure 4. Well arrangements in the models of sand tank experiments, as: (a) the well cell and high-K region used for models 
HUA and SUA, and (b) the well cell used for model UACA.
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Two indicators were defined to compare the effects of constant and intermittent pumping on seawater intrusion: 
(a) temporal changes in the well salinity, and (b) the volume of saltwater (i.e., derived from the right bound-
ary) in the aquifer, Vs, which is the sum of the relative saltwater concentrations (from SEAWAT) multiplied by 
cell volumes and porosity (n). The numerical model was also used to undertake sensitivity analyses, exploring 
relationships between aquifer and solute properties (i.e., K, Δh, αL, αT, and ρs), and the critical Tstop (Tcr; with 
Tpump = 15 min and Q = 200 mL/min) that avoided well salinization. Sensitivity analyses are listed in Supporting 
Information S1, Table S5.

3. Results and Discussion
3.1. Homogeneous Unconfined Aquifer Experiments (HUA)

The laboratory results of eHUA-1, eHUA-2, and eHUA-3 experiments are presented in Supporting Informa-
tion S1, Figures S3–S5, respectively. Salt concentrations (1%, 10%, and 90% isochlors; where 0% and 100% are 
the concentrations of freshwater and saltwater (respectively) at the boundaries) from corresponding SEAWAT 
models (mHUA-1, mHUA-2, and mHUA-3) are compared against experimental images. The results show largely 
reasonable matches between numerical results and the distribution of dyed saltwater from sand tank experiments, 
although modeled mixing zones (the distance between the 1% and 90% isochlors) appear wider in tne models 
than those of the experiments, as observed in previous coastal aquifer experiments (e.g., Jakovovic et al., 2011; 
Mehdizadeh et al., 2014). This indicates lower dispersiveness in the sand tank relative to models, in which a 
minimum dispersiveness is required for numerical stability (e.g., Werner et  al.,  2016). This interpretation is 
notwithstanding the difficulty in quantifying the dilution of saltwater within experimental plumes (i.e., based on 
the intensity of the dye), although the plumes appear slightly darker closer to the saltwater boundary and in the 
lower part of the aquifer (e.g., Figures S3–S5 in Supporting Information S1). The landward extent of the dyed 
saltwater wedge appears to match best to the 1% isochlor (equal to 250 mg/L of NaCl concentration). The same 
outcome was observed in the seawater intrusion laboratory experiments of Badaruddin et al. (2015).

The values of Vf for eHUA-1, eHUA-2, and eHUA-3 at the time of well salinization were 10.2 L (Tc = 51 min), 
11.0 L (Tc = 235 min, ΣTpump = 55 min) and 15.0 L (Tc = 555 min, ΣTpump = 75 min), respectively (see Table A1 in 
Appendix A). Here, ΣTpump is the total period of groundwater extraction during each experiment. In the eHUA-2 

Simulation Well Q (mL/min) Tpump (min) Tstop (min)𝐴𝐴 𝑄𝑄 (mL/min)

mHUA-1 W1 200 Constant pumping 200

mHUA-2, fHUA-2 W1 200 15 60 40

mHUA-3, fHUA-3 W1 200 15 120 22

mHUA-4 W1 40 Constant pumping 40

mHUA-5 W1 200 7.5 30 40

mSUA-1 W1 140 Constant pumping 140

mSUA-2, fSUA-2 W1 140 15 60 28

mSUA-3, fSUA-3 W1 140 15 90 20

mSUA-4 W1 40 Constant pumping 40

mSUA-5 W1 200 7.5 30 40

mSUA-6 W1 200 15 60 40

mUACA-1 H1 200 Constant pumping 200

mUACA-2, fUACA-2 H1 200 15 60 40

mUACA-3, fUACA-3 H1 200 15 90 29

mUACA-4 H1 40 Constant pumping 40

mUACA-5 H1 200 7.5 30 40

Note. The naming convention of simulation cases is described in the main text.

