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Groundwater Throughflow and 
Seawater Intrusion in High Quality 
Coastal Aquifers
A. R. Costall   1 ✉, B. D. Harris1, B. Teo1, R. Schaa1, F. M. Wagner   2 & J. P. Pigois3

High quality coastal aquifer systems provide vast quantities of potable groundwater for millions of 
people worldwide. Managing this setting has economic and environmental consequences. Specific 
knowledge of the dynamic relationship between fresh terrestrial groundwater discharging to the 
ocean and seawater intrusion is necessary. We present multi- disciplinary research that assesses the 
relationships between groundwater throughflow and seawater intrusion. This combines numerical 
simulation, geophysics, and analysis of more than 30 years of data from a seawater intrusion 
monitoring site. The monitoring wells are set in a shallow karstic aquifer system located along the 
southwest coast of Western Australia, where hundreds of gigalitres of fresh groundwater flow into 
the ocean annually. There is clear evidence for seawater intrusion along this coastal margin. We 
demonstrate how hydraulic anisotropy will impact on the landward extent of seawater for a given 
groundwater throughflow. Our examples show how the distance between the ocean and the seawater 
interface toe can shrink by over 100% after increasing the rotation angle of hydraulic conductivity 
anisotropy when compared to a homogeneous aquifer. We observe extreme variability in the properties 
of the shallow aquifer from ground penetrating radar, hand samples, and hydraulic parameters 
estimated from field measurements. This motived us to complete numerical experiments with 
sets of spatially correlated random hydraulic conductivity fields, representative of karstic aquifers. 
The hydraulic conductivity proximal to the zone of submarine groundwater discharge is shown to 
be significant in determining the overall geometry and landward extent of the seawater interface. 
Electrical resistivity imaging (ERI) data was acquired and assessed for its ability to recover the seawater 
interface. Imaging outcomes from field ERI data are compared with simulated ERI outcomes derived 
from transport modelling with a range of hydraulic conductivity distributions. This process allows for 
interpretation of the approximate geometry of the seawater interface, however recovery of an accurate 
resistivity distribution across the wedge and mixing zone remains challenging. We reveal extremes in 
groundwater velocity, particularly where fresh terrestrial groundwater discharges to the ocean, and 
across the seawater recirculation cell. An overarching conclusion is that conventional seawater intrusion 
monitoring wells may not be suitable to constrain numerical simulation of the seawater intrusion. Based 
on these lessons, we present future options for groundwater monitoring that are specifically designed 
to quantify the distribution of; (i) high vertical and horizontal pressure gradients, (ii) sharp variations 
in subsurface flow velocity, (iii) extremes in hydraulic properties, and (iv) rapid changes in groundwater 
chemistry. These extremes in parameter distribution are common in karstic aquifer systems at the 
transition from land to ocean. Our research provides new insights into the behaviour of groundwater in 
dynamic, densely populated, and ecologically sensitive coastal environments found worldwide.

Mankind has always interacted with the natural environments at coastal margins. Beaches, sand dunes, limestone 
cliffs, and the ocean are part of daily life for vast numbers of people. Hidden beneath the surface exists the inter-
play between a dense wedge of saline groundwater fuelled from the sea, and fresh terrestrial groundwater driving 
towards the ocean. We explore this relationship with a focus on methods for quantifying the relationship between 
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terrestrial groundwater flowing toward the ocean and the landward extent of the seawater wedge for high-quality 
aquifers.

Any reduction in fresh groundwater flowing towards the ocean can potentially cause seawater intrusion. This 
impacts private bores, irrigation systems, and access to potable water1–3. It can also affect sensitive near-shore 
ecosystems that rely on the nutrients supplied from terrestrial submarine groundwater discharge4–7. This can alter 
groundwater chemistry with significant environmental and economic consequences8–12. Research into monitor-
ing coastal groundwater systems and the seawater wedge provides inputs to managing and maintaining healthy 
coastal aquifers and ecosystems.

Current monitoring practices rely on wells for information on groundwater levels, chemistry, provenance, and 
age. These data are needed to build numerical groundwater models suitable to predict the consequences of water 
resource decisions. Drilling and wireline logging are typically used to infer lithology and hydraulic properties. 
However, this information tends to be localised and can have a dependence on the design of the well or wellfield13.

This research systematically traverses the challenges and opportunities faced in monitoring the seawater inter-
face in a complex coastal setting. It combines elements from hydrogeology, well-based monitoring technolo-
gies, analytical seawater interface solutions, solute transport modelling of increasing complexity, and geophysical 
methods.

The overview shown in Fig. 1 assists the reader in navigating our research, and includes a schematic showing 
the geometric relationship between groundwater wells and the seawater interface in an urban setting. An example 
of the type of questions addressed within each part is also provided in Fig. 1. Each part of our research is sum-
marized below.

•	 Part 1: Here we introduce the elements of a coastal karstic aquifer system and our seawater intrusion reference 
site before comparing it to the hydrogeology of karstic aquifers found worldwide. We include examples of 
limestone sourced from the reference site and illustrate heterogeneity and dip of the shallow geology using 
ground penetrating radar.

•	 Part 2: In this part we identify the influences that may impact the seawater interface at the reference site. The 
site has experienced significant changes in the position of the seawater interface and groundwater hydraulics 
throughout the monitoring period. This important site motivates our research concerning methods for char-
acterising groundwater throughflow and the seawater interface along shallow coastal aquifer systems.

•	 Part 3: Part 3 presents the data from the reference site and systematically explores the potential for error in 
predicting seawater intrusion from groundwater flow using conventional monitoring techniques. Examples 
from our reference site lead us more sophisticated numerical modelling.

Figure 1.  Schematic of a shallow coastal groundwater water system in an urban setting and our research 
outline. The multidisciplinary research is partitioned into six connected parts spanning geology, method of 
acquisition and processing of well data, numerical groundwater modelling and geophysical methods. An 
example of the type of questions addressed in each part is provided.
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•	 Part 4: Here we simulate the impacts of anisotropy and heterogeneity on a coastal aquifer. We investigate the 
impact of dipping hydraulic conductivity anisotropy on the relationship between the landward position of 
the seawater interface toe and the rate of groundwater flow towards the ocean. Our numerical experiments 
extend to complex, extremely heterogeneous hydrogeology as found at our seawater intrusion reference site.

•	 Part 5: This part explores the ability of geophysical techniques to accurately image the seawater interface and 
coastal hydrogeology. Electrical resistivity imaging (ERI) has the potential to estimate the distribution of 
salinity in time and space. However, imaging outcomes from ERI can be over-interpreted and we consider 
the implementation and practicality of ERI for recovering the seawater interface for karstic systems and the 
reference site.

•	 Part 6: In Part 6 we focus on the dramatic changes in groundwater velocity that occur proximal to the seawa-
ter interface. These details have implications for both short-term and long-term monitoring strategies and 
solutions. This leads us toward options for new integrated monitoring systems that are tailored to shallow 
high-quality coastal aquifers.

Part 1. Coastal Hydrogeology and a Reference Site
Introduction to the near-shore coastal margin.  The near-shore coastal margin has nomenclature to 
describe the specific depositional environments and groundwater processes14. A schematic of this terminology 
is shown in Fig. 2, and includes features that are commonly associated with recent (Pleistocene) karstic aquifers 
such as solution pipes and cave systems15,16. The geometric arrangement and distribution of these post-deposi-
tional features may play a significant role in determining the geometry of the seawater interface.

At the coastal margin, higher density seawater (~1025 kg/m³) sinks beneath the less dense terrestrial ground-
water (~1000 kg/m³) forming a wedge shape17,18. The mixing zone describes the area where these two waters 
interact and form a solute gradient19. The extent of this zone can be highly variable, ranging from sub-meter 
scales to multiple kilometres20–22, and is chemically-active, with implications for limestone dissolution and 
re-cementation23,24.

Groundwater throughflow and hydraulic conductivity are often used to predict the inland position of the 
seawater wedge, referred to as the ‘toe’. Groundwater throughflow describes the volume of water flowing in the 
terrestrial aquifer system towards the coast25. For our cross-sectional model, volume calculations are based on 
a boundary with unit length (1 m), such that groundwater throughflow is expressed in units of ML/year/m (e.g. 
see Part 3).

In addition to the zones shown in Fig. 2, there are many temporal changes that influence the position of the 
seawater interface. These include effects of wave surges, beach geometry, tides, rainfall recharge, and groundwa-
ter abstraction. These variables ensure that solute distribution and hydraulic heads along coastal margins are in 
constant motion. In high-quality karstic aquifers, these temporal challenges are compounded by the variability in 
hydraulic properties associated with high-permeability caves, low-permeability cemented limestone, and aniso-
tropy of hydraulic conductivity.

Supplementary Table S1 contains a summary table of spatial and temporal parameters that can affect the posi-
tion and geometry of the seawater wedge. We will provide specific examples illustrating the potential impact of 
heterogeneity and anisotropy of hydraulic conductivity on the seawater wedge in Part 4.

An urban reference site where seawater intrusion has occurred.  Increase in global population den-
sity at coastal margins and associated demand for high-quality, low-cost water can significantly impact coastal 

Figure 2.  Schematic of coastal hydrogeology indicating processes and nomenclature for the seawater interface 
in a mixed siliciclastic and carbonate near-shore aquifer system. The permeability distribution, groundwater 
throughflow, and density-driven flow combine to determine the geometry of the seawater/freshwater mixing 
zone, patterns of groundwater flow within the seawater recirculation cell, and the distribution of submarine 
discharge. Temporal cycles, such as the seasonal rainfall, pumping from shallow wells, and tidal forcing drive 
constant groundwater movement in the coastal aquifers. ‘Groundwater throughflow’ describes the volume of 
groundwater entering the system and flowing towards the coast.
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aquifer systems. Our research site in Quinns Rocks, approximately 35 km north of Perth, Western Australia, has 
experienced a rapid increase in population and urban development during the period of monitoring. Perth, the 
capital of Western Australia, is one of the lowest population density cities worldwide (~323 persons per square 
kilometre26,27). However the majority of urban sprawl is occurring along the coastal margins28.

The location of the seawater intrusion monitoring (SIM) wells at Quinns Rocks is shown in Fig. 3. It includes 
the minimum regional groundwater level contours in the upper superficial aquifer for May 200329. It also includes 
a cross-section through the SIM wells and the approximate position of the seawater interface in 2018. Regional 
groundwater flow is perpendicular towards the shoreline30. The shallow hydraulic gradients of the regional water 
level contours approaching the shoreline suggest high permeability in the mixed limestone aquifers typical of 
Perth’s coastal margin31,32. The details of the SIM well completions are found in Table 1, including the location and 
depth of the screened intervals.

The shallow geology and hydraulics at coastal margins.  A fundamental step in creating a valid and 
practical groundwater model is to analyse local hydrogeology. Groundwater management often relies on predic-
tive groundwater modelling to determine the future impact of groundwater allocations and water supply options. 
In karstic groundwater systems, aquifer hydraulics can be highly variable over short distances33–35. Localised 
high-permeability conduits coupled with extremely low-permeability layers of cemented limestone can form 

Figure 3.  Maps providing location and characterisation of the Quinns Rocks seawater intrusion monitoring 
(SIM) reference site in Perth, Western Australia. (A) The location of Perth relative to Western Australia. (B) The 
regional groundwater contours, which are approximately parallel to the coastline at Quinns Rocks indicating 
groundwater flows towards the coast. (C) The location of the SIM wells relative to Quinns Rocks, which have 
been monitored since 1990. (D) A cross-section of the SIM wells, including the impermeable clayey substrate 
and an estimate of the current position of the seawater wedge.

Well Easting Northing
Distance 
from

Ground 
Level

Screen Depth (m 
BGL)

Mean 
Screen 
Depth

ID mE mN
Shoreline 
(m) (m AHD) From To (m AHD)

SIM 2 376567.43 6494093.94 30 6.13 7.85 8.85 −2.22

SIM 1 376635.39 6494122.71 105 11.04 26.1 27.1 −15.56

SIM 3 376719.26 6494142.05 190 15.18 31.87 32.87 −17.19

SIM 6 376900.26 6494133.29 360 24.03 53.58 54.58 −30.05

SIM 4 377084.02 6494174.60 550 31.34 60.43 61.43 −29.59

Table 1.  Details of the SIM wells including approximate distance from shoreline and depth of the screens below 
ground level (m BGL).
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strongly anisotropic aquifer systems34,36. These environments can influence the shape of the seawater interface 
and be associated with unconventional seawater wedge geometries21,37–39.

The range of estimated values for hydraulic conductivity found in literature examples from around the world 
are compared with examples from the coastal margin of Perth in Fig. 422,32,35,40–50. The hydraulic conductivity of 
karstic aquifers can be orders of magnitude higher than clastic aquifers51,52. The hydraulic conductivity along 
Perth’s coastal margin is estimated to be between 10 to 10000 m/day, and the estimated average at the Quinns 
Rocks reference site is between 130–200 m/day53. Further detail on the estimates local to Quinns Rocks can be 
found in Supplementary Tables S2, S3 and S4.

In Perth, the shallow aquifer is dominantly comprised of the Pleistocene-Holocene-aged Tamala Limestone. 
The Tamala Limestone is characterised by shallow horizontal cave systems, a lack of directed conduits, cave clus-
tering near the coast, and extensive collapse-dominated cave systems16,54,55. Evidence for these systems is found 
in outcrops, accessible cave systems, limestone quarries, and high-resolution ground penetrating radar. These 
features introduce a range of challenges in hydraulic modelling, particularly for numerical groundwater model 
calibration31,42,56.

Photographic examples of geological fabrics common in the Tamala Limestone are shown in Fig. 5. The sam-
ple labelled Fig. 5B is typical of a well-cemented limestone, and the sample labelled Fig. 5A is a typical of a highly 
porous, high-permeability example of Tamala Limestone. This permeable sample (Fig. 5A) shows preferential 
dissolution along bedding, which can form extremely high hydraulic conductivity networks throughout some 
layers of the aquifer. In contrast, the sample shown in Fig. 5B is fine grained, well cemented, and likely to have 
significantly lower hydraulic conductivity.

Geological facies at the coastal margin can vary within tens of metres of the coastline. For example, Fig. 6 pre-
sents a high-resolution 675 MHz ground penetrating radar (GPR) profile from City Beach, 10 km west of Perth 
CBD. Similar images have been obtained at many locations along Perth’s coastal margin57–60. The GPR data reveals 
shallow dipping layers of modern beach and dune facies nested between limestone ridges. The dip of layers in the 
beach facies are estimated to be up to 16 degrees. Figure 6A shows an example of layers dipping towards the ocean 
(i.e. ~8° west), while Fig. 6B shows layers oriented away from the ocean (dips between 13–16° east). Processing 
steps and parameters for the GPR data can be found in Supplementary Table S5.

Two important conclusions stem from the analysis of the karstic near shore setting of the Perth region. These are: 
(i) extreme changes in lithological character and associated hydraulic parameters are common, especially perpen-
dicular to the shoreline, and (ii) geological layering is common and likely associated with anisotropy of hydraulic 
conductivity throughout Perth’s coastal margin. The influences of anisotropy and complex hydraulic conductivity 
distributions are analysed using numerical solute transport modelling later in this research (i.e. Part 4).

Part 2. What drives the relationship between groundwater throughflow and 
Seawater Intrusion?
Three influences commonly linked with seawater intrusion include greater net groundwater use (e.g. from 
abstraction wells), changes in net vertical flux entering the groundwater system (e.g. rainfall recharge, storm 
water infiltrations etc.), and sea-level rise20,61–65. Data was acquired at the Quinns Rocks reference site during a 
30-year period, where all three of these factors may have contributed to fundamental changes in the geometry of 
the seawater interface.

Figure 4.  Ranges of hydraulic conductivity estimated at sites along the coastal margin of Perth (shown in 
purple) and other karstic environments around the world (shown in yellow). Most of the hydraulic conductivity 
in the Perth region fall within the mid-to-upper estimate of typical carbonate values (shown in blue). The karstic 
aquifers in Perth is known to contain caves and other high-permeability flow pathways that contribute to the 
high hydraulic conductivity.
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Figure 5.  Photographs showing samples of the Tamala Limestone with different sedimentary fabrics. (A) A 
vuggy sample with burrows and dissolved pathways, expected to be highly permeable. (B) A cemented massive 
fine-grained limestone sample, expected to have considerably lower permeability. This figure highlights the 
contrast in geological fabrics that directly impact hydraulic conductivity. Large-scale karsts (i.e. caves and other 
conduits) exist throughout the coastal margin of Western Australia.

Figure 6.  A ground penetrating radar (GPR) section at Perth’s coastal margins that expresses the typical beach 
and dune facies and limestone ridges. Panel A shows the GPR energy envelope attribute that highlights the 
unconformity between the Tamala Limestone and beach/dune facies above. Panel B is a GPR section showing 
the reflections from sedimentary layering present in the younger facies, with a prevailing dip towards the ocean. 
Panel C is a GPR section showing the reflections from sedimentary layers dipping approximately 13° landwards 
(away from the coast) and terminating at an unconformity. This data was collected at the suburb of City Beach, 
south of Quinns Rocks, using a 675 MHz antenna. Similar examples of dipping beds and limestone ridges occur 
throughout the coastal margin of Perth15,57,58,187.
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We consider each of these factors with reference to available data for the Quinns Rocks reference site. Our 
suspicion is that, although the dataset is extensive and spans several decades and wells, isolating any one of these 
factors is not possible with the data that was collected. Decoupling the relative contributions of each will likely 
require new monitoring practices.

Rapid urbanisation and increased groundwater abstraction at the coastal margins.  
Groundwater abstraction leading to reduction in terrestrial groundwater flows is often identified as the primary 
driver for seawater intrusion66–73. Sustainable groundwater management initiatives, such as augmenting rainfall 
recharge from urban surfaces, and managed aquifer recharge are being developed to reduce the direct depend-
ence on shallow groundwater74–80. Systems of aquifer replenishment such as these, introduce another dimension 
to groundwater flow and reinforce the need for better groundwater monitoring solutions that are better able to 
decouple multiple influences.

