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Abstract 

An investigation into the water quality of the municipal supply for Alexandra was 

undertaken to characterise the water composition and its origin, and explore the 

interaction between surface and groundwater resources. Water samples were collected 

fortnightly from the Clutha River, the municipal water bore field and five private bores 

over an eight month period. The water samples were analysed for Ca
2+

, Mg
2+

, K
+
, Na

+
, 

Cl
-
, Fl

-
, Br

-
, SO4

2-
, NO3

-
, PO4

3-
 and total alkalinity (HCO3

-
). These ions as well as a 

range of field parameters such as pH, electrical conductivity, total dissolved solids and 

temperature were used to assess the quality of the water.  Analysis of the groundwater 

composition shows water dominated by CaCO3, with modest amounts of base cations, 

which are consistent for schist-derived gravel aquifers in Central Otago. Stable isotopes 

18
O and 


 were also analysed from each water sample. Isotopic analysis of 

18
O and 

2
H 

shows that there is a spatially variable connectivity to the Clutha River, and that the 

bore field that supplies the municipal drinking water supply is isotopically 

indistinguishable from the Clutha River.  However, analysis of the chemical 

composition of the Clutha River reveals alkalinity levels up to seven times lower than 

that of the groundwater, despite the town supply bores being located roughly 15 metres 

from the river bank. This suggests that water is primarily derived from the Clutha River, 

but that over a very short distance the groundwater is chemically altered by subsurface 

chemical exchanges. Thus, this study suggests that by drawing the river water through 

the aquifer results in a rapid deterioration of the water quality, and substantial hardening 

of the domestic water supply.  
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CHAPTER 1 

INTRODUCTION 

 

Freshwater is an essential resource in all populated parts of the world, including New 

Zealand. The quality of this water requires special consideration, especially when the 

water is used for drinking and domestic use. Supplies of fresh water in New Zealand are 

being placed under greater amounts of stress, particularly in areas of high population 

growth. As a result of this, an increasing body of literature is being formed in the New 

Zealand and international context with regard to the various influences that other 

environmental factors can have on the quality of water supplies. One such 

environmental factor that is being considered is the interaction between surface water 

and groundwater.  

There are many environmental factors that can affect the quality of a water supply.   

Consideration needs to be made of the interacting nature of air, soil and water in the 

environmental continuum and the impact that the interaction of these elements can, and 

do, have on groundwater quality (Singh, 1995). Geologic and hydrologic cycles are 

connected with groundwater through factors of climate, topography, biology and time, 

as a part of the weathering process between the parent material and soil (Figure 1.1). 

Sedimentary rocks are also shown to have a direct relationship with groundwater. This 

relationship will be explored more fully in Chapter 2, with a description of how the 

weathering of sedimentary rocks can release ions into the water. Surface water is also 

shown to have a direct two way relationship with groundwater. This is the relationship 

that will be explored in the greatest depth in this thesis.  
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Metamorphic Rocks Igneous Rocks 
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Time 
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Limestone 

Runoff 

Figure 1.1. Flow diagram of the geological and hydrological cycle. This thesis will focus on the 

relationship between groundwater and surface water shown in the red box. Recognition will be 

made of the wider processes, however they will serve mainly to help explain the 

groundwater/surface water interaction. Adapted from Hounslow (1995). 

Surface water bodies exhibit a dynamic hydrologic relationship with groundwater 

aquifers. Water flows between a surface water body, such as a river, and the adjacent 

aquifers. This relationship can be used as a reliable source of recharge to an aquifer that 

is used for abstraction provided that the surface water body is large enough to resist 

depletion itself. This was described in early works by Theis (1941) where a simple 

drawdown model was formed with a well abstracting from an aquifer that is connected 

to a river. Theis (1941) also explained that the flow of the stream can be depleted 

through groundwater abstraction. The model cited above demonstrates one direction of 

flow: from the stream to the aquifer. More recent work has shown that the relationship 

is dynamic with water flowing in both directions; from the stream into the aquifer, and 

from the aquifer into the stream (Fox & Durnford, 2003; Hunt, 1999; Walker & 

Krabbenhoft, 1998). This thesis explores this two way relationship more fully and the 

effect that the interaction has on groundwater quality in a specific case study of the 

groundwater of Alexandra, Central Otago, New Zealand. 
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Water quality, as a term, is difficult to define exactly. While there is common 

recognition of the chemical characteristics of water that define its quality, there are also 

aesthetic factors that can define water as being of good or bad quality. These factors can 

include taste, colour and odour. Due to the subjective nature of these factors, they are 

difficult to consistently categorise. Therefore, water quality is defined as an objective 

set of chemical characteristics measured against a set of predetermined „trigger values‟. 

In order to obtain objectivity between samples and existing data, water quality in this 

thesis will be defined and restricted to the analysis and composition of the major 

inorganic constituents of water.  

Of the fresh water that is provided as drinking water in New Zealand, groundwater 

provides wholly or in part, around 50% of the supply (Harding et al., 2004). 

Groundwater is becoming ever more sought after as the population grows and demands 

from agricultural and horticultural users increase, as well as increasing pressure from 

municipalities that pump groundwater for domestic supply. The most extensive aquifers 

providing groundwater in New Zealand are shallow, with unconfined sand and gravel 

sediments (Ministry for the Environment, 2007). Due to the shallow nature and the high 

permeability of the aquifers, their vulnerability to pollution is high (Fetter, 1993). New 

Zealand aquifers also contain varying levels of certain types of minerals, which may 

adversely affect the quality of that water. In Central Otago for example, the aquifers are 

characterized as being predominantly Quaternary outwash and gravels consisting of 

high levels of calcite within the schist parent material (Heller, 2001; Rosen & Jones, 

1998). Similar geologic conditions exist in the Wanaka and Wakatipu basins to the 

north (Rosen & Jones, 1998). These geologic conditions in the aquifers have a profound 

effect on the quality of the groundwater. In Alexandra, there are reported high levels of 

calcium carbonate in the groundwater. While high levels of calcium carbonate are not 

detrimental to health, the high concentrations cause calcium carbonate build up in water 

heaters and electric jugs. 

The Drinking Water Standards for New Zealand (Ministry of Health, 2005) outlines the 

range of trigger values for various chemical components of fresh water that are used to 

apply consistent monitoring values to the fresh waters across New Zealand. They are 

intended to set out the compliance regulations and protect public health (Davies, 2001). 

As well as analysis of microbial levels (which are given the highest priority with regard 

to monitoring (Davies, 2001)) waters in New Zealand are also tested for levels of 
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nutrients (for example nitrogen and phosphorous), major cations and anions, and pH. 

Physical characteristics of the water can also be tested to define water quality such as 

temperature, electrical conductivity and dissolved oxygen. These factors, both chemical 

and physical, help to describe the quality of water, and also give clues to processes 

acting on that water which may cause poor quality water. The factors can also be used 

as a proxy to trace the origin of the water, which when combined with the information 

about the quality, can aid in the understanding of the degree of interaction between the 

surface water and the groundwater. One commonly used method in the determination of 

interaction between a river and an aquifer is to use the environmental isotopes of δ
18

O 

and δ
2
H.  

Studies undertaken by Ma et al. (2010), McCarthy et al. (1992) and Payne and 

Schroeter (1979), demonstrated how the isotopes δ
18

O and δ
2
H can be used to infer the 

degree of interaction between a river and the aquifer. Isotopes are atoms of the same 

element that differ in mass because of a difference in the number of neutrons in the 

nucleus. The relative abundance of δ
18

O and δ
2
H is given in Table 1.1 below (Coplen, 

Herczeg, & Barnes, 2000). 

Table 1.1. Relative abundance of hydrogen and oxygen isotopes in natural water. 

Hydrogen Oxygen 

Isotope Abundance Isotope Abundance 

1
H 0.99985 

16
O 0.99757 

2
H 0.00015 

17
O 0.00038 

  
18

O 0.00205 

  

These two isotopes occur naturally in water at varying concentrations and are ideal 

tracers for a number of reasons. The primary reason for why δ
18

O and δ
2
H are ideal 

tracers is that the isotopes are inert with regard to reaction with other minerals. This 

means that as the water flows through the aquifer, they will not react with the minerals 

in the surrounding rock and soil, and can therefore be considered independent of other 

chemical processes. For this reason,
 
δ

18
O and δ

2
H were chosen to assess isotopic 

distinction in this study.  
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1.1   RESEARCH AIM 

This thesis aims to characterise the groundwater quality in Alexandra and explore the 

interaction this may have with surface water. The thesis aims to utilize the 

environmental isotopes of δ
18

O and δ
2
H to determine the degree of interaction between 

the Clutha River in Alexandra and the adjacent aquifer as well as determine the spatial 

variability in its inorganic solute composition. The interaction between the two surface 

water bodies will be correlated with water quality data in order to assess whether the 

degree of interaction is having an effect on the groundwater quality.  

On a broader scale, this thesis aims to provide further understanding to these processes 

at a national and international scale. Semi arid parts of the world are, by definition, 

lacking in water quantity. Semi arid and arid parts of the world, particularly in Africa, 

require more understanding of the processes of aquifer recharge and the potential effects 

on groundwater quality in a semi arid environment due to the critical importance placed 

on water in these environments. Chapter 2 will discuss the understanding from the 

literature at the present time, and this thesis will act to further corroborate the processes 

that occur in a groundwater/surface water system. Potential exists for a greater 

understanding of how solute processes occur in such a dynamic system. 

 

1.2   THESIS OUTLINE 

Chapter 2 will continue with a theoretical review of the literature. Following this in 

Chapter 3, an outline of the research strategy and methods employed will be discussed 

including descriptions of the field site, and specific characteristics of the sampling 

points. Results and analysis through the discussion will form Chapters 4 and 5. Chapter 

6 will conclude the thesis with summary comments and suggestions for further research. 

A detailed appendix is provided, including raw data tables, statistical testing outputs and 

isotope plots. 
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CHAPTER 2             

LITERATURE REVIEW 

 

Groundwater processes and the quality of groundwater have been widely researched in 

many parts of the world as well as New Zealand. As new techniques for finding 

groundwater are developed, aquifers that supply groundwater are increasingly being 

tapped for domestic use. Fifty two percent of the United States of America relies on 

groundwater for drinking (Fetter, 1993) and the figure is similar in New Zealand with 

over 50% of drinking water being supplied through groundwater aquifers (Harding et 

al., 2004). In arid parts of the world, where surface water supplies are even more 

limited, even greater stresses are placed on the groundwater aquifers. For example, 

Botswana‟s water supply is more than 90% reliant on groundwater (Carlsson & Ntsatsi, 

2000). Locally, the Wanaka and the Wakatipu regions of inland Otago are experiencing 

an increase in the use of groundwater as a source of domestic water (Rosen & Jones, 

1998) through population growth, as well as growth in infrastructure and tourism. In 

order to maintain a quality supply of groundwater for general use, water quality data 

and the processes that underpin the hydrological regime need to be understood. 
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Figure 2.1. Figure of the hydrologic cycle. This thesis will focus on the part of the water 
cycle between the groundwater and the surface water; although acknowledgement is made of 

the effect other parts of this cycle have on the composition of water at any time 

(Brooks/Cole-Thomson Learning, 2002). 

There are a number of different environmental influences on the subsurface component 

of the groundwater cycle. The global water cycle (Figure 2.1) is influenced by the 

location and rate of recharge, interactions with the air, interactions with the soil and 

local geologic conditions, and mixing with other water bodies. The interactions between 

the different environmental factors are important in the determination of the final 

composition of the groundwater.  

This chapter will discuss the current level of understanding of groundwater, water 

quality, the interaction between surface water and groundwater, and the role of δ
18

O and 

δ
2
H in evaluating the interaction between surface water and groundwater. It will pose a 

number of research questions that will guide this study at the end of the chapter. 
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2.1   GROUNDWATER 

2.1.1   Characteristics of an aquifer 

An aquifer is a saturated permeable geologic unit that can transmit significant quantities 

of water under ordinary hydraulic gradients (Freeze & Cherry, 1979). It is from aquifers 

that water can be abstracted for irrigation, agriculture, and domestic supply including 

drinking water. Groundwater availability is very much a function of the local geology, 

which defines the occurrence of aquifers, their storage capacities, their recharge rates, 

the transmissivity between aquifers and their natural water quality (Ma et al., 2010). 

Commonly, aquifers consist of unconsolidated sands and gravels, but they can also 

include permeable sedimentary rocks such as limestones and sandstones (Freeze & 

Cherry, 1979). More consolidated geologic units, such as volcanic and crystalline rocks 

can also act as an aquifer, but only in cases where these geologic units are heavily 

fractured. The degree of fracturing in volcanic or crystalline rocks is important when 

deciding to define these units as an aquifer, as this will define how much water is able 

to be transmitted through the unit (Freeze & Cherry, 1979). 

Aquifers are of two main types: confined and unconfined. Confined aquifers have 

restricted groundwater flow, as they are bounded by aquitards and aquicludes (geologic 

units with reduced capacity for transmitting water). Unconfined aquifers are not bound 

by aquicludes, and are generally present over larger areas. In an unconfined aquifer the 

water table forms the upper boundary (Schwartz & Zhang, 2003). Unconfined aquifers 

are by far the more common type of aquifer. These aquifers are commonly seen as 

supply zones for large scale pumping, for example, municipal supply or intensive 

agricultural areas. Unconfined aquifers are much more extensive in area and often have 

their boundaries defined by other aquifers, or by surface water bodies. High 

groundwater flow velocities are typical in coarse grained sediments such as sands and 

gravels (see Section 2.2.2.). Such conditions are usually found in shallow water table 

aquifers, not in deep, confined aquifers. High velocities imply an open system, short 

residence times, and a continuous supply of fresh recharge. Chemical weathering is 

therefore very active, although few secondary minerals, for example chlorite and 

serpentine, reach saturation unless they are very insoluble (Langmuir, 1997). These 

aquifers often experience high degrees of interaction with other environmental factors 

such as the atmosphere and other water bodies. 
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2.1.2   Water flow through an aquifer 

Understanding how water flows through and between aquifers and other water bodies is 

extremely difficult. This water is often not visible, and so methods of quantification that 

would be applied to surface water are not able to be used for groundwater. Therefore a 

reliance on other methods, for example isotopic analysis, of quantifying the flow is 

needed. Groundwater flow is a very complex and dynamic process. Physical and 

chemical properties of the soil, vegetation, and atmospheric processes that cause rainfall 

and evaporation need to be considered, as the aquifer has direct connections with all of 

these other factors (Townley, 1998). The heterogeneity of the aquifer adds further 

complexity, as aquifers are rarely uniform in size, depth and with regard to 

hydrogeologic properties. The differing hydrogeologic properties results in different 

hydraulic conductivities within and between aquifers.  

Hydraulic conductivity is a measure that describes the ease of flow of water through a 

porous soil (Schwartz & Zhang, 2003). Typical values of hydraulic conductivity in New 

Zealand soils are approximately 13 mm.h
-1

 (Harding et al., 2004), although this is 

dependent on levels of saturation of the soil and the properties of the soil itself. The 

hydraulic conductivity is also dependent on the degree of connectivity and size of the 

pores in the soil (Harding et al., 2004).  Darcy‟s law describes the flow of a fluid 

through a porous medium, and is given in its simplest form in Eqn. 2.1 below. 

 

 𝑞 = −𝐾.𝐴.
dh

dl
      (Eqn. 2.1) 

Where: q  = Velocity of flow 

 K  = Hydraulic conductivity  

 dh  = Change in hydraulic head 

 dl  = Length of flow (Harding et al., 2004). 
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And where K equals: 

 𝐾 = 𝑘
𝜌 .𝑔

𝜇
      (Eqn. 2.2) 

Where  k  = intrinsic permeability 

 Ρ  = density 

 g  = acceleration due to gravity 

 μ =  viscosity (Andersland, Wiggert, & Davies, 1996). 

 

Darcy‟s law is particularly useful as it is able to be modified, and remain valid, for a 

range of soil and flow conditions (Andersland et al., 1996). The hydraulic conductivity 

is the most important factor in Darcy‟s law. It helps define the rate of movement of a 

fluid through a porous medium, and takes into account all of the soil characteristics that 

affect the rate of this movement. The hydraulic conductivity of the soil is a measure of 

the permeability of the soil. Martin & Koerner (1984) consider permeability to be a 

constant of the medium, although this is perhaps a too simplistic view of the process 

due to variations in the composition and makeup of aquifers. Martin & Koerner (1984) 

also recognise that there are four basic controls on the permeability of a soil: 

1. Properties of the porous medium (that is, the geologic properties) 

2. Properties of the fluid, 

3. Interactions between soil and fluid, 

4. Degree of saturation. 

The relevant properties of the porous medium, in the case of water through soil are the 

properties of the soil matrix. Properties of the fluid include factors such as the density of 

the water and its temperature. Interactions between soil and water are affected by factors 

such as tortuosity. Tortuosity describes how sinuous the preferential flow path of water 

is through the soil (McLaren & Cameron, 1996). The more tortuous the flow path, the 

greater time it takes for water to flow through. Tortuosity is directly related to the size 

of the pores and their distribution. The size of the pores is an important factor when 

considering the rate of flow through the soil as this has a direct relationship to the 

hydraulic conductivity (Freeze & Cherry, 1979). The vadose zone, being the unsaturated 
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part of the soil medium, will have 40% - 70% of solid soil particles with the remaining 

part of the soil being occupied with either air or water (Singh, 1995).  

One significant factor that affects water flow is that of saturation of the aquifer (Martin 

& Koerner, 1984), in that hydraulic conductivity will increase as the soil moisture 

increases (Dingman, 2002; Freeze & Cherry, 1979). Soil is saturated when all the pore 

spaces between soil particles are filled with water and there is no air present in the pores 

(McLaren & Cameron, 1996). Groundwater is found in the zone of saturation, and the 

point of change between saturated soils and non-saturated soils is called the water table 

(Schwartz & Zhang, 2003). Where the soil is saturated, for example in the hyporheic 

zone adjacent to a river, the flow of water will be faster than where the soil is not 

saturated, for example the soil above the water table through which rainwater percolates 

down. While factors such as saturation and porosity affect the rate of flow of water 

through a soil, the change in hydraulic head is what drives the movement. 

The change in hydraulic head is the driving factor in the equation for water movement, 

and this hydraulic gradient can be described as the change in head between two points, 

divided by the distance between them (Harding et al., 2004). To determine the hydraulic 

head, the energy relationships in the water need to be quantified. A consideration needs 

to be made of three different potentials: gravitational, solute and pressure (Singh, 1995). 

Due to the minor role of solute potential, hydraulic head is normally calculated as the 

sum of the pressure head and the gravitational head (Singh, 1995). In a case of 

groundwater/surface water interaction where the aquifer is being abstracted from, the 

pressure head is in the direction of surface water towards groundwater. This is the 

primary reason for water movement from the surface water to the aquifer. 

Osmotic (solute) potential can also draw water in the same way that hydraulic gradients 

can. Typically, water will travel from areas of lower solute concentration to areas of 

higher solute concentration through osmosis (Freeze & Cherry, 1979; Neuzil & Provost, 

2009). The movement of water in this way means that contaminants from the aquifer 

need not travel in the direction of groundwater flow, and can therefore increase the 

volume of water being contaminated. The rate of transport of contaminants through the 

soil is partly a function of soil chemical characteristics due to different ions in the water 

causing different osmotic potential. Therefore, different parts of the soil will react with 

different contaminants causing spatial variation in chemical potential gradients. As 
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temperature changes, the solubility of the minerals can either increase or decrease. This 

can mean that contaminants can be driven by chemical gradients that are driven by no 

other reason than a change in temperature (Kehew, 2001). Research by Gurr, Marshall 

and Hutton (1952) concluded that an appreciable degree of flow can be caused by 

temperature alone. Their research explored the result of vapour flow, and also found a 

degree of electro-osmosis that indicates a change in the chemistry of the water. A study 

by Scanlon et al. (2005) evaluated the osmotic potential of groundwater in causing 

groundwater flow. Scanlon et al. (2005) found that this was a very minor influence on 

the movement of water and contaminants, and that the pressure gradient played a more 

important role is this action. For this reason, and considering the high abstraction rates 

from bores in the sample area, solute potential will not be considered as a primary driver 

of water movement in this thesis. The chemistry of the water can play an important role 

in the flow of water through the aquifer. A combination of factors including saturation, 

pore sizes, osmotic and temperature gradients, as well as hydraulic heads, will affect the 

way that water interacts within and between aquifers and surface water bodies. 
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2.2 INTERACTIONS BETWEEN SURFACE WATER 

AND GROUNDWATER 

Groundwater and surface water are not isolated components of the hydrologic system, 

therefore to understand groundwater/surface water interactions, it is necessary to 

understand the effects of the hydrogeologic environment on groundwater flow systems 

(Sophocleous, 2002). Surface water bodies provide an important source of recharge to 

groundwater aquifers. Solutes and contaminants that are found in the surface water can 

be infiltrated into the aquifer through the hyporheic zone. The hyporheic zone is a zone 

of exchange in streams where a mixture of surface water and ground water can be found 

(Dahm et al., 2006; Kazezyilmaz-Alhan & Medina Jr., 2006). The hyporheic zone is a 

very complex geological, hydrological, and biochemical zone (Conant Jr., Cherry, & 

Gillham, 2004), and because of this the interactions that occur in this zone have the 

ability to influence ground water quality (Kazezyilmaz-Alhan & Medina Jr., 2006). The 

influence of this zone on groundwater quality becomes more pronounced when 

abstraction from wells takes place in or near the hyporheic zone (Figure 2.2). The 

abstraction from wells can also initiate zones of unsaturated flow in the aquifer (Fox & 

Durnford, 2003). Due to the processes that define water movement being different 

between saturated and unsaturated flow, this is an important factor to consider.  

The degree of interaction is influenced by a number of factors. Schubert (2002), states 

that the interactions are governed by the levels of the river. The resulting gradients 

between the surface water and the piezometric level of the aquifer will control flow and 

solute filtration through the river bed. However Schubert (2002) also discusses how 

hydrogeologic factors of the river bed will also impact on the degree of interaction 

through clogging and variable heights of the river‟s surface. Pumping from the aquifer 

can initiate flow between a river and an aquifer, or if flow already exists, can increase 

the rate of recharge from the river. Figure 2.2 below shows how a well that is placed 

adjacent to the river can affect the potentiometric head levels in the aquifer.  
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Figure 2.2. This schematic taken from Fox and Dumford (2003) 

shows the development of the theories behind the effects of 

groundwater pumping near a surface water body. The scenarios 
are taken from (a) Theis (1941), (b) Hantush (1965), and (c) 

Hunt (1999).  With groundwater being increasingly pulled 

towards the well, solutes in the hyporheic zone and the 

surrounding area, as well as from the surface water, will be 
transported into the aquifer and potentially abstracted through 

the well. 

 

 

 

 

 

 

 

 

 

 

In Figure 2.2 above, the resulting gradients are directed away from the surface water, 

and towards the well from which the groundwater is being abstracted. The water being 

directed from the surface water body to the aquifer usually represents a large input to a 

smaller flux (hyporheic discharge), whereas water moving from the aquifer back to the 

surface water body represents a small input to a large flux (surface discharge) (Grimm, 

Baxter & Crenshaw, 2006). The direction of fluxes between a surface water body and 

groundwater depends on hydraulic gradients, which in turn depend on topography and 

the balance of flows in the whole hydrological system (Townley, 1998). The hydraulic 

properties between these two zones of water control the flows between the two systems 

(Townley, 1998). 

Hydrogeologic properties of the river bed have a large effect on the degree of 

interaction. The river bed is often assumed to have a hydraulic conductivity some orders 

of magnitude less than that of the surrounding aquifer (Fox & Durnford, 2003). For this 

reason, most of the hydraulic head loss occurs in this less conductive layer. Due to the 

continuous supply of water to the streambed, it is also assumed to remain completely 

saturated (Fox & Durnford, 2003), therefore the controlling variable that will determine 

the hydraulic conductivity of the streambed will be its geology. Often the material that 

constitutes much of the streambed is deposited suspended sediment from the river 
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water. These suspended solids are unable to infiltrate into the aquifer, are removed from 

the river water and are deposited in the upper layer of the streambed, in a process 

known as mechanical clogging (Schubert, 2002). This clogging is unavoidable in 

situations where water that is being abstracted from the aquifer is being filtered through 

the river bed (Schubert, 2002). Mechanical clogging is normally reduced by the amount 

of bedload transport, that can whirl up and remove sediments from the river bed 

(Schubert, 2002). In cases, however, where the water being infiltrated to the aquifer is 

through the stream bank as opposed to the stream bed, this effect is greatly reduced. 

Chemical clogging is also known to occur where high loads of biodegradable 

substances in the river water can cause strong changes in the redox potential and pH, 

which can cause precipitation of substances in the pore spaces of the streambed and 

aquifer (Schubert, 2002). For these reasons, the quality of the river water can play a 

strong role in the degree of clogging, and therefore the degree of interaction, and 

therefore the groundwater quality.  

Fox and Durnford (2003) discuss how there are three regimes that describe the 

interaction between a river and an aquifer. In the case where the piezometric level of the 

water table is at an elevation within the streambed, Fox and Durnford (2003) state that 

this is a regime that is dominated by saturated flow. Saturated flow in this situation 

occurs where water pressures are not sufficiently negative enough to desaturate the 

subsoil, that is, where the rate of abstraction does not exceed the rate of recharge into 

the aquifer from the river. Where the water table is located at an elevation within the 

streambed, the specific discharge, q, through the streambed can be described in Eqn. 

2.3. 

                       𝑞 =  −𝐾𝑠𝑏
𝑆𝑤

𝑆𝑤−𝐻𝑤
    (Eqn. 2.3) 

Where, Ksb is the saturated hydraulic conductivity of the streambed, and Sw is the 

drawdown defined as the distance between the water level in the stream (Hw) and the 

water table in the aquifer (Fox & Durnford, 2003). In this case it is the hydraulic head in 

the stream that is driving the flow, with the resistance to this flow being proportional to 

the hydraulic conductivity of the streambed. 

An abstraction well that is placed close to the river will abstract a higher proportion of 

water from the river than water that has entered the aquifer from surface recharge. An 
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abstraction well that is placed a greater distance from the river, will abstract water that 

has been filtered through a greater amount of the streambed and will abstract water that 

has a greater proportion of water from surface recharge (Grimm et al., 2006; Schubert, 

2002). With regard to water quality, this relationship has a number of implications. If 

the river water is of a high enough quality, it can be beneficial to have a higher 

proportion of the abstracted supply be sourced from the river. However, if the quality of 

the river water is affected by high loads of suspended sediment, solute concentrations, 

and other contaminants, it would be beneficial to have a larger zone of filtration to 

remove these impurities.  

The quality of the river water, as well as the degree of interaction between a river and an 

aquifer, has a profound effect on the quality of the water in the aquifer. Various factors 

determine this interaction, and chemical species can be affected by this interaction also. 

Groundwater is commonly linked to surface water. Groundwater can be recharged by 

surface water, and in return surface water receives groundwater through springs and 

seepage (White et al., 2001). The linkages are complex and dynamic (White et al., 

2001) with other forces acting on the system causing the predominant flow direction to 

be one way or another. To a large extent, surface water/groundwater interactions control 

the behaviour of the groundwater system (Townley, 1998). In turn, this behaviour has 

an effect on the quality of the groundwater. 
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2.4 DETERMINANTS OF GROUNDWATER 

QUALITY 

Water quality as a term is subjective in its definition. There are common chemical and 

physical values that are set as trigger values to define a waters quality. These trigger 

values serve as a management tool to regulatory authorities in order to objectively 

describe the quality of water. The Drinking Water Standards for New Zealand (Ministry 

of Health, 2005) outline these values for New Zealand and are shown in Table 2.1. 

Table 2.1. Ministry of Health (2005) guidelines for water quality parameters. 

Water quality parameter Guideline Value/Range 

Temperature (°C) No value, but should be acceptable to most consumers 

pH 7.0 – 8.5 

TDS (g/L) No specific value, but is proportionate to other ion 

concentrations. 

Total Hardness (mg/L) 

Ca
2+

 + Mg
2+

 (As CaCO3) 

200 

100 - 300 

Ca
2+ 

(mg/L) (see Hardness) 

Mg
2+

 (mg/L) (see Hardness) 

Na
+ 

(mg/L) 200 

K
+
 (mg/L) No value given 

Cl
-
 (mg/L) 250 

SO4
2-

 (mg/L) No value given 

NO3
-
 (mg/L) 50 

  

As well as an objective, scientific definition, there also exists a lay definition of water 

quality. Water that has poor odour, taste, and colour or has high hardness is often 

described as poor quality by the users of that water (Boyd, 2000). These lay descriptions 

of water quality are often the cause for more objective investigations into the chemical 

characteristics and the hydrological processes that characterise the water quality. This 

section aims to outline the characteristics of groundwater quality, and the factors that 

can influence groundwater. 
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2.4.1   Groundwater in New Zealand 

Approximately 26% of the New Zealand population depends entirely on groundwater 

for drinking, including Alexandra, the current focus location of this research. 

Christchurch, Napier and Hastings also rely on groundwater for their drinking supplies 

(White & Rosen, 2001). A further 25% of the population drinks water that comes from a 

mix of groundwater and surface water sources (Ministry for the Environment, 2007; 

White & Rosen, 2001). At any one time, 80% of New Zealand‟s fresh water is 

underground but the availability of this water varies across the country depending on the 

geology in the area (White & Rosen, 2001).  

Rivers are an important source of recharge to groundwater in New Zealand, especially 

in gravel bed rivers that are common in New Zealand. This mode of recharge to the 

aquifers can be difficult to assess. Methods include the use of low flow gauging, 

measurements of groundwater levels, modelling and the use of isotopic and chemical 

tracers (White & Rosen, 2001). 

New Zealand has diverse groundwater hydrochemistry (White & Rosen, 2001). Parts of 

New Zealand experience water quality issues with various chemical components of 

water. Agricultural regions experience problems with high levels of nitrates, sulphates 

and magnesium. Sea water intrusion can cause high levels of sodium, chloride, and 

bromide, while natural lithologies within the aquifers can cause high levels of arsenic 

(Central North Island) and hardness (White & Rosen, 2001). 

Rosen & Jones (1998) documented the importance of finely disseminated calcite in the 

host metamorphic rocks as a source of Ca
2+

 and HCO3
-
 in the Wanaka and Wakatipu 

basins. They determined that the dissolution of this calcite constituted 80% of the 

dissolved ions in solution, even though calcite made up only less than 5% of the rock. 

The aquifers in these basins were of the Ca
2+

-HCO3
-
 type (Rosen, 2001). Bicarbonate is 

the dominant ion in New Zealand groundwaters. This comes about as most 

groundwaters in New Zealand are young and near the surface. The interaction of 

dissolved CO2 with organic matter in the soil zone washes HCO3
-
 into the groundwater 

(Rosen, 2001). Calcium and Na
+
 are the dominant cations in solution.  

Sodium to Cl
-
 ratios in New Zealand generally fall on the seawater concentration 

dilution line (SCDL) representing water that has been evaporated from the ocean and 
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precipitated over land (Rosen, 2001). As water moves through an aquifer, it becomes 

enriched in Na
+
 due to interactions with mainly sodium-feldspars (Rosen, 2001). As 

there are no major sinks for Na
+
 in groundwater, higher proportions of Na

+
 relative to 

Cl
-
 indicate that dissolution of minerals has occurred and is contributing to higher Na

+
 

content in the groundwater. 

These chemical reactions that are common in New Zealand groundwater are also 

observed globally. (Williams, Szramek, Jin, Ku, & Walter, 2007) carried out a study on 

the carbonate weathering in groundwater/surface water systems in the U.S.A. They 

found that the weathering of calcite and dolomite in the aquifer was having a 

pronounced effect on the water quality. Water that originates from an aquifer exhibits 

specific solute properties depending on the mineralogy of the aquifer, and interactions 

with other environmental factors. 
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2.4.2 Hydrochemisty of water originating from an aquifer 

As groundwater flows through different parts of the aquifer, the water composition 

evolves. As a result, groundwater contains a wide variety of dissolved inorganic 

chemical constituents in various concentrations (Freeze & Cherry, 1979). Terrestial 

waters are essentially solutions of a few salts (Palmer, 1911) and their chemical 

composition is determined by interactions with soil, air and other waters.  Groundwater 

rapidly acquires solutes in the soil zone (Herczeg and Edmunds, 2000). Secondary 

weathering takes place primarily in the soil environment (Hounslow, 1995). When 

water comes into contact with minerals, dissolution of the minerals begins and 

continues until equilibrium concentrations are obtained in the water or until all the 

minerals are consumed (Freeze & Cherry, 1979).  These minerals that are placed into 

solution through dissolution are important to understand if the water is to be used for 

industry, agriculture and domestic supply (Freeze & Cherry, 1979). Table 2.2 outlines 

the common inorganic species that are found in groundwater. 

The major ions comprise more than 90% of the total dissolved solids in water (Freeze & 

Cherry, 1979). Piper (1944) and Hounslow (1995) state that the most abundant cation 

constituents are Ca
2+

 and Mg
2+

, with Na
+
 and K

+
 occurring in lesser concentrations due 

to their abundance in the earth‟s crust. For the anions, HCO3
-
 is the most common, with 

SO4
2-

 and Cl
-
 occurring to a lesser degree (Piper, 1944). Sulfate is generally assumed to 

be borne from dissolution of gypsum (Hounslow, 1995) or by the neutralization of 

acidic water through dolomite. The cations and anions occur in chemical equilibrium 

with each other, in order to maintain electrical neutrality. A general indication of the 

total dissolved ionic constituents can be obtained by determining the capability of the 

water to conduct an applied electrical current (Freeze & Cherry, 1979). Using electrical 

conductivity as a measurement of water quality is a common method for obtaining 

quick information about the concentration of total dissolved ions in solution. The 

concentration of ions measured from one particular site is determined by the availability 

and solubility of the minerals through which the water has passed (Palmer, 1911; 

Schwartz & Zhang, 2003). Due to the heterogeneous nature of most aquifers, and the 

different conditions that can be placed on any particular site within that aquifer are 

different, it is through this variability that understanding can be made on the 

hydrological regime and the processes acting upon it. 
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Table 2.2.  Common major and minor constituents of groundwater (Boyd, 2000; Freeze & 

Cherry, 1979; Hounslow, 1995; Rosen, 2001). 