Table 4 
Sand Tank Scale Numerical Models Used to Explore Various Pumping Scenarios
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case, there were three cycles of Tpump + Tstop and 10 min of pumping before 
well salinization occurred, whereas in eHUA-3, four cycles of Tpump + Tstop 
occurred before 15  min of pumping led to well salinization. While larger 
ΣTpump values were obtained with greater Tstop, as expected, the mean rates of 
extraction (Vf/Tc) for the three HUA experiments were 200, 47, and 27 mL/
min for eHUA-1, eHUA-2 and eHUA-3, respectively. Thus, although larger 
volumes were attainable with longer Tstop, the time-averaged rate of freshwa-
ter supply reduced.

Figure  5 shows saltwater distributions from laboratory experiments and 
corresponding SEAWAT simulations at the end of the HUA experiments. 
The shape of saltwater distributions differs between the experiments. The 
constant pumping case (Figure 5a) produces a classical saltwater distribu-
tion, whereas intermittent pumping creates a modified saltwater body. For 
example, in constant pumping case (Figure  5a), the flux field shows that 
active seawater intrusion (e.g., Werner,  2017) occurs as a consequence of 
the water level within the pumping well being lower than sea level. So, the 
saltwater distribution differs from the wedge shape of the dispersive Henry 
model (e.g., Abarca et al., 2007), which represents passive seawater intru-
sion. The saltwater distribution in Figure 5a insteadit reflects more so the 
active seawater intrusion cases of Badaruddin et  al.  (2015). This includes 
some evidence of water table salinization (i.e., the horizontal slope of the 
interface near the sea). Under intermittent pumping, the upper part of the 
saline plume appears more diluted, leading to modified salinity isochlors 
for cases eHUA-2, mHUA-2, eHUA-3, and mHUA-3 (Figures 5b and 5c). 
A downward shift in the vertical extent of saltwater in the aquifer, near the 
saltwater boundary, is apparent in the intermittent-pumping cases, and the 
mixing zone is wider in the modeling results of those cases. The effects of 
intermittent pumping on the saltwater wedge described above appear more 

pronounced in mHUA-3 compared to mHUA-2, attributable to the larger Tstop and the accompanying greater 
recovery (i.e., saltwater retreat) within the upper part of the aquifer. Freshening of the upper part of the aquifer is 
likely caused by buoyancy effects that tend to force freshwater discharge to flow to the coastal boundary in the 
upper part of the aquifer (e.g., Werner et al., 2017). The temporal fluctuations caused by intermittent pumping 
also widen the mixing zone, as expected from similar results in tidal studies (e.g., Pool et al., 2015), and this adds 
to the freshening of the upper part of the saltwater region.

Figures 6a–6c illustrate changes in the volume of salinized aquifer (V0) during experiments eHUA-1, eHUA-2, 
and eHUA-3, respectively. Figure 6d shows the change in the average dilution of saltwater within the wedge 
volume, determined as Vs/(nV0). A value of Vs/(nV0) ≈ 1 indicates that the wedge is almost entirely comprised of 
undiluted saltwater. Note that here, V0 was obtained from experiments while Vs was ascertained from the model.

Figure  6a shows that V0 increased steadily with time in eHUA-1, from 2.79  L at the initial, no-pumping 
steady-state condition to 12.7 L when salinization occurred after Tc = 51 min. The results of intermittent exper-
iments (Figures 6b and 6c) show that V0 reduced during Tstop due to saltwater retreat, but increased rapidly when 
pumping resumed. V0 did not return to its pre-extraction value at the end of pump cessation periods because Tstop 
was not sufficiently long to allow complete recovery. V0 values were smaller at the cessation of pumping (i.e., at 
time Tc) with increasing Tstop, with values of 10.2 and 9.92 L for cases eHUA-2 and eHUA-3, respectively. This is 
consistent with observations of downward shifts in the saltwater extent (Figure 5) in those cases. The more diluted 
and reduced extent of the wedge in the upper part of the aquifer that occurred with intermittent pumping indicates 
that intermittent pumping created seawater intrusion more so along the aquifer base than salinization in the upper 
part of the aquifer, relative to seawater intrusion that arose from constant pumping. Figure 6d shows that the mean 
salinity of the saltwater wedge remained stable in eHUA-1 and mHUA-1, whereas in HUA-2, mHUA-2, eHUA-
3, and mHUA-3, the saltwater wedge became more diluted during Tstop, more saline during Tpump, but shows an 
overall downward trend. Therefore, it appears that intermittent pumping caused more dilute solute plumes relative 
to those of constant pumping in the HUA cases.