The suburbs surrounding the Quinns Rocks reference site have undergone rapid urbanisation and population 
growth since 1984. The SIM wells were established to assess the impact of development and expansion of Perth’s 
regional Integrated Water Supply Scheme (IWSS). In total, the IWSS supplies ~289 GL/year to Perth and remote 
mining towns81. This water is sourced from approximately 43% groundwater, 39% desalinated water, and 18% 
from surface water82.

The recent growth of the Quinns Rocks urban footprint is shown in Fig. 7, and includes population and IWSS 
groundwater abstraction between 1984 and 2016. The local IWSS wellfield is approximately 2 km to 4 km from 
the coastline. Shallow groundwater abstraction from the Quinns Rocks region has supplied an average of 12 GL/
year since 2003. This forms the majority of coastal groundwater abstraction and accounts for approximately 75% 
of local groundwater usage42.

The development of a groundwater abstraction wellfield parallel to the coast and increase in urban land usage 
around the reference site is a strong motivation to simulate the local groundwater hydraulics and hydrogeology. 
Although it may seem easy to attribute the data to groundwater abstraction alone, there are other factors that may 
have influenced the position of the seawater wedge at this site.

Influence of a changing climate and reduced rainfall recharge.  The impacts of a rapidly changing 
modern climate are well-documented83–87. Changes in rainfall patterns and seasonal temperatures will impact 
groundwater systems88,89. For example, the reduction in winter rainfall can reduce groundwater recharge to a 
shallow aquifer system, reducing aquifer flows, and ultimately resulting in seawater intrusion90. Bryan, et al64 
suggest that declining rainfall in the Perth region is the primary cause of seawater intrusion for Rottnest Island, 
located just 20 km offshore from Perth.

Figure 8 shows the cumulative and seasonal (six-monthly) rainfall in Perth between 1944 and 2018. The 
long-term average rainfall is approximately 700 mm/year. A comparison of the first and last 20-years of the data 
suggests that the average rainfall has decreased from approximately 834 mm/year (1944 to 1964), to 673 mm/year 
(1998 to 2018).

Figure 7.  Set of satellite images showing the rapid expansion of the Quinns Rocks suburb, taken in 1984 (top 
left), 2002 (top middle) and 2016 (top right), and groundwater abstraction from the IWSS bore field from 1984 
to 2016 (bottom). The middle satellite image contains the location of the shallow regional wellfield, developed 
in 1998 for the Integrated Water Supply Scheme (IWSS), and the location of the seawater intrusion monitoring 
(SIM) wells. The approximate annual groundwater abstraction from the local wellfield during peak production 
in 2002 was approximately 14 GL/year. The increase in groundwater abstraction during the monitoring period 
is one potential cause for seawater intrusion at the reference site. Map imagery ©2019 Google Earth, Maxar 
Technologies.
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Analysis of summer (October to March) and winter (April to September) rainfall trends suggest a minor 
increase of 0.03 mm/year in summer rainfall. However, groundwater recharge from summer rainfall is negligi-
ble due to high evapotranspiration rates in Perth60,91. Winter rainfall contributes to the vast majority of rainfall 
recharge. Analysis of rainfall trends from Fig. 8 suggests an approximately 25% reduction over the 20-year period 
between 1998 and 2018 compared with the 20-year period between 1944 and 1964.

Influence of sea level rise.  Changes in the global sea level, and sea level rise in particular, can affect the 
position of the seawater interface and the near-shore environment61,92–94. Simulations of the impact of sea level 
rise suggests that relatively small increases in sea level can potentially move the seawater interface landwards by 
hundreds of metres95,96. This can extend up to kilometres where karstic high-flow conduits are present21,97.

Measurements from a tidal monitoring station located approximately 2 km south of the Quinns Rocks refer-
ence site suggest the sea level, on average, has risen by 7.63 mm/year. This is shown in Fig. 9. The government esti-
mate for sea-level rise, accounting for ENSO meteorological events, is 9.0 mm/year98. Sea level rise accounts for 
between 22.8 cm and 27 cm of increased seawater head at the coast over the 30 years of monitoring. The increase 
in mean sea level is a possible reason behind the observations at the reference site.

Part 3. Predicting the Shape of the Seawater Interface: The Value and Limitations of 
Historical Monitoring Data
Monitoring wells provide data required to inform aquifer management. The quality and value of the information 
gathered is highly dependent on the design and placement of the monitoring well. The demand for the precise 
management of aquifer systems that works in conjunction with modern numerical groundwater modelling is 
outpacing both the data type and quality collected from existing monitoring networks.

Water level measurements in the seawater intrusion monitoring (SIM) wells at Quinns Rocks between 1990 
and 2017 are shown in Fig. 10. Panel A shows distribution of measured water levels. The wells SIM 1 and SIM 
3, nearest to the shoreline, have similar water measurements despite being approximately 80 m apart. The wells 
SIM 4 and SIM 6 are further inland and have similar measurements despite being over 200 m apart. The shallow 
hydraulic head gradient between these wells are consistent with a highly permeable aquifer. However, significant 
differences in hydraulic gradients measured between each pair of SIM wells also suggests a highly heterogeneous 
distribution of hydraulic parameters.

Panel B of Fig. 10 shows the variation in rainfall associated with the typical dry summer and wet winter cycles. 
The measured water levels are driven by seasonal rainfall cycles. In 1994, the water levels measured in SIM 2, 
approximately 30 m from the shoreline, vary between 0.00 mAHD (Australian height datum) during the sum-
mer months, up to 0.42 mAHD in the winter months. Daily tidal effects account for another 0.5-metre variation 
superimposed on the measured water levels.

Although there appears to be a substantial monitoring dataset at the Quinns Rocks reference site, we notice 
several inadequacies. Two key outcomes from analysis of the data in Fig. 10 are:

	 I.	 The temporal sampling rates from manual logging are unable to capture the response of the aquifer system 

Figure 8.  Graphs showing long-term trends in winter and summer rainfall in Perth, Western Australia. Panel 
A shows the cumulative rainfall from 1944 to 2018. The average rainfall over the entire period is approximately 
700 mm/year. Analysis of 20-year trends indicate that an approximately 25% reduction in rainfall has occurred 
since the start of measurement in 1944. The average rainfall from 1944 to 1964 was 834 mm/year, compared to 
data from 1998 to 2018 with an average rainfall of 673 mm/year. Panel B shows the total seasonal rainfall for 
summer and winter showing that a clear decrease in winter rainfall. The decreasing winter rainfall is strong 
motivation for understanding the follow-on effects to the seawater interface.
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Figure 9.  Charts showing tidal measurements from a monitoring location near the reference site in meters 
Australian height datum, mAHD. Panel A shows the raw hourly data since 1992 with a linear fit overlaid. Panel 
B shows the monthly and yearly averages of the raw data. Tidal levels have risen by approximately 7.63 mm/
year since monitoring began. The estimate for sea-level rise that also considers global meteorological events is 
9.0 mm/year98. The rise in sea level over the monitoring period is a potential factor for landward movement of 
the seawater interface at the reference site.

Figure 10.  Set of graphs comparing measured water levels in the seawater intrusion monitoring (SIM) wells 
to monthly rainfall. Panel A shows measured water levels from 1990 to 2018. The frequency of measurements 
decreases after the IWSS pumping begins. The measured water levels in SIM 1, SIM 2, and SIM 3, are similar 
despite separation of 150 m (see Figs. 3 and 7). SIM 4 and SIM 6 also show similar measured water levels 
despite being separated by close to 200 m. Shallow gradients between these monitoring points suggests zones 
of localised extreme permeability. Panel B shows water levels and monthly rainfall between 1992 and 1995. 
Summer periods (October to March) are shaded orange and the winter periods (April to September) are shaded 
blue. A clear relationship between annual rainfall cycles and water levels is present.
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from tidal variations, storm surges, and other rapid events (e.g. the spike in SIM 4 in 2009).
	 II.	 Measuring a single point in depth with conventional PVC wells could mask changes in hydraulic head or 

solute concentration due to the extreme variability associated with karstic aquifers (e.g. SIM 1, SIM 3 meas-
urements and depths).

Measurements of water chemistry - What range of seawater interface geometries fit monitor-
ing data?.  Sampling the properties of the groundwater, such as the electrical conductivity (EC), provides 
baseline data for identifying seawater intrusion. EC measurements can be approximated to a solute concentration 
(or total dissolved solids, TDS) using linear approximations99, or by more advanced approximations such as the 
equation of state of seawater EOS-80100. Details on these calculations as applied at Quinns Rocks are provided in 
Supplementary Table S6.

Over the ~30 years of monitoring, EC data from the SIM wells clearly shows that movement of the seawater 
interface has occurred (see Fig. 11). The position of the interface in 2018 is somewhere between SIM 3 and SIM 6 
(i.e. between 180 and 360 m from the shoreline). The solute concentration in SIM 3 is near to that of seawater at 
~30 g/L, while in SIM 6 the groundwater has always remained fresh (i.e. potable), with a TDS of 0.3 g/L.

A disadvantage of electrical conductivity measurements made in the SIM wells is that the measurements are 
limited to a single short-screened interval (see Table 1 for the screened intervals in the SIM wells). This allows 
for many interpretations of the shape of the seawater interface, such as the three hypothetical scenarios that may 
all correspond to same EC measurements within the SIM wells (see Fig. 12). These scenarios are intended to 
highlight end members from a range of potential geometries of the seawater wedge over the monitoring period. 
They include:

Scenario 1 (Fig. 12A): Here the toe remains relatively stationary while the seawater interface expands ver-
tically. This extreme may occur where there exists an inclined substrate65,101, or an extremely low-permeability 
lithology exists near the toe95,102.

Scenario 2 (Fig. 12B): The seawater wedge expands horizontally. This may occur if horizontal layers have 
extremely high horizontal hydraulic conductivity, such as directional preference conduit systems21,38,103.

Scenario 3 (Fig. 12C): The seawater wedge expands both horizontally and vertically. This is perhaps the most 
commonly reported movement in seawater intrusion literature2,17,63,104.

Long-term groundwater monitoring at the Quinns Rocks reference site shows that movement of the seawater 
interface has occurred during the monitoring period and that the seawater interface currently exists between 
200 m and 360 m from the shoreline. However, it is not possible to reconstruct the seawater interface or make 
conclusions concerning the rate of intrusion from this data alone.

Measurements of hydraulics across the wedge transition.  Measurement of the hydraulic head at the 
coastal margin can present greater uncertainty than in other groundwater systems105. These uncertainties can be 
driven by large variations in groundwater density and a dynamic groundwater environment. A key uncertainty 
from aquifers containing variable-density groundwater arises when the density of water in the well column is not 
constant or accurately known when the water level measurement is made.

It is often necessary to convert the measured water level in coastal wells to pressure expressed as an equivalent 
freshwater head for numerical modelling. In a static system, hydraulic head (hi) is the sum of elevation head (zi) 
(i.e. the depth of the well screen), and pressure head (hp i, ) (i.e. the length of water column relative to zi)106. This is 
described by

Figure 11.  Cross-section through the SIM wells and accompanying time-lapse electrical conductivity (EC) data 
(1990–2018) showing evidence of seawater intrusion. The current position of the seawater interface is between 
SIM 3, where EC is equivalent to that of seawater in 2018, and SIM 6, where EC remains that of potable water in 
2018.
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of the groundwater at the well screen, and g  is the acceleration due to gravity.

If unknown variable groundwater density exists, the same hydraulic head (e.g., measured water level) could be 
interpreted from different hydraulic pressures. For a system with groundwater of varying density, the ‘equivalent 
freshwater head’106,107 represents the column of fresh groundwater required to balance the hydraulic pressure at a 
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where ρf  is the density of fresh groundwater.
The range of densities for groundwater proximal to the seawater wedge can lead to multiple interpretations of 

hydraulic head. These are illustrated in Fig. 13.

	 1.	 If the well is fully screened across the aquifer, the measured water level is equal to the ‘in situ’ hydraulic 
head, as shown in Fig. 13A. However, fully-screened wells (Fig. 13, Well A) are susceptible to passive 
redistribution of groundwater along the screened interval between layers with different hydraulic proper-
ties108. Any vertical movement or redistribution of seawater via the well-column can affect the groundwater 
salinity measurements with consequence for interpretation and monitoring.

	 2.	 For the equivalent freshwater head (Fig. 13, Well B), the pressure at the screens is represented by the equiv-
alent column of fresh water. The equivalent freshwater head is always higher than the measured water level 
when high-density groundwater is present.

	 3.	 The point-water head (Fig. 13, Well C) assumes that the groundwater density at the screened interval exists 
throughout the well column. If there is seawater at the screened interval, the measured water level inside of 
the well is lower than the true water level outside of the well. This could occur if the screened interval of a 
monitoring well is located within the seawater wedge and has been sampled through pumping.

	 4.	 The environmental head is calculated assuming that the water within the well is stagnant, and the density 
of water inside the well column is equal to the average of water outside of the well106,109 (see Fig. 13, Well 
D).

Figure 12.  Schematic indicating the possible locations of the seawater interface based on measured solute 
concentrations from the SIM wells in 1990 (red line) and 2018 (blue line). Panel A shows an example of 
primarily vertical movement due to a zone of reduced permeability near to the toe. Panel B shows an example 
of horizontal movement of seawater, such as along a high-permeability conduit located near to the base of the 
aquifer. Panel C shows an example of both horizontal and vertical movement inland, as would be found in a 
homogeneous aquifer.
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A consequence of the above is that the measured water level may not be a reliable input for computation of 
groundwater flow conditions in variable density environments. Here specific measurements are required to char-
acterise these groundwater flow systems. We discuss suitable monitoring techniques in the conclusion.

The density of water residing in the well column is often not measured directly, and so must be assumed 
from the EC of water samples. This is the situation for the SIM wells at the Quinns Rocks reference site in Perth, 
Western Australia. Figure 14 provides an example from the reference site showing the difference in hydraulic 
head after computing the equivalent freshwater head (EFH) using the EC-derived mass density100, compared to 
the measured water level (MWL). The three dates shown cover the time before seawater intrusion (Fig. 14A), 
during active seawater intrusion (Fig. 14B) and a recent date where the EFH gradient is approximately seaward 
(Fig. 14C).

The well-to-well hydraulic gradients computed from the measured water levels (i.e. the blue line) in every date 
shown in Fig. 14 suggests that groundwater is flowing towards the ocean. In 1992 (Fig. 14A), all of the SIM wells 
contain relatively fresh groundwater and the equivalent freshwater head is similar to the MWL. However, by 2011 
(Fig. 14B) seawater had progressed beyond the screened interval in SIM 1 and SIM 3 (see Fig. 11). The equivalent 
freshwater head suggests a landward hydraulic gradient between SIM 3 and SIM 6.

At first this may seem impossible or at least counterintuitive, however the water level measurements at SIM 
1 and SIM 3 must be considered in the context of a seawater recirculation cell (see Fig. 2 and Part 6) that has 
potentially moved inland beyond the wells. This presents the possibility of landward flow, albeit at exceedingly 
low velocity, in SIM1 and SIM 3 compared with expected groundwater flow towards the ocean past the screen in 
SIM 6, which remains fresh.

Estimation of groundwater throughflow from hydraulic gradients.  Hydraulic gradients at coastal 
margins can be influenced by seasonal changes in groundwater recharge, sea-level variations, and groundwater 
abstraction (see sections above). Estimates of throughflow based on hydraulic gradients must also be affected 
by how gradients are computed. For example, the gradients are dependent on how aquifer pressure is calculated 
(i.e. freshwater head), and localised impacts on aquifer pressure, (e.g. tidal forces and groundwater abstraction).

We estimate groundwater throughflow to the ocean based on hydraulic gradients. The question being 
addressed is “Can these methods provide reasonable estimates of groundwater throughflow for calculation of the 
landward extent of the seawater interface in a high-quality coastal aquifer system, such as at the Quinns Rocks 
reference site”?

There are several assumptions made when estimating groundwater throughflow using the flow-nets and 
hydraulic gradients. A typical flow-net analysis assumes that a homogeneous, saturated, and isotropic aquifer 
with known boundaries exists110. Extensions to these assumptions exist for anisotropic aquifers111 and partially 
saturated flow systems112. The groundwater throughflow, Q, is typically estimated from42

Figure 13.  Schematic representation of uncertainty in the measurement of the hydraulic head from a well 
where large changes in solute concentration exist, such as at the seawater interface. The water level measured 
in a monitoring well is dependent on the density of water in the well column106,107. Well A is a fully screened 
well where the groundwater inside the well column matches that outside of the well. Here the measured water 
level is equivalent to the water table. Well B is screened below the water table. If fresh water occupies the entire 
water column, the measured water level will be above the water table. Well C shows that if the well column is 
filled with seawater, the measured water level will be below the water table. Well D assumes that the density of 
the water column is a mixture of fresh and saline waters. This observation is critical to compare measured water 
levels with numerical modelling outcomes, which are typically provided as pressure in equivalent freshwater 
head. If the water density in the well column is not measured at the time of the water level measurement, there is 
significant uncertainty in the equivalent hydraulic head calculation.
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where T is the transmissivity (m²/day), i is the hydraulic gradient across the aquifer (m/m), and L is the width of 
the flow-cell (m). Here we assume the flow-cell is of unit length. Transmissivity (T) is the product of the hydraulic 
conductivity (K) (m/day) and the thickness of the freshwater saturated aquifer (i.e., where the fresh groundwater 
enters the system and occupies the aquifer thickness) (m). For the Quinns Rocks reference site, Kretschmer and 
Degens42 estimate the mean hydraulic conductivity to be 130–200 m/day, and the saturated thickness of the aqui-
fer (i.e. depth to confining substrate) to be 30 m42.

Two sets of estimates for the groundwater throughflow (Q) calculated from the hydraulic gradients of the 
measured water levels across the SIM wells are shown in Fig. 15. This includes estimates for 1994, prior to regional 
groundwater abstraction, and in 2014 after seawater intrusion has occurred. The average groundwater through-
flow is estimated to be 3 ML/year and 1 ML/year respectively. However, it is important to acknowledge the signif-
icant uncertainties that exist in the inputs to these equations, such as the impact of variable density groundwater 
on the hydraulic gradient, and the role of heterogeneous hydrogeology on transmissivity.

