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Abstract

The existence of fresh groundwater overlying saltwater in groundwater system is
ubiquitous in many inland aquifers as well as in most coastal aquifers. The utilization of freshwater
resources in those areas is therefore highly constrained by the presence of saline-water upconing,
a physical process that occurs when salty groundwater rises towards a pumping well. This research
investigated this process in heterogeneous aquifers by using models in ideal scenarios.
Specifically, two scenarios were included: (I) pumping with an aquitard below the well, and (1)
pumping in a randomly heterogeneous aquifer. An axisymmetric geometry with the two different
settings was implemented in the numerical code SEAWAT, which solves coupled density-
dependent flow and solute transport equations. After a certain pumping time, the extracted water
will be salinized to a certain degree (i.e. 2%), thus forcing the well’s shut-off; the period before
reaching 2% is defined as the available pumping duration of the effect of aquifer heterogeneity on

saline-water upconing, and was used as a key indicator.

Available pumping durations from numerical simulations for two heterogeneous settings
are compared with that of a homogeneous case. For each heterogeneous setting, there were two
main findings. In the case of pumping above an aquitard, linear relations between pumping
durations and hydraulic conductivities were established for varied dimensions of aquitards, and
there was a critical location of an aquitard where the well showed the highest pumping efficiency.
For pumping occurring in a randomly heterogeneous aquifer, it was found that increasing degrees
of heterogeneity in aquifers might improve the pumping efficiency. Also, hydraulic conductivities
in two directions showed different patterns of impact on the pumping efficiency. The horizontal
hydraulic conductivity was inversely related to the final pumping duration, while the vertical one
was positively correlated to the early stage of pumping when only freshwater was pumped out.
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Chapter 1
INTRODUCTION

Groundwater is water stored in pores of soil particles and rock fractures underneath the
Earth’s surface, and it represents a major source of freshwater on Earth. Groundwater dynamics
occur at different length and time scales (from hours to millennia) as a result of recharging from
and discharging to surface water bodies. Using groundwater as a source of freshwater shows
several advantages compared with surface water: (1) groundwater serves as an accessible
freshwater source during dry seasons or in some dry regions around the world, (II) it is less
vulnerable to pollutions, and (111) the amount of groundwater stored is larger than that of surface
water. Groundwater is widely seen in agricultural, municipal, and industrial uses, and the demand
for it is increasing. For example, groundwater stored in coastal aquifers, where nearly half of the
global population is located, is considered a vital freshwater resource and its demand is increasing

since population densities in these regions are growing due to economic development.

As the major freshwater resource, groundwater quality needs to be ensured. For example,
for human consumptions, a high level of quality should be achieved. Listed in the report of
Groundwater Quality in Australia [1], the following sources can be a threat to the groundwater

quality for usage:

e Salinity
e Acidity
e Nutrients

e Contaminants such as heavy metals, industrial chemicals and pesticides.
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Although groundwater flowing through rocks and subsurface soils can cause some levels
of substances dissolved in it, the ground itself has a certain ability to filter out these matters.
However, excessive human activities have put too much pressure on exiting groundwater resources

so that they are suffering degradation around the world.

1.1 Salinity intrusion process

The threat caused by salinity to groundwater quality draws much attention, because in
coastal aquifers, the adjacent seawater can cause salinity intrusion into the fresh groundwater zone
that stores the major water resource in these regions. For example, the world-widely occurring
Seawater Intrusion (SWI1) issue has been recognized as a major threat to coastal aquifers, posing
challenges to coastal groundwater management in many countries such as Australia and US. Under
undisturbed conditions, the seaward movement of excessive freshwater (i.e. recharge minus
discharge) is balanced with the steady-state seawater below. Activities that break this equilibrium
(e.g. sea-level rise or excessive groundwater pumping) will lead to the landward movement of
seawater until a new balance is reached. Figure 1.1 shows a representative vertical cross-section
of a coastal aquifer with SWI, presented in [2]. The interaction between fresh groundwater and
intruded saline seawater leads to the mixing of them (i.e. “transition zone” shown in the figure),
and this mixing zone is with varied concentrations and densities. The mixing zone is considered
as the main indicator of intrusion extent. “Interface” shown in the figure is considered as a

simplified indicator of the transition zone.
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Figure 1.1. A typical cross sections of seawater intrusion in coastal aquifers (Phreatic aquifer) with recharge and