Figure 5. Experimental saltwater distributions compared to SEAWAT results 
for HUA cases: (a) eHUA-1 and mHUA-1 (constant pumping), (b) eHUA-2 
and mHUA-2 (Tpump = 15 min, Tstop = 60 min), and (c) eHUA-3 and mHUA-3 
(Tpump = 15 min, Tstop = 120 min).
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3.2. Stratified Aquifer Experiments: SUA

The results of eSUA-1, eSUA-2, and eSUA-3 laboratory experiments are presented in Figures S6–S8 (Supporting 
Information S1), respectively, which compare experimental photos to the salt concentrations from SEAWAT. The 

matches between experiments and models for SUA cases are again reasona-
ble, as was obtained for the HUA cases. The values of Vf values are provided 
in Appendix  A, Table  A1. The results again show larger Vf with greater 
Tstop, as expected, increasing from 7.7  L (eSUA-1, Tc  =  55  min) to 8.4  L 
(eSUA-2, Tc = 240 min, ΣTpump = 60 min) to 10.5 L (SUA-3, Tc = 240 min, 
ΣTpump = 75 min). The values of Vf/Tc for the three eSUA experiments were 
140, 35, and 24 mL/min, reflecting the reduced rate of freshwater supply with 
longer Tstop.

Figure 7 shows saltwater distributions from both laboratory experiments and 
corresponding SEAWAT simulations (mSUA-1, mSUA-2, and mSUA-3) at 
the termination of the experiments. The saltwater wedge in the SUA exper-
iments occurred almost entirely in the lower aquifer, with saltwater being 
almost excluded from the middle, lower-K region. Saltwater was apparent in 
the upper aquifer only in eSUA-1 and mSUA-1, with the upper aquifers in 
eSUA-2, mSUA-1, eSUA-3, and mSUA-3 containing only freshwater. As was 
observed in the HUA cases, the SUA experiments show mixing zone widen-
ing and retreat of the upper part of the wedge with intermittent pumping, 
this being exacerbated with longer Tstop. Also, the position of the 1% isochlor 
along the aquifer base (i.e., the wedge toe) remained largely unaffected by 
intermittent pumping, as occurred in HUA cases.

Figures 8a–8c show the changes in V0 during the SUA experiments. Figure 8a 
shows that V0 in eSUA-1 increased steadily with time from 1.25 L initially 
(steady-state conditions without pumping) to 10.9 L after 55 min, when well 
salinization occurred. Changes in V0 during Tstop in the intermittent pump-
ing experiments (Figures 8b and 8c) show a similar general pattern to those 
observed in the HUA results. The value of V0 at the cessation of experiments 

Figure 6. The rate of extraction (Q) and volume of salinized aquifer (V0) in HUA experiments: (a) eHUA-1 
(constant-pumping), (b) eHUA-2 (Tpump = 15 min, Tstop = 60 min), and (c) eHUA-3 (Tpump = 15 min, Tstop = 120 min). (d) 
Change in the average relative salinity of the saltwater wedge, Vs/(nV0).

Figure 7. Experimental saltwater distributions compared to SEAWAT results 
for SUA cases: (a) eSUA-1 and mSUA-1 (constant pumping), (b) eSUA-2 
and mSUA-2 (Tpump = 15 min, Tstop = 60 min), and (c) eSUA-3 and mSUA-3 
(Tpump = 15 min, Tstop = 90 min).
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was again smaller with larger Tstop, with values of 7.45 and 7.35 L for cases eSUA-2 and eSUA-3, respectively. 
The reduced saltwater extent was mainly attributable to retreat in the upper part of the saltwater wedge with 

longer Tstop. Figure 8d shows that the change in the value of Vs/(nV0) was 
similar to that observed in HUA, whereby intermittent pumping caused more 
dilute solute plumes.