If EC measurements (and thus some estimate of density) are not made simultaneously with the measurement 
of water level, there may be no indication whether the measurement of hydraulic head (and thus the flow from 
hydraulic gradient) is affected by the impassable seawater wedge. It may seem appropriate to estimate the gradient 
from measurements in wells that are known to be fresh throughout the entire thickness of the aquifer, such as SIM 
4 and SIM 6. As shown in Fig. 15, the hydraulic gradients between these two wells are significantly different to the 
hydraulic gradient taken across all five SIM wells and yield a far lower estimate of groundwater throughflow (see 
Supplementary Figures S1 and S2).

The hydraulic gradients between each of the SIM wells also questions the assumption of homogeneity for the 
transmissivity estimate. The steep gradient between SIM 3 and SIM 6 suggests a zone of lower hydraulic conduc-
tivity between the screened intervals of these wells. Shallower inter-well gradients, such as between SIM 1, SIM 
2 and SIM 3, can be indicative of high hydraulic conductivity zones. Variable hydraulic gradients across the SIM 
wells provides evidence that the aquifer is heterogeneous.

At best, these methods provide a first-order approximation of groundwater flow. Groundwater flow has 
reduced from 1994 to 2014, however, the precise value of the groundwater throughflow is uncertain. We will see 
that combination of water level measurements and the simple methods described above cannot provide certainty 
for the landward extent of the seawater interface or groundwater throughflow.

The seawater interface according to an analytical solution.  Analytical solutions, such as those of 
Bear and Dagan113, Glover18, Strack114, and others115, estimate the position of the seawater interface based on 
averaged measures of hydraulics (e.g. the groundwater throughflow and average hydraulic conductivity). These 
solutions tend to simplify the transition between saline and fresh water to a sharp boundary, neglecting the effect 
of solute transport phenomena such as dispersion. They can have value in regional scale seawater intrusion stud-
ies where numerical modelling may not be practical71.

Figure 14.  Charts and schematic showing the equivalent freshwater head compared to the measured water 
levels. Here the equivalent freshwater head (EFH) is calculated assuming that the water density around the well-
screen exists throughout the column. Panel A shows a measurement from 1992, which indicates that fresh water 
is present. Here the hydraulic gradient is towards the ocean. Panel B shows a measurement from 2011, where EC 
measurements at the well-screens suggest that high density seawater is present. Panel C shows a measurement 
from 2017, where the EFH in SIM 6 is higher than in SIM 3, suggesting no landward movement of the seawater 
interface is occurring. The measured water levels in Panel B suggest a seaward hydraulic gradient, however 
the density of water in the well columns has not been considered. Estimation of the EFH with the assumption 
that seawater has filled the well column for SIM 1 and SIM 3 in 2011 and 2017 presents significant changes in 
groundwater hydraulics in this shallow coastal aquifer system.
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The Glover solution is used to illustrate the range of possible seawater toe positions that may be derived using 
data at the field site with constraints from groundwater throughflow estimates. The Glover solution is a readily 
applied analytical solution that is routinely used to estimate the steady-state toe position of a seawater wedge. It 
is expressed as18:
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here z is the depth below sea level (e.g. 0 m) to the seawater interface (m), Q is the flow per unit length of the 
shoreline (m²/day), K is the hydraulic conductivity of the aquifer (m/day), Δs is the density ratio of seawater to 
fresh water, and x is the horizontal distance inland from the shoreline (m).

The range of estimated groundwater throughflow from hydraulic gradient analysis using the average meas-
ured water level across all of the SIM wells is between 3.00 ML/year and 0.48 ML/year. At the lowest estimate of 
flow and using a hydraulic conductivity of 200 m/day, the Glover solution places the seawater interface at 1813 m 
inland from the shoreline. This estimate is not reasonable for the study site as fresh groundwater is still present 
at the SIM 6 monitoring well located only 360 m inland. We suspect that the gross overestimate (1813 m) for the 
position of the seawater interface is likely due to the inability of the solution to accommodate hydraulic complex-
ity of the karstic system along Perth’s coastal margins, although there are many uncertainties in the inputs to this 
solution as discussed in 3.3.

Figure 15.  Set of charts showing seasonal variations in groundwater levels, climate and estimated throughflow 
at Quinns Rocks. Panel A shows the groundwater throughflow, Q, calculated from hydraulic gradients using 
hydraulic conductivity K = 200 m/day. Gradients are computed from the raw measured water levels188. Panel 
B shows the mean seasonal temperature and rainfall between 1993 and 2019. Panels C,D show the average 
seasonal groundwater levels measured in the SIM wells along with estimated linear fits for 1994 and 2014 
respectively. The average groundwater throughflow during 1994 is significantly higher than in 2014, however 
we must acknowledge that there are significant uncertainties in the inputs to estimates of hydraulic gradient and 
calculation of groundwater throughflow (see also Part 1.3, 3.2, and Fig. 14). At best these methods provide a 
first-order approximation of groundwater flow.
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In the next section, we use numerical solute transport models for a homogeneous aquifer to simulate the posi-
tion of the seawater toe for comparison with the toe position calculated from the analytical solution and estimated 
from the field data.

The seawater interface according to a homogeneous numerical transport model-
ling.  Numerical groundwater flow and solute transport modelling can replicate phenomena observed at the 
seawater interface, such as groundwater mixing and variable density heads. We use FEFLOW 7.2104 to simulate 
seawater intrusion into a high quality, high permeability coastal aquifer similar to that found at the Quinns Rocks 
reference site. We use a 2D cross-sectional model to describe groundwater throughflow to the ocean using units 
of ML/year for a unit thickness (1 m). That is, for an aquifer that is 30 m thick, the groundwater throughflow is the 
rate that water passes through a surface with dimensions 1 m × 30 m.

The quadrilateral mesh discretisation and boundary conditions used for the finite element model are shown 
in Fig. 16. Seawater enters the model through the left boundary and along the top boundary until the coastline 
(x ≤ 0 m). The density dependent hydraulic head condition ensures that seawater drives inland116. The flow of 
fresh groundwater (TDS ~358 mg/L) into the model is controlled by a fixed flux condition along the boundary at 
the right for z ≤ 0 m. The substrate at the base of the model (z = −30 m) represents a no-flow boundary.

Table 2 summarises the material parameters used in the groundwater flow and solute transport model. 
Simulations were run until no further changes to the position of the seawater toe were observed. The minimum 
mass concentration values are described in Part 1, while the maximum mass concentration is estimated from the 
sea-surface salinity local to Perth117. The density ratio is set to 0.0256 after Fofonoff and Millard Jr118. The disper-
sivity is estimated based on Smith, et al.31, Narayan, et al.119.

We simulate the systematic reduction of groundwater throughflow and show the change in solute distribution 
in Fig. 17. The groundwater throughflow is reduced from 4 ML/year to 1 ML/year and covers the range of ground-
water throughflow estimated for the Quinns Rocks reference site. The groundwater throughflow is not reduced 
again once the SIM wells furthest inland become salinised. Figure 17C–F shows that halving the groundwater 
throughflow will double the inland position of the toe for the homogeneous aquifer.

A comparison of the simulated data with measured field data from 1994 and 2014 (Fig. 17A,B) shows that 
no throughflow rate can be combined with a homogeneous aquifer to achieve a suitable match. The EC in SIM 6 
is the strongest constraint for the inland position of the seawater wedge, which, as of 2019 remains that of fresh 
water. To satisfy the solute concentration condition at SIM 6 with this homogeneous aquifer model, ground-
water throughflow must remain above 2 ML/year, which results in the simulated hydraulic head being signifi-
cantly higher than any of the measured values. This numerical experiment also highlights the counterintuitive 
shape of the simulated hydraulic gradients. As denser seawater passes the monitoring well screen, the equivalent 

Figure 16.  Diagram representing the finite element mesh and boundary conditions used for numerical 
groundwater flow and solute transport modelling. The mesh is coarse above the saturated zone as no recharge 
from the surface is included. Cells surrounding to the water table are included in the aquifer mesh refinement. 
The impact of increasing levels of refinement (e.g. number of elements) are provided in Supplementary 
Figure S3.

Parameter Value Unit

Hydraulic Conductivity 200 m/day

Seawater Concentration (TDS) 35800 mg/L

Freshwater Concentration (TDS) 358 mg/L

Density Ratio 0.0256 —

Specific Storage 10−4 1/m

Effective Porosity 0.3 —

Molecular Diffusion 10−9 m2/s

Longitudinal Dispersivity 2 m

Transverse Dispersivity 0.2 m

Saturated thickness 30 m

Table 2.  Groundwater flow and solute transport modelling parameters used to generate models in FEFLOW.
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freshwater head can rise above the hydraulic head for wells further inland (in fresher water). This is shown by the 
hydraulic gradient between SIM 6 and SIM 4 (Fig. 17A,B).

Comparison of numerical and analytic solutions for the landward extent of seawater.  The 
landward extent of the seawater interface is fundamental information required coastal groundwater resource 
management. Although the analytical solution can provide a quick answer, we suspect that in practice it may also 
lead to significant error.

In Fig. 18, we compare the landward extent of the seawater toe using the analytical Glover solution with 
numerical simulations (see Table 2). Numerical modelling with throughflow of 1 ML/year places the toe at 434 m 
inland (i.e. this is the landward extent of the 34 g/L contour). For the same groundwater throughflow, the Glover 
solution places the toe at 875 m inland. This is almost twice as far inland as compared to the numerical model (see 
Fig. 17F). For a homogeneous aquifer, there is a significant difference between analytical and numerical solutions.

If we accept the simplifying assumption of a homogeneous aquifer for the Quinns Rock site, the numerical 
solution suggests that the reduction in groundwater throughflow between 1990 and 2018 should result in the sea-
water wedge moving over 500 m inland, to 750 m from the shoreline. This cannot be correct, as the groundwater 
in SIM 6, ~360 m from the ocean, has always remained fresh. This supports the case that neither the analytical 

Figure 17.  Set of images showing the simulated seawater interfaces for a range of groundwater throughflow 
in a 30 m thick aquifer with hydraulic conductivity 200 m/day over an impermeable substrate (i.e., average 
values for the Quinns Rocks reference site). Charts A and B show the measured water levels (MWL) and 
equivalent freshwater head (EFH) in 1994 and 2014. The EFH is calculated assuming that the groundwater 
at the well screen occupies the entire well column. Images C, D, E and F show the solute concentration 
distribution corresponding to groundwater throughflow of 4, 3, 2, and 1 ML/year respectively. According to 
this homogeneous aquifer model, groundwater throughflow must remain above 2 ML/year at Quinns Rocks 
to maintain fresh groundwater at SIM 6; however, this results in significantly greater simulated hydraulic head 
than the field observations. We find that there is no combination of hydraulic conductivity and throughflow 
for a homogeneous aquifer that can reasonably explain both measured values of hydraulic head and solute 
concentration at the reference site. This points towards high contrast in hydraulic parameters within the aquifer 
as a strong influence on the landward extent of saline groundwater.
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solution nor numerical modelling with a homogeneous aquifer can reasonably estimate the landward extent of 
the seawater interface at Quinns Rocks. That is, no simplified model can reasonably match the measured water 
levels and solute concentration measured at the Quinns Rocks reference site.

The above outcome has practical consequences. As an example, approximately 23% of Western Australian 
households have a private shallow well used for household consumption or irrigation120. For the approximately 
7,000 households local to the Quinns Rocks area121, approximately half of the dwellings are within 1 km of the 
coast. Over 800 shallow wells are potentially affected by groundwater management decisions at this relatively 
short interval of Perth’s coastal margin.

We suspect that numerical modelling with greater levels of complexity is required; however, this leads to a new 
question: “What data are required to build and constrain such numerical models?”. Below we consider the impact 
of anisotropy and strong hydraulic heterogeneity on the shape and landward extent of the seawater interface.

Part 4. Complex Models: What is the Role of Anisotropy and Heterogeneity?
How does anisotropy of hydraulic conductivity impact the landward extent of the seawater 
interface?.  The hydraulic conductivity in most sedimentary environments is likely to be anisotropic122,123 and 
must influence groundwater flow patterns in some way. Anisotropy can be introduced by grain-size variations 
from depositional cycles, crossbedding from dune cementation and limestone diagenesis124. For example, dune 
structures have dips that are typically 20° to 25°, with some aeolian systems having dips of 30° to 35°125. 
Anisotropy is expressed as the ratio of hydraulic conductivity, Kx/Ky, where components of the conductivity ten-
sor (K) are rotated by an angle (φ)104 as shown in Fig. 19.

Anisotropy of hydraulic parameters can significantly impact on seawater intrusion126,127. Abarca, et al.128 and 
Kerrou and Renard129 use a dispersive anisotropic Henry problem130 to show that the penetration of the toe is 
predominantly controlled by the horizontal permeability (i.e., in the direction of flow) and geometric mean of 
dispersivity. Qu, et al.131 and Michael, et al.132 show that the anisotropic ratio (Kx/Ky) and position of the seawater 
interface are directly proportional.

We have found no examples that approach the influence of dip angle and anisotropy on the position of the 
seawater interface. We systematically demonstrate the impact of increasing the angle of anisotropy on the seawa-
ter interface geometry for a groundwater throughflow of 2 ML/year (see Fig. 20). The first model (Fig. 20A) is 
included for comparison with our baseline 30 m thick isotropic layer. Models for Fig. 20B–D, have the anisotropic 
ratio set to Kx/Ky = 10, and a rotation angle of φ = °0 , 15° and 25° respectively.

An interesting observation is that the zone of submarine groundwater discharge for the anisotropic model 
(Fig. 20B) extends further beneath the ocean than in the isotropic model (Fig. 20A), despite having the toe of 

Figure 18.  Chart comparing the landward position of the toe of the seawater wedge estimated from the 
Glover analytical solution (dark grey curve) and numerical simulations based on a homogeneous aquifer 
(red curve). We also provide a set of discrete throughflow estimates for several dates at the Quinns Rocks 
site to compare where these methods place the landward extent of the seawater wedge toe. These discrete 
groundwater throughflow estimations are derived from Kretschmer and Degens42 and hydraulic gradient 
analysis . Note that the seawater interface can be no more than 360 m inland (i.e. within the blue area) as 
electrical conductivity measurements in SIM 6 is screened at the base of the aquifer (see Fig. 11) and remains 
fresh. Both methodologies significantly overestimate the landward extent of the seawater interface at Quinns 
Rocks. We also note the significant difference between the toe positions estimated for the lower flow rate using 
the numerical solution compared and that estimated from the Glover solutions (see grey arrows marked on the 
image).

https://doi.org/10.1038/s41598-020-66516-6


1 8Scientific Reports |         (2020) 10:9866  | https://doi.org/10.1038/s41598-020-66516-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

the seawater interface located in the same position (~270 m). Qu, et al.131 suggest that the discharging zone must 
widen in order to maintain the discharge capability of the aquifer, with net seaward movement of the seawater toe. 
We observe this to a small extent in Fig. 20B, where the toe moves inland from 274 m to 265 m. Quantifying the 
impact of anisotropy on the extent of the submarine groundwater discharge may have practical implications for 
near-shore coastal ecosystems that are reliant on nutrient flow from terrestrial groundwater4,6,133,134.

A key finding expressed in Fig. 20, is that dip angle—regardless of the geological origin—has the potential 
to create hydraulic conductivity anisotropy and thus will also impact the landward extent of seawater at coastal 
margins. In Fig. 20, all examples use identical throughflow of 2 ML/year; however, the toe of the seawater interface 
in this otherwise homogeneous aquifer resides at 274 m, compared to 92 m for an anisotropy of Kx/Ky = 10 at a 

Figure 19.  Schematic showing the ratio of anisotropy, Kx/Ky, in relation to the dip angle (φ) for inclined 
bedding planes. Dune structures have dips that are typically 20° to 25°, with some aeolian systems having dips of 
30° to 35°125.

Figure 20.  Images showing the influence of increasing anisotropic angle on the seawater wedge geometry 
in a high hydraulic conductivity (200 m/day) homogeneous aquifer. In this example, the angles of anisotropy 
are 0° (B), 15° (C), and 25° (D) degrees for a constant anisotropic ratio Kx/Ky = 10. Panels A and B compare 
the isotropic and anisotropic models. The increasing angle of anisotropy is associated with higher hydraulic 
heads (annotated below each well), which is likely to be the primary driver behind the seaward movement of 
the seawater interface. The seawater wedge geometry in Panel D resembles the seawater interface geometry 
for a homogeneous isotropic model with a groundwater throughflow rate of 4 ML/year (see Fig. 15). This 
demonstrates that knowing the position of the wedge toe is not a reliable indicator of throughflow and vice 
versa.
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rotation angle of 25°. This significant difference demonstrates the potential impact that anisotropy can have on 
the landward extent of the seawater wedge.

A more general observation is that the shape of the interface may not be a reliable mechanism for constrain-
ing groundwater throughflow and vice versa. We test this idea further below by manipulating throughflow and 
hydraulic conductivity anisotropy to achieve a constant hydraulic gradient.

Is the position of the wedge a reliable indicator of groundwater throughflow?.  Hydraulic head is 
often used to constrain groundwater models. For the seawater interface, the hydraulic head gradients can be a key 
input to estimating throughflow to the ocean. However, the strength of this constraint in the absence of specific 
information regarding the hydraulic conductivity distribution needs to be carefully examined. We illustrate this 
point by taking a baseline scenario with hydraulic heads for a homogeneous aquifer (Fig. 21A) and then search for 
combinations of hydraulic conductivity anisotropy and groundwater throughflow that generates near-identical 
hydraulic head distribution. We present the results as the set of images in Fig. 21A through to Fig. 21D. By system-
atically increasing rotation angle for hydraulic conductivity anisotropy and decreasing throughflow, we maintain 
a constant hydraulic head distribution.