Major Constituents (>5 mg/L) 

Anions Cations 

 Bicarbonate 
Sourced mainly from dissolution of 

calcite and from the atmosphere. 

  Calcium 
Sources include calcite (CaCO3), 

dolomite (CaMg(CO3)2), plagioclase 

(CaAl2Si2O8) and aragonite (CaCO3). 

 

 Chloride 

Common sources include halite (NaCl) 

and sea spray. 

  Magnesium 

The most common source is dolomite 

(CaMg(CO3)2), however this is rare in 

New Zealand. It can also be derived 

from mica and other silicates which is 
the most common source in New 

Zealand. 

. 

 Sulfate 

Sources include pyrite (FeS2), gypsum 

(CaSO4·2H2O) and anhydrite (CaSO4). 

Organic compounds can also be a 

source of sulfate including coal. 

.  Sodium 

Halite (NaCl) and sea spray are 

common sources of sodium. Sodium 

can also result from natural ion 

exchange, where Na-montmorillonite 
clay reacts with calcium and 

magnesium and releases sodium. 

 

 Carbonic acid 

Forms when CO2 from the atmosphere 

dissolves in water.  

  Silicon 

Normally derived from quartz. Very 

common, with the earth‟s crust being 

made up of 28% silicon.  

 

Minor Constituents (0.01 – 10 mg/L) 

Anions Cations 

 Fluoride 

Concentrations are normally low, 

although they can be higher in arid 

regions. Often sourced from calcium 

fluoride (CaF2). 

 Iron 

Usually low concentration in shallow 

aquifers, but deep aquifers can have a 

source of iron from pyrite (FeS2). 

 

 Nitrate 

Electrical activity in the atmosphere 

produces nitrate that is bought to earth in 

rain water. Sinks include uptake by plants 

and reactions to other forms of nitrogen. 

 Potassium 

Concentration is normally low due to 

many sinks of potassium being available. 

Anthropogenic sources include fertilizers. 

  Boron 

Boron occurs in soil as borosilicates that 

are easily dissolved. Ocean water contains 

around 4.6 mg/L of boron. 
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The chemical composition of groundwater is a function of many different variables 

including: 

1. The chemistry of precipitation and any other sources of recharge including 

rivers, the leaching of salts accumulated by evapotranspiration between 

infiltration events, organic activity in the soil and weathering of soil minerals 

(Boyd, 2000; Langmuir, 1997). 

2. The composition of subsurface rocks on which weathering occurs. A rock needs 

only contain 1% of minerals such as calcite, gypsum or halite for their 

dissolution to alter the water chemistry (Langmuir, 1997). Silicate minerals are 

generally less soluble or their rate of dissolution is slower than the carbonates, 

gypsum or halite hence the higher concentrations of carbonates (Langmuir, 

1997). 

3. The hydrogeologic properties of the rocks have a strong influence on the extent 

of water/rock reaction as stated earlier. High groundwater flow velocities usually 

imply that groundwaters are relatively low in total dissolved solids (TDS) 

because of short rock-contact times and high water/rock ratios (Langmuir, 

1997). 

The release of cations and bicarbonate ions via dissolution of carbonate and silicate 

minerals is largely driven by the presence of CO2 or organic acids, the equation for 

which is given below in Eqn. 2.4 (Herczeg & Edmunds, 2000). 

Congruent dissolution of calcite:  

 CO2 + CaCO3 + H2O  2HCO3
-
 + Ca

2+
  (Eqn. 2.4) 

 
This is a hydrolysis reaction where CO2 consumption occurs, resulting in a change in 

pH (Herczeg & Edmunds, 2000). To a certain depth the infiltrating water is in contact 

with atmospheric CO2 (open system). Below a certain depth atmospheric contact is lost 

(closed system) and the subsequent evolution takes place with a fixed quantity of 

atmospheric CO2 although the water may continue to evolve chemically from further in 

situ production of CO2 from breakdown of organic matter (Herczeg & Edmunds, 2000). 

Carbonic acid is the most abundant acid in natural waters and is the principal acid for 

weathering of rocks (Langmuir, 1997). Calcite is the most important carbonate mineral 

in the Earth‟s surface (Langmuir, 1997). The reactions of carbonates are usually quite 
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rapid, whereas silicate minerals are involved in slower reactions that involve 

precipitation of clay minerals (Herczeg & Edmunds, 2000).  The speed at which 

carbonate minerals dissolves is important in this study, due to the high rates of 

abstraction and high hydraulic conductivity. Bicarbonate concentrations are not 

particularly correlated with rock type (that is, high concentrations are not exclusively 

associated with carbonate bearing aquifers) (Herczeg & Edmunds, 2000). pH values in a 

carbonate water system can range over about 3 pH units, while bicarbonate + carbonate 

concentrations have a much lower concentration range emphasizing the role of 

dissolved CO2 in controlling pH in subsurface waters (Herczeg & Edmunds, 2000). 

 

2.4.3   Alkalinity 

Alkalinity is the measure of the capacity of water to accept protons (Langmuir, 1997) 

and is the sum of all the titratable bases (American Public Health Association, 1998). 

The alkalinity of water is significant in that it is a function of carbonate, bicarbonate and 

hydroxide content, and therefore can be used as an indication of the concentration of 

these constituents (Boyd, 2000). Alkalinity is also an important characteristic to know 

in order to evaluate the scale forming tendency of water through precipitation of CaCO3.  

Total alkalinity can be defined as  

 TA = HCO3
-
 + 2CO3

2-
 + OH

-
 - H

+
    (Eqn. 2.5) 

that is, the total equivalents of bases minus those of acids (Langmuir, 1997). 

In waters below pH 8.3, such as those found in Alexandra, the bicarbonate ion is usually 

the only significant base (Langmuir, 1997). This bicarbonate is derived from either the 

weathering of silicate or carbonate minerals or the dissolution of carbonate minerals 

(Langmuir, 1997). 
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2.5   ISOTOPES AND GROUNDWATER 

Environmental isotopes provide information on the geochemical processes operating on 

groundwater, and on the hydrogeological characteristics of aquifers including origin, 

time and rate of recharge, and aquifer interconnections (Gonfiantini et al., 1998). 

Isotope hydrologists deal with the isotopic compositions of groundwater and dissolved 

compounds, which are relevant to the understanding of the waters geochemical history 

(Gonfiantini et al., 1998). These isotopes are able to be used to assess the degree of 

interaction between a river and an adjacent aquifer. 

The recognition that natural variations of environmental isotope abundance in the flow 

components of a catchments water balance could be used to complement studies of the 

behavior of various flow components within a catchment began in the early 1970s 

(Barnes & Turner, 1998). From this point onwards, environmental isotopes have 

become widely popular in their use due to relatively simple and inexpensive methods 

for analysis. Traditional field parameters and hydrochemical analysis can only define to 

a certain extent this dynamic relationship, so through a combination of water sampling, 

stream sampling and isotopic analysis, a more complete understanding of the processes 

can be gained (Coplen et al., 2000; Walker & Krabbenhoft, 1998). δ
18

O and δ
2
H 

isotopes are integral parts of natural water, and make ideal tracers for groundwater. Due 

to the ideal nature of the tracers, isotopic tracers have become the most useful tool to 

hydrologists in assessing hydrologic processes (Kendall & Caldwell, 1998). Stable 

isotopes are often used to identify groundwater recharge by rivers and lakes. These 

water bodies often have isotopic concentrations different from that of precipitation over 

the study area (Gonfiantini et al., 1998). 

The isotopic concentration of water in the atmosphere is controlled by air-sea 

interaction processes. As air masses move across continents and lose water through 

precipitation, they become depleted in the heavy isotopic species (δ
18

O and δ
2
H) 

(Kendall & Caldwell, 1998). Isotopic fractionation is the partitioning of isotopes by 

physical or chemical processes and is a function of the difference of their masses and 

thermodynamic properties (Coplen et al., 2000). Isotopic fractionisation occurs during 

the evaporation of water – when the isotopically lighter molecule of water, 
1
H

16
O, 

evaporates preferentially, and during condensation, when the isotopically heavy 
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molecules (
1
H

18
O) condense preferentially. The extent of condensation is further 

enhanced by temperature, elevation, latitude and contientality (Gonfiantini et al., 1998).  

Water evaporates from the oceans where the δ
18

O value is around 0‰. Since the 

equilibrium oxygen isotopic fractionation factor between water liquid and water vapour 

at 15°C is 1.0102, it can be expected that the δ
18

O of water vapor above the equatorial 

oceans is about -10‰ (Coplen et al., 2000). As this moist air is cooled and condensed, 

the precipitation becomes enriched in δ
18

O relative to that air mass. As the air mass 

moves further inland and precipitates more δ
18

O, the air mass becomes more negative 

due to rain out of δ
18

O (Coplen et al., 2000). Similarly, δ
2
H is winnowed out by the 

same processes of evaporation and condensation, albeit at a different fractionation rate. 

When the isotopic compositions of precipitation are plotted from all over the world, 

Coplen et al. (2000) state that the data plots on a regression slope of:   

 δ
2
H = 8.13δ

18
O + 10.8    (Eqn. 2.6) 

This line of data is called the Global Meteoric Water Line (GMWL). The GMWL has a 

slope of 8, but data sets from different parts of the world and from different 

precipitation sources produce different slopes giving rise to a local meteroric water line 

(LMWL) (Coplen et al., 2000). Slopes from 5.5 to 6.5 for rainfall in arid regions are not 

uncommon (Ingraham, Caldwell, & Verhagen, 1998). The intercept value is the 

deuterium excess, and typically ranges from 0 to 20 (Coplen et al., 2000). For example 

in New Zealand, the deuterium excess is found to be around +13‰ (Stewart & Taylor, 

1981). 

The isotopic composition of river water reflects that of precipitation over the catchment 

basin. If the basin is mountain dominated, the river water will be relatively depleted in 

heavy isotopes as a consequence of the altitude effect (Gonfiantini et al., 1998). Rivers 

often carry water that is derived from precipitation from a much higher altitude, and is 

therefore depleted in heavy isotopes (Gonfiantini et al., 1998). Seasonal isotopic 

variations in rivers are often correlated with discharge variations affected by seasonally 

variable contributions of different water sources. For instance, alpine rivers show a 

decrease of heavy isotope concentration in late spring and early summer because of the 

increased contribution of water from snow melt (Gonfiantini et al., 1998). In arid 

regions, river water has also been found to be enriched in heavy isotopes with respect to 

adjacent groundwater. For example, the River Nile in Sudan and Egypt has an δ
18

O 
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value around 0‰, whereas the adjacent groundwater has an δ
18

O value close to -10‰ 

(Gonfiantini et al., 1998). Some large rivers flowing through arid catchment basins have 

headwaters either at large distances away or at significantly higher elevation than the 

arid region. For example, if the flow rate of the river and reduced losses through 

irrigation are such that evaporation does not significantly enrich the stable isotopic 

composition; such rivers will become isotopically more depleted, relative to the local 

groundwater (Ingraham et al., 1998). Two possible scenarios exist in establishing the 

stable isotopic composition of river water flowing through arid regions. One is that the 

river retains a depleted isotopic composition compared to local arid surface and 

groundwaters. In this scenario, the compositions reflect the headwaters of the drainage 

basin and the river water remains relatively unaffected by evaporation during 

transportation through the arid region. Second, the river may become isotopically 

enriched by continued evaporation in the arid catchment basin (Ingraham et al., 1998). 

When regular and well-marked stable isotope variations occur seasonally in rivers, these 

can be observed with delay and reduced amplitude in wells near the river. This delay, as 

well as the possible shift in isotopic composition, gives the transit time of river water to 

groundwater and its fraction with respect to other recharge sources (Gonfiantini et al., 

1998). The concentration of stable isotopes in groundwater depends mainly on the 

origin of the water (Gonfiantini et al., 1998). The stable isotope composition of 

groundwater reflects that of the precipitation in the recharge area, including the 

headwaters of rivers, that seeps through the soil and the unsaturated zone to reach the 

water table (Gonfiantini et al., 1998). If the isotopic composition of groundwater 

matches closely with that of the river water, this indicates that the river is an important 

water source for the adjacent aquifer. In this way, assessments can be made about the 

degree of interaction between the river and the aquifer. 

There are many examples in the literature of the use of stable isotopes to determine 

surface water/groundwater interaction. Payne and Schroeter (1979) were able to 

estimate that the Chimbo River‟s (Ecuador) contribution to groundwater was about one 

third of that of local precipitation. The estimate was based on the fact that precipitation 

was enriched by 2.9‰ in δ
18

O and 23‰ in δ
2
H with respect to the river, which drains 

water from the higher elevations of the Andean Cordillera. Stable isotopes were also 

used by Stuyfzand (1989) to identify recharge in aquifers in the Netherlands by bank 
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filtration from the Rhine River. The river water was depleted in heavy isotopes with 

respect to groundwater because it is derived largely from the Alpine catchment basin.  

Ma et al. (2010) used geochemical and isotopic indicators to determine the possible 

hydraulic relationship between the aquifer beneath Jinchang city and alluvial aquifers 

flanking the norther Qilian Mountains. They determined the main controls on the water 

quality were the recharge environment, and the age of the groundwater under natural 

conditions. The groundwater collected in their study area was characterized by depleted 

stable isotope values compared to modern rainfall. The δ
18

O and δ
2
H values vary 

between -10.5‰ and 4.9‰ for δ
18

O and -86.2‰ and -47.3‰ for δ
2
H. These isotopic 

concentrations are indicative of no significant direct recharge from modern rainfall in 

the plain. However the isotopic compositions are quite different among the three groups 

(Ma et al., 2010). The stable isotopes measured from this study indicate clearly, from 

the markedly depleted heavy isotopes compared to modern rainfall in the plain that 

there can be no genetic relationship between groundwater and modern direct recharge 

(Ma et al., 2010). 

Similarly, McCarthy et al. (1992) demonstrated the use of isotopes to assess surface 

water/groundwater interaction in Portland, Oregon along the banks of the Colombia 

River. They used δ
2
H and δ

18
O as tracers between the Blue Lake gravel aquifer and the 

Colombia River. Their results showed that the Colombia River is considerably depleted 

in δ
2
H and δ

18
O compared to other water bodies in the area. On the basis of simple 

mixing theory, it was possible to estimate the contribution of the river to each well 

using: 

 PR(t) = [C(i) – C(t)/(C(i) – CR)] * 100   (Eqn. 2.7) 

Where PR(t) is the percent of the yield coming from the river at time t, C(i) is the initial 

isotopic composition of the groundwater, C(t) is the isotopic composition of the 

groundwater, and CR is the isotopic composition of the Colombia River (McCarthy et 

al., 1992). This equation is based on the assumptions that (1) initially the river was 

providing neglible contribution to the well prior to pumping, (2) that the isotopic 

contribution of the Colombia River remained constant throughout the pumping tests. 

Their results showed that after 5-6 days of pumping, the river was contributing 40-50% 
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of the yield from the wells. After 22 days of pumping, the contribution was 65-80% 

from the river (McCarthy et al., 1992).  

Any mixture between the two composing water types is reflected in the stable isotope 

composition, which makes the stable isotope composition a powerful tool in studying 

surface-groundwater relationships (Gonfiantini et al., 1998). The isotopic signature of 

groundwater may be modified as it is partially re-evaporated during infiltration and as it 

undergoes mixing with older water in the aquifer (Barnes and Turner, 1998). The mean 

δ
18

O and δ
2
H values of the groundwater tend to become enriched along the groundwater 

flow direction (Ma et al., 2010), that is, as water moves through the aquifer, it becomes 

enriched in δ
18

O and δ
2
H. δ

18
O and δ

2
H values can also be modified by the evaporation 

of water from the surface prior to infiltration, and can cause more isotopic enrichment 

with groundwaters in alluvial aquifers along drainage networks in arid regions (Ma et 

al., 2010). Evaporation then concentrates the remaining water to precipitation and 

deposition of evaporates. The effect of evaporates contributing to groundwater salinity 

is increased in arid and semi arid regions, due to high evaporation rates and low rainfall, 

which encourage the evaporation process (Ma et al., 2010). 

With respect to surface water/groundwater interaction, water that remains at the surface 

for any length of time such as a river or a lake is subjected to some degree of 

evaporation and is consequently enriched in δ
2
H and δ

18
O (Coplen et al., 2000). This is 

an especially important effect in hot, arid and semi arid areas of the world. Samples that 

have been evaporated in this way will plot to the upper right of the meteoric line in a 

plot. Interaction between surface water and groundwater can often then be traced 

because the isotopic composition of groundwater is generally less enriched in δ
2
H and 

δ
18

O due to the predominance of diffuse recharge as the main source (Coplen et al., 

2000). This not in agreement with Ma et al. (2010), who stated that the groundwater can 

also undergo evaporation and therefore isotopic enrichment. Depending on the 

groundwater processes at a particular site, either scenario is possible. There are seasonal 

variations in temperate zones: winter precipitation is depleted in heavy isotopes, 

summer is enriched (Gonfiantini et al., 1998).  

Alexandra, Central Otago, is located in a semi arid inland basin on the South Island of 

New Zealand. The town sits at the confluence of two large rivers; the Manuherikia and 

the Clutha. Alexandra has long standing issues of poor water quality with the main 
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concern being that of high levels of hardness in the water. While both the Clutha River 

and the aquifer water is monitored regularly, little work has been carried out 

investigating the origin of the high hardness, and there have been no isotopic tests 

carried out to determine the degree of interaction between the Clutha River and the 

aquifer. This thesis will be guided by the research questions in order to complete the 

objectives of the study. 

2.6   RESEARCH QUESTIONS 

After reviewing the literature and assessing the field site and feasibility, the following 

research questions will be addressed: 

1. How does groundwater quality vary temporally in Alexandra? 

2. How does groundwater quality vary spatially in Alexandra? 

3. What is the degree of geochemical interaction between the Clutha River and the 

adjacent groundwater aquifers in Alexandra as determined by 
18

O and 
2
H? 

4. What effect is this degree of interaction having on the groundwater quality of 

Alexandra? 
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 CHAPTER 3  

METHODS 

3.1   RESEARCH STRATEGY 

The methods used for any groundwater study will greatly impact on the quality and 

acceptability of the results, therefore careful consideration needs to be made of all the 

methods employed in the study. Development of different methods for different 

components of natural waters have evolved as the field of study has grown. Laboratory 

experiments and numerical models can offer theoretical backing in the general 

hydraulics of surface water/groundwater interaction. This type of research as described 

by Connell (2007), Gurr et al. (1952) and Yu and Wang (2007) offer little in the way of 

site specific information regarding how this interaction develops. Computer generated 

models require large amounts of data and subsequent field truthing to assess their 

accuracy. For Alexandra, numeric models have been produced of the area north of the 

study site as a request for information on the effect of the deepening of the tail race after 

construction of the Clyde Dam. For this particular study site, there is no model, and 

there exists a lack of data both geological and hydrochemical, in order to construct and 

define such a model. It is for these reasons that an intensive field based campaign was 

selected as the preferred method in answering the research questions posed in Chapter 2. 

Spatial patterns were assessed through a spatially variable set of sampling sites. 

Through analysing the water quality at these discrete points, the spatial variability of 

water quality over the sample site was able to be assessed. Water quality parameters 

were restricted to inorganic solutes and field parameters of pH, temperature, EC and 

TDS. Environmental isotopes of 
18

O and 
2
H were assessed to determine the degree of 

interaction between the Clutha River and the groundwater. On combining the water 

quality parameters and the degree of interaction, an assessment was able to be made to 

determine whether the degree of connectivity had any impact on the groundwater 

quality.  
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A conceptual diagram shown in Figure 3.1 summarises the research strategy. Here the 

research questions surrounding spatial and temporal patterns of water quality and 

interaction between the Clutha River. These research questions will be answered to 

determine how the interaction between the Clutha River and the groundwater impacts 

on the water quality. 
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Figure 3.1. Conceptual model outlining the research questions regarding 

temporal variability, spatial variability and the interaction between the 

groundwater and the surface water. 
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3.2   FIELD AREA 

New Zealand has around 200 aquifers that have the potential to supply groundwater 

(Ministry for the Environment, 2007). The extensive nature of aquifers means that there 

can often be significant spatial variations in the quality of the water that the aquifer 

supplies. A report completed by the Otago Regional Council (Bekesi, 2005) describes 

how Central Otago generally enjoys high quality water. The spatial variations between 

and within different aquifers can outline what other processes may be occurring, such as 

interaction with a river and the heterogeneity of an aquifers geologic characteristics. 

The field site is located in Alexandra, Central Otago, New Zealand. Alexandra is a 

small town with a population of 5,500, which obtains its drinking water supply from an 

aquifer beneath the town. The town sits at the confluence of two large rivers, the 

Manuherikia River and the Clutha River (Figure 3.2). Alexandra has long standing 

problems of poor water quality of which the main concern is that of high hardness of the 

water, which contributes to lime scale in electric jugs and hot water cylinders. The water 

quality is monitored regularly by the Otago Regional Council, but little work has been 

done investigating the underlying causes for the high hardness levels and where the 

groundwater from the aquifer underneath the town originates. In particular, there have 

been no isotopic tests done that enable understanding of the origin of the water and the 

influence of the Clutha River on the groundwater aquifer. 
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Sites CB1 – 

CB6 

Site R2 

Site L 

Site GC 

Site DF 
Site CV 

Site R3 

Figure 3.2. Study site. Individual sampling sites are as shown. The study area covers an area approximately 16 Km
2
 and water was measured from a range of bores of varying abstraction rates. 

Site AP 

Site R1 
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Figure 3.3. Plot of mean monthly discharge of the Clutha River at the Alexandra bridge. 
Data is presented in the same chronological order as the sampling period for this study. The 

data is a mean monthly average for the period 1930 – 1956, and is presented as a reflection 

of natural patterns of discharge prior to the construction of the Clyde hydroelectric dam 

(Murray, 1975). 
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3.3   CLUTHA RIVER HYDROLOGY 

The Clutha River is New Zealand‟s largest river by volume of water discharged at over 

156 m
3
s

-1
. The headwaters for the river are in the alpine region to the north and west of 

the lakes of Wakatipu, Wanaka and Hawea. Towards Alexandra, recharge originates 

from gorges and valleys along fertile terraces and fans (Murray, 1975). From Lake 

Wakatipu, Lake Wanaka and Lake Hawea water drains through incised gorges of schist 

into Lake Dunstan at Cromwell. Much of the catchment is above 1000 m from sea level. 

This part of the catchment is the primary source of recharge through snowmelt (Murray, 

1975). 

The Clutha River at Alexandra is heavily influenced by the operations at the Clyde 

hydroelectric dam which was commissioned in 1992. As such, levels of discharge 

downstream of the dam may not necessarily indicate the natural patterns caused by 

seasonal and annual patterns of precipitation and snowmelt (Huryn et al., 2003). Murray 

(1975) presented mean monthly discharge values for the Clutha River. This data, as 

shown in Figure 3.3, gives an indication of the natural pattern of the Clutha River 

hydrology as the data is taken from 1930-1956 prior to the Clyde Dam construction. 
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3.4   GEOLOGICAL STRUCTURE 

The headwaters of the Clutha River are located within alpine and sub-alpine mountains 

to the north and west of Alexandra. These mountains are predominantly Otago schist, 

which is derived from quartzofeldspathic and volcanogenic greywackes of the Alpine, 

Aspiring and Te Anau assemblages (Mortimer, 2003) (Turnbull, 2000). The Otago 

Schist consists of two main rock types: (1) quartzofeldspathic schist, or greyschist, 

which represents metamorphosed sedimentary rocks; and (2) greenschist, which is 

derived from metavolcanic material (Mortimer, 2003; Rosen & Jones, 1998). 

Mineralisation associated with the metamorphism has resulted in minerals including 

metamorphic calcite to be formed (Rosen & Jones, 1998). The basement structure of 

schist holds little potential for groundwater, and therefore it is in the overlying Tertiary 

and Quaternary sediments that the groundwater for Alexandra is abstracted. Alexandra 

lies within the Caples terrane, which is composed mainly of sands that were eroded 

from island arc volcanics (Reay, 2003; Turnbull, 2000). The landforms in the area are 

dominated by schist that forms the bedrock in the area (Craw & Norris, 2003). 

Tertiary sediments, named the Manuherikia group are mainly schist derived (Turnbull, 

2000). The sediments include fluvial and laucstrine quartz conglomerate, lignite, shale, 

siltstone and sandstone. This group has two sub-groups called the Dunstan and 

Wedderburn formations. The Dunstan formation was deposited as channel fill and 

contains flood plain deposits that drained from throughout Central Otago during the 

early Miocene (Turnbull, 2000). Sixteen to 18 million years ago, a large freshwater 

lake, Lake Manuherikia, extended over the region from Mt Pisa, to the Maniototo to the 

Nevis Valley (Reay, 2003). This lake deposited sediments and organic matter that is the 

cause of the coal seams in the area (Reay, 2003). This coal is a part of the Dunstan 

Formation that also includes quartz conglomerate and sandstones (Turnbull, 2000). 

Overlying these Tertiary sediments are late Quaternary glaciofluvial outwash sediments, 

and it is within these sediments that the aquifers supplying Alexandra are derived. The 

Quarternary sediments consist of sequentially deposited gravels associated with the 

Muttontown, Northburn, Lowburn, Lindis, Luggate, and Alberttown formations 

(Turnbull, 2000). The wells are located in Quaternary sediments that consist primarily 

of alluvial fan deposits of greywacke and eroded schist derived from the basement 

geology to the north (Turnbull, 2000). Alexandra‟s water supply is abstracted from an 
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8-10 metre thick aquifer with a hydraulic conductivity of approximately 0.01 m.sec
-1

 

(Milke, 1999).  

Early work by Hutton and Ulrich (1875) recorded that there was a great extent of mica-

schist exposed at the surface which has supplied more or less directly almost all of the 

soil in the province. This has been corroborated in more recent literature by Weeber et 

al., (2001) who also states that this schist contains a considerable amount of lime, 

supported by the incrustation in nearly all of the caves occurring in it. As shown in 

Figure 1.1, the quality of the groundwater is also partly dependent on the climate, and 

any interactions with the atmosphere.  

 

3.5   CLIMATIC SETTING 

Alexandra sits inland approximately 200 km from the Pacific coast. Precipitation is 

minimal in Central Otago at less than 400 mm a year although the schist mountains to 

the west receive more than 9600 mm a year (Fitzharris, 2003). This is an important 

source of recharge to the headwaters of the Clutha River. The water deficit through 

evaporation is in excess of 300 mm a year (Fitzharris, 2003), representing an almost 

negative water budget in Alexandra from precipitation. A higher or equal to water 

deficit leads to an overall deficit in the water budget from precipitation sources and a 

decline in the water table and soluble salts accumulating near the soil surface (Sami, 

1992). Figure 3.4 shows the median evapotranspiration rates for January and February. 

It can be seen from this that the highest rates are recorded in the town of Alexandra and 

the immediate district. 
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Figure 3.4. Median January-February evapotranspiration rates in Alexandra. 
Alexandra, and the groundwater sample sites, sit within the rate of 206-210 mm PET 

(Otago Regional Council, 2009). 

 

 

 

 

Temperature in Alexandra is characteristic of a continental climate with hot summers 

and cold winters. The mean annual temperature is 10.6 °C (Bekesi, 2005). Alexandra is 

described as having a semi arid climate (Fitzharris, 2003), which is in a large part the 

reason for the water deficit experienced.  

 

 

 

 

 

 

 

 



38 

 

3.6  SPATIAL SAMPLING 

Determining how the water quality varied spatially was an important component of this 

research. To quantify how the water chemistry varied, 13 sites were chosen. These sites 

included three sampling locations on the Clutha River. Site R1 was located by the boat 

ramp at the end of Dunorling Street in Alexandra. Site R2 was located adjacent to the 

municipal bore field, and R3 was located just south of Muttontown Gully. The three 

Clutha River sites were chosen to establish the water quality from the Clutha River 

upstream of the groundwater bores, adjacent to the groundwater bores, and downstream 

of the groundwater bores. This method of site selection was also employed by (Lautz & 

Siegel, 2006) who investigated groundwater and surface water mixing in Red Canyon 

Creek, Wyoming, USA. This study considered the sampling locations over a 320 metre 

reach of the river with regard to meanders in the river and the groundwater sampling 

locations in order to obtain maximum spatial variation in the hydrologic data. Spatial 

variability is a key research aim of this study, and so a similar sampling design was 

selected. 

Ten groundwater bores were sampled, including five municipal bores (CB1, CB2, CB3, 

CB4 and CB6), and five privately owned bores from around Alexandra. A map showing 

the locations of these sites is shown in Chapter three in Figure 3.1. Site AP was located 

on the street within the grounds of the Alexandra Primary School. Site L was a private 

residential property within Alexandra on the corner of Clutha and Ventry Streets. Site 

GC was located from a groundwater supply tap at the Alexandra Golf Course. Site DF 

was located in a semi-rural area 

at a property known locally as 

the old donkey farm. Site CV 

was located at the Central Vets 

clinic on State Highway 8 

between Alexandra and Clyde. 

Figure 3.5 below is a photo of 

the CB sites taken in October 

2009. 

 Figure 3.5. Alexandra water supply field. This was the 

location of CB sites during the study. The Clutha River 

is just beyond the willow trees in the background. 
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3.7   SAMPLE SITES 

A total of 10 groundwater bores were sampled from, along with three sites on the 

Clutha River. These sites were chosen primarily on the basis of the owners of the bores 

allowing water testing to be carried out. The sites were located over an area of around 

16 km
2
 ranging from site AP in the south to sites CV and DF in the north. The 

municipal bores were located in a cluster 15 metres by 25 metres, from which water was 

continuously being abstracted. The bores were located at varying distances from the 

Clutha River. Table 3.1 below shows a summary of the different site variables. 

 

 

Name of site Location 

(NZTM) 

Type of bore Usage 

CB1 E: 1315470 

N: 4982715 

Municipal  Heavy, sporadic 

CB2 E: 1315479 

N: 4982721 

Municipal Heavy, sporadic 

CB3 E: 1315469 

N: 4982708 

Municipal Heavy, sporadic 

CB4 E: 1315487 

N: 4982715 

Municipal Heavy, sporadic 

CB6 E: 1315447  
N: 4982714 

Municipal Heavy, sporadic 

AP E: 1316667 

N: 4982311 

Private bore Sporadic, 

increased over 

Summer 

CV E: 1313761 

N: 4986047 

Private bore Very rarely 

DF E: 1314195 

N: 4985950 

Private bore Very rarely 

GC E: 1315407 

N: 4984835 

Private bore Continual 

L E: 1316115 

N: 4983078 

Private bore Very rarely 

R1 E: 1316646 

N: 4982087 

River Site Continual 

discharge 

R2 E: 1315439 

N: 4982675 

River Site Continual 

discharge 

R3 E: 1312820 

N: 4986752 

River Site Continual 

discharge 

 

 

Table 3.1. Summary site variables. Estimated pumping usage is given, 
alongside the type of bore. Locations were recorded from a Garmin 

60CSx GPS. 
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While there are many other groundwater bores in the region, the owners and managers 

of these bores were the only ones to consent to regular water sampling. Ideally, more 

bores would have been sampled to gain a larger picture of the character of the 

groundwater in the aquifer and thus increase the scope of the study.  

 

3.8   TEMPORAL SAMPLING 

To determine any temporal variation in groundwater quality, samples were collected 

over a ten month period from July 2009 until the end of April 2010. During this time, 

the bores were sampled every two weeks. When considering the hydraulic conductivity 

of the aquifer, 0.01 ms
-1

 (Milke, 1999), it was decided that a higher resolution of 

samples was required than a monthly or bimonthly regime. With a hydraulic 

conductivity of 0.01 ms
-1

, a bore located 259 m away from the Clutha River (i.e. site 

AP), it would take just over seven hours to reach the bore. This high resolution meant 

that a more complete picture of the water quality over that time would be achieved. 

 

 

  



41 

 

3.9   SUMMARY OF ANALYTICAL METHODS 

Table 3.2 below summarises the analytical methods employed in this research. 

Accuracy and detection limits for temperature, pH, EC, TDS, DO and alkalinity are as 

reported by the manufacturer. Cation and anion analysis detection limits and accuracy 

have been calculated from the data and the specific methods used. 
18

O and 
2
H data was 

provided by the Chemistry department at the University of Otago. 

Table 3.2. Summary of analytical methods. Precision and accuracy were calculated according 

to the methods given in Section 3.11. Where a value is unknown, this was not calculated. 