3.3. Stratified Aquifer Experiments: UACA

The laboratory results of eUACA-1, eUACA-2, and eUACA-3 experiments 
are presented in Supporting Information S1, Figures S9–S11, respectively. 
As with HUA and SUA experiments, the 1% salinity contour best matched 
the experimental interface, which had a narrower mixing zone than that of 
the model. The values of Vf for eUACA-1, eUACA-2, and eUACA-3 were 
7.4 L (Tc = 37 min), 9.0 L (Tc = 165 min, ΣTpump = 45 min), and 14.0 L 
(Tc = 430 min, ΣTpump = 70 min), respectively (see Table A1, Appendix A). 
The mean rate of extraction (Vf/Tc) for the three UACA experiments was 200, 
54, and 32 mL/min, respectively.

Figure 9 illustrates saltwater distributions from both laboratory experiments 
and corresponding SEAWAT simulations (mUACA-1, mUACA-2, and 
mUACA-3) at the end of UACA experiments. The shape of the saltwater 
wedge differs to the HUA and SUA cases, in that saltwater up-coning is 
apparent in the form of localized rise in isochlors near the point of extraction 
(H1). Saltwater is not apparent in the middle layer (the aquitard), as occurred 
in the SUA experiments. However, there was a small saltwater wedge in the 
upper, unconfined aquifer in UACA experiments, which was not apparent 
at the end of intermittent, SUA experiments. The upper wedge was smaller 
in intermittent cases. Intermittent pumping again caused widening of the 
mixing zone, more so with larger Tstop, similar to HUA and SUA cases. Due 
to the special flux field formed by the pumping of H1 and the effect of grav-
ity on high-density saltwater, the mixing zone of the saltwater wedge below 

Figure 8. The rate of extraction (Q) and volume of salinized aquifer (V0) in SUA experiments: (a) eSUA-1 
(constant-pumping), (b) eSUA-2 (Tpump = 15 min, Tstop = 60 min), and (c) eSUA-3 (Tpump = 15 min, Tstop = 90 min). (d) 
Change in the average relative concentration of the saltwater wedge, Vs/(nV0).

Figure 9. Experimental saltwater distributions compared to SEAWAT results 
for UACA cases: (a) eUACA-1 and mUACA-1 (constant pumping), (b) 
eUACA-2 and mUACA-2 (Tpump = 15 min, Tstop = 60 min), and (c) eUACA-3 
and mUACA-3 (Tpump = 15 min, Tstop = 90 min).
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H1 appears vertically widened. The saltwater wedge toe appears to be further from the saltwater boundary in 
eUACA-2 and eUACA-3 compared to eUACA-1, whereas the toe position was almost identical in all three SUA 
cases. Thus, it appears that intermittent pumping that causes saltwater up-coning and decay may lead to saltwater 
that is further inland than that caused by fully penetrating wells (i.e., as was used in SUA cases). This phenom-
enon was observed by Walther et al. (2020) and Stoeckl et al. (2019), while the current study is the first to show 
this behavior in a confined aquifer setting.

Figures 10a–10c provide the changes in V0 during the UACA experiments. Figure 10a shows that V0 in eUACA-1 
increased with time from 2.16 L in the initial steady-state to 11.2 L after 37 min when well salinization occurred. 
The changes in V0 with time in experiments eUACA-2 and eUACA-3 (Figures 10b and 10c) show a similar 
general pattern to those observed in the HUA and SUA experiments. The value of V0 at the termination of experi-
ments was again smaller with larger Tstop (9.96 and 9.58 L for eUACA-2 and eUACA-3, respectively). Figure 10d 
shows that the change in the value of Vs/(nV0) was also similar to that observed in HUA and SUA, although the 
same overall downward trend was more subtle.

3.4. Numerical Modeling of Other Pumping Scenarios

Numerical modeling was used to explore alternative intermittent pumping scenarios that adopted the same 
𝐴𝐴 𝑄𝑄 as constant-pumping cases. For example, 𝐴𝐴 𝑄𝑄 in cases mHUA-2 and mHUA-5 was equal to Q from the 

constant-pumping case, mHUA-4, but with alternative Tstop and Q values. Thus, the rate of pumping during Tpump 
in intermittent scenarios was greater than the rate of pumping during constant-pumping cases (i.e., by a factor of 
(Tpump + Tstop)/Tpump). Table 4 defines the relevant cases. Note that 𝐴𝐴 𝑄𝑄  = 40 mL/min in all cases, and the ratio Tstop/
Tpump was the same (0.25) for all intermittent-pumping scenarios. Figure 11 illustrates trends in the well salinity 
and the volume of seawater in the aquifer (Vs).