An additional observation from Fig. 21 is that the geometry of the seawater wedge at low throughflow rates 
(e.g. 0.699 ML/year, Fig. 21D) can be similar to the geometry of the wedge at much higher throughflow (e.g. 2 ML/
year, Fig. 21A) by changing the hydraulic anisotropy rotation angle and or ratio. As a result, neither the ground-
water throughflow estimation, nor the position of the seawater toe are reliable indicators of seawater intrusion in 
the absence of reliable and accurate information concerning hydraulic conductivity distribution or groundwater 
flow distribution.

In the next section, we consider spatially correlated random fields as a final higher level of model complexity 
and compare results to field data from the Quinns Rocks reference site. One reason for providing simulations with 
pseudo-random distributions of hydraulic properties is to examine the implications and limitations of monitor-
ing well design (e.g. the SIM wells). For example, this provides a platform to assess the impacts of hydraulically 
connected high-permeability pathways (i.e. conduits or bedding planes) on measurement from a small number 
of wells.

Figure 21.  Images showing the influence of anisotropy on the seawater wedge geometry after reducing 
groundwater throughflow to match hydraulic heads. The differences between the resulting seawater wedge 
geometry is minor. For example, the wedge geometry from the lowest flowrate (0.69 ML/year) with anisotropic 
angle of 25° (Panel D) is similar to the wedge geometry at high 2 ML/year with an angle of 0° (Panel A). Lower 
anisotropic angles result in a wider zone of submarine groundwater discharge. This figure highlights the fact 
that knowing the seawater wedge position alone is not an indicator for groundwater throughflow. There is a 
clear need for better constraints on hydraulic parameters to understand the seawater interface in these coastal 
aquifers.
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Taking model complexity to extremes: Spatially correlated random fields.  A heterogeneous 
hydraulic conductivity distribution can be constructed with spatially correlated random fields135. Spatially cor-
related random fields can be used to generate geologically plausible distributions of subsurface parameters, such 
as hydraulic conductivity, porosity and dispersivity122,136,137. Each of these factors can impact the geometry (i.e., 
shape and landward extent) of the seawater interface61,102,128,129,138,139.

We generate a series of randomly distributed hydraulic conductivity models with values intended to span the 
anticipated ranges for karstic systems at the reference site (see Fig. 5) as provided in Supplementary Information 
Table S7. The code to generate these distributions is provided in Supplementary Information Section 7, along with 
input parameters for generating these distributions.

The hydraulic conductivity distribution and associated solute concentration distribution for a subset of the 
models computed are shown in Fig. 22. These distributions may all plausibly exist within the Tamala limestone 
at the Quinns Rocks reference site. Although the groundwater throughflow is set to a constant 1 ML/year, we 
observe significant differences in the position of the seawater toe and the geometry of the interface. The inland 
position of the seawater toe ranges from 201 m (Fig. 22B) to 410 m (Fig. 22F) in the examples shown. Despite hav-
ing the same groundwater throughflow and statistically similar hydraulic conductivity distribution, the distance 
inland from the ocean has doubled.

A key observation from Fig. 22 is that a low hydraulic conductivity zone located relatively close to the shore-
line (e.g., Fig. 22B,C) will result in a steeper solute concentration gradient and decrease the landward extent of 
the seawater interface toe (e.g. Fig. 22H,I). In the example (Fig. 21K,L) higher hydraulic conductivity zones in the 
same area result in a flatter solute concentration gradient with the toe located further inland. Based on this, we 
suspect that the hydraulic conductivity of the near shore may be of greater consequence to the shape of the wedge 
than the distributions further inland. Establishing the hydraulic conductivity of this zone can be challenging due 
to tidal oscillations, high contrast in water density and the relatively extreme velocities of the groundwater mov-
ing into the zone of submarine groundwater discharge.

Throughout this research we have shown that measuring the water level and EC at the screened interval of 
several wells may be insufficient to describe the dynamic and spatially complex hydrogeology found in karstic 
regions. The randomly generated models shown here further highlight the requirement to acquire specific meas-
urements at coastal margins. This raises the question: “What set of measurement are necessary to explain the 
hydraulics and solute concentration distribution for karstic aquifers?”

Geophysical methods are often used to infer the hydrogeology of shallow aquifers, particularly the seawater 
wedge. Electrical resistivity imaging (ERI) is a popular technique with proven application for imaging the seawa-
ter wedge57,140–142. However, there are aspects of application ERI at coastal margins that need investigation. We 
demonstrate and discuss these in the next section.

Figure 22.  Images showing the hydraulic conductivity distribution (left column) and associated seawater 
interface geometry (right column) using spatially correlated random fields with a range of seeds. Despite having 
identical groundwater throughflow and statistically similar hydraulic conductivity distributions, the position of 
the seawater toe and the geometry of the wedge are significantly different.
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Part 5. Geophysics: How Reliable is Electrical Resistivity-Based Monitoring?
Conventional groundwater monitoring with wells can provide high-quality local information, but as we have 
shown, may be insufficient to progress to a robust solute transport model. Geophysical measurements provide a 
method to investigate the volume of earth between wells; however, the imaging outcomes are subject to a range 
of interpretations and uncertainties. We will demonstrate a process by which solute concentration distribution 
from numerical groundwater modelling can be used to create numerical simulations of ERI outcomes, which can 
then be compared to field data.

A desirable outcome from electrical resistivity imaging (ERI) is that it recovers an accurate representation of 
the shallow subsurface resistivity. ERI field measurements are acquired by passing current across a pair of elec-
trodes, while measuring the voltage drop across a second pair of electrodes. The number, orientation, spacing, 
and geometry of the two electrode pairs (i.e. the quadrupoles) relative to the earth’s electrical structure will impact 
the methods ability to construct a reasonable subsurface image of electrical conductivity by inversion143. The 
dipole-dipole configuration, or combinations of dipole-dipole with other electrode arrays are considered highly 
reasonable for recovery the hydrogeology at the seawater interface57,144.

Converting solute to formation resistivity.  The relationship between total dissolved solids in solution 
(TDS) and water resistivity is typically near-linear99,145. If water resistivity is known it can then be converted to an 
estimate of formation resistivity via Archie’s law146,147.

ρ ρ φ= − −a S (5)b w
m n

where ρb is the formation electrical resistivity (Ω m), ρw is the fluid electrical resistivity (Ω m), and φ is the poros-
ity. The tortuosity factor a, and cementation exponent m, can be empirically related to the formation rock 
type146,148. S is the fluid saturation (between 0 and 1) and n is the fluid saturation exponent.

The formation resistivity is dependent on the choice of a, and m. Porosity in the Tamala Limestone is highly 
variable, from 0.2 to 0.531. Tortuosity and cementation factors are based on generalised values from litera-
ture149,150. Table 3 details suggested ranges of values and provides an example of the formation resistivity for a 
given groundwater solute concentration. For the parameters we choose, fresh groundwater and highly saline 
groundwater are expected to measure ~198 Ω m and 2.8 Ω m respectively.

Archie’s Law was originally intended for clean sandstones149; however there are many variations of the law 
including shaly sands151,152, multiple liquid phases153, and other various modifications147,154,155. The values in 
Table 3 below are reasonable in the context of observations from well logging and ERI experiments completed in 
the Tamala limestone31,32,91.

In some circumstances, formation resistivity can be derived from hydraulic conductivity156–158; however, such 
relationships must be applied with considerable caution. The potential for error exists where fluid salinity is not 
constant, or where clays are present. Beaujean, et al.138 use a modified version of Archie’s law to include a relation-
ship between hydraulic conductivity and the bulk electrical conductivity.

In coastal settings like Quinns Rocks it is highly likely that the distribution of saline and fresh water is the 
primary driver for the large-scale formation resistivity distribution as would be measured by an ERI survey.

Model generation and inversion.  ERI data consists of geometry (i.e. locations of electrodes), transmitted 
current, and measured voltage. Inverse modelling with this data is completed to recover the subsurface distribu-
tion of electrical resistivity (i.e. the formation resistivity). The forward ERI problem is defined by the distribution 
of electrical fields in the ground due to a point current source. This equation is159,160

σ φ δ δ δ−∇ ⋅ ∇ = − − −x y z I x x y y z z[ ( , , ) (x, y, z)] ( ) ( ) ( ) (6)s s s

where σ is conductivity of the medium (S/m), φ is electric field intensity (V/m), I  is the current source (A), δ is the 
Dirac delta function. Inverse modelling (i.e. inversion) of geo-electrical measurements then creates a resistivity 
model that generates the same voltages as a set of field observations.

Electrical resistivity datasets were simulated for a formation resistivity distribution derived from solute con-
centration distribution using a framework built on pyGIMLi161. We add 5% voltage dependent noise plus 1 µV  

Parameters

Literature Values31,149,150

Sandstone Carbonate
Simulated 
Values

Porosity (φ) — 0.2–0.5 0.3

Tortuosity Factor 
(a) 0.515–3.45 0.425–1.51 1

Cementation 
Factor (m) 1.225–2.20 1.685–4.14 2.2

Saturation (S) — — 1

Saturation 
Exponent (n) — — 2

Table 3.  Archie’s law 146 parameters showing variation in formation conductivity from values of ‘a’ and ‘m’.

https://doi.org/10.1038/s41598-020-66516-6


22Scientific Reports |         (2020) 10:9866  | https://doi.org/10.1038/s41598-020-66516-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

absolute error as recommended by Friedel162. All scripts are freely available from the authors for review and 
re-use.

The synthetic data is inverted using RES2DINV163, a commercially available resistivity and IP inversion soft-
ware. It uses a modified smoothness constrained least-squares inversion method with variable smoothness and 
roughness constraints163,164. Inversion of geo-electrical data requires selection of many parameters that can affect 
electrical resistivity imaging outcomes. Key parameters include the regularisation (i.e. damping factor), error 
norm57,165–167, topographical relief, a-priori inputs, and the acquisition array143,168–170

Our numerical modelling uses a hybrid dipole-dipole and Schlumberger electrode configuration identical to 
that used to acquire field data at the Quinns Rocks reference site in 201557. The survey used 44 electrodes spaced 
at 10-metre increments. The survey extends from the shoreline to residences located 430 metres inland. Further 
analysis of the field data can be found in Costall, et al.57. All inversions are completed with a finely discretised 
quadrilateral mesh with robust inversion constraints171. Our data is freely available, and outcomes can be repli-
cated using the inversion parameters supplied in Supplementary Table S8.

Figure 23 shows the inverted formation resistivity distribution from models created using the solute concen-
tration of a homogeneous aquifer model (e.g. Fig. 22A), along with the set of randomly-generated heterogeneous 
hydraulic conductivity models shown in Fig. 22B to F. Figure 23M shows the inverted formation resistivity distri-
bution for the field data collected at the Quinns Rocks reference site.

A comparison of the forward models of formation resistivity derived for transport modelling and the inverted 
ERI resistivity distributions is shown in Fig. 23. A basic observation is that the unconstrained ERI inversion out-
comes do not precisely map the distribution of resistivity within the mixing zone. The geometry of the wedge is 
also strongly smeared. Although the toe of the seawater wedge can be approximately located from the resistivity 

Figure 23.  Images showing the inverted resistivity distributions compared to the forward resistivity 
distributions for a range of hydraulic conductivity models. Panel A shows the forward resistivity distribution 
for a homogeneous model with 150 m/day hydraulic conductivity (e.g. Fig. 22G). Panels B through F show 
the forward resistivity model based on the solute distribution for each of the randomly generated hydraulic 
conductivity distributions (e.g. Fig. 22H through L). Panels G through L show the inverted resistivity outcomes 
of the synthetic models. Panel M shows the inverted resistivity distribution from field ERI data near to the 
Quinns Rocks reference, including the approximate projected locations of the SIM wells and topography 
(dashed line). The inversion outcomes from the synthetic data show the approximate location of the seawater 
toe and the depth of the substrate can be recovered. However, definition of the mixing zone and the wedge 
geometry is ambiguous and could be easily misinterpreted.
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sections, we suspect that without the forward model present the toe could be interpreted to be well over 100 m 
further towards the ocean.

Note that measurements in the SIM wells show that seawater intrusion has passed SIM 3, but not SIM 6, at the 
time of the ERI survey. However, the resistivity imaging in Fig. 23M presents a situation where the toe could be 
interpreted anywhere between 180 and 270 m from the shoreline.

We have shown that using electrical imaging generates a potentially misleading reconstruction of the seawater 
wedge. The combination of (i) a dipping, smoothly transitioning mixing zone, and (ii) a sharp, near-horizontal 
high-contrast boundaries of the water table and substrate can be difficult to recover using unconstrained inver-
sion57,144. The technique may be improved by using focused and optimised arrays172,173, novel acquisition tech-
niques such as borehole-based imaging57,174, and constrained inversions175–177. We focus on unconstrained 
inversion as under most circumstances the constrains or infrastructure required for more complex imaging will 
not be available.

We are presented with several conclusions regarding unconstrained inversion ERI to recover the seawater 
interface. These are:

	 (i)	 ERI provides a valuable but highly smeared and damped version of formation resistivity distribution.
	(ii)	 ERI cannot recover precise values of resistivity for the substrate or seawater-saturated formation.
	(iii)	 Referencing the inverted ERI field data outcomes to sets of images derived from numerical transport mod-

elling should be completed as a minimum standard of investigation.
	(iv)	 ERI should not be expected to provide exact point or geometric constraints such as the location of the toe 

of the seawater interface.

Part 6. Discussion: Capturing the Dynamic Hydrogeology of Coastal Margins
For any experiment, sufficient temporal and spatial sampling with reference to the desired outcome is funda-
mental. This also applies to field scale measurement systems deployed for hydrogeology. The hydraulics at coastal 
margins has significant differences compared to most hydrogeological settings. In Part 6, we will compute the dis-
tribution of Darcy flow velocity across the seawater interface and will later consider implications for the type of 
monitoring systems that may be suitable for characterising this highly dynamic setting. Also, we suspect that 
methods for measuring groundwater flow velocity itself may present useful and currently under-utilised pathways 
to characterising shallow high-quality coastal aquifers for both research and aquifer management purposes.

Can we use groundwater velocity to measure seawater intrusion?.  There are extreme changes in 
flow velocity associated with the interface between seawater and fresh groundwater. Fresh terrestrial groundwater 
drives towards the coast but cannot pass through the denser seawater. The Darcy velocity of the fresh groundwa-
ter must increase as the flow area decreases towards the ocean178.

First, we illustrate these extremes in velocity contrast for a homogeneous aquifer. We then compare these 
results with flow regimes for an aquifer with a complex hydraulic conductivity distribution, as might be expected 
in karstic coastal aquifers. The homogeneous aquifer model it taken from Fig. 17 (i.e. 200 m/day hydraulic con-
ductivity with a 30 m saturated thickness), except with a greater groundwater throughflow of 5 ML/year.

Three distinct Darcy velocity regimes can be identified from Fig. 24. These are; (i) groundwater with negligible 
velocity (10−9 m/day) at the seawater wedge face, (ii) groundwater with high velocity (~5 m/day) discharging to 
the ocean and (iii) groundwater with uniform velocity passing through the aquifer on the landward side of the 
seawater wedge (~0.4 m/day). The three flow regimes are spatially related to the seawater interface.

Monitoring wells located near to the seawater interface could observe several orders of magnitude variation 
in groundwater velocity, if the seawater interface moves a relatively small distance across the screens. These sig-
nificant changes suggest that new seawater intrusion monitoring systems able to capture detailed vertical and 
horizontal changes in groundwater flow velocity and solute concentration distribution may be necessary to 
understand groundwater behaviour along coastal margins.

We extend analysis of Darcy velocity to the heterogeneous random-field examples first shown in Part 4. The 
distribution of arrows in Fig. 25 is weighted by the y-component of the directional vector, highlighting areas with 
non-horizontal flow. A zone of extremely low velocity exists along the seawater/freshwater interface. This was also 
seen in the homogeneous model (Fig. 24), however in Fig. 25 we can contrast flow along hydraulically connected 
pathways with zones of low hydraulic connectivity that strongly affect flow paths and pressure gradients within 
the aquifer.

From this flow distribution, we conclude that the precise location of screened intervals for wells within a sea-
water intrusion monitoring network will likely affect the interpretation of hydraulic parameters. If we consider a 
pair of well screens set in a hydraulically connected conduit, the water level gradient between these wells would 
appear to be exceedingly low. However, these gradients will not reflect the hydraulics of full aquifer system and 
could lead to a strongly biased interpretation or difficulties in calibration from numerical groundwater modelling.

Our analysis suggests that additional information concerning vertical distribution of hydraulic properties, 
such as aquifer pressure or flow velocity distribution could significantly improve hydrogeological characterisa-
tion of near shore settings. Observations from Figs. 23 and 24 provide key insights required for design of new 
distributed seawater monitoring systems. They also link back to the difficulties encountered when attempting to 
interpret gradients between wells that may have screens set in rocks with significant difference hydraulic conduc-
tivity as observed throughout Part 3. The analysis of field data combined with numerical modelling and the vis-
ualisation of Darcy velocity for complex hydraulic conductivity distributions (i.e. as found at reference site) points 
to the need for new monitoring strategies. Future options (Fig. 25 and Table 4) for seawater intrusion monitoring 
will be presented in the conclusions.
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Figure 24.  Images highlighting the extremes in Darcy velocity (m/day) that occur across a seawater wedge for 
a homogeneous aquifer. The velocity of fresh groundwater flowing towards the coast increases as the available 
area of flow decreases above the dense seawater wedge, until the fresh groundwater exits the system through the 
zone of submarine groundwater discharge (highlighted in Panel B). The velocity of groundwater proximal to the 
submarine discharge is an order of magnitude greater than the velocity of the fresh groundwater prior to being 
restricted by the seawater wedge. In contrast, the groundwater velocity in the seawater recirculation cell can 
flow in the opposite direction (i.e. towards the land) and is significantly less than that for the fresh groundwater 
above.