pumping. Not drawn to scale. [2]
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Figure 1.2. The upconing process in a simplified vertical cross section of a coastal aquifer. Not drawn to scale. [3]
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When a partially penetrating well is located in an aquifer with SWI occurring, the
extraction of freshwater will result in a vertical hydraulic gradient, thus causing a local upward
movement of seawater into the upper freshwater zone, forming a shape of cone. This physical
process of saline groundwater rising into the upper freshwater zone is called Saline-water
Upconing (SU). SU is another process causing the salinity intrusion into freshwater. A simplified
cross-section of SU at the regional scale is shown in Figure 1.2 [3]. Besides SU in coastal aquifers,
it is also a ubiquitous process in some inland aquifers, where freshwater and saline-water are
stratified. Saline-water occurring in inland aquifers may be a results of dissolution of sediments or
rocks. Overall, SU is another intrusion process of saline-water, which may directly result in the

pumping of salinized water.

1.2 Salinity intrusion examples

Salinity encroachment has been observed in many areas and especially coastal regions from
the late 20" century. For example, in the coast of Laizhou Bay, Shandong Province of China,
available data showed that SWI was firstly observed in that region from 1971 [4], when the zones
of influence were just some small and isolated areas. Gradually, with the increase of human
activities, these areas spread out and connected to larger regions. Specifically, in 1979 the area of
SWI was just 16 km? but 10 years later it increased to nearly 238 km?. However, in 1990 when the
precipitation doubly increased, the continuously increased rate of rise of influenced areas was

slowed by the high recharge rate.

There are also some field observations available for upward salinity intrusion. For example,

Figure 1.3 shows the salinity profile of an observation well before and after pumping from a study
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of SWI in South East of South Australia [5]. The rise of salinized water (especially salinity larger
than 10000 uS cm?) after pumping (yellow curve) suggests the upward movement of salts in that

aquifer due to pumping.

Saline-water intrusion is a harmful process because the salinization of aquifers, soils or
surface water can negatively impact the environmental and economic development. It is estimated

that nearly 2527 ha of agriculture may be suffering from SWI in South Australia [5].

Salinity EC (uS/cm) Volume removed (L)

0 10000 20000 30000 0 500 1000 1500
0 L 2250 1
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Figure 1.3. Observation well salinity profile in the report [5]: before and after pumping (left); volume pumped versus

water salinity (right)
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1.3 Proposed research

The growing trend of deteriorating water quality and aquifers urges the related
professionals to better understand the mechanisms of SU, and thus to improve the sustainable
management of groundwater resources. Therefore, this thesis aims to improve the scientific
understanding of the SU process. More specifically, the focus is on the SU process in geologically
heterogeneous aquifers, since heterogeneity has not been largely explored in previous studies. Two
specific aims are (I) examining the efficiency of a pumping well under threats of SU when a low-
permeability horizontal layer is located in the aquifer, and (Il) understanding of pumping
efficiency of an extraction well under threats of SU in an aquifer with random distributions of
hydraulic conductivity (K). This research is mainly motivated by the work in [6, 7] for the

following reasons:

1. Heterogeneity in hydraulic conductivity is an inherent property of an aquifer. When
considering transport of dissolved solutes, the heterogeneity is highly associated with the
hydrodynamic dispersion, which is the controlling process of SU. So it is hypothesized that
heterogeneity in geological formations will show a great impact on the upconing efficiency.

2. The scale of heterogeneity is a vital factor in terms of the mixing zone thickness in SWI
process. Upconing can be regarded as a vertical SWI, so that the large scale heterogeneity
(i.e. stratified aquifer) and small-scale heterogeneity (i.e. random distribution of K fields)

are hypothesized to show different impacts on SU.

The research project was based on modelling. Simulations of an idealized aquifer were
used to test the effect of aquifer heterogeneity on SU. The software SEAWAT used in this research
has been used and modified by many researches (refer to Table 2.1). The primary variable of

interest in this research is the available pumping duration, defined as the duration from the
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beginning of pumping to the time when the relative salinity of pumped water reaches 2%, which

has been adopted in published studies [e.g., 8, 9].