Figure 11 shows that although all scenarios had the same 𝐴𝐴 𝑄𝑄 , the saltwater volume (Vs) and well salinity showed 
substantial contrasts between scenarios. Note that the 250 mg/L threshold that was used to terminate scenarios in 
earlier results was neglected here to illustrate the well salinization and recovery behavior. In all constant-pumping 
cases (mHUA-4, mSUA-4, mUACA-4), Vs increased monotonically with time. The well pumped only freshwater 
throughout much of the constant-pumping cases, before gradually rising (only a subtle increase in well salinity 
is observable in the mUACA-4 case). The same lack of well-salinity response (to pumping) can be seen in the 

Figure 10. The rate of extraction (Q) and volume of salinized aquifer (V0) in UACA experiments: (a) eUACA-1 
(constant-pumping), (b) eUACA-2 (Tpump = 15 min, Tstop = 60 min), and (c) eUACA-3 (Tpump = 15 min, Tstop = 90 min). (d) 
Change in the average relative concentration of the saltwater wedge, Vs/(nV0).
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early stages of intermittent-pumping cases before rapid salinity spikes occurred under the higher rate of pumping 
(during Tpump) in those scenarios. In all scenarios, intermittent pumping produced an observable salinity rise prior 
to that caused by constant pumping, and constant pumping did not reach the salinity threshold of 250 mg/L in all 
cases, while at least one of the intermittent cases exceeded the threshold in all scenarios. Thus, constant pumping 
allowed more freshwater extraction than intermittent pumping. It follows that treating intermittent pumping as 
constant pumping (assuming the same 𝐴𝐴 𝑄𝑄 ) is likely to overestimate the freshwater volume that can be pumped 
prior to well salinization. Figure 11 also shows that the higher frequency of pumping-recovery cycles in mHUA-
5, mSUA-5, and mUACA-5 (compared to mHUA-2, mSUA-6 and mUACA-2, respectively) led to longer periods 
of extraction (Tc) before the salinity threshold was reached in those cases. Indeed, mSUA-5 and mUACA-5 did 
not exceed the salinity threshold before the cessation of the simulations.

The temporal patterns in the volume of seawater (Vs) in aquifers indicate that intermittent pumping caused Vs 
to fluctuate around values obtained from constant pumping. In early times in all cases, intermittent pumping 
produced Vs values that exceeded the constant-pumping values for all times except at the end of Tstop, after aquifer 
recovery (and saltwater retreat) occurred. However, in the latter stages of each case, Vs from intermittent models 

Figure 11. Comparison of the results from modeling scenarios in which 𝐴𝐴 𝑄𝑄  = 40 mL/min in all cases, but with different 
aquifer configurations and periodicity in pumping, showing changes in the well salinity for cases: (a) HUA, (c) SUA, (e) 
UACA, and changes in the volume of seawater (Vs) in the aquifers for cases: (b) HUA, (d) SUA, (f) UACA. mHUA-4, mSUA-
4, and mUACA-4 are constant-pumping cases, while the other cases have intermittent pumping, as defined in Table 4.
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tended to be less than Vs from constant pumping for most of the time. This effect is subtle for cases mSUA-6 
and mUACA-2, and clearer in the results of other intermittent cases. For example, values of Vs for cases  mHUA-
5, mSUA-5, and mUACA-5 are lower than those from constant pumping almost all the time during the last 
pumping-recovery cycle of each case. Thus, treating intermittent pumping as constant pumping is likely to even-
tually overestimate both the long-term volume of seawater in the aquifer and the freshwater volume that can be 
pumped prior to well salinization.