Figure 25.  Images showing the Darcy velocity distribution for a complex hydraulic conductivity model (see 
Fig. 22F). The distribution of arrows is weighted by the magnitude of the y-component. Panel A shows the full 
width of the model including zones of relatively high and low velocities related to the hydraulic conductivity 
distribution. Panel B show a zoomed in section of Darcy velocity proximal to the seawater wedge. It highlights 
the extremely slow groundwater velocity in the seawater recirculation cell and the complex flow directions 
related to hydraulic conductivity distribution in the zone of fresh terrestrial groundwater above the wedge. The 
screened intervals in the monitoring wells may be in high-velocity conduits or low-velocity pockets that may 
result in higher or lower inter-well hydraulic conductivity gradients. A distributed velocity measurement along 
the length of the well may identify these zones and improve calibration needed for solute transport modelling 
along coastal margins.
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Solution (see Fig. 26) Advantages Disadvantages Examples

Pressure Distribution

Vertically distributed 
pressure sensors: Permanent 
monitoring outside of casing 
allows for measurements of 
true point pressures in depth.

Direct measurement of 
pressure without potential 
error associated with 
hydraulic head. Low per-
sensor cost and automated 
measurement.

Difficult or impossible to recover 
sensors if cemented to outside of 
casing and can increase the well 
establishment costs.

Smerdon, et 
al.179

Strout and 
Tjelta180

Spatial distribution of 
monitoring wells:
Measure the variation of 
hydraulic properties along and 
away from the shoreline.

3D characterisation of aquifer 
properties and variation 
parallel and perpendicular to 
the shoreline.

Greater number of wells required 
for high quality characterisation. Coscia, et al.181

Groundwater 
Velocity

Flowmeters: Direct measure of 
flow velocity at multiple points 
within the aquifer.

Direct throughflow 
measurement that removes 
the uncertainty of gradient-
based estimates.

Groundwater velocity can 
be highly variable in karstic 
environments, requiring multiple 
measurements.

This work 
(Part 5)
Bayless, et al.189

Tracers: Groundwater flow 
estimation and hydraulic 
parameterisation.

High quality estimates of 
various hydraulic parameters, 
such as dispersivity, and flow 
velocity.

Limited selection of tracers 
compatible with seawater 
chemistry. May require repeated 
physical water sampling.

Jørgensen, et 
al.190

Stuyfzand191

Pulido-Leboeuf, 
et al.192

Geology (Dip, facies 
changes, etc.)

Surface/Borehole GPR High-resolution imaging of 
dipping layers and geology

Requires a high electrical 
resistivity environment 
for reasonable depth-of-
investigation (e.g. non-saline 
water).

This work 
(Part 2)

Wireline logging data (Nuclear 
Magnetic Resonance, neutron 
logs, full waveform sonic)

High-quality wireline 
information along extent of 
borehole (e.g. can recover 
bound, free and capillary 
water porosity along with 
permeability estimates)

Cost of establishment, 
instrumentation and repeat 
logging. Measurements require 
repeat access to open borehole 
(i.e. without instrumentation) 
and are manual logged.

Smith, et al.31

Almalki, et al.193

Mathieu and 
Toksö: z194

Distributed Acoustic Sensing 
(DAS)

High-resolution seismic 
imaging capable of recovering 
local hydrogeology. Readily 
automated.

Fibre-optic technology still 
developing and will need 
specifically engineered optical 
fibre for sufficient near-surface 
resolution. Interrogators are 
expensive.

Schenato182

Shanafield, et 
al.183

Parker, et al.184

Distributed Temperature 
Sensing (DTS)

Low-cost, low maintenance, 
thermal transport 
measurements, shared system 
with DAS. High accuracy 
temperatures.

Limited spatial resolution of 
thermal property.

Selker, et al.185

Bense, et al.186

Shanafield, et 
al.183

High frequency ‘sparker’ 
seismic source

High-frequency source 
(plus 1000 Hz) for the high-
resolution seismic imaging 
(combined with DAS 
system).

Requires access to borehole, and 
difficult to automate if required.

Rechtien, et 
al.195

Petrophysical analysis of core 
samples

High-value constraints 
on physical and hydraulic 
parameters (porosity, 
anisotropy, dip angle, 
permeability).

High cost of recovering samples, 
which can be damaged during 
recovery. Further testing of 
samples is required. Information 
is highly localised.

Maliva196

Solute Concentration 
Distribution

Water electrical conductivity 
sensor arrays (Galvanic, 
inductive, fibre-optic 
measurements)

Direct conductivity 
measurement, used with ERI 
for defining the formation 
factor.

Longevity of the electrodes 
(conductive probe vs inductive 
probe).

Possetti, et al.197

Hilhorst198

Esteban, et al.199

Cross-well electrical resistivity 
imaging

High-resolution electrical 
resistivity imaging and time-
lapse imaging of electrical 
conductivity.

Limited by well location, and 
requires dedicated engineering at 
time of well development

Ogilvy, et al.200

Turner and 
Acworth201

Surface-based electrical 
resistivity imaging

Flexible acquisition geometry 
(i.e. not limited to wells), and 
time-lapse imaging.

Lower resolution than cross-
hole, with loss of resolution 
with depth. Deployment and 
automation may be difficult in 
urbanised areas.

This work 
(Sect. 4)

Multi-electrode borehole 
monitoring

In-situ time-lapse 
measurement of electrical 
resistivity with localised 
imaging capability.

Non-flexible acquisition 
geometry and requires specific 
engineering at time of well 
development.

Grinat, et al.202

Grinat, et al.203

Time lapse induction logging High-resolution formation 
conductivity proximal to well.

Difficult to automate and 
requires specific well 
construction (PVC/FRP). Other 
in-situ instruments may affect 
measurements.

Spies204

Water chemistry analysis
Repeatable and low-impact 
water chemistry sampling 
from a known depth.

Requires dedicated equipment 
established during well 
construction.

Freifeld, et al.205

Table 4.  Options for instrumentation and measurement of seawater intrusion monitoring wells (see Fig. 26). 
Our research identifies a range of challenges in recovering hydraulic properties and solute concentration 
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Conclusion
The interplay between vast quantities of terrestrial groundwater discharging into the ocean and the landward 
ingress of seawater is central to the health of coastal aquifer systems. People and environments on all continents 
interact with, influence, and rely on these systems daily. The loss of high-quality coastal groundwater to seawater 
intrusion is a serious concern globally.

The relationship between groundwater throughflow and seawater intrusion has been dissected with numerical 
simulation and field data from an established seawater monitoring site in the south west of Western Australia. The 
site has over 30 years of conventional well-based seawater monitoring data. Here seawater intrusion has paralleled 
declining rainfall, rapid increase in population density, development of a regional water supply, and rising sea 
levels. We find that decoupling these influences is impossible without specific information concerning hydraulics 
and groundwater chemistry. We show that, even with the abundance of data collected at the reference site, the rate 
of intrusion and geometry of the interface could not be determined with confidence.

distribution at the seawater interface. These challenges can be resolved by improved monitoring technologies. 
The monitoring solutions suggested below are applicable to both industry and research objectives. They should 
be tailored for site-specific conditions and objectives. Although the initial cost may be higher for automatic 
real-time monitoring of near-shore groundwater systems, the long-term costs may be lower (e.g. by replacing 
manual monitoring) and benefits from such systems will likely significantly outweigh initial expenditure.

Figure 26.  Schematic of a seawater intrusion monitoring system that would provide sufficient evidence to 
characterise the seawater interface in a shallow coastal aquifer. The system has multiple sampling nodes at 
various depths within the aquifer, with a suite of in-situ monitoring devices. These include in-situ flow meters, 
EC meters, and pressure piezometers. The data collected by this setup is well suited to reveal the subtle dynamics 
of a coastal aquifer system.
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Locating the landward extent of the seawater interface is important and challenging in highly heterogeneous 
karstic aquifers. We found few studies that integrate long-term seawater intrusion monitoring field data into 
critical analysis of data acquisition strategies and various modelling approaches. We demonstrate that significant 
error can result from using simple analytical solutions to determine the landward extent of the seawater interface.

The landward extent of the seawater wedge is often used to guide coastal groundwater management decisions. 
However unresolved subsurface hydraulics may lead to considerable error in these estimates. Ground Penetrating 
Radar is used to reveal anisotropy and heterogeneity in karstic groundwater settings. We demonstrate the impact 
of dipping hydraulic anisotropy on the landward extent of seawater. Sets of images show how increasing the 
hydraulic anisotropy rotation angle can shift the seawater interface significantly closer to the ocean. Alternatively, 
the rotation angle of hydraulic anisotropy can be manipulated to maintain the landward extent of saline ground-
water for vastly different aquifer throughflows.

Heterogeneity in hydraulic conductivity can also strongly impact the landward extent of the seawater inter-
face. The outcomes from our numerical experiments with plausible spatially correlated random fields highlight 
the range of seawater interface geometries that can occur for systems with the same average hydraulic conductiv-
ity and groundwater throughflow. A key finding from these experiments is that the hydraulic conductivity of the 
aquifer proximal to the zone of submarine groundwater discharge is a key driver for the geometry and landward 
extent of the seawater wedge. The level of detail required to numerically simulate these heterogeneous environ-
ments cannot be obtained from conventional monitoring data which recovers water level and EC measurements 
from one depth interval.

Surface-based electrical resistivity imaging (ERI) is a valuable tool to establish the geometry of the seawater 
interface; however, determining the precise location of the toe requires the combination of ERI and solute trans-
port modelling. That is, transport modelling is used to simulate the seawater wedge, then the solute concentration 
distribution is converted to formation conductivity and synthetic ERI data sets created for different wedge geom-
etries. The simulated ERI data is inverted with the same parameters used for the field ERI data. Finally, imaging 
from synthetic and field data are systematically compared. Used appropriately, ERI can partially mitigate the 
problem of under-sampling from conventional sparsely distributed monitoring wells but – as we demonstrate 
through modelling of heterogeneous aquifers – it cannot mitigate the uncertainty in measuring or predicting 
groundwater throughflow.

From our analysis of well-based monitoring data, numerical groundwater modelling, and representations of 
the extremes in groundwater velocity, we find that subsurface monitoring technologies need to be specifically 
designed for the nearshore coastal settings. Options for monitoring the dynamic relationship between solute 
concentration distribution, hydraulic property distribution, and groundwater throughflow at coastal margins are 
presented in Fig. 26 and Table 4.

The schematic in Fig. 26 proposes an arrangement of monitoring devices for a multi-well system capable of 
automated, real-time, and highly discretised sampling of hydraulic parameters. Table 4 details the seawater intru-
sion monitoring technologies that may be deployed within such a system of wells. These are provided under four 
categories including: (i) measurement of pressure distribution, (ii) subsurface flow characterisation, (iii) charac-
terisation of geology (including hydraulic parameter distribution), and (iv) recovery of groundwater chemistry 
distribution.

These options can provide quantitative information required to understand and simulate shallow karstic 
hydrogeological systems along coastal margins. For example; the automated measurement of the vertical dis-
tribution of EC, flow velocity, and pressure data179–181, recovery of groundwater samples at specific depths for 
periodic chemical analysis or tracer release, and a distributed fibre optic system capable of measuring temperature 
and strain distribution (i.e. via engineered fibre) can provide highly discretised measurements throughout the 
aquifer182–186.

There is clear evidence for seawater intrusion and increased stress on coastal groundwater systems world-
wide. We hope the insights and practical conclusions from this research will lead to a new era where automated 
real-time groundwater monitoring systems along coastal margins appropriately inform predictive groundwater 
modelling that ultimately leads to better management of coastal aquifers systems.
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	 8.	 Alonso-Rodrıǵuez, R. & Páez-Osuna, F. Nutrients, phytoplankton and harmful algal blooms in shrimp ponds: a review with special 
reference to the situation in the Gulf of California. Aquaculture 219, 317–336, https://doi.org/10.1016/S0044-8486(02)00509-4 
(2003).

https://doi.org/10.1038/s41598-020-66516-6
https://doi.org/10.1016/j.scitotenv.2006.05.009
https://doi.org/10.3354/meps003365
https://doi.org/10.1016/j.jhydrol.2004.02.018
https://doi.org/10.1016/j.gca.2008.04.027
https://doi.org/10.1016/j.gca.2008.04.027
https://doi.org/10.1016/S0044-8486(02)00509-4


2 8Scientific Reports |         (2020) 10:9866  | https://doi.org/10.1038/s41598-020-66516-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

	 9.	 Yoshikawa, T., Murata, O., Furuya, K. & Eguchi, M. Short-term covariation of dissolved oxygen and phytoplankton photosynthesis 
in a coastal fish aquaculture site. Estuarine, Coastal and Shelf Science 74, 515–527, https://doi.org/10.1016/j.ecss.2007.05.004 
(2007).

	 10.	 Goldman, J. C., Tenore, K. R. & Stanley, H. I. Inorganic Nitrogen Removal from Wastewater: Effect on Phytoplankton Growth in 
Coastal Marine Waters. Science 180, 955–956, https://doi.org/10.1126/science.180.4089.955 (1973).

	 11.	 Tuong, T. P. et al. Impact of seawater intrusion control on the environment, land use and household incomes in a coastal area. 
Paddy and Water Environment 1, 65–73, https://doi.org/10.1007/s10333-003-0015-2 (2003).

	 12.	 Kotera, A., Sakamoto, T., Nguyen, D. K. & Yokozawa, M. Regional Consequences of Seawater Intrusion on Rice Productivity and 
Land Use in Coastal Area of the Mekong River Delta. Japan Agricultural Research Quarterly: JARQ 42, 267–274, https://doi.
org/10.6090/jarq.42.267 (2008).

	 13.	 Elci, A., Molz, F. J. III & Waldrop, W. R. Implications of Observed and Simulated Ambient Flow in Monitoring Wells. Groundwater 
39, 853–862, https://doi.org/10.1111/j.1745-6584.2001.tb02473.x (2001).

	 14.	 Mangor, K., Drønen, N. K., Kærgaard, K. H. & Kristensen, S. E. Shoreline management guidelines. DHI (2017).
	 15.	 Semeniuk, V. & Johnson, D. P. Modern and Pleistocene Rocky Shore Sequences Along Carbonate Coastlines, Southwestern 

Australia. Sedimentary Geology 44, 225–261, https://doi.org/10.1016/0037-0738(85)90015-6 (1985).
	 16.	 Grimes, K. G. in Proceedings of the 13th Australasian Conference on Cave and Karst Management. pp. 31.
	 17.	 Bear, J. Sea water intrusion into coastal aquifers. (2005).
	 18.	 Glover, R. E. The pattern of fresh‐water flow in a coastal aquifer. Journal of Geophysical Research 64, 457–459, https://doi.

org/10.1029/JZ064i004p00457 (1959).
	 19.	 Lu, C. H., Chen, Y. M., Zhang, C. & Luo, J. Steady-state freshwater-seawater mixing zone in stratified coastal aquifers. Journal of 

Hydrology 505, 24–34, https://doi.org/10.1016/j.jhydrol.2013.09.017 (2013).
	 20.	 Barlow, P. M. & Reichard, E. G. Saltwater intrusion in coastal regions of North America. Hydrogeology Journal 18, 247–260, https://

doi.org/10.1007/s10040-009-0514-3 (2010).
	 21.	 Xu, Z., Bassett, S. W., Hu, B. & Dyer, S. B. Long distance seawater intrusion through a karst conduit network in the Woodville Karst 

Plain, Florida. Scientific Reports 6, 32235, https://doi.org/10.1038/srep32235 (2016).
	 22.	 Price, R. M., Top, Z., Happell, J. D. & Swart, P. K. Use of tritium and helium to define groundwater flow conditions in Everglades 

National Park. Water Resources Research 39, https://doi.org/10.1029/2002wr001929 (2003).
	 23.	 Randazzo, A. F. & Bloom, J. I. Mineralogical changes along the freshwater/saltwater interface of a modern aquifer. Sedimentary 

Geology 43, 219–239 (1985).
	 24.	 Back, W., Hanshaw, B. B., Herman, J. S. & Van Driel, J. N. Differential dissolution of a Pleistocene reef in the ground-water mixing 

zone of coastal Yucatan, Mexico. Geology 14, 137–140 (1986).
	 25.	 Department of Water. Vol. HB1 Hydrogeological Bulletins (ed. Department of Water W. A.) (Department of Water W. A., 2017).
	 26.	 Australian Bureau of Statistics. (Australian Bureau of Statistics, 2018).
	 27.	 Cox, W. Demographia: World Urban Areas. 13th Annual Edition ed. St. Louis: Demographia. Available: http://www. demographia. 

com/db-worldua. pdf. Date of access 30, 2017 (2017).
	 28.	 Clark, G. & Johnston, E. Vol. Australia state of the environment 2016 (Australian Government Department of the Environment 

and Energy, 2016).
	 29.	 Department of Water, W. Perth Groundwater Atlas - Metadata: Groundwater Contours, May 2003, http://atlases.water.wa.gov.au/

idelve/gwa/metadata_statements/gwcont_min.html (2004).
	 30.	 Shoemaker, W. B. Important observations and parameters for a salt water intrusion model. Ground Water 42, 829–840, https://doi.

org/10.1111/j.1745-6584.2004.t01-2-.x (2004).
	 31.	 Smith, A., Massuel, S. & Pollock, D. Geohydrology Of The Tamala Limestone Formation In The Perth Region: Origin And Role Of 

Secondary Porosity. Report No. EP12568, (CSIRO: Water for a Healthy Country National Research Flagship Perth WA, Australia, 
2012).

	 32.	 Smith, A. J. & Hick, W. P. Hydrogeology and aquifer tidal propagation in Cockburn Sound, Western Australia. Report No. 
procite:cd26e417-61cd-4a56-89b7-1ee9e32aab7a, (CSIRO Land and Water, 2001).

