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Abstract 

Surface water and groundwater interactions are inherently complex, include multiple 

variables, and occur across time and spatial scales. Understanding the connections and 

interactions of water resources is critical to sustainable water management in New Zealand 

and mandated under the National Objectives Framework. The aim of this study was to 

characterise the groundwater and surface water contribution to the Waimatuku Stream, and 

identifying the spatial and temporal hydrological pathways to streamflow. In particular, this 

project investigated whether the Aparima River provided a source of water to the Waimatuku 

via subsurface flow pathways. The characterisation of the water within the Waimatuku Stream 

was conducted using a multi-method approach including physical hydrology, isotopic and 

chemical analysis during stable flows and one period of event flow. Water samples were 

collected analysed for a suite of water chemistry variables, stable water isotopes (
18

O and 
2
H) 

and the dissolved inorganic carbon isotope (δ
13

CDIC) over eight months and assessed for 

dominant chemical identifiers. Cluster and multivariate statistical methods were used to 

characterise flow path interactions and similarities (or differences) between the water bodies. 

The calculation of hydraulic gradients throughout the catchment area using stream stage and 

potentiometric water table heights were employed to assisted in the identification of stream 

groundwater exchanges and groundwater flow paths. Temporal event flow sampling and 

examination was used to provide an integrated catchment response to a rainfall event. 

The Waimatuku Stream was identified through the use of these methods to be connected with 

groundwater where baseflow sustains flow throughout the catchment and that the stream is a 

source of groundwater discharge and also a source of groundwater recharge. The base 

chemistry of the surface water of the Waimatuku Stream had higher solute concentrations 

compared to the Aparima River and hierarchical cluster analysis separated the wider 

Waimatuku sites, including surface water and groundwater, into five groups based from their 

solute concentrations of HCO3, Cl, Ca, Mg, K, SiO2, Na and SO4. Stable isotopes analysis 

identified that the Aparima and the Waimatuku had different ranges of δ
18

O, δ
2
H and δ

13
CDIC 

signatures resulting from different source locations. The clear differentiation between the 

Aparima River and the Waimatuku Stream provided no evidence for an interaction between 

the two waters.  
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Under normal flow conditions the Waimatuku Stream appears to be fed via groundwater flow 

derived from precipitation on the land surface, which infiltrates to the water table and then 

percolates to the stream as suggested by the groundwater flow lines, stable baseflow, 

geochemical and δ
13

CDIC signature. The Waimatuku Catchment is groundwater fed from a 

regional system recharged through the land surface and Bayswater bog. There was no 

evidence for inter-catchment transfers of water between the Aparima River and the 

Waimatuku Stream. Future management for the Waimatuku catchment should investigate the 

hydrology, soil and sediment characteristics of the hyporheic zone to gain understanding of 

the biogeochemistry, which will aim in further investigation of fluxes of nutrients to the 

stream and other streams in Southland. To manage the Waimatuku Stream stricter rules on 

peat land development and nutrient loading to the land surface should be enforced though 

encouraging better farm practices.  
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Introduction 
Chapter 1 

Water resource interactions, in particular surface water and groundwater interactions, are 

inherently complex and include multiple variables, time and spatial scales (Winter et al., 

1998; Eslamain et al., 2011). Most surface water bodies (rivers, lakes, wetlands, and 

estuaries) interact in some degree with groundwater (Winter et al., 1998), as groundwater 

accounts for 99% of the world’s unfrozen fresh water (Younger, 2007; Dingman, 2008). 

Interactions between surface water and groundwater can be highly dynamic, where rises in 

groundwater levels relative to surface water levels can interchange between recharge and 

discharge processes (Winter et al., 1998; White et al., 2001). These dynamic processes are the 

driver of interactions between groundwater and surface water (Jolly et al., 2008).  

Most interactions between surface and groundwater result in an exchange flux of water. 

Carried in these water fluxes are solutes that characterise the origin of the source and can 

change the chemical makeup of the receiving water body. If the source water becomes 

polluted it can alter the biogeochemical environment of the receiving water body. Rates and 

volumes, of both water and its constituents, change over spatial and temporal scales and are 

largely determined by the geological and climatological regimes of their origin and pathways. 

Constituents carried in water can rapidly increase on their journey down a river catchment 

from mountain tops to coastal lowlands where landuse interactions increase constituents in the 

water. Human activities can alter the natural transfers between surface and ground waters, 

such as the artificial pumping of either surface or groundwater, which can change rates of 

flow, alter storage volumes, and alter chemical and biogenic processes. Changes in land use 

practices alter recharge mechanisms and inefficient chemical application to land can be 

transferred to waters to potentially change the chemical and biogenic environments from their 

natural states (Winter et al., 1998; Clay et al., 2004). Thus, a wide range of location specific 

and use specific interactions affect ground and surface waters and to efficiently and 

effectively manage water resources to meet the range of services now and for the future, 

integrated management schemes are needed where water resources and their hydraulic 

connections to land uses and other water bodies are well understood (e.g. Gonzales et al,. 

2009; Land and Water Forum, 2010; Eslamain et al,. 2011; Krause et al., 2012; Neal et al., 

2012). 
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New Zealand management of freshwater resources has identified the importance of 

understanding the connections and interactions of connected water resources through the 

National Objectives Framework, which creates a mandate to investigate the specific 

connections of waters in water resource management. The National Objectives Framework 

was borne out of three reports by The Land and Water Forum and implemented by the recent 

New Zealand National Policy Statement on Fresh Water Management 2011, and the 

Freshwater Reform 2013. The Land and Water Forum reports identified declining water 

quality across a range of indicators in some catchments showing increasing signs of potential 

risk to ecosystems heath and associated resource value. Specifically, low-land streams and 

wetlands, based on data collected for the national State of the Environment (SoE) monitoring 

program from 1989 to 2007, were identified due to concerns for the rise of nitrate and 

phosphorous in catchments, particularly with pasture dominance (MfE, 2013).  

In concern of water quantity the National Policy Statement on Fresh Water Management 

states that environmental flows need to be set that have regard to the connection between 

water bodies and  regard ‘the extent to which the change would adversely affect safeguarding 

the life-supporting capacity of fresh water and of any associated ecosystem’ (MfE, 2011). 

Assessing the fluxes between surface and groundwater systems allows for more accurate 

allocation of water resources which will help achieve Policy B2: to avoid any further over-

allocation of fresh water and phase out existing over-allocation (MfE, 2011). Policy A1 

regarding water quality, also states that regional councils need to ensure plans set water 

quality limits that have regard to the connection between water bodies and establish methods 

of avoiding over allocation. Being able to identify flux interactions between water bodies 

provide a basis for further studies into assessing fluxes and potential pollution transport flows 

and rates, and thus provide important information for setting specific catchment and water 

land use limits. The objective of this research is to investigate the sources of water to a small 

coastal, lowland catchment in Southland, and to elucidate the connectedness between surface 

and subsurface water to better inform the long term management of the water resource 

strategies, in a local region that is facing concerns over deteriorating water quality. 

 

1.1 Waimatuku Catchment current state 

The Waimatuku Stream is a low elevation, low relief catchment that discharges to the 

Waimatuku Estuary on the coast between Invercargill and Riverton, in Southland, New 
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Zealand. and has been identified as a location that regularly breaches the Southland regional 

guidelines for surface water quality. The local governing authority, Environment Southland, 

has identified the upper Waimatuku catchment as a site of elevated nitrate (as nitrate-nitrite 

nitrogen) and phosphorus (as dissolved reactive phosphorus) concentrations (ES and Te Ao 

Marama ltd, b, 2010). These elevated nutrient levels pose an adverse risk to ecosystem 

function, and in extreme concentrations may also adversely affect human health. Furthermore, 

long term assessment of the nuisance nutrient concentrations in the Waimatuku catchment by 

Environment Southland has shown that the concentrations of phosphorus (DRP) over the past 

decade has continued to increase, associated with agricultural intensification in the region.  

Environment Southlands Water Plan (2010) target is to reduce nitrate, phosphorous and 

microbiological contaminants in streams including spring fed surface water bodies by at least 

10% by 2020 (currently in review June 2014). The first priority is to not degrade water quality 

any further, and then to improve water quality to support the relevant uses and values to 

achieve a minimum of 10% improvement by January 2020 (ES, 2010). The Waimatuku 

Stream is characterised as being primarily a spring fed surface water body by Environment 

Southland. Typically spring-fed streams have water quality similar to that of regional 

groundwater, which is at least partially protected from landuse derived contaminants through 

natural filtration processes as water percolates through the land surface to the water table. 

Systems dominated by surface water exchanges and overland flow more readily mobilise 

nuisance nutrients from the land surface, and more commonly have concerns over excessive 

nutrients. Thus, the Waimatuku catchment is a system that needs further investigation; are the 

concerns over elevated nutrients a function of regional groundwater quality deterioration? Or, 

are there broader issues around the connectivity between the shallow water table and surface 

water bodies?  

1.1 Research Aims  

The aim of this study is to characterise the groundwater and surface water contribution to the 

Waimatuku Stream identifying the spatial and temporal hydrological pathways to streamflow, 

and in particular, to investigate whether the adjacent Aparima River provides a source of 

water to the Waimatuku via subsurface flow pathways. Investigating the hydrological flow 

paths to streamflow will help constrain the use of methods that the Regional Council could 

use to further investigate groundwater and surface water interactions across Southland, and 
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provide further information for addressing appropriate management or development measures 

for the Waimatuku and potentially connected catchments. 

1.2 Thesis Outline 

The following chapter (two) is a theoretical review of the processes of groundwater, 

groundwater–surface water exchanges and indicators of exchange detailed through 

hydrogeochemical groundwater and surface water studies both at a global and New Zealand 

perspective. From the theoretical review specific research questions are developed. Chapter 

three contains the methods used for this research containing the research strategy, detailed 

information on the field area, sampling strategy, analytical methods and data analysis. Chapter 

four provides the key results from this study addressing surface and groundwater flow; 

beginning with stream flow mass balance; surface and groundwater stage relationships at Isla 

Bank, and groundwater flow through the catchment. Spatial trends between the Waimatuku 

Stream and the Aparima River are identified using clustering of surface and groundwater sites 

grouped based on geochemical composition, and further characterised using isotopic 

signatures. The final section of the results chapter describes the high flow hydrological, 

geochemical and isotopic characteristics in the Waimatuku Stream at Isla Bank over a rainfall 

event. Chapter five discusses the differences between the Aparima River from the Waimatuku 

by way of geochemical and isotopic differences. The discussion chapter continues by linking 

the flow characteristics of the Waimatuku Stream to groundwater movements in the 

Waimatuku catchment and supported by geochemical and isotopic characteristics. The event 

flow responses in the catchment are then discussed linking the stream connections not only 

with groundwater but also with land use. The chapter concludes with a section that examines 

the quality and quantity factors that should be acknowledged for appropriate future 

management of water and land resources in the Waimatuku catchment, as well as reflecting 

on the limitations of this study, future research into catchment groundwater and surface water 

interactions, and a summary of the methods used and their potential for use in further 

investigations.  
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Surface and Groundwater Interaction:  
A Theoretical Review  
Chapter 2  

In aid for characterising surface and groundwater interactions in the Waimatuku Catchment, 

the processes and properties that drive and alter groundwater, surface water and interacting 

surface and groundwaters are detailed in this chapter as a theoretical review over four 

sections. The first section (2.1) details the properties and processes of groundwater. Section 

2.2 describes the processes of surface and groundwater interaction, introduces the hyporheic 

zone, details stream flow generation processes and introduces wetlands and surface-

groundwater interaction. Section 2.3 continues with indicators of surface and groundwater 

interaction, specifying physical methods then hydrogeochemistry and isotope hydrology 

properties and processes. To relate this research into the New Zealand catchment groundwater 

surface water characterisation, an overview of approaches used within New Zealand are 

described in section 2.4 and followed by specific research objectives for assessing the surface 

water groundwater interaction in the Waimatuku Stream in section 2.5.  

2.1 Physical Hydrogeology 

2.1.1 Aquifers and groundwater 

Groundwater describes the occurrence of water beneath the surface of the Earth under positive 

atmospheric pressure, fully saturating the voids in the ground (Heath, 1983; Dingman, 2008). 

Soil water by comparison is water that partially fills pore spaces in the soil zone and it under 

negative pressure. The undulating surface between groundwater and soil water is the water 

table and is equal to atmospheric pressure (Fetter, 2001). An aquifer is a permeable saturated 

geologic unit that can transmit quantities of water under a hydraulic gradient (Freeze and 

Cherry, 1979), and may provide water if pumped to the land surface for domestic or 

agricultural use, but how much water that can be abstracted is determined by the transmitting 

properties of the aquifer. Aquifers most commonly consist in unconsolidated sands and 

gravels, but they can also consist of permeable sedimentary rocks, such as limestone and 

sandstone (Fetter, 2001). The geomorphology of landscapes and modification of geological 

formations through changes in landscapes provide spatial (horizontal and vertical) variations 
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in permeable sediments in which aquifers can form. Some aquifers form in between 

impermeable layers resulting in confined aquifers with restricted water movements. 

Unconfined aquifers form with unrestricted upper boundaries generally enclosed by the water 

table or surface water body allowing water to travel easily through pore spaces under a 

hydraulic gradient (Freeze and Cherry, 1979; Younger, 2007).  

2.1.2 Groundwater Recharge 

Groundwater recharge is the entry of water into the saturated zone through the water table, 

drawn down by flow within the saturated zone. The recharging water can be supplied by 

rainfall precipitation into the soil layer or via exchange with surface water bodies such as 

rivers, lakes and wetlands (Freeze and Cherry, 1979). Water reaching the soil surface, 

provided the soil column has sufficient pore space, infiltrates the soil zone and is then 

redistributed down to the capillary fringe, the water table, and then the groundwater zone 

(Freeze and Cherry, 1979; Heath, 1983; Dingman, 2008).  

Infiltration and redistribution processes in the soil zone are highly dependent on particle size, 

spacing and the properties and volumes of water. Water in the soil zone is attracted to thin 

films of hygroscopic water held to the soil particles known as capillary water (Fetter, 2001). 

As more water is added to the unsaturated system, the water pushes out air, and fluid 

pressures become more negative to overcome atmospheric pressure, owing to the tension of 

the soil to water contact. The adhesive capillary forces are overcome by the additional weight 

of the water, resulting in the water being drawn down by the capillary fringe (Figure 2.1), 

located between the unsaturated and saturated zones above the water table in unconfined 

aquifers (Dane and Topp, 2002). The capillary fringe, also known as capillary rise, is a 

dynamic zone which bounds the unsaturated zone with the water table, which can rise into 

pore spaces depending on the strength of the capillary forces in the unsaturated soil zone. This 

process is known to draw water down to the groundwater zone but can also pull the water 

table up to the soil surface where it can be prone to evaporation or exit as return flow (Fetter, 

2001). The point at which the capillary forces no longer hold the water to the soil and soil 

water drains down to the groundwater zone is the field capacity, and due to the equal or 

stronger force of gravity dependent on the specific moisture retention of the soil. Once the 

infiltrating water reaches the saturated zone it is redistributed by the laws of groundwater flow 

(Freeze and Cherry, 1979; Dane and Topp, 2002).  
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Figure: 2.1: The soil and groundwater profile including the location of the capillary fringe with the 

water table in an unconfined aquifer (Fetter, 2001). 

 

2.1.3 Groundwater Flow  

Groundwater flow occurs continually to balance the different mechanical, thermal and 

chemical energies that are present through different regions of groundwater (Fetter, 2001). 

Three outside forces act on groundwater; gravity which pulls the water downward; external 

atmosphere pressure from the unsaturated zone and weight within and above that zone; and 

molecular attraction which causes water to move to soil surfaces. The understanding of 

groundwater flow has been greatly aided by Darcy’s Law, an empirical law on groundwater 

flow formulated by Henri Darcy in the mid-19
th

 century (Fenwick et al., 2004). Darcy’s Law 

describes the flow of fluids at a point of a porous medium caused by spatial mechanical 

potential energy (Todd, 1980). The Law has been used in many situations including; saturated 

and unsaturated conditions, transient and steady state flow, flow in homogenous and 

heterogeneous mediums, flow in aquifers, in isotropic and anisotropic hydraulic 

conductivities (Freeze and Cherry, 1979). Even though Darcy’s Law has been used in a range 

of different situations it is an empirical law based on a small range of assumptions, which 

when are not met, create limitations to the results calculated from this groundwater flow 

method. The key assumptions are that flow is calculated for a homogenous saturated material 

with isotropic pore spaces with laminar flow of fresh water (Freeze and Cherry, 1979; Heath, 

1983; Dingman, 2008; Younger, 2007).  
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Darcy’s Law can be used to calculate the specific velocity at a point in a porous medium by 

multiplying hydraulic conductivity of the medium, by the area of a change in height and 

length of the medium (Equation 2.1). The variation in height over length is known as 

hydraulic head, and is the variation at different points within connected voids in the soil or 

groundwater system, driving groundwater movement (Fenwick et al., 2004). As with any 

diffusion or energy gradient, water will always flow in the direction of highest hydraulic head 

to low hydraulic head. Velocity of flow is the volume of water per unit of time and area, 

expressed as specific discharge. 

 

        
  

  
 

Where: q =Velocity of Flow 

             K = Hydraulic Conductivity 

             A = Area 

             dh = Change in Hydraulic head 

             dl = Length of flow  

 

 

(Eq. 2.1) 

 

Hydraulic conductivity (K) is a measure of the rate that water, under a potential energy 

gradient, moves through porous material (Freeze and Cherry, 1979; Heath, 1983; Dingman, 

2008). An important variable of Darcy’s Law, hydraulic conductivity takes into account 

properties of both the water and the porous material, such as the intrinsic permeability (k) 

which  is  function of the size of openings through which a fluid can move (Fetter, 2001).  

Hydraulic conductivity is calculated by multiplying intrinsic permeability by the sum of the 

density of water and gravity over the viscosity of the water (Equation 2.2). Therefore, K is 

highly sensitive to the structure and texture of that porous material (Dane and Topp, 2002).   

 

   
   

 
 

Where: k = intrinsic permeability  

             p = density of water 

             g = acceleration due to gravity 

             µ = viscosity          

 

(Eq. 2.2) 

 

The approximate ranges of hydraulic conductivity for different saturated materials have been 

measured, estimated or calculated by a wide range of studies and commonly reproduced in 

table form (Table 2.1). Sands and gravels have higher hydraulic conductivity associated with 

the higher porosity and connectedness of the pores. Materials with lower permeability and 



9 

 

porosity such as metamorphic rocks have a much lower range of possible hydraulic 

conductivities (Heath, 1983).  

Table 2.1: Hydraulic conductivity of saturated range of materials in m/s (Heath, 1983; Schwarts 

and Zhang, 2003). 

Materials Hydraulic Conductivity (m/s) range 

Gravel 3 x 10
-4

 3 x 10
-2

 

Coarse Sand 9 x 10
-7

 3 x 10
-3

 

Fine Sand 2 x 10
-7

 2 x 10
-5

 

Clay 1 x 10
-11

 4.7 x 10
-9

 

Sandstone 1 x 10
-10

 6 x 10
-9

 

Permeable Basalt 4 x 10
-7

 2 x 10
-2

 

Fractured metamorphic rock 9 x 10
-9

 3 x 10
-4

 

Un-fractured metamorphic rock 3 x 10
-14

 2 x 10
-10

 

 

The hydraulic gradient from Darcy’s groundwater flow equation describes as the gradient 

change in elevation height (high to low) across a distance due to the force of gravity. Since 

gravity is a constant, hydraulic head can be measured by changes in hydraulic head over a 

length (Heath, 1983). Once head values are established across a space relative to a common 

datum, lines of equal hydraulic head can be plotted as contour lines, known as equipotential 

lines. From the equipotential contour lines, perpendicular lines of groundwater flow, known 

as flowlines can be constructed from areas of higher hydraulic head to areas of lower 

hydraulic head (Freeze and Cheery, 1979; Dingman, 2008; Mays, 2012). The resultant 

diagram of these lines is known as a flow net (Figure 2.2) and used as a tool to spatially 

determine groundwater flow.  

 

Figure 2.2: Groundwater flow lines (arrow head) created through equipotential contour lines 

(displayed with elevation number) from the changes in groundwater hydraulic head between 

different wells (dot with well depth displayed) (Adapted from Winter et al., 1998).  
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2.1.4 Groundwater flow paths  

Over a region groundwater flows from areas of recharge to areas of discharge, along either 

local, intermediate or regional ‘flow cells’ (Toth, 1963).  Recharge areas within a drainage 

basin are depicted as areas within the drainage basin that flow direction is down and away 

from the water table (Figure 2.3). A discharge area is an area where groundwater flow is 

directed towards the water table (Health, 1983). Discharge areas can be to surface water 

bodies such as streams, lakes or wetlands and can also be through seeps, springs or 

evaporation from shallow groundwater zones where the water table usually within close 

proximity to such discharge points (Health, 1983).   
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a) 

 

b) 

 

Figure 2.3: a) Groundwater flow paths from areas to recharge to areas of discharge from bird’s eye 

view, b) and  cross section view from A-A’ (Heath, 1983).   