In intermittent HUA and SUA scenarios, there is an inflexion in the rate of recovery in the well salinity for some 
of the salinity events that is not apparent in previous studies of pumping-induced seawater intrusion. This most 
likely occurs because the cessation of pumping causes saltwater within the high-K zone of the well to dissipate 
first (i.e., steep decline in well salinity), whereas the subsequent retreat of the saltwater wedge occurs more grad-
ually (i.e., slower decline in well salinity). Whether this process is likely to occur within real-world situations 
requires further evaluation, including with a more realistic representation of the well within the model.

Numerical modeling to explore intermittent pumping scenarios under flux-controlled conditions adopted a spec-
ified boundary of 61.2 mL/min in cases fHUA-2 and fHUA-3, whereas 36.9 and 36.8 mL/min were adopted for 
cases fSUA and fUACA, respectively. Table 4 defines the relevant cases. Figure 12 illustrates compares trends in 
the well salinity and the saltwater volume in the aquifer (Vs) for head-controlled and flux-controlled conditions.

Figure  12 shows that the flux-controlled cases are more sensitive to pumping than head-controlled cases, in 
term of well salinity. This is consistent with the conclusion of constant-pumping in previous studies (e.g., Lu 
et al., 2012). Although mHUA-2 and fHUA-2 have the same intermittent pumping conditions, the well salinity in 
the flux-controlled case (fHUA-2) is much higher than that of the corresponding head-controlled case (mHUA-
2). Similar results can be found in SUA cases and UACA cases with the same intermittent pumping conditions 
(Figures 12c and 12e).

The saltwater volume in the aquifer (Vs) shows a similar temporal change under the two different boundary-condition 
cases (head- and flux-controlled) under intermittent pumping, whereby saltwater intrusion have generally the 
same pattern. Comparing the cases mHUA and fHUA under the same intermittent pumping condition, Vs increases 
more during Tpump in the flux-controlled case than in the head-controlled case, although Vs shows a similar 
decreasing trend during Tstop, and overall the saltwater volume in the aquifer is greater in the flux-controlled case 
than in the head-controlled case (Figure 12a). This similar phenomenon is also observed in the SUA and UACA 
cases, shown in Figures 12d and 12f, respectively.

Despite the different freshwater boundary conditions inland, the tendency of the well salinity and Vs are the same. 
Therefore, the relevant conclusions for the head-controlled case also apply to the flux-controlled case, except that 
the latter is more likely to produce large volumes of seawater intrusion, that is, the saltwater distribution within 
the aquifer is more sensitive to the pumping response.

3.5. Parameter Sensitivity Analysis

Previous studies of allowable pumping rates from coastal aquifers have allowed for estimation of the maximum 
rate of extraction (critical Q) that avoids well salinization (e.g., Abdelgawad et al., 2018; Pool & Carrera, 2011; 
Strack, 1976). In a similar manner, we expected that there is a critical periodicity of pumping (i.e., Tpump and Tstop 
during intermittent pumping) that will avoid well salinization, for a given Q (i.e., the rate of pumping during 
Tpump). To test this, we sought a minimum (critical) value of Tstop, designated Tcr, at which it was possible to avoid 
well salinization, for a given Tpump and Q. Note that constant pumping at 𝐴𝐴 𝑄𝑄 is expected to outperform intermittent 
pumping based on the previous results, and therefore, the current analysis seeks simply to obtain the period of 
recovery required for a given pumping rate and pumping period. These assumptions are consistent with well 
operation strategies in many agricultural areas, where the rate of pumping is fixed, as is the time required to 
flood-irrigate a crop before furrows are overtopped.

Table S5 (in Supporting Information S1) provides the parameter sets adopted in evaluating the sensitivity of Tcr 
values to changes in key parameters. Relationships between parameters and Tcr are shown in Figure 13. Note that 
water was extracted mainly from sand A in all three aquifer arrangements, and, consequently, seawater intrusion 
and retreat mainly occurred also in sand A. Thus, KA was adopted as one of sensitivity parameters.
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Figure 13a indicates that increasing Δh produced a lower Tcr (i.e., a shorter period of pumping cessation was 
required to avoid well salinization). This is the expected outcome of stronger freshwater discharge to the sea 
caused by higher Δh, which enhanced seawater retreat and reduced seawater intrusion during Tstop and Tpump, 
respectively. Figure 13b shows that for the three different aquifer arrangements, the lowest Tcr was found for the 
highest KA, reflecting the higher vulnerability of low permeability aquifers to pumping-induced seawater intru-
sion. Figure 13b also shows that Tcr was larger in SUA compared to HUA, attributable to the smaller thickness of 
sand A (which has the highest K) in SUA, leading to larger drawdown and therefore stronger seawater intrusion.