	 33.	 Cook, P. G. A guide to regional groundwater flow in fractured rock aquifers. (Citeseer, 2003).
	 34.	 Ford, D. & Williams, P. D. Karst hydrogeology and geomorphology. (John Wiley & Sons, 2013).
	 35.	 Mylroie, J. E. In Coastal Karst Landforms Coastal Research Library (eds Michael J. Lace & John E. Mylroie) Ch. Chapter 4, 77-109 

(Springer Netherlands, 2013).
	 36.	 Bonacci, O. & Roje-Bonacci, T. Interpretation of groundwater level monitoring results in karst aquifers: examples from the Dinaric 

karst. Hydrological Processes 14, 2423-2438, 10.1002/1099-1085(20001015)14:14<2423::Aid-hyp104>3.0.Co;2-2 (2000).
	 37.	 Xu, Z., Hu, B. X., Xu, Z. & Wu, X. Simulating seawater intrusion in a complex coastal karst aquifer using an improved variable-

density flow and solute transport–conduit flow process model. Hydrogeology Journal 27, 1277–1289, https://doi.org/10.1007/
s10040-018-1903-2 (2019).

	 38.	 Dokou, Z. & Karatzas, G. P. Saltwater intrusion estimation in a karstified coastal system using density-dependent modelling and 
comparison with the sharp-interface approach. Hydrological Sciences Journal-Journal Des Sciences Hydrologiques 57, 985–999, 
https://doi.org/10.1080/02626667.2012.690070 (2012).

	 39.	 Calvache, M. L. & PulidoBosch, A. Effects of geology and human activity on the dynamics of salt-water intrusion in three coastal 
aquifers in southern Spain. Environmental Geology 30, 215–223, https://doi.org/10.1007/s002540050149 (1997).

	 40.	 Smith, A. J. & Nield, S. P. Groundwater discharge from the superficial aquifer into Cockburn Sound Western Australia: estimation 
by inshore water balance. Biogeochemistry 66, 125–144, https://doi.org/10.1023/B:BIOG.0000006152.27470.a9 (2003).

	 41.	 Smith, A. et al. Final Summary Report-Hydrological Controls On Mar In Perth’s Coastal Aquifer. Report No. EP125485, (2012).
	 42.	 Kretschmer, P. & Degens, B. Review Of Available Groundwater In The Superficial Aquifer For The Yanchep, Eglinton And Quinns 

Groundwater Subareas. (2012).
	 43.	 Benson, R. C. & Yuhr, L. B. Site Characterization in Karst and Pseudokarst Terraines: Practical Strategies and Technology for 

Practicing Engineers, Hydrologists and Geologists. (Springer, 2015).
	 44.	 Hartmann, A., Goldscheider, N., Wagener, T., Lange, J. & Weiler, M. Karst water resources in a changing world: Review of 

hydrological modeling approaches. 52, 218-242, https://doi.org/10.1002/2013rg000443 (2014).
	 45.	 Davidson, W. A. & Yu, X. Perth regional aquifer modelling system (PRAMS) model development: Hydrogeology and groundwater 

modelling. (Department of Water, 2008).
	 46.	 Gonzalez-Herrera, R., Sanchez-y-Pinto, I. & Gamboa-Vargas, J. Groundwater-flow modeling in the Yucatan karstic aquifer, 

Mexico. Hydrogeology Journal 10, 539–552, https://doi.org/10.1007/s10040-002-0216-6 (2002).
	 47.	 Barnes, S. Karstic groundwater flow characteristics in the Cretaceous Chalk aquifer, Northern Ireland. Quarterly Journal of 

Engineering Geology 32, 55–68, https://doi.org/10.1144/Gsl.Qjeg.1999.032.P1.04 (1999).
	 48.	 Ghasemizadeh, R. et al. Review: Groundwater flow and transport modeling of karst aquifers, with particular reference to the North 

Coast Limestone aquifer system of Puerto Rico. Hydrogeol J 20, 1441–1461, https://doi.org/10.1007/s10040-012-0897-4 (2012).
	 49.	 Scanlon, B. R., Mace, R. E., Barrett, M. E. & Smith, B. Can we simulate regional groundwater flow in a karst system using equivalent 

porous media models? Case study, Barton Springs Edwards aquifer, USA. Journal of Hydrology 276, 137–158, https://doi.
org/10.1016/S0022-1694(03)00064-7 (2003).

	 50.	 Todd. Groundwater Hydrology, 2ND ED. (Wiley, 2006).

https://doi.org/10.1038/s41598-020-66516-6
https://doi.org/10.1016/j.ecss.2007.05.004
https://doi.org/10.1126/science.180.4089.955
https://doi.org/10.1007/s10333-003-0015-2
https://doi.org/10.6090/jarq.42.267
https://doi.org/10.6090/jarq.42.267
https://doi.org/10.1111/j.1745-6584.2001.tb02473.x
https://doi.org/10.1016/0037-0738(85)90015-6
https://doi.org/10.1029/JZ064i004p00457
https://doi.org/10.1029/JZ064i004p00457
https://doi.org/10.1016/j.jhydrol.2013.09.017
https://doi.org/10.1007/s10040-009-0514-3
https://doi.org/10.1007/s10040-009-0514-3
https://doi.org/10.1038/srep32235
https://doi.org/10.1029/2002wr001929
http://atlases.water.wa.gov.au/idelve/gwa/metadata_statements/gwcont_min.html
http://atlases.water.wa.gov.au/idelve/gwa/metadata_statements/gwcont_min.html
https://doi.org/10.1111/j.1745-6584.2004.t01-2-.x
https://doi.org/10.1111/j.1745-6584.2004.t01-2-.x
https://doi.org/10.1007/s10040-018-1903-2
https://doi.org/10.1007/s10040-018-1903-2
https://doi.org/10.1080/02626667.2012.690070
https://doi.org/10.1007/s002540050149
https://doi.org/10.1023/B:BIOG.0000006152.27470.a9
https://doi.org/10.1002/2013rg000443
https://doi.org/10.1007/s10040-002-0216-6
https://doi.org/10.1144/Gsl.Qjeg.1999.032.P1.04
https://doi.org/10.1007/s10040-012-0897-4
https://doi.org/10.1016/S0022-1694(03)00064-7
https://doi.org/10.1016/S0022-1694(03)00064-7


2 9Scientific Reports |         (2020) 10:9866  | https://doi.org/10.1038/s41598-020-66516-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

	 51.	 Domenico, P. A. & Schwartz, F. W. Physical and chemical hydrogeology. Vol. 506 (Wiley New York, 1998).
	 52.	 Heath, R. C. Basic ground-water hydrology. Vol. 2220 (US Department of the Interior, US Geological Survey, 1998).
	 53.	 Nidagal, V. & Davidson, W. J. G. S. o. W., Unpublished Hydrogeological Report. North coastal groundwater investigation (Burns 

Beach—Pipidinny). (1991).
	 54.	 Grimes, K. G. Syngenetic and eogenetic karst: an Australian viewpoint. Evolution of Karst: from Prekarst to Cessation. Inštitut za 

raziskovanje krasa, ZRC SAZU, Postojna, 407-414 (2002).
	 55.	 Grimes, K. G. Syngenetic karst in Australia: a review. (2006).
	 56.	 Stringfield, V. T. & LeGrand, H. E. Effects of karst features on circulation of water in carbonate rocks in coastal areas. Journal of 

Hydrology 14, 139–157, https://doi.org/10.1016/0022-1694(71)90003-5 (1971).
	 57.	 Costall, A., Harris, B. & Pigois, J. P. Electrical Resistivity Imaging and the Saline Water Interface in High-Quality Coastal Aquifers. 

Surveys in Geophysics 39, 753–816, https://doi.org/10.1007/s10712-018-9468-0 (2018).
	 58.	 Costall, A. R. & Harris, B. Rapid Estimation of Volumetric Groundwater Recharge in the Vadose Zone via Ground Penetrating 

Radar. ASEG Extended Abstracts 2018, 1–7, https://doi.org/10.1071/ASEG2018abP091 (2019).
	 59.	 Strobach, E., Harris, B. D., Dupuis, C. J., Kepic, A. & Martin, M. W. Ground-Penetrating Radar For Delineation Of Hydraulically 

Significant Layers In The Unsaturated Zone Of The Gnangara Mound, Wa. Aseg Extended Abstracts 2010, 1–4, https://doi.
org/10.1071/ASEG2010ab237 (2010).

	 60.	 Strobach, E., Harris, B. D., Dupuis, J. C. & Kepic, A. W. Time-lapse borehole radar for monitoring rainfall infiltration through 
podosol horizons in a sandy vadose zone. Water Resources Research 50, 2140–2163, https://doi.org/10.1002/2013wr014331 (2014).

	 61.	 Werner, A. D. et al. Seawater intrusion processes, investigation and management: Recent advances and future challenges. Advances 
in Water Resources 51, 3–26, https://doi.org/10.1016/j.advwatres.2012.03.004 (2013).

	 62.	 Werner, A. D. On the classification of seawater intrusion. Journal of Hydrology 551, 619–631, https://doi.org/10.1016/j.
jhydrol.2016.12.012 (2017).

	 63.	 Badaruddin, S., Werner, A. D. & Morgan, L. K. Characteristics of active seawater intrusion. Journal of Hydrology 551, 632–647, 
https://doi.org/10.1016/j.jhydrol.2017.04.031 (2017).

	 64.	 Bryan, E., Meredith, K. T., Baker, A., Post, V. E. A. & Andersen, M. S. Island groundwater resources, impacts of abstraction and a 
drying climate: Rottnest Island, Western Australia. Journal of Hydrology 542, 704–718, https://doi.org/10.1016/j.
jhydrol.2016.09.043 (2016).

	 65.	 Ketabchi, H., Mahmoodzadeh, D., Ataie-Ashtiani, B. & Simmons, C. T. Sea-level rise impacts on seawater intrusion in coastal 
aquifers: Review and integration. Journal of Hydrology 535, 235–255, https://doi.org/10.1016/j.jhydrol.2016.01.083 (2016).

	 66.	 Dausman, A. & Langevin, C. D. Movement of the saltwater interface in the surficial aquifer system in response to hydrologic stresses 
and water-management practices, Broward County, Florida. (US Department of the Interior, US Geological Survey, 2005).

	 67.	 Digha Opaminola, N. & Ekanem Jessie, D. Effects of Population Density on Water Quality in Calabar Municipality Cross River 
State, Nigeria. (2015).

	 68.	 Ferguson, G. & Gleeson, T. Vulnerability of coastal aquifers to groundwater use and climate change. Nat Clim Change 2, 342–345, 
https://doi.org/10.1038/Nclimate1413 (2012).

	 69.	 Custodio, E. Coastal aquifer management in Europe. (2012).
	 70.	 Guo, Q., Huang, J., Zhou, Z. & Wang, J. Experiment and Numerical Simulation of Seawater Intrusion under the Influences of Tidal 

Fluctuation and Groundwater Exploitation in Coastal Multilayered Aquifers. Geof luids 2019, 17, https://doi.
org/10.1155/2019/2316271 (2019).

	 71.	 Ivkovic, K. et al. National–Scale Vulnerability Assessment Of Seawater Intrusion: Summary Report. Australian Government 
National Water Commision. Waterlines Report Series No 85 (2012).

	 72.	 Werner, A. D. et al. Current Practice and Future Challenges in Coastal Aquifer Management: Flux-Based and Trigger-Level 
Approaches with Application to an Australian Case Study. Water Resour Manage 25, 1831–1853, https://doi.org/10.1007/s11269-
011-9777-2 (2011).

	 73.	 Cheng, A. H. & Ouazar, D. Coastal aquifer management-monitoring, modeling, and case studies. (CRC Press, 2004).
	 74.	 Water Corporation. Groundwater Replenishment Scheme Stage 2 Expansion, https://www.watercorporation.com.au/water-supply/

ongoing-works/groundwater-replenishment-scheme (2019).
	 75.	 Water Corporation. Perth Seawater Desalination Plant. (2016). https://www.watercorporation.com.au/water-supply/our-water-

sources/desalination/perth-seawater-desalination-plant.
	 76.	 Water-Technology. Groundwater Replenishment System (GWRS), Orange County, California, United States of America, http://www.

water-technology.net/projects/groundwaterreplenish/ (2016).
	 77.	 Casanova, J., Devau, N. & Pettenati, M. in Integrated Groundwater Management 413-434 (Springer, 2016).
	 78.	 Dillon, P. Water recycling via managed aquifer recharge in Australia. Boletin Geologico Y Minero 120, 121–130 (2009).
	 79.	 Teijón Ávila, G., Tamoh, K., Soler Manuel, M. A. & Candela Lledó, L. Treated wastewater reuse for a seawater intrusion hydraulic 

barrier implementation in the Llobregat delta aquifer (Barcelona, Spain): first phase. Options Méditerranéennes: série A: séminaires 
Méditerranéens, 171-178 (2009).

	 80.	 Vandenbohede, A., Van Houtte, E. & Lebbe, L. Sustainable groundwater extraction in coastal areas: a Belgian example. 
Environmental Geology 57, 735–747, https://doi.org/10.1007/s00254-008-1351-8 (2009).

	 81.	 McFarlane, D. et al. (CSIRO: Water for a Healthy Country National Research Flagship Canberra, 2005).
	 82.	 Water Corporation. What is the Integrated Water Supply Scheme, https://www.watercorporation.com.au/home/faqs/water-supply-

and-services/what-is-the-integrated-water-supply-scheme (2018).
	 83.	 Collins, M. et al. in Climate Change 2013: The Physical Science Basis. IPCC Working Group I Contribution to AR5 (ed Ipcc) 

(Cambridge University Press, 2013).
	 84.	 Parmesan, C. & Yohe, G. A globally coherent fingerprint of climate change impacts across natural systems. Nature 421, 37, https://

doi.org/10.1038/nature01286 (2003).
	 85.	 Stern, N. & Stern, N. H. The economics of climate change: the Stern review. (cambridge University press, 2007).
	 86.	 Walther, G.-R. et al. Ecological responses to recent climate change. Nature 416, 389, https://doi.org/10.1038/416389a (2002).
	 87.	 Delworth, T. L. & Zeng, F. R. Regional rainfall decline in Australia attributed to anthropogenic greenhouse gases and ozone levels 

Latitude. Nature Geoscience 7, 583–587, https://doi.org/10.1038/Ngeo2201 (2014).
	 88.	 Bates, B., Kundzewicz, Z. & Wu, S. Climate change and water. (Intergovernmental Panel on Climate Change Secretariat, 2008).
	 89.	 Petra, D. Vulnerability to the impact of climate change on renewable groundwater resources: a global-scale assessment. 

Environmental Research Letters 4, 035006 (2009).
	 90.	 Mahesha, A. & Nagaraja, S. H. Effect of natural recharge on sea water intrusion in coastal aquifers. Journal of Hydrology 174, 

211–220, https://doi.org/10.1016/0022-1694(95)02777-7 (1996).
	 91.	 Strobach, E. Hydrogeophysical investigation of water recharge into the Gnangara Mound. (2013).
	 92.	 Stocker, T. F. et al. Climate change 2013: The Physical Science Basis. (2013).
	 93.	 Wassmann, R., Hien, N. X., Hoanh, C. T. & Tuong, T. P. Sea level rise affecting the Vietnamese Mekong Delta: Water elevation in 

t he  f lo o d  s e as on  and  impl icat ions  for  r i ce  pro duc t ion .  Climatic  Change  66 ,  89–107 ,  ht tps : / /doi .
org/10.1023/B:CLIM.0000043144.69736.b7 (2004).

	 94.	 Falkland, A. & Custodio, E. Hydrology and water resources of small islands: A practical guide. (Unesco, 1991).

https://doi.org/10.1038/s41598-020-66516-6
https://doi.org/10.1016/0022-1694(71)90003-5
https://doi.org/10.1007/s10712-018-9468-0
https://doi.org/10.1071/ASEG2018abP091
https://doi.org/10.1071/ASEG2010ab237
https://doi.org/10.1071/ASEG2010ab237
https://doi.org/10.1002/2013wr014331
https://doi.org/10.1016/j.advwatres.2012.03.004
https://doi.org/10.1016/j.jhydrol.2016.12.012
https://doi.org/10.1016/j.jhydrol.2016.12.012
https://doi.org/10.1016/j.jhydrol.2017.04.031
https://doi.org/10.1016/j.jhydrol.2016.09.043
https://doi.org/10.1016/j.jhydrol.2016.09.043
https://doi.org/10.1016/j.jhydrol.2016.01.083
https://doi.org/10.1038/Nclimate1413
https://doi.org/10.1155/2019/2316271
https://doi.org/10.1155/2019/2316271
https://doi.org/10.1007/s11269-011-9777-2
https://doi.org/10.1007/s11269-011-9777-2
https://doi.org/10.1007/s00254-008-1351-8
https://www.watercorporation.com.au/home/faqs/water-supply-and-services/what-is-the-integrated-water-supply-scheme
https://www.watercorporation.com.au/home/faqs/water-supply-and-services/what-is-the-integrated-water-supply-scheme
https://doi.org/10.1038/nature01286
https://doi.org/10.1038/nature01286
https://doi.org/10.1038/416389a
https://doi.org/10.1038/Ngeo2201
https://doi.org/10.1016/0022-1694(95)02777-7
https://doi.org/10.1023/B:CLIM.0000043144.69736.b7
https://doi.org/10.1023/B:CLIM.0000043144.69736.b7


3 0Scientific Reports |         (2020) 10:9866  | https://doi.org/10.1038/s41598-020-66516-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

	 95.	 Meyer, R., Engesgaard, P. & Sonnenborg, T. O. Origin and Dynamics of Saltwater Intrusion in a Regional Aquifer: Combining 3-D 
Saltwater Modeling With Geophysical and Geochemical Data. Water Resources Research 55, 1792–1813, https://doi.
org/10.1029/2018wr023624 (2019).

	 96.	 Green, N. R. & MacQuarrie, K. T. B. An evaluation of the relative importance of the effects of climate change and groundwater 
extraction on seawater intrusion in coastal aquifers in Atlantic Canada. Hydrogeology Journal 22, 609–623, https://doi.org/10.1007/
s10040-013-1092-y (2014).

	 97.	 Xu, Z., Hu, B. X. & Ye, M. Numerical modeling and sensitivity analysis of seawater intrusion in a dual-permeability coastal karst 
aquifer with conduit networks. Hydrol. Earth Syst. Sci. 22, 221–239, https://doi.org/10.5194/hess-22-221-2018 (2018).