 

The different types of groundwater flow cells (Figure 2.4) produce different patterns of 

discharge. The relative depth to aquifer and distance to the main discharge point in the 

catchment depicts the type of groundwater flow cell. Local flows occur where water moves 

from a recharge area to the nearest adjacent discharge area, and are characterised by discharge 

patterns with high fluctuation rates (Dahl et al., 2007). Regional flows occur where recharge 

from the furthest recharge area flows to the main channel or discharge system in the 
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catchment, and are characterised by stable discharge patterns (Dahl et al., 2007). Intermediate 

flows occur where flow paths are longer than the local flows but are shorter than the regional 

flow lines, separated by at least one other recharge or discharge zone but are more common 

where regional slope increases, removing local flow systems and upgrading them to 

intermediate (Health, 1983; Dahl et al., 2007; Dingman, 2008). Local flow systems are more 

likely to develop in locations where the depth to the aquifer is small relative to the distance to 

the main discharge point. Conversley, regional groundwater flow systems are more 

pronounced where the depth to the aquifer is larger relative to the distance to the main 

discharge point (Freeze and Cheery, 1979; Dingman, 2008). The identification of the scale of 

groundwater flow system can be used to characterise discharge and also reinforces the need to 

identify aquifer properties when discerning catchment interactions. 

The spatial extent of groundwater flow scale nets are dependent on the relative boundary 

conditions in the saturated zone. Changes in aquifer material, porosity, permeability and 

hydraulic conductivity will alter flow lines in anisotropic aquifers. Isotropic aquifers will 

produce flow lines relative to topography (Haitjema and Mitchell-Brunker, 2005; Dingman, 

2008). Uplands can typically be classified as recharge areas and lowlands are discharge areas 

(Figure 2.4) However, topography, geology and anthropogenic changes can produce and alter 

flow systems (Freeze and Cherry,1979). 

 

Figure 2.4: Groundwater flow cell systems of local intermediate and regional scale with areas of 

recharge and discharge connecting each flow line (Dahl et al., 2007). 
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Regions with small variations in local relief usually produce only regional groundwater flow 

systems, as the development of flow systems are affected by overall geometry of the 

catchment system (Haitjema and Mitchell-Brunker, 2005). Local flow fields are the 

shallowest and most dynamic and, therefore, have the greatest interaction with surface water 

bodies resulting in often dynamic short term responses in groundwater to surface water 

fluctuations (Jolly et al., 2008). Regional flow patterns are relatively stable and respond 

slower to catchment water fluctuations. Long term changes in regional flow paths would be 

caused by large scale changes in head such changes in land use or climate (Dahl et al., 2007; 

Jolly et al., 2008). Local cells are more likely to be controlled by topographic water tables, 

whereas regional flow systems are more likely to be controlled by recharge water tables and 

horizontal flow patterns (Haitjema and Mitchell-Brunker, 2005).  

2.2 Surface Water Groundwater Interaction  

2.2.1 Stream groundwater interactions 

There are many ways that surface water and groundwater interact, the principal interaction is 

a volume transfer from one body to the other. The two main ways that groundwater and 

surface water, specifically how streams and groundwater may interact are; either the stream 

(or reach) gains flow from groundwater through the stream bed, or the stream (or reach) loses 

flow to groundwater through the bed. In gaining streams the surface water level is usually 

below the surface of the water table (Figure 2.5 a) putting the water table at higher hydraulic 

head than the stream and thus, groundwater flows into the stream. Whereas a losing stream (or 

reach)  can either be above and connected to the water table (Figure 2.5 b), or can be perched 

above and disconnected from the water table (Figure 2.5 c) (Winter et al., 1998; Kalbus et al. 

2006; Dingman, 2008; Mays, 2012). Streamflow can also be at a tangent to connected 

groundwater, or only connected on one bank, resulting in groundwater flow through the river 

(Woessner, 2000), producing situations in which one bank of the stream will be saturated and 

gaining and the other stream bank will be unsaturated and losing (Figure 2.5.d). Groundwater 

flow through the stream is more common in areas of topographic change, in particular, 

hillslopes that drive groundwater flow direction or in fluvial plains (Wossener, 2000).  
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Figure 2.5: Depictions of stream groundwater interactions. a) stream gaining from groundwater; b) 

Stream losing to groundwater; c) Stream losing to groundwater through the unsaturated zone; d), 

Stream groundwater flow through which may or may not alter net stream flow (adapted from 

Winter et al., 1998). 

 

Temporary bank storage of surface water generally occurs during changes in flows, where 

stream flow rises into the stream banks (Figure 2.6), creating a rise of the water table to 

encompass the rise of stream flow into the banks (Toler, 1965; Walling and Webb, 1980). The 

majority of water that enters the bank is released back into the stream at some time delay after 

the streamflow peak has passed in a gaining reach, but if in losing reach, the water in bank 

storage may be moved to deep subsurface flow (Daniel et al., 1970). 
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Figure 2.6: Temporary bank storage of stream water during event response, the water table rises 

from its baseflow location to include the stream banks where temporary storage of stream flow 

occurs (Winter et al., 1998).  

 

2.2.2 Hyporheic Zone  

The hyporheic zone (Figure 2.7) is the mixing zone between oxygen poor groundwater and 

oxygen rich surface water through the stream bed and its banks (White, 1993), connecting 

groundwater flow paths from upland and riparian areas as well as surface runoff.  Important in 

for ecohydrology and hydrochemistry, the hyporheic zone can have significant implications 

on exchange processes between groundwater and surface waters which can alter the 

hydrochemistry of and solute transport to receiving waters (Kalbus et al., 2006; Boulton et al., 

1998; Boulton et al., 2010; Mullholand and Webster, 2010). The hyporheic zone is dynamic 

and changes through different spatial and temporal settings influenced by the direction of 

water movement, the permeability and size of the particles, the biotia present and the 

physiochemical features of both the stream and the aquifer (Boulton et al., 1998). Stream flow 

can deposit and remove sediments, generally providing a source of new and rich sediment 

sources. Dynamic surface water flows change the composition of the sediments altering 

hydraulic conductivities, as well as stream biota habitats. The mixing gradient of oxygen rich 

and oxygen poor waters in combination with the available sediments provides a platform for 

hydrochemical and biogeophysical reactions (described in following section 2.3.2) important 

for nutrient and primary productivity cycling (Boulton et al., 2010).  
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Figure 2.7: Location of the hyporheic zone in relation to stream and aquifers with direction 

of flow from upland recharge areas and riparian areas including flux arrows between the 

wetland or surface water body (Jolly et al., 2008). 

 

2.2.3 Flowpaths Contributing to Streamflow 

The volume of flow in streams can be split into two proportions, quick or event flow, and 

baseflow, derived from different spatial and temporal flow paths. Event flow characterises 

water that quickly enters a stream usually from a single water input such as a period of rainfall 

or snowmelt. Baseflow makes up the other portion of stream flow and is the persistent water 

input that maintains stream flow between water input events (Dingman, 2008; Shaw et al., 

2011). Baseflow is usually assumed to be contributed from groundwater but can also be 

derived from surface water stores such as wetlands, lakes or from slow drainage of hillslopes 

and soil systems. Conversely, quick flow can also be comprised of groundwater (Hewlett and 

Hibbert, 1963). The pathways for stream flow generation are described below in order of 

generalised shortest time path from atmosphere to a stream response i.e; direct, surface, then 

subsurface pathways (excluding groundwater flow to baseflow already identified in Section 

2.2). 
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Direct precipitation 

Direct channel precipitation is the quickest mode of stream flow generation, classified as: the 

total rain that falls directly into stream flow. Direct precipitation to stream flow has been cited 

by Beven and Wood (1993) to be significant in several studies, even though stream surface 

areas are almost always less than one percent of the total catchment area. Over a rainfall 

event, the amount of channel volume gained from precipitation can be calculated using 

Equation 2.3 (Dingman, 2008).  

 

 

           

 

Where: Wcp = channel precipitation  

             W  = total water input (rain) 

             Acn = surface area above the point of measurement   

 

 

 

 

(Eq. 2.3) 

Overland Flow 

Overland flow contributes to the short term stream response from a rain or snowmelt event 

and can occur in saturated and unsaturated conditions (Dingman, 2008; Shaw et al., 2011). 

Overland flow occurs on a sloping surface where either; the rate of rainfall exceeds the rate of 

infiltration in unsaturated conditions, termed Hortonian overland flow, or when soil 

conditions are saturated and there is no more space in the soil column for rainfall to infiltrate 

(saturated overland flow). Hortonian overland flow also occurs on surfaces that are 

impermeable such as concrete, or surfaces with low hydrologic conductivities, such as semi-

arid areas, during frosts, or compacted soils (Dingman, 2008). Saturated overland flow occurs 

when the soil column is already saturated with water from rising groundwater levels or excess 

water that cannot be held within the soil. Saturated overland flow is common at the base of 

slopes and close to streams where the water table can be high, often rising in unison with 

stream stage and thus limiting infiltration space in the soil zone (Freeze and Cherry, 1979).  

There are four further situations when overland flow occurs on a hillslope where an effective 

hydrological connection to a stream is present, and could, therefore, provide significant 

contributions to streamflow in response to a rainfall event (Figure 2.8). The hillslope overland 

flow generation situations are when: subsurface flow lines converge and water is transferred 

faster through surface flow than subsurface flow paths; where downslope transmission is less 
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than the hydraulic gradient induced by the subsurface upslope; in locations where soil layers 

conducting subsurface flow are thin locally; and  lastly where hydraulic conductivity 

decreases with depth and causes the infiltrating water to slow and become perched among the 

layers of altered conductivity (Dingman, 2008).  

 

Figure 2.8: Mechanisms of over land flow in hillslope hydrology where; a) subsurface flow lines 

converge on surface depression; b) downslope reduction in hydraulic gradient; c) downslope 

reduction in soil thickness; d) perched saturated zone (Dingman, 2008). 

 

Throughflow and Return Flow 

Unsaturated flow through the soil zone known as throughflow or interflow, is unsaturated 

Darcy flow through the soil matrix, sometimes occurring as pipe flow through macropores in 

the soil matrix (e.g. Mosely, 1979). Throughflow is generally not a large contributor to 

baseflow but can be significant during event flow (Sklash and Farvolden, 1979; Bonell et al., 

1989; Winter et al., 1998; Bishop et al., 2004). Unsaturated Darcy flow is unlikely to occur in 
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event responses as the downslope rate of movement is slow and would be overcome by the 

processes of infiltration, saturation and changes in the water table (Dingman, 2008). Soil 

water contributions in event flow are more likely to be driven by other mechanism in the soil 

profile. For instance, macropore flow is the turbulent flow of water through pipes or 

macropores within the soil structure. Macropores form through cracking of soils, as pathways 

from the roots of vegetation or soil fauna but there is a mixed consensus as to whether this 

occurs in saturated or unsaturated flow (Buttle, 1998; Bishop et al., 2004). The presence of 

macropores is often identified by the quick movement of soil water during events to discharge 

points (McDonnell, 1990). Throughflow can also be produced in saturated conditions where 

either the soil water is translocated by a push from groundwater (e.g. Hewlett and Hibbert, 

1967), or due to a rise in the water table from groundwater ridging process (e.g. Sklash and 

Farvolden, 1979; McDonnell, 1990). In saturated soil conditions, soil water and groundwater 

can be returned back to the soil surface and add to overland land as return flow (Buttle, 1994). 

Return flow contributions vary widely and are important for different situations. In particular, 

return flow is less important during time of system input, i.e. the start of a rain event or during 

recharge, but can contribute large volumes to stream flow after the system inputs have 

stopped, i.e. post rainfall, as the system become increasingly saturated (Bishop et al., 2004; 

Shaw et al., 2011).  

Stream flow generating flow paths from quicker to slower paths are displayed in Figure 2.9, 

but it must be noted that stream flow generation processes are not mutually exclusive and 

have spatial and temporal variability within a catchment (Buttle, 1993; Bishop et al., 2004; 

Shaw et al., 2011). Annual rates of runoff mirror rates of precipitation, but seasonally, rates of 

runoff can vary significantly from precipitation rates (Dingman, 2008). Catchment specific 

factors that influence stream flow generation include but are not limited to: conditions of the 

rainfall event, antecedent moisture conditions, topography of hillslopes, structure and 

heterogeneity of soil regolith and geology, channel structure and stream catchment density 

(Dingman, 2008; Shaw et al., 2011). Gaining an appreciation of the specific factors and 

drivers that influence stream flow can be used to help identify present and past processes and 

drivers within a catchment, which can help identify how future changes to the catchment may 

affect hydrological pathways.   
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Figure 2.9: Pathways to streamflow, showing quickest to slowest paths from left to right (Buttle, 

1998). 

 

2.2.3 Wetlands and groundwater interaction 

Wetlands are valued as important hydrological aspects of many environments, often identified 

as important for their flood dampening capacities, their abilities to store water, sustain 

baseflow to streams, or recharge groundwater (White et al., 2001; Ballard et al., 2012). 

Generally connected to groundwater, wetlands can be sourced from groundwater (Figure 

2.10a), or to provide recharge to connected groundwater (Figure 2.10b) (Bay, 1969; Winter et 

al., 1998; White et al., 2001; Jolly et al., 2008). Flows in wetlands are transferred though 

hydraulic head differences across the wetland surface, as the surface of a wetland produces a 

surface expression of the water table (Bay, 1969; Winter et al., 1998; Mitsch and Gosselink, 

2000; Jolly et al., 2008). Perennial stream base flow from a bog is caused by head differential 

flow paths within the wetland which drive streamflow generation. Varied or intermitted 

surface flow or runoff from a bog can often be attributed to catchment event response (Mitsch 

and Gosselink, 2000). Wetlands generally form where surface waters cannot drain through the 

unsaturated zone and a high water table is present. Peatlands in particular form in lowland 

areas of precipitation excess in combination with shallow surface gradients and a shallow 

groundwater  table (Bay, 1969; Holden et al., 2004). 
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Figure 2.10: Wetland and groundwater interaction; a) wetland system formed by groundwater at 

the surface; b) a wetland system that recharges the groundwater (Winter et al., 1998).  

 

Wetlands have many different classifications and have a number of names depending on 

where in the world the wetland is. For example, a bog can be classified as a peat accumulating 

wetland that has no significant in or outflows (Mitsch and Gosselink, 2000) but as Bullock 

and Acreman (2003) identify, common or local names are often given to wetlands that occur 

in different hydrological conditions, and can be named from their local or ecological names 

and not necessarily on their hydrological condition. Wetland function is not well defined 

across the hydrological community making it difficult to define patterns in which specific 

wetland areas can be compared to. A literature summary from Bullock and Acreman (2003) 

on studies dating back to 1930 concluded that many assumptions about wetland hydrology 

were not always true and could not be generally applied to a wetland with the same name or 

similar characteristics. The flood dampening, recharge to groundwater, and streamflow 

generation capacities, among varying research have identified spatial and temporal differences 

across wetland characteristics, stressing the need to individually assess wetlands to discern 

their function in the local hydrological landscape.  

2.3 Hydrogeochemistry 

The principles and properties of groundwater, groundwater and surface water interaction 

among streams and wetlands can be used to characterise intra-catchment and inter-catchment 

groundwater and surface water interactions. The physical mechanisms driving stream flow 

can be identified through a range of methods of physical measurements appropriate to the 

catchment, but also as water moves through the physical environment, the water interacts with 

the atmosphere, soil, geology and other waters that all impart influence to the chemical 

signature. Geochemistry and isotope hydrology tools provide additional information about 
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these flow paths providing information into interactions of rainfall the sources of recharge and 

interactions with differing geology.  

2.3.1 Chemical composition of water bodies 

The composition of solutes in water bodies depending on the flow paths that the incipient 

water had taken and the relative volumes contributing from different water sources in 

conjunction with the residence time of the water and its flow path. The ion composition of 

water provides information on the hydrological flow pathways, the origin of water, as well as 

evidence of important chemical exchanges that occur along those flow paths. The distribution 

and circulation of chemical species in running natural surface water is determined by 

equilibrium or kinetic processes (Colley and Wilcock, 2004), whereas the chemical 

composition of groundwater is determined by a range of processes and hydrochemical 

reactions in the soil zone and groundwater zones (e.g. weathering, dissolution, precipitation, 

adsorption, ion exchange and redox processes), which alters the chemistry of the recharging 

water (Hounslow, 1995; Drever, 1997; Winter et al., 1998). Groundwaters usually have 

higher proportions of solutes compared to surface waters as a result of the longer residence 

times associated with groundwater flows compared to surface water (Deutsch, 1997; 

Daughney and Reeves, 2003). This section provides a broad overview of the typical natural 

chemical compositions of different water bodies and approaches for identifying the origin and 

processes deriving the solutes in the water bodies.   

Precipitation  

Precipitation accumulates Na
+
, K

+
, Ca

2+
, M

2+
 and Cl

-
 solutes from particles within atmosphere 

and SO4
2-

, NH4
+
 and NO3

-
 from atmospheric gases (Berner and Berner, 2012). Rain naturally 

has a small chemical range, but can be increased if there are more particles present in the 

atmosphere, such as in areas of high air pollution. In locations where fossil fuel burning 

occurs, higher amounts of SO4
2-

 can be emitted producing sulphuric acid rain (H2SO4). The 

relative dominance of ions in precipitation is dependent on the where the original water was 

evaporated from and subsequent atmospheric conditions (Verhoceven et al., 1987; Drever, 

1997).  For instance, coastally derived precipitation is dominated by Cl
-
 and Na

+
 ion from 

marine aerosols (Berner and Berner, 2012), whereas inland continental precipitation is 

dominated by Ca
2+

 and SO4
2-

 which are sourced from terrestrial dust coeval with the 

systematic winnowing out of the marine aerosol as air masses migrate inland (Verhoceven et 

al., 1987). Due to the size of New Zealand and proximity to the coast, the majority of rainfall 
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is dominated by marine weather systems with higher concentrations of Na
+
 and Cl

-
 ions 

(Verhoceven et al., 1987).  

Soil water and biosphere contributors 

The soil zone is the first subsurface zone that water enters on its way through the hydrological 

cycle and contains high concentrations of microbes, organic and inorganic matter. Infiltrating 

soil water can equilibrate with inorganic weathered secondary material high in minerals or 

with fresh rock material on mountain slopes, thus, increasing the solute concentration. 

Organic matter is comprised of decomposed plant debris with an average world chemical 

concentration of C187H186O89N9S known as humic acid, and C135H182O95N5S2 known as fulvic 

acid, which are important for the exchange of dissolved carbon from solution onto solid 

organic matter by adsorption (Deutsch, 1997). Organic matter in soils is degraded by 

microbes producing increased concentrations of dissolved CO2. The dissolved CO2 reacts 

with water resultantly lowering pH and forming carbonic acid (H2CO3) (Deutsch, 1997; 

Winter et al., 1998). High rates of carbonic acid in soil water significantly increase the ability 

of water in to weather inorganic material and thus increasing ion concentrations particularly 

other inorganic species of carbon such as bicarbonate (HCO3) and carbonate (CO3) 

compositions in solution (Deutsch, 1997).  

Plants in the soil zone can alter the chemical composition by uptake of solutes, gases and very 

small aerosol particulates through evapotranspiration, which aids in the condensing of solute 

concentrations in the soil zone,  essentially removing pure water from the soil and leaving the 

solutes behind (Drever, 1997). Plants can also add to soil water chemistry by the release 

gaseous species that can be fixed in the soil system on organic material and through either 

chemical o microbial processes enter solution. For example, organic nitrogen can be fixed by 

some nitrogen fixing plants which mineralises nitrogen gas (N2) into the soil by microbial 

processes forming inorganic ammonia (NH2) and through hydrolysis becomes soluble 

ammonium (NH4) and further to nitrate (NO3) which can be picked up by water in the soil 

zone (McLaren and Cameron, 1996). Many of these oxidizing reactions reduce the amounts of 

dissolved oxygen in solution generally resulting in groundwater with lower concentrations of 

dissolved oxygen and change the dynamics of chemical reactions.  

Groundwater 

The transition from the soil zone into the groundwater zone is distinguishable by a decrease in 

organic matter, an increase in inorganic matter and often a reduction of gases. This 
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combination generally results in increases of ion concentrations depending on the capacity of 

the water to weather materials, the materials present and the residence time of the water. 

Shallow groundwater with quick local flow paths and limited contact with minerals generally 

produces lower concentrations of ions and dissolved gases due to limited time for chemical 

changes to take place (Winter et al., 1998). In deeper regional groundwater flow paths, 

increased contact time between the water and minerals allows more time for chemical 

weathering reactions to occur. The most common dissolved ions or solutes present in 

groundwater (and surface water) are Ca
2+

, Mg
2+

, Na
+
, Cl

-
, HCO3

-
, SO4

2-
 and SiO2 in 

combination generally constituting up to 90% of the solutes present in groundwaters (Freeze 

and Cherry, 1976). The compositions of these ions in water can be discerned and 

characterised into hydrochemical facies (water types) which aid in characterising flow paths. 

The concept of hydrochemical facies was developed by Back (1960), and characterises water 

by the location of where the anion and cations sit within the subdivisions of a trilinear Piper 

(1944) diagram (Figure 2.11).  

 

Figure 2.11: Trilinear Piper diagram discerning water type by composition of major cations 

displayed in the bottom left triangle and major anions displayed in the bottom right triangle. The 

centre diamond projects the water type as a combination of the cation and anion range (Piper, 

1944; Back, 1960; and Morgan and Winner, 1962; Deutsch, 1997).    
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New Zealand groundwater composition have been identified as being dominated by Na
+
, Ca

2+
 

and Mg
2+

 cations (Rosen 1997), and HCO3
-
 and Cl

-
 anions (Rosen, 2001). The dominance of 

Cl
-
 as one of the major anions is significant in New Zealand, as this reflects the generally 

younger groundwater age of unconfined aquifers (Daughney and Reeves, 2003), whereas 

continental aquifers from studies tend to evolve to SO4
2-

 enriched waters as they age as a 

result of groundwater redox interactions (Younger, 2007). The specific composition of 

groundwater hydrochemical facies is predominantly a function of aquifer geological 

composition, thus groundwaters have more variability in chemical composition compared to 

surface waters as a result of the range of reactions that can occur with different geologies. The 

two most common groundwater types in New Zealand are Ca-Na-HCO3 followed by Ca- 

HCO3 (Rosen, 2001; Fenwick et al., 2004), which recognise connections of coastally derived 

rainfall, interactions with surface waters or shallow groundwater recharge (Daughney and 

Reeves, 2005). Calcite dissolution also plays a prominent role in the chemical compositions 

of groundwater and surface water providing large ion sources of Ca and HCO3 (Rosen, 2001).  