1.4 Outline of thesis

The thesis includes 5 chapters. A brief introduction is provided in this Chapter. A
comprehensive literature review is provided in Chapter 2. The SU process in an aquifer with a
low-permeability horizontal layer is shown in Chapter 3. The SU process in an aquifer with random
distributions of K fields is presented in Chapter 4. Chapter 5 summarizes the conclusions and

implications of the research results and also discusses the limitations of the current study.
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Chapter 2
LITERATURE REVIEW

This literature review mainly focuses on studies concerning SU. Although the more general
SWI has been investigated in many studies, and there are comprehensive literature reviews
published [e.g., 6, 10, 11], a smaller amount of works focused specifically on SU is available. The
study of SU has been carried out mainly using mathematical models, with limited laboratory
experiments and field investigations. This literature review summarized the published methods to
study SU, which were categorized into mathematical models, laboratory scale physical models,

and field investigation.

2.1 Mathematical models

Mathematical models serve as an efficient tool for predictions of groundwater-flow and
solute transport behaviors in aquifers. The denser saltwater underlying freshwater represents the
standard scenario for mathematical models for the SU problem. These two fluids with varied
densities are miscible, so that in a real situation, a transition zone with varied concentrations and
densities occurs between them. The solution of such a SU model requires the simultaneous
solutions of the fluid low equation and solute transport equation. Reilly and Goodman [12]
provided a detailed description of governing equations for SU models. When pumping begins, the
hydrodynamic dispersion may cause the transition zone to further develop, and the difficulty here
is to predict the behavior of the transition zone for this highly coupled and non-linear system.

Generally the two mathematical models used are sharp-interface and variable-density flow models.
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The sharp interface model assumes that freshwater and saline water are immiscible, so that
the transition zone is replaced by an abrupt interface. Although this model significantly simplifies
the SU problem, in situations where the transition zone is very thin compared with the thickness
of the aquifer, it works as a good indicator of SU. At the early stage of SU studies, when computing

capabilities were not very advanced, sharp interface models were widely used to approximate SU.

A variable-density flow model better describes the SU process, because it includes the
realistic mixing between freshwater and saline-water. At present, variable-density flow models are

favorable to understand and predict SU.

2.1.1 Sharp interface model

In a sharp interface model, rise of the assumed abrupt interface between freshwater and
saline water represents the upconing process. Figure 2.1 shows a typical schematic of the physics
of SU in a sharp interface model in [12]. The pumping will lead to the pressure reduction in the
upper freshwater zone, and thus the interface will move upward until a new equilibrium is
achieved, forming a stable upward cone. The increase of the pumping rate will further rise the
interface. However, if the pumping rate is so high that, before reaching a balance, the interface
intercepts the well bottom, an unsteady upconing occurs, leading to the salinity of pumped water.
Such a critical condition is associated with a critical value for the pumping rate of the well, usually
called critical pumping rate or maximum permissible rate in the literature. This physics was firstly
introduced by Muskat and Wycokoff [13] based on the oil-water scenario, and is also widely

applied in a sharp interface model of SU study.

For sustainable groundwater usage, the critical pumping rate needs to be avoided. Applying
a sharp interface model as a first approximation of critical conditions for SU is a research topic of

great interest. This is usually achieved through analytic solutions or semi-analytic solutions. The
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parameters representing critical conditions mainly include the critical pumping rate, and its
associated critical interface-rise ratio. The latter one is a widely used dimensionless parameter for

many researches [e.g., 14, 15-19], and is defined as the ratio of distance between interface and

bottom of well to the aquifer thickness.

Q Ground surface

Vi B N

Ny N |

Water table

—_——e

|

Fresh water,
density P

g
~
o

Interface reaching well

— — — ———

Critical
rise

Saline water,
density p §

Initial interface

Figure 2.1. Indication of the physical process of SU in a sharp interface model [12]
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Fully solving a sharp interface model still needs to simultaneously solve the flow of saline
water and flow of freshwater, which should satisfy specified initial and boundary conditions.
However, the boundary condition at the sharp interface is highly non-linear and is not known
initially; this poses the difficulty to get exact solutions. This interface flow problem is often further
simplified with the Ghyben-Herzberg solution [11] based on the assumptions of static seawater
and vertical potential lines in freshwater region (i.e. Dupuit assumption in freshwater region). The
Ghyben-Herzberg solution was the first formulation for saline-water intrusion problem, which
expressed the relation between the distance from sea-level to phreatic surface and to the interface,

as shown in Figure 2.2 and expressed as,

__py
z=-thy, 2.1)

where z is the distance from sea-level to the interface, hs is the distance from sea-level to the

phreatic surface, p, is the saltwater density, and p; is the freshwater density. This ratio 2 _isa

Ps—Pf
constant under certain conditions (for example, at 20 °C, pr and p, are 1000 and 1025 kg m-3
respectively, which results in the ratio equaling 40 [20]); therefore it suggests that every meter of

drawdown in phreatic surface results in 40 meters rise of the interface.