Figure 13c shows that increasing the ρs produced a higher Tcr. This occurred because the higher ρs increased the 
forcing head at the ocean (in equivalent freshwater head terms), which reduced freshwater discharge (with the 
inland boundary as a fixed head). Thus, higher Tcr was required in a similar way to reducing Δh. When ρs was set 
as 1.027 g/cm 3, the saltwater wedge toe occurred in the well even in the absence of pumping (in case HUA), and 
therefore, Tcr was not attainable.

Figure 13d indicates that the value of Tcr decreases almost linearly as the value of αL increases, albeit there are 
only three data points and the gradient of αL – Tcr lines are shallow. Thus, Tcr seems weakly dependent on αL for 

Figure 12. Comparison of the results from modeling scenarios under head-controlled (solid lines) and flux-controlled 
(dashed lines), showing changes in the well salinity for: (a) HUA cases, (c) SUA cases, (e) UACA cases. The corresponding 
changes in the volume of seawater (Vs) in the aquifer are given for: (b) HUA cases, (d) SUA cases, (f) UACA cases. mHUA-2, 
mHUA-3, mSUA-2, mSUA-3, mUACA-2 and mUACA-3 are head-controlled cases, fHUA-2, fHUA-3, fSUA-2, fSUA-3, 
fUACA-2, and fUACA-3 are flux-controlled cases. All cases have intermittent pumping, as defined in Table 4.
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the values tested. This may be related to the occurrence of artificial numerical dispersion in SEAWAT, which may 
be masking the effect of small changes to αL. In any case, this result indicates that setting dispersion to zero, rather 
than adopting a small value of αL (consistent with the scale of the experiments) likely had only a minor impact 
on the findings. Despite the weak sensitivity of Tcr to αL shown in Figure 13d, the mixing zone was noticeably 
modified by increasing Tcr from 0 to 0.2 cm, as shown in Figure S12 (in Supporting Information S1). Given that 
the experimental results appear to show a narrower mixing zone than those produced by SEAWAT (with disper-
sion parameters set to zero), it is likely that dispersion in the laboratory experiments is smaller than the artificial 
dispersion in SEAWAT, which could be reduced with a finer discretization, albeit at the expense of long run times 
(Werner et al., 2016).

4. Conclusions
The current study is the first attempt to compare saltwater wedge characteristics from constant pumping and 
intermittent pumping at the laboratory scale, considering both homogeneous (HUA) and layered aquifer (SUA 
and UACA) systems. Reasonable matches between experimental observations and numerical results indicate the 
validity of experimental procedures and the numerical implementation, although wider mixing zones in numer-
ical models (compared to laboratory experiments) highlight the challenges of eliminating artificial dispersion in 
SEAWAT while maintaining reasonable model run times.

As expected, the total volume of pumped freshwater prior to well salinization increased with the introduction of 
pumping stoppages (of time Tstop). Longer Tstop led to a larger total volume of freshwater being extracted in all 
cases before well salinization triggered cessation of pumping, but at the expense of reduced rates of freshwa-
ter supply (averaged over pumping and non-pumping times). Freshwater-saltwater mixing zones in numerical 
models widened with greater Tstop. The saltwater wedge in the upper part of the aquifer was more diluted and 
had a reduced extent with intermittent pumping, which caused seawater intrusion more so along the aquifer base 
than salinization in the upper aquifer. In stratified aquifer cases (SUA and UACA), the saltwater wedge mainly 
occurred in the lower aquifer, and was effectively excluded from the lower-K aquitard. Intermittent pumping from 
a partially penetrating well caused saltwater up-coning and decay, resulting in saltwater that was further inland 
(compared to constant pumping) in UACA cases.