	 98.	 Bom, N. The Australian Baseline Sea Level Monitoring Project. Annual Sea Level Data Summary Report (2011).
	 99.	 Walton, N. R. G. Electrical Conductivity And Total Dissolved Solids—What Is Their Precise Relationship? Desalination 72, 

275–292 (1989).
	100.	 UNESCO, I. J. U. T. P. M. S. Tenth report of the joint panel on oceanographic tables and standards. 36, 15-19 (1981).
	101.	 Koussis, A. D., Mazi, K. & Destouni, G. Analytical single-potential, sharp-interface solutions for regional seawater intrusion in 

sloping unconfined coastal aquifers, with pumping and recharge. Journal of Hydrology 416-417, 1–11, https://doi.org/10.1016/j.
jhydrol.2011.11.012 (2012).

	102.	 Comte, J. C., Wilson, C., Ofterdinger, U. & Gonzalez-Quiros, A. Effect of volcanic dykes on coastal groundwater flow and saltwater 
intrusion: A field-scale multiphysics approach and parameter evaluation. Water Resources Research 53, 2171–2198, https://doi.
org/10.1002/2016wr019480 (2017).

	103.	 Dafny, E., Burg, A. & Gvirtzman, H. Effects of Karst and geological structure on groundwater flow: The case of Yarqon-Taninim 
Aquifer, Israel. Journal of Hydrology 389, 260–275, https://doi.org/10.1016/j.jhydrol.2010.05.038 (2010).

	104.	 Diersch, H.-J. G. Feflow: Finite Element Modeling of Flow, Mass and Heat Transport in Porous and Fractured Media. (Springer 
Science & Business Media, 2014).

	105.	 Carrera, J., Hidalgo, J. J., Slooten, L. J. & Vazquez-Sune, E. Computational and conceptual issues in the calibration of seawater 
intrusion models. Hydrogeology Journal 18, 131–145, https://doi.org/10.1007/s10040-009-0524-1 (2010).

	106.	 Post, V., Kooi, H. & Simmons, C. Using hydraulic head measurements in variable-density ground water flow analyses. Ground 
Water 45, 664–671, https://doi.org/10.1111/j.1745-6584.2007.00339.x (2007).

	107.	 Lusczynski, N. J. Head and flow of ground water of variable density. Journal of Geophysical Research 66, 4247–4256, https://doi.
org/10.1029/JZ066i012p04247 (1961).

	108.	 Levanon, E., Yechieli, Y., Shalev, E., Friedman, V. & Gvirtzman, H. Reliable Monitoring of the Transition Zone Between Fresh and 
Saline Waters in Coastal Aquifers. Ground Water Monitoring and Remediation 33, 101–110, https://doi.org/10.1111/gwmr.12020 
(2013).

	109.	 Davis, S. & DeWiest, R. Hydrology, 2nd eds., 463. New York, London (1967).
	110.	 Healy, R. W. & Cook, P. G. Using groundwater levels to estimate recharge. Hydrogeology Journal 10, 91–109, https://doi.

org/10.1007/s10040-001-0178-0 (2002).
	111.	 Maasland, M. In Drainage of agricultural lands Vol. 7 216–285 (ASA Madison, Wis., 1957).
	112.	 Luthin, J. N. & Day, P. R. J. S. S. S. o. A. J. Lateral Flow Above a Sloping Water Table 1. 19, 406-410 (1955).
	113.	 Bear, J. & Dagan, G. Some exact solutions of interface problems by means of the hodograph method. Journal of Geophysical 

Research 69, 1563–1572, https://doi.org/10.1029/JZ069i008p01563 (1964).
	114.	 Strack, O. A single‐potential solution for regional interface problems in coastal aquifers. Water Resources Research 12, 1165–1174, 

https://doi.org/10.1029/WR012i006p01165 (1976).
	115.	 Bakker, M. Analytic solutions for interface flow in combined confined and semi-confined, coastal aquifers. Advances in Water 

Resources 29, 417–425, https://doi.org/10.1016/j.advwatres.2005.05.009 (2006).
	116.	 Diersch, H. FEFLOW-White papers vol. I. WASY Ltd., Berlin (2002).
	117.	 Bureau of Meteorology. Ocean Monitoring Portal. (2012).
	118.	 Fofonoff, N. P. & Millard Jr, R. Algorithms for the computation of fundamental properties of seawater. (1983).
	119.	 Narayan, K. A., Schleeberger, C. & Bristow, K. L. Modelling seawater intrusion in the Burdekin Delta Irrigation Area, North 

Queensland, Australia. Agricultural Water Management 89, 217–228, https://doi.org/10.1016/j.agwat.2007.01.008 (2007).
	120.	 Australian Bureau of Statistics. (ed. Australian Bureau of Statistics) (2009).
	121.	 Australian Bureau of Statistics. (ed. Australian Bureau of Statistics) (2016).
	122.	 Koltermann, C. E. & Gorelick, S. M. Heterogeneity in Sedimentary Deposits: A Review of Structure-Imitating. Process-Imitating, 

and Descriptive Approaches. 32, 2617–2658, https://doi.org/10.1029/96WR00025 (1996).
	123.	 Sudicky, E. A. A natural gradient experiment on solute transport in a sand aquifer: Spatial variability of hydraulic conductivity and 

its role in the dispersion process. Water Resources Research 22, 2069–2082, https://doi.org/10.1029/WR022i013p02069 (1986).
	124.	 Goggin, D. J., Chandler, M. A., Kocurek, G. & Lake, L. W. Patterns of Permeability in Eolian Deposits: Page Sandstone (Jurassic), 

Northeastern Arizona. SPE-14893-PA 3, 297–306, https://doi.org/10.2118/14893-PA (1988).
	125.	 Selley, R. C. Applied sedimentology. (Elsevier, 2000).
	126.	 Dagan, G. & Zeitoun, D. G. Seawater-freshwater interface in a stratified aquifer of random permeability distribution. Journal of 

Contaminant Hydrology 29, 185–203, https://doi.org/10.1016/S0169-7722(97)00013-2 (1998).
	127.	 Held, R., Attinger, S. & Kinzelbach, W. Homogenization and effective parameters for the Henry problem in heterogeneous 

formations. Water Resources Research 41, https://doi.org/10.1029/2004wr003674 (2005).
	128.	 Abarca, E., Carrera, J., Sánchez-Vila, X. & Dentz, M. Anisotropic dispersive Henry problem. Advances in Water Resources 30, 

913–926, https://doi.org/10.1016/j.advwatres.2006.08.005 (2007).
	129.	 Kerrou, J. & Renard, P. J. H. J. A numerical analysis of dimensionality and heterogeneity effects on advective dispersive seawater 

intrusion processes. 18, 55-72, https://doi.org/10.1007/s10040-009-0533-0 (2010).
	130.	 Henry, H. Effects of dispersion on salt encroachment in coastal aquifers: US Geological Survey Water-Supply Paper 1613-C, p. 

C71-C84 (1964).
	131.	 Qu, W. J., Li, H. L., Wan, L., Wang, X. S. & Jiang, X. W. Numerical simulations of steady-state salinity distribution and submarine 

groundwater discharges in homogeneous anisotropic coastal aquifers. Advances in Water Resources 74, 318–328, https://doi.
org/10.1016/j.advwatres.2014.10.009 (2014).

	132.	 Michael, H. A., Russoniello, C. J. & Byron, L. A. Global assessment of vulnerability to sea-level rise in topography-limited and 
recharge-limited coastal groundwater systems. Water Resources Research 49, 2228–2240, https://doi.org/10.1002/wrcr.20213 
(2013).

	133.	 Moore, W. S. The role of submarine groundwater discharge in coastal biogeochemistry. Journal of Geochemical Exploration 88, 
389–393, https://doi.org/10.1016/j.gexplo.2005.08.082 (2006).

	134.	 Lambert, M. J. & Burnett, W. C. J. B. Submarine groundwater discharge estimates at a Florida coastal site based on continuous 
radon measurements. 66, 55-73, https://doi.org/10.1023/B:BIOG.0000006057.63478.fa (2003).

	135.	 Heße, F., Prykhodko, V., Schlüter, S. & Attinger, S. Generating random fields with a truncated power-law variogram: A comparison 
of several numerical methods. Environmental Modelling & Software 55, 32–48, https://doi.org/10.1016/j.envsoft.2014.01.013 
(2014).

	136.	 Li, X. Y., Zhang, L. M. & Li, J. H. Using Conditioned Random Field to Characterize the Variability of Geologic Profiles. 142, 
04015096, https://doi.org/10.1061/(ASCE)GT.1943-5606.0001428 (2016).

https://doi.org/10.1038/s41598-020-66516-6
https://doi.org/10.1029/2018wr023624
https://doi.org/10.1029/2018wr023624
https://doi.org/10.1007/s10040-013-1092-y
https://doi.org/10.1007/s10040-013-1092-y
https://doi.org/10.5194/hess-22-221-2018
https://doi.org/10.1016/j.jhydrol.2011.11.012
https://doi.org/10.1016/j.jhydrol.2011.11.012
https://doi.org/10.1002/2016wr019480
https://doi.org/10.1002/2016wr019480
https://doi.org/10.1016/j.jhydrol.2010.05.038
https://doi.org/10.1007/s10040-009-0524-1
https://doi.org/10.1111/j.1745-6584.2007.00339.x
https://doi.org/10.1029/JZ066i012p04247
https://doi.org/10.1029/JZ066i012p04247
https://doi.org/10.1111/gwmr.12020
https://doi.org/10.1007/s10040-001-0178-0
https://doi.org/10.1007/s10040-001-0178-0
https://doi.org/10.1029/JZ069i008p01563
https://doi.org/10.1029/WR012i006p01165
https://doi.org/10.1016/j.advwatres.2005.05.009
https://doi.org/10.1016/j.agwat.2007.01.008
https://doi.org/10.1029/96WR00025
https://doi.org/10.1029/WR022i013p02069
https://doi.org/10.2118/14893-PA
https://doi.org/10.1016/S0169-7722(97)00013-2
https://doi.org/10.1029/2004wr003674
https://doi.org/10.1016/j.advwatres.2006.08.005
https://doi.org/10.1007/s10040-009-0533-0
https://doi.org/10.1016/j.advwatres.2014.10.009
https://doi.org/10.1016/j.advwatres.2014.10.009
https://doi.org/10.1002/wrcr.20213
https://doi.org/10.1016/j.gexplo.2005.08.082
https://doi.org/10.1023/B:BIOG.0000006057.63478.fa
https://doi.org/10.1016/j.envsoft.2014.01.013
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001428


3 1Scientific Reports |         (2020) 10:9866  | https://doi.org/10.1038/s41598-020-66516-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

	137.	 Bellin, A., Pannone, M., Fiori, A. & Rinaldo, A. On Transport in Porous Formations Characterized by Heterogeneity of Evolving 
Scales. 32, 3485-3496, https://doi.org/10.1029/95wr02507 (1996).

	138.	 Beaujean, J., Nguyen, F., Kemna, A., Antonsson, A. & Engesgaard, P. Calibration of seawater intrusion models: Inverse parameter 
estimation using surface electrical resistivity tomography and borehole data. Water Resources Research 50, 6828–6849, https://doi.
org/10.1002/2013wr014020 (2014).

	139.	 Al-Bitar, A. & Ababou, R. 233-248 (Springer Berlin Heidelberg).
	140.	 Abdul Nassir, S. S., Loke, M. H., Lee, C. Y. & Nawawi, M. N. M. Salt-water intrusion mapping by geoelectrical imaging surveys. 

Geophysical Prospecting 48, 647–661, https://doi.org/10.1046/j.1365-2478.2000.00209.x (2000).
	141.	 Carter, E. S., White, S. M. & Wilson, A. M. Variation in groundwater salinity in a tidal salt marsh basin, North Inlet Estuary, South 

Carolina. Estuar Coast Shelf S 76, 543–552, https://doi.org/10.1016/j.ecss.2007.07.049 (2008).
	142.	 Comte, J. C. & Banton, O. Cross-validation of geo-electrical and hydrogeological models to evaluate seawater intrusion in coastal 

aquifers. Geophysical Research Letters 34, n/a–n/a, https://doi.org/10.1029/2007gl029981 (2007).
	143.	 Dahlin, T. & Zhou, B. A numerical comparison of 2D resistivity imaging with 10 electrode arrays. Geophysical Prospecting 52, 

379–398, https://doi.org/10.1111/j.1365-2478.2004.00423.x (2004).
	144.	 Martorana, R., Fiandaca, G., Ponsati, A. C. & Cosentino, P. L. Comparative tests on different multi-electrode arrays using models 

in near-surface geophysics. Journal of Geophysics and Engineering 6, 1–20, https://doi.org/10.1088/1742-2132/6/1/001 (2009).
	145.	 Arps, J. The effect of temperature on the density and electrical resistivity of sodium chloride solutions. Journal of Petroleum 

Technology 5, 17–20 (1953).
	146.	 Archie, G. E. The Electrical Resistivity Log as an Aid in Determining Some Reservoir Characteristics. Transactions of the AIME 

146, 54–62, https://doi.org/10.2118/942054-g (1941).
	147.	 Winsauer, W. O., Shearin, H. Jr, Masson, P. & Williams, M. Resistivity of brine-saturated sands in relation to pore geometry. AAPG 

bulletin 36, 253–277 (1952).
	148.	 Azar, J. H., Javaherlan, A., Pishvaie, M. R. & Nabi-Bidhendi, M. An approach to defining tortuosity and cementation factor in 

carbonate reservoir rocks. Journal of Petroleum Science and Engineering 60, 125–131, https://doi.org/10.1016/j.petrol.2007.05.010 
(2008).

	149.	 Glover, P. W. J. Archie’s law - a reappraisal. Solid Earth 7, 1157–1169, https://doi.org/10.5194/se-7-1157-2016 (2016).
	150.	 Verwer, K., Eberli, G. P. & Weger, R. J. Effect of pore structure on electrical resistivity in carbonates. AAPG Bulletin 95, 175–190, 

https://doi.org/10.1306/06301010047 (2011).
	151.	 Waxman, M. H. & Smits, L. J. M. Electrical Conductivities in Oil-Bearing Shaly Sands. SPE-1863-A 8, 107–122, https://doi.

org/10.2118/1863-A (1968).
	152.	 Asquith, G. B. Log Evaluation of Shaly Sandstones: A Practical Guide. (American Association of Petroleum Geologists, 1990).
	153.	 Glover, P. W. J. A generalized Archie’s law for n phases. 75, E247-E265, https://doi.org/10.1190/1.3509781 (2010).
	154.	 Hamamoto, S., Moldrup, P., Kawamoto, K. & Komatsu, T. Excluded-volume expansion of Archie’s law for gas and solute diffusivities 

and electrical and thermal conductivities in variably saturated porous media. Water Resources Research 46, https://doi.
org/10.1029/2009wr008424 (2010).

	155.	 Worthington, P. F. The Uses and Abuses of the Archie Equations .1. The Formation Factor Porosity Relationship. Journal of Applied 
Geophysics 30, 215–228, https://doi.org/10.1016/0926-9851(93)90028-W (1993).

	156.	 Koukadaki, M. A., Karatzas, G. P., Papadopoulou, M. P. & Vafidis, A. Identification of the Saline Zone in a Coastal Aquifer Using 
Electrical Tomography Data and Simulation. Water Resour Manage 21, 1881, https://doi.org/10.1007/s11269-006-9135-y (2007).

	157.	 Huntley, D. Relations Between Permeability and Electrical Resistivity in Granular Aquifers. Groundwater 24, 466–474, https://doi.
org/10.1111/j.1745-6584.1986.tb01025.x (1986).

	158.	 Bernabé, Y., Mok, U. & Evans, B. Permeability-porosity Relationships in Rocks Subjected to Various Evolution Processes. pure and 
applied geophysics 160, 937–960, https://doi.org/10.1007/pl00012574 (2003).

	159.	 Dey, A. & Morrison, H. F. Resistivity Modelling For Arbitrarily Shaped Two-Dimensional Structures*. 27, 106-136, https://doi.
org/10.1111/j.1365-2478.1979.tb00961.x (1979).

	160.	 McGillivray, P. R. Forward modeling and inversion of DC resistivity and MMR data, University of British Columbia, (1992).
	161.	 Rücker, C., Günther, T. & Wagner, F. M. pyGIMLi: An open-source library for modelling and inversion in geophysics. Computers 

& Geosciences 109, 106–123, https://doi.org/10.1016/j.cageo.2017.07.011 (2017).
	162.	 Friedel, S. Resolution, stability and efficiency of resistivity tomography estimated from a generalized inverse approach. Geophysical 

Journal International 153, 305–316, https://doi.org/10.1046/j.1365-246X.2003.01890.x (2003).
	163.	 Loke, M. Res2DINV software user’s manual. University Sains Malaysia, Penang (1997).
	164.	 RES2DINVx64 ver. 4.05 with multi-core and 64-bit support (2016).
	165.	 Claerbout, J. F. & Muir, F. Robust Modeling with Erratic Data. Geophysics 38, 826–844, https://doi.org/10.1190/1.1440378 (1973).
	166.	 Farquharson, C. G. & Oldenburg, D. W. Constructing piece-wise-constant models using general measures in non-linear, 

minimum-structure inversion algorithms: 6th International Symposium. Society of Exploration Geophysicists of Japan, Expanded 
Abstracts, 240-243 (2003).

	167.	 Constable, S. C., Parker, R. L. & Constable, C. G. Occam’s inversion: A practical algorithm for generating smooth models from 
electromagnetic sounding data. Geophysics 52, 289–300, https://doi.org/10.1190/1.1442303 (1987).

	168.	 Fox, R. C., Hohmann, G. W., Killpack, T. J. & Rijo, L. Topographic effects in resistivity and induced‐polarization surveys. 
GEOPHYSICS 45, 75–93, https://doi.org/10.1190/1.1441041 (1980).

	169.	 Auken, E. & Christiansen, A. V. Layered And Laterally Constrained 2d Inversion Of Resistivity Data. Geophysics 69, 752–761 
(2004).