In the Wanaka and Wakatipu catchments in Otago for example, even though calcite comprises 

less than 5% of the torlesse rock mass it contributed 80% of ions in the solution (Rosen and 

Jones, 1998). This is due to the different solubities of the mineral facets available for chemical 

weathering.  

 

Surface water  

As surface water can interchange with groundwater, weathering, and associated increases in 

solute concentrations can still occur once the water has entered the stream or running surface 

water body. The natural changes that occur in streams and rivers are generally small 

compared to interactions that occur in other parts of the hydrological cycle, specifically 

ground and soil water as a result of the shorter residence times in contact with solid phases 

once in stream (Drever, 1997). New Zealand running surface waters are generally 

characterised as Na-Ca- HCO3 water and are more dilute, soft, and lower in alkalinity 

compared to the world average fresh water which is characterised as Ca-HCO3 (Davies-

Colley and Wilcock, 2004). Of greater importance in running surface waters for resource 

management is the inorganic nutrients which when present in excessive quantities can become 

toxic to aquatic life and exacerbate algae and macrophyte growth altering the natural balance 

of the water way (Davies-Colly and Wilcock, 2004). Dissolved oxygen (DO) is extremely 

important for aquatic ecosystem functioning providing life to both aquatic flora and fauna.  
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Wetland chemistry is largely controlled by the soils present whether they are organic or 

mineral in composition and the rates of oxygen (redox potential) of the system. The dominant 

types of wetland soil in New Zealand are described as acidic accumulating organic matter 

often lacking mineral components. This is particularly true for peat bogs which form from 

vegetation growth in organic soils (Sorrell and Gerbeaux, 2004). The acidity is derived from 

surface and plant exchanges in solution and without the inflow of more alkaline groundwater. 

As vegetation uptake of nutrients in the wetland is generally accompanied by the release of H
+
 

ions from the vegetation back in to the water, occurs more in bogs due to the low buffering 

capacity of rainfall with low concentrations of ions (Sorrell and Gerbeaux, 2004).  

 

2.3.2 Chemical Processes  

Surface and groundwater chemical processes are interrelated as the hydrological cycle is 

connected through multiple spatial and temporal pathways and, thus, the chemical processes 

of both surface and groundwater apply in some way to all waters (Winter et al., 1998). The 

transfer of water between flow paths is creates a major transfer from the terrestrial system to 

the aquatic system. Chemical behaviour that describes the geochemical properties and 

principles of dissolved constituents in water can be categorised into; solution and solution 

reactions, solution and gas reactions then weathering reactions from water rock and water 

mineral interactions  

Solution and gas reactions 

Acid-base reactions refer to the transfer of protons as hydrogen ions (H
+
) among solutes 

dissolved in the water where an acid loses H
+
 ions while a base is the ion or molecule that 

gains the H
+ 

(Drever, 1997). The transfer of H
+
 ions effect the concentrations of dissolved 

solutes in water through changes in H
+ 

to OH
-
 concentration, commonly known as pH 

(Deutsch, 1997). pH maintains the system equilibrium, buffering any acid or base that is 

added to the (Deutsch, 1997).  For example, the dissociation of carbon dioxide gas in water in 

the soil zone which forms carbonic acid (Equation 2.4), the system will buffer the carbonic 

acid into hydrogen and bicarbonate ions (bases) to equilibrate the pH and thus changing the 

ion composition in solution (Equation 2.5) (Drever, 1997). 
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CO2(g) + H2O = H2CO3  (Eq. 2.4) 

 

H2CO3= H
+
 HCO3

-
  (Eq. 2.5) 

 

The different species of the carbonate system are produced as a function of pH (Figure 2.12). 

Bicarbonate (HCO3
-
) is the dominant solute between pH 7-9, H2CO3

+
 is dominant in pH 

below 5, and CO3
2-

 is dominant  in pH above 10 (Drever, 1997). Higher concentrations of 

HCO3 are generally present due to the amount of interaction surface waters and soil waters 

have with dissolved carbon dioxide from the atmosphere. Higher concentrations of dissolved 

CO2 in the soil atmosphere will the lower the initial pH of the receiving waters. The low pH is 

then buffered through mineral weathering of the soil and upper bedrock in solution (Clark and 

Fritz, 1997).   

 

 

 

Figure 2.12: Carbonate forms at different pH in the groundwater system (Drever, 1997).  
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Oxidation reduction reactions, commonly known as redox reactions, occur through the 

exchange of electrons among solutes in response to disequilibrium in the solution. Oxidation 

is the loss of electrons and reduction is the gain of electron and is commonly considered as the 

transfer of oxygen between solutes (Deutsch, 1997). As there are no free electrons in solution 

redox reactions occur simultaneously as a complementary reaction is occurring to consume or 

provide a place for the transferred electrons (Drever, 1997). Some solutes are redox sensitive 

while others are mediated by microorganisms in the presence of organic matter and dissolved 

oxygen. Dissolved oxygen entering the groundwater system produces a relatively oxidised 

solution compared to the redox sensitive elements in the groundwater zone and so the system 

will either consume the excess oxygen or weather organic or mineral matter until the system 

re-equilibrates (Deusctch, 1997).   

Iron is one of the most important redox sensitive species and provides good example of redox 

reactions. In the presence of excess dissolved oxygen in solution, electrons from the elemental 

iron molecule (Fe
0
), oxidise to Fe

2+
 and reduces the dissolved oxygen in solution (Equation 

2.6) (Freeze and Cherry, 1979). As free electrons do not exist, an oxidising reaction (Equation 

2.7) must occur simultaneously with a reduction reaction (Equation 2.8).  

 

    
 

 
    

 →          

 

 

(Eq. 2.6) 

   →         (oxidation) 

 

(Eq. 2.7) 

 

 
     

   →     (reduction) 

 

(Eq. 2.8) 

 

As water moves through the groundwater system, the availability of dissolved oxygen 

decreases as a result of reducing reactions, and so further redox reactions occur through the 

reduction of other compounds. The compounds reduce in a sequence where once the available 

O2 is reduced and as the solution becomes more anaerobic the compounds reduce in order of 

NO3
-
 > Mn > Fe

2+
 > SO4

2-
 (Freeze and Cherry, 1979).  
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Surface reactions 

Ion exchange is the movement of ions from the surface of a solid into solution (desorption), or 

from solution on to the surface of a solid (adsorption) due to imbalance on the particle surface 

(Freeze and Cherry, 1979). Ions in solution interchange with ions on the particle surface to 

regain equilibrium. The particle surface can be within the aquifer or channel bounds or can be 

particles held in suspension within the water. ions are substituted according to valence in 

which ions with a higher valence will replace ions of a lower valance. For example, the most 

common solutes in ion exchange are Ca
2+

 and Mg
2+

 in solution which displace Na
+
 from the 

particle surface (Figure 2.13).  

 

Figure 2.13: Ion exchange from particle surface and solution (McLaren and Cameron, 1996).  

 

Mineral dissolution is a reaction of both inorganic and organic complexes and splitting them 

into individual species. For example, the dissolution of halite into sodium and chloride ions 

(Equation 2.9) 

               (Eq. 2.9) 

 

The solubility of different materials depends on the ionic strength of the minerals and the 

concentrations of ions in solution. Solutions with high concentrations of solutes can produce 

higher rates of dissolution compared to solutions with low concentrations of solutes because 

of the ionic strength of the ions in the solution (Freeze and Cherry, 1979). Therefore the 

saturation of a solution will determine the dissolution capacity. 
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2.3.3 Isotope hydrology 

Isotope use in catchment hydrology is commonly used to identify mechanisms responsible for 

streamflow generation; characterise flow paths from models or event response, and determine 

weathering reactions that mobilise solutes along flow paths (Kendall and Caldwell, 1998). 

The two most commonly used types of isotopic tracers used in catchment hydrology are 

tracers of the water itself, known as water isotope hydrology, and solute isotope 

biogeochemistry, which is the isotopic tracing of solutes carried within the water (Kendall and 

Caldwell, 1998).  

Elements occur throughout the hydrological and geological system but the important ones, 

environmental isotopes, are of use due to their high natural abundance and the fact that they 

are principle elements of hydrological, geological and biological systems. These elements H, 

C, N, O, and S, are also light elements and as consequence the relative mass differences 

between their isotopes are large, resulting in measurable fractionation during physical and 

chemical reactions (Clark and Fritz, 1997; Kendall and Caldwell, 1998). The partitioning of 

isotopes occurs through any thermodynamic reaction due to differences of reaction for 

different molecular species and results in a disproportionate concentration of one isotope over 

the other, known as fractionation (Kendall and Caldwell, 1998). Reactions can be simple 

changes in state e.g. water to vapour, chemical transformations e.g. CO2+H2O ↔H2CO3, or 

can microbially mediated (Clark and Fritz, 1997).  

The ratios of the most abundant isotopes of an element are measured to give an isotopic 

concentration. Due to the difficulty of measuring true ratios, a known ratio is calculated 

relative to a reference standard for the measured sample. The measured sample is then 

reduced by the reference, and divided by the reference of the known sample, to create an 

expressed corrected isotopic concentration in delta notation of that isotope (Gontiantini, 1987; 

Clark and Fritz, 1997). Delta notation isotope concentration is then expressed as parts per 

thousand or per mille (‰) difference from the reference standard. The standard reference 

most commonly used is the Vienna Standard Mean Ocean Water (VSMOW) (Equation 2.10). 

Therefore a δ ‰ value of +10‰ signifies that the sample has 10 per mille or 1% more 
18

O 

than the reference, or is enriched by 10‰ (Clark and Fritz, 1997).   
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(Eq. 2.10) 

Fractionation processes  

Equilibrium, Rayleigh and kinetic fractionation are the drivers of isotopic variation of water. 

Evaporation is an example of equilibrium fractionation where; the rate of evaporation of a 

given temperature, as a function of the vapour pressure of H2O, which is a function of the 

hydrogen bond strength between the polar water molecules. As 
18

O-H is stronger than 
16

O-H, 

the H2
18

O therefore has a lower vapour pressure then H2
16

O, resulting in a faster evaporation 

reaction for 
16

O compared to 
18

O. The greater vapour pressure of H2
16

O leads to an 

enrichment of 
16

O in the vapour phase meanwhile heavier H2
18

O accumulates in the liquid 

phase (Clark and Fritz, 1997). As water vapour condenses in rainclouds, the heavier water 

isotopes (
18

O and 
2
H) become enriched in the liquid phase, while the lighter isotopes (

16
O and 

1
H) remain in the vapour phase. Under conditions of strong kinetic evaporation the 

fractionation for both 
18

O and 
2
H is greater than at equilibrium. When the source reservoir is 

infinitely large (e.g. the ocean) the kinetic isotope effects are observed not in liquid water but 

in vapour and overtake equilibrium fractionation processes (Clark and Fritz, 1997).  

Rayleigh fractionation or distillation is responsible for partitioning 
18

O and 
2
H between air 

masses such. If there is no exchange with vapour pressure, the enrichment follows a Rayleigh 

distillation; an exponential function which describes the progressive partitioning of heavy 

isotopes into the water reservoir as it diminishes in size (Clark and Fritz, 1997). The isotopic 

signature of the rain becomes enriched in heavy isotopes compared to the isotopic signature of 

the source vapour mass, known as a rainout. Rainfall occurs when the temperature drops and 

adiabatic expansion causes cooling as warm air rises to lower pressures or by radiative heat 

loss. The rainout process distils the heavy isotopes from the vapour, leading it to become 

more progressively depleted in 
18

O and 
2
H, according to a Rayleigh type distribution. Rainout 

processes can occur in a location over an extended rainfall event, with rain movement across 

land masses known as the continental effect or with increase in altitude known as the 

altitudinal effect (Kendall and McDonnell, 1998). 
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Meteoric water lines  

The relationship of  fresh water isotopes are relatively predictable and correlate on a global 

scale, which can be plotted along Craigs global meteoric water line  where δ
2
H and δ

18
O plot 

along a slope of 8 (Equation 2.11).  The global meteoric water was formed using averages of 

many local and regional water lines (Clarke and Fritz, 1997), which are valuable for 

deciphering the relative water bodies in a local region.  

 

                    

 

(Eq. 2.11) 

 

The predicable locations of isotopic signatures on a meteoric water line can be characterised 

or differentiated based on regional, latitudinal, altitudinal and climatological characterisations 

(Figure 2.14). Water isotopes from polar regions are more isotopically depleted and sit lower 

on the global meteoric water line than isotopes from equatorial regions (Kendall and 

Caldwell, 1998). The same pattern occurs with local water isotopic signatures between 

seasons with winter signatures more isotopically depleted compared to summer isotopic 

signatures. Secondary evaporation of water after condensation due to strong kinetic 

fractionation, such as from a river or wetland produces a lower gradient meteoric water line 

due to kinetic fractionising where δ
18

O exceeds that of δ
2
H, therefore resulting in an 

enrichment of δ
2
H. The relative locations of different waters on a meteoric water line are 

predictable based on characteristics but the measured rate of change due to an effect varies 

from location to location (Stewart and Taylor, 1981). Within New Zealand, an altitudinal 

affect guideline developed by Taylor and Stewart, (1979) places a -0.23‰ enrichment of δ
18

O 

per 100 m gain in altitude and -1.8‰ δ
2
H per 100 m gain.  
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Figure 2.14: Meteoric water line (MWL)  annotated with predicable location of δ
18

O and 

δ
2
H isotopic signatures based on regional, latitudinal, altitudinal and climatological 

characterisations, including effects location of waters subjected to evaporation (SAHRA, 

2005).  

 

Tracing the hydrological cycle 

Tracing water in the hydrological cycle is valuable particularly when utilising multiple water 

isotope (δ
2
H and δ

18
O) signatures for a region as river signatures recharged from mountain 

headwaters will have a different isotopic signature compared to groundwater fed waters due to 

differing fractionation effects. For example, alpine or inland headwater river sources will have 

more negative water isotope signatures due to the height and distance that the air parcel has 

travelled from where the water was first evaporated from the sea. As the air parcel travels, it 

drops the heavier isotopes creating a less negative isotope signature in the coastal and low 

elevation rainfall (smaller ratio of 
18

O/
16

O). As the air mass continues inland and rises in 

elevation, the mass contains a greater proportion of lighter isotopes compared to heavier 

resulting in a more negative isotope signature of the rainfall (larger ratio of 
18

O/
16

O) (Clark 

and Fritz, 1997; Kendall and McDonnell, 1998). Aquifers recharged from land surface 

precipitation retain the water isotopic signature of the rainfall which attenuates to form a 
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groundwater isotopic signature representing a weighted mean of recharged waters. Aquifers 

recharged by rivers will have a water isotopic signature different from the local precipitation 

isotopic signature (Kendall and Caldwell, 1998).  

The isotope of dissolved inorganic carbon (δ
13

CDIC), can also aid in differentiating between 

recharge source and interacting surface and groundwaters (Spotl, 2005). Dissolved inorganic 

carbon (DIC) in the soil zone will diffuse into infiltrating rainfall in the soil zone to rapidly 

equilibrate with soil dissolved inorganic carbon replicating the δ
13

CDIC soil signature of soil of 

23‰ (Bullen and Kendall, 1998). Thus, land surface recharged groundwaters will have 

similar DIC isotopic signatures as soil water. Surface water δ
13

CDIC signatures range between 

-5 and -25‰ depending on the range of processes in the carbonate system (See Bullen and 

Kendall, 1998) but of interest for distinguishing between surface and groundwaters is the 

process of headwater degasing. Headwater degassing is a δ
13

CDIC fractionation process that 

occurs in waters exposed to the atmosphere in which CO2 degasses from solution to 

equilibrate with atmospheric CO2 which is often around δ
13

CDIC ~6.4‰ (Clark and Fritz, 

1997). Waters fed by surface water are likely to have less negative δ
13

CDIC signatures 

compared to groundwaters recharged through the land surface.  

In summary isotopes in hydrology can provide useful information in to the source and flow 

paths of water. The characterisation of isotopic signatures utilising a meteoric water line (or 

co-isotopic plot) provides significant value for tracing waters within the hydrological cycle. 

The values of isotopes in hydrology are widely known but their value are largest when used in 

conjunction with other tracers or physical methods best come to appropriate conclusions and 

describe interactions (Clark and Fritz, 1997; Buttle, 1998; Bullen and Kendal, 1998). 

2.4 Approaches for discerning surface groundwater interactions  

With understanding of where water can come from and the processes involved with catchment 

water, hydrochemical facies and isotopic signatures of the water can be used to infer water 

pathways. Geochemical and isotopic analysis of water combined with physical measurements 

of stream flow and groundwater flow, provides a catchment perspective where hydraulic 

characterisation and spatial variability of surface and groundwater pathways can be 

characterised multidimensionality (Sophocleous, 2002).  

Inter- and intra-catchment interactions can sometimes be obvious in terms of net flow transfer 

or can be identified through unexpected changes in water quality. Evidence of inter basin 
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transfer is often based on water budget where stream discharge is greater or less than rainfall 

minus evapotranspiration over the catchment area (Genereux et al., 2002) direct measurement 

of the water budget can be conducted in principle but unless losses are large, long term stream 

discharge and (P)ET data is needed (Genereux et al., 2002). Evidence of inter-catchment 

transfer does not need to be produced from the ‘water budget’ as inter-catchment flow can be 

based on observation of stream or spring water that is chemically distinct from within 

catchment sourced water (Genereux et al., 2002). Water balance can identify occurrence of a 

transfer but not rates of transfer groundwater head can be used but will identify direction of 

groundwater flow only. Inter-catchment flows work in the La Selva Biological Station in 

Costa Rica started with identification of waters rich in N and P nutrients positively correlated 

with several major ions suggested that the water was sourced from areas of high volcanic 

activity after Pringle et al. (1990) hypothesised that groundwater acquires high solute load 

from weathering of volcanic areas which flow upwards and then flows down to lowland 

catchments and streams (Genereux and Jordan, 2006).  

Signs of transfers can be net volume loss or unexpected rates of a specific chemical 

constituent could be from inter-catchment flow or from intra-catchment flow and some land 

use practices. Many options exist for investigating groundwater surface water interactions 

differing in resolution, sampled volume, time scales, usually need to make a trade off 

depending on what measurement scale and the desired output needed. Consensus is that it is 

best to conduct measurements at multiple scales using multiple techniques to considerably 

reduce uncertainties and constrain estimate of interactions (Kalbus et al., 2006). Commonly 

used tools for assessing hydrochemical facies, groundwater flow and stream-flow-

groundwater connections are described here as hysteresis, cluster analysis, potentiometric 

surface measurement and differential stream flow gauging.  

 

2.4.1: Solute Sources 

Hysteresis   

Comparison of the timing and phasing of solutes concentration peaks relative to peak in flow 

is one tool for determining the likely source of a solution being delivered to a stream network 

by plotting the concentration of a solute relative to stream discharge, termed hysteresis. 

Traditionally hysteresis was a technique developed and utilised for understanding sediment 
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transport in streams (e.g. Klein, 1984; Williams, 1989; Nistor and Church, 2005), but has 

increasingly been used understanding for solute transport to streams (e.g. Walling and Webb, 

1980; Evans and Davies, 1998; Rose, 2003; Abell et al. 2011; Fountain, 2013). The timing of 

solute peaks before or after the flow peak provides information on the source of that solute. 

The relationship of the solute and flow can be positive, where the solute concentration 

increases with flow, or can be negative where the solute reduces in concentration (diluted) 

with increasing flow. Plotting the solute concentration against flow produces the hysteresis 

plot. The positive or negative direction of the loops represent the increase or dilution of a 

solute with rise in flow. The rotation direction of the loop indicates whether the solute is 

peaking before or after the flow peak. The openness of the loops indicates how direct or 

diffuse the transport of solutes are with flow and if the relationship is linear and no loop exists 

the solute concentration is a function of flow (Figure 2.11).  
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Figure 2.15: Simplified possible hysteresis effects between flow and solute concentration depictions 

where; a) alinear relationship where flow and solute concentration are concurrent in either a 

positive or negative relationship. b) a clockwise relationship where solute concentration peaks 

before flow peaks. c) anti-clockwise relationship where solute concentrations peaks after the flow 

peak (Fountain, 2013). 

 

Surface water dominated event stream flow systems commonly present clockwise 

relationships (Evans and Davies, 1998). The clockwise relationships presents solute 

concentrations arriving instream from the more direct stream flow generating pathways, such 

as direct precipitation and overland flow which can exhaust solute sources before flow peaks 

(Evans and Davies, 1998; Rose, 2003). Often in surface water dominant event flows, solutes 
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will have negative relationships indicating a dilution of many solutes, especially rock-sourced 

solutes which dominate groundwater compositions and baseflow (Walling, 1974; Hill, 1993; 

Bhanugu and Whitfield, 1997). Stream systems dominated by groundwater or pre-event 

condition water during event flow present anti-clockwise hysteresis loops showing a peak in 

solutes after the flow peak (Walling and Webb, 1980; Evans and Davies, 1998). Groundwater 

dominated flow peaks can be either positive or negative depending on how much of a dilution 

effect rainfall can have and the amount of soil water contribution.  