 

Name Container Method Detection 

Limit/Range 

Precision Accuracy 

Temperature Field 

measurement 

YSI multi-probe -5 - 45°C Unknown ± 0.15% 

pH Field 

measurement 

IQ Instruments pH 

meter 

-2 – 19.99 Unknown ± 0.01 

Electrical 

Conductivity 

Field 

measurement 

YSI multi-probe 0 – 200 

mS/cm 

Unknown ± 0.5% 

Alkalinity Plastic Digital titration 0 – 4000mg/L  2% ± 1% 

Calcium Plastic AAS and IC 

(Dionex ICS 

3000) 

5.0 mg/L 2% ± 1% 

Magnesium Plastic AAS and IC 

(Dionex ICS 

3000) 

0.005 mg/L 4% ± 0.5% 

Sodium Plastic AAS and IC 
(Dionex ICS 

3000) 

0.05 mg/L 2% ± 0.5% 

Potassium Plastic AAS and IC 
(Dionex ICS 

3000) 

0.025 mg/L 3% ± 0.15% 

Chloride Plastic FIA and IC 

(Dionex ICS 
3000) 

0.025 mg/L 12% ± 3% 

Nitrate Plastic IC 1 mg/L 15% ± 4% 

Sulfate Plastic IC 1.5 mg/L 4% ± 0.1% 

Fluoride Plastic IC 0.2 mg/L 3% ± 0.3% 
18

O Glass Gas 
Chromatography 

0 to -32 0.1‰ Unknown 

2
H Glass Gas 

Chromatography 

0 to -240 0.5‰ Unknown 
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3.10  SAMPLE COLLECTION AND FIELD PARAMETERS 

Water sampling commenced on the 8
th

 of July 2009 and continued through to the 28
th
 of 

April 2010. During this period, water samples were, for the most part, collected 

fortnightly. There are some gaps in the data series as a result of the sampling sites being 

unavailable. For example there is no data from the CB sites for the dates of 11
th
 of 

November 2009 and 25 November 2009 due to redevelopment of one of the bore holes. 

While these gaps are an inconvenience to the completeness of the data set, they have 

little effect on the overall quality of the results.  

While great care was taken in order to calibrate and test equipment prior to sample 

collection, some errors did occur. Of most note was the measurement of dissolved 

oxygen, which will be discussed further in section 5.2.3. The pH meter also caused 

some problems. Some sample rounds and at somewhat random sites, the pH would 

record very low readings. These readings were included despite this, and further 

discussion will be provided in section 5.2.2. 

All sample and field notes were recorded on separate field data sheets, an example of 

which is given in the appendix. This method of data recording proved to be reliable and 

efficient. Weather conditions were variable between each of the sampling rounds. No 

sampling was carried out in rain, and therefore contamination due to rain drops was not 

encountered. No other problems were encountered during the sampling programme.  

 

3.10.1   Sample collection procedure 

Samples were collected on the same day and within an eight hour period. Clutha River 

samples were collected from a PET bottle attached to a 2 metre boom. Samples were 

collected at around 1.8 metres from the river bank and at a depth of around 0.3 metres. 

The collection bottle was rinsed thoroughly with fresh river water before the sample 

was collected.  

Bores supplying the groundwater sample sites were purged for at least 3 minutes to 

flush out any standing water from the bottom of the well (Golterman, Clymo, & 

Ohnstad, 1978; Rosen et al., 1999; Sinton, 1986).      This was most important for the 

sites of CV, DF and L, where the bore was sporadically used. The municipal bores, AP 
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and GC were being constantly abstracted from and so there was a continual supply of 

fresh groundwater being drawn into the bore hole. Samples from the groundwater bores 

were collected directly into the sample container to minimize contamination. Samples 

were collected in 120 mL PET sterile containers under standard procedures as described 

by Rosen et al. (1999), Sinton (1986), U.S. Geological Survey (2006). Samples were 

kept refrigerated until analysis, and analysis was completed within 24 hours of sample 

collection.  

 

3.10.2   Field parameter procedures 

Field parameters of temperature, electrical conductivity (EC), total dissolved solids 

(TDS), and dissolved oxygen (DO) were measured using a YSI 556 Multi probe. The 

multiprobe was calibrated and checked prior to going into the field, and was found to be 

reliable for all parameters except for DO. The DO measurements were erratic and the 

probe failed to stabilize after 20 minutes of immersion in the water sample. Data for 

dissolved oxygen was recorded in the database, although was not used for water quality 

analysis. There was a significant degree of variability between the data collected, with 

no apparent pattern. The data for all sites presented standard deviations about the mean 

of between 30.9% (Site AP) and 12.4% (Site CB2) for dissolved oxygen (%).  

Instrument error is suspected, with no amount of calibration being sufficient to have the 

meter settle to an acceptable level. The values obtained are therefore not included as a 

part of the water quality analysis for this study. Raw data values for dissolved oxygen 

are presented in Appendix 1. 

Electrical conductivity (EC) is a measure of the amount of ions in the water as a result 

from dissolution of minerals in the aquifer‟s geology (Schwartz & Zhang, 2003).   EC 

and total dissolved solids (TDS) are influenced by temperature (Ministry of Health, 

2005) and were automatically compensated by the multi probe by measuring the water 

temperature simultaneously with the EC. TDS/EC ratios from the YSI multiprobe were 

calculated to be 0.65 when averaged over all the samples with a R
2
 value of 0.99 and a 

X
2
 value of 1.0.  
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pH is a measure of the activity of H
+
 or OH

-
 ions in solution. The behaviour of water is 

a reflection of the behavior of H
+
 and OH

-
 ions, which in turn will describe the water as 

an acid or a base (Langmuir, 1997). pH is often a controlling variable in many other 

chemical reactions in water (Boyd, 2000). The value of the pH can influence the rate of 

dissolution of certain minerals and is influenced itself by the local geology and nutrient 

levels (Langmuir, 1997). A low pH value in groundwater will result in minerals such as 

calcite being dissolved more rapidly. Typical values of pH in a natural ecosystem are 

between 6.5 and 9.0 (Boyd, 2000). pH was measured in the field using an IQ 

Instruments pH meter. This meter was calibrated the day before going into the field with 

a three point calibration of NIST standards 4.0, 7.0, and 10.0 at room temperature. 

 

3.11   ALKALINITY 

Total alkalinity is significant in groundwater due to it being a good measure of the 

dissolution of carbonate minerals; including calcitic limestone and dolomitic limestone 

(Boyd, 2000). Carbonate minerals are the primary source for alkalinity in water, and 

through dissolution of calcium carbonate, bicarbonate and calcium ions are released into 

solution (Boyd, 2000). While other minerals such as borate and silicate can also 

contribute to sources of alkalinity in New Zealand groundwaters, these minerals are 

insignificant (Rosen, 2001). A high alkalinity in water is indicative of rapid dissolution 

of calcium carbonate, and relates well to levels of calcium and bicarbonate ions in 

solution. 

Total alkalinity was measured using digital titration. Alkalinity is a measure of activity 

of carbonate (CO2
-
), bicarbonate (HCO3

-
) and hydroxide (OH

-
) content, and so can 

therefore be taken as a concentration of these constituents (American Public Health 

Association, 1998). The total alkalinity titration method was used for the calculation of 

total alkalinity. The Hach alkalinity test kit (model 16900) was the method employed 

for measuring total alkalinity. The titration method is based on the hydroxyl ions (OH
-
) 

reaction with standard acid (H2SO4) (American Public Health Association, 1998). The 

end point used will therefore impact on the measured alkalinity measured. This end 

point identifies an inflection point in the plot of pH versus alkalinity (Langmuir, 1997). 

For complex systems such as groundwater, a pH end point of 4.5 was used (Boyd, 2000; 

Hach, 2006; Rosen, 2001). Phenolphthalein alkalinity was measured with a pH end 
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point of 8.3 (American Public Health Association, 1998), and as all water samples were 

below this value before the addition of acid, phenolphthalein alkalinity was consistently 

reported as 0 mg/L. The indicator used was bromcresol green-methyl red as described 

by Hach (2006) and the Ameican Public Health Association (1998). One hundred mL 

samples were analysed following the manufacturers specifications. Samples were 

removed from refrigeration and allowed to warm to room temperature prior to analysis.  

Final alkalinity values were obtained using the method presented by Hach (2006) and 

shown below in Table 3.3. 

 

Sample Range (mg/L as 
CaCO3) 

Sample Volume 
(mL) 

Titration 
cartridge (H2SO4) 

Digit multiplier 

Groundwater 100-400 100 1.6 1.0 

River 40-160 25 0.16 0.4 

 

Hach (2006) reports the accuracy of the kit as being ±1% for readings over 100 digits. 

However this does not include the error associated with sample preparation, sample 

volume measurement or error with the pH meter to determine the final end point. The 

method performs accurately, provided that other interferences are minimized. All 

equipment was washed and rinsed thoroughly with deionised water prior to use and in 

between samples. Sample blanks were run on deionised water through which 

corrections were made. Phenophalein alkalinity was consistently zero across all 

samples, indicating that the bicarbonate ion was responsible for all of the alkalinity in 

the water. Bicarbonate is the main cause for alkalinity in water with a pH between 4.5 

and 8.3 (Rosen, 2001). 

  

Table 3.3. Total alkalinity method that was used in this study. 
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3.12   IONIC SPECIES 

Three different methods were employed for the analysis of major ions. Flow Injection 

Analysis (FIA) was initially used for measurement of Cl
-
, and Atomic Absorption 

Spectrometry (AAS) for the base cations of Ca
2+

, Mg
2+

, Na
+
 and K

+
. Following the 

procurement of an Ion Chromatograph (IC) in the laboratory, all ionic species were 

subsequently measured on the IC. Reported here is a description of these methods. For 

accuracy and precision data, refer to Table 3.1. 

 

3.12.1   Flow Injection Analysis (FIA) 

Prior to the method employing the IC, Flow Injection Analysis was employed to analyse 

for Cl
-
. Samples analysed in this way were taken on the 8

th
 of July 2009, 5

th
 of August 

2009 and 19
th

 of August 2009. The particular method used was with a reagent of 

mercury (II) thiocyanate and iron (III) nitrate. The released thiocyanate ions react in the 

acid solution with iron (III) to give a red coloured iron (III) thiocyanate complex, the 

colour of which is measured photometrically at 463 nm (American Public Health 

Association, 1998b). Standards used were at the 0.0 mg/L, 1 mg/L, 3 mg/L, 6 mg/L and 

12 mg/L levels. The precision of this technique is reported as 1% r.s.d.  

 

3.12.2   Atomic Absorption Spectrometry (AAS) 

In flame AAS, a sample is aspirated into a flame and atomized (American Public Health 

Association, 1998c). A light beam is directed through the flame and into a 

monochromator and onto a detector that measures the amount of light absorbed by the 

element in the flame (American Public Health Association, 1998c). Due to each element 

having different absorbance wavelengths, different source lamps are used depending on 

the element being analysed for. All calibration and checking of the equipment was 

completed prior to analysis. The calibration standards are given in Table 3.4. A fast 

sequential method was chosen due to the large number of samples to be analysed. 

Reagents and preparation of standards and samples was completed according to the 

method described by (American Public Health Association, 1998c). Samples were 
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analysed on a FS200 AAS. All samples were prepared for analysis in acid and distilled 

washed equipment prior to analysis on the AAS.  

 

 

 

Cation Level 0 

(Millipore) 

Level 1 Level 2 Level 3 

Ca
2+

 0  5  10  20  

Mg
2+

 0  2.5  5  10  

Na
+
 0  5  10  20  

K
+
 0  2.5  5  10  

 

 

4.12.3   Ion Chromatography 

Ion chromatography is carried out by injecting a sample into a stream of eluent which is 

then passed through a series of ion exchangers (APHA, 1998). Ion chromatography 

allows the separation of complex mixes of cations and anions (Fritz & Gjerde, 2009). 

Samples were pipetted into 5 mL polypropylene vials that were capped with 

polyethylene caps with 20 μm sintered polyethylene filters. Vials and caps had been 

rinsed with deionised water prior to sample collection, and were rinsed with the sample 

aliquot three times before the subsample was collected and capped in the vial. Care was 

taken not to touch any wetted surface, and standard laboratory gloves were worn at all 

times to eliminate interference from skin contact. Any air bubbles were tapped free of 

the sides of the vials to minimize interference during analysis. Dionex (2009) report the 

level of contamination from the vials to be less than 3 μg/L for phosphate, nitrate, 

fluoride, chloride and less than 8 μg/L for sulfate. Table 3.5 outlines the calibration 

standards used.  

 

 

 

 

 

 

 

Table 3.4. Calibration standards used for the AAS reported in mg/L. 
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Ion Level 0  

(Millipore) 

Level 1 Level 2 Level 3 Level 4 Level 5 

Ca
2+ 0  5  10  20  50  100  

Mg
2+ 0  0.005  0.01  2.5  5.0  10.0  

Na
+ 0  0.05  0.1  5.0  10.0  20.0  

K
+ 0  0.01  0.025  2.5  5.0  10.0  

Cl
-
 0  0.25  5.0  10.0    

SO4
-2 0  1.5  5.0  10.0    

NO3
-2 0  1.0  5.0  10.0    

PO4
3-

 0  1.5      

Fl
-
 0  0.25      

NO2
- 0  1.0      

Br
- 0  1.0      

 

 

3.13   ISOTOPES (18O AND 
2H) 

Isotope analysis was carried out in the Chemistry Department at the University of 

Otago. Oxygen isotope ratios of water were determined by the CO2 equilibration 

method. A water sample of 0.5 mL was equilibrated with 12 mL of 0.3 % CO2 in 

helium on a Thermo “GasBench” preparation unit. Eight repeat injections of the 

equilibrated gas were measured with a Thermo “Advantage” isotope ratio mass 

spectrometer (IRMS). The eight results were filtered by removal of values more than 1 

standard deviation from the average. The average was corrected to international 

standards using a three point calibration provided by three laboratory standards analysed 

before and after every batch of 80 samples (Table 4.6). The three laboratory standards 

used were calibrated with IAEA standard materials by a 5-member interlaboratory 

comparison exercise and range between -33 and 0‰. The precision of analysis was 

typically 0.06‰ (1 s.d.). 

Table 3.5. Calibration standards for the IC for all ions tested reported in mg/L. 
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Hydrogen isotope ratios of water were determined by thermal conversion to hydrogen 

and oxygen gas. Five repeat water samples of 50 μL were injected into the glassy 

carbon-lined ceramic reactor of a Thermo thermal conversion elemental analyser held at 

1400 °C. The resulting hydrogen and oxygen gases, borne in a helium carrier gas 

stream, were separated on a packed gas chromatography column and the hydrogen 

measured on a Thermo “DeltaV” isotope ratio mass spectrometer (IRMS). The five 

results were filtered by removal of values more than 1 standard deviation from the 

average. The average was corrected to international standards using a three point 

calibration provided by three laboratory standards analysed before and after every batch 

of 45 samples (Table 4.6).  

The oxygen isotope composition was also analysed by gas chromatography attached to 

a mass spectrometer using an equilibration with carbon dioxide method.  The δ
18

O 

content of water quickly reaches equilibrium with carbon dioxide in a closed system 

(Epstein & Mayeda, 1953).  By equilibrating the water sample with carbon dioxide of 

known 
18

O content the resultant equilibrated gas can be extracted and used to measure 

the ratio of 
16

O to 
18

O.  Following the method described by Nelson (2000), samples 

were prepared by sub-sampling 0.5 mL of water into 10 mL butyl-rubber septum 

capped vials.  Each sample vial was filled with 1% carbon dioxide in helium and left to 

equilibrate for at least 18 hours at 25°C on the thermally-controlled sample block 

(Nelson, 2000). Nelson  (2000) showed that the precision using this water equilibration 

method on the GasbenchII is 0.04%. The GasbenchII is a continuous flow autosampler 

that uses syringes to extract sample gas from septum-capped vials.  The first syringe 

flushes the vial with helium gas, and the second syringe uptakes the equilibrated sample 

gas and passes it through the gas chromatograph column and into the mass spectrometer 

inlet.  

During the sample analysis, three injections of the reference gas were made, where the 

last was used to calculate a stable reference value to calculate the sample delta value. 

The next six injections were sample gas, where the first was excluded from calculating 

the average to minimise any memory effects. The GC-IRMS output was calibrated by 

correcting the output to measurements of international standards (SLAP) that were 

interspersed throughout the batch.  For each batch of oxygen analysis at least three of 

the above international standards were measured at the start and end of each batch to 

provide a good range of δ
18

O values for calibration.  Internal laboratory standards (tap 
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water and sea water) were used during the batch run as internal controls to monitor any 

drift that may occur. The average internal precision for this method is 0.05‰.  If the 

standard deviation was greater than 0.1‰ the samples were rejected and re-analysed. 

The accuracy and precision of the instruments was recorded as per Table 3.6 below. 

 

 

Oxygen 

 

Hydrogen 

Control 1:     Control 1:   

Sea 
18

OVSMOW   SLAP 
2
HVSMOW

Accepted Values -0.55 ± 0.09   Accepted Values -428 

Measured Values 

(n=2) -0.52 ± 0.01   

Measured Values 

(n=2) -430.5 ± 0.7 

          

 

    Control 2:   

 

  TAP 
2
HVSMOW

  
  Accepted Values -81.7 ± 1.4 

  
  

Measured Values 

(n=7) -81.0 ± 0.4 

 

The Cl
-
 ion can also be used as a conservative reference element to study water-rock 

interaction. In arid regions most Cl
-
 originates from solution of halite in evaporate 

deposits and the solution and concentration of dry fallout from the atmosphere (Ma, et 

al., 2010). Due to the semi-arid nature of the field site, Cl
-
 was not seen to be a viable 

isotope for this study. 

 

3.14   DATA ANALYSIS 

Data was corrected for blank values as determined by replicate samples of deionized 

water. Field blanks were also analysed so corrections for errors made during sample 

collection could be made.  

For the most part, graphical data analysis was completed using the computer software 

Aq-QA version 1.1 (Prairie City Computing, 2005) for the creation of ternary diagrams, 

Piper diagrams, ion balance diagrams and Stiff plots. The Piper diagram (Piper, 1944), 

Table 3.6. Standards and accuracy values used during analysis for 
18

O and 
2
H reported in 

parts per thousand (‰). 
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is a multiple ternary plot that can show the chemical character of water according to the 

relative concentration of its constituents but not the absolute concentrations. From a 

Piper plot, water type, mixing and ion exchange can be concluded (Hounslow, 1995).  

Ionic ratio plots were produced that showed the balance of cations and anions in the 

samples. These are presented for each site in Figure 4.7. Regressions were plotted 

among pairs of related chemical species such as Ca/Mg, Na/Cl, Ca/HCO3. These plots 

allowed for conclusions to be made about the dominant ions in solution and the 

resulting implications this has. The strength of these relationships were examined 

through R
2
 values. 

Statistical analysis was carried out using the computer software SPSS version 17 (SPSS, 

2008) and Microsoft Excel (2007). SPSS was used for Shapiro-Wilk tests for normality 

of the data prior to further analysis being carried out. The Shapiro-Wilk test is a 

common test for normality with power as good or better than other tests (Helsel & 

Hirsch, 2002). Normality is an important statistical test to carry out prior to any further 

statistical tests that rely on parametric data only, such as ANOVA. ANOVA is a 

parametric statistical test that tests the means of more than two groups, determining if 

they are equal. When there is only two groups, ANOVA performs the same as a t-test 

(Helsel & Hirsch, 2002). ANOVA was performed on all the chemical species, however 

only those that met the requirements of normality were presented and discussed. 

Correlations were used to determine the relationships between sets of variables. For the 

most part Pearsons method of correlation was used. 

Hierarchical Cluster Analysis was used to assess whether there are statistically different 

regions of groundwater. This method of cluster analysis can be used over multiple 

variables and over multiple types of variables and will thus provide a more holistic 

approach to comparing samples (Daughney & Reeves, 2003). HCA also provides 

statistical tests of groupings that may not be obvious when represented graphically on a 

ternary diagram for example. The method used for the computation of HCA was taken 

from (Daughney & Reeves, 2003). Samples were selected based on their charge balance 

error (CBE). CBE was calculated using Eqn. 2.8 below. 

𝐶𝐵𝐸 =   
𝑇𝑜𝑡𝑎𝑙  𝐶𝑎𝑡𝑖𝑜𝑛𝑠 −𝑇𝑜𝑡𝑎𝑙  𝐴𝑛𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙  𝐶𝑎𝑡𝑖𝑜𝑛𝑠 +𝑇𝑜𝑡𝑎𝑙  𝐴𝑛𝑖𝑜𝑛𝑠
 × 100  (Eqn. 2.8) 
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CHAPTER 4 

RESULTS 

4.1   INTRODUCTION 

This chapter presents the results of the water quality and groundwater/surface water 

assessment in Alexandra. The hydrochemical results between the different chemical 

species can be used to infer geohydrological processes, such as dissolution rates of 

minerals in the aquifer. Firstly, the discharge and well head height data will be 

described in section 4.2 followed by a description of the measured field parameters 

(section 4.3). Laboratory analysis of cations (section 4.4), anions (section 4.5) and 

stable isotopes (section 4.6) will then be presented. Correlations between water quality 

parameters and isotope results will be introduced, followed by a summary of the key 

results. Important statistical correlations which include hierarchical cluster analysis 

(HCA) will be presented in section 4.8 that will assist in the discussion surrounding the 

interrelationship between the Clutha River and the adjacent groundwater aquifers.  
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Figure 4.1. Discharge of the Clutha River measured downstream of the Clyde Dam. Red circles 

indicate the days where sampling of the water took place. Shown here is also a plot of the head 

levels from site CB6. The head height follows a general trend that corresponds with the discharge 
data from the Clutha River. Data provided by (NIWA, 2010). 
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4.2   CLUTHA RIVER DATA 

Discharge of the Clutha River is recorded every 2 hours below the Clyde Dam by an 

automatic gauging station by (NIWA, 2010) (Figure 4.1) and before the sample sites for 

the Clutha River and the groundwater bores. Figure 4.1 shows both the daily average 

discharge recorded by NIWA and the head height as measured at the council bores. As 

expected there is a strong correlation between head height and discharge (0.805, p = 

0.00) and indicates that the bore field and the Clutha River are hydraulically connected. 

While the Clutha River is heavily modified at this location, a spring melt period can still 

be observed during the months of November, December and January. This melt period 

is delayed by the effects of Lake Dunstan, formed after the construction of the Clyde 

Dam upstream. This pulse of higher discharge also corresponded with an increase in 

stage height of the Clutha River and also head levels measured at the well field. 
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4.3  FIELD PARAMETERS 

Table 4.1 below gives a summary of the key field variables for this study. Temperature 

ranged from an average value of 15.02 °C (s.d. 2.03) at site CV to an average value of 

12.42 °C (s.d. 4.5) at site R2. The Clutha River sites had colder average temperatures 

that the groundwater bores. The Clutha River also had higher average pH values than 

the groundwater with an average of 9.02 (s.d. 0.64) at site R3 to a minimum average pH 

of 7.27 (s.d. 0.64) at site CV. Electrical conductivity and TDS results showed much 

lower concentrations of dissolved solids in the Clutha River than the groundwater. The 

Clutha River had an average TDS of 0.04 g/L (s.d. 0.003), while the highest average 

TDS reading in the groundwater was measured at site AP, with an average measured 

TDS of 0.24 g/L (s.d. 0.008). Temporal variation was evident among the temperature 

measurements. Figure 4.2 plots temperature against time for all of the sample sites over 

the course of the sampling period. Sites AV, CV and the three Clutha River sites show 

more pronounced warming as the sampling dates progressed from the cooler winter 

months into the warmer summer months. 

 

Table 4.1.  In field measurements of water quality variables for Alexandra bore water sites and 

the Clutha River (R1, R2, R3) averaged over the sampling period. Temperature is 

recorded in °C, EC in mS/cm, and TDS in g/L.  

 CB1 CB2 CB3 CB4 CB6 AP CV DF GC L R1 R2 R3 

Temperature (°C) 

Average 13.00 13.09 12.88 13.46 13.10 13.86 15.02 14.19 14.09 14.12 13.20 12.42 12.95 

S.D. 0.42 0.56 0.69 1.03 1.13 1.08 2.13 0.93 4.26 1.07 3.35 4.5 3.34 

pH 

Median 7.41 7.46 7.86 7.50 7.85 8.02 7.27 7.59 7.88 7.63 8.60 8.86 9.02 

Variance 0.52 0.87 0.5 0.5 0.7 0.48 0.64 1.23 0.58 1.03 0.91 0.56 0.64 

EC (mS/cm) 

Average 0.36 0.36 0.29 0.36 0.24 0.38 0.20 0.21 0.29 0.35 0.07 0.07 0.07 

S.D. 0.08 0.08 0.08 0.09 0.09 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 

TDS (g/L) 

Average 0.23 0.23 0.19 0.23 0.15 0.24 0.13 0.14 0.19 0.23 0.04 0.04 0.04 

S.D. 0.05 0.05 0.06 0.06 0.06 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
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Figure 4.2. Temperature for all samples over the sampling period. The sites of CB1, CB2, CB3 

and CB4 are shown as one colour (red) while CB6 is shown in yellow. Gaps in the lines exist 

where the bore was not available for testing. The light blue lines (Clutha River) and the grey 
and pink lines (GC and CV respectively) show increasing temperature towards the summer 

monthts. Other groundwater sites remained relatively constant. 
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The values for pH are highly variable between each sampling round. Table 4.2 below 

shows the maximum, minimum and median pH values for each of the sites over the 

sampling period. Results here are presented in order of increasing distance from the 

Clutha River. The pH values at sites R1, R2, R3, CB2 and DF show unusually large 

maximum values. The maximum values for six of the sites were recorded on the 

20.1.10, and it is considered here that this is most likely due to malfunctioning 

equipment and discarded from further analysis. Figure 4.3 below is a box plot of pH 

data taken from all sample sites over the sampling period. 

 



56 

 

Clutha River pH 

Groundwater pH 

Figure 4.3. Box plots of pH values for sample sites. The Clutha River 

samples are plotting higher than those of the groundwater. Groups 1,2,3 are 
from the Clutha River. Groups 4,5,6,7,8 are the CB bores. Group 9 is site 

AP, group 10 is site CV, group 11 is site DF, group 12 is site GC, and 

group 13 is site L. 

 

 

 

 

The box plot of pH shown above in Figure 4.3, is taken from data summarized in Table 

4.2. The Clutha River plots with higher pH values than the groundwater. The range of 

pH values also appears to be higher in the Clutha River than the groundwater with a 

median value of 8.86 and variance of 2.9 compared with the median value of 7.5 and a 

variance of 2.62 in the groundwater samples. 
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Table 4.2. Descriptive statistics for pH for all sample sites. Samples are listed downwards 

in order of increasing distance from the Clutha River. 

     Distance from 

Clutha River       

Site 

(Distance) 

Maximum Minimum Median Variance 

R1 (0 m) 10.9 (3.2.10) 6.9 

(25.11.09) 

8.60 0.91 

R2 (0 m) 9.6 (20.1.10) 7.3 (8.7.09) 8.86 0.56 

R3 (0 m) 9.9 (20.1.10) 7.5 (8.7.09) 9.03 0.63 

CB6 (17.91 

m) 

8.4 (20.1.10) 5.9 

(22.12.09) 

7.85 0.70 

CB4 (19.39 

m) 

7.8 (8.7.09) 6.0 

(17.3.10) 

7.50 0.50 

CB3 (20.23 

m) 

8.0 (8.7.09) 6.5 

(19.8.09) 

7.86 0.50 

CB1 (21.04 

m) 

8.1 (20.1.10) 6.5 

(19.8.09) 

7.41 0.51 

CB2 (23.16 

m) 

9.9 (28.4.10) 5.8 

(30.9.10) 

7.46 0.87 

DF (172 m) 10.6 

(13.10.09) 

4.9 (2.9.10) 7.59 1.23 

AP (259 m) 8.5 (17.3.10) 7.2 

(19.8.09) 

8.02 0.47 

CV (272 m) 7.6 (20.1.10) 5.4 

(17.3.10) 

7.27 0.63 

L (570 m) 8.2 (20.1.10) 4.1 

(25.11.09) 

7.63 1.03 

GC (614 m) 8.4 (13.10.09) 7.0 

(30.9.09) 

7.88 0.58 
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The electrical conductivity results, presented in Table 4.1, show that the Clutha River is 

very low in electrical conductivity averaging 0.066 mS/cm (s.d. 0.004), whereas the 

bore sites were much higher with the CB sites averaging 0.32 mS/cm (s.d. 0.08) and the 

other groundwater bores averaging 0.29 mS/cm (s.d. 0.01). The EC and TDS data is 

normally distributed as determined by a Shapiro-Wilk test for normality, apart from the 

sites of CB6, AP, DF, L and R3 (App. C.). Figure 4.4 below is a box plot of the EC 

measurements from the sampling program. The CB sites (groups 4,5,6,7,8) show a 

much larger range of EC values than all of the other sites.  

 

 

 

Figure 4.4 show a much higher range of EC measurements within the CB sites. Due to 

EC being a measure of TDS, these values also indicate a much higher range in solute 

load compared with the Clutha River and the other groundwater bores. The Clutha 

River plots with low EC measurements on the graph indicating low TDS also.  

  

Clutha River 

CB Sites Other Groundwater 

Figure 4.4. Box plots of EC for all sample sites. The much larger range in 
values in the CB sites is an interesting point of this graph and represents a much 

bigger range in TDS also. The Clutha River plots with low levels of EC, 

indicating low concentrations of solutes. 
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4.4   TEMPORAL VARIATION 

One of the research questions was directed towards determining any temporal variation 

in the solutes for the sample sites. Figure 4.5 shows a temporal plot of TDS for all the 

sample sites. TDS was plotted as it is representative of the total solute load for all 

chemical species. The data shows widely variable concentrations between the CB sites 

which is consistent with the box plot of EC shown in Figure 4.4. The Clutha River and 

the other groundwater sites show very stable concentrations of solutes over the 

sampling period with no discernible temporal trend. 

 

 

The reasons for why there is such variability within the CB sites will be explored in the 

next chapter. From Figure 4.5 there is no temporal trend to the solute data set. Calcium 

was also plotted temporally as an indication of how the Ca
2+

 content of the water from 

the sample sites varied. This plot is shown in Figure 4.6. It is hard to discern any 

significant temporal trend from this data due to the concentration ranges between the 

sample dates varying so much. These extreme peaks and troughs within the data set may 

Figure 4.5. TDS (g/L) over the sampling period for all sites. There is wide variation 
within the CB sites, yet all other sample sites show a very small range of concentrations. 

TDS is being used here as a proxy for all solutes over the sampling period 
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be masking any potential temporal trend that may exist. There is a significant peak in 

the concentration of Ca
2+

 on the 3
rd

 of February 2010. When compared with Figure 4.1 

of the Clutha River discharge, there is no obvious trend between discharge of the Clutha 

River and concentration of Ca
2+

 on this day. No extraordinary sampling circumstances 

were noted in the field notes on this day. The 3
rd

 of February will be a time of the year 

when pumping of the groundwater for the town supply will be at its maximum due to 

the warm temperatures and subsequent increased demand for water. 

 

 

 

The data presented in Figures 4.2 and 4.3 is indicative of the lack of temporal signal 

present in the data set. Temporal data for temperature was presented in Figure 4.2 which 

did show some warming of the Clutha River and the groundwater towards the summer 

months. The water quality data however as shown in Figure 4.3 and 4.4 does not show 

any significant or obvious temporal trend. Reasons for the range of values seen, 

especially at the CB sites will be discussed in the next chapter. 
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Figure 4.6. Plot of Ca
2+

 against time for all sample sites. Data is presented here as 

an indication of the strength of the temporal signal present in the water quality 

results. The peaks and troughs of the graph, especially in the CB sites, may be 

masking any potential temporal trend that may exist. There is a peak in 

concentration around the 3
rd

 of February. 
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4.5   ION SPECIES 

The major cation species in the bore water were Ca
2+

, Mg
2+

, Na
+
 and K

+
. Calcium 

readings for the groundwater were high, with averages ranging from 27 mg/L to 60 

mg/L. Magnesium, Na
+
 and K

+
 were present in much lower concentrations, averaging 3 

mg/L, 7 mg/L and 1 mg/L respectively. By comparison, the river samples were 

considerably lower, with Ca
2+

 on average of 10 mg/L, which is half to one fifth of the 

concentrations reported in bore water.  Similarly, the river water was a much lower in 

the other base cations (Na
2+

 1.3 mg/L, Mg
2+

 0.7 mg/L, K
+
 0.5 mg/L). Table 4.3 shows 

the average values for each of the major cations over the sampling period.  

 

 

  

Table 4.3. Summary of major cations for all sites reported in milligrams per litre (mg/L) as 

determined by AAS and IC. 

 CB1 CB2 CB3 CB4 CB6 AP CV DF GC L R1 R2 R3 

Ca
2+

 

Average 59.77 59.89 51.51 58.68 42.54 60.19 29.10 27.03 41.34 54.14 10.06 10.15 10.43 

S.D. 15.25 12.9 14.08 14.08 13.49 5.79 2.78 4.328 3.95 5.54 2.82 2.17 2.85 

Mg
2+

 

Average 3.61 3.84 2.36 4.27 1.71 4.67 3.92 3.77 4.29 5.11 0.72 0.72 0.76 

S.D. 1.14 1.01 0.89 1.58 0.8 0.49 0.38 0.43 0.32 0.64 0.22 0.15 0.21 

Na
+
 

Average 6.66 7.56 5.16 8.21 3.66 10.35 7.31 7.89 9.94 10.39 1.31 1.31 1.37 

S.D. 2.74 3.51 3.58 4.05 2.86 1.45 1.38 1.18 0.98 1.42 0.35 0.15 0.26 

K
+
 

Average 1.41 1.46 1.22 1.49 0.98 1.46 1.05 1.03 1.06 1.33 0.48 0.51 0.52 

S.D. 0.26 0.23 0.25 0.34 0.31 0.26 0.2 0.32 0.22 0.22 0.16 0.11 0.12 
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The major anions in solution were HCO3
-
, Cl

-
, SO4

-
, and NO3

-
. Fluoride was also 

present, but in low concentrations (Table 4.4). Bicarbonate (HCO3
-
) was the dominant 

anion in both the groundwater and the Clutha River water, although concentrations in 

the Clutha River are considerably lower than that of the groundwater bores. Of the 

groundwater bores, CB6 had the lowest average concentration of HCO3
-
 at 121 mg/L 

(s.d. 45.27). The Clutha River sites presented considerably lower anion concentrations 

across all anion species.  