	170.	 Rücker, C., Günther, T. & Spitzer, K. Three-dimensional modelling and inversion of dc resistivity data incorporating topography - I. 
Modelling. Geophysical Journal International 166, 495–505, https://doi.org/10.1111/j.1365-246X.2006.03010.x (2006).

	171.	 Loke, M. H., Acworth, I. & Dahlin, T. A comparison of smooth and blocky inversion methods in 2D electrical imaging surveys. 
Exploration Geophysics 34, 182–187, https://doi.org/10.1071/Eg03182 (2003).

	172.	 Loke, M., Alfouzan, F. A. & Nawawi, M. in ASEG Extended Abstracts 2007 1-4 (Australian Society of Exploration Geophysicists 
(ASEG), 2007).

	173.	 Wilkinson, P. B. et al. Practical aspects of applied optimized survey design for electrical resistivity tomography. Geophysical Journal 
International 189, 428–440, https://doi.org/10.1111/j.1365-246X.2012.05372.x (2012).

	174.	 Palacios, A. et al. Time-lapse cross-hole electrical resistivity tomography (CHERT) for monitoring seawater intrusion dynamics in 
a Mediterranean aquifer. Hydrol. Earth Syst. Sci. Discuss. 2019, 1–30, https://doi.org/10.5194/hess-2019-408 (2019).

	175.	 Bergmann, P. et al. Combination of seismic reflection and constrained resistivity inversion with an application to 4D imaging of 
the CO2 storage site, Ketzin, Germany. 79, B37-B50, https://doi.org/10.1190/geo2013-0131.1 (2014).

	176.	 Wunderlich, T. et al. Constraining electric resistivity tomography by direct push electric conductivity logs and vibracores: An 
exemplary study of the Fiume Morto silted riverbed (Ostia Antica, western Italy). 83, B87-B103, https://doi.org/10.1190/geo2016-
0660.1 (2018).

	177.	 Ronczka, M., Hellman, K., Günther, T., Wisén, R. & Dahlin, T. Electric resistivity and seismic refraction tomography: a challenging 
joint underwater survey at Äspö Hard Rock Laboratory. Solid Earth 8, 671–682, https://doi.org/10.5194/se-8-671-2017 (2017).

	178.	 Chang, S. W. & Clement, T. P. Experimental and numerical investigation of saltwater intrusion dynamics in flux‐controlled 
groundwater systems. Water Resources Research 48, https://doi.org/10.1029/2012WR012134 (2012).

https://doi.org/10.1038/s41598-020-66516-6
https://doi.org/10.1029/95wr02507
https://doi.org/10.1002/2013wr014020
https://doi.org/10.1002/2013wr014020
https://doi.org/10.1046/j.1365-2478.2000.00209.x
https://doi.org/10.1016/j.ecss.2007.07.049
https://doi.org/10.1029/2007gl029981
https://doi.org/10.1111/j.1365-2478.2004.00423.x
https://doi.org/10.1088/1742-2132/6/1/001
https://doi.org/10.2118/942054-g
https://doi.org/10.1016/j.petrol.2007.05.010
https://doi.org/10.5194/se-7-1157-2016
https://doi.org/10.1306/06301010047
https://doi.org/10.2118/1863-A
https://doi.org/10.2118/1863-A
https://doi.org/10.1190/1.3509781
https://doi.org/10.1029/2009wr008424
https://doi.org/10.1029/2009wr008424
https://doi.org/10.1016/0926-9851(93)90028-W
https://doi.org/10.1007/s11269-006-9135-y
https://doi.org/10.1111/j.1745-6584.1986.tb01025.x
https://doi.org/10.1111/j.1745-6584.1986.tb01025.x
https://doi.org/10.1007/pl00012574
https://doi.org/10.1111/j.1365-2478.1979.tb00961.x
https://doi.org/10.1111/j.1365-2478.1979.tb00961.x
https://doi.org/10.1016/j.cageo.2017.07.011
https://doi.org/10.1046/j.1365-246X.2003.01890.x
https://doi.org/10.1190/1.1440378
https://doi.org/10.1190/1.1442303
https://doi.org/10.1190/1.1441041
https://doi.org/10.1111/j.1365-246X.2006.03010.x
https://doi.org/10.1071/Eg03182
https://doi.org/10.1111/j.1365-246X.2012.05372.x
https://doi.org/10.5194/hess-2019-408
https://doi.org/10.1190/geo2013-0131.1
https://doi.org/10.1190/geo2016-0660.1
https://doi.org/10.1190/geo2016-0660.1
https://doi.org/10.5194/se-8-671-2017
https://doi.org/10.1029/2012WR012134


3 2Scientific Reports |         (2020) 10:9866  | https://doi.org/10.1038/s41598-020-66516-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

	179.	 Smerdon, B. D. et al. Estimating the hydraulic properties of an aquitard from in situ pore pressure measurements. Hydrogeology 
Journal 22, 1875–1887, https://doi.org/10.1007/s10040-014-1161-x (2014).

	180.	 Strout, J. M. & Tjelta, T. I. In situ pore pressures: What is their significance and how can they be reliably measured? Marine and 
Petroleum Geology 22, 275–285, https://doi.org/10.1016/j.marpetgeo.2004.10.024 (2005).

	181.	 Coscia, I., Linde, N., Greenhalgh, S., Vogt, T. & Green, A. Estimating traveltimes and groundwater flow patterns using 3D time-
lapse crosshole ERT imaging of electrical resistivity fluctuations induced by infiltrating river water. Geophysics 77, E239–E250, 
https://doi.org/10.1190/Geo2011-0328.1 (2012).

	182.	 Schenato, L. J. A. S. A review of distributed fibre optic sensors for geo-hydrological applications. 7, 896 (2017).
	183.	 Shanafield, M., Banks, E. W., Arkwright, J. W. & Hausner, M. B. Fiber-Optic Sensing for Environmental Applications: Where We 

Have Come From and What Is Possible. 54, 8552-8557, https://doi.org/10.1029/2018wr022768 (2018).
	184.	 Parker, T., Shatalin, S. & Farhadiroushan, M. J. f. b. Distributed Acoustic Sensing–a new tool for seismic applications. 32, 61-69 

(2014).
	185.	 Selker, J. S. et al. Distributed fiber-optic temperature sensing for hydrologic systems. 42, https://doi.org/10.1029/2006wr005326 

(2006).
	186.	 Bense, V. et al. Distributed Temperature Sensing as a downhole tool in hydrogeology. 52, 9259-9273 (2016).
	187.	 Semeniuk, V. & Johnson, D. P. Recent and Pleistocene beach/dune sequences, western Australia. Sedimentary Geology 32, 301–328, 

https://doi.org/10.1016/0037-0738(82)90042-2 (1982).
	188.	 Water Information Reporting database. (W.A Dept. of Water, W.A Dept. Regional Development, http://wir.water.wa.gov.au, 2019).
	189.	 Bayless, E. R., Mandell, W. A. & Ursic, J. R. Accuracy of Flowmeters Measuring Horizontal Groundwater Flow in an Unconsolidated 

Aquifer Simulator. 31, 48-62, https://doi.org/10.1111/j.1745-6592.2010.01324.x (2011).
	190.	 Jørgensen, N. O., Andersen, M. S. & Engesgaard, P. Investigation of a dynamic seawater intrusion event using strontium isotopes 

(87Sr/86Sr). Journal of Hydrology 348, 257–269, https://doi.org/10.1016/j.jhydrol.2007.10.001 (2008).
	191.	 Stuyfzand, P. J. in Study and modelling of salt water intrusion into aquifers. In: Proceedings of the 12th salt water intrusion meeting, 

Barcelona. CIHS-CIMNE, Barcelona. 143-160.
	192.	 Pulido-Leboeuf, P., Pulido-Bosch, A., Calvache, M. L., Vallejos, Á. & Andreu, J. M. Strontium, SO42−/Cl− and Mg2+/Ca2+ 

ratios as tracers for the evolution of seawater into coastal aquifers: the example of Castell de Ferro aquifer (SE Spain). Comptes 
Rendus Geoscience 335, 1039–1048, https://doi.org/10.1016/j.crte.2003.08.004 (2003).

	193.	 Almalki, M., Harris, B. & Dupuis, J. C. Multifrequency full-waveform sonic logging in the screened interval of a large-diameter 
production well. GEOPHYSICS 78, B243–B257, https://doi.org/10.1190/geo2012-0328.1 (2013).

	194.	 Mathieu, F. & Toksö, Z.M. In SEG Technical Program Expanded Abstracts 1984 9–12 (Society of Exploration Geophysicists, 1984).
	195.	 Rechtien, R. D., Hambacker, K. L. & R. F. Ballard, J. A high‐frequency sparker source for the borehole environment. 58, 660-669, 

https://doi.org/10.1190/1.1443450 (1993).
	196.	 Maliva, R. G. Aquifer Characterization Techniques. (2016).
	197.	 Possetti, G. et al. Salinity measurement in water environment with a long period grating based interferometer. 20, 034003 (2009).
	198.	 Hilhorst, M. J. S. S. S. o. A. J. A pore water conductivity sensor. 64, 1922-1925 (2000).
	199.	 Esteban, Ó., Cruz-Navarrete, M., González-Cano, A. & Bernabeu, E. Measurement of the degree of salinity of water with a fiber-

optic sensor. Applied Optics 38, 5267–5271, https://doi.org/10.1364/AO.38.005267 (1999).
	200.	 Ogilvy, R. D. et al. Automated monitoring of coastal aquifers with electrical resistivity tomography. Near Surface Geophysics 7, 

367–375, https://doi.org/10.3997/1873-0604.2009027 (2009).
	201.	 Turner, I. L. & Acworth, R. I. J. J. o. C. R. Field measurements of beachface salinity structure using cross-borehole resistivity 

imaging. 753-760 (2004).
	202.	 Grinat, M., Epping, D. & Meyer, R. In E3S Web of Conferences. 00009 (EDP Sciences).
	203.	 Grinat, M., Südekum, W., Epping, D., Grelle, T. & Meyer, R. In Near Surface 2010-16th EAGE European Meeting of Environmental 

and Engineering Geophysics.
	204.	 Spies, B. R. Electrical and electromagnetic borehole measurements: A review. Surveys in Geophysics 17, 517–556, https://doi.

org/10.1007/Bf01901643 (1996).
	205.	 Freifeld, B. M. et al. The U-tube: A novel system for acquiring borehole fluid samples from a deep geologic CO2 sequestration 

experiment. 110, https://doi.org/10.1029/2005JB003735 (2005).

Acknowledgements
This research is funded by the Australian Government Research Training Program (RTP) Scholarship from 
Curtin University, Western Australia (WA), and Department of Water and Environmental Regulation (DWER) 
of WA. We acknowledge and thank DHI WASY for the FEFLOW student license granted during this research. All 
scripts used throughout this research are available freely online from authors github and on request.

Author contributions
A.C., B.H., wrote the paper using input and feedback from all co-authors; A.C., B.H., B.T., R.S., F.W., and J.P. 
reviewed and contributed scientific discussion to the manuscript; A.C. designed and ran experiments with advice 
from B.H.; B.T. and A.C. designed figures with input from B.H.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-66516-6.
Correspondence and requests for materials should be addressed to A.R.C.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-020-66516-6
https://doi.org/10.1007/s10040-014-1161-x
https://doi.org/10.1016/j.marpetgeo.2004.10.024
https://doi.org/10.1190/Geo2011-0328.1
https://doi.org/10.1029/2018wr022768
https://doi.org/10.1029/2006wr005326
https://doi.org/10.1016/0037-0738(82)90042-2
http://wir.water.wa.gov.au
https://doi.org/10.1111/j.1745-6592.2010.01324.x
https://doi.org/10.1016/j.jhydrol.2007.10.001
https://doi.org/10.1016/j.crte.2003.08.004
https://doi.org/10.1190/geo2012-0328.1
https://doi.org/10.1190/1.1443450
https://doi.org/10.1364/AO.38.005267
https://doi.org/10.3997/1873-0604.2009027
https://doi.org/10.1007/Bf01901643
https://doi.org/10.1007/Bf01901643
https://doi.org/10.1029/2005JB003735
https://doi.org/10.1038/s41598-020-66516-6
http://www.nature.com/reprints


3 3Scientific Reports |         (2020) 10:9866  | https://doi.org/10.1038/s41598-020-66516-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-66516-6
http://creativecommons.org/licenses/by/4.0/

	Groundwater Throughflow and Seawater Intrusion in High Quality Coastal Aquifers

	Part 1. Coastal Hydrogeology and a Reference Site

	Introduction to the near-shore coastal margin. 
	An urban reference site where seawater intrusion has occurred. 
	The shallow geology and hydraulics at coastal margins. 

	Part 2. What drives the relationship between groundwater throughflow and Seawater Intrusion?

	Rapid urbanisation and increased groundwater abstraction at the coastal margins. 
	Influence of a changing climate and reduced rainfall recharge. 
	Influence of sea level rise. 

	Part 3. Predicting the Shape of the Seawater Interface: The Value and Limitations of Historical Monitoring Data

	Measurements of water chemistry - What range of seawater interface geometries fit monitoring data?. 
	Measurements of hydraulics across the wedge transition. 
	Estimation of groundwater throughflow from hydraulic gradients. 
	The seawater interface according to an analytical solution. 
	The seawater interface according to a homogeneous numerical transport modelling. 
	Comparison of numerical and analytic solutions for the landward extent of seawater. 

	Part 4. Complex Models: What is the Role of Anisotropy and Heterogeneity?

	How does anisotropy of hydraulic conductivity impact the landward extent of the seawater interface?. 
	Is the position of the wedge a reliable indicator of groundwater throughflow?. 
	Taking model complexity to extremes: Spatially correlated random fields. 

	Part 5. Geophysics: How Reliable is Electrical Resistivity-Based Monitoring?

	Converting solute to formation resistivity. 
	Model generation and inversion. 

	Part 6. Discussion: Capturing the Dynamic Hydrogeology of Coastal Margins

	Can we use groundwater velocity to measure seawater intrusion?. 

	Conclusion

	Acknowledgements

	Figure 1 Schematic of a shallow coastal groundwater water system in an urban setting and our research outline.
	Figure 2 Schematic of coastal hydrogeology indicating processes and nomenclature for the seawater interface in a mixed siliciclastic and carbonate near-shore aquifer system.
	Figure 3 Maps providing location and characterisation of the Quinns Rocks seawater intrusion monitoring (SIM) reference site in Perth, Western Australia.
	F﻿igure 4 Ranges of hydraulic conductivity estimated at sites along the coastal margin of Perth (shown in purple) and other karstic environments around the world (shown in yellow).
	Figure 5 Photographs showing samples of the Tamala Limestone with different sedimentary fabrics.
	Figure 6 A ground penetrating radar (GPR) section at Perth’s coastal margins that expresses the typical beach and dune facies and limestone ridges.
	Figure 7 Set of satellite images showing the rapid expansion of the Quinns Rocks suburb, taken in 1984 (top left), 2002 (top middle) and 2016 (top right), and groundwater abstraction from the IWSS bore field from 1984 to 2016 (bottom).
	Figure 8 Graphs showing long-term trends in winter and summer rainfall in Perth, Western Australia.
	Figure 9 Charts showing tidal measurements from a monitoring location near the reference site in meters Australian height datum, mAHD.
	Figure 10 Set of graphs comparing measured water levels in the seawater intrusion monitoring (SIM) wells to monthly rainfall.
	Figure 11 Cross-section through the SIM wells and accompanying time-lapse electrical conductivity (EC) data (1990–2018) showing evidence of seawater intrusion.
	Figure 12 Schematic indicating the possible locations of the seawater interface based on measured solute concentrations from the SIM wells in 1990 (red line) and 2018 (blue line).
	Figure 13 Schematic representation of uncertainty in the measurement of the hydraulic head from a well where large changes in solute concentration exist, such as at the seawater interface.
	Figure 14 Charts and schematic showing the equivalent freshwater head compared to the measured water levels.
	Figure 15 Set of charts showing seasonal variations in groundwater levels, climate and estimated throughflow at Quinns Rocks.
	Figure 16 Diagram representing the finite element mesh and boundary conditions used for numerical groundwater flow and solute transport modelling.
	Figure 17 Set of images showing the simulated seawater interfaces for a range of groundwater throughflow in a 30 m thick aquifer with hydraulic conductivity 200 m/day over an impermeable substrate (i.
	Figure 18 Chart comparing the landward position of the toe of the seawater wedge estimated from the Glover analytical solution (dark grey curve) and numerical simulations based on a homogeneous aquifer (red curve).
	Figure 19 Schematic showing the ratio of anisotropy, Kx/Ky, in relation to the dip angle () for inclined bedding planes.
	Figure 20 Images showing the influence of increasing anisotropic angle on the seawater wedge geometry in a high hydraulic conductivity (200 m/day) homogeneous aquifer.
	Figure 21 Images showing the influence of anisotropy on the seawater wedge geometry after reducing groundwater throughflow to match hydraulic heads.
	Figure 22 Images showing the hydraulic conductivity distribution (left column) and associated seawater interface geometry (right column) using spatially correlated random fields with a range of seeds.
	Figure 23 Images showing the inverted resistivity distributions compared to the forward resistivity distributions for a range of hydraulic conductivity models.
	Figure 24 Images highlighting the extremes in Darcy velocity (m/day) that occur across a seawater wedge for a homogeneous aquifer.
	Figure 25 Images showing the Darcy velocity distribution for a complex hydraulic conductivity model (see Fig.
	Figure 26 Schematic of a seawater intrusion monitoring system that would provide sufficient evidence to characterise the seawater interface in a shallow coastal aquifer.
	Table 1 Details of the SIM wells including approximate distance from shoreline and depth of the screens below ground level (m BGL).
	Table 2 Groundwater flow and solute transport modelling parameters used to generate models in FEFLOW.
	Table 3 Archie’s law 146 parameters showing variation in formation conductivity from values of ‘a’ and ‘m’.
	Table 4 Options for instrumentation and measurement of seawater intrusion monitoring wells (see Fig.