 

Cluster analysis 

Cluster analysis is a statistical grouping tool that groups sites based on similar observations of 

the data and is an effective tool for managing large water quality datasets and identifying the 

dominant mechanisms and factors controlling the chemistry. In characterising interacting 

surface and groundwaters across spatial or temporal resolution, cluster analysis has been used, 

for example by; Guler et al., (2002), Guler and Thyne (2004), Daughney and Reeves (2005), 

Kumar et al. (2009), Andrade and Stigter (2011), and Guggenmos et al. (2011), for defining 

hydrochemical groupings of surface and groundwater water monitoring sites. Kumar et al. 

(2009) used cluster analysis with pre and post monsoon season waters of the Delhi segment of 

the River Yamuna in India to constrain reaches of the river to where exchanges between 

ground and surface water were occurring. The grouping of individual sites based on similar 

water chemistry is generally employed with the desired outcome that interacting water bodies 

would have similar water chemistry and, therefore, be grouped into the same cluster, while 

water bodies that were not interacting would form another cluster group. Cluster analysis 

creates cluster groupings on the basis of the chemistry data inputted and does not form 

groupings based on any previous assumptions (Rodgerson, 2010). The resultant cluster groups 

of individual sites are usually tested on their statistically significant chemical differences and 

their spatial connection using ANOVA, Box Plots, Kruskal-Wallis, Piper diagram or spatial 

analysis.  
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2.4.2 Flow Characteristics 

Differential flow gauging 

Differential or mass balance flow gauging has been used widely to determine groundwater 

and surface water exchanges (e.g. Cey et al., 1999, Langhoff et al., 2006; Ruehl et al., 2006; 

Opsahl et al., 2007; Arnott et al., 2009; McCallum et al., 2012). Differential gauging is the 

collection of incremental measurements of flow cross sections down a reach or over the 

length of a the catchment and compute the net differences over the gaugued sections. 

Gaugings need to be conducted during low flow conditions so that changes in streamflow can 

be assumed to be gains from or losses to groundwater and not contributions from quick or 

event flows. Methods allows for an estimate of average groundwater flow contribution per 

length (Cey et al., 1999; Kalbus et al., 2006). 

Potentiometric surface measurement  

Defining groundwater stream exchange direction depends on the hydraulic head, which can 

change seasonally and with single events (Kalbus et al., 2006). Once identified that a stream 

is gaining or losing from groundwater, the hydraulic head differences between connecting 

groundwater and the surface water can be measured to add weight to argument by identifying 

the groundwater flow lines and the way the water is moving.  

Multiple measurements of potentiometric head can be used to create a potentiometric surface 

which mimics the water table, and from which equipotential contour lines can be 

distinguished and thus groundwater flow lines, from which local, intermediate and regional 

flow regimes can be determined. Potentiometric surface measures the potential height 

movement of the groundwater water table and not the actual line of the water table. As a well 

intersects the water table it breaks the atmospheric pressure of the groundwater resulting in a 

rise from capillary forces. Therefore, the potentiometric surface of an unconfined aquifer is 

the surface representative of the level in which water will rise in a well located within the 

water table layer (Fetter, 2001). This means that the potentiometric surface can extend above 

the ground surface, and if a well is drilled at this location it will mean the well will flow at the 

surface under natural pressures (Heath, 1983).  The developments of wells in an aquifer alter 

hydraulic head, regardless of whether the wells are used for pumping, observation or artificial 

recharge (Theis 1940; Heath, 1983; Fetter, 2001). Recharge wells raise the hydraulic head 

forming a positive cone in the water table layer, while abstraction wells cause a depression 

cone in the water table (Figure 2.16).  
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Figure 2.16: Cone of depression in the water table caused by the development of the well into the 

water table, including identification of potentiometric surface (After Heath, 1983). 

 

2.4.3 Surface-groundwater interaction approaches within New Zealand  

Studies within New Zealand have approached groundwater and surface water interactions 

using a range of techniques at both spatial and temporal scales. Approaches have focused on 

catchment groundwater surface water interactions based on large scale processes using flow 

or chemical records (e.g. Daughney, 2007) whereas others have been local near stream 

processes (e.g. Mosley, 1972). Identification of subsurface flow or recharge sources has 

provided immense value as has the identification of mechanisms to stream flow (e.g. Taylor, 

1989).  

Investigations into the groundwater and surface water dynamics using geochemistry have 

been investigated in the Wairarapa region using existing hydrochemistry data from the State 

of the Environment (SOE) reporting and National Groundwater Monitoring Program (NGMP) 

using cluster analysis multivariate statistical methods. Daughney (2007) first used 

multivariate statistical methods in the Wairarapa Valley groundwater hydrochemistry data to 

independently group groundwaters and compare them to the management groups posed by the 

Greater Wellington Regional Council. Daughney (2007) used hierarchical cluster analysis 

(HCA) of solute data in combination with well depths. Daughney et al. (2009) furthered 

research in the Wairarapa area by including surface water sites and groundwater sites into 

hierarchical cluster analysis over the Wairarapa Valley. The combination of surface and 

groundwater sites in the HCA provided groupings of aquifers to specific losing stream 
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reaches identified as having similar hydrochemical signatures. Further work by Guggenmos et 

al. (2011) in the same region, used clustering of the different ions and redox conditions to 

group different water types. Rivers classified as potentially recharging aquifers were grouped 

with similar Ca-HCO3 type shallow aerobic groundwaters located in close proximity to losing 

reaches. Groundwaters with high Na:Cl and high Cl:HCO3 ratios indicating rainfall recharge 

signatures, which also exhibited higher NO3
-
 concentrations were grouped with neighbouring 

surface waters indicating groundwater baseflow to these rivers and the transfer of chemical 

signatures (Guggenmoss et al., 2011). This multivariate research in the Wairarapa highlights 

the potential utility of this technique for identifying groundwater and surface water 

interactions at a regional scale using existing hydrochemical datasets.  

Investigations into the sources and flow of groundwater in the Canterbury Plains have 

similarly utilised geological, hydrological and chemical based evidence. Taylor et al. (1989) 

assessed the sources of recharge to the aquifers that Christchurch withdraws its drinking water 

from. The major rivers draining the Southern Alps and flowing through the Canterbury Plains 

are depleted in 
18

O, compared to the lowland average precipitation signatures. The lowland 

groundwater signatures shared an isotopic signature also depleted in 
18

O indicating that the 

groundwater was primarily recharged by the alpine rivers, which was further supported by 

groundwater potentiometric surface and groundwater flow lines showing areas of flow from 

rivers into the groundwater plains and out to the coast (Taylor et al., 1989). Stewart et al. 

(2002) extended on the work by Taylor et al. (1989) with the use of CFC, Carbon-14 and 

tritium dating of which Taylor et al. (1989) also used. Blackstock (2011) similarly 

investigated the sources of recharge in Christchurch by conducting an isotopic survey of 

precipitation events to characterise local meteoric water lines for the greater-Christchurch 

area, in conjunction with sampling local surface waters, depression springs and groundwater. 

Using a binary single-isotope mixing model the relative compositions of recharge from alpine 

rivers and precipitation into the local depression springs was conducted and concluded that up 

to 80% of the contributions were from alpine waters. The local meteoric water lines showed 

variability in precipitation sources and compositions across different precipitation events and 

showed variability over a single event (Blackstock, 2011).  

Samples of surface water and groundwater were also collected to trace moisture sources, 

recharge and groundwater flow paths to the Christchurch groundwater system with a good 

deal of success, concluding the utility of stable isotopes as tracers for shallow groundwater 

hydrologic processes (Blackstock, 2011). The study also helped refine the hypothesised 
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connection of loss from the Waimakariri River through groundwater leaking and then 

discharge to the Avon River by using a mixing model that estimated 80% of the depression 

springs water is derived from alpine head waters.   

The Maimai Catchment in the west coast of the South Island is one of the best investigations 

into storm flow using isotopic and hydrometric methods at a single site (Genereux and 

Hooper, 1998). Beginning with Mosely’s (1979) hydrometric work monitoring storm 

response in soil trenches, the Maimai catchments have been successful model catchments 

used in the investigations of runoff and flow through properties of soil water flow and timing 

during rainfall events. Mosely’s (1979) work identified rapid subsurface flow via macropores 

or pipes, such as paths created by decayed plant roots, was occurring in the catchment through 

the dug trenches, promoted event water through the subsurface pathways. Further work by 

Pearce et al. (1986) and Sklash et al. (1986) investigated δ
18

O, EC and chloride variations of 

the rainfall, soil water and stream outflow of the catchment. Soil water identified that the 

water was not ‘new’ or  ‘event’ water that had arrived in the catchment in the recent rainfall 

but was ‘old’ or pre-event’ water from before the event. It was also concluded that the pre-

event water had been transferred down the catchment via groundwater ridging effect of 

altered capillary fringe as posited by Sklash and Farvolden, (1979), due to the signature being 

more similar to pre-event water and not event. McDonnell (1990) advanced understanding of 

the processes that provided a push of ‘old water’ to streamflow in the Maimai catchment by 

synthesising the isotopic and hydrometric data with concepts of hillslope hydrology into a 

conceptual model, provided  a great value of understanding compared to when the aspects had 

been assessed individually (Genereux and Hooper, 1998). McDonnell’s (1990) summary was 

that rapid mixing of ‘old’ and ‘new’ water was occurring within the soil pipes which was also 

pushing out the ‘old’ water first and that it was likely that both mechanisms would have been 

occurring and that during high rainfall intensities, pipe flow mechanisms would dominate and 

during low rainfall intensities groundwater ridging. These works highlight that a unique 

relationship between runoff mechanisms and the fraction of pre-event water in runoff does not 

exist and that investigation into the range of processes occurring in the system has value 

(Genereux and Hooper, 1998).  

Wetland hydrological characteristic work by Maggs (1997) into the hydrology of Kopouataui 

Peat Dome, New Zealand’s largest raised peat dome located near Thames, identified that 

perennial stream flow from the western side of the bog, for the same amount of rainfall, had 

quicker stream response times in winter and spring compared to summer and autumn when 
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stream response time was lagged. Maggs attributed that since groundwater flow lines were 

directed stream-ward, summer and autumn showed a slowed response due to lower 

groundwater levels and that at the beginnings of the event, rainfall recharged the bog and then 

once groundwater levels had risen, flow was transferred down gradient to the streams. In 

contract, during winter and spring, water travelled overland or was groundwater returned to 

the surface during saturated conditions.  

In summary, the principles and properties of groundwater, groundwater and surface water 

interaction among streams and wetlands can be used to characterise intra-catchment and inter-

catchment groundwater and surface water interactions. The physical mechanisms driving 

stream flow can be identified through a range of methods of physical measurements 

appropriate to the catchment, but also as water moves through the physical environment as the 

water interacts with the atmosphere, soil, geology and other waters that all impart influence to 

the chemical signature. Geochemistry and isotope hydrology tools provide additional 

information about these flow paths providing information into interactions of rainfall the 

sources of recharge and interactions with differing geology.  

Within New Zealand, multiple works have been conducted on developing understanding of 

the interactions between surface and groundwaters, often focusing on groundwater discharge, 

recharge sources or flow paths relative to surface waters, using physical, chemical or isotopic 

tracers (e.g. Taylor et al., 1989; Wilson, 2008; Daughney et al., 2009; Blackstock, 2011; 

Guggenmos et al., 2011). The combination of these techniques, in particular, concurrent river 

flow monitoring, potentiometric surface analysis, isotopic and hydrochemical analysis data in 

combination with subsurface empirical flow and end member mixing models, has 

substantially advanced the understanding of the interactions between groundwater and surface 

waters (Sophocleous, 2002). 

With understanding of where water can come from and the processes involved with catchment 

water, hydrochemical facies and isotopic signatures of the water can be used to infer water 

pathways. Geochemical and isotopic analysis of water combined with physical measurements 

of stream flow and groundwater flow, provides a catchment perspective where hydraulic 

characterisation and spatial variability of surface and groundwater pathways can be 

characterised multidimensionality.   
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2.5 Research Questions 

In light of the theoretical review of literature on groundwater and surface water interactions 

and to direct the characterisation of groundwater and surface water contributions to the 

Waimatuku Stream the following specific research questions are posed: 

1. What are the main contributing sources of water in the Waimatuku under low/stable 

flow conditions? 

2.  What are the main contributing sources of water in the Waimatuku under high 

flow/rainfall events 

3. What influence if any does the Aparima River impart on the geochemistry of the 

Waimatuku Stream? 

4. What influence do riverine aquifers and the direction of groundwater flow impart on 

the Waimatuku Stream? Is there any difference in hydraulic gradients between event 

and base flows? 
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Methods 
Chapter 3 

The methods used in this study are outlined in this chapter over five sections. The first section 

details the research strategy approach with conceptual diagram of data collection and data 

analysis to answer the research questions posed in Chapter 2.5. Section 3.2 details the 

characteristics of the Waimatuku Catchment providing a background for the research 

questions and characteristics to frame the analysis. The sampling strategy and field methods 

are detailed in section 3.3. Sections 3.4, and 3.5, detail the chemical analytical methods and 

then data analysis respectively.    

3.1 Research Strategy 

Characterisation of the water within the Waimatuku Stream will be conducted using methods 

of physical hydrology complemented with isotopic and chemical tracers to answer the 

research questions. Due to the small amount of pre-existing continuous water, geological and 

hydrochemical data available for the Waimatuku catchment, modelling the water flux is not 

feasible. However, the collection of data in this study will provide the basis for preliminary 

statistical and spatial modelling. The objective of this study is to characterise the surface and 

ground water interactions of the Waimatuku Stream, a lowland and low relief catchment on 

the Southland Plains which is explained in further detail following this section. The study will 

determine the surface and groundwater contributions to the Waimatuku stream during both 

low and high flow hydrological conditions using spatial and temporal data.  

The collection of water data focusses spatially on the Waimatuku Stream, including the major 

spring-fed tributary of Middle Creek and two sites on the adjacent reach of the Aparima 

River. Ayr Creek, another spring-fed tributary, was sampled only three times to assess 

similarity of composition to the Waimatuku. Water samples are analysed for a suite of water 

chemistry variables that will be assessed for dominant chemical identifiers to identify flow 

path interactions and classify similarities (or differences) between the water bodies using 

cluster and multivariate statistical methods. Recharge source and pathways are to be assessed 

through the use of stable water isotopes (
18

O and 
2
H) and  the dissolved inorganic carbon 

isotope (δ
13

CDIC) to infer the source of influent waters to the Waimatuku Stream. The 

calculation of hydraulic gradients throughout the catchment area using stream stage and 
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potentiometric water table heights will further assist in the identification of stream 

groundwater exchanges and groundwater flow paths. Temporal event flow sampling and 

examination provides an integrated catchment response to a rainfall event and allows for the 

inference of flow pathways and connections to the land surface. Once flow paths are 

identified, their relationship with the surface water patterns of exchange, or vice versa, can be 

used to form characterisations about interactions between the surface and groundwater bodies. 

The characterisation of interactions can then be used for addressing appropriate catchment 

management or development measures. The spatial and temporal collection of data and 

analysis are displayed in a conceptual diagram (Figure 3.1) including the research questions 

posed to address the aim of characterising the surface and groundwater contributions to the 

Waimatuku Stream.  
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Figure 3.1: Conceptual diagram detailed with the types of spatial and temporal data and methods of 

analysis to answer the research questions. The research questions were posed to direct conclusions 

when answering the research strategy and aim.   
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3.2 Field Area 

The Waimatuku Stream is a low elevation, low relief catchment of 180 km
2
 that discharges to 

the Waimatuku Estuary on the southern coast of Southland region, New Zealand. The 

Waimatuku Stream is fed by a raised peat bog and has many spring fed tributaries, the largest 

of these tributaries, Middle Creek, contributes flow captured from the east and northern part 

of the catchment featured in Figure 3.2. The raised peat bog forming the headwaters of the 

Waimatuku Stream, known locally as Bayswater Bog has been described as a rain fed system. 

Peat depths range from 1- 9 m and covers an area of 12.2 km
2
, where 2 km

2
 drains into the 

Aparima River to the west and the remaining 10.2 km
2
 drains to the east forming the 

Waimatuku Stream (Robertson, 1983). Previous analysis of groundwater levels in the bog 

concluded that the water table domes with the bog but is a separate system is probably fed by 

rainfall (Robertson, 1983). The Isla Bank Limestone Terrace is elevated 10-15 metres above 

the rest of the catchment. This section describes the Waimatuku catchment including the local 

geology, climate and hydrological characteristics of the Waimatuku Stream, Middle Creek, 

Aparima River and the Waimatuku Aquifer. 
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Figure 3.2: The Waimatuku Stream light blue adjacent to the Aparima River in dark blue. 

The Waimatuku is headed by Bayswater Bog and contributed by Middle Creek tributary 

from the north east of the catchment. The Isla Bank limestone terrace provides a 

significant barrier between the Waimatuku Stream and Aparima River east of Otautau 

Township.   
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3.2.1 Hydrology of the Waimatuku Catchment 

The Waimatuku Stream originates in lowland, west of the Southland Plains from a raised peat 

bog and drains low elevation, intensively farmed agricultural land occupying half of the 

Southland Plains region (Rekker and Jones, 1998). The Waimatuku catchment is bounded by 

the Isla Bank on the true right and Ringway Ridge on the true left in the lower reaches of the 

catchment. An early study by Robertson (1983) noted that during low flow, or drought 

situations, the Waimatuku had a per unit runoff higher than catchments of comparable size in 

the coastal region (e.g. Winton Stream, Makarewa and Waihopi River), indicating that there 

may be stream contributions from sources other than surface runoff, such as groundwater 

discharge. Due to recent work on the Aparima and losses down the reach adjacent to the top 

reaches of the Waimatuku, investigation into the potential seepage from the Aparima River 

through its paleo-drainage channels is included in the study and, thus, a description of the two 

Aparima River sites are included. The hydrological characteristics of the main water bodies in 

the Waimatuku Catchment, the Waimatuku Stream and the Middle Creek tributary, the 

Waimatuku Aquifer and the Aparima River are described below.  

Waimatuku Stream 

Stream hydrology data for the Waimatuku is limited as prior to the commencement of 

Environment Southland’s spring gauging program in 2000, only a minor amount of irregular 

hydrological data had been collected on the Waimatuku Stream. Since 2000, semi-regular 

discrete flow and water quality data has been collected on the Waimatuku at two sites; 

Waimatuku Stream at Robertson Road in the upper third of the catchment, and Waimatuku 

Stream at Lornville Riverton Highway in the lower third of the catchment. The catchment 

area and flow descriptives (Table 3.1) indicate a relatively stable average flow, a substantial 

baseflow and the capacity to carry flows in excess of triple the average flow. Mean monthly 

gauged flows at the two sites (Figures 3.3 and 3.4) show seasonal patterns with stream flows 

low during the first four months of the year, then stream flow rising substantially in June at 

both sites which remain higher from winter through to spring before reducing in summer, 

mimicking the precipitation excess patterns.  
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Table 3.1: Environment Southland’s summary data from the Waimatuku Spring Gauging flow 

program (Wilson, 2011). 

 Waimatuku Stream at 

Robertson Road 

Waimatuku Stream at 

Lornville Riverton Hwy 

n 55 75 

Catchment area  upstream (km
2
) 57 94 

Minimum recorded flow (l/s) 172 504 

Median flow (l/s) 400 1,265 

Average flow (l/s) 487 1,548 

Maximum recorded flow (l/s) 1,738 5,080 

 

 
Figure 3.3: Mean monthly flow gauging results for Waimatuku Stream at Robertson Road. 

 

 

 
Figure 3.4: Mean monthly flow gauging results for Waimatuku Stream at Lornville Riverton Highway. 
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Middle Creek 

There are many spring fed tributaries that feed into the Waimatuku. The largest is Middle 

Creek, which joins the Waimatuku 100 m upstream from Fraser Road (Figure 3.2). Between 

1970 and 1976 systematic hydrological data was collected at Middle Creek, and irregular 

collection since then. Flow at Middle Creek has a similar scaled range to the Waimatuku at 

both sites, but has lower average flow and baseflow (Table 3.2). Mean monthly flow gauging 

results show the same seasonal patterns as the Waimatuku (Figure 3.5).  

Table 3.2: Middle Creek at Argyle Otahuti Road flow characteristics.  

 Middle Creek at Argyle Otahuti Road 

n (1987-2010) 36 

Catchment Area (km
2
) 74.2 

Minimum recorded flow (l/s) 36 

Median Flow (l/s) 161 

Average Flow (l/s) 294 

Maximum recorded flow (l/s) 2,300 

 

 
 

Figure 3.5: Mean monthly flow gauging results for Middle Creek at Argyle Otahuti Road. 
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Aparima River 

Table 3.3: Aparima River at Otautau characteristics.   

 Aparima River at Otautau 

n (1953-2009) 177 

Catchment Area Upstream (km
2
) 857 

Minimum recorded flow (l/s) 39 

Median Flow (l/s) 9,291 

Average Flow (l/s) 28,679 

Maximum recorded flow (l/s) 772,902 

 

 

 
 

Figure 3.6: Mean monthly flow gauging results for the Aparima River at Otautau. 
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The Waimatuku aquifer produces a distinct seasonal change in groundwater levels (Figure 
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bound gravels. Table 3.4 is an example of a bore log at Heddon Bush.   
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Table 3.4: Bore log for well number E45/0068 at Heddon Bush (NZTM: E 1228950, N 4884020). 