Table 4.4. Summary of major anions for all sites reported in milligrams per litre (mg/L) as 

determined by FIA (Cl
-
 only), IC and digital titration (HCO3

-
). 

 CB1 CB2 CB3 CB4 CB6 AP CV DF GC L R1 R2 R3 

HCO3
-
 

Average 185.06 162.73 146.18 163.33 121.26 170.25 96.70 95.27 136.69 152.97 29.03 29.67 28.30 

S.D. 38.79 48.95 43.77 34.14 45.27 19.88 7.57 21.4 8.32 4.51 12.73 7.61 6.51 

Cl
-
 

Average 3.76 4.44 2.57 5.20 1.69 8.03 3.08 3.32 4.12 11.97 0.61 0.57 0.62 

S.D. 2.16 2.09 1.74 2.67 1.46 0.65 0.49 0.81 1.08 2.92 0.17 0.15 0.11 

SO4
-
 

Average 6.69 8.03 6.00 9.26 4.92 10.92 6.32 5.05 7.23 10.65 4.01 3.99 4.20 

S.D. 2.8 2.69 1.84 3.38 1.52 4.46 0.90 1.78 1.96 0.64 1.11 1.01 0.26 

NO3
-
 

Average 2.89 4.36 1.10 5.60 0.41 9.26 3.13 2.56 4.73 7.81 0.15 0.11 0.14 

S.D. 2.55 3.56 1.34 4.32 0.48 2.67 0.94 0.62 1.41 0.74 0.15 0.12 0.15 

Fl
-
 

Average 0.05 0.06 0.04 0.07 0.03 0.09 0.11 0.14 0.09 0.09 0.02 0.02 0.02 

S.D. 0.03 0.02 0.03 0.04 0.02 0.04 0.04 0.06 0.04 0.05 0.02 0.02 0.01 

 

Ionic balance between cations and anions showed a difference in the favour of the 

cation species. Figure 4.7 presents plots of ion balance diagrams at their respective 

locations in the study site. This balance can be used as a proxy for analytical error, as 

electrically neutral water should contain equal concentrations of cations and anions. 
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Figure 4.7. Shown here are average water quality statistics for each of the sampling sites presented as meq/L. there can be seen a clear difference between the Clutha River and the groundwater. The sites of CV and DF 

also possess hydrochemistry that is significantly different from that of the other groundwater bores. 
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Figure 4.8. Plot of Ca vs. Mg for all samples presented in meq/L. The 

regression line for this graph is y = 0.126x - 0.001 with an R
2
 value of 0.58. 

The Clutha River sites are shown with a dashed red line around them. 

4.5.1   Calcium and Magnesium 

Calcium was found to be of high concentration in all of the groundwater sites and 

considerably lower concentrations in the Clutha River sites. The concentrations ranged 

from a maximum average value of 60.2 mg/L (s.d. 5.8 mg/L) at site AP, to a minimum 

of 10.1 mg/L (s.d. 2.8 mg/L) at site R1. Magnesium was also found in higher 

concentrations in the groundwater sites compared with the Clutha River. The average 

concentrations for Mg
2+

 ranged from 1.1 mg/L (s.d. 1.1 mg/L) at site CB1 to 0.2 mg/L 

(s.d. 0.2 mg/L) at site R2. Distinctive groupings of the different sample sites can be seen 

in Figure 4.8. Of particular interest is the tendency for the CB sites (shown in red and 

yellow) to have lower concentrations of Ca
2+

 and Mg
2+

, whereas the other bore sites 

tend towards higher concentrations. The Clutha River sites are low in Ca
2+

 and Mg
2+

 

and plot tightly on the graph indicating little variation. 
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The correlation value between Ca
2+

 and Mg
2+

 for the Clutha River is 0.44 (p = 0.373), 

and for groundwater the average correlation value is 0.69 (p = 0.18).  For the other 

bores, (i.e. non CB bores) the correlation value was 0.56 (p = 0.036), and for the CB 

bores alone, the correlation value was 0.82 (p = 0.008). These correlation values 

indicate a much stronger positive correlation within the CB sites than the Clutha River 

or the other groundwater bores, yet are not significant. The Clutha River sites fall 

closely on the regression line plotted (y = 0.126x - 0.001), yet there are two distinct 

groups either side of that regression line. It can be seen that the council bores (red and 

yellow circles) fall to the right of the regression line, indicating a higher proportion of 

Ca
2+

 relative to Mg
2+

. The other bore sites tend to fall to the left of the regression line, 

indicating a higher proportion of Mg
2+

 relative to Ca
2+

 in these sites. Site CB6 in 

yellow, plots close to the Clutha River sites, with the other council bores extending to 

the upper end of the plot. The range of values seen in the council bores is much higher 

than that of the other bore sites which tend to tightly cluster. 
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Figure 4.9. Ternary diagram from all sites on the 7.1.10. The CB 

sites plot with lower concentrations of Na
+
 and K

+
 than the other 

sample sites. 

4.5.2   Sodium and Potassium 

Sodium and K
+
 are the two other major cations that were found in the waters of 

Alexandra. Their concentration was modest compared to Ca
2+

, with average values of 

Na
+
 ranging from 4.1 mg/L at site CB4 to 0.2 mg/L at site R2, and average values of K

+
 

ranging from 0.3 mg/l at site CB4 to 0.1 mg/l at site R2. Figure 4.9 presents a ternary 

diagram of the cation species for one of the sampling rounds. The council bore sites 

have consistently less Na
+
 and K

+
 than the Clutha River. This trend is consistent 

throughout the sampling rounds  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 below shows the ternary plot of all the sites from the sampling round on the 

28
th

 of April 2010. It can be seen from this figure, the clear distinction between the two 

different groups of water. The lower right group includes the council bore sites (CB1, 

CB2, CB3, CB4, and CB6) and the Clutha River sites (R1, R2, R3). There is an 

increasing tendency for Na
+
 and K

+
 in the bores as distance from the river is increased. 

Calcium and Mg
2+

 proportions increase in concentration slightly at the expense of Na
+ 

+ 

K
+
.  
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Figure 4.11. Plot of Ca
2+

 + Mg
2+

/Na
+
 + K

+
 in meq/L. Ratios of these variables 

indicates water of meteoric origin and water that has been involved in 

weathering. Regression lines are plotted for the Clutha River, the CB sites, and 
the Other groundwater bores with line equations and R

2
 values.  

Figure 4.10. Ternary diagram of Ca
2+

, Mg
2+

, and Na
+
+K

+
 from all sites on the 

28.4.10. The dashed lines show the distinction between the Clutha River 
sites/council bore sites, and the other groundwater bores in the region. 
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Plotted above in Figure 4.11 is a plot of Ca
2+

 + Mg
2+

 and Na
+
 + K

+
 for all the samples 

taken. This relationship gives information about the source of the water, and in 

particular whether the water is of meteoric origin or if it has been involved in 

weathering (Boyd, 2000; Langmuir, 1997). The data plots with the Clutha River being 

low in concentration of these cations, plotting to the bottom left of the graph. The CB 

sites, in red and yellow, plot with a regression line of y = 0.14x – 0.12 (R
2
 = 0.57). In 

contrast, the other groundwater bores sampled plot on a regression line of y = 0.09x + 

0.22 (R
2
 = 0.58). The other groundwater bores plot with a greater proportion of Na

+
 and 

K
+
 than the CB sites. Bores in this group cluster tightly, while the CB sites show more 

variability. Table 4.5 below supports the trends seen in Figure 4.11. The ratio of Na
+
 + 

K
+
: Ca

2+
 + Mg

2+
 shows that both the Clutha River and CB sites have a similar ratio of 

0.1, wheras the CV, DF and GC have a ratio of 0.2 indicating that the latter sites have 

proportionately more Na
+
 + K

+
 relative to the other bases. 

 

Table 4.5. Average concentrations of Ca
2+

 + Mg
2+

 and Na
+
 + K

+
 and the ratio of  Ca

2+ 
+ Mg

2+ 
: 

Na
+
 + K

+
 in meq/L.  

 
CB1 CB2 CB3 CB4 CB6 AP CV DF GC L R1 R2 R3 

Ca
2+

+Mg
2+

 

(meq/L) 
3.28 3.30 2.76 3.28 2.26 3.39 1.77 1.66 2.41 3.12 0.56 0.56 0.58 

Na
+
+K

+
 

(meq/L) 
0.33 0.37 0.26 0.39 0.18 0.49 0.34 0.37 0.46 0.49 0.07 0.07 0.07 

Na+K/Ca+Mg  0.10 0.11 0.09 0.12 0.08 0.14 0.19 0.22 0.19 0.16 0.12 0.13 0.13 

 

Of the anion species, HCO3
-
 was the dominant anion in the waters (Table 4.4), followed 

by sulfate. Minor anions of Br
-
, NO2

-
, and PO4

2-
 were not present in the samples at any 

point, apart from some isolated cases of PO4
2-

 that were recorded very close to the 

detection limit of the ion chromatograph.  

4.5.3   Bicarbonate 

Alkalinity and bicarbonate species in water act as a natural buffer to change in pH. In 

water, these chemicals are mainly carbonate (CO3
2-

), bicarbonate (HCO3
-
), and carbonic 

acid (H2CO3) (Rosen, 2001). The HCO3
-
 ion is by far the dominant anion in solution for 

the waters in Alexandra. Figure 4.12 below shows the relative concentration of HCO3
-
 

against Ca
2+

, which was the dominant cation. This relationship shows good agreement 

(R
2
 = 0.87, p = 0.28) of an increase in HCO3

-
 as Ca

2+
 increases.  



69 

 

Figure 4.12. Plot of Ca
2+

 vs. HCO3
-
 for all samples in meq/L. The data plotted with 

reasonable correlation (R
2
 = 0.87) on a regression line of equation y =0.96x +0.04. 

As with the other chemical analyses, the Clutha River samples plot tightly with 
lower concentrations of ions than the groundwater.  

 

 

 

 

Figure 4.12 above shows tight clustering of the Clutha River sites in the bottom left of 

the graph. There is no significant positive correlation (average correlation value 0.47, p 

= 0.25) between Ca
2+

 and HCO3
-
 in the individual groundwater samples at sites AP, CV, 

DF, GC and L. Likewise, in the Clutha River Ca
2+

 and HCO3
-
 presented no significant 

correlation (average correlation value 0.23, p = 0.41). However, when taken by 

themselves, the CB sites to present significant and strong correlations between Ca
2+

 and 

HCO3
-
 (average correlation value 0.76, p = 0.007). Figure 4.13 below plots Ca

2+
 against 

HCO3
-
 for the Clutha River. The groundwater sites, excluding the CB sites, presented 

no significant correlation between Ca
2+

 and HCO3
-
. This may indicate that the 

regression in Figure 4.12 has a strong spatial dependency. 
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Figure 4.13. Plot of Ca
2+

 vs. HCO3
-
 for the Clutha River sites. Data 

here presented no significant correlation.  

 

 

  

Figures 4.14 and 4.15 below plot Ca
2+

 vs. HCO3
-
 with regression lines of y = 1.05x – 

0.25 (R
2
 = 0.76) for the CB sites and y = 0.71x + 0.65 (R

2
 = 0.77) for the other 

groundwater sites. Tests for normality of the CB sites and other groundwater sites 

showed the HCO3
-
 data was normally distributed, aside from site DF which was 

affected by a significant outlier caused by an extreme pH value. Removing this value 

caused the HCO3
-
 data for site DF to become normally distributed. In summary there 

was no significant relationship between Ca
2+

 and HCO3
-
 data for the Clutha River or the 

individual private bore sites, but there was a strong and significant relationship between 

Ca
2+

 and HCO3
-
 for the CB groundwater sites. 
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Figure 4.14. Plot of Ca
2+

 vs. HCO3
-
 for the CB sites which plots on 

a line of y = 1.05x – 0.25 (R
2
 = 0.76).  

Figure 4.15. Plot of Ca
2+

 vs. HCO3
-
 for the other groundwater 

sites sampled. Data here plots on a line of y = 0.71x + 0.65 

(R
2
 = 0.77) 
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4.5.4   Sulfate 

Sulfate was found to be of the second highest concentration in the waters relative to the 

other anion species. Figure 4.16 below shows a plot of Ca
2+

 versus SO4
2-

. The plot 

shows a similar trend as seen in the Ca
2+

/Mg
2+

 plot where the CB sites tend to plot to 

the right of the regression line and the other groundwater sites to the left of the 

regression line, indicating a higher relative concentration of Ca
2+

 in the CB sites 

compared with the other groundwater sites.  

 

 

 

The ratio of Ca
2+

 to SO4
2-

 is different between the different sampling sites as shown in 

Table 4.6. The CB sites, shown in red and yellow, tend to have a higher amount of Ca
2+

 

compared to the other sites with a maximum Ca:SO4 ratio of 10.7 and a minimum of 

7.59 at the CB sites. The ratio of Ca:SO4 clearly shows a difference between the 

different water sources. The CB sites have an average Ca:SO4 ratio of 10, which is three 

times greater than the average for the Clutha River (average = 3). The other bores lie 

between these two, with a Ca:SO4 ratio of 6. There is clearly considerably more Ca
2+

 in 

the CB sites (1.5 meq/L) compared to the Clutha River (0.2 meq/L). The amount of 

SO4
2-

 in the groundwater is relatively consistent across all the bores averaging 0.12 

meq/L, although slightly elevated in AP (0.2 meq/L) and L (0.2 meq/L).  

Figure 4.16. Plot of Ca
2+

 versus SO4
2-

 presented in meq/L. The data here plots on a 

regression line with the equation y=0.054x + 0.04 with an R
2
 value of 0.51 and a Χ

2
 

value of 0.0. 
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Table 4.6. Average Ca
2+

 and SO4
2-

 presented on a meq/L basis. Ratios of Ca
2+

/SO4
2-

 are presented 

also where a ratio of 0.4 is the proportion of Ca
2+

 to SO4
2-

 in sea water. 

 CB1 CB2 CB3 CB4 CB6 AP CV DF GC L R1 R2 R3 

Ca2+ 

(meq/L) 
1.49 1.49 1.29 1.46 1.06 1.50 0.73 0.67 1.03 1.35 0.25 0.25 0.26 

SO4
2-

 

(meq/L) 
0.14 0.17 0.12 0.19 0.10 0.23 0.13 0.11 0.15 0.22 0.08 0.08 0.09 

Ca/SO4
 10.70 8.93 10.29 7.59 10.35 6.60 5.52 6.41 6.85 6.09 3.00 3.04 2.97 

 

4.5.5   Chloride 

Concentrations of Cl
-
 ranged from 8.03 mg/L (s.d. 0.65) at site AP, to a minimum of 

0.57 mg/L (s.d. 0.15) at site R2 (Table 4.4). Figure 4.17 plots Cl
-
 against Na

+
 for all the 

sample sites. This plot shows that there is a positive relationship between Na
+
 and Cl

-
. 

The data here plots with a regression of y = 3.0x – 0.001 (R
2
 = 0.66). Site L outlies from 

the main trend with consistently higher Cl
-
 concentrations than the other sites. Also, the 

Clutha River and the CB sites tend to plot closely at the lower concentrations although 

there is variability amongst the CB sites, which present the highest standard deviation 

among the groundwater sites with an average value of 2.02. Figure 4.17 shows how the 

groundwater samples are enriched in Na
+
 content relative to Cl

-
. The mean seawater line 

is also plotted on Figure 4.17, and this is used as a comparison for the mean Na
+
 and Cl

-
 

concentrations found in rainwater.  
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4.5.6   Phosphate, nitrite and bromide 

Minor anions were relatively scarce in the water sampled in this study, with only a few 

samples reporting measurements above the detection limits in PO4
3-

. Background levels 

of NO2
-
 and Br

-
 were detected, but were below the measurement detection limit for the 

method and discarded. These are considered minor anions in natural waters and none of 

the sample sites showed any major concentration of these anions. For the most part, 

PO4
3-

, Br
-
, and NO2

-
 were below the detection limit of the instruments. Sites DF and GC 

did however show at certain sampling rounds, a detectable amount of PO4
3-

. These 

values are shown in Appendix A2. 
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Figure 4.17. Plot of Cl
-
 vs. Na

+
. Data here (excluding site L) plots on a regression of y = 

2.109x + 0.06 (R
2
 = 0.79). Note site L is an outlier from the rest of the samples with 

consistently higher Cl
-
 concentrations measured.  
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4.6  SUMMARY OF GEOCHEMISTRY 

The geochemistry of the water is dominated by HCO3
-
 and Ca

2+
, as illustrated in Figure 

4.18, which is consistent with the water quality in this region. Clustering of the water 

samples indicates a broadly similar geologic unit from which the water originates. The 

Clutha River was low in solute concentration across all chemical species that were 

analysed. This differs markedly from the solute concentrations of the groundwater 

bores, which all indicate varying degrees of weathering products from the aquifer. 

Concentrations in solutes in the groundwater bores tend to decrease towards the north, 

while the CB sites show very strong evidence of chemical evolution through high 

concentrations of Ca
2+

 and HCO3
-
 in particular. Sodium and K

+
 concentrations increase 

to the north, and the CB sites present consistently lower concentrations of Na
+
 and K

+
 

than the Clutha River. When Na
+
 is plotted against Cl

-
, all sites present concentrations 

of Na
+
 in higher proportions than that of seawater. 

 

 

 

  

Figure 4.18. Piper diagram of all water samples collected as proportionate 
meq/L. The dominance of HCO3

-
 and Ca

2+
 is evident by the clustering of 

the samples at the high proportion end of the HCO3
-
 and Ca

2+
 scales.  
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4.7   ISOTOPES 

Samples from the Clutha River show δ
2
H values in the range of -63.5‰ to -68.6‰, and 

δ
18

O values in the range of -9.2 to -10.2‰. The data is normally distributed as 

determined by a test for normality (Appendix C2). There is no statistically significant 

difference between the three Clutha River sample sites (Appendix C4). The isotope 

values for the groundwater sites range from -11.2 to -9.6‰ for δ
18

O and from   -82.9 to 

-67.7‰ for δ
2
H.  The results also show that the groundwater is enriched in δ

18
O and δ

2
H 

relative to the Clutha River. The CB sites average -9.9‰ for δ
18

O and -69.9‰ for δ
2
H, 

and are statistically indistinguishable from the Clutha River as determined by ANOVA 

(Appendix C4). The other groundwater sites in the region range from -11.2 to -10.2‰ 

for δ
18

O and from -82.9 to -74.5‰ for δ
2
H. Sites CV and DF are not significantly 

different from each other (Appendix C4) but they are significantly different from all of 

the other sample sites as determined by ANOVA (Appendix C4).  
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Figure 4.19. Coisotopic plot of water samples from groundwater bores and the Clutha River. 

Regression slope plots on y = 9.86x + 26.5 (R² = 0.963). 
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Figure 4.20. Isotope plot of all sample sites from the 28.4.2010. Note the council 
bore sites are for the first time in the sampling period plotting as more depleted 

18
O 

and 
2
H than the Clutha River. This sampling round coincided with much higher stage 

height and discharge from the Clutha River. 

 

The ANOVA analysis, further supported by a t-test (p = 0.00) of 
18

O determined that the 

Clutha River and the CB sites are statistically indistinguishable, that is they are likely to 

come from the same population. Sites CV and DF are statistically different from all 

other sample sites as determined by ANOVA analysis (Appendix C4). The other 

groundwater bores in the region possess varying degrees of statistical difference 

between each other. Figure 4.20 above shows this similarity between the groups of 

water well. In the top left are the CB sites and the Clutha River sites. Isotopically most 

dissimilar from the Clutha River are sites CV and DF, which are relatively enriched, 

compared with the Clutha River, and the three other groundwater bores fall in between 

these two ranges. Figure 4.20 below also plots an example of the isotope concentrations 

from one sampling round (28 April, 2010). A regression line is plotted which falls on a 

slope of y = 12.8x +62.6 (R
2
 = 0.9).  

 

  

δ
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δ
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4.8 CORRELATIONS BETWEEN ISOTOPES AND 

WATER QUALITY DATA 

A key research objective of this study was to assess any interaction between the Clutha 

River and the adjacent aquifers and whether there was an effect on the groundwater 

quality. To this end, presented in this section are a series of results that compare the 

isotope data with the water quality data. The full data set and accompanying graphs are 

provided in Appendix A. 

Section 4.7 showed that the council bores and the Clutha River are isotopically similar. 

This relationship is also supported by discharge data of the Clutha River strongly 

correlating with the groundwater head height (0.805, p = 0.00). There is undoubtedly 

hydraulic connection between the Clutha River and the CB sites. Furthermore, there is a 

general trend of decreasing isotopic similarity as distance is increased to the north from 

the CB sites. Sites CV and DF plot with the least isotopically similar water to the 

Clutha. The other groundwater bores in the region plot in between sites CV and DF and 

the CB bores.   

Previous sections in this chapter (4.5.1, 4.5.2, 4.5.3, 4.5.4, 4.5.5, 4.5.6) also showed 

how the water quality changes over space throughout the sample sites. There is a 

general trend of increasing water quality further north from the CB sites, with sites CV 

and DF having the highest quality groundwater measured. Sites CV and DF were also 

plotted to be the least isotopically similar to the Clutha River, and yet their water quality 

with regard to Ca
2+

 and HCO3
-
 ions is plotted to be more similar to the Clutha River 

than most of the other sites sampled. The two data sites of CV and DF are consistently 

outliers to the rest of the sample sites, and these trends will be discussed further in 

Chapter six.  

To determine whether there is a consistent pattern in the geochemical data, hierarchal 

cluster analysis (HCA) was performed (Figure 4.21). Three groups have been identified 

in this plot. The first is the Clutha River, second is the sites of CV and DF and third are 

the remaining groundwater sites. Throughout the analysis, the Clutha river sites have 

been shown to be chemically different from the groundwater, aside from the isotope 

analysis where the Clutha River was determined to be indistinguishable from the CB 

sites. ANOVA analysis confirms the similarities between the Clutha River and the CB 
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sites, as well as evidence from plots of the major cations and anions in the water. The 

second group identified is of the two sites of CV and DF. These two sites have a water 

chemistry that is more similar to the Clutha River than any of the other groundwater 

sites, yet isotope analysis shows little interaction between the Clutha River and the 

groundwater from these two sites. Sites CV and DF are statistically significantly 

different (Appendix C4) from the other groundwater in the region. The third group plots 

all of the remaining groundwater bores. These eight sites also possess water quality 

similar to each other. CB6 had the highest quality water of all the CB sites, and further 

to the north at sites GC and L, the quality also started to improve despite a reduced 

degree of interaction between the Clutha River and the groundwater in this area. 

The dendrogram enables clear distinctions between the different water types to be made, 

each with different characteristics from each other. These three groups are plotted in 

Figure 4.22 as Stiff plots with the differences between the groups evident by the 

concentration of ions shown. 

 

 Figure 4.21. Dendrogram of the sample sites meeting the requirements 

for HCA. There are three groups identified which correspond to the water 

quality and isotopic content of each. All water quality variables and 
isotope concentrations were used for this analysis. Groups were linked 

using squared Eucludian distance between the groups to link them. 
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Figure 4.22. Stiff plots of the three subgroups identified by the dendrogram. The 

groundwater bores (A) shows much higher concentrations of solutes compared to 

sites CV and DF (B) and the Clutha River (C). The Clutha River carries a relatively 

small solute load. All three groups possess dominance by Ca
2+

 and HCO3
-
. 

A) 

C) 

B) 

meq/L 

meq/L 

meq/L 
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4.9   SUMMARY OF RESULTS 

The Clutha River and the CB sites are isotopically indistinguishable. The water in CB 

sites is from the same population as the Clutha River. This is further supported by the 

correlations between head height and discharge, ANOVA analysis and cluster analysis. 

This is an important point to consider when relationships between this similarity and the 

water quality data at these sites are investigated. CB sites do not possess similar water 

geochemistry to the Clutha River despite the strong hydraulic connection. 

The two sites furthest north, CV and DF, are the least isotopically similar to the Clutha 

River. They are comprised of higher water quality than the other groundwater sites, 

apart from site CB6. The other groundwater bores in the region fall in between CB sites 

and CV/DF. These bores represent water quality that falls between the other 

groundwater in the region and the Clutha River, and hydraulic connectivity to the 

Clutha River is much smaller compared with the other groundwater sites. 

Specific analysis on pairs of cations and anions can provide information about the type 

of geology of the aquifer and the types of minerals present. The water in Alexandra is 

dominated by Ca
2+

 and HCO3
-
, and there exists a spatially significant pattern in the 

concentrations of these two ions. The CB sites have a higher proportion of Ca
2+

 than 

Mg
2+

 compared with the other groundwater sites. 

These results provide clues to some interesting hydrogeological processes acting on the 

water in Alexandra. The methods of analysis and the results presented here are directed 

by the research questions posed in Chapter two, and the following chapter will discuss 

these research questions in relation to the results presented in greater detail. 
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CHAPTER 5 

DISCUSSION 

 

5.1   INTRODUCTION 

The results presented in the previous chapter indicate that the composition of the water 

is markedly different between the Clutha River and the groundwater from the adjacent 

aquifer. The geochemical behaviour and chemical and isotopic properties of natural 

waters are related to their location in the hydrosphere (Langmuir, 1997). The Clutha 

River presents higher quality water over the measured parameters than the groundwater 

in Alexandra. Isotope analysis indicates that the Alexandra town supply bores are 

hydraulically connected to the Clutha River to a degree greater than the other 

groundwater bores that were measured. This closeness of association between the CB 

sites and the Clutha River is having an impact on the quality of the groundwater from 

those sites.  

The results indicate that the groundwater quality is being strongly influenced by more 

than just the degree of interaction between the Clutha River and the aquifer. Significant 

trends that have been shown in the solute data indicate that interaction between the 

groundwater and the minerals in the aquifer is imprinting substantial water quality 

characteristics on the groundwater. The groundwater in the region is high in 

concentration of Ca
2+

 and HCO3
-
, and relationships between these and other ions 

provides insight into the processes that are active in the aquifer. 

The research questions for this study directed the study towards understanding whether 

there was a spatial and temporal signal to the water quality data, and to what degree the 

Clutha River is influencing the water quality of the groundwater. The results from this 

study have implications surrounding the understanding of groundwater and surface 

water interaction and the effect on groundwater quality. A suitable measure for 

comparison of the water quality parameters is the Drinking Water Standards of New 

Zealand (Ministry of Health, 2005). These standards as outlined in Chapter 2 (Table 
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2.1), provide a range of trigger values for which water that is allocated to be for 

municipal use can be measured against.  

Results of the water quality analysis of this study mostly fell within guidelines defined 

by (Ministry of Health, 2005). The Clutha River has far superior water quality based on 

the parameters measured in this study. Total dissolved solids which is a measure of all 

the dissolved ions in the water, was much lower than the adjacent groundwater. One of 

the limitations of this study was that no consideration was made of biological water 

quality indicators. These types of contaminants are usually given higher priority in any 

analysis of water quality due to their potential impact on human health. The scope of 

this study however, was to investigate the degree of interaction between the Clutha 

River and the adjacent groundwater aquifer. Biological indicators, while important for 

water quality assessments, were considered to be outside the scope of this study. 
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5.2 COMPARISON WITH DRINKING WATER 

STANDARDS OF NEW ZEALAND 

The water of the Clutha River contains lower concentrations of solutes than the 

groundwater from the adjacent aquifer. When based upon these parameters alone, the 

water quality is therefore higher in the Clutha River than in the groundwater. While this 

solute data is important in characterising the quality of the water, a number of field 

parameters were also measured during this study. These field parameters help to provide 

context to the solute data, and assist in their interpretation. The Drinking Water 

Standards for New Zealand (Ministry of Health, 2005) give ranges to which the 

physical parameters should fall between.  

There was little temporal variance between the parameters of pH, EC and TDS during 

the course of this study. The reason for the lack of significant temporal variability in pH 

can in part be attributed to the presence of calcite in the aquifer. Calcite can dissolve 

and precipitate under normal hydrologic and atmospheric conditions releasing Ca
2+

 and 

HCO3
-
 into the water. It can also provide a buffer to pH change in either direction 

(Langmuir, 1997). This effect may be a reason for why pH does not show much 

temporal variation across the study period. The Drinking Water Standards for New 

Zealand (Ministry of Health, 2005) states that for aesthetic reasons pH should be 

between 7.0 and 8.5. Aside from some outlier measurements that attributed to 

equipment error, all of the groundwater sites fell within these guidelines. However the 

Clutha River presented slightly higher pH than the range defined in the Drinking Water 

Standards (Ministry of Health, 2005). For a comparison between the samples in this 

study and pH results from throughout New Zealand, 64.2%  of samples from throughout 

New Zealand were less than 7.0 and 1.5% were above 8.5 (Ministry of Health, 2005). 

The fact that the majority of New Zealand groundwaters have a pH between 7.0 and 8.5, 

is also typical of the global situation, where most groundwaters have a pH between 6.5 

and 8.5 (Langmuir, 1997). Although in some regions of New Zealand groundwater pH 

might be a problem for water supply, it should not be considered a pervasive 

environmental issue (Ministry for the Environment, 2007a). pH values do, however, 

give further understanding for chemical processes that are modifying the chemistry of 

the water. 
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Electrical conductivity and TDS are measures of the amount of dissolved solids in the 

water. There was little temporal variation in the levels of EC and TDS throughout the 

sampling sites over the course of the sampling period. However there existed strong 

spatial trends for these two values that correspond with higher and lower water quality. 

The Clutha River has consistently low measurements of EC and TDS. The groundwater 

in the aquifer exhibited a spatial trend that corresponded with an improvement in the 

water quality to the north from the CB sites. There are no specific water guidelines set 

in New Zealand for EC and TDS. However, high levels of these two parameters is 

indicative of a high solute load. 

Temperature of the groundwater showed little variation apart from sites GC and CV. 

Temperature of groundwater is buffered by the reduced interaction with the atmosphere 

and is warmer due to the geothermal heat flux (Boyd, 2000; Freeze & Cherry, 1979). 

The lack of temporal variability is evident through the small standard deviations present 

in the groundwater samples. Site GC did experience some colder temperatures during 

the winter months. A possible reason for this was the outlet from which samples were 

collected was c. 50 metres away from the bore hole. The irrigation pipes run at a 

shallow depth from the bore hole to the outlet, and so during the winter months these 

would have been close to freezing. As the water was purged through the pipes prior to 

sample collection, this water would have been cooled from the surrounding 

environment. Site CV (Central Vets) also has a similar arrangement of the outlet being 

located at a distance away from the bore hole, although this distance was not as great as 

that at site GC and therefore the atmospheric and soil temperatures did not have as great 

an effect. The Clutha River also experienced higher standard deviations among the 

temperature measurements due to significant temporal trends characterized by cooler 

temperatures during the winter. As the Clutha River water is fully exposed to the 

atmosphere, and due to sample collection being undertaken in the top 0.3 metres of the 

river, this seasonal atmospheric effect on surface water temperature was expected.   

The Drinking Water Standards for New Zealand (Ministry of Health, 2005) are given in 

Table 5.1 below alongside average values measured in this study. The comparison given 

in Table 5.1 shows that the groundwater values fell within the limits for all of the 

chemical species in question. The Clutha River also met guidelines, apart from the 

recommended guideline for pH where the Clutha River presented a higher average pH 
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value than is considered satisfactory by the Drinking Water Standards for New Zealand 

(Ministry of Health, 2005). 

 

Table 5.1. Ministry of Health (2005) guidelines for water quality parameters compared with 

values recorded during this study. 

Water quality 

parameter 

Guideline Value/Range Average Clutha 

River Value 

Average 

Groundwater 

Value 

Temperature (°C) No value, but should be 
acceptable to most consumers 

12.9 (s.d. 0.4) 13.7 (s.d. 0.7) 

pH 7.0 – 8.5 8.8 (s.d. 0.2) 7.7 (s.d. 0.2) 

TDS (g/L) No specific value, but is proportionate to other ion concentrations. 