Generally, the published studies adopting Ghyben-Herzberg solution can be divided into
two categories: confined or unconfined interface flow, that is upconing in local scale [e.g., 18, 19]
and combinations of confined (or unconfined) interface flow with confined (or unconfined) flow,
that is upconing in coastal aquifers [e.g., 21]. For the first category, more recent studies include
Garabedian [22] and Hendizadeh et al. [23]. Both of them utilized the method that was firstly
conceptualized in the work by Muskat [24], as indicated in Figure 2.3 for pressure distributions in

two fluids, to determine the value of critical interface rise. Curve 1 and curve 2 represent freshwater
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and saltwater pressure distributions respectively before pumping. At this initial state, above the
interface, freshwater pressure is larger than that of saltwater, but their difference becomes smaller
from the top to the interface. When pumping is introduced, the curve 2 is stable, but the freshwater
pressure decreases immediately. Increasing the pumping rate will further reduce the freshwater
pressure, which is indicated by the movement from curve 3 to curve 5. Curve 5 represents the
unstable state of interface, meaning that saltwater intercepts the bottom of well. So the point C
represents the critical condition. The equality of both pressures of two fluids and their pressure
gradients at point C contributes to determining the critical interface rise. According to this method,
Garabedian [22] solved the critical interface rise for an aquifer with a partially penetrating well,
no-flow conditions at the top and bottom, and a constant head conditions at a known radial
distance. They compared the analytic results with numerical ones from SEAWAT, and they
observed obvious numerical dispersion, leading to a variance of results around the well. They also
concluded that freshwater zone thinning effect due to interface rise could not be ignored through
the comparison with numerical results from Reilly and Goodman [12], otherwise, the prediction
of critical condition could be overestimated. Hendizadeh et al. [23] determined critical conditions
for aquifers with finite horizontal well and finite vertical well. They concluded that total critical
pumping rate increased in both longer vertical and horizontal wells, but linearly decreased with
their depth. The most well-known study using Ghyben-Herzberg solution in regional coastal
aquifer is that of Strack [21], who used a single potential (Strack’s potential) to solve the interface
flow extension in a coastal aquifer. Applying such a potential was advantageous when the position
and geometry of the interface were unknown, thus the boundary condition is unknown. Application
of that potential in their research was to calculate the critical pumping rate for a fully penetrating

well in a Strack’s coastal region.
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Figure 2.2. The Ghyben-Herzberg principle in a cross-section of a coastal aquifer [11]. MSL stands for Mean Sea

Level.
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Figure 2.3. Freshwater and saline water pressure distributions under pumping conditions [19]
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Although the Ghyben-Herzberg solution was a widely-applied method for approximating
solutions for a sharp interface model, it needs to be adopted with careful evaluations because: (1)
it neglects the non-uniformity of the aquifer, for example heterogeneity, (ll) it neglects the
movement of lower saline water, and (II1) it neglects the thinning of freshwater zone due to the
moving of interface. So many studies improved analytic solutions of SU by eliminating same of
these assumptions. For example, Dagan and Zeitoun [25] considered the heterogeneity of an
aquifer by analytically solving the interface flow in a stratified aquifer. Without the Dupuit
assumption, Dagan and Bear [17] used the method of small perturbation to generate equations
indicating evolution of the interface rise in two-dimensional and three-dimensional aquifers.
Schmorak and Mercado [15] used the equation from Dagan and Bear [17] for upconing in a

relatively thick aquifer for a field study of SU. The equation reads:

_ Q . 1 _ 1
X(r,t) = Zn(%o)kxd [(1+D2)1/2 [(1+T)2+D2]1/2]’ (2.2)
where D and T are:
r (ky\1/2
T = (AP/P)kzt (2 4)
2nd ! ’

Xis interface rise due to pumping, Q is pumping rate, Ap is density difference between saline water
and freshwater, p is density of freshwater, ky and k, are horizontal and vertical permeability
respectively, d is distance from bottom of well to the initial interface, r is radial distance 