Depth (m) Description 

-0.9 Topsoil and Clay 

-5.8 Gravels and Sand 

-10.8 Soft Claybound Gravels 

-19.0 Clay 

-24.3 Claybound Gravels 

-28.0 Clay 

-30.0 Gravels and Sand, Clay Trace 

 

 

  

 
 

Figure 3.7: Groundwater level in metres below surface at Drummond well number E46/0093. 
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3.2.2 Geology and soils of the Southland Plains 

There are five lowland zones in Southland that reflect multiple Quaternary outwash deposits 

from distinct ice advances originating from Fiordland and Wakatipu (Fitzharris et al., 1992). 

The Waimatuku catchment is located to the east of the lower Aparima River and, west of the 

lower Oreti River, and characterised by Q2a lowland alluvial and fan deposit gravels (Figure 

3.8) (Turnbull and Alibone, 2003). The lowlands are largely comprised from alluvial 

materials, transported and redistributed from ice mass, their meltwaters, and fluctuating river 

courses (Fitzharris et al., 1992; Turnbull and Allibone, 2003). The gradient of the Aparima 

River is steeper than the Oreti, resulting in an oblique slope across the surface of the Plains 

from west to east (Rekker and Jones, 1998). Within the lower Southland Plains there are two 

terraces: a limestone terrace at Isla Bank, and an alluvial terrace at Wrights Bush. These two 

terraces break up the Plains and define the lower boundaries of the Waimatuku catchment.  

The basement geology of the Southland Plains, the Winton Basin, is comprised of Ecocene 

non-marine sedimentary rocks overlain by the Winton Hill Oligocene Formation of calcareous 

mudstone (Hughes, 2001; Turnbull and Allibone, 2003). The basement geology is largely 

irrelevant as the overlying Quaternary terrestrial and marine sediments are hundreds of metres 

thick (Rekker and Jones, 1998). Drilling on the banks of the Oreti River near Winton in 1966 

found 1,034 m of Quaternary sediments and through the use of gravity anomalies in the core 

analysis, it is believed that a similar thickness underlies the rest of the Southland Plains 

(Rekker and Jones, 1998).   
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Figure 3.8: GNS QMap Geology of the Waimatuku catchment, consisting of Q2a low elevation 

alluvial gravels with pockets of Q1a peat bog deposits (Turnbull and Allibone, 2003) (Full legend in 

Appendix B).  
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Complex terrace and palaeodrainage systems are present through the deep gravels of the 

Southland Plains and formed via channel switching, aggradation and local tectonism (Figure 

3.9). Within the area of interest for the Waimatuku which includes; locations of Early 

Quaternary (Q7) marine terraces, Late Quaternary marine bench (Q5) deposits, and major 

channel switching of the Aparima and the Oreti River. During the late Middle Quaternary the 

combined Aparima and Oreti Rivers formed the wide plains between the present day channels 

and drained through the present day mouth of the Oreti (Aparima 1) and then drained through 

the limestone ridge, now known as Isla Bank, southeast of Otautau and discharged to the 

coast at the present day Waimatuku mouth (Aparima 2) (Turnbull and Allibone, 2003). 

During the middle Quaternary period the Aparima and Oreti rivers once flowed together south 

from the Mossburn basin, and southeast to the coast to the present day Oreti mouth. Further 

channel movement resulted in the Aparima discharging further west at the present day 

Waimatuku mouth, draining through the limestone ridge east of Otautau (Isla Bank). The 

channel movements resulted in the large alluvial fan that now forms the Southland Plains, as 

well as the complex terrace systems found on the plain. Active faults in the Mossburn area 

probably influenced the departure of the Oreti channel toward its present day path (Turnbull 

and Allibone, 2003).  

During the Quaternary period variations in sea level occurred as inferred from well preserved 

palaeo-marine benches along the Southland coast particularly in the mouth of the Waimatuku 

where a 20 m high 6000 year old (before present) marine bench is visible inland of the present 

shoreline (Turnbull and Allibone, 2003). These fluctuations in sea level added marine 

deposits within the alluvium sequence and are differentiated from the alluvial outwash by 

plane parallel bedding rather than the crossing bedding of the alluvial gravels. The gravels in 

the Southland Plains alluvial fan consist of greywacke quartz and sandy gravels (Hughes, 

2001; Turnbull and Allibone, 2003), whereas the marine deposits contain a higher proportion 

of reworked quartz gravel (Liggett, 1976).   

During the late Quaternary period a peat bog developed at the top of the Isla Bank limestone 

terrace bounded by the surrounding alluvial gravels, now known as Bayswater Bog 

(Robertson, 1983). The combined effects of marine transgression and regression, channel 

switching and tectonic reworking lead to the shaping of the Waimatuku Catchment  producing 

the terraces of Isla Bank and Wrights Bush. Reworking of the gravels through channel 

switching can promote the formation of groundwater stores as aquifers or groundwater 

pathways to the surface as groundwater seeps or springs (Rissmann, 2012). Thus, the 
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Waimatuku groundwater zone, the peat bog and surface springs that are present in the 

catchment today are a consequence of the changing landscape of the lowland Southland Plains 

during the mid to late Quaternary.   

 

Figure 3.9: Southland Plains Quaternary paleogeography map showing present day main 

rivers with inferred paleodrainage and paleoshores (Turnbull and Allibone, 2003).  

 

Soils 

The majority of the Waimatuku catchment is covered in Braxton soils formed from a mixture 

of fine alluvium and losses derived from tuffaceous greywacke and volcanic rocks, silty clay 

to heavy silt loam textures that are poorly drained (Crops for Southland, 2002). The poor 

drainage reflecting slow soil permeability deems these soils to be highly vulnerable to water 

logging. Braxton soils are characterised by a moderate pH between 5.5-6.2, with moderate 

cation exchange values and high base saturation values (Crops for Southland, 2002a). 
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Otanomomo peat bog soils are scattered through the Waimatuku catchment formed from 

weakly to moderately decomposed organic matter overlaying alluvium and gravel. The peat 

soils are characterised by poor drainage and are extremely acidic with pH < 4.9 (Crops for 

Southland, 2002b). Cation exchange is very high due to the high organic matter content but 

base saturation is low (Crops for Southland, 2002b).  

 

3.2.3 Lowland Southland Climate  

Mean annual rainfall is measured by Environment Southland at Otahuti and averages 996 mm 

per annum, which is similar to the mean annual rainfall of the upper Southland Plains at 

Heddon Bush of which averages 847 mm indicating a similar rainfall distribution across the 

catchment. Monthly rainfall data is relatively evenly distributed over the year across the 

Southland Plains, but as expected there is a clear seasonal variation in evapotranspiration 

(Figure 3.10). Seasonal variation in evapotranspiration produces a precipitation surplus during 

winter from May through to September. The winter surplus in rainfall is reflected by increases 

in winter stream flow and increases of groundwater levels.  

 
 

Figure 3.10: Average total monthly rainfall and Penman Potential Evapo-Transpiration (PET) 

January 1983-October 2013 at Winton (data from NIWA Cliflow database: 25 November 2013). 
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3.3 Sampling strategy  

To get an even coverage of the Waimatuku Stream over the catchment and to include the 

main tributary inputs, nine surface water sampling and gauging sites were identified, plus two 

sites on the Aparima River. Detailed in Table 3.5 are the surface water sites with; their 

distance upstream from the last monitoring station before the estuary, stream order and type, 

the data previously collected and the monitoring equipment installed. The twenty wells used 

for groundwater sampling are also identified, as well as the two rainfall gauging locations. 

The location of the sample sites and features of each gauging station are shown in Figure 

3.11. 

Table 3.5: Sample and gauging site locations including: stream order, stream type and a 

summary of previous data and installed equipment at the site. 

Site Name Distance 

(km) # 

Stream order 

and type 

Previous data 

collected 

Equipment Installed  

 

Waimatuku Stm 

At Otautau 

Drummond Rd 

22.3 2, Perennial Gauging, 

water quality 

Temporary water level recorder, 

Sonde (Temp, pH, EC) 

At Robertson Rd 19.6 2, Perennial Gauging Nil 

At Isla Bank 

Fairfax Rd 

15.4 3, Perennial Gauging Temporary water level recorder,  

Sonde (Temp, EC) 

At Fraser Rd 5.3 4, Perennial Gauging Nil 

At Township Rd 0 4, Perennial Gauging, 

water 

quality** 

Permanent water level recorder* 

 

Unnamed Waimatuku Tributary 

At Otautau 

Drummond Rd 

24.5 1, intermittent  Nil Nil 

At Robertson Rd 18.9 1, Perennial Nil Nil 

     

Other Tributaries 

Ayr Creek at Argy 

Otahuti Rd 

12.5 1, Perennial Nil Nil 

Middle Creek at 

Argyle Otahuti Rd 

10.8 3, Perennial Gauging Temporary water level recorder
1
 

# from Township Rd, *not existing previous to this study, ** Water quality site is 2.5 km upstream from gauging site 

 



61 

 

 

Figure 3.11: Catchment map with surface water sampling locations as purple triangles for the 

Aparima River and the Waimatuku Stream. The yellow dots indicate the rain gauge locations at 

Heddon Bush and Otahuti. 
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3.3.1 Sampling Methods  

Water sampling was focused on surface water sources as spring-fed streams often receive 

significant flow from groundwater. Furthermore, significantly more data has been collected 

on surface water compared to groundwater in the Waimatuku catchment and access to 

groundwater bores was limited since most bores are privately owned, thus restricting 

groundwater sampling. However, groundwater sampling was conducted in 12 wells during the 

potentiometric survey, otherwise groundwater data was obtained from the National 

Groundwater Monitoring Program (NGMP).  

Flow gauging was carried out at the time of water sampling to provide relative values in flow 

across the catchment on gauging days and to aid in loads assessment. Gauging data was 

collected to produce a flow relationship and construct a flow record for the upper, middle, and 

lower Waimatuku Stream over the length of the study.   

 

3.3.2 Spatial data collection 

Water Sampling and Storage 

Water sampling was conducted by collecting grab samples in, or as close as practical, to the 

stream’s thalweg. Samples were taken in the same stream reach as the flow gauging was 

conducted and about the same time of day, monthly from December 2012 to August 2013. 

Samples were collected fortnightly over the low flow period of February and March 2013 to 

ensure the low flow chemistry was captured.  

At the time of sample collection a YSI handheld multi-parameter probe recorded water 

temperature in 
o
C to within 0.15% , electrical conductance in µS/cm to an accuracy of 0.5%, 

Dissolved Oxygen (DO) as a percentage saturation and in mg/l to an accuracy of 2% and 0.2 

mg/l respectively.  Electrical conductance is a measure of the total charge of dissolved ions in 

the water and is influenced by water temperature (Schwartz and Zang, 2003). The temperature 

influence was accounted for and automatically adjusted by the temperature sensor on the 

handheld probe by converting the conductivity reading to the specific electrical conductance, 

which is a value relative to a temperature of 25
 o
C.  
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Water samples were collected in five different containers for analysis of the different analytes. 

Water bottles for anion were rinsed three times with sampled water and filtered through a 0.45 

µm Minisart single use non-pyrogenic hydrophilic filter into a 120 ml PET bottle. The sample 

bottles for cations were filtered through 0.45 µm filters into unrinsed 120 ml bottles 

containing nitric acid preservative. Samples for nutrients were collected unfiltered and rinsed 

three times into one litre PET bottles. Samples were refrigerated in the dark overnight and 

sent the following day to Hill Laboratories in Christchurch for analysis. Carbon isotope 

samples were collected unfiltered and rinsed three times into opaque 200 ml bottles, and 

samples for 18-oxygen and deuterium isotopes were rinsed three times with sample filtered 

through 0.45 µm filters into 2 ml glass bottle filled to the top with no air to prevent 

evaporation and capped with silicone caps. Isotope samples were refrigerated, stored in the 

dark and sent to the respective laboratories on a monthly basis (carbon to Canterbury 

University, oxygen and deuterium to University of Otago Chemistry Department).     

 

Flow Gauging  

Flow was measured at the same location and time as water samples were collected. Flow 

gauging were undertaken using a Sontek Flow Tracker with an instrumental accuracy of ± 1% 

of measured velocity, using the velocity area method (see Herschy, 2008 for standard method 

details). Gauging cross sections, chosen perpendicular to flow, were divided into 20 vertical 

points at which flow was measured. Each vertical sub-section was chosen to contain no more 

than 10% of the total cross sections flow (Herschy, 2008). Vertical flow readings were 

captured over 40 seconds at 0.6 (60 %) depth when the water level was less than 0.5 m deep, 

or, when the water depth was greater than 0.5 m, flow was recorded at 0.2 (20 %) and 0.8 (80 

%) depth (Shaw et al. 2011). These individual readings were then summed to equate total 

discharge for the cross section following the method of Herschy (2008). In depths greater than 

one metre, an Acoustic Doppler Current Profiler (ADCP) was used, and where possible stage 

readings were taken before and after the gauging of the cross section. 

 

Groundwater potentiometric survey 

To further aid in identifying exchanges between the Waimatuku Stream and the groundwater 

in the Waimatuku area, a potentiometric survey was conducted between the 26
th

 of June and 

the 45
th

 of July 2013. Flow paths were identified by surveying and dipping 130 locations 
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including 100 groundwater wells and 30 surface water sites. The Aparima River was not 

included due to the water level recorder on the bridge being over the gravels and, therefore, a 

water depth reading could not be collected during the week the water table was measured. 

Sampled wells were chosen that intersected the water table, having a screened depth less than 

30 m below the surface and with a casing diameter greater than 48 mm were identified within 

a 1000 m buffer of the Waimatuku stream and all its tributaries. Twelve surface water sites 

were also marked at the water’s edge by the GPS and then the waters deepest point was 

measured down from the GPS point. Groundwater level was dipped using a dip tape and 

measured to an accuracy of 4 mm at the top of the well casing. At the water level recording 

position, a RTK GPS point was recorded to within an accuracy of 30 mm elevation, easting 

and northing. The height of the top casing of the bore was measured to the ground surface to 

an accuracy of 4 mm with a tape measure to gain land surface elevation. In cases where a 

RTK GPS could not be marked directly from the water level reading (due to bore being 

located in a shed or interference from trees), a reading was taken at a level horizontal distance 

from the water level reading.  

 

3.3.3 Temporal data collection 

To create a continuous temporal record of flows over the duration of the study water level was 

continuously recorded at four locations across the catchment. Existing Environment 

Southland telemetered groundwater level and soil moisture stations were utilised. To 

supplement water level recordings, two sites also had water quality parameter sondes 

installed. Stream response to a rainfall event was also recorded and samples taken regularly 

over a week to attempt to infer the different quick flow hydrologic pathways by identifying 

flushing behaviour.  

Surface water level 

One permanent and three temporary water level recorders were installed down the length of 

the main stem of the Waimatuku and on the lower reach of Middle Creek before it joins the 

Waimatuku (Figure 3.10). A Vegapulse WL 61 radar water level recorder was installed as the 

permanent water level site on the Waimatuku Stream at Township Road by Environment 

Southland to monitor total flows of the Waimatuku Stream.   
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Three TruTrack WT-HR mark 3 water level and temperature recorders were installed as the 

temporary water level recorders. The first temporary water level recorder was installed at 

gauging and water sampling station at Otautau-Drummond Road. The second temporary 

water level recorder was installed at the gauging and sampling station in Waimatuku at Isla 

Bank-Fairfax Road to coincide with Environment Southland’s existing telemetered 

groundwater level site in the Waimatuku Aquifer at Isla Bank. The third temporary water 

level recorder was installed at the gauging and sampling station at Middle Creek at Argyle 

Otahuti Road, the major spring fed tributary to the Waimatuku which also coincides with 

Environment Southland’s rain gauge station at Otahuti (Figure 3.12).   

All the recorders were set to measure at 10 minute intervals starting on the hour. The 

TruTrackers take an average water level recording over the first minute of the 10 minute 

interval to represent the water level for that 10 minute interval. Water level set relative to a 

datum at the site, usually the top of a warratah (metal stake) in the logger set up, or the staff 

gauge in the case of the permanent radar. All the water level datums were marked with the 

RTK GPS (description above) to give both elevation above sea level and longitudinal and 

latitudinal coordinates.  
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Figure 3.12: Water level recording sites in the Waimatuku Catchment. Purple triangle indicates 

surface water level monitoring and green dot for groundwater level monitoring. 

 

Water temperature, conductivity and pH 

To gain a continuous record of the physical parametres associated with stream stage, water 

quality parameter sondes were installed at two sites. A 6920 YSI sonde was installed in the 

Waimatuku Stream at the Otautau Drummond gauging and sampling site on the 8
th

 of 

February 2013. The sonde was bolted to an in-stream warratah 300 mm from the true left 

bank and attached to another warratah in the left bank. Another warratah was installed 600 

mm upstream of the sonde to catch dislodged floating macrophyte growth. The top of the 

sonde was positioned 660 mm above the bed to ensure the probes were constantly submerged 
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and sitting about 0.6 of the water depth to ensure the probe was measuring the mean flow on 

the vertical scale (Herschy, 2008). Two probes were installed on the Otautau Drummond 

Sonde; 6561measuring pH, in pH units, to an accuracy of ± 0.2; and 6560 measuring 

Conductance in µS cm
-1

 to an accuracy of ± 0.5%, and temperature in ºC to an accuracy of ± 

0.15 (YSI incorporated, 2009). To reduce invertebrate habitat among and inside the probes, 

mesh and copper coverings were added to the temperature conductance and pH probes 

respectively. Calibration of the probes was carried out before field installation in laboratory 

conditions to ensure accurate measurement of the variables to within the values specified for 

calibration (YSI incorporated, 2009). Field checks were conducted every 4-6 weeks using a 

YSI Pro 2030 hand held probe.  

The second sonde, 6561 was installed in stream at Isla Bank Fairfax on the 17
th

 of May, 2013. 

The sonde was originally installed one metre upstream of the water level recorder on the true 

right bank three metres downstream of the bridge. The sonde was moved on the 5
th

 of June, 

2013 to eight metres upstream of the bridge on the true left bank after it was discovered a 

roadside ditch began to flow after rainfall and enter the stream directly upstream of the 

original sonde location, and, therefore, the previous location of the sonde was probably not 

representing Waimatuku stream flow anymore. Both sondes were set to record every 10 

minutes on the hour to align with the water level recorders.   

 

Event Sampling 

To gain understanding on how the Waimatuku stream responded to a rainfall event, the stream 

was sampled at regular intervals from the onset of the rainfall events over a week until the 

water level dropped before the next rainfall event came through. Stream response to the 

rainfall event was achieved by collecting water samples using a Sigma 900 automatic water 

sampler. The automatic water sampler was set up on the Waimatuku Stream at Isla Bank 

Fairfax Road, ten metres upstream of the water level recorder site, one metre out from the true 

left bank. Set up alongside the intake tube of the automatic water sampler was the water 

quality parameter Sonde measuring water temperature and conductance at ten minute 

intervals. The automatic sampler was set to do a pre- and post- sample purges to rinse the 8 m 

long intake tube. Sampling consisted of collecting two 500 ml samples; every two hours from 

11:40 am on the 6
th

 of July until the 10
th

 of July, to catch the stream flow peak and any 
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flushing peaks that might have a time lag; then every 3 hours until the 11
th

 July; then every six 

hours until the 14
th

 of July, to ensure the full flow recession curve was sampled.  

Samples were removed from the automatic water sampler once all 24 containers were full and 

the sample was transferred into two 500 ml containers labelled with the date and time. The 

automatic sampler bottles were reset after rinsing each sampler bottle three times with 

deionised water and packed with ice. An open 500 ml container of deionised water was set in 

the centre of the automatic sampler as a field bank to represent atmospheric deposition or any 

contamination that may have entered the collected samples inside the automatic water 

sampler. A one litre grab sample was also taken from the stream when the first sample of the 

reset automatic sample took a sample. Once transferred into the new bottles, 2 ml of sampled 

water was subsampled back in the laboratory for 
18

O and 
2
H isotope analysis. The remaining 

sample was stored frozen until analysis.  

In conjunction with the stream sampling, rain samples were collected during the event 

through two rain sampling funnels set up at Otahuti and Heddon Bush in the same enclosure 

as Environment Southland’s rain gauge stations (Figure 3.13). The funnel set up consisted of 

a 900 mm diameter black plastic funnel with a cone depth of 900 mm. The funnel was pegged 

in the ground with three metal stakes, rinsed with deionised water and covered with a doubled 

sheet of white mesh to limit particulate deposition. A one litre plastic sampling bottle was 

then fastened with silage tape to the bottom of the funnel. Two rain samples were collected at 

each rain gauge site in the catchment; the first sample was rain collected from the 6
th

 of July 

to the 8
th 

of July 2013; the second sample was rain collected from the 8
th

 of July till the 12
th

 of 

July, 2013.  
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Figure 3.13: Rain funnel sampling set up (foreground) with 1 l sampling container secured to the 

bottom of the suspended capture funnel which is covered with white mesh to reduce leaf little and 

other debris entering the sample. Rain sampling set up is located inside Environment Southlands 

rain gauge monitoring station at Otahuti.  

 

Groundwater was sampled over the two weeks prior to the rain event to gain spatial character 

of the groundwater signature that might be observed in stream flow. The groundwater samples 

were collected using a peristaltic pump with a flow cell hand held YSI probe to monitor the 

flushing of the bore until the parameters had stabilised. Samples were then collected the using 

the same filtering and bottle composition as the surface water samples. Twelve groundwater 

samples were collected during the two weeks prior to the event stream sampling (utilising 

access to wells during the potentiometric survey). These samples were collected in accordance 

to NGMP procedure for groundwater sampling (MfE, 2006) and sent to Hill Laboratories, 

Christchurch for analysis.  