Total Hardness 

(mg/L) 

Ca
2+

 + Mg
2+

 (As 

CaCO3) 

200 

 

100 - 300 

 

 

10.9 (s.d. 0.2) 

 

 

52.1 (s.d. 13.7) 

Na
+ 

(mg/L) 200 1.3 (s.d. 0.04) 7.7 (s.d. 2.2) 

Cl
-
 (mg/L) 250 0.6 (s.d. 0.03) 4.8 (s.d. 3.0) 

NO3
-
 (mg/L) 50 0.13 (s.d. 0.02) 4.2 (s.d. 2.8) 

 

When placing the water quality in Alexandra in the context of water quality issues in 

other regions of New Zealand, the water quality of Alexandra is favourable. Other parts 

of New Zealand have water quality issues, particularly in regard to NO3
-
. (Crowcroft & 

Smaill, 2001) report that parts of South Auckland show elevated levels of NO3
-
 above 

the recommended guidelines and water in Southland is affected by elevated NO3
-
 

concentrations also (Hughes, 2001). In both these cases, the elevated NO3
-
 is due to land 

use practices. The difference between the two examples of South Auckland and 

Southland with Alexandra, is that the elevated NO3
-
 concentrations are bought about 

through land use practices, whereas in Alexandra, the primary water quality issue (high 

hardness) is a function more of the natural geology. The natural geology of an aquifer 

affecting water quality is also noted by Bibi, Ahmed, & Ishiga (2008) who discuss how 

the groundwater aquifers of Bangladesh are heavily contaminated from a natural source 

of arsenic. While the chemistry of the water measured in this study was not affected by 

high concentrations of harmful solutes as in Bangladesh, relative to each other, some 

bore sites in this study did possess higher quality water than others. In particular, the 

Clutha River was measured to have significantly lower concentrations of solutes than 

the groundwater. 
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5.3 CHEMICAL COMPOSITION OF THE CLUTHA 

RIVER 

The Clutha River is New Zealand‟s largest by volume of discharge, and its chemical 

composition reflects the composition of rainwater, snow melt, groundwater exchange, 

land use and chemical weathering of the catchment. A study by Kim et al. (1996) 

investigated the chemical characteristics of the Clutha River along the length of the 

river from its upper catchment area to the discharge point at the Pacific coast. Their 

results concur with the results from this study which found the Clutha River to be very 

low in concentration of major ions. Kim et al. (1996) attribute this low concentration of 

the major ions to the pristine nature of the large glacial lakes which form the source of 

the Clutha River. The major ions in the Clutha River are dominated by Ca
2+

 and HCO3
-
 

which is characteristic of water from the catchment area of the Clutha (Kim et al., 

1996). Rosen & Jones (1998) found that groundwater from the Wanaka and Wakatipu 

basins, through which the Clutha River is sourced, was also dominated by Ca
2+

 and 

HCO3
-
, and concluded that the source of these ions was calcite present in the schist 

rock. This presence of calcite in the schist was also noted by Jacobson et al. (2003), 

who discussed how calcite is a minor mineral within the schist. While Rosen & Jones 

(1998) did not carry out any analysis on surface water in their study, the source of the 

Clutha River is from the schist mountains in these basins, which is also the source of the 

sediments that make up the aquifer in these areas. Similar mineralogy will be therefore 

be evident in the mountains as in the aquifer. Therefore it follows that the dominance of 

Ca
2+

 in the Clutha River is likely to also be as a result of chemical weathering of calcite 

from the schist mountains in the upper catchment areas (Kim et al., 1996). The 

groundwater in the region presented water quality results that are markedly different 

from that found in the Clutha River. 
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5.4 CHEMICAL COMPOSITION OF THE 

GROUNDWATER 

While the Clutha River had relatively low concentrations of solutes, the groundwater 

had much higher concentrations. The water chemistry was dominated by Ca
2+

 and 

HCO3
-
, which was a reflection of the local geology in the aquifer. Rosen & Jones (1998) 

analysed the schist sediments in the Wanaka and Wakatipu basins, and found that the 

mineral calcite makes up <5% of the mineralogy of the schist. Despite such a low 

prevalence in the geology, this mineral can account for more than 80% of the water 

chemistry in the groundwater in Alexandra. The groundwater analysis from this study 

presented results that define the water as Ca
2+

>>Na
+
>Mg

2+
>K

+
 for the cations and 

HCO3
-
>>SO4

2-
>Cl

-
>NO3

-
 for the anions. The other solutes that were measured in the 

water samples all have individual sources from which they originate. The occurrence 

and concentration of certain ions in water can inform about the mineralogy of the 

aquifer, and important chemical exchanges taking place. Figure 5.1 below shows the 

average groundwater composition. This diagram shows the dominance of the Ca
2+

 and 

HCO3
-
 ions in the groundwater. A comparison of the groundwater in Alexandra with the 

groundwater found in the Wanaka and Wakatipu basins is given in Section 5.6. 

 

 5.4.1   Origin of solutes 

 

Figure 5.1. Average groundwater composition of the Alexandra aquifer. 

There is a dominance of Ca
2+

 and HCO3
-
 in the water, and is also 

characterised by an ionic imbalance towards the cations. 

meq/L 
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The base cations of Ca
2+

, Mg
2+

, Na
+
, and K

+
 are the predominant cations in water from 

this study. The groundwater measured in this study had a very high occurrence of Ca
2+

 

and HCO3
-
. As discussed earlier, and cited in Rosen & Jones (1998), these ions are 

sourced from the calcite mineral present in schist. As the water moves through the 

aquifer, it is in contact with calcite which dissolves. Plummer et al. (1979) describe the 

rate of dissolution or precipitation of calcite to be: 

R = k1 [H
+
] + k2 [H2CO3] + k3 [H2O] – k4 [Ca

2+
] [HCO3

-
]  (Eqn. 6.1) 

Where the brackets denote activities, R is in mmol/cm
2 

and rate constants k1 through k3 

correspond to the elementary reactions 

 CaCO3 + H
+
 = Ca

2+
 + HCO3

-
   k1 

 CaCO3 + H2CO3 = Ca
2+

 + HCO3
-
  k2 

 CaCO3 + H2O = Ca
2+

 + HCO3
-
 + OH

-
 k3 (Plummer et al., 1979) 

Based on rate reactions by Plummer et al., (1979) and given the temperature and pH 

conditions of the water in this study, the solution rate of calcite which is not in 

equilibrium reduces to R = k3. These conditions, which are typical of many shallow 

aquifers, have no effect on the speed of the reaction, so long as the surface area of the 

calcite remains in contact with the water (Plummer et al., 1979). Thus in the aquifer it is 

likely that conditions favourable to continual calcite dissociation occurs due to the 

pumping of water continually through the sedimentary unit, supplying Ca
2+

, HCO3
-
, and 

OH
-
 to the groundwater. At the CB sites, water is pumped at large volumes through the 

supply bores. Isotopic analysis has revealed that this water is indistinguishable from the 

Clutha River. The water in the Clutha River is less saturated with Ca
2+

 and HCO3
-
 than 

the groundwater, and therefore has a higher capacity to assimilate these ions into 

solution from chemical weathering of the surrounding sediments. Some of the ions that 

are put into solution as the water moves through the aquifer have natural sinks that can 

be caused by environmental conditions. The environmental conditions in arid areas can 

cause ions such as Ca
2+

 and HCO3
-
 to precipitate out into evaporative pans. 

Evaporative pans are a common feature in arid and semi-arid regions such as inland 

regions of Australia, the Western United States of America and in Africa (Langmuir, 

1997). These are locations where the evaporation rates exceed precipitation, and are 
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similar environmental conditions to those in Alexandra. Alexandra experiences a large 

water deficit greater than 300 mm per year (Fitzharris, 2003). As water is evaporated 

from the soil, calcification may occur (Hounslow, 1995). As calcification occurs, the 

ions of Ca
2+

 and Mg
2+

 are brought upwards through the soil profile through capillary 

action, and are precipitated out into evaporative horizons (Hounslow, 1995). Thus, Ca
2+

 

and Mg
2+

 can be lost from the hydrologic system in this way; however evaporative pans 

can also act as sources of Ca
2+

 and Mg
2+

 into groundwater. At Alexandra, a shallow 

aquifer will experience some of this evaporative effect and creation of an evaporative 

horizon. Evaporative precipitation of Ca
2+

 and Mg
2+

 is a sink for these ions in the 

aquifer in Alexandra.  

The solubility of carbonate minerals can also be influenced by the degree of vegetation 

in the area and temperature. As plant roots respire and organic matter decays, CO2 

concentrations in groundwater can increase (Langmuir, 1997). Higher concentrations of 

CO2 in the groundwater cause the water to become less saturated with respect to calcite. 

As temperature increases, solubility of carbonate minerals such as calcite can drop by 

around 20% with a corresponding temperature rise of between 10°C to 25°C (Langmuir, 

1997). Cooler waters will therefore tend to increase the solubility of calcite, such as the 

cooler temperatures found in the Clutha River. As this cooler water moves through the 

aquifer, the solubility of the calcite will be higher compared with the warmer 

groundwater temperatures. This effect could be especially significant at the CB sites, 

where there is close interaction and connectivity with the Clutha River. The Clutha 

River has a temperature range of 10.09°C as measured during this study. This range in 

temperature will produce a significant seasonal effect on the solubility of the carbonate 

minerals in the aquifer. However, the concentrations of Ca
2+

 and HCO3
-
 show no 

discernable trend of this effect. Other studies by Thrailkill (1972) also determined that 

the concentrations of carbonate ions in a stream/aquifer were not strongly correlated 

with temperature change at two streams in Kentucky. The effect of temperature on 

dissolution rates of carbonate minerals is possibly being masked by the highly variable 

concentrations of Ca
2+

 and HCO3
-
 between the sampling rounds as a result of heavy and 

uneven use of the CB bores. 

Magnesium in New Zealand groundwater is predominantly sourced from the dissolution 

of silicate minerals including mica and olivine (Rosen, 2001). Calcite dissolves more 

rapidly than these silicate minerals (Langmuir, 1997), and is therefore the reason why in 
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these waters Ca
2+

 predominates the Ca/Mg ratio. Mica is a mineral found in the 

Greenschist that is the source of sediments that form the Alexandra aquifer (Rosen & 

Jones, 1998). Mica is considered here to be the primary source of Mg
2+

 in the 

groundwater of Alexandra. The two other base cations of Na
+
 and K

+
 are also present in 

smaller quantities that those of Ca
2+

 and Mg
2+

 derived from plagioclase within the schist 

(Turnbull, 2000). 

Sodium and K
+
 are found in the groundwater in Alexandra. Sodium in New Zealand 

groundwaters typically falls on or close to the mean seawater concentration – dilution 

line (SCDL) indicating that the Na
+
 is predominatly sourced from evaporated seawater 

(Rosen, 2001). At the Silverstream in Dunedin, Na
+
 and Cl

-
 concentrations fall closely 

on this line as they are in close proximity to the sea (Fountain, Nutrient mobilisation 

during high flows, 2010). At the Silverstream, the Na:Cl ratio is 1.05, while in 

Alexandra the Na:Cl ratio is 3.34. In Alexandra, the median concentration of Na
+
 is 

reported by (Rosen, 2001) to fall on a line indicating enriched concentrations of Na
+
 

relative to Cl
-
. The results of this study show enrichment of Na

+
 relative to Cl

-
 (Figure 

5.11). The reasons for this is that the Na
+
 and Cl

-
 are rained out over land away from the 

sea, and then as the water moves through the aquifer, Na
+
 enrichment occurs through 

interaction with plagioclase (Hounslow, 1995; Rosen, 2001), and in inland locations 

like Central Otago, local sources of dust can also be important. Chloride is sourced 

primarily from rain water through evaporated seawater. There are few sinks for Cl
-
, and 

once it is in solution it is fairly inert to reactions with other minerals. Site L presented 

much higher Cl
-
 concentrations than any of the other sites. Site L was located at a 

private residential address in Alexandra, where a large swimming pool was also 

situated. On discussion with the owners about the Cl
-
 concentrations found in the 

groundwater from their bore, the owners suggested that the source could be from when 

they refresh the water from their pool by emptying it and letting it drain through their 

lawn where the bore is also located. A logical conclusion is therefore reached about the 

high concentrations of Cl
-
 at that site. In seawater the ratio of Na:Cl is 0.55, and is the 

major source of salts within rainwater in New Zealand.  
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Potassium was another ion that was found in this study, and throughout New Zealand 

K
+
 is often found in small amounts in New Zealand groundwater (Rosen, 2001), and the 

results from this study are consistent with that trend. Potassium is normally sourced 

anthropogenically through the application of fertilizers, as well as through the 

weathering of mica, which was also determined to be the source of Mg
2+

 in the 

groundwater (Rosen, 2001). However due to the various sinks for K
+
, it is often found 

in low concentrations. This study presented K
+
 results that are low in concentration and 

which are consistent with the findings of Rosen & Jones (1998) from the Wanaka and 

Wakatipu basins.  

Sulfate is generally assumed to be the result of dissolution of gypsum or the 

neutralization of acid water by limestone or dolomite. The relative concentrations of 

SO4
2-

 to Ca
2+

 can describe the likely geologic interactions that are occurring and can 

indicate important minerals that are involved in the weathering process. Hounslow 

(1995) describes how the two ions are related to each other and the implications for a 

relationship one way or the other. If SO4
2-

 is greater than Ca
2+

, then this indicates that 

the Ca
2+

 has been removed normally through precipitation or natural softening. A 

groundwater sample that shows Ca
2+

 = SO4
2-

 indicates the presence of gypsum in the 

aquifer. However, the chemical characteristic of the groundwater in Alexandra is that of 

Ca
2+

 >> SO4
2-

. In a case such as this, Ca
2+

 is coming from a source other than gypsum, 

and more likely dolomite or calcite (Hounslow, 1995). This result further suggests that 

calcite may be present in the aquifer, contributing greatly to the concentrations of Ca
2+

 

in the water samples. 

Fluoride was present in detectable concentrations across all sites. Davies (2001) states 

that there are few natural sources for F
-
 in New Zealand, but can sometimes be detected 

as a result of the weathering of alkaline and siliceous igneous and sedimentary rocks, 

especially shales. Alexandra does not add F
-
 to its water supply, nor do any towns 

upstream of Alexandra, which is commonly used as a supplement to dental health. The 

concentrations in Alexandra are low, and fall below the recommended maximum limit 

of 1.5 mg/L (Ministry of Health, 2005).  
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5.5   CLASSIFICATION OF WATER TYPES 

Three different groups of water were identified through cluster analysis. The Clutha 

River formed one distinct site, characterized by low concentrations of solutes, and 

relatively enriched concentrations of δ
18

O and δ
2
H. Sites CV and DF also formed a 

separate group. These sites were characterized by strongly depleted isotopic 

concentration, but relatively higher quality water than that recorded by the other 

groundwater bores in the region. The final group consisted of all the other groundwater 

bores in the study. These other bores were characterised by high solute content and 

varying degrees of isotopic concentration. 

Hydrochemical facies can be used to describe and distinguish the different types of 

water in this study. As per Back (1960), the following definitions are used to designate 

particular cation facies: Ca
2+

 and Mg
2+

 facies occur where Ca
2+

 and Mg
2+

 ions comprise 

more than 90% of the total cations (meq/L); the Ca
2+

 and Na
+
 facies exists where the 

Ca
2+

 and Mg
2+

 content exceeds 50% but is less than 90% of total cations; and the Na
+
 

and K
+
 content exceeds 10% but is less than 50%; the Na

+
 and Ca

2+
 facies designates 

the chemical character of the water. Water in which the content of the Na
+
 and K

+
 ions 

exceeds 50% but is less than 90% of the total cations; the Na
+
 facies occurs where the 

Na
+
 and K

+
 ions exceed 90% and the Ca

2+
 and Mg

2+
 ions are equal to less than 10%. In 

Alexandra, the cation data suggests that Ca
2+

 and Na
+
 facies exist. While Ca

2+ 
is a 

dominant cation in solution, it does not account for more than 90% of the total cation 

load. Figure 5.2 shows the average proportions of the base cations at each site. 
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Figure 5.2 above shows how the average proportions of the solutes change over the 

different sampling sites. Calcium and Mg
2+

 do exceed 90% at the CB sites, which under 

the hydrochemical facies definition by Back (1960), defines these sites as having a 

Ca
2+

/Mg
2+

 facies. The other groundwater sites are characterised as having a Ca
2+

/Mg
2+

 

concentration of less than 90%, but a Na
+
/K

+
 that exceeds 10%. In this case, the water is 

defined as having a Ca
2+

/Na
+
 facies. This separation of the water types is indicative of 

the residence time of the water in the aquifer. As the CB sites are being recharged 

quickly through rapid rates of abstraction, the residence time is low. The hydraulic 

conductivity of the aquifer has been measured by Milke (1999) and was found to be 

0.01 m.s
-1

. Considering the proximity of the CB sites to the Clutha River, under natural 

flow conditions it could take up to 25 minutes for the water to move through the aquifer 

from the Clutha River to the CB sites. Amplifying this natural rate is the large 

abstraction rate through the bores that supply the town. Figure 2.2 showed how an 

abstraction bore placed near a river will cause localised depression of the water table 

around the site of the bore. This will cause the water to be under a higher hydraulic 

gradient and therefore increases the velocity through the aquifer (Eqn. 2.1). In turn this 
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Figure 5.2. Relative proportions of the base cations at each site. Calcium can be seen not to 
exceed 90% at any of the sites, and relative proportions of Na

+
 increase especially at sites 

CV, DF and GC. 
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leads to a reduced residence time of the water in the aquifer and therefore the less 

soluble minerals containing Na
+
 are dissolved less readily.  

Back  (1960) also describes the hydrochemical facies for anions. The bicarbonate facies 

occurs where the bicarbonate plus carbonate exceeds 90% of the total anions; the 

bicarbonate chloride sulfate facies indicates that the bicarbonate is less than 90% but 

exceeds 50%, and the content of the other anions exceeds 10% and is less than 50% of 

the total anions; the chloride sulfate bicarbonate facies occurs where the chloride and 

sulfate content exceeds 50% and is less than 90% of the total anions. Figure 5.3 plots 

the major anions as meq/L percentages for each sample site. 

 

 

 

 

From Figure 5.3, a clear dominance of HCO3
-
 in the water is seen. All of the CB sites 

demonstrate HCO3
-
 facies as defined by Back (1960). The other sites, while not being 

comprised of more than 90% HCO3
-
, the other anions in solution do not all exceed 10% 

which is a condition of Back (1960) definition of the chloride sulfate bicarbonate facies. 

For this reason, and considering the dominance of HCO3
-
 in these waters, these sites 

will also be defined as HCO3
-
 facies. 
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Figure 5.3. Plot of major anions as meq/L percentages. The dominance of HCO3
-
 is 

obvious with most sites exceeding or being close to 90% dominated by this ion. 

Elevated Cl
-
 levels are seen in site L where natural patterns are affected by a 

chlorinated swimming pool. 
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These geochemical definitions assist with the evidence of strong chemical exchanges 

taking place within the aquifer. There is a clear difference in water chemistry at the CB 

sites, both between the Clutha River and the CB sites, and the other groundwater bores 

and the CB sites. These differences can be explained by the different evidences for 

chemical exchange discussed in the following section. 

 

 

5.6   EVIDENCE OF CHEMICAL EXCHANGES 

Chemical exchanges in the water can give insight into the dominant processes acting on 

the water, and therefore also the predominant source of the water. If water is 

characterized by solute trends that indicate it has undergone interaction with minerals in 

the aquifer, then a conclusion can be reached that the groundwater is being recharged at 

least in part by other groundwater. The relative concentrations of important pairs of ions 

can also inform the specific processes and the types of minerals that the water is coming 

into contact with. Presented in this section are a number of important groups of ions that 

help the understanding of the chemical exchanges that are taking place in Alexandra.  

Meteoric rain water is dominated by Na
+
 and Cl

-
 ions through evaporation of seawater 

(Hounslow, 1995). Groundwater in Alexandra, however, is dominated by Ca
2+

 and 

HCO3
-
 ions. This shift in the dominant ions is a result of the water reacting with 

carbonate minerals. The Ministry for the Environment (2007a) states that the carbonate 

minerals causing this shift are common, and that <1% of carbonate minerals that make 

up a rock such as schist, can contribute up to 80% of the groundwater chemistry. This 

dominance of a Ca
2+

/HCO3
-
 system was also presented by Rosen & Jones (1998) in 

their work in the Wanaka and Wakatipu basins. Presented in Figure 5.4, is a graph of 

Ca
2+

 versus HCO3
-
 for the groundwater of the Wanaka and Wakatipu basins. The graph 

shows a clear correlation between Ca
2+

 and HCO3
-
. 
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Figure 5.4. Plot of Ca
2+

 versus HCO3
-
 (meq/L) for the Wanaka and Wakatipu 

basins (Rosen & Jones, 1998). Here a similar trend to the Alexandra 

groundwater of these two ions plotting on an almost 1:1 meq/L basis is seen. 

 

There is clear chemical exchange occurring with Ca
2+ 

and HCO3
-
 within the aquifer. 

Whether the source water for the groundwater in Alexandra is primarily from the Clutha 

River or from meteoric origin, the high levels of Ca
2+ 

and HCO3
-
 indicate that chemical 

exchanges between the water in the aquifer and the calcite in the sediments are having a 

profound effect on the quality of the water. Groundwater that has been recently 

recharged from a river will often retain Ca
2+

 and HCO3
-
 as the dominant cation and 

anion, respectively. Groundwater that has been recently recharged from rain will often 

be a Ca-Na-HCO3-Cl type, due to the accumulation of Na
+
 and Cl

-
 during passage 

through the soil zone (Langmuir, 1997).  

As a groundwater ages, there is often a gradual transition from Ca
2+

 to Na
+
 as the 

dominant cation, and from HCO3
-
 to SO4

2-
 to Cl

-
 as the dominant anion, due to the 

dissolution of silicate minerals (a slow process) and sulphate and chloride-bearing 

minerals  (Ministry for the Environment, 2007a). Sodium was present in higher 

concentrations in the bore holes to the north, especially sites CV and DF. Due to the 
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more resistant nature of plagioclase and the small residence time of water in the CB 

sites, Na
+
 was not prevalent. However, the other groundwater bores in this study, do not 

abstract water at such a high rate as the CB bores. Therefore the residence time of the 

water in the aquifer is longer, and more opportunity is given for the dissolution of Na
+
 

into the groundwater. This trend has been well documented in studies such as Chae et 

al. (2006) who found that an evolution of water from Ca
2+

-HCO3
-
 type to a Na

+
-HCO3

-
 

occurred as the water moved through the ground in their study in South Korea. Due to 

there being few natural sinks for Na
+ 

or Cl
-
 in the ground, an enrichment of Na

+
 away 

from the mean values for seawater indicates subsurface chemical exchange. Residence 

time of the water in the aquifer is also an important consideration for Mg
2+

. 

The Ca/Mg ratio has important implications regarding residence time of the water in the 

aquifer. Calcite (the predominant source of Ca
2+

) is more soluble than mica (a source of 

Mg
2+

). The plot of Ca/Mg in the results shows that the CB sites tend to plot to the right 

of the regression line, indicating a higher proportion of Ca
2+

 than Mg
2+

, and the other 

groundwater bores in the region tend to plot to the left of the regression line indicating a 

higher proportion of Mg
2+

 than Ca
2+

. Mica, being less soluble compared to calcite, will 

take longer to dissociate and release Mg
2+

 ions into solution. Where there is a higher 

proportion of Ca
2+

, this indicates that there has been a rapid movement of water with a 

low residence time in the aquifer. This is characteristic of the conditions at the CB sites, 

as abstraction rates for the Alexandra supply are far greater than those for the private 

bores sampled. The private bores have much lower abstraction rates, and so the 

opportunity for water to become into equilibrium with the surrounding minerals is 

higher, therefore higher concentrations of ions from less soluble minerals will be 

observed.  

A study by Rosen & Jones (1998) investigated the groundwater composition of the 

Wanaka and Wakatipu basins. Close comparisons can be drawn to this study, and a 

discussion on the regional water quality and how the results from this study compare is 

important for the wider implications of water quality in Central Otago. The results of 

the primary cations and anions in solution from this study are in mutual agreement with 

that of Rosen and Jones (1998). The water is characterised by Ca
2+

 and HCO3
-
 as the 

dominant cation and anion respectively. This was especially true for the CB sites in this 

study, as large abstraction rates through the CB bores caused higher rates of dissolution 

of Ca
2+

 and HCO3
-
 than what was seen in the other groundwater bore sites. Similar 
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concentrations of Ca
2+

 and HCO3
-
 were recorded in both studies, apart from the CB sites 

in this study which did plot with higher concentrations than the majority of bores in the 

Rosen & Jones (1998) study. Another study by Jacobson et al. (2003) also found that 

streams discharging from the Southern Alps were charaterised by Ca
2+

 and HCO3
-
. A 

conclusion was reached from this study that the source of these two ions was the calcite 

found in the schist of the area. A plot of Ca
2+

 versus HCO3
-
 from the results of Jacobson 

et al. (2003) is presented in Figure 5.5. The plot shows a strong relationship between the 

two major ions found in streams draining from the Southern Alps. 

 

 

 

The schist of the Southern Alp is the same schist that comprises the aquifer in 

Alexandra, Wanaka and the Wakatipu basins. An obvious connection can be made 

regarding the source of Ca
2+

 and HCO3
-
 in the groundwater at Alexandra. 

Sodium was found to be proportionatly higher in some bores in Rosen & Jones (1998) 

study. Rosen and Jones (1998) attributed this to marine aerosols through rain or snow in 

the Wakatipu basin as concentrations fell closely to the seawater evporation 

concentration line. However in Wanaka the relative concentrations were different than 

Figure 5.5. Here, a plot of Ca
2+

 + Na
+
 against HCO3

-
 is presented. Data is 

taken from streams draining from the Southern Alps and shows a strong 

relationship between the two ions (Jacobson et al., 2003) 
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Wakatipu in favour of higher Na
+
 concentrations. Similar trends were measured in 

Alexandra, where all of the groundwater sites plotted with varying degrees of increased 

proportions of Na
+
. These higher proportions of Na

+
 relative to Cl

-
 are attributed to the 

weathering of feldspars within the aquifer. In this study, Na
+
 was primarly associated 

with those bores where connectivity with the Clutha River was not high, and therefore 

the water was being recharged through a greater volume of the aquifer, therefore having 

a longer residence time in the aquifer which in turn results in a higher opportunity for 

Na
+
 to dissolve and assimilate into the water. 

One of the implications of this study with regard to the characteristics of aquifers in 

Central Otago are that calcite will be prevelant within almost all aquifers. This means 

that the hardness problems associated with one particular area of the region may not be 

solved by simply relocating a bore. It would seem that abstraction rates from the bores 

play a role in determining the final concentration of solutes, as well as geologic 

conditions of the aquifer. Abstraction rates have been shown to contribute to an 

increased degree of interaction between a river and an aquifer. A key research question 

of this study was to asses the degree of interaction between the Clutha River and the 

groundwater aquifer. As stated in Chapter two, the final product of groundwater is in 

part dependent on the source of the recharge.   
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5.7 GROUNDWATER/SURFACE WATER 

INTERACTION 

A primary aim of this study was to evaluate the degree of interaction between the 

Clutha River and the adjacent groundwater aquifer. Environmental isotopes of δ
2
H and 

δ
18

O were used, and comparison was made of the composition of these two isotopes 

between the Clutha River and the groundwater. The interaction between the Clutha 

River and the groundwater was spatially variable, as was the results of the water quality 

analysis. Isotopes of δ
18

O and δ
2
H enabled accurate judgments to be made about the 

relative importance of the Clutha River as a recharge source for the groundwater. 

Studies by Ma et al., (2010) and Payne & Schroeter (1979) have shown that 

environmental isotopes can be used to accurately assess the source of recharge to 

groundwater. The results of the isotopic analysis, are supported by the strong positive 

correlation between the head height at site CB6 and the discharge of the Clutha River. 

As stated in Chapter 2, interactions between a river an aquifer are governed by the level 

of the river. Gradients that are formed through the difference in height between the river 

and the piezometric level will control the flow (Schubert, 2002), however pumping has 

also been shown to be an important consideration in the controls on interaction. 

Furthermore, water quality analysis also supports the findings of the isotope analysis, 

and this is especially evident at the municipal town supply bores (CB sites). In this 

section, a detailed analysis of the results of the interaction is presented, concluding with 

summary statements about the origin of the water in this study. 

The values of the isotopic content for the water in this study were spatially variable and 

presented values indicating that the groundwater was enriched in δ
18

O and δ
2
H more so 

than the Clutha River. To have a trend of more enriched groundwater compared to 

surface water indicates that the additional source of recharge to the aquifer (other than 

the Clutha River) is enriched to a greater degree than the Clutha River. Kendall & 

Caldwell (1998) state that a normal trend of isotope values between a surface water 

body and groundwater is that the groundwater becomes more enriched due to 

evaporation over the land. The larger surface water body is able to buffer the effects of 

evaporation due to volume of water, although some enrichment does still occur; 

however the effect attributed to evaporation is less. Reasons for why the Clutha River is 

more depleted relative to the groundwater in δ
18

O and δ
2
H in this study are well covered 
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in the literature. Kendall & Caldwell (1998) state that as groundwater is recharged 

through infiltration from precipitation, this water is partially evaporated. The result of 

this evaporation is enrichment in δ
18

O and δ
2
H. For shallow groundwater systems, 

where there are high rates of interaction with the atmosphere, this evaporative 

enrichment can continue as the water moves through the aquifer. This effect is 

compounded further in semi arid and arid catchments with higher evapotranspiration 

rates. The Clutha river in comparison was depleted in isotope content relative to the 

groundwater. Proportionate to the groundwater, the Clutha River undergoes much less 

evaporative enrichment and is therfore more depleted in isotopes than the groundwater 

in this study. 

This difference in isotopic content between the groundwater and the Clutha River, leads 

to the conclusion that the groundwater bores are being recharged in part by surface 

water recharge. The two sites of CV and DF presented isotope results that were more 

enriched than any of the other sample sites. This indicates that these sites recieve a 

higher proportion of surface recharge, and/or recieving water that is enriched in isotopes 

to a greater degree than the other sites. Barnes & Turner (1998) explain how in arid or 

semi-arid catchments evaporative enrichment is significant, however in other types of 

catchments this effect is minimal. CV and DF located further to the north of the town 

are likely recieving water from the north of the region. There are a number of smaller 

creeks and streams throughout this area, all of which will experience significant 

evaporative losses especially during the summer months. The other groundwater sites in 

the region also experinced enrichment of δ
18

O and δ
2
H relative to the Clutha River. A 

final conclusion can be drawn of the isotope concentrations, that the relative enrichment 

of the isotopes in groundwater in this study, is representative of surface recharge to the 

aquifer. Water that is more enriched has had a greater proportion of its recharge coming 

from water that has precipitated and subsequently partially evaporated over the land. 

In Figure 5.6, there are clear distinctions between the Clutha River samples (in blue) 

and the other groundwater bores. This distinction allows a conclusion to be drawn that 

the Clutha River is heavily connected to the CB sites, and to lesser degrees further to the 

north of the town. It is uncertain how much of this closeness of interaction between the 

Clutha River and the CB sites can be attributed to the large abstraction rate from the CB 

bores. As shown in Figure 2.2, when a bore is placed close to a river and abstracted 

from, this causes the predominant flow direction to go from the river to the aquifer. It is 
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Figure 5.6. Co-isotopic plot of all samples. The CB sites plot very closely to the Clutha 

River indicating that the Clutha River is an important source of recharge to these sites, and 
that the two areas are in fact indistinguishable from each other as determined by an ANOVA 

analysis. 

a logical conclusion that this could be the cause of the high degree of interaction 

between the Clutha River and the CB sites. 

 

 

The more isotopically similar the groundwater bores are to the Clutha River, the higher 

the degree of interaction between the two. It has been clearly shown that the Council 

bores, shown here as the red and yellow circles, are the most isotopically similar to the 

Clutha River. This is consistent with the premise that increasing distance from the 

Clutha River will result in less isotopically similar water. As the distance from the 

Clutha River increases, the degree of similarity decreases. This trend holds true for all 

but the two sites of CV and DF. These two sites, while being closer to the Clutha River 

than some of the other bore sites, exhibited isotope data that would suggest the bores are 

further away from the Clutha River than they are. Sites CV and DF are very dissimilar 

to the Clutha River, so this would suggest another source of water predominantly 

recharging these two sites. Heller (2001) presented a potentiometric map of 

groundwater in Alexandra. This map is shown below in Figure 5.7. 
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Figure 5.7 above shows that the predominant flow direction for the groundwater is from 

the north of the town and towards the Clutha River. This map explains why the 

groundwater bores experience enriched isotopic concentrations, as has been stated 

earlier, water that is recharged from the surface will be enriched due to evaporation. The 

two sites of CV and DF which were the least similar isotopically to the Clutha River 

will be receiving most of their recharge from the small streams and creeks to the north 

of the town. The map shows flow moving towards the Clutha River, however for the CB 

sites this has been shown not to be the case. There is strong evidence that the CB sites 

are being predominantly recharged by the Clutha River, which is in effect the opposite 

of what Heller (2001) proposes in the potentiometric map.  

The origin of the groundwater in Alexandra is spatially variable. The closest bore sites 

to the Clutha River, the CB sites, are statistically the same water as that found in the 

Clutha River indicating that the Clutha River is an important source of recharge to these 

sites. There exists a slight enrichment that can be observed on the co-isotopic plot, and 

this enrichment is attributed to mixing of water from other recharge sources to the north 

Figure 5.7. Potentiometric map of groundwater in Alexandra. Blue arrows indicate the 
predominate flow direction of the groundwater. The map shows surface recharge 

occurring from the north of the town and flows towards the Clutha River (Heller, 2001). 
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that are predominantly surface recharge. Further supporting this conclusion is the strong 

positive correlation between the head height at site CB6 and the discharge of the Clutha 

River. Furthermore, the water quality data, while still significantly different from the 

Clutha River, matches closely with trends that could be expected from a hydraulically 

connected surface water/groundwater system at this location. Through a combination of 

the water quality data and the isotope data used to determine the degree of interaction, a 

conceptual model of the hydrologic processes in Alexandra was able to be formed. 

 

5.8 MODEL OF THE INTERACTION AND WATER 

QUALITY 

The spatially variable correlation coefficients between groundwater interacting with the 

Clutha River and of water quality across the study sites, indicates that while the Clutha 

River is a variable source of recharge to the groundwater, the water quality is primarily 

determined by the local geology of the aquifer. Rapid chemical evolution between the 

Clutha River and the CB sites further supports this, as the most hydraulically connected 

CB sites possess water quality far different from the Clutha River. Strong indications of 

interaction with minerals in the aquifer as determined by ratios of Ca/Mg, Na/Cl, 

Ca/HCO3 and Ca/SO4 demonstrate the significant influence that the minerals present in 

the aquifer are having on the quality of the water. These reactions are exacerbated by 

the rate of recharge through the aquifer as a result of pumping stress. Figure 5.8 shows 

the various factors that are contributing to the groundwater quality in Alexandra. 