Based on the results of numerical modeling of the same time-averaged extraction rate in constant- and 
intermittent-pumping scenarios, we found that higher frequency cycles of pumping-recovery tended to allow for 

Figure 13. Sensitivity of Tcr to key aquifer parameters, namely: (a) boundary head difference (Δh), (b) hydraulic conductivity 
of sand A (KA), (c) boundary saltwater density (ρs), and (d) longitudinal dispersivity (αL).
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more freshwater to be extracted prior to well salinization. The limiting case of constant pumping allowed for the 
highest volume of freshwater extraction. The temporal patterns in the volume of seawater (Vs) in aquifers indicate 
that intermittent pumping caused Vs to fluctuate around values obtained from constant pumping. In the latter 
stages of each case, Vs from intermittent models tended to be less than Vs from constant pumping for most of the 
time. Thus, we conclude that intermittent pumping is unlikely to produce a higher time-averaged extraction rate 
from coastal aquifers, although the extent of saline groundwater is probably smaller where intermittent pumping 
is used to obtain the same time-averaged extraction rate as constant pumping. It follows that treating intermittent 
pumping as constant pumping (e.g., in numerical models) likely overestimates the volume of seawater in the 
aquifer and the volume of freshwater extracted before well salinization.

Sensitivity analysis was used to explore the critical period of pump stoppage (Tcr) that allowed for continued 
freshwater extraction and its sensitivity to key parameters (hydraulic conductivity (KA), boundary head difference 
(Δh), density (ρs), and longitudinal dispersivity (αL)). Tcr decreased with higher values of Δh and KA, whereas 
Tcr was only weakly dependent on αL for the values tested. Additionally, Tcr increased with higher values of ρs.

Further research is needed to explore the effects of intermittent pumping at the field scale, albeit monitoring the 
saltwater response to real-world pumping, in a manner that allows for the interpretation of the larger saltwater 
body dynamics is very difficult. An experimental analysis of intermittent pumping under a flux-controlled condi-
tions would also add to the findings of the current study. Additionally, more detailed monitoring of the saltwater 
wedge within the laboratory sand tank would assist in providing a clearer characterization of the salinity distribu-
tion for various intermittent pumping conditions.

Appendix A
See Table A1

Notation
K (L/T) hydraulic conductivity
n (–) porosity
hf (L) freshwater boundary head
hs (L) saltwater boundary head
αL (L) longitudinal dispersivity
Δh (L) hf–hs
Tpump (T) pumping period
Tstop (T) no-pumping period
Tc (T) time of experiment
A0 (L 2) area of the saltwater wedge
Vf (L 3) freshwater volume pumped before well salinization

Experiment Tc (min) Q (mL/min) ΣTpump (min) Vf (L) Vf/Tc (mL/min) V0 (L)

eHUA-1 51 200 51 10.2 200 12.7

eHUA-2 235 200 55 11.0 47 10.2

eHUA-3 555 200 75 15.0 27 9.93

eSUA-1 55 140 55 7.7 140 10.9

eSUA-2 240 140 60 8.4 35 7.45

eSUA-3 435 140 75 10.5 24 6.97

eUACA-1 37 200 37 7.4 200 11.2

eUACA-2 165 200 45 9.0 54 9.96

eUACA-3 430 200 70 14.0 32 9.58

Table A1 
Experimental Times, Total Pumped Freshwater and for All Experiments
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Vs (L 3) volume of seawater in the aquifer
Sy (–) specific yield
Ss (1/L) specific storage
ρs (M/L 3) density of saltwater
ρf (M/L 3) density of freshwater
αT (L) transverse dispersivity
Cf (M/L 3) chloride concentration of freshwater
Cs (M/L 3) chloride concentration of saltwater
Q (L 3/T) extraction rate

𝐴𝐴 𝑄𝑄 (L 3/T) time-averaged extraction rate
V0 (L 3) volume of salinized aquifer (i.e., A0 times sand tank width)
Tcr (T) critical Tstop for avoiding seawater intrusion

Data Availability Statement
Figures obtained from the experiments that supports the findings of this study are available in Supporting 
Information S1 of this manuscript. The SEAWAT models built in the Groundwater modeling system software 
(https://www.aquaveo.com/), and models support the findings of this study are openly available in [figshare] at 
http://doi.org/10.6084/m9.figshare.19255082.
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