3.4 Analytical Methods 

Water samples were split between four laboratories for analysis. All water samples, except the 

samples taken over the rainfall event, were analysed at Hill Laboratories, Christchurch, for the 

suite of analytes used for State of the Environment (SOE) surface waters (excluding 

suspended sediments), and the National Groundwater Monitoring Program (NGMP) suite for 

groundwater samples. The water samples from the rainfall event were analysed in the 
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Department of Geography at the University of Otago, using where possible the same methods 

as Hill’s Laboratory to maintain consistency between results. The methods are described in 

the following section. Isotopes were analysed at both the University of Canterbury and the 

University of Otago IRMS Laboratories for δ
2
H and δ

18
O, using the same method, described 

in Section 3.4.2. The frozen samples from the rainfall event were thawed the day before they 

were analysed and filtered through ADVANTEC 0.45 µm cellulose acetate disposable filter 

where the first 20 ml of filtered sample was discarded.  

 

3.4.1 Hydrochemical analysis 

Alkalinity 

Total Alkalinity represents the measure of carbonate (CO2
-
), bicarbonate (HCO3

-
) and 

hydroxide (OH
-
) content in water (APHA, 1998). Titrimetric analysis was used for Total 

Alkalinity to a pH of 4.5 using American Public Health Association (APHA) (2320 B 21
st
 ed. 

2005). Total alkalinity titration method measures changes in pH of the solution as acid (e.g 

H2SO4) is added (APHA, 1998). Acid is added until the solution reaches an equivalence or 

end point, here set as a pH of 4.5. The equivalence point represents the point where the acid 

has neutralised all the bicarbonate and after which pH will rapidly decline (Langmuir, 1997). 

Alkalinity is then determined using a titration curve of the logarithmic relationship between 

hydrogen ions and pH.     

Nutrients: Nitrates, Phosphate, Dissolved Reactive Silica 

Nitrogen, phosphorus and silica were analysed using colometry on a Flow Injection Analyser 

(FIA) and methods with detection limits are summarized in Table 4.2. Nitrate-Nitrite-

Nitrogen (NO3-N + NO2-N) results were determined using an automated azo dye colometric 

flow injection analyser (APHA 4500-NO3- I). This process reduces nitrate to nitrite through a 

cadmium redactor column and then nitrite is reacted to produce the azo dye, in which the 

concentration of that dye, determines the concentration of nitrate-nitrite. Total ammonical-

Nitrogen (NH4-N) results were determined via Phenol/hypochlorite discrete analyser APHA 

4500-NH3. This process reacts the water with sodium hydroxide to release ammonia (NH3) 

gas, which then reacts with the indicator to create a blue color that is then measured to 

determine the concentration of ammonical-nitrogen (Table 3.6).  



71 

 

Dissolved Reactive Phosphorus (DRP) results were achieved using molybdenum blue (APHA 

4500-P E). This process reacts the water with ammonium molybdenum to create an acid, 

which is then reduced by stannous chloride to create the molybdenum blue (Table 3.6). 

Dissolved reactive silica results were produced from Heteropoly blue colormetry analysis 

(APHA 4500-SiO2 F 21
st
 ed. 2005). The silica reacts with molybodate agent to form a yellow 

silicomolybdate complex that is reduced to the form molybdenum blue with ascorbic acid 

(Nollet, 2000).   

Table 3. 6: Nitrates, Phosphate and Silica method summary and detection limit.  

 

Ionic species 

Dissolved ionic species were split into two groups and analysed as: cations using Inductively 

Coupled Plasma Mass Spectroscopy (ICP-MS) (Table 3.7), and anions using Ion 

Chromatography (IC) (Table 3.8). Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) 

was used to determine boron, calcium, iron, magnesium, manganese, potassium and sodium 

to the trace levels outlined in Table 4.3. ICP-MS works by introducing the sample into argon 

plasma that dissociates the molecules to form singularly charged ions. The ions are then 

passed into a high vacuum mass spectrometer where the isotopes of the charged ions are 

Test Method description Detection limit 

Total 

Ammonical-N 

Filtered sample. Phenol/hypochlorite colorimetry. Discrete 

Analyser. (NH4-N = NH
4 
+ N + NH3-N). APHA 4500-NH3 

F 

(modified from manual analysis) 21st ed. 2005. 

 

0.010 g/m
3
 

 

Nitrite -N Automated Azo dye colorimetry, Flow injection analyser. 

APHA 4500-NO3- I (Modified) 21st ed. 2005. 

 

0.002 g/m
3
 

 

Nitrate-N Calculation: (Nitrate-N + Nitrite-N) - NO2N 

 

0.002 g/m
3
 

Nitrate-N + 

Nitrite-N 

Total oxidised nitrogen. Automated cadmium reduction, 

flow 

injection analyser. APHA 4500-NO3- I (Modified) 21st ed. 

2005. 

 

0.002 g/m
3
 

 

Dissolved 

Reactive 

Phosphorus 

Filtered sample. Molybdenum blue colorimetry. Discrete 

Analyser. APHA 4500-P E (modified from manual 

analysis) 21
st
 ed. 2005. 

 

0.004 g/m
3
 

 

Dissolved 

Reactive Silica 

Filtered sample. Heteropoly blue colorimetry. Discrete 

analyser 

APHA 4500-SiO2 F (modified from flow injection 

analysis) 21
st
 ed. 2005. 

0.10 g/m
3
 as SiO2 
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identified by their mass-to-charge ratio. The ions exit the mass spectrometer and strike a diode 

detector which measures the frequency pulse of the released ions. The peak of the pulse is 

proportional to the concentration of the element (PerkinElmer, 2011).   

Table 3.7: Cation method summary and detection limits.  

 

Anion analysis was carried out using Ion Chromatography (IC) on a DIONEX 3000 system to 

produce results for fluoride, chloride, nitrite, nitrate, sulphate, bromide and phosphate (DRP) 

to the trace levels summarised in Table 3.8 with detection limits. The IC identifies 

concentrations of the ions by separating different anions in each sample after they have been 

injected into a stream of eluent passed through a series of ion exchangers (DIONEX, 2008).  

  

Test Method description Detection 

limit 

Boron Filtered sample, ICP-MS, trace level. APHA 3125 B 21st ed. 2005. 

 

0.003 g/m
3
 

 

Calcium Filtered sample, ICP-MS, trace level. APHA 3125 B 21st ed. 2005. 

 

0.03 g/m
3
 

 

Iron Filtered sample, ICP-MS, trace level. APHA 3125 B 21st ed. 2005. 

 

0.004 g/m
3
 

 

Magnesium Filtered sample, ICP-MS, trace level. APHA 3125 B 21st ed. 2005. 

 

0.003 g/m
3
 

 

Manganese Filtered sample, ICP-MS, trace level. APHA 3125 B 21st ed. 2005. 

 

0.0009 g/m
3
 

 

Potassium Filtered sample, ICP-MS, trace level. APHA 3125 B 21st ed. 2005. 

 

0.03 g/m
3
 

 

Sodium Filtered sample, ICP-MS, trace level. APHA 3125 B 21st ed. 2005. 0.02 g/m
3
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Table 3.8: Anion method summary and detection limits.  

 

3.4.2 Isotope analysis 

Stable 18-oxygen and 2-hydrogen isotope composition of waters were determined using a 

Picarro cavity ring-down wavelength spectroscopy isotope analyser (model number L2120-i). 

The 
18

O and 
2
H (or D) values were normalised to the VSMOW scale using a three-point 

correction based on replicate analysis of the International Atomic Energy Agency’s (IAEA) 

certified isotopic reference waters of VSMOW, GISP, and SLAP (Gonfiantini, 1978) and 

reported in delta notation () as a concentration relative to VSMOW. Eight repeat aliquots of 

1.8 µl were injected into a vaporiser unit using a HTC-Pal autosampler (CTC Analytics, 

Switzerland) and each transferred into the spectrometer cavity under software control. Of 

these eight, five raw results were filtered by removing values with more than one standard 

deviation from the average.  That average was then corrected to the international VSMOW-

SLAP isotope scale using a three point calibration provided by three laboratory standards 

measured before and after every batch of samples (after every 80 or group of samples less 

than 80, results here were analysed on three separate occasions with each batch size less than 

80). A control sample was also chosen similar to the samples being measured and was 

measured every six samples as another control. Accepted values for lab standards were 

obtained for 6-year internal laboratory calibration records against primary reference materials 

VSMOW, GISP, and SLAP, external 6-member interlaboratory comparison exercise and by 

back calculation from the ~170 member IAEA interlaboratory comparison exercise, 

WICO2012.  

Test Method description Detection limit 

Bromide  Filtered sample. Ion Chromatography. APHA 4110 B 21st ed.  

 

0.05 g/m
3
 

 

Chloride Filtered sample. Ion Chromatography. APHA 4110 B 21st ed  

 

0.5 g/m
3
 

 

Sulfate Filtered sample. Ion Chromatography. APHA 4110 B 21st ed 

 

0.5 g/m
3
 

Fluoride Filtered sample. Ion Chromatography. APHA 4110 B 21st ed 

 

0.2 g/m
3
 

Nitrite Filtered sample. Ion Chromatography. APHA 4110 B 21st ed 

 

0.5 g/m
3
 

Nitrate Filtered sample. Ion Chromatography. APHA 4110 B 21st ed 

 

0.5 g/m
3
 

Phosphate Filtered sample. Ion Chromatography. APHA 4110 B 21st ed 0.5 g/m
3
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Accuracy and external precision of the normalised data were determined from replicate 

analysis of multiple quality assurance standards including: GISP, VSMOW and SLAP. Each 

sample was run six times and the certified reference waters were ran 20 times each at the start 

and after every sixth sample. The accuracy of the data is to < ± 0.2‰ δ
18

O and to < ± 1.0‰ 

δD and < ± 0.1‰ δ
13

CDIC. 

3.5 Data Analysis 

3.5.1 Time series filtering  

Time series data was filtered using a three point Tukey-Hanning filter following Equation 3.1 

to remove any high frequency anomalies and potential instrumentation noise. The filtering 

was applied to water level, water temperature, electrical conductance and pH. This filter takes 

a moving mean of three consecutive points replacing each point with the average of the 

observed weighed twice of its two adjacent points (Thompson and Tapia, 1990).  

 

          (         )  (         )  (         ) 

 

(Eq. 3.1) 

3.5.2 Stage to discharge 

Stage data from the Vegapulse radar and Trutrackers and manual flow gauging results were 

used to produce a rating curve to construct a flow record using Hilltop ratings package. The 

Hilltop ratings package fits a non-linear transformation between stage and gauged flow data 

based on a fitted curve. Flow data from the constructed flow record was checked against 

gauging data using a linear regression. 

3.5.3 Differential gauging  

Stream flow gains and losses down the Waimatuku Stream were calculated using differential 

gauging with concurrent gauging data.  Stream flow gain/loss was calculated for each main 

stem site by removing flow from the upstream main stem site and tributary inputs (Equation 

3.2). 

 

                                                                

 

 

(Eq. 3.2) 
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3.5.4 Potentiometric survey interpolation 

Potentiometric surface relative to mean sea level was derived by removing measured 

groundwater level (from the land surface) from the orthometric (land surface) height in metres 

above sea level (masl). Potentiometric and orthometric points were analysed using 

geostatistical analysis in ArcGIS 10 to assess the statistical patterns in the data and determine 

an appropriate method to use for surface interpolation. Histogram and normal distribution 

QQPlots for both potentiometric and orthometric points were normally distributed and did not 

require any transformations. Trend analysis for both surfaces indicated linear projection in 

elevation (z) data and, thus, no trend (ESRI, 2001). Kriging associates some probability with 

predictions based on autocorrelations and that two variables will be related, and the closer 

they are the more alike they will be. Kriging can be used on data without normal distribution 

as well and for data with normal distribution kriging creates the most accurate surface (ESRI, 

2001). Therefore, ordinary kriging was used to create a predication map for the potentiometric 

surface. There was no transformation or trend removed and the interpolation was to include 

five neighbours with a minimum of two. The predication errors of the resultant potentiometric 

surface had a mean of -0.57, a root mean squared error of 7.02 and an average standard error 

of 5.46. Equipotential contour lines were then created using the contour surface tool in 

ArcMap 10 from the interpolated potentiometric surface. Contour lines were extracted in five 

meter elevation bands. Groundwater flow lines were then plotted perpendicular to the 

equipotential contour lines.              

 

3.5.5 Ions  

Aq-QA version 1.1 water quality software was used to convert solute data from milligrams 

per litre (mg/l) into millequivalents per kilogram (meq/kg) for ease of comparative analysis 

and to create ion balance diagrams, piper diagrams and stiff plots. The Piper diagram 

graphically separates analytical data with respect to the percentage of dissolved constitutes in 

the water (Piper, 1944). The separation of the hydrochemical data across the trilinear diagram 

allows the hydrochemical composition of the water to be inferred. Piper diagrams were 

created to discern hydrochemical facies or water types for; each individual surface water site, 

a comparison between Aparima and Waimatuku surface waters, and cluster groupings. Ion 

balance and stiff diagrams were produced for the mean of each surface water site and as a 

median of all Aparima sites and a median of all Waimatuku surface water sites, to discern the 

composition of dominant concentrations of solutes in the water.  
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To check the analytical accuracy of water quality data, computation of the charge balance 

error was calculated using Aq-QA. Charge balance error calculates the percentage balance of 

anions to cations which should be equal as all waters are electrically neutral (Freeze and 

Cherry, 1979). Charge balance error threshold of 5 -10% are usually the acceptable limit 

(Freeze and Cheery, 1979; Daughney, 2007), but samples with charge balance error of up to 

20% were allowed in this study to exclude only the extreme outlying samples and to not 

significantly reduce the sample size. 

 

3.5.6 Hierarchical clusters  

The chemical composition and degree of similarity between different sites in different water 

bodies in and surrounding the Waimatuku catchment were analysed using Hierarchical 

Cluster Analysis (HCA) and multivariate statistical methods. Individual site values and 

median values for each site over the study period were assessed using HCA utilising all the 

surface water samples collected on the sample sites (catchment concurrent day samples) and 

all the groundwater samples collected for the National Groundwater Monitoring Program 

(NGMP) collected quarterly over the study period. To supplement the NGMP samples and 

increase the spatial distribution of groundwater samples within the Waimatuku surface water 

zone, groundwater samples were collected during the potentiometric winter survey.  

In the HCA, median values of data collected at each sites with more than two samples were 

used to simplify data input into the groupings. In order for the data to adhere to the 

assumptions of normality and homoscedasticity for use of HCA, the hydrochemical analytes 

for each site were logarithmically transformed. Log transformed medians are commonly used 

in water quality data to perform statistical and graphical interpretation, as water quality data is 

often not normally distributed or homoscedastic (Helsel and Hirsch, 2002). When utilising the 

NGMP data, field values were used over laboratory values and dissolved concentration were 

used over total concentrations except when a site only had laboratory and total values 

available, laboratory and total values were used to reduce exclusion of data. Linear regression 

was conducted to access the suitability of swopping values and where the relationship 

between totals and dissolved concentrations or field and laboratory values was significant, the 

laboratory or total values was used. Field and dissolved values were favoured over laboratory 

and totals due to their post processing and room for additional error in the result (Guler et al., 

2002).  
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Two methods of agglomerative single linkage HCA were used; the first, Nearest Neighbour, 

were employed to link all sites together and identify potential outlier samples that might bias 

further statistical analysis. The second, Wards method, was used to link sites into a range of 

groups based on hydrochemical similarity. Both methods of HCA were analysed using IBM 

SPSS Statistics version 21.  

HCA uses agglomerative single linkage where individual sites are linked based on 

observations that are statistically similar together in a cluster, and those observations that are 

not statistically similar into separate clusters using a stepwise function. Agglomerative single 

linkage progressively adds every sample into clusters based on their relatively similarity or 

dissimilarity. The stepwise function used was Squared Euclidian Distance (SED) which 

measures the similarity between each water quality observation of each sample and compares 

it to another sample. The SED is the geometric distance between the observations in one 

sample compared to the observations in another sample. Samples with the smallest SED are 

more similar and are grouped together. Samples with larger SED are less similar and will be 

grouped further down the Dendrogram until all samples are linked (Rodgerson, 2010). Wards 

method choses the grouping of clusters that have the smallest increase of SED. 

  

Cluster differentiation validation 

To assess the specific variables and differences between the clusters formed using HCA, One-

Way ANOVA and Box-Plots were used to produce statistical and visual differences between 

the site means and medians of the cluster groups. Between each cluster group, One-Way 

ANOVA was conducted on each of the chemical parameters used in the HCA analysis (Log10 

HCO3, Log10 Ca, Log10 Cl, Log10 Conductivity, Log10 Mg, Log10 SiO2, Log10 Na, Log10 

SO4),  plus the additional variables of Log10 NO3, DRP (mg/l), pH and temperature that could 

potentially provide more information on the clustering of sites. DRP presented in mg/l due to 

the high number of below detection limit values. The differences between the resultant 

median cluster values were analysed Z-scores produced using Kruskal Wallis statistical 

method for non-parametric data in Minitab v16. 
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3.5.7 Event flow chemical analysis  

Chemographs and Hysteresis 

Two component hysteresis analysis was used to decipher source contributions of stream flow 

based on the concentrations of different solutes, into pre-event compositions or event water 

(storm runoff) contribution  to indicate the dominant source of water at the time of change in 

streamflow over the event (Rose, 2003). Timing of solutes response to flow was established 

due to the direction of hysteresis loop, and the openness of loops to establish diffuse or direct 

sources (Evans and Davies, 1998).   

Hydrograph separation 2-component 

Isotopes and chemical characters were also used to separate baseflow and quick/event flow as 

rainwater forming the event flow and the pre-event groundwater should have different 

signatures (Kendall and Caldwell, 1998). The main draw back for tracer-based hydrograph 

separations is that it can be difficult to have pre-event and event waters with clear distinction 

between the two types and that the separation methods fix a value typifying event water and a 

single value typifying pre-event water in which the composition of waters over an event are 

not constant in composition spatially or temporally (Genereux and Hooper, 1998).  

A two-component hydrograph separation was used to separate and quantify the stream storm 

hydrograph into storm runoff and pre-storm baseflow components (Fritz et al., 1976; Clark 

and Fritz 1997). Storm runoff sampling of the rain during the event was separated using pre-

event groundwater signatures as the groundwater component and rainfall signatures collected 

during the rainfall event using Equation 3.3.  

 

 

      
     
      

 

 

Where: 

Qgw = total groundwater component 

Qt = flow at time x during event 

δt = stream isotope values for x time in event 

δr = isotope signature for rainfall/storm runoff 

δgw = isotope signature for groundwater/pre-storm baseflow 

 

 

 

 

(Eq. 3.3) 
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Results         
Chapter 4 

The results from this study are described in this chapter over five sections. The first section 

provides a broad overview of the data records, including a detailed description of the physical 

hydrology of the Waimatuku catchment, including flow mass balance, groundwater and 

surface water level observation, and potentiometric surface investigation. A hydrochemical 

characterisation of the water resources are described in 4.3, including surface water chemistry 

description of the Waimatuku and Aparima rivers and cluster analysis of surface waters and 

groundwater sites from the wider Waimatuku area. The isotopic composition of stable 

isotopes of water and δ
13

CDIC  in the Waimatuku and Aparima waters are described in 4.4 and 

lastly the stream hydro-chemical and isotopic responses over a rainfall event using 

chemograph and hysteresis analysis are provided in section 4.5.   

4.1 Data Record  

A total of 654 mm of rainfall was recorded at Otahuti between December 2012 and August 

2013. June and January had the highest monthly totals of rainfall exceeding 120 mm over the 

month, and most months having recorded a daily maximum rainfall greater than 20 mm. The 

exception to this was February, March and April which had maximum daily totals less than 10 

mm, and also received monthly totals less than 30 mm (Table 4.1). Mean stream flow at 

Township Road was 2.23 m
3
/s and exceeded 5 m

3
/s on four occasions, once in January and 

three times through May to July. The lowest recorded flow was 0.58 m
3
/s and occurred on the 

29
th

 March and the 11th of April (Figure 4.1). Similarly, the mean ground water level was 

2.13 m below the surface with the lowest recording of the water table at 2.23 m below the 

surface occurring on the 4
th

 April. Groundwater levels rose to less than 1.5 m below the 

surface on four occasions, the same as when stream flow peaked in January, May, June and 

July. Field capacity for Isla Bank soil moisture is 93% water filled pores with soil saturation 

at 100% water filled pores. Mean soil moisture field capacity for the period December 2012 to 

August 2013 was 64.5% with field capacity being exceed on 14 occasions, 13 of which 

occurred between May and August, the other during the early January 2013 flood. Between 

the 16
th

 February and the 20
th

 April soil moisture remained below 40% and dropped as low as 

18% for a week from the 14
th

 April.    
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Table 4.1: Daily maximum and monthly totals of rainfall received in mm at Environment 

Southland’s Otahuti rainfall monitoring site from December 2012 through to August 2013 

inclusive.  

 
Dec Jan Feb Mar Apr May Jun Jul Aug 

Maximum  
received in 

one day 
 

25 44 8 9 8 20 32 20 10 

Month 
Total 

75 124 29 24 60 96 125 80 42 

 

 

Figure 4.1: Catchment responses during the research period of December 2012 through to August 

2013. Top to bottom including: Rainfall (mm daily total) at Otahuti; Stream flow at Township Road 

(m
3
/s); Soil moisture (% water filled pores) at Isla Bank; Groundwater level (m) below the surface 

at Isla Bank; and day water sample collected indicated by orange star.   
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4.2 Flow Analysis 

4.2.1 Differential gauging  

A losing reach between Isla Bank and Fraser Road gauging sites was identified during both 

high and low flows. Two gaining reaches were identified between the Robertson Road and 

Isla Bank, and between Fraser Road and Township Road. Both of these reach gains were 

observed under low and high flows. The only reach that appeared to change its mass balance 

between high flows and low flows was the reach between Otautau Drummond Road and 

Robertson Road. During low flow (less than 200 l/s at Otautau Drummond) the reach appears 

to gain flow, while at higher flows (> 200 l/s at Otautau Drummond) the reach appears to lose 

flow (Figure 4.2). 