The driving factor behind the degree of interaction with the Clutha River is the rate of 

abstraction. Where saturated riverbanks are already providing a natural flow, pumping 

from the aquifer can increase the rate of recharge from the river (Schubert, 2002). At the 

CB sites, heavy abstraction rates coupled with a close proximity to the Clutha River 

result in groundwater that is almost entirely sourced from the Clutha. As the better 

quality water from the Clutha River is pumped at large volumes and with rapid transit 

times through the river bank, minerals such as calcite that are present in the aquifer are 

dissolved and placed into solution. Continual pumping of water in this way results in a 

system that is not able to reach equilibrium with the solutes, and so dissolution of 

minerals is a constant process. When coupled with the relatively shallow nature of the 
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aquifer and the dense vegetation along the river bank, CO2 inputs to the groundwater 

also become important with regard to dissolution rates of carbonate minerals in the 

aquifer. The other groundwater bores in this study, presented much less connectivity to 

the Clutha River than the CB sites. Sites CV and DF are being predominantly recharged 

from other sources of water.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Due to the lower abstraction rates from the private bores, these sites also presented 

lower concentrations of solutes than the CB bores, despite being located within similar 

aquifer characteristics. The reasons for this, as discussed above, are primarily due to the 

smaller volumes of water being abstracted, and the lack of forced movement of water 

through pumping stress. 

There are a number of implications for this study. Locally, increased public debate has 

lead to a discussion whether or not the supply bores should be relocated in order to 
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Figure 5.8. Conceptual diagram of the hydrologic system in Alexandra. Heavy abstraction 

has been shown in this study to increase the hydraulic connection with the Clutha River and 

also results in poorer quality water. Weaker abstraction rates in the other bores, results in 
decreased interaction with the Clutha River and better quality water. 
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obtain higher quality water. The results of this study indicate that there may be higher 

quality water to the north of the town; however it is highly likely that this higher quality 

water will be degraded under the same abstraction rates currently being used given the 

geological controls. As discussed, the rate of abstraction is driving the movement of 

water from the Clutha River into the aquifer in the reverse direction it would normally 

flow. Given that the aquifer is of the same material as the current location, no 

guarantees can be made that the same issues with water quality will not be present at a 

site further to the north without further analysis. The geology of the aquifer on which 

the town places its water demand will continue to supply the aquifer with Ca
2+

 and 

HCO3
-
 ions. A reduction in pumping rates is not feasible, given the population of the 

town. 

Regionally, similar problems exist for further developments throughout Central Otago 

that are requiring large volumes of water to be abstracted. While it is true that a large 

river can be a reliable source of recharge to an aquifer, through pumping the quality of 

the water declines rapidly. Growth areas in Central Otago need to carefully consider the 

sources of water prior to development, and decide whether the water quality will be 

satisfactory to the demands of the end users. 

On an international scale, this study has shown that even small amounts of a soluble 

mineral in an aquifer can have a considerable impact on the water quality. For regions 

of the world where water is scarce and quality is often compromised, further 

understanding has been gained in this study in the processes of mineral dissolution rates 

and the key drivers that can cause solutes to become a part of a waters chemistry. Given 

the right combination of factors, the processes outlined in this study can lead to poor 

quality water, which in other parts of the world could lead the water to become unsafe. 

Much more attention needs to be given with regard to solute dynamics in a 

groundwater/surface water interacting system. 

River bank filtration is a popular method of removing contaminants from a river while 

still being a reliable source of recharge to the aquifer. Sheets, Darner, & Whitteberry 

(2002) presented a study from Ohio where riverbank filtration was employed as a means 

of reducing organic pathogens from the river water prior to being abstracted for 

municipal supply. While this may have benefits with regard to organic pathogens, the 

current study suggests that new problems with water quality may originate due to the 
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rapid rates of abstraction from an area adjacent to a river. This is dependent on the 

geology of the area however, and should the geology be considered to be resistant to 

rapid dissolution through high rates of abstraction then river bank filtration is a good 

method of exploiting the natural filtration capacity of an aquifer.  

However wherever there are minerals in an aquifer that are easily dissolved, abstraction 

rates should be carefully monitored for their effect on solute concentrations. This study 

has shown that through high abstraction rates of very good quality water, the water 

quality can degrade rapidly in the presence of carbonate minerals. This effect should be 

considered in all areas of the world where a similar system is in place, and efforts made 

to reduce the rate of abstraction or relocate the bores to an area where the minerals in 

the aquifer are much more resistant. 

 

5.9    LIMITATIONS AND ERRORS 

There are a number of limitations and errors accounted for in this study. While best 

efforts were made during the analysis of the results, analytical errors can still occur. 

Errors through mishandling of chemicals in the preparation of standards was minimized 

as much as possible through using nitrile disposable gloves, and ensuring clean 

glassware was used. One of the largest sources of error in this study was that for a 

number of sample rounds, two separate machines were analyzing for cations and anions. 

Cations were measured on an AAS up until the IC had the addition of a cation column 

added to it. From this point all solute analysis was carried out on the IC. The analytical 

error associated with this method is less than 1%, assuming all other standard 

procedures are followed and other sources of error minimized. One way of determining 

the accuracy of the ion results is through the calculation of the charge balance error. The 

charge balance error (CBE) is a reliable measure of the accuracy of a group of analyses 

(Fritz, 1994). The CBE is calculated as the percentage difference between the measured 

cations and anions (Eqn 3.8). The charge balance for the samples in this study presented 

balances that were in favour of the cations. Fritz (1994) suggests that a cause for a 

positive CBE can be through the measurement of alkalinity. If alkalinity is performed 

with water high in concentration of calcite, then it is likely that a part of the alkalinity of 

the sample remains as precipitated carbonate mineral. As the Ion Chromatograph 

acidifies the sample prior to analysis through the eluent, this will cause the true 
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concentration of the ions in solution to be reported, while at the same time 

underreporting the alkalinity and therefore the anion side of the ionic balance (Fritz, 

1994). The result is a positive CBE. 

Changes in the concentration of chemical species during the collection, transport, and 

shelf life of groundwater samples prior to analysis can be sources of determinant error 

or bias (Shaver, 1993). Great care was taken in this study to keep the samples at 4°C 

prior to analysis to minimise any chemical evolution that may take place. Samples were 

normally all analysed within 24 hours and where this was not possible (for example 

over Christmas) samples were kept refrigerated.   

The study did have some limitations. The biggest limitation was the number of sample 

bores that were made available for sampling. A higher spatial resolution would have 

given a clearer picture of how the water quality changes over the area, and greater 

understanding of the spatial patterns of connectivity between the Clutha River and the 

aquifer would have been gained. Another limitation was the omission to sample water 

from the Manuherikia River. This would have provided a good comparison with the 

Clutha River, and could have provided more insight into the recharge processes, 

especially with regard to the bores within the town. 

A wider scope of study parameters would have given invaluable information to the 

study. Environmental data such as rainfall, evaporation rates, geologic data such as drill 

logs, and isotopic analysis of more end members would have improved the 

understanding of the system immensely. It would also however have increased the 

complexity and scope of the study, whereas in the study‟s present state, strong and 

significant conclusions can still be reached. 
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5.10    SCOPE FOR FURTHER RESEARCH 

The research presented here offers much in the way of small scale analysis of the 

quality of the water and of the interaction between the Clutha River in Alexandra with 

the adjacent groundwater aquifer. This research has shown that this interaction can have 

a significant impact on the quality of the groundwater that is abstracted from the 

aquifer; however the geologic conditions also have a large part to play in the final 

composition of the groundwater. Leachate tests from sample columns of the aquifer 

would further improve the understanding of the rate of chemical evolution through the 

aquifer. At the town supply sites (CB sites), even though the water is isotopically the 

same as water in the Clutha River, the water quality is far removed. This leads to the 

conclusion that in the 15 metres between the Clutha River bank and the abstraction 

wells, the water chemistry is being changed radically.  

There is much scope for further work in Alexandra, with the implications of the results 

of this study very important at the local scale. Alexandra‟s water quality „issues‟ are a 

source of contention among local residents. The high hardness levels of the water 

supply have resulted in calls for a shift of location of the town supply field. A 

recommendation is made that further analysis of the aquifer to the north of the town is 

required due to the results of this study indicating a higher quality water source to the 

north. However, as stated earlier, one of the factors contributing to the high hardness 

levels is the rate of abstraction that the town demands. Pumping tests on the aquifer to 

the north combined with leachate analysis from a sample of the aquifer would enable a 

clearer picture in this regard. A more comprehensive assessment of the effects of other 

aspects of the hydrologic cycle is needed. Research like this would consider the effect 

of precipitation and evapotranspiration in the final composition of the groundwater, as 

well as other surface water exchanges with water bodies such as the Manuherikia River 

and smaller streams to the north of the aquifer. Sites CV and DF in particular have been 

shown to be recharged predominantly from a source other than the Clutha River, and the 

water quality at these sites is higher than that of other groundwater bores in the region. 

More analysis should be carried out on the geologic and hydrologic properties further to 

the north of Alexandra. 

Further work over a wider range of water quality factors could be carried out. In 

particular, the effect of the old municipal waste site would be interesting. While work 
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has been carried out in the past to investigate this site, there is a wider range of 

questions concerning 2
nd

 and 3
rd

 stage chemical evolution of water that is passing 

through the site. The effect of methane gas on the groundwater quality would be 

interesting, as would the effects of potentially higher rates of leaching due to an increase 

in recharge through the site.  

This study utilized a number of private bores around Alexandra. Discussions with the 

owners of these bores highlighted the fact that few of them knew much about the state 

of their water. This is concerning especially considering some of the bores were being 

used for drinking purposes. An education programme and an analysis of the water 

chemistry of the private bores should be undertaken, particularly in parts of the area 

where lifestyle block development is increasing.  
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CHAPTER 7 

CONCLUSION 

 

This study has given an insight into the water quality of Alexandra‟s groundwater. The 

interaction between the Clutha River and the adjacent aquifer has been demonstrated to 

have a significant impact on the quality of the water that is abstracted from the aquifer, 

through large abstraction rates. While this research was not absolutely comprehensive in 

its consideration of other factors that could be attributed to the quality of the 

groundwater, it has successfully provided answers to the research questions posed at the 

beginning of the thesis.  

In particular the following concluding statements are made: 

 The water quality of the region is generally good by the New Zealand Water 

Quality Standards. Occasional lapses in the quality have been explained by the 

local conditions. 

 The water is of Ca
2+

-HCO3
-
 type. This finding is consistent with waters in other 

parts of the region and is explained by the dominant rock types and minerals 

found in the aquifer.  

 There is rapid chemical evolution occurring between the Clutha River and the 

town supply bores. This evolution is driven by abstraction rates, and the quality 

of the end water is a function of the local geology. 

 The other groundwater bores in the region receive smaller amounts of recharge 

from the Clutha River, and possess water chemistry that is spatially different. 

Temporal variation over the course of this study was found to be negligible. 

Temperature of the Clutha River showed warming over the summer months, however 

the groundwater remained stable. Isotope values did show some further depletion 

towards the summer.  

Sites CV and DF towards the north exhibited significantly different water quality and 

type than the other bores sampled.  
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In conclusion, groundwater quality has been shown to be more a function of the geology 

and abstraction rates than the volume of water being recharged through interaction with 

a surface water body. The premise set about at the start, was aligned with the idea that if 

higher quality water is mainly entering the aquifer, then higher quality water should be 

the final product. This study has shown quite the opposite. Where the Clutha River is 

being pumped through the ground, there is rapid chemical evolution taking place which 

degrades the quality of the water.  

Implications are important at the local scale but also at an international level. With so 

much value placed on water, great care must be taken to preserve the quality of the 

water, and there must be an understanding that groundwater systems are highly sensitive 

to change. By increasing abstraction rates to cater for the growing needs of a town for 

example, much higher concentrations of solutes may be assimilated into the water 

supply. There must be further understanding of the processes in order to protect this 

vital piece of our environment. 
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Included in Appendix A are the raw results (adjusted for blanks) of all the sample sites.  

CB1 – CHEMICAL DATA 
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CB2 – CHEMICAL DATA 
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CB3 – CHEMICAL DATA 
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CB4 – CHEMICAL DATA 
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CB6 – CHEMICAL DATA 
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AP – CHEMICAL DATA 
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CV – CHEMICAL DATA 
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DF – CHEMICAL DATA 
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GC – CHEMICAL DATA 
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L – CHEMICAL DATA 
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R1 – CHEMICAL DATA 
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R2 – CHEMICAL DATA 
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R3 – CHEMICAL DATA 
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XX – CHEMICAL DATA 
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APP. A2 SUPPLEMENTARY GEOCHEMISTRY 

DATA 

 

Presented here are the phosphate results for sites GC and DF. These two sites did show 

appreciable amounts of PO4
-3

 

 

 

 

 

Phosphate results (mg/L) from DF and GC for selected sampling rounds that presented 

concentrations of PO4
3-

.  

 

16.9.09 30.9.09 13.10.09 25.11.09 22.12.09 20.1.10 3.2.10 17.2.10 

GC 0.014 0.021 0.071 0.043 n.d. 0.05 0.001 0.04 

DF 0.004 0.038 0.068 0.026 0.025 n.d. n.d. n.d. 
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APPENDIX B 

ISOTOPE DATA 

 

Appendix B includes the raw isotope data for all samples. Blank spaces indicate gaps in 

the data set. Presented at the bottom of the page are the controls and standards used for 

analysis. 

Date CB1 CB2 CB3 CB4 CB6 AP 

  18
O H2 

18
O H2 

18
O H2 

18
O H2 

18
O H2 

18
O H2 

8.7.09 -9.74 -71.6 -9.8 -71.74 -9.92 -72.69 -9.94 -71.36 -9.84 -70.76     

5.8.09 -9.87 -71.38 -9.74 -69.86 -9.51 -67.9 -9.66 -78.73 -9.5 -68.19 -10.04 -70.85 

19.8.09                         

2.9.09                         

16.9.09                         

30.9.09 -9.9 -69.83 -9.92 -73.23 -9.71 -79.51 -10.12 -75.21 -9.52 -70.94 -10.01 -73.89 

13.10.09                         

28.10.09 -9.57 -70.06 -9.59 -71.6 -9.34 -69.33 -9.66 -72.7 -9.44 -69.03 -9.97 -75.35 

11.11.09                         

25.11.09                     -9.74 -68.64 

9.12.09 -9.4 -68.26 -9.35 -71.01 -9.42 -67.65 -9.65 -72.7 -9.54 -67.87 -9.79 -75.15 

22.12.09 -9.52 -67.88 -9.39 -67.42 -9.43 -67.44 -9.57 -70.11 -9.52 -68.09     

7.1.10 -9.78 -68.58 -9.85 -68.14 -9.58 -67.49 -9.54 -69.13 -9.46 -69.09 -9.94 -75.02 

20.1.10 -9.39 -65.97 -9.46 -70.53 -9.36 -66.14 -9.39 -69.89 -10.03 -65.47     

3.2.10 -9.56 -74.23 -9.73 -72.79 -9.43 -69.57 -9.64 -72.96 -9.35 -67.8 -10.04 -73.81 

17.2.10 -9.44 -72.57 -9.52 -71.99 -9.33 -71.51 -9.81 -74.7 -9.32 -67.37 -10.1 -76.15 

3.3.10 -9.58 -68.95 -9.67 -68.31 -9.56 -66.33 -9.87 -70.82 -9.62 -66.06 -10.42 -75.72 

17.3.10 -9.7 -69.05 -10.25 -70.32 -9.98 -67.6 -10.38 -74.66 -9.8 -65.8 -10.73 -75.89 

31.3.10 -10.05 -70.62 -10.56 -74.44 -10.02 -67.75 -10.65 -75.78 -10 -66.58 -10.9 -77.42 

28.4.10 -10.01 -67.61 -9.94 -66.44 -10.07 -65.07 -10.02 -67.09 -9.98 -65.45 -10.88 -76.83 
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Date CV DF GC L R1 R2 R3 

  
18

O  
18

O  
18

O  
18

O  
18

O  
18

O  
18

O  

8.7.09             -9.43 -64.76 -9.4 -63.29 -9.36 -64.65 

5.8.09 -11.06 -78.73 -11.01 -79.75 -10.47 -77.03    -9.47 -65.55 -9.51 -65.68 -9.45 -66 

19.8.09                      

2.9.09                      

16.9.09                      

30.9.09 -11 -80.55 -10.99 -80.57 -10.4 -77.33 -10.16 -77.33 -9.43 -66.31 -9.4 -66.55 -9.36 -66.8 

13.10.09                      

28.10.09 -10.92 -84.08 -10.95 -83.48 -10.25 -79.93 -10.19 -77.6 -9.47 -68.41 -9.51 -69.35 -9.5 -66.76 

11.11.09                      

25.11.09 -11.1 -82.75 -11.25 -83.42 -10.63 -79.75 -10.41 -77.6 -9.78 -68.6 -9.51 -68.75 -9.54 -68.51 

9.12.09 -10.52 -82.29 -10.67 -82.28 -10.26 -78.57 -10.01 -77.28 -9.32 -66.42 -9.29 -66.88 -9.34 -66.98 

22.12.09 -11.1 -82.03 -11.02 -83.45 -10.2 -77.79 -10.22 -76.49 -9.35 -65.52 -9.1 -64.48 -9.32 -65.58 

7.1.10 -11.02 -82.24 -11.09 -82.45 -10.46 -79 -10.02 -76.53 -9.3 -65.49 -9.33 -65.55 -9.37 -64.28 

20.1.10 -11.25 -82.65 -11.07 -82.01 -10.61 -78.25 -10.21 -76.79 -9.23 -65.72 -9.13 -65.02 -9.21 -65.29 

3.2.10 -10.94 -82.27    -10.44 -80.93 -10.19 -76.46 -9.25 -65.5 -9.18 -64.8 -9.19 -65.29 

17.2.10 -11.06 -82.79 -10.99 -82.88 -10.62 -80.42 -10.34 -77.05 -9.28 -65.05 -9.36 -64.58 -9.36 -64.99 

3.3.10 -11.41 -82.54 -11.27 -81.79 -10.93 -79.76 -10.68 -76.7 -9.7 -65.73 -9.58 -64.99 -9.67 -59.75 

17.3.10 -11.71 -82.25 -11.72 -82.2 -11.23 -79.98 -10.88 -77.64 -9.84 -65.37 -9.83 -65.79 -10.06 -68.59 

31.3.10 -11.75 -82.67    -11.24 -80.79 -10.97 -77.73 -9.91 -65.84 -9.83 -66.02 -9.89 -65.42 

28.4.10 -11.76 -82.92 -11.55 -90.66 -11.34 -79.45 -10.89 -78.33 -10.19 -67.58 -10.29 -67.68 -10.19 -66.79 

The following laboratory reference material(s) were used to determine isotopic and 

elemental values: 

Name 2
HVSMOW 18

OVSMOW

Ref. 1: ICE -264.2 ± 1 -33.28 ± 0.28 

Ref. 2: TAP -81.7 ± 1.4 -12.58 ± 0.23 

Ref. 3: SEA -1.7 ± 1 -0.55 ± 0.09 

The following control material(s) were used to determine precision and accuracy: 

Oxygen   

 
Hydrogen Control 1:   

Control 1:   

 
SLAP 2

HVSMOW

Sea 18
OVSMOW

 
Accepted Values -428 

Accepted Values -0.55 ± 0.09 

 
Measured Values (n=2) -430.5 ± 0.7 

Measured Values (n=2) -0.52 ± 0.01 

 
Control 2:   

   
TAP 2

HVSMOW

   
Accepted Values -81.7 ± 1.4 

   
Measured Values (n=7) -81.0 ± 0.4 
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Figure B.1.  Isotope data for the 8.7.2009.  

  Y = 16.6x + 91.4.  

R
2
 = 0.91 

 

Figure B.2.  Isotope data for the 5.8.2009.  

  Y = 10x + 27.9  

R
2
 = 0.67 
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Figure B.3.  Isotope data for the 30.9.2009.  

  Y = 10.4x + 30.4  

R
2
 = 0.69 

 

Figure B.4.  Isotope data for the 28.10.2009.  

  Y = 10.1x + 34.8 

R
2
 = 0.94 
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Figure B.6.  Isotope data for the 9.12.2009  

  Y = 12.7x + 51.1 

R
2
 = 0.93 

 

Figure B.5.  Isotope data for the 25.11.2009  

  Y = 9.8x + 25.7 

R
2
 = 0.97 
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Figure B.8.  Isotope data for the 7.1.2010  

  Y = 11.1x + 37.7 

R
2
 = 0.9 

 

Figure B.7.  Isotope data for the 22.12.2009  

  Y = 10.2x + 28.8 

R
2
 = 0.96 
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Figure B.10.  Isotope data for the 3.2.2010 

  Y = 11.0x + 35.3 

R
2
 = 0.9 

 

Figure B.9.  Isotope data for the 20.1.2010 

  Y = 9.4x + 21.1 

R
2
 = 0.85 
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Figure B.12.  Isotope data for the 3.3.2010 

  Y = 11.0x + 40.3 

R
2
 = 0.88 

 

Figure B.11.  Isotope data for the 17.2.2010 

  Y = 10.4x + 29.7 

R
2
 = 0.86 
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Figure B.14.  Isotope data for the 31.3.2010  

  Y = 10.3x + 35 

R
2
 = 0.95 

 

Figure B.13.  Isotope data for the 17.3.2010  

  Y = 9.04x + 21.9 

R
2
 = 0.93 
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Figure B.15.  Isotope data for the 28.4.2010 

  Y = 12.8x + 62.6 

R
2
 = 0.9 
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APP.C 1.0   DESCRIPTIVE 

STATISTICS 

 

Descriptive statistics were created for each of the sample sites. Presented here are the 

results of that analysis. 

SITE CB1 

 

 

 

 

Descriptive Statistics 

 
N Minimum Maximum Mean 

Std. 
Deviation Skewness Kurtosis 

 
Statistic Statistic Statistic Statistic Statistic Statistic 

Std. 
Error Statistic 

Std. 
Error 

CB1_Temp 18 12.36 13.63 13.0011 .41920 -.225 .536 -1.325 1.038 

CB1_pH 15 6.52 8.16 7.5133 .51629 -.237 .580 -.966 1.121 

CB1_EC 18 .23 .50 .3598 .07804 .263 .536 -1.151 1.038 

CB1_TDS 18 .15 .33 .2339 .05076 .267 .536 -1.123 1.038 

CB1_Ca 17 31.93 90.56 59.7734 15.24919 .148 .550 -.074 1.063 

CB1_Mg 17 1.88 6.06 3.6109 1.13542 .517 .550 -.285 1.063 

CB1_Na 17 2.73 11.56 6.6623 2.73884 .281 .550 -1.045 1.063 

CB1_K 17 .98 1.90 1.4107 .25713 -.060 .550 -.685 1.063 

CB1_Cl 18 .00 7.21 3.7566 2.16007 .076 .536 -1.247 1.038 

CB1_SO4 15 .00 12.08 6.6887 2.79832 -.297 .580 1.831 1.121 

CB1_NO3 14 .40 8.51 2.8918 2.54559 1.173 .597 .547 1.154 

CB1_HCO 18 108.10 245.75 185.0552 38.79249 -.181 .536 -.878 1.038 

Valid N 
(listwise) 

9 
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SITE CB2 

 

SITE CB3 

 
Descriptive Statistics 

 
N Minimum Maximum Mean 

Std. 
Deviation Skewness Kurtosis 

 
Statistic Statistic Statistic Statistic Statistic Statistic 

Std. 
Error Statistic 

Std. 
Error 

CB3_Temp 18 12.10 14.40 12.8750 .69560 .922 .536 .124 1.038 

CB3_pH 15 6.57 8.20 7.6320 .50888 -1.032 .580 -.150 1.121 

CB3_EC 18 .17 .47 .2878 .08385 .814 .536 -.273 1.038 

CB3_TDS 18 .11 .31 .1872 .05511 .825 .536 -.294 1.038 

CB3_Ca 17 31.16 80.66 51.5116 14.08369 .671 .550 -.394 1.063 

CB3_Mg 17 1.16 4.84 2.3575 .88771 1.443 .550 2.716 1.063 

CB3_Na 17 1.92 16.12 5.1580 3.58281 2.169 .550 5.039 1.063 

CB3_K 17 .74 1.89 1.2158 .25096 .913 .550 2.583 1.063 

CB3_Cl 18 1.04 6.80 2.5712 1.73826 1.402 .536 1.141 1.038 

CB3_SO4 15 4.45 10.84 5.9973 1.83769 1.959 .580 3.248 1.121 

CB3_NO3 15 .18 5.76 1.0967 1.34339 3.363 .580 12.250 1.121 

CB3_HCO 18 79.29 233.38 146.1836 43.77068 .656 .536 -.628 1.038 

Valid N 
(listwise) 

9 
        

 
 

Descriptive Statistics 

 
N Minimum Maximum Mean 

Std. 
Deviation Skewness Kurtosis 

 
Statistic Statistic Statistic Statistic Statistic Statistic 

Std. 
Error Statistic 

Std. 
Error 

CB2_Temp 18 12.34 14.08 13.0878 .56174 .408 .536 -1.321 1.038 

CB2_pH 15 5.82 9.99 7.5300 .87048 1.180 .580 4.958 1.121 

CB2_EC 18 .25 .50 .3572 .07808 .518 .536 -.725 1.038 

CB2_TDS 18 .16 .32 .2326 .05102 .514 .536 -.770 1.038 

CB2_Ca 17 37.41 88.69 59.8910 12.89994 .320 .550 .181 1.063 

CB2_Mg 17 2.41 6.39 3.8432 1.09701 .644 .550 .009 1.063 

CB2_Na 17 3.64 17.59 7.5577 3.50763 1.465 .550 3.074 1.063 

CB2_K 17 1.09 1.83 1.4587 .22886 -.261 .550 -.993 1.063 

CB2_Cl 18 1.69 8.11 4.4434 2.09342 .356 .536 -1.190 1.038 

CB2_SO4 15 4.93 13.18 8.0320 2.69121 .886 .580 -.190 1.121 

CB2_NO3 15 .60 10.98 4.3604 3.55632 .578 .580 -1.101 1.121 

CB2_HCO 18 61.63 259.98 162.732
0 

48.95238 -.178 .536 .490 1.038 

Valid N 
(listwise) 

9 
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SITE CB4 

 

 

SITE CB6 

 
Descriptive Statistics 

 
N Minimum Maximum Mean 

Std. 
Deviation Skewness Kurtosis 

 
Statistic Statistic Statistic Statistic Statistic Statistic 

Std. 
Error Statistic 

Std. 
Error 

CB6_Temp 18 11.85 16.25 13.1017 1.13914 1.492 .536 2.248 1.038 

CB6_pH 15 5.92 8.41 7.6033 .70487 -1.933 .580 3.049 1.121 

CB6_EC 18 .14 .48 .2364 .08567 1.683 .536 3.160 1.038 

CB6_TDS 18 .09 .31 .1536 .05532 1.661 .536 3.061 1.038 

CB6_Ca 18 24.95 83.75 42.5393 13.48828 1.750 .536 4.404 1.038 

CB6_Mg 18 .96 4.50 1.7134 .80087 2.695 .536 8.946 1.038 

CB6_Na 18 .00 10.80 3.6570 2.85728 1.618 .536 2.088 1.038 

CB6_K 18 .46 1.87 .9778 .31425 1.149 .536 2.907 1.038 

CB6_Cl 18 .67 6.20 1.6889 1.45989 2.487 .536 5.793 1.038 

CB6_SO4 15 1.17 8.33 4.9216 1.51512 -.181 .580 3.406 1.121 

CB6_NO3 15 .04 1.82 .4062 .47992 2.125 .580 4.931 1.121 

CB6_HCO 18 68.47 227.50 121.259
4 

45.27255 1.369 .536 1.104 1.038 

Valid N 
(listwise) 

10 
        

 

Descriptive Statistics 

 
N Minimum Maximum Mean 

Std. 
Deviation Skewness Kurtosis 

 
Statistic Statistic Statistic Statistic Statistic Statistic 

Std. 
Error Statistic 

Std. 
Error 

CB4_Temp 18 10.40 15.54 13.4617 1.03584 -1.196 .536 4.303 1.038 

CB4_pH 14 6.04 7.86 7.3671 .50997 -1.406 .597 2.297 1.154 

CB4_EC 18 .16 .53 .3557 .08861 -.090 .536 .070 1.038 

CB4_TDS 18 .11 .34 .2312 .05754 -.090 .536 .086 1.038 

CB4_Ca 17 27.79 83.58 58.6773 14.08320 -.296 .550 .017 1.063 

CB4_Mg 17 1.68 6.75 4.2677 1.58096 .096 .550 -1.212 1.063 

CB4_Na 17 2.79 18.95 8.2068 4.05357 1.069 .550 1.655 1.063 

CB4_K 17 .81 2.08 1.4873 .33999 -.103 .550 -.571 1.063 

CB4_Cl 18 1.43 9.37 5.1997 2.66952 .186 .536 -1.453 1.038 

CB4_SO4 15 5.18 15.20 9.2589 3.37558 .317 .580 -1.050 1.121 

CB4_NO3 15 .32 12.76 5.5957 4.31652 .216 .580 -1.447 1.121 

CB4_HCO 18 73.50 214.82 163.331
0 

34.13920 -.719 .536 1.566 1.038 

Valid N 
(listwise) 

8 
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SITE AP 

 
Descriptive Statistics 

 
N Minimum Maximum Mean 

Std. 
Deviation Skewness Kurtosis 

 
Statistic Statistic Statistic Statistic Statistic Statistic 

Std. 
Error Statistic 

Std. 
Error 

AP_Temp 17 11.27 15.75 13.8612 1.07584 -.967 .550 1.245 1.063 

AP_pH 14 6.62 8.51 7.8336 .47678 -1.342 .597 2.261 1.154 

AP_EC 17 .34 .39 .3764 .01215 -2.468 .550 7.794 1.063 

AP_TDS 17 .22 .25 .2448 .00784 -2.360 .550 7.303 1.063 

AP_Ca 17 48.90 68.00 60.1898 5.78777 -.452 .550 -1.087 1.063 

AP_Mg 17 4.13 5.50 4.6688 .48632 .672 .550 -1.331 1.063 

AP_Na 17 6.59 11.94 10.3465 1.45096 -.929 .550 1.250 1.063 

AP_K 17 1.00 1.74 1.4594 .25800 -.350 .550 -1.620 1.063 

AP_Cl 17 6.50 8.76 8.0341 .65174 -1.454 .550 1.656 1.063 

AP_SO4 13 11.60 13.77 12.6008 .52223 .469 .616 1.811 1.191 

AP_NO3 14 8.28 11.26 9.9208 .78529 -.705 .597 .471 1.154 

AP_HCO 17 120.00 224.91 170.254
7 

19.88080 .320 .550 5.310 1.063 

Valid N 
(listwise) 

8 
        

 

SITE CV 

 
Descriptive Statistics 

 
N Minimum Maximum Mean 

Std. 
Deviation Skewness Kurtosis 

 
Statistic Statistic Statistic Statistic Statistic Statistic 

Std. 
Error Statistic 

Std. 
Error 

CV_Temp 19 10.10 18.48 15.0153 2.12775 -.699 .524 .560 1.014 

CV_pH 16 5.49 7.69 7.0013 .63849 -1.439 .564 1.544 1.091 

CV_EC 19 .18 .22 .2017 .00917 -.600 .524 .007 1.014 

CV_TDS 19 .12 .14 .1313 .00568 -.545 .524 .020 1.014 

CV_Ca 19 25.12 34.80 29.0956 2.78335 .277 .524 -.726 1.014 

CV_Mg 19 3.37 4.62 3.9218 .38006 .490 .524 -.937 1.014 

CV_Na 19 5.71 10.46 7.3113 1.38264 1.241 .524 .692 1.014 

CV_K 19 .79 1.44 1.0479 .20066 .016 .524 -1.247 1.014 

CV_Cl 19 2.26 4.57 3.0786 .48970 1.477 .524 4.071 1.014 

CV_SO4 17 4.88 8.55 6.3154 .90127 .867 .550 .888 1.063 

CV_NO3 17 2.03 6.01 3.1303 .93596 1.873 .550 4.993 1.063 

CV_HCO 19 86.83 117.00 96.6974 7.56502 1.363 .524 1.742 1.014 

Valid N 
(listwise) 

15 
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SITE DF 

Descriptive Statistics 

 
N Minimum Maximum Mean 

Std. 
Deviation Skewness Kurtosis 

 
Statistic Statistic Statistic Statistic Statistic Statistic 

Std. 
Error Statistic 

Std. 
Error 

DF_Temp 17 12.72 15.85 14.1882 .93008 .051 .550 -.914 1.063 

DF_pH 16 4.90 10.65 7.6000 1.23438 .376 .564 2.566 1.091 

DF_EC 17 .20 .28 .2132 .01776 2.820 .550 9.827 1.063 

DF_TDS 17 .13 .18 .1385 .01155 2.897 .550 10.204 1.063 

DF_Ca 16 19.11 32.22 27.0268 4.32834 -.723 .564 -.882 1.091 

DF_Mg 16 3.22 4.57 3.7665 .43240 .577 .564 -.850 1.091 

DF_Na 16 4.34 9.86 7.8946 1.17987 -1.614 .564 5.546 1.091 

DF_K 16 .68 1.93 1.0264 .32078 1.374 .564 3.076 1.091 

DF_Cl 17 .62 4.77 3.3154 .80763 -2.188 .550 8.634 1.063 

DF_SO4 15 .53 6.18 5.0459 1.77738 -2.260 .580 3.956 1.121 

DF_NO3 15 .87 3.83 2.5568 .61980 -.919 .580 4.319 1.121 

DF_HCO 17 17.89 125.00 95.2723 21.39868 -3.119 .550 12.297 1.063 

Valid N 
(listwise) 