 

 

Figure 4.2: Stream flow mass balance showing amount gained from, or lost to groundwater, 

between each gauging site. Each line represents a concurrent gauging day. Green lines represents 

gauging days at the end of summer autumn period, March to May, where little rainfall occurred. 

Blue represents gauging days during the winter period, June to August. Flow mass balance is 

presented in litres per second (l/s).     
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Aparima River 

Aparima River gauging results show relatively small gains between Wreys Bush and Otautau 

except for one day where a loss is recorded on the 8
th

 February, 2013 (Table 4.2). The gains 

and loss compared to the gauging error of the flow measurement (4% of flow) indicate the 

difference is negligible. Therefore, the reach is classified as neutral in respect to flow mass 

balance.  

Table 4.2: Aparima Flow Gauging data in litres per second (m
3
/s) and the amount gained (or lost) 

between Wreys Bush and Otautau in m
3
/s. 

 

Aparima River at 

Otautau 

Aparima River at 

Wreys Bush 

 
Date Flow 

Gauging 

error (±) 
Flow 

Gauging 

error (±) 

Gain 

(loss) 

19/12/2012 9.29 0.37 6.94 0.28 2.36 

22/01/2013 7.17 0.29 6.73 0.27 0.44 

8/02/2013 2.84 0.11 2.93 0.12 -0.09 

20/02/2013 2.9 0.12 1.93 0.08 0.97 

25/02/2013 1.78 0.07 1.68 0.07 0.1 

13/03/2013 1.18 0.05 1.15 0.05 0.02 

22/03/2013 1.59 0.06 1.47 0.06 0.12 

27/03/2013 2.5 0.1 2.3 0.09 0.2 

20/05/2013 6.49 0.26 6.09 0.24 0.4 

 

 

Spatially, the Waimatuku Stream has a neutral flow in the beginning between Otautau 

Drummond, then gains flow through the second quarter from Robertson Road to Isla Bank 

Fairfax Road. The middle section losses flow from Isla Bank Fairfax Road down to Fraser 

Road from which the stream begins to gain again towards Township Road (Figure 4.3). The 

reach of the Aparima to the north west of the Waimatuku has neutral flow.  
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Figure 4.3: Stream flow gains and losses down the gauged reaches of the Waimatuku Stream 

catchment and the adjacent Aparima River catchment. Gauging sites displayed as triangles and 

groundwater sampling sites (described in later sections) as circles.  



84 

 

4.2.2 Surface water and groundwater stage 

Water levels in ground and surface water appear to rise and fall concurrently in relation to 

rainfall inputs (Figure 4.4). Groundwater and surface water levels were highly positively 

correlated with a Spearman’s correlation coefficient of 0.961. If groundwater was recharging 

surface water, or vice versa, an offset in the rise and/or fall of the corresponding surface water 

limb could be observed.  

 

 

Figure 4.4: Hydrograph showing groundwater level of the Waimatuku Groundwater zone at Isla 

Bank and surface water level of the Waimatuku Stream at Isla Bank in metres above sea level 

(masl), with daily rainfall totals from Middle Creek at Otahuti for the period 15 February 2013 to 

25
th

 July 2013.  
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The end of summer low flow season was observed from February 2013 to the 26
th

 of May 

2013, where less than 210 mm rainfall was recorded in the middle of the catchment at 

Otahuti. Surface water levels at Isla Bank remained stable, fluctuating within a range of 60 

mm while groundwater levels fluctuated within a range of 120 mm from 37.16 masl to 37.04 

masl (Figure 4.5 a). During this period of stable stream flow, no more than 10 mm of rainfall 

was recorded in a single day which appears to have no effect on stream water levels. 

Between June to August periods of rainfall and increased stream water levels were observed. 

Groundwater levels reflected the same response to rainfall as stream flow so that both surface 

and ground water levels, rose coeval and in the same magnitudes of water received (Figure 

4.5 b).  
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a) 

 
b) 

 
Figure 4.5: Hydrographs showing groundwater level of the Waimatuku Groundwater zone at Isla 

Bank and surface water level of the Waimatuku Stream at Isla Bank in metres above sea level 

(masl), with daily rainfall totals from Middle Creek at Otahuti for: a) the period 15 February 2013 

to 26
th

 May 2013, b) the period 26
th

 May 2013 to 25
th

 July 2013. 
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4.2.3 Potentiometric survey 

Results from the potentiometric analysis and resultant equipotential contour lines in metres 

above sea level (masl), show three key areas of interest. First, the start of the springs that feed 

the Middle Creek tributary at the north of the catchment, two; the area around Bayswater 

raised peat bog in the upper west, and three; the middle section of the catchment around Isla 

Bank (Figure 4.6). The potentiometric surface was shallow and generally followed 

topography except for the surveyed wells in the Isla Bank terrace.  
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Figure 4.6: Potentiometric contour surface (masl) of the water table over the wider Waimatuku 

area. Stream sites are indicated by purple triangles, and the neutral, gaining and losing reaches of 

stream flow are shown.   
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The upper part of the catchment from Wreys Bush down to Drummond show relatively linear 

potentiometric contours indicating that groundwater flow is from north to south down the 

catchment (Figure 4.7). The potentiometric surface contours change around Bayswater raised 

peat bog to the west of the catchment. The middle of the bog shows the water table is raised to 

intercept the topographic surface. The water table then decreases in a circular pattern where it 

drops 30 masl to the west and down to the Aparima River over two horizontal kilometres. To 

the east, the water table drops 20 masl over a 2 km horizontal distance.  
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Figure 4.7: Potentiometric surface contours (masl) and direction of groundwater flow indicated by 

arrows, for the upper catchment above the start of the Waimatuku Stream.  
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The groundwater flow lines between the surface water sites at Isla Bank and Fraser Road, lose 

elevation to the east of the stream (Figure 4.8). To the east of the stream at the Isla Bank 

gauging site, the same potentiometric elevation contour of 40 masl is observed for the location 

of the groundwater level monitoring well at Isla Bank. The upper reach of the Waimatuku 

stream between Otautau Drummond road and Robertson road cuts across the55 masl down to 

the 45 masl contour but the next flow contour is just to the true left of the stream. The lower 

section of Middle Creek has groundwater flow contour lines pointing upstream.  
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Figure 4.8: Potentiometric surface contours (masl) and direction of groundwater flow indicated by 

arrows, for the middle to lower section of the Waimatuku catchment.  
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4.3 Chemical analysis 

The chemical composition and degree of similarity between different sites in different water 

bodies in and surrounding the Waimatuku catchment were analysed using Hierarchical 

Cluster Analysis (HCA) and multivariate statistical methods. HCA is a statistical grouping 

tool that groups sites based on similar observations of the data for defining hydro chemical 

groupings of sites. HCA creates cluster groupings on the basis of the chemistry data inputted 

and does not form groupings based on any previous assumptions (Rodgerson 2010). The 

resultant cluster groups of individual sites were tested on their statistically significant 

chemical differences and their spatial connection using ANOVA, Box Plots, Kruskal-Wallis, 

Piper diagram and GIS, as described in the following sections. Only the board description of 

chemical character (Figure 4.10) is present in mg/l, the rest of the geochemical analysis in 

presented in meq/kg or log transformed  (log10) meq/kg.   

 

4.3.1 Broad description surface water chemical character 

The Aparima River sites compared to the Waimatuku Stream sites generally had lower solute 

concentrations. The solute concentrations of the Waimatuku sites were elevated relative to the 

Aparima and with varying ranges in solute concentrations (Figure 4.9). For example, mean Cl 

values for the Aparima at Wreys Bush and Otautau are 6.2 and 5.9 mg/l respectively, whereas 

the nine Waimatuku Stream sites all had Cl means in the range of 21-26 mg/l. Similar 

magnitude differences were recorded for Ca, Mg, Na, SiO2, and HCO3. Calcium and Mg site 

means for the Aparima were in the range of 9.2-9.4 mg/l and 2.3- 2.4 mg/l respectively, and 

the Waimatuku sites recorded means were between 19-30 mg/l for Ca, and 8-11 mg/l for Mg. 

Sodium,  SiO2 and HCO3 means for the Aparima River were between 6.0-6.1 mg/l, 9.3- 9.7 

mg/l and 29-34 mg/l, respectively, while the Waimatuku catchment sites were between 14- 20 

mg/l, 19-29 mg/l and 59-97 mg/l for Na, SiO2 and HCO3 respectively. Nutrient data produced 

more variability in range for the Waimatuku compared to the Aparima but the Waimatuku 

values were still elevated in comparison to the Aparima values.  
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 

 

i) 

 

j) 

 

k) 

 

l) 

 

m) 

 

n) 

 

  

Figure 4.9: Boxplots of variation between the different surface water monitoring sites: Ayr Creek (A-AYR), Aparima at Otautau (A-OUT), Aparima at Wreys Bush (A-WRB), Middle Creek( M-AGY), Waimtuku at Fraser Road (W-

FRS), Waimatuku at Isla Bank Fairfax Road (W-ISA), Waimatuku at Lornville Riverton Highway (W-LRH), Waimatuku Stream at Otautau Drummond Road (W-SOD), Waimatuku Stream at Robertson Road (W-SRB), 

Waimatuku Tributary at Otautau Drummond Road (W-TOD), Waimatuku Tributary at Robertson Road (W-TRB). The box plots show chemical parameters from top left to bottom right: a) HCO3, b) Cl, c) Ca, d) EC, e) Mg, f) NO3, 

g) DO, h) DRP, i) K, j) SiO2, k) Na, l) SO4, m)Temperature and n) pH(mg/l, ).  
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The Aparima River and Waimatuku Stream are similar in solute compositions but differ in 

concentrations of the major anions and cations. Bicarbonate and Ca (meq/kg) were the 

dominant anion and cation within the Aparima and the Waimatuku, but the concentrations of 

the next two dominant cations, Mg and Na, in the Waimatuku had concentrations in 

proportion with Ca. The Aparima in contrast, had concentrations of Mg and Na proportional 

to half the concentration of Ca. In total, the concentrations of anions and cations in the 

Waimatuku were at least double the concentrations in the Aparima (Figure 4.10 d), e), and b), 

c) respectively). 

Examining anions alone as meq/kg percentage of total anion concentration, Cl showed the 

largest variability within the Waimatuku sites, with individual samples sitting between 20 and 

50% sample anion dominance by Cl. Sulphate equated to less than 30% of the total anion 

concentration in all the Waimatuku samples. The Aparima in comparison had a more 

consistent Cl anion dominance between 15-35% for all samples. Sulphate concentrations for 

the Aparima samples equated to between 10- 25% of the total anions. Milliequivalent per kg 

(meq/kg) percentage of total cation concentrations for Waimatuku samples were centrally 

clustered between 40 and 60% dominance of Ca and 20 to 40% concentration of total cations 

for Mg. Similarly, the Aparima total cations were dominated centrally at 50% Ca, seconded 

by 25% Mg (Figure 4.10 a). 
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a) 

 
b) 

 

c) 

 

d) 

 

e) 

 
Figure 4.10: a) Piper diagram of the composition of ions for all the surface water samples from the 

Waimatuku in Green and the Aparima River in blue (meq/kg). The Stiff diagram and ion balance 

diagrams showing concentrations of relative ions from b) and c) the median Aparima River 

concentrations respectively and,  d) and e) the median Waimatuku sites respectively in meq/kg.     
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4.3.2 Hierarchical Cluster Analysis  

Nearest Neighbour HCA was run to identify any outlying samples from the dataset of 172 

discrete data sites using all logarithmic transformed analytes: HCO3, Cl, Ca, Mg K, SiO2, Na 

and SO4. The output identified three outlying samples:  

Sample Justification 

Aparima River 

at Otautau 

19/12/12 

 

Reason for probable outlier: very low alkalinity result (2.7 mg/l). 

Possible cause: sampling human error as field collection notes had some confusion 

about sampling protocol.  

 

E46/0716 

26/06/2013 

Reason for probable outlier: Groundwater sample has very high sodium (124 mg/l), 

conductivity (546.8µS/cm), bicarbonate alkalinity (187 mg/l), and chloride (56 

mg/l).  

Possible cause: local contamination but the site has only been sampled once so 

cannot compare data. 

 

E46/0110 

18/06/2013 

Reason for probable outlier: very low conductance (28.5 µS/cm).  

Possible cause: sampled different bore on the same property which has different 

characteristics to labelled well.  

 

Subsequent analysis used Wards Linkage cluster method (n= 196) using all logarithmic 

transformed median analytes for each sampling site: Log10HCO3, Log10Cl, Log10Ca, 

Log10Mg, Log10K, Log10SiO2, Log10Na and Log10SO4. Wards method was set up with a 

possible number of groups between two and six. Clustering resulted in the separation of two 

clusters and then five sub-clusters as depicted in the dendrogram in Figure 4.11. Two clusters 

form at A, B with a separation threshold of 15, and five sub-clusters form from A1 through to 

B2 at the separation threshold of four.  
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Figure 4.11: Dendrogram using Wards Linkage method showing the first cluster formation A,B at 

separation threshold 15, and the five sub clusters A1 through to B2 formed at the separation 

threshold of four. 
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The member of the five sub cluster groups formed by Wards method of HCA and their 

member composition of surface water and groundwater sites are listed in Table 4.3. Clusters 

A1 and A2 have the highest cluster membership including both groundwater and surface 

water sites. For example, A1 has a near balanced membership between groundwater and 

surface water sites with five surface water sites and six groundwater sites, while A2 has twice 

the amount of groundwater sites compared to surface water sites, with eight and four 

respectively. Cluster A3 has only one member, the groundwater site of E46/0092. B1 and B2 

are homogenous in their membership with B1 containing only surface water sites and B2 

containing only groundwater sites. The spatial distribution of the clustered sites is presented 

in Section 5.2.5.  

 

Table 4.3: Cluster grounp, site membership of each cluster and the number of groundwater sites 

(ngw), surface water sites (nsw) and total number of sites (nTotal) of each cluster.  

Cluster Members nsw ngw nTotal 

A1 Ayr Creek at Argyle Otahuti Road, Waimatuku Stream at Fraser 

Road, Waimatuku Stream at Isla Bank-Fairfax Rd, Waimatuku 

Stream at Robertson Road, Waimatuku Stream at Lorneville 

Riverton Hwy, E46/0094, E46/0627, D45/0005, E46/0237, 

E46/0575,E46/0744, 

5 6 11 

A2 D45/0028, E45/0010, E45/0011, E45/0330_3m, E45/0423, 

E45/0447, E46/0093, E46/0110, Middle Creek at Argyle - Otahuti 

Road, Waimatuku Stream Tributary at Otautau Dr, Waimatuku 

Tributary at Robertson Road, Waimatuku Stream at Otautau 

Drummond Rd 

4 8 12 

A3 E46/0092 0 1 1 

B1 Aparima River at Otautau, Aparima River at Wreys Bush 2 0 2 

B2 D45/0004, E45/0012, E46/0406, E46/0440, E46/0460 0 5 5 

 

 

4.3.3 Cluster differentiation validation  

The mean and standard deviations of the log transformed values for each cluster are displayed 

in Table 4.4. Most chemical parameters show a mean range across the clusters from slightly 

negative to positive. Only one or two have small standard deviations for each chemical 

parameter in the different clusters. Due to A3 only having one site member, it is excluded 

from the following statistical analysis. 
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Table 4.4: Mean and standard deviation of logarithmic transformed chemical parameters of the five 

cluster groups formed using HCA Wards method (Note: no standard deviation in cluster A3 

because it only contains one site).  

 A1 A2 A3 B1 B2 

 Mean S.D Mean S.D Mean Mean S.D Mean S.D 

Log10 HCO3 1.93 0.06 1.77 0.10 2.29 1.52 0.01 1.76 0.11 

Log10 Ca 1.40 0.08 1.36 0.06 1.90 0.99 0.03 1.05 0.14 

Log10 Cl 1.41 0.10 1.37 0.07 1.45 0.81 0.06 1.36 0.10 

Log10 Conductivity 2.48 0.05 2.44 0.06 2.68 2.00 0.06 2.31 0.10 

Log10 Mg 1.01 0.05 0.98 0.07 0.63 0.40 0.02 0.79 0.18 

Log10 NO3 0.54 0.23 0.59 0.77 0.77 -0.34 0.08 -0.06 0.57 

Log10 K -0.06 0.10 -0.03 0.11 0.05 -0.14 0.02 -0.15 0.09 

Log10 SiO2 1.43 0.10 1.36 0.08 1.23 0.98 0.01 1.57 0.12 

Log10 Na 1.30 0.12 1.23 0.08 1.29 0.79 0.03 1.31 0.09 

Log10 SO4 0.98 0.11 1.24 0.11 0.68 0.76 0.01 0.49 0.16 

 

To assess the specific variables and differences between the clusters formed using HCA, One-

Way ANOVA and Box-Plots were used to produce statistical and visual differences between 

the site means and medians of the cluster groups. Between each cluster group, One-Way 

ANVOA was conducted on each of the chemical parameters used in the HCA analysis (Log10 

HCO3, Log10 Ca, Log10 Cl, Log10 Conductivity, Log10 Mg, Log10 SiO2, Log10 Na, Log10 

SO4),  plus the additional comparable variables of Log10 NO3, DRP (mg/l), pH and 

temperature that could potentially provide more information on the clustering of sites. DRP 

presented in mg/l due to the high number of below detection limit values. 

Between all sites there was a significant difference (P-value <0.05) between all the 

logarithmic transformed variables (Log10 HCO3, Log10 Ca, Log10 Cl, Log10 Conductivity, 

Log10 Mg, Log10 SiO2, Log10 Na, Log10 SO4), except for potassium and nitrate, which had 

p-values of 0.104 and 0.053 respectively.  

As the box plots in Figure 4.12, Cluster B1 has lower solute concentrations when compared to 

the other cluster groups with the single exception of SO4 which is lower for B2. The cluster 

groups A1 and A2 do not appear to follow a trend, in some cases A1 has high solute values 

compared to A2, while for some solutes A2 has higher concentrations. B2 appears to be very 

variable in comparison to the other clusters and A1 has consistently low hydrochemical 

parameters. 
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Figure 4.12: One-Way ANOVA Boxplots of variation between the different cluster groups Lower Waimatuku (A1), Upper Waimatuku (A2), Aparima River (B1) and Outside Groundwater (B2). Clusters show chemical parameters used in 

the HCA cluster analysis and additional parameters to provide further insight to the clusters. Box plots are from top left to bottom right in meq/kg: a) Log10 HCO3, b) Log10 Ca ,c  Log10 Cl, d) Log10 Conductivity, e) Log10 Mg, f) Log10 

NO3, g) Log10 K, h) Log10 SiO2, i) Log10 Na, j) Log10 SO4, k) DRP (mg/l), l ) Temperature (ºC), m) pH.  
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4.3.4 Clusters Chemical Composition  

An examination of the chemical parameters between each cluster showed no statistical 

significant difference between for Cl and K, which had p-values of 0.098 and 0.131 

respectively. However all other chemical parameters had a statistically significant difference 

between the clusters. A summary of the significant hydrochemical variations between the 

different clusters A1-B2 are displayed in Table 4.5 Similarity was determined using a 

Kruskal-Wallis test and assessed from z scores greater than 1 to indicate a difference. Well 

depths were all less than 30 m below the surface.  

Table 4.5: Summary of significant hydrochemical variations between the four clusters A1, Lower 

Waimatuku; A2, Upper Waimatuku; B1, Aparima River; and B2, outside groundwater zone.  

 A1 A2 B1 

A2 Compared to A1, A2 has 

lower HCO3, Ca, Mg, EC, 

DRP and pH. There is higher 

SO4 and NO3.  

 

  

B1 Compared to A1, B1 has 

lower HCO3, Ca, EC, Mg, 

NO3 and DRP. There is no 

difference with SO4 and pH.   

 

Compared to A2, B1 has 

lower Ca, EC, Mg, NO3 and 

SO4. There is no difference in 

HCO3, DRP. A higher pH in 

B1.  

 

 

B2 Compared to A1, B2 has 

lower HCO3, Ca, EC, Mg, 

NO3, DRP, SO4 and pH. 

Compared to A2, B2 has 

lower Ca, EC, Mg, NO3 and 

SO4. There is no difference in 

HCO3 and DRP. 

Compared to B1, B2 has 

lower HCO3, Ca,SO4 and pH. 

Higher DRP and no 

difference in EC, Mg, NO3. 

 

Individual sites within the clusters are generally Ca-HCO3 type waters (Figure 4.13). A1 

anions equated to between 30 and 50% Cl and less than 20% SO4, while cations equated to 

between 40 to 60% Ca and 20 to 40% Mg. A2 anions sat between 30 and 60% Cl and between 

10 to 40% SO4, while cations sat between 40 to 60% Ca and 20-40% Mg. A3 sat at 30% Cl, 

less than 10% SO4, while cations sat at 75% Ca and less than 10% Mg. B1 sat between 30 and 

40% Cl and less than 20% SO4, while cations 50 to 60% Ca and 20-30% Mg. B2 sat between 

30 and 60% Cl and less than 10% SO4, while cations 30 to 50% Ca and 20-40% Mg (Figure 

4.13).  