13 
        

 

SITE GC 

 
Descriptive Statistics 

 
N Minimum Maximum Mean 

Std. 
Deviation Skewness Kurtosis 

 
Statistic Statistic Statistic Statistic Statistic Statistic 

Std. 
Error Statistic 

Std. 
Error 

GC_Temp 19 5.59 20.74 14.0905 4.25840 -.541 .524 -.494 1.014 

GC_pH 17 6.25 8.42 7.6965 .58194 -.874 .550 .833 1.063 

GC_EC 19 .27 .30 .2867 .00715 -.445 .524 -1.015 1.014 

GC_TDS 19 .18 .19 .1864 .00484 -.448 .524 -.943 1.014 

GC_Ca 18 34.31 47.30 41.3441 3.94542 -.541 .536 -.770 1.038 

GC_Mg 18 3.86 4.91 4.2879 .31873 .735 .536 -.582 1.038 

GC_Na 18 8.28 11.37 9.9367 .97563 .063 .536 -1.142 1.038 

GC_K 18 .70 1.30 1.0572 .21825 -.324 .536 -1.850 1.038 

GC_Cl 19 .00 4.87 4.1170 1.08238 -3.353 .524 12.680 1.014 

GC_SO4 16 6.72 9.09 7.6766 .61907 .686 .564 .335 1.091 

GC_NO3 16 3.13 6.05 5.0207 .73724 -.829 .564 1.873 1.091 

GC_HCO 19 125.90 152.81 136.692
5 

8.31898 .120 .524 -1.098 1.014 

Valid N 
(listwise) 

13 
        

 
 



APP. C VI 

 

SITE L 

 
Descriptive Statistics 

 
N Minimum Maximum Mean 

Std. 
Deviation Skewness Kurtosis 

 
Statistic Statistic Statistic Statistic Statistic Statistic 

Std. 
Error Statistic 

Std. 
Error 

L_Temp 15 11.43 15.59 14.1153 1.06822 -.912 .580 1.649 1.121 

L_pH 14 4.09 8.26 7.3736 1.03331 -2.746 .597 8.789 1.154 

L_EC 15 .32 .37 .3519 .01462 -1.017 .580 -.217 1.121 

L_TDS 15 .21 .24 .2288 .00941 -1.027 .580 -.262 1.121 

L_Ca 14 40.81 58.19 54.1384 5.54004 -1.651 .597 1.736 1.154 

L_Mg 14 4.31 6.14 5.1062 .64140 .568 .597 -1.501 1.154 

L_Na 14 8.49 12.36 10.3858 1.41992 .344 .597 -1.572 1.154 

L_K 14 .92 1.54 1.3335 .22150 -1.252 .597 .027 1.154 

L_Cl 15 5.50 16.64 11.9665 2.91508 -.627 .580 .475 1.121 

L_SO4 14 9.47 11.69 10.6547 .63768 -.167 .597 -.137 1.154 

L_NO3 14 6.70 9.02 7.8083 .74213 .189 .597 -.737 1.154 

L_HCO 15 143.01 159.88 152.972
0 

4.50916 -.806 .580 .999 1.121 

Valid N 
(listwise) 

10 
        

 

SITE R1 

Descriptive Statistics 

 
N Minimum Maximum Mean 

Std. 
Deviation Skewness Kurtosis 

 
Statistic Statistic Statistic Statistic Statistic Statistic 

Std. 
Error Statistic 

Std. 
Error 

R1_Temp 20 7.39 17.72 13.2045 3.35897 -.340 .512 -1.294 .992 

R1_pH 18 6.93 10.97 8.5578 .91368 .668 .536 1.917 1.038 

R1_EC 20 .06 .08 .0665 .00411 .566 .512 -.715 .992 

R1_TDS 20 .04 .05 .0432 .00276 .633 .512 -.392 .992 

R1_Ca 18 7.99 13.67 10.6006 1.62583 .076 .536 -.623 1.038 

R1_Mg 18 .42 .97 .7558 .13478 -.661 .536 .860 1.038 

R1_Na 18 1.03 1.62 1.3765 .15856 -.825 .536 .143 1.038 

R1_K 18 .36 .67 .5074 .11890 .311 .536 -1.829 1.038 

R1_Cl 19 .40 .90 .6338 .11473 -.081 .524 1.625 1.014 

R1_SO4 16 3.73 5.84 4.2551 .48605 2.451 .564 7.756 1.091 

R1_NO3 16 .02 .51 .1395 .14201 1.683 .564 2.318 1.091 

R1_HCO 20 2.89 73.45 29.0268 12.72963 1.973 .512 8.570 .992 

Valid N 
(listwise) 

13 
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SITE R2 

Descriptive Statistics 

 
N Minimum Maximum Mean 

Std. 
Deviation Skewness Kurtosis 

 
Statistic Statistic Statistic Statistic Statistic Statistic 

Std. 
Error Statistic 

Std. 
Error 

R2_Temp 17 7.22 18.39 13.1224 3.46263 -.220 .550 -1.109 1.063 

R2_pH 15 7.35 9.60 8.7453 .56076 -.939 .580 1.699 1.121 

R2_EC 18 .06 .07 .0656 .00423 .363 .536 .392 1.038 

R2_TDS 18 .04 .05 .0427 .00263 .451 .536 .548 1.038 

R2_Ca 20 6.07 13.36 10.1460 2.17017 -.389 .512 -.816 .992 

R2_Mg 20 .27 .98 .7233 .15290 -1.094 .512 3.075 .992 

R2_Na 20 1.06 1.56 1.3051 .15118 -.038 .512 -.827 .992 

R2_K 20 .38 .72 .5099 .11244 .383 .512 -1.418 .992 

R2_Cl 20 .05 .69 .5736 .14811 -2.654 .512 8.120 .992 

R2_SO4 17 .30 5.03 3.9938 1.00706 -3.369 .550 12.970 1.063 

R2_NO3 16 .01 .48 .1177 .12552 1.958 .564 3.873 1.091 

R2_HCO 20 18.02 56.00 29.6734 7.60600 2.151 .512 7.552 .992 

Valid N 
(listwise) 

11 
        

 

SITE R3 

 
Descriptive Statistics 

 
N Minimum Maximum Mean 

Std. 
Deviation Skewness Kurtosis 

 
Statistic Statistic Statistic Statistic Statistic Statistic 

Std. 
Error Statistic 

Std. 
Error 

R3_Temp 20 7.20 17.98 12.9450 3.34290 -.307 .512 -1.023 .992 

R3_pH 18 7.58 9.97 8.8856 .63875 -.810 .536 .437 1.038 

R3_EC 20 .06 .08 .0653 .00548 1.809 .512 3.177 .992 

R3_TDS 20 .04 .05 .0425 .00361 1.815 .512 3.337 .992 

R3_Ca 19 6.21 19.00 10.4323 2.85380 1.420 .524 3.586 1.014 

R3_Mg 19 .18 1.23 .7569 .20643 -.557 .524 3.439 1.014 

R3_Na 19 1.05 2.14 1.3716 .25899 1.528 .524 3.423 1.014 

R3_K 19 .37 .80 .5235 .12450 .665 .524 -.668 1.014 

R3_Cl 20 .40 .91 .6229 .10796 1.028 .512 2.951 .992 

R3_SO4 17 3.74 4.74 4.2014 .25804 .077 .550 -.144 1.063 

R3_NO3 17 .00 .59 .1411 .14875 1.922 .550 4.382 1.063 

R3_HCO 20 16.53 49.80 28.3003 6.51287 1.683 .512 6.037 .992 

Valid N 
(listwise) 

14 
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18O DESCRIPTIVE TESTS 

 
Descriptive Statistics 

 N Minimum Maximum Mean Std. Deviation Skewness Kurtosis 

 Statistic Statistic Statistic Statistic Statistic Statistic Std. Error Statistic Std. Error 

CB1_18O 14 -10.05 -9.39 -9.6793 .21953 -.325 .597 -1.095 1.154 

CB2_18O 14 -10.56 -9.35 -9.7693 .33253 -1.060 .597 1.278 1.154 

CB3_18O 14 -10.07 -9.33 -9.6186 .27029 -.665 .597 -1.215 1.154 

CB4_18O 14 -10.65 -9.39 -9.8500 .34809 -1.077 .597 .835 1.154 

CB6_18O 14 -10.03 -9.32 -9.6371 .24503 -.524 .597 -1.206 1.154 

AP_18O 12 -10.90 -9.74 -10.2133 .41309 -.820 .637 -.851 1.232 

CV_18O 14 -11.76 -10.52 -11.1857 .35733 -.354 .597 -.119 1.154 

DF_18O 12 -11.72 -10.67 -11.1317 .28177 -.817 .637 .934 1.232 

GC_18O 14 -11.34 -10.20 -10.6486 .38546 -.795 .597 -.692 1.154 

L_18O 13 -10.97 -10.01 -10.3977 .34013 -.715 .616 -1.057 1.191 

R1_18O 15 -10.19 -9.23 -9.5300 .28723 -1.038 .580 .247 1.121 

R2_18O 15 -10.29 -9.10 -9.4833 .31126 -1.276 .580 2.089 1.121 

R3_18O 15 -10.19 -9.19 -9.5207 .30264 -1.231 .580 .566 1.121 

Valid N (listwise) 3         

 
 

2H DESCRIPTIVE TESTS 

 
Descriptive Statistics 

 N Minimum Maximum Mean Std. Deviation Skewness Kurtosis 

 Statistic Statistic Statistic Statistic Statistic Statistic Std. Error Statistic Std. Error 

CB1_2H 14 -74.23 -65.97 -69.7564 2.18465 -.399 .597 .076 1.154 

CB2_2H 14 -74.44 -66.44 -70.5586 2.32344 .230 .597 -.671 1.154 

CB3_2H 14 -79.51 -65.07 -68.9986 3.64620 -2.053 .597 5.029 1.154 

CB4_2H 14 -78.73 -67.09 -72.5600 3.08761 -.187 .597 -.100 1.154 

CB6_2H 14 -70.94 -65.45 -67.7500 1.79007 -.414 .597 -.610 1.154 

AP_2H 12 -77.42 -68.64 -74.5600 2.52228 1.465 .637 1.898 1.232 

CV_2H 14 -84.08 -78.73 -82.1971 1.24195 1.803 .597 4.648 1.154 

DF_2H 12 -90.66 -79.75 -82.9117 2.68968 -2.345 .637 7.219 1.232 

GC_2H 14 -80.93 -77.03 -79.2129 1.25147 .422 .597 -.938 1.154 

L_2H 13 -78.33 -76.46 -77.1946 .57991 -.309 .616 -.687 1.191 

R1_2H 15 -68.60 -64.76 -66.1233 1.16698 -1.298 .580 .686 1.121 

R2_2H 15 -69.35 -63.29 -65.9607 1.64972 -.704 .580 .161 1.121 

R3_2H 15 -68.59 -59.75 -65.7120 2.08653 1.498 .580 4.381 1.121 

Valid N (listwise) 3         
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APP.C 2.0 

TESTS FOR NORMALITY 

Normality tests were carried out prior to anaylsis of ANOVA and t-tests. Presented here 

are the results of these normality tests. 

 

TEMPERATURE NORMALITY TESTS 

 

Tests of Normality 

 Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

CB1_Temp .137 18 .200
*
 .925 18 .160 

CB2_Temp .155 18 .200
*
 .905 18 .071 

CB3_Temp .160 18 .200
*
 .905 18 .070 

CB4_Temp .168 18 .195 .870 18 .018 

CB6_Temp .195 18 .069 .857 18 .011 

AP_Temp .254 17 .005 .896 17 .058 

CV_Temp .146 19 .200
*
 .942 19 .282 

DF_Temp .121 17 .200
*
 .967 17 .772 

GC_Temp .135 19 .200
*
 .949 19 .374 

L_Temp .111 15 .200
*
 .940 15 .380 

R1_Temp .186 20 .069 .925 20 .123 

R2_Temp .149 17 .200
*
 .956 17 .556 

R3_Temp .160 20 .196 .946 20 .304 

a. Lilliefors Significance Correction 

*. This is a lower bound of the true significance. 
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PH NORMALITY TESTS 

 

Tests of Normality 
 

 Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

CB1_pH .161 15 .200
*
 .932 15 .297 

CB2_pH .256 15 .009 .847 15 .016 

CB3_pH .266 15 .005 .853 15 .019 

CB4_pH .167 14 .200
*
 .857 14 .027 

CB6_pH .338 15 .000 .691 15 .000 

AP_pH .224 14 .056 .887 14 .072 

CV_pH .241 16 .013 .829 16 .007 

DF_pH .164 16 .200
*
 .935 16 .295 

GC_pH .153 17 .200
*
 .929 17 .210 

L_pH .245 14 .022 .683 14 .000 

R1_pH .120 18 .200
*
 .953 18 .469 

R2_pH .132 15 .200
*
 .940 15 .388 

R3_pH .166 18 .200
*
 .917 18 .116 

a. Lilliefors Significance Correction 

*. This is a lower bound of the true significance. 
 
 
 

ELECTRICAL CONDUCTIVITY NORMALITY TESTS 

 
Tests of Normality 

 Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

CB1_EC .181 18 .122 .940 18 .285 

CB2_EC .173 18 .161 .928 18 .179 

CB3_EC .204 18 .047 .916 18 .109 

CB4_EC .121 18 .200
*
 .971 18 .810 

CB6_EC .247 18 .005 .840 18 .006 

AP_EC .225 17 .022 .752 17 .000 

CV_EC .162 19 .200
*
 .932 19 .188 

DF_EC .255 17 .004 .688 17 .000 

GC_EC .146 19 .200
*
 .926 19 .143 

L_EC .237 15 .023 .848 15 .016 

R1_EC .198 20 .038 .922 20 .110 

R2_EC .175 18 .150 .940 18 .287 

R3_EC .272 20 .000 .786 20 .001 

a. Lilliefors Significance Correction 

*. This is a lower bound of the true significance. 
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CALCIUM NORMALITY TESTS 

 

Tests of Normality 
 

 Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

CB1_Ca .088 17 .200
*
 .988 17 .097 

CB2_Ca .091 17 .200
*
 .984 17 .083 

CB3_Ca .202 17 .065 .936 17 .175 

CB4_Ca .099 17 .200
*
 .982 17 .072 

CB6_Ca .176 18 .145 .859 18 .012 

AP_Ca .198 17 .076 .916 17 .127 

CV_Ca .111 19 .200
*
 .962 19 .017 

DF_Ca .166 16 .200
*
 .882 16 .041 

GC_Ca .195 18 .068 .929 18 .083 

L_Ca .304 14 .001 .738 14 .001 

R1_Ca .136 18 .200
*
 .960 18 .102 

R2_Ca .145 20 .200
*
 .949 20 .153 

R3_Ca .178 19 .115 .888 19 .130 

a. Lilliefors Significance Correction 

*. This is a lower bound of the true significance. 
 
 
 

MAGNESIUM NORMALITY TESTS 

Tests of Normality 
 

 Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

CB1_Mg .160 17 .200
*
 .961 17 .653 

CB2_Mg .122 17 .200
*
 .942 17 .342 

CB3_Mg .213 17 .039 .873 17 .025 

CB4_Mg .132 17 .200
*
 .952 17 .486 

CB6_Mg .311 18 .000 .704 18 .000 

AP_Mg .283 17 .001 .823 17 .004 

CV_Mg .205 19 .035 .913 19 .083 

DF_Mg .192 16 .119 .893 16 .063 

GC_Mg .220 18 .022 .897 18 .051 

L_Mg .288 14 .003 .832 14 .013 

R1_Mg .084 18 .200
*
 .968 18 .763 

R2_Mg .142 20 .200
*
 .921 20 .104 

R3_Mg .171 19 .146 .908 19 .069 

a. Lilliefors Significance Correction 

. This is a lower bound of the true significance. 
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SODIUM NORMALITY TESTS 

 

Tests of Normality 
 

 Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

CB1_Na .121 17 .200
*
 .949 17 .444 

CB2_Na .138 17 .200
*
 .875 17 .026 

CB3_Na .248 17 .007 .747 17 .000 

CB4_Na .110 17 .200
*
 .926 17 .185 

CB6_Na .262 18 .002 .795 18 .001 

AP_Na .171 17 .199 .889 17 .045 

CV_Na .171 19 .146 .854 19 .008 

DF_Na .213 16 .051 .824 16 .006 

GC_Na .123 18 .200
*
 .945 18 .358 

L_Na .214 14 .081 .858 14 .029 

R1_Na .219 18 .022 .930 18 .193 

R2_Na .098 20 .200
*
 .957 20 .492 

R3_Na .200 19 .045 .879 19 .021 

a. Lilliefors Significance Correction 

*. This is a lower bound of the true significance. 

 

POTASSIUM NORMALITY TESTS 
 

Tests of Normality 

 Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

CB1_K .132 17 .200
*
 .969 17 .795 

CB2_K .143 17 .200
*
 .949 17 .440 

CB3_K .147 17 .200
*
 .933 17 .248 

CB4_K .149 17 .200
*
 .971 17 .835 

CB6_K .156 18 .200
*
 .924 18 .153 

AP_K .296 17 .000 .840 17 .008 

CV_K .218 19 .018 .868 19 .013 

DF_K .216 16 .044 .812 16 .004 

GC_K .265 18 .002 .812 18 .002 

L_K .278 14 .004 .767 14 .002 

R1_K .258 18 .003 .829 18 .004 

R2_K .188 20 .062 .878 20 .016 

R3_K .207 19 .031 .897 19 .042 

a. Lilliefors Significance Correction 

*. This is a lower bound of the true significance. 
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CHLORIDE NORMALITY TESTS 
 

Tests of Normality 
 

 Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

CB1_Cl .152 18 .200
*
 .940 18 .292 

CB2_Cl .122 18 .200
*
 .930 18 .194 

CB3_Cl .235 18 .009 .811 18 .002 

CB4_Cl .132 18 .200
*
 .922 18 .139 

CB6_Cl .330 18 .000 .628 18 .000 

AP_Cl .244 17 .008 .836 17 .007 

CV_Cl .167 19 .171 .889 19 .031 

DF_Cl .287 17 .001 .719 17 .000 

GC_Cl .266 19 .001 .583 19 .000 

L_Cl .159 15 .200
*
 .964 15 .766 

R1_Cl .202 19 .039 .913 19 .084 

R2_Cl .299 20 .000 .680 20 .000 

R3_Cl .214 20 .017 .859 20 .008 

a. Lilliefors Significance Correction 

*. This is a lower bound of the true significance. 

 

SULFATE NORMALITY TESTS 
 

Tests of Normality 
 

 Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

CB1_SO4 .199 15 .112 .930 15 .272 

CB2_SO4 .225 15 .040 .889 15 .065 

CB3_SO4 .280 15 .003 .733 15 .001 

CB4_SO4 .162 15 .200
*
 .915 15 .160 

CB6_SO4 .256 15 .009 .873 15 .038 

AP_SO4 .163 13 .200
*
 .944 13 .512 

CV_SO4 .196 17 .081 .935 17 .265 

DF_SO4 .378 15 .000 .588 15 .000 

GC_SO4 .171 16 .200
*
 .950 16 .483 

L_SO4 .117 14 .200
*
 .971 14 .885 

R1_SO4 .208 16 .062 .753 16 .001 

R2_SO4 .328 17 .000 .577 17 .000 

R3_SO4 .096 17 .200
*
 .987 17 .995 

a. Lilliefors Significance Correction 

*. This is a lower bound of the true significance. 
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NITRATE NORMALITY TESTS 
 

Tests of Normality 
 

 Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

CB1_NO3 .249 14 .019 .857 14 .028 

CB2_NO3 .177 15 .200
*
 .891 15 .068 

CB3_NO3 .342 15 .000 .550 15 .000 

CB4_NO3 .186 15 .172 .911 15 .141 

CB6_NO3 .226 15 .038 .742 15 .001 

AP_NO3 .211 14 .091 .926 14 .269 

CV_NO3 .216 17 .034 .837 17 .007 

DF_NO3 .211 15 .071 .876 15 .041 

GC_NO3 .159 16 .200
*
 .917 16 .149 

L_NO3 .106 14 .200
*
 .956 14 .657 

R1_NO3 .221 16 .035 .788 16 .002 

R2_NO3 .248 16 .010 .761 16 .001 

R3_NO3 .182 17 .137 .804 17 .002 

a. Lilliefors Significance Correction 

*. This is a lower bound of the true significance. 

 

BICARBONATE NORMALITY TESTS 
 

Tests of Normality 
 

 Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

CB1_HCO .130 18 .200
*
 .958 18 .063 

CB2_HCO .152 18 .200
*
 .967 18 .031 

CB3_HCO .200 18 .056 .918 18 .114 

CB4_HCO .158 18 .200
*
 .925 18 .163 

CB6_HCO .237 18 .009 .834 18 .012 

AP_HCO .226 17 .021 .825 17 .002 

CV_HCO .193 19 .061 .876 19 .015 

DF_HCO .320 16 .000 .704 16 .000 

GC_HCO .158 19 .200
*
 .928 19 .151 

L_HCO .171 15 .200
*
 .927 15 .041 

R1_HCO .308 20 .000 .733 20 .000 

R2_HCO .280 20 .000 .778 20 .000 

R3_HCO .200 20 .035 .849 20 .005 

a. Lilliefors Significance Correction 

*. This is a lower bound of the true significance. 
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18O NORMALITY TESTS 
 

Tests of Normality 
 

 Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

CB1_18O .174 14 .200
*
 .941 14 .428 

CB2_18O .161 14 .200
*
 .925 14 .255 

CB3_18O .200 14 .136 .860 14 .030 

CB4_18O .207 14 .105 .913 14 .171 

CB6_18O .226 14 .052 .893 14 .088 

AP_18O .275 12 .013 .849 12 .036 

CV_18O .238 14 .031 .900 14 .111 

DF_18O .225 12 .093 .907 12 .198 

GC_18O .233 14 .037 .874 14 .048 

L_18O .238 13 .043 .859 13 .038 

R1_18O .249 15 .013 .877 15 .042 

R2_18O .199 15 .112 .897 15 .086 

R3_18O .224 15 .041 .845 15 .015 

a. Lilliefors Significance Correction 

*. This is a lower bound of the true significance. 

 

 

2H NORMALITY TESTS 
 

Tests of Normality 
 

 Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

CB1_2H .127 14 .200
*
 .984 14 .991 

CB2_2H .119 14 .200
*
 .975 14 .938 

CB3_2H .261 14 .010 .787 14 .003 

CB4_2H .109 14 .200
*
 .985 14 .993 

CB6_2H .117 14 .200
*
 .934 14 .343 

AP_2H .239 12 .057 .854 12 .042 

CV_2H .304 14 .001 .782 14 .003 

DF_2H .333 12 .001 .730 12 .002 

GC_2H .166 14 .200
*
 .945 14 .481 

L_2H .142 13 .200
*
 .933 13 .368 

R1_2H .263 15 .006 .823 15 .007 

R2_2H .152 15 .200
*
 .947 15 .476 

R3_2H .180 15 .200
*
 .858 15 .022 

a. Lilliefors Significance Correction 

*. This is a lower bound of the true significance. 
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APP C. 3.0 

CORRELATION RESULTS 

 

Presented in the following tables are the correlation results for each of the sites key 

variables. Correlations presented in the results (Chapter 4) all showed normal 

distributions as tested in a test of normality (App. C. 1.0). 
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SITE CB1 
Correlations (CB1) 

  Temp EC TDS Ca Mg Na K Cl SO4 NO3 HCO 

Temp Pearson Correlation 1           

Sig. (2-tailed)            

N 18           

EC Pearson Correlation .453 1          

Sig. (2-tailed) .078           

N 16 18          

TDS Pearson Correlation .451 1.000
**
 1         

Sig. (2-tailed) .079 .000          

N 16 18 18         

Ca Pearson Correlation .412 .814
**
 .814

**
 1        

Sig. (2-tailed) .127 .000 .000         

N 15 17 17 17        

Mg Pearson Correlation .461 .937
**
 .937

**
 .876

**
 1       

Sig. (2-tailed) .084 .000 .000 .000        

N 15 17 17 17 17       

Na Pearson Correlation .454 .918
**
 .918

**
 .823

**
 .980

**
 1      

Sig. (2-tailed) .089 .000 .000 .000 .000       

N 15 17 17 17 17 17      

K Pearson Correlation -.022 .545
*
 .543

*
 .393 .503

*
 .548

*
 1     

Sig. (2-tailed) .938 .024 .024 .118 .039 .023      

N 15 17 17 17 17 17 17     

Cl Pearson Correlation .649
**
 .898

**
 .896

**
 .707

**
 .867

**
 .890

**
 .567

*
 1    

Sig. (2-tailed) .006 .000 .000 .002 .000 .000 .018     

N 16 18 18 17 17 17 17 18    

SO4 Pearson Correlation -.032 -.432 -.427 -.446 -.371 -.380 -.571 -.371 1   

Sig. (2-tailed) .910 .141 .146 .146 .235 .223 .053 .212    

N 15 13 13 12 12 12 12 13 15   

NO3 Pearson Correlation .386 -.166 -.160 -.238 -.219 -.228 -.517 -.083 .931
**
 1  

Sig. (2-tailed) .173 .607 .619 .480 .518 .501 .103 .798 .000   

N 14 12 12 11 11 11 11 12 14 14  

HCO Pearson Correlation .469 .961
**
 .961

**
 .811

**
 .934

**
 .920

**
 .560

*
 .901

**
 -.472 -.259 1 

Sig. (2-tailed) .067 .000 .000 .000 .000 .000 .019 .000 .104 .417  

N 16 18 18 17 17 17 17 18 13 12 18 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 
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SITE CB2 

 
Correlations (CB2) 

  Temp pH EC TDS Ca Mg Na K Cl SO4 NO3 HCO 

Temp Pearson Correlation 1            

Sig. (2-tailed)             

N 18            

pH Pearson Correlation .186 1           

Sig. (2-tailed) .507            

N 15 15           

EC Pearson Correlation .177 -.577
*
 1          

Sig. (2-tailed) .482 .024           

N 18 15 18          

TDS Pearson Correlation .185 -.580
*
 1.000

**
 1         

Sig. (2-tailed) .462 .023 .000          

N 18 15 18 18         

Ca Pearson Correlation -.047 -.495 .789
**
 .786

**
 1        

Sig. (2-tailed) .856 .072 .000 .000         

N 17 14 17 17 17        

Mg Pearson Correlation .384 -.530 .909
**
 .906

**
 .659

**
 1       

Sig. (2-tailed) .128 .051 .000 .000 .004        

N 17 14 17 17 17 17       

Na Pearson Correlation .434 -.350 .734
**
 .750

**
 .460 .722

**
 1      

Sig. (2-tailed) .081 .220 .001 .001 .063 .001       

N 17 14 17 17 17 17 17      

K Pearson Correlation .055 -.613
*
 .671

**
 .673

**
 .463 .625

**
 .589

*
 1     

Sig. (2-tailed) .834 .020 .003 .003 .061 .007 .013      

N 17 14 17 17 17 17 17 17     

Cl Pearson Correlation .431 -.555
*
 .895

**
 .902

**
 .559

*
 .914

**
 .871

**
 .702

**
 1    

Sig. (2-tailed) .074 .032 .000 .000 .020 .000 .000 .002     

N 18 15 18 18 17 17 17 17 18    

SO4 Pearson Correlation -.185 .294 -.274 -.272 -.332 -.244 -.228 -.543 -.244 1   

Sig. (2-tailed) .545 .409 .365 .368 .291 .445 .477 .068 .422    

N 13 10 13 13 12 12 12 12 13 15   

NO3 Pearson Correlation -.185 .364 -.289 -.287 -.326 -.238 -.260 -.633
*
 -.225 .960

**
 1  

Sig. (2-tailed) .545 .301 .339 .341 .301 .457 .414 .027 .460 .000   

N 13 10 13 13 12 12 12 12 13 15 15  

HCO Pearson Correlation -.163 -.677
**
 .781

**
 .785

**
 .519

*
 .598

*
 .571

*
 .532

*
 .684

**
 .117 .040 1 

Sig. (2-tailed) .519 .006 .000 .000 .033 .011 .017 .028 .002 .702 .898  

N 18 15 18 18 17 17 17 17 18 13 13 18 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

 

 

  



APP. C XIX 

 

SITE CB3 

Correlations (CB3) 

  
Temp pH EC TDS Ca Mg Na K Cl SO4 NO3 HCO 

Temp Pearson Correlation 1            

Sig. (2-tailed)             

N 18            

pH Pearson Correlation .205 1           

Sig. (2-tailed) .464            

N 15 15           

EC Pearson Correlation -.212 -.274 1          

Sig. (2-tailed) .398 .324           

N 18 15 18          

TDS Pearson Correlation -.225 -.281 1.000
**
 1         

Sig. (2-tailed) .370 .310 .000          

N 18 15 18 18         

Ca Pearson Correlation -.171 -.194 .910
**
 .906

**
 1        

Sig. (2-tailed) .511 .506 .000 .000         

N 17 14 17 17 17        

Mg Pearson Correlation -.180 -.125 .965
**
 .961

**
 .859

**
 1       

Sig. (2-tailed) .490 .670 .000 .000 .000        

N 17 14 17 17 17 17       

Na Pearson Correlation -.212 -.374 .841
**
 .849

**
 .701

**
 .797

**
 1      

Sig. (2-tailed) .413 .188 .000 .000 .002 .000       

N 17 14 17 17 17 17 17      

K Pearson Correlation -.470 -.193 .837
**
 .836

**
 .791

**
 .894

**
 .691

**
 1     

Sig. (2-tailed) .057 .508 .000 .000 .000 .000 .002      

N 17 14 17 17 17 17 17 17     

Cl Pearson Correlation -.155 -.335 .934
**
 .936

**
 .788

**
 .901

**
 .933

**
 .742

**
 1    

Sig. (2-tailed) .539 .222 .000 .000 .000 .000 .000 .001     

N 18 15 18 18 17 17 17 17 18    

SO4 Pearson Correlation -.196 -.565 .009 .007 -.175 -.066 .018 -.136 .015 1   

Sig. (2-tailed) .522 .089 .977 .983 .587 .839 .956 .674 .961    

N 13 10 13 13 12 12 12 12 13 15   

NO3 Pearson Correlation -.323 .230 .018 .017 -.074 .006 .034 -.065 .029 .780
**
 1  

Sig. (2-tailed) .281 .523 .955 .956 .820 .985 .917 .840 .926 .001   

N 13 10 13 13 12 12 12 12 13 15 15  

HCO Pearson Correlation -.274 -.279 .991
**
 .990

**
 .912

**
 .944

**
 .799

**
 .835

**
 .911

**
 .015 .021 1 

Sig. (2-tailed) .270 .314 .000 .000 .000 .000 .000 .000 .000 .962 .947  

N 18 15 18 18 17 17 17 17 18 13 13 18 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

              

              

              

 



APP. C XX 

 

SITE CB4 

 

  Temp pH EC TDS Ca Mg Na K Cl SO4 NO3 HCO 

Temp Pearson Correlation 1            

Sig. (2-tailed)             

N 18            

pH Pearson Correlation -.379 1           

Sig. (2-tailed) .182            

N 14 14           

EC Pearson Correlation -.084 -.286 1          

Sig. (2-tailed) .740 .321           

N 18 14 18          

TDS Pearson Correlation -.083 -.290 1.000
**
 1         

Sig. (2-tailed) .744 .314 .000          

N 18 14 18 18         

Ca Pearson Correlation -.026 -.359 .906
**
 .907

**
 1        

Sig. (2-tailed) .921 .228 .000 .000         

N 17 13 17 17 17        

Mg Pearson Correlation .193 -.312 .859
**
 .858

**
 .814

**
 1       

Sig. (2-tailed) .459 .299 .000 .000 .000        

N 17 13 17 17 17 17       

Na Pearson Correlation .220 -.335 .716
**
 .716

**
 .616

**
 .752

**
 1      

Sig. (2-tailed) .397 .263 .001 .001 .009 .000       

N 17 13 17 17 17 17 17      

K Pearson Correlation .036 -.328 .695
**
 .695

**
 .567

*
 .659

**
 .576

*
 1     

Sig. (2-tailed) .890 .274 .002 .002 .018 .004 .016      

N 17 13 17 17 17 17 17 17     

Cl Pearson Correlation .218 -.403 .839
**
 .839

**
 .727

**
 .926

**
 .893

**
 .683

**
 1    

Sig. (2-tailed) .385 .153 .000 .000 .001 .000 .000 .003     

N 18 14 18 18 17 17 17 17 18    

SO4 Pearson Correlation -.034 -.533 -.196 -.199 -.074 -.190 -.207 -.541 -.302 1   

Sig. (2-tailed) .912 .140 .521 .515 .819 .553 .519 .069 .316    

N 13 9 13 13 12 12 12 12 13 15   

NO3 Pearson Correlation -.003 -.539 -.122 -.125 .017 -.080 -.112 -.551 -.194 .990
**
 1  

Sig. (2-tailed) .992 .134 .691 .685 .959 .804 .729 .063 .525 .000   

N 13 9 13 13 12 12 12 12 13 15 15  

HCO Pearson Correlation -.235 -.218 .916
**
 .916

**
 .792

**
 .687

**
 .667

**
 .786

**
 .711

**
 -.262 -.248 1 

Sig. (2-tailed) .347 .454 .000 .000 .000 .002 .003 .000 .001 .388 .415  

N 18 14 18 18 17 17 17 17 18 13 13 18 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 

 



APP. C XXI 

 

SITE_CB6

 

  

Correlations (CB6) 

  Temp pH EC TDS Ca Mg Na K Cl SO4 NO3 HCO 

Temp Pearson Correlation 1            

Sig. (2-tailed)             

N 18            

pH Pearson Correlation -.260 1           

Sig. (2-tailed) .350            

N 15 15           

EC Pearson Correlation -.352 -.029 1          

Sig. (2-tailed) .152 .919           

N 18 15 18          

TDS Pearson Correlation -.351 -.028 1.000
**
 1         

Sig. (2-tailed) .153 .921 .000          

N 18 15 18 18         

Ca Pearson Correlation -.243 -.107 .893
**
 .892

**
 1        

Sig. (2-tailed) .331 .705 .000 .000         

N 18 15 18 18 18        

Mg Pearson Correlation -.310 -.059 .950
**
 .948

**
 .907

**
 1       

Sig. (2-tailed) .211 .834 .000 .000 .000        

N 18 15 18 18 18 18       

Na Pearson Correlation -.403 .022 .845
**
 .844

**
 .697

**
 .761

**
 1      

Sig. (2-tailed) .098 .939 .000 .000 .001 .000       

N 18 15 18 18 18 18 18      

K Pearson Correlation -.549
*
 .008 .905

**
 .903

**
 .806

**
 .926

**
 .749

**
 1     

Sig. (2-tailed) .018 .978 .000 .000 .000 .000 .000      

N 18 15 18 18 18 18 18 18     

Cl Pearson Correlation -.264 -.062 .850
**
 .849

**
 .848

**
 .862

**
 .891

**
 .762

**
 1    

Sig. (2-tailed) .290 .826 .000 .000 .000 .000 .000 .000     

N 18 15 18 18 18 18 18 18 18    

SO4 Pearson Correlation -.021 -.268 .203 .203 .119 .246 .314 .136 .286 1   

Sig. (2-tailed) .945 .453 .507 .506 .698 .419 .296 .657 .343    

N 13 10 13 13 13 13 13 13 13 15   

NO3 Pearson Correlation -.371 .256 .113 .113 -.100 .066 .205 .179 .138 .342 1  

Sig. (2-tailed) .212 .475 .713 .712 .745 .831 .501 .559 .653 .212   

N 13 10 13 13 13 13 13 13 13 15 15  

HCO Pearson Correlation -.380 -.038 .966
**
 .967

**
 .776

**
 .876

**
 .813

**
 .866

**
 .735

**
 .218 .167 1 

Sig. (2-tailed) .120 .893 .000 .000 .000 .000 .000 .000 .001 .474 .585  

N 18 15 18 18 18 18 18 18 18 13 13 18 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

 



APP. C XXII 

 

SITE AP 

Correlations (AP) 

  Temp pH EC TDS Ca Mg Na K Cl SO4 NO3 HCO 

Temp Pearson Correlation 1            

Sig. (2-tailed)             

N 17            

pH Pearson Correlation .087 1           

Sig. (2-tailed) .789            

N 12 14           

EC Pearson Correlation .699
**
 -.042 1          

Sig. (2-tailed) .002 .897           

N 17 12 17          

TDS Pearson Correlation .698
**
 -.034 .999

**
 1         

Sig. (2-tailed) .002 .918 .000          

N 17 12 17 17         

Ca Pearson Correlation .467 -.100 .407 .398 1        

Sig. (2-tailed) .059 .756 .105 .114         

N 17 12 17 17 17        

Mg Pearson Correlation .259 .232 .327 .320 .449 1       

Sig. (2-tailed) .315 .467 .200 .210 .070        

N 17 12 17 17 17 17       

Na Pearson Correlation .292 .444 .238 .228 .318 .808
**
 1      

Sig. (2-tailed) .256 .149 .357 .379 .213 .000       

N 17 12 17 17 17 17 17      

K Pearson Correlation .336 .209 .230 .222 .388 .009 .222 1     

Sig. (2-tailed) .188 .515 .375 .392 .124 .974 .393      

N 17 12 17 17 17 17 17 17     

Cl Pearson Correlation .467 .276 .158 .155 .123 .336 .583
*
 .195 1    

Sig. (2-tailed) .059 .386 .546 .552 .638 .187 .014 .453     

N 17 12 17 17 17 17 17 17 17    

SO4 Pearson Correlation .046 .111 .222 .229 .344 .702
*
 .431 -.394 .126 1   

Sig. (2-tailed) .887 .777 .488 .474 .274 .011 .161 .205 .697    

N 12 9 12 12 12 12 12 12 12 13   

NO3 Pearson Correlation -.160 .224 -.061 -.061 .196 .287 .444 .165 .656
*
 .222 1  

Sig. (2-tailed) .601 .534 .844 .843 .520 .343 .128 .590 .015 .467   

N 13 10 13 13 13 13 13 13 13 13 14  

HCO Pearson Correlation .366 .302 .093 .099 .082 -.130 .286 .330 .569
*
 -.310 .510 1 

Sig. (2-tailed) .149 .340 .723 .705 .754 .619 .266 .195 .017 .326 .075  

N 17 12 17 17 17 17 17 17 17 12 13 17 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 



APP. C XXIII 

 

SITE CV 

 
Correlations (CV) 

  Temp pH EC TDS Ca Mg Na K Cl SO4 NO3 HCO 

Temp Pearson Correlation 1            

Sig. (2-tailed)             

N 19            

pH Pearson Correlation .248 1           

Sig. (2-tailed) .355            

N 16 16           

EC Pearson Correlation -.143 -.083 1          

Sig. (2-tailed) .560 .761           

N 19 16 19          

TDS Pearson Correlation -.153 -.070 .998
**
 1         

Sig. (2-tailed) .532 .798 .000          

N 19 16 19 19         

Ca Pearson Correlation .466
*
 .324 .328 .346 1        

Sig. (2-tailed) .044 .221 .171 .147         

N 19 16 19 19 19        

Mg Pearson Correlation .315 -.015 .416 .396 .603
**
 1       

Sig. (2-tailed) .190 .957 .076 .094 .006        

N 19 16 19 19 19 19       

Na Pearson Correlation .019 .016 .349 .339 .350 .612
**
 1      

Sig. (2-tailed) .939 .954 .143 .155 .142 .005       

N 19 16 19 19 19 19 19      

K Pearson Correlation .590
**
 .104 -.289 -.288 .639

**
 .329 .166 1     

Sig. (2-tailed) .008 .701 .230 .231 .003 .169 .496      

N 19 16 19 19 19 19 19 19     

Cl Pearson Correlation .100 .123 .099 .078 -.193 .270 .166 -.322 1    

Sig. (2-tailed) .684 .649 .686 .750 .429 .264 .497 .179     

N 19 16 19 19 19 19 19 19 19    

SO4 Pearson Correlation -.566
*
 .089 .571

*
 .572

*
 -.074 .027 .340 -.629

**
 .241 1   

Sig. (2-tailed) .018 .753 .017 .016 .778 .919 .182 .007 .352    

N 17 15 17 17 17 17 17 17 17 17   

NO3 Pearson Correlation -.246 .146 .503
*
 .506

*
 .281 .187 .675

**
 -.130 -.082 .777

**
 1  

Sig. (2-tailed) .342 .603 .040 .038 .275 .472 .003 .620 .754 .000   

N 17 15 17 17 17 17 17 17 17 17 17  

HCO Pearson Correlation -.040 -.013 .645
**
 .645

**
 .270 .231 .463

*
 -.233 -.033 .547

*
 .688

**
 1 

Sig. (2-tailed) .872 .962 .003 .003 .264 .341 .046 .338 .893 .023 .002  

N 19 16 19 19 19 19 19 19 19 17 17 19 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

 
 

 



APP. C XXIV 

 

SITE DF 

Correlations (DF) 

  Temp pH EC TDS Ca Mg Na K Cl SO4 NO3 HCO 

Temp Pearson Correlation 1            

Sig. (2-tailed)             

N 17            

pH Pearson Correlation .159 1           

Sig. (2-tailed) .557            

N 16 16           

EC Pearson Correlation -.206 .097 1          

Sig. (2-tailed) .428 .720           

N 17 16 17          

TDS Pearson Correlation -.213 .080 1.000
**
 1         

Sig. (2-tailed) .413 .769 .000          

N 17 16 17 17         

Ca Pearson Correlation .571
*
 .186 .292 .276 1        

Sig. (2-tailed) .021 .508 .273 .300         

N 16 15 16 16 16        

Mg Pearson Correlation .568
*
 .046 .051 .042 .730

**
 1       

Sig. (2-tailed) .022 .871 .851 .877 .001        

N 16 15 16 16 16 16       

Na Pearson Correlation .463 .151 .080 .076 .447 .578
*
 1      

Sig. (2-tailed) .071 .590 .769 .780 .083 .019       

N 16 15 16 16 16 16 16      

K Pearson Correlation .341 .032 .030 .019 .585
*
 .539

*
 .578

*
 1     

Sig. (2-tailed) .196 .909 .912 .943 .017 .031 .019      

N 16 15 16 16 16 16 16 16     

Cl Pearson Correlation .132 .099 .055 .053 .227 .277 .338 .284 1    

Sig. (2-tailed) .613 .715 .833 .840 .397 .298 .201 .287     

N 17 16 17 17 16 16 16 16 17    

SO4 Pearson Correlation .405 -.106 .374 .363 .593
*
 .465 -.086 .343 -.238 1   

Sig. (2-tailed) .151 .718 .188 .203 .033 .110 .780 .251 .412    

N 14 14 14 14 13 13 13 13 14 15   

NO3 Pearson Correlation .240 .497 .452 .431 .654
*
 .406 .057 .220 -.012 .634

*
 1  

Sig. (2-tailed) .409 .070 .104 .124 .015 .169 .852 .470 .968 .011   

N 14 14 14 14 13 13 13 13 14 15 15  

HCO Pearson Correlation .068 -.787
**
 .134 .145 .200 .198 -.195 .117 -.051 .465 -.193 1 

Sig. (2-tailed) .794 .000 .608 .579 .457 .462 .469 .665 .847 .094 .509  

N 17 16 17 17 16 16 16 16 17 14 14 17 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

 
 

 



APP. C XXV 

 

SITE GC 

Correlations (GC) 

  Temp pH EC TDS Ca Mg Na K Cl SO4 NO3 HCO 

Temp Pearson Correlation 1            

Sig. (2-tailed)             

N 19            

pH Pearson Correlation -.002 1           

Sig. (2-tailed) .995            

N 17 17           

EC Pearson Correlation -.587
**
 -.035 1          

Sig. (2-tailed) .008 .895           

N 19 17 19          

TDS Pearson Correlation -.607
**
 -.049 .998

**
 1         

Sig. (2-tailed) .006 .852 .000          

N 19 17 19 19         

Ca Pearson Correlation .460 -.059 -.067 -.067 1        

Sig. (2-tailed) .055 .829 .793 .791         

N 18 16 18 18 18        

Mg Pearson Correlation .662
**
 -.164 -.603

**
 -.609

**
 .474

*
 1       

Sig. (2-tailed) .003 .543 .008 .007 .047        

N 18 16 18 18 18 18       

Na Pearson Correlation .745
**
 -.037 -.677

**
 -.680

**
 .396 .864

**
 1      

Sig. (2-tailed) .000 .890 .002 .002 .104 .000       

N 18 16 18 18 18 18 18      

K Pearson Correlation .346 -.078 .085 .104 .476
*
 .022 .158 1     

Sig. (2-tailed) .159 .774 .737 .682 .046 .930 .530      

N 18 16 18 18 18 18 18 18     

Cl Pearson Correlation .092 -.155 -.091 -.099 -.101 .248 .232 -.148 1    

Sig. (2-tailed) .708 .553 .711 .686 .691 .322 .354 .557     

N 19 17 19 19 18 18 18 18 19    

SO4 Pearson Correlation -.177 -.211 -.083 -.074 -.102 .264 .018 -.524
*
 .254 1   

Sig. (2-tailed) .511 .468 .759 .786 .718 .342 .950 .045 .342    

N 16 14 16 16 15 15 15 15 16 16   

NO3 Pearson Correlation -.133 -.191 .204 .210 -.204 .053 .004 -.092 .205 .515
*
 1  

Sig. (2-tailed) .622 .512 .449 .436 .467 .851 .989 .746 .447 .041   

N 16 14 16 16 15 15 15 15 16 16 16  

HCO Pearson Correlation -.626
**
 -.065 .762

**
 .768

**
 -.221 -.728

**
 -.817

**
 -.161 -.289 -.007 .029 1 

Sig. (2-tailed) .004 .805 .000 .000 .379 .001 .000 .525 .230 .980 .916  

N 19 17 19 19 18 18 18 18 19 16 16 19 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 

 

  



APP. C XXVI 

 

SITE L 

Correlations (L) 

  Temp pH EC TDS Ca Mg Na K Cl SO4 NO3 HCO 

Temp Pearson Correlation 1            

Sig. (2-tailed)             

N 15            

pH Pearson Correlation -.340 1           

Sig. (2-tailed) .235            

N 14 14           

EC Pearson Correlation .665
**
 -.015 1          

Sig. (2-tailed) .007 .960           

N 15 14 15          

TDS Pearson Correlation .677
**
 -.047 .999

**
 1         

Sig. (2-tailed) .006 .873 .000          

N 15 14 15 15         

Ca Pearson Correlation .522 -.080 .259 .264 1        

Sig. (2-tailed) .055 .795 .371 .362         

N 14 13 14 14 14        

Mg Pearson Correlation .528 .092 .678
**
 .677

**
 .541

*
 1       

Sig. (2-tailed) .052 .766 .008 .008 .046        

N 14 13 14 14 14 14       

Na Pearson Correlation .498 .101 .715
**
 .711

**
 .605

*
 .965

**
 1      

Sig. (2-tailed) .070 .742 .004 .004 .022 .000       

N 14 13 14 14 14 14 14      

K Pearson Correlation .310 -.085 .326 .318 .483 .185 .343 1     

Sig. (2-tailed) .280 .782 .255 .267 .080 .527 .229      

N 14 13 14 14 14 14 14 14     

Cl Pearson Correlation .730
**
 -.104 .836

**
 .840

**
 .616

*
 .835

**
 .863

**
 .501 1    

Sig. (2-tailed) .002 .724 .000 .000 .019 .000 .000 .068     

N 15 14 15 15 14 14 14 14 15    

SO4 Pearson Correlation .074 -.133 .357 .353 .097 .153 .276 -.064 .285 1   

Sig. (2-tailed) .820 .696 .255 .260 .776 .654 .411 .852 .369    

N 12 11 12 12 11 11 11 11 12 14   

NO3 Pearson Correlation .281 -.229 .389 .388 .199 .273 .339 .050 .412 .793
**
 1  

Sig. (2-tailed) .376 .497 .212 .212 .557 .416 .308 .884 .183 .001   

N 12 11 12 12 11 11 11 11 12 14 14  

HCO Pearson Correlation .204 -.318 -.268 -.264 .142 -.341 -.380 -.273 -.171 .213 .342 1 

Sig. (2-tailed) .465 .268 .333 .341 .629 .233 .180 .345 .542 .506 .277  

N 15 14 15 15 14 14 14 14 15 12 12 15 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 

 

 

 



APP. C XXVII 

 

SITE R1 

Correlations (R1) 

  Temp pH EC TDS Ca Mg Na K Cl SO4 NO3 HCO 

Temp Pearson Correlation 1            

Sig. (2-tailed)             

N 20            

pH Pearson Correlation .352 1           

Sig. (2-tailed) .152            

N 18 18           

EC Pearson Correlation .365 -.251 1          

Sig. (2-tailed) .114 .315           

N 20 18 20          

TDS Pearson Correlation .378 -.222 .991
**
 1         

Sig. (2-tailed) .100 .376 .000          

N 20 18 20 20         

Ca Pearson Correlation .749
**
 .435 .289 .307 1        

Sig. (2-tailed) .000 .093 .244 .216         

N 18 16 18 18 18        

Mg Pearson Correlation .380 .010 .280 .291 .223 1       

Sig. (2-tailed) .120 .971 .260 .242 .373        

N 18 16 18 18 18 18       

Na Pearson Correlation .036 -.108 .343 .369 .133 .340 1      

Sig. (2-tailed) .889 .690 .164 .131 .598 .167       

N 18 16 18 18 18 18 18      

K Pearson Correlation .465 .066 .217 .222 .527
*
 .677

**
 .210 1     

Sig. (2-tailed) .052 .808 .388 .376 .025 .002 .403      

N 18 16 18 18 18 18 18 18     

Cl Pearson Correlation .333 .628
**
 .045 .064 .477

*
 -.008 .291 .091 1    

Sig. (2-tailed) .163 .007 .855 .795 .045 .974 .241 .719     

N 19 17 19 19 18 18 18 18 19    

SO4 Pearson Correlation .507
*
 -.132 .098 .121 .039 .167 -.221 -.062 -.030 1   

Sig. (2-tailed) .045 .652 .718 .654 .890 .553 .429 .827 .913    

N 16 14 16 16 15 15 15 15 16 16   

NO3 Pearson Correlation -.806
**
 -.386 -.290 -.314 -.684

**
 -.310 -.206 -.538

*
 -.422 -.182 1  

Sig. (2-tailed) .000 .173 .276 .236 .003 .242 .445 .032 .103 .517   

N 16 14 16 16 16 16 16 16 16 15 16  

HCO Pearson Correlation -.414 -.483
*
 .077 .043 -.418 .208 -.061 -.045 -.689

**
 .013 .637

**
 1 

Sig. (2-tailed) .070 .043 .747 .858 .084 .407 .811 .861 .001 .962 .008  

N 20 18 20 20 18 18 18 18 19 16 16 20 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 
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SITE R2 

Correlations 

  Temp pH EC TDS Ca Mg Na K Cl SO4 NO3 HCO 

Temp Pearson Correlation 1            

Sig. (2-tailed)             

N 17            

pH Pearson Correlation .628
*
 1           

Sig. (2-tailed) .016            

N 14 15           

EC Pearson Correlation -.013 .522
*
 1          

Sig. (2-tailed) .961 .046           

N 17 15 18          

TDS Pearson Correlation -.019 .512 .996
**
 1         

Sig. (2-tailed) .943 .051 .000          

N 17 15 18 18         

Ca Pearson Correlation .692
**
 .336 -.209 -.197 1        

Sig. (2-tailed) .002 .221 .405 .434         

N 17 15 18 18 20        

Mg Pearson Correlation .279 -.076 -.048 -.024 .592
**
 1       

Sig. (2-tailed) .279 .787 .849 .926 .006        

N 17 15 18 18 20 20       

Na Pearson Correlation .064 .049 .212 .248 .195 .574
**
 1      

Sig. (2-tailed) .806 .861 .397 .322 .410 .008       

N 17 15 18 18 20 20 20      

K Pearson Correlation .432 .260 -.182 -.182 .769
**
 .687

**
 .341 1     

Sig. (2-tailed) .084 .349 .471 .469 .000 .001 .142      

N 17 15 18 18 20 20 20 20     

Cl Pearson Correlation .434 .259 .213 .225 .305 .665
**
 .187 .335 1    

Sig. (2-tailed) .081 .350 .397 .369 .191 .001 .429 .148     

N 17 15 18 18 20 20 20 20 20    

SO4 Pearson Correlation .429 .308 .245 .235 .266 .280 .287 .191 .367 1   

Sig. (2-tailed) .110 .306 .361 .382 .302 .277 .264 .462 .147    

N 15 13 16 16 17 17 17 17 17 17   

NO3 Pearson Correlation -.687
**
 -.327 .381 .383 -.504

*
 -.263 -.224 -.493 -.158 .147 1  

Sig. (2-tailed) .007 .300 .161 .158 .046 .325 .404 .052 .558 .587   

N 14 12 15 15 16 16 16 16 16 16 16  

HCO Pearson Correlation -.452 -.492 .309 .313 -.045 .315 .044 .017 .148 .000 .588
*
 1 

Sig. (2-tailed) .068 .063 .211 .206 .852 .176 .853 .944 .533 .998 .017  

N 17 15 18 18 20 20 20 20 20 17 16 20 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 
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SITE R3 

Correlations 

  Temp pH EC TDS Ca Mg Na K Cl SO4 NO3 HCO 

Temp Pearson Correlation 1            

Sig. (2-tailed)             

N 20            

pH Pearson Correlation .735
**
 1           

Sig. (2-tailed) .001            

N 18 18           

EC Pearson Correlation .140 .207 1          

Sig. (2-tailed) .557 .411           

N 20 18 20          

TDS Pearson Correlation .138 .195 .997
**
 1         

Sig. (2-tailed) .562 .438 .000          

N 20 18 20 20         

Ca Pearson Correlation .619
**
 .445 .346 .334 1        

Sig. (2-tailed) .005 .073 .147 .163         

N 19 17 19 19 19        

Mg Pearson Correlation .379 .404 .488
*
 .488

*
 .517

*
 1       

Sig. (2-tailed) .109 .108 .034 .034 .023        

N 19 17 19 19 19 19       

Na Pearson Correlation .171 .396 .715
**
 .733

**
 .353 .707

**
 1      

Sig. (2-tailed) .483 .116 .001 .000 .138 .001       

N 19 17 19 19 19 19 19      

K Pearson Correlation .437 .518
*
 -.018 -.023 .620

**
 .618

**
 .341 1     

Sig. (2-tailed) .062 .033 .941 .926 .005 .005 .153      

N 19 17 19 19 19 19 19 19     

Cl Pearson Correlation .129 .416 .708
**
 .714

**
 .009 .426 .749

**
 .042 1    

Sig. (2-tailed) .587 .086 .000 .000 .972 .069 .000 .863     

N 20 18 20 20 19 19 19 19 20    

SO4 Pearson Correlation .518
*
 .333 -.412 -.438 .135 .278 -.442 .123 -.263 1   

Sig. (2-tailed) .033 .226 .101 .078 .617 .297 .087 .651 .308    

N 17 15 17 17 16 16 16 16 17 17   

NO3 Pearson Correlation -.572
*
 -.669

**
 -.088 -.118 -.393 -.377 -.591

*
 -.510

*
 -.262 .030 1  

Sig. (2-tailed) .016 .006 .737 .652 .132 .150 .016 .044 .310 .910   

N 17 15 17 17 16 16 16 16 17 17 17  

HCO Pearson Correlation -.493
*
 -.662

**
 .158 .140 -.244 .148 -.041 -.231 -.122 -.144 .727

**
 1 

Sig. (2-tailed) .027 .003 .505 .555 .314 .545 .867 .341 .609 .582 .001  

N 20 18 20 20 19 19 19 19 20 17 17 20 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 
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3.1.2 OTHER CORRELATIONS 

 

A correlation value was also calculated between discharge on the Clutha River and head 

height at site CB6. This correlation was calculated using Pearsons method. 

 

  
Clutha Discharge 

Head 
Height_CB6 

Clutha Discharge Pearson Correlation 1  

Sig. (2-tailed)   

N 16  

Head Height_CB6 Pearson Correlation .805
**
 1 

Sig. (2-tailed) .000  

N 16 16 

**. Correlation is significant at the 0.01 level (2-tailed). 
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APPENDIX C4.0 - ANOVA ANALYSIS 

Presented here are the ANOVA tables separating each site into subgroups based on 

individual water quality characteristics. While not all of these variables were normal, 

only those presenting a normal distribution are examined in the results and discussion. 

 

18O ANOVA ANALYSIS 

Group N 

Subset for alpha = 0.05 

1 2 3 4 5 

CV 14 -11.1857     

DF 12 -11.1317     

GC 14  -10.6486    

L 13  -10.3977 -10.3977   

AP 12   -10.2133 -10.2133  

CB4 14    -9.8500 -9.8500 

CB2 14     -9.7693 

CB1 14     -9.6793 

CB6 14     -9.6371 

CB3 14     -9.6186 

R1 15     -9.5300 

R3 15     -9.5207 

R2 15     -9.4833 

Sig.  1.000 .942 1.000 .210 .195 

Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 13.777. 

b. The group sizes are unequal. The harmonic mean of the group sizes is used. Type I 
error levels are not guaranteed. 
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2H ANOVA ANALYSIS 

Group N 

Subset for alpha = 0.05 

1 2 3 4 5 6 7 

DF 12 -82.9117       

CV 14 -82.1971       

GC 14  -79.2129      

L 14  -77.1486 -77.1486     

AP 12   -74.5600 -74.5600    

CB4 14    -72.5600 -72.5600   

CB2 14     -70.5586 -70.5586  

CB1 14     -69.7564 -69.7564  

CB3 14      -68.9986  

CB6 14      -67.7500 -67.7500 

R1 15       -66.1233 

R2 15       -65.9607 

R3 15       -65.7120 

Sig.  1.000 .608 .134 .683 .059 .058 .639 

 

TEMPERATURE ANOVA ANALYSIS 

Group N 

Subset for alpha 
= 0.05 

1 

CB3 18 12.8750 

R3 20 12.9450 

CB1 18 13.0011 

CB2 18 13.0878 

CB6 18 13.1017 

R2 17 13.1224 

R1 20 13.2045 

CB4 18 13.4617 

AP 17 13.8612 

GC 19 14.0905 

L 15 14.1153 

DF 17 14.1882 

CV 19 15.0153 

Sig.  .319 
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PH ANOVA ANALYSIS 

Group N 

Subset for alpha = 0.05 

1 2 3 4 

CV 16 7.0013    

CB4 14 7.3671    

L 14 7.3736    

CB1 15 7.5133    

CB2 15 7.5300    

DF 16 7.6000    

CB6 15 7.6033    

CB3 15 7.6320 7.6320   

GC 17 7.6965 7.6965   

AP 14 7.8336 7.8336 7.8336  

R1 18  8.5578 8.5578 8.5578 

R2 15   8.7453 8.7453 

R3 18    8.8856 

Sig.  .156 .052 .062 1.000 

 

ELECTRICAL CONDUCTIVITY ANOVA ANALYSIS 

Group N 

Subset for alpha = 0.05 

1 2 3 4 

R3 20 .0653    

R2 18 .0656    

R1 20 .0665    

CV 19  .2017   

DF 17  .2132   

CB6 18  .2364 .2364  

GC 19   .2867  

CB3 18   .2878  

L 15    .3519 

CB4 18    .3557 

CB2 18    .3572 

CB1 18    .3598 

AP 17    .3764 

Sig.  1.000 .967 .222 1.000 
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TOTAL DISSOLVED SOLIDS ANOVA ANALYSIS 

Group N 

Subset for alpha = 0.05 

1 2 3 4 

R3 20 .0425    

R2 18 .0427    

R1 20 .0432    

CV 19  .1313   

DF 17  .1385   

CB6 18  .1536 .1536  

GC 19   .1864  

CB3 18   .1872  

L 15    .2288 

CB4 18    .2312 

CB2 18    .2326 

CB1 18    .2339 

AP 17    .2448 

Sig.  1.000 .972 .216 1.000 

 

CALCIUM ANOVA ANALYSIS 

Group N 

Subset for alpha = 0.05 

1 2 3 4 

R1 19 10.0644    

R2 20 10.1460    

R3 19 10.4323    

DF 16  27.0268   

CV 19  29.0956   

GC 18   41.3441  

CB6 18   42.5393  

CB3 17   51.5116 51.5116 

L 14    54.1384 

CB4 17    58.6773 

CB1 17    59.7734 

CB2 17    59.8910 

AP 17    60.1898 

Sig.  1.000 1.000 .085 .334 
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MAGNESIUM ANOVA ANALYSIS 

Group N 

Subset for alpha = 0.05 

1 2 3 4 5 

R1 19 .7163     

R2 20 .7233     

R3 19 .7569     

CB6 18  1.7134    

CB3 17  2.3575    

CB1 17   3.6109   

DF 16   3.7665   

CB2 17   3.8432 3.8432  

CV 19   3.9218 3.9218  

CB4 17   4.2677 4.2677 4.2677 

GC 18   4.2879 4.2879 4.2879 

AP 17    4.6688 4.6688 

L 14     5.1062 

Sig.  1.000 .599 .472 .102 .087 

 

SODIUM ANOVA ANALYSIS 

Group N 

Subset for alpha = 0.05 

1 2 3 4 5 6 

R1 19 1.3051      

R2 20 1.3051      

R3 19 1.3716      

CB6 18 3.6570 3.6570     

CB3 17  5.1580 5.1580    

CB1 17   6.6623 6.6623   

CV 19   7.3113 7.3113   

CB2 17   7.5577 7.5577 7.5577  

DF 16    7.8946 7.8946 7.8946 

CB4 17    8.2068 8.2068 8.2068 

GC 18     9.9367 9.9367 

AP 17      10.3465 

L 14      10.3858 

Sig.  .143 .968 .118 .951 .128 .081 
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POTASSIUM ANOVA ANALYSIS 

Group N 

Subset for alpha = 0.05 

1 2 3 4 

R1 19 .4819    

R2 20 .5099    

R3 19 .5235    

CB6 18  .9778   

DF 16  1.0264   

CV 19  1.0479   

GC 18  1.0572 1.0572  

CB3 17  1.2158 1.2158 1.2158 

L 14   1.3335 1.3335 

CB1 17    1.4107 

CB2 17    1.4587 

AP 17    1.4594 

CB4 17    1.4873 

Sig.  1.000 .237 .056 .068 

 

CHLORIDE ANOVA ANALYSIS 

Group N 

Subset for alpha = 0.05 

1 2 3 4 5 6 7 

R2 20 .5736       

R1 20 .6055       

R3 20 .6229       

CB6 18 1.6889 1.6889      

CB3 18  2.5712 2.5712     

CV 19  3.0786 3.0786 3.0786    

DF 17  3.3154 3.3154 3.3154    

CB1 17   3.9776 3.9776 3.9776   

GC 19   4.1170 4.1170 4.1170   

CB2 18    4.4434 4.4434   

CB4 18     5.1997   

AP 17      8.0341  

L 15       11.9665 

Sig.  .871 .104 .169 .421 .696 1.000 1.000 
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SULFATE ANOVA ANALYSIS 

Group N 

Subset for alpha = 0.05 

1 2 3 4 5 6 

R2 17 3.9938      

R1 17 4.0118      

R3 17 4.2014      

CB6 15 4.9216 4.9216     

DF 15 5.0459 5.0459     

CB3 15 5.9973 5.9973 5.9973    

CV 17  6.3154 6.3154    

CB1 14   7.1665    

GC 16   7.6766 7.6766   

CB2 15   8.0320 8.0320   

CB4 15    9.2589 9.2589  

L 14     10.6547 10.6547 

AP 13      12.6008 

Sig.  .072 .780 .061 .481 .778 .098 

 

NITRATE ANOVA ANALYSIS 

Group N 

Subset for alpha = 0.05 

1 2 3 4 5 6 7 8 

R2 16 .1177        

R3 16 .1499        

R1 17 .1516        

CB6 15 .4062 .4062       

CB3 15 1.0967 1.0967 1.0967      

DF 15  2.5568 2.5568 2.5568     

CB1 14   2.8918 2.8918 2.8918    

CV 17   3.1303 3.1303 3.1303    

CB2 15    4.3604 4.3604 4.3604   

GC 16     5.0207 5.0207   

CB4 15      5.5957 5.5957  

L 14       7.8083 7.8083 

AP 14        9.9208 

Sig.  1.000 .079 .139 .357 .088 .985 .058 .096 
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FLUORIDE ANOVA ANALYSIS 

Group N 

Subset for alpha = 0.05 

1 2 3 4 5 6 7 

R3 13 .0011       

R2 13 .0015       

CB1 12 .0032       

R1 14 .0223 .0223      

CB6 11  .0425 .0425     

CB3 12  .0460 .0460     

CB2 13   .0615 .0615    

CB4 13    .0750 .0750   

AP 14     .0944 .0944  

GC 15     .0982 .0982  

L 12     .1002 .1002  

CV 15      .1166  

DF 12       .1615 

Sig.  .533 .267 .781 .999 .168 .411 1.000 

 

BICARBONATE ANOVA ANALYSIS 

Group N 

Subset for alpha = 0.05 

1 2 3 4 5 6 

R3 20 28.3003      

R1 20 29.0268      

R2 20 29.6734      

DF 17  95.2723     

CV 19  96.6974     

CB6 18  121.2594 121.2594    

GC 19   136.6925 136.6925   

CB3 18   146.1836 146.1836 146.1836  

L 15   152.9720 152.9720 152.9720  

CB2 18    162.7320 162.7320 162.7320 

CB4 18    163.3310 163.3310 163.3310 

AP 17     170.2547 170.2547 

CB1 18      185.0552 

Sig.  1.000 .342 .056 .288 .530 .715 
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ALKALINITY ANOVA ANALYSIS 

Group N 

Subset for alpha = 0.05 

1 2 3 4 5 6 

R2 20 31.5500      

R3 20 31.7500      

R1 20 31.8500      

CV 19  96.8421     

DF 17  100.9412     

CB6 18  121.9444 121.9444    

GC 19   137.7895 137.7895   

CB3 18   146.9444 146.9444 146.9444  

L 15    153.8000 153.8000  

CB4 18    163.7778 163.7778 163.7778 

CB2 18    166.5556 166.5556 166.5556 

AP 17     171.6471 171.6471 

CB1 18      185.8889 

Sig.  1.000 .313 .322 .097 .349 .625 

 

 

  



APP. C XL 

 

APPENDIX 4.0 

SUPPLEMENTARY DATA 

 

Presented here is an example of the field sheet used in the field while collecting 

samples. 

Groundwater data Field Data Sheet 

Well ID  Description  

       

Date  Time of Sampling  

Location: Eastings  Northings  

       

Internal width of well casing  

Elevation a.s.l of top of well casing  

Distance from top of well casing to top of water  

Head Level elevation a.s.l  

     

Purge Data 

Time of start of purge  

Time of collection of sample  

Purge method  

Notes 

 

     

Field Parameters 

Time of Sample  

Temperature (C)  

pH  

EC (μS)  

TDS  

DO%  

DO (mg/l)  

     

Site Description and field notes 

 

 