Variations to the Ca-HCO3 classification include two groundwater sites (E45/0011 and 

E45/03303) which are classified as Ca-Cl in Cluster A2. Within cluster A1, eight sites are 

classified as Ca-HCO3, while one groundwater site is classified as Ca-Cl (E46/0575) and two 
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groundwater sites classified as Na-HCO3 (E45/0094 and E45/0627). Cluster B2 has a range of 

different facies with sites classified as Na-Cl, Na-HCO3, or Mg-HCO3.  

 

 

Figure 4.13: Piper Diagram of the hydrochemical facies for each site differentiated by colour for 

the clusters that the sites belong to; Green for cluster A1, Orange for cluster A2, Black for cluster 

A3, Blue for cluster B1, and yellow for cluster B2. Sites are differentiated as circles for 

groundwater sites and triangles for surface water sites.  

 

4.3.5 Cluster Sites Spatial Distribution 

The spatial distributions of sites within each cluster appear to correspond accordingly to 

geographical distribution. As Figure 4.16 shows, the sites in Cluster B1 (blue) are the 

Aparima River and flow adjacent to the Waimatuku system. Sites in Cluster B2 (yellow) are 

all groundwater sites also outside the local system. Site E46/0092 or Cluster A3 (black) 

(Figure 4.14) is within the similar zone as A1 and A2 but is located within the Isla Bank 

Limestone terrace aquifer to the west of the Waimatuku Stream Isla Bank site in  Q1 gravels. 

Sites in Cluster A1 and A2 contain surface and groundwater sites within the Waimatuku 

stream capture area in Q2 gravels. Sites in the A2 cluster (orange) contain the upper 
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catchment groundwater sites and the surface water sites that are tributaries to the Waimatuku 

stream and the top of the Stream at Otautau Drummond Road, downstream of Bayswater Bog. 

Sites in Cluster A1 (green) consist of the lower catchment surface water sites and the lower 

catchment groundwater sites except for sites D45/0005 above Bayswater Bog, and E46/0744 

between the west and east branches of Middle Creek.  
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Figure 4.14: Spatial distributions of sites classified by their cluster colours: A1 green, A2 orange, 

A3 black, B1 blue, B2 yellow and site type differentiated by shape: circle for groundwater site and 

triangle for surface water site, labled with water type. Stream flow gain, neutral and stablity are also 

shown on map with measured reaches classified as: gaining in green, neutral in yellow, loosing in 

red and ungauged reaches in blue. Map is underlain with GNS Murihiku QMAP (see appendix for 

QMAP legend).   
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4.4 Isotope Analysis 

4.4.1 Stable isotopes of water 

Surface water sites in the wider Waimatuku catchment had a range of δ
2
H values between -

4.6‰ and -58.5‰, and δ
18

O had values in the range -8.7‰ and -6.2‰. In comparison the 

Aparima River sites had δ
2
H values in the range of -61.0‰ and -51.1‰, and δ

18
O range from 

-9.0‰ and -7.2‰. Middle Creek had a range of δ
2
H values between -50.1‰ and -49.4‰, and 

for δ
18

O had values in the range -7.8‰ and -7.3‰ (Table 4.6). 

 

Table 4.6: Median, Minimum (min), Maximum (max) values for each surface water sites in the 

wider Waimatuku catchment for δ
18

O and δ
2
H. 

  δ
2
H ‰ δ

18
O ‰ 

Site n Median Min Max Median Min Max 

Aparima at Otautau 10 -56.1   -61.0 -51.1 -8.4    -9.0 -7.2 

Aparima at Wreys Bush 8 -56.3   -59.7 -52.5 -8.5    -9.0 -7.5 

Ayr Creek 2 -52.3         -52.5 -52.2 -8.0         -7.8 -8.0 

Middle Creek 5 -49.5   -50.1 -48.6 -7.7   -7.8 -7.3 

Waimatuku at Fraser Road 8 -49.7    -57.1 -47.5 -7.7    -8.5 -7.2 

Waimatuku at Isla Bank Fairfax Road 115 -48.3   -57.6 -45.4 -7.3   -8.6 -6.8 

Waimatuku at Lornville Riverton Hwy 13 -48.5   -55.3 -44.6 -7.7    -8.2 -6.7 

Waimatuku at Otautau Drummond Road 13 -47.9   -52.4 -45.2 -7.4   -7.8 -6.6 

Waimatuku at Robertson Road 8 -49.9    -58.5 -45.2 -7.8    -8.7 -6.2 

Tributary at Otautau Drummond Road 5 -49.5   -51.2 -46.9 -7.6    -7.7 -7.0 

Tributary at Robertson Road 8 -49.9    -57.5 -47.7 -7.8    -8.5 -7.2 

 

The co-isotopic plot of δ
18

O and δ
2
H including all the surface water data from the wider 

Waimatuku catchment (excluding the event data at W-ISA), separates linearly along the 

equation δ
2
H = 5.85δ

18
O -5.68 with an R

2
 of 0.81 (Figure 4.15). For comparison, the linear 

distribution of monthly mean rainfall from the IAEAs Invercargill site equates to δ
2
H = 

5.9.3δ
18

 -5.28 with an R
2
 of 0.96.  
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Figure 4.15: Co-isotopic plots where black circle the wider Waimatuku area surface water sites 

following a linear regression of δ
2
H = 5.85δ

18
 -5.68 with an R

2
 of 0.81. The red square are the mean 

monthly IAEA rainfall data from the Invercargill station following a linear regression of δ
2
H = 

5.93δ
18

 -5.28 with an R
2
 of 0.96.  

 

Surface water differences 

The Aparima isotopic data is more negative in both δ
18

O and δ
2
H relative to the Waimatuku 

catchment (Figure 4.16). Statistical analysis of the distributions of both δ
2
H and δ

18
O resulted 

in a significant statistical differences between the Waimatuku sites (including Middle Creek 

and Ayr Creek) with the Aparima sites (p-value <0.05).  

The majority of the Waimatuku data is within the same range as the mean monthly IAEA data 

from March, May, June, July and August of -49.4 and -53.8 for δ
2
H and -7.25 and -8.23 for 

δ
18

O (Figure 4.16). The mean monthly IAEA data for the months September through to 

February and April are less negative than the majority of the samples sitting between the 

range of -41.0and -48.8 for δ
2
H and -6.01 and -6.86 for δ

18
O. Whereas the Aparima water data 

is more negative in both δ
18

O and δ
2
H compared to the IAEA mean monthly data, indicating 

that the Aparima water is not locally derived from coastal precipitation.   
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Figure 4.16: Co-Isotopic plot of δ
2
H and δ

18
O from the wider Waimatuku Catchment (11 surface 

water sites excluding the W-ISA rainfall event data) compared to the Aparima in black circles and 

the IAEA mean monthly rainfall δ
18

O and δ
2
H data from their Invercargill monitoring site, green 

diamond.  

 

Cluster Isotopes 

Utilising the clusters defined in section 4.3, an isotopic differentiation appears among the 

defined clusters. The Aparima cluster B1 is more negative than samples from the other cluster 

groups. Data from the outside groundwater sites, cluster B2, were more negative than the 

Waimatuku sites in clusters A1, A2, and A3 but were less negative than the Aparima, B1 sites 

(Figure 4.17). Statistical analysis identified significant statistical isotopic differences across 

the five cluster groups having p-values less than 0.05, in both in δ
2
H and δ

18
O. The lower 

Waimatuku, cluster A1, has a more negative range, but a less negative median and mean 

compared to and the upper Waimatuku, cluster A2, in both δ
2
H and δ

18
O (Table 4.7).  
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Table 4.7: Median, Minimum (min), Maximum (max) values for the five cluster sites (defined in 

section 5.2) in the wider Waimatuku catchment including groundwater and surface water sites for 

δ
18

O and δ
2
H. 

  δ
2
H ‰ δ

18
O ‰ 

Cluster n Median Min Max Median Min Max 

A1 152 -48.4 -58.5 -44.6 -7.3 -8.7 -6.2 

A2 41 -49.1 -57.5 -42.9 -7.5 -8.5 -6.2 

A3 3 -49.6 -49.6 -48.5 -7.7 -7.7 -7.7 

B1 20 -56.3 -61.0 -51.1 -8.5 -9.0 -7.2 

B2 5 -54.6 -55.3 -53.0 -8.1 -8.1 -8.0 

 

 

 

Figure 4.17: Co-Isotopic plot of δ
2
H and δ

18
O data from the wider Waimatuku catchment including 

groundwater and surface water sites, characterised by the cluster groups defined in section4.2. 

lower Waimatuku cluster (A1) in black circle, upper Waimatuku (A2) red square, Isla Bank 

groundwater (A3) green diamond, Aparima (B1)  blue triangle and outside groundwater zone (B2) 

in yellow arrow.  

 

Waimatuku surface water and groundwater isotopes  

Clusters A1 and A2 divide up the lower and upper groundwater and surface water sites in the 

Waimatuku catchment respectively. When looking at just the isotopic separation between 

groundwater and surface water sites from cluster groups A1 (lower Waimatuku) and A2 
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(upper Waimatuku) there is no clear separation between the groundwater and surface water 

sites (Figure 4.18). Kruskal-Wallis analysis results show that there is no statistical significant 

difference between the groundwater and surface water data from clusters A1 and A2 for both 

δ
18

O and δ
2
H with p-values of 0.936 and 0.899 respectively.  

 

 

Figure 4.18: Co-Isotopic plot of δ
2
H and δ

18
O from cluster groups A1 and A2, the lower and upper 

Waimatuku sites respectively (cluster groups defined in section 4.3) separated into surface water 

sites black circle, and groundwater red square. 

 

4.4.2 Dissolved Inorganic Carbon Isotopes 

Dissolved inorganic carbon isotopes showed distinct differences between groundwater sites, 

Waimatuku Stream surface water sites and the Aparima River sites. The groundwater sites 

had δ
13

CDIC signatures ranging from -23.2‰ to -20.9‰ with the exception of well E46/0092 

having a δ
13

CDIC signature of -15.6‰. The Aparima River sites had median δ
13

CDIC signatures 

between -14.3‰ and -12.5‰, whereas the Waimatuku Stream had median δ
13

CDIC signatures 

between -19.8‰ and -16‰ (Table 4.8).  
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Table 4.8: Median, Minimum (min), Maximum (max) values for available surface water sites in the 

wider Waimatuku catchment and available groundwater wells for δ
13

CDIC. 

  δ
13

CDIC 

Site n Median Min Max 

Aparima River at Otautau 5 -14.3 -16.2 -13.2 

Aparima River at Wreys Bush 3 -12.5 -13.6 -12.0 

D45/0004 1 -20.9 - - 

D45/0005 2 -22.9 -23.3 -22.5 

E45/0010 1 -22.7 - - 

E45/0011 1 -23.0 - - 

E45/0012 1 -23.2 - - 

E46/0092 1 -15.6 - - 

E46/0093 1 -22.7 - - 

E46/0094 1 -22.7 - - 

E46/0110 1 -25.0 - - 

Waimatuku Stream at Fraser Road 3 -16.0 -19.3 -15.4 

Waimatuku Stream at Isla Bank-Fairfax Rd 4 -17.9 -19.8 -16.0 

Waimatuku Stream at Lorneville Riverton Hwy 7 -16.9 -19.1 -15.1 

Waimatuku Stream at Otautau Drummond Rd 6 -17.1 -19.4 -16.1 

Waimatuku Stream at Robertson Road 3 -18.3 -20.5 -17.8 

Waimatuku Stream Tributary at Otautau Drummond Rd 3 -19.3 -20.5 -18.9 

Waimatuku Tributary at Robertson Road 3 -19.8 -21.4 -18.7 

 

 

4.5 Event Analysis 

4.5.1 Rainfall event and flow data record 

Event analysis occurred over a nine day period where the stream at Isla Bank was sampled 

using an automatic sampler. The total rainfall recorded at Environment Southlands Otahuti 

rainfall site over the nine days was 77.5 mm. Of this 77.5 mm, 20.5 mm was recorded over 

the 2
nd

 and 3
rd

 of July, on the 5
th

 July 20 mm was recorded followed by another 24 mm 

between the 6
th

 to the 9
th

 of July. Flow responded with two runoff peaks at 7am on the 6
th

 of 

July, at 4.9 m
3
/s , then dropped down to 3.14 m

3
/s at 8:40pm on the 7

th
 July, then rose to the 

second peak at 2.30 pm on the 8
th

 of July at 4.6 m
3
/s. Groundwater levels also showed two 

increases in level arising at similar times to the stream flow peaks and occur following and 

during times when field capacity is exceeded (Figure 4.19). 
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Figure 4.19: Catchment responses during the rainfall event from the 1
st
 July 2013, to the 17

th
 July 

2013. Top to bottom including: Rainfall (mm daily total) at Otahuti; Stream flow at Isla Bank 

Fairfax Road (m
3
/s); Soil moisture (% water filled pores) at Isla Bank; Groundwater level (m) 

below the surface at Isla Bank; and time of water sample collected indicated by orange star.   

 

4.5.2 Solute response descriptive statistics  

Over the event 72 stream water samples were collected at Isla Bank Fairfax Road.  The event 

stream sample chemistry compared to the eight samples collected at the Isla Bank Fairfax 

Road site over the year, showed increased concentrations in SO4, NO3, DRP and K, decreased 

concentrations of Ca, Mg, SiO2 and Na, while Cl remained similar. Mean electrical 

conductance was similar over the event compared to the data from the year with an event 

mean 10 µS/cm less than the year mean of 284 µS/cm, while mean temperature over the event 

was lower at 7.82 ºC reflecting winter stream temperatures, compared to the year data where 

mean temperature was 13.9 ºC. Isotopic concentrations of δ
18

O and δ
2
H both became less 

negative over the event compared to the data from over the year (Table 4.9).  
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Table 4.9: Mean and Standard deviation of measured event parameters compared to the mean and 

standard deviation of the standards throughout the rest of the research period of the stream and 

groundwater (mg/l, µS/cm, ºC and ‰).  

 
During the year Event 

Groundwater 

pre-event 

  Mean  SD Mean  SD Mean  SD 

Cl 22.3 1.04 22.9 1.88 26.30 6.23 

Ca 28.4 1.41 21.7 3.82 27.53 14.03 

EC 284 22.02 272 23 308 55.65 

Mg 9.5 0.55 6.5 1.16 9.80 2.35 

NO3 2.9 0.18 4.5 0.33 6.89 3.31 

NH4 0.02 0.002 0.06 0.02 .02 0.009 

DRP 0 0.01 0.1 0.03 .02 0.01 

K 0.8 0.21 2 0.39 .86 0.14 

SiO2 23.8 2.48 9.5 0.7 25.75 8.12 

Na 17 1.11 13.2 2.03 19.82 6.37 

SO4 10.7 0.43 18.1 0.92 13.08 6.67 

Temp 13.9 2.67 7.82 0.88 10.0 2.14 

δ 18
O -7.55 0.82 -7.21 0.15 -7.78 0.45 

δ 2
H -50.8 5 -48.1 0.93 -50.8 2.8 

 

In the rainfall samples, Cl and Na had the highest concentration of measured solutes. Also 

present in smaller quantities was Mg, SO4, K and Ca. All these concentrations decreased 

between the middle of the catchment, at Otahuti, and the top of the catchment, at Heddon 

Bush, and concentrations also decreased over the rainfall event (Table 4.10). Isotopic 

composition in rainfall were less negative than the mean stream water isotopic composition 

for δ
 2

H except of the Heddon Bush sample on the 8
th

 of July. Otahuti rainfall δ
18

O was more 

negative than mean stream δ
 18

O over the event, while Heddon Bush rainfall δ
 18

O was less 

negative than stream δ
 18

O over the event.  
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Table 4.10: Raw rain data from the two rainfall sites of Otahuti and Heddon Bush in the middle 

and upper Waimatuku catchment respectively, collected over 24 hours from either the 6
th

, or the 8
th

, 

of July 2013 (mg/l and ‰).    

 Otahuti Heddon Bush 

 

 
6

th
 July 2013 8th July 2013 6

th
 July 2013 8

th
 July 2013 

Cl 19.76 6.95 9.62 3.61 

Ca 0.61 0.78 0.38 0.48 

Mg 1.22 0.42 0.59 0.22 

NO3 0.01 0.00 0.01 0.01 

NH4 0.02 0.09 0.06 0.11 

DRP 0.00 0.01 0.00 0.01 

K 0.54 0.17 0.27 0.09 

SiO2 0.01 * 0.01 0.00 

Na 10.83 3.72 5.31 1.89 

SO4 2.95 1.18 1.50 0.71 

δ 18
O -7.91 -7.43 -7.07 -8.83 

δ 2
H -46.8 -41.48 -38.7 -53.44 

* insufficent sample 

 

4.5.3 Hysteretic relationships  

Hysteresis relationship analysis for the different parameters produced two different products 

as the dominant source water type at two different parts of the hydrograph, for both the trough 

between discharge peak one and discharge peak two, and discharge peak two (Table 4.11). 

The trough, between discharge peak one and discharge peak two, indicated to be dominated 

by pre-event water, as indicated by values of temperature, Ca, DRP, δ
18

O and δ
2
H. While EC, 

Na, K, Mg, NH4, SiO2, NO3, SO4 and Cl indicated through their relative values that the trough 

was dominated by event water. Discharge peak two indicated to be dominated by pre-event 

values of EC, K, Mg, NH4, NO3, SO4, Cl, δ
18

O, while temperature, Ca, DRP and δ
2
H changes 

over the second discharge peak indicated event characteristics.  

Discharge peak one values from continuous temperature and EC data indicated that discharge 

peak one was dominated by pre-event EC and temperature conditions, while the trough was 

dominated by event conditions. Peak two showed conflicting arrangements with temperature 

reflecting event conditions and EC reflecting pre-event conditions.   
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Table 4.11: Two component hysteresis results for measured parameters during the rainfall event 

including; hysteresis loop number; the rotation of the loop, clockwise (C,) or ant- clockwise (AC); 

the change in direction of the loop to: positive (+ve) or negative (-ve); the hysteresis group 

classification (A2, A3, C2, C3) for two component mixing; and, the identified larger proportion of 

source of water,  pre-event/groundwater, or event/surface runoff, for either, the trough between the 

two discharge peaks, or,  the second discharge peak (Q peak 2), or, another section of the 

hydrograph. After: Evans and Davies (1998). 

Parameter Loop Rotation Direction Group Trough Q peak 2 Other section of 

hydrograph 

Temp* 1 AC -ve A3   Pre-event  

(Q peak 1) 

 2 AC +ve A2 Event   

 3 AC +ve A2  Event  

EC* 1 AC -ve A3   Pre-event  

(Q peak 1) 

 2 C +ve C2 Event   

 3 AC -ve A3  Pre-event  

Ca 1 AC +ve, A2 Pre-

event 

  

 2 C -ve C3  Event  

DRP 1 C -ve C3 Pre-

event 

  

 2 AC +ve A2  Event  

Na 1 AC +ve A2 Event   

 2 AC -ve A3   Pre-event  

(after trough) 

 3 AC +ve A2  Pre-event  

K 1 AC +ve A2 Event   

 2 C -ve C3  Pre-event  

 3 AC -ve A3   Event  

(during Q peak 2 as 

recession starts 

Mg 1 C +ve C2 Event   

 2 AC -ve A3  Pre-event  

NH4 1 C +ve C2 Event   

 2 C -ve C3  Pre-event  

SiO2 1 AC +ve A2 Event   

 2 AC -ve A3  Pre-event  

NO3 1 AC +ve A2 Event   

 2 AC -ve A3  Pre-event  

SO4 1 C +ve C2 Event   

 2 AC -ve A3  Pre-event  

Cl 1 C +ve C2 Event   

 2 AC -ve A3  Pre-event  

δ
18

O 1 AC -ve A3 Pre-

event 

  

 2 C -ve C3  Pre-event  

δ
2
H 1 AC -ve A3 Pre-

event 

  

 2 AC +ve A2  Event  

*Continuous data from Sonde 
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Temperature and EC concentrations reacted differently over the event discharge period. EC 

produced an inverse distribution to flow, reducing to 211 µS/cm two hours before the first 

discharge peak at 5.30am on the 6
th

 of July. EC then increased as the flow receded to the 

trough and fell again during the rise to the second flow peak then recovered to its pre-event 

range during the flow recession from peak two (Figure 4.20 a).   

Temperature, in comparison, was reduced over the first flow peak and generally remained 

lower until flow peak two started to recede. Both the chemograph and the hysteresis plot 

(Figure 4.20 c), d) show an oscillation of temperature about a diurnal type cycle, which 

becomes more evident as the event proceeds.      

a) b) 

 
 

c) d) 

 

 
  
Figure 4.20: EC and Temperature chemographs a) and c), respectively), and hysteresis plots b) and 

d), respectively from 10 min in-stream recordings during the rainfall event from the 5
th

 July to the 

12
th

 of July, 2013.  
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Three types of responses appear to be produced from the range of chemical parameters 

assessed with chemographs and hysteresis graphs. Either; 1, the solute concentration is 

reduced through the start of the hydrograph and recovers through the second flow peak; 2, the 

solute responds in unison with flow, increasing in concentration as flow rises and decreasing 

in concentration as flow recedes; or 3, the solute concentration increases over the second flow 

peak to a solute concentration peak days past the flow peak, and then reduces.    

Ca, Na, and Mg had lower concentrations over the rise of both flow peaks compared to data 

through the year. During the flow recessions, the relative concentrations increase, a little bit 

through the first flow peak, and appear to return to pre-event concentrations through the 

recession of the second flow peak (Figure 4.21 a), c), e). The hysteresis plots indicate the 

changes in solute concentrations at flow with loops at the trough between flow peak one and 

then another loop as flow peak two starts to recede. The loops of all three solutes were 

relatively open over the second flow peak (Figure 4.21 b), d), f).   

  



118 

 

a) b) 

  
c) d) 

 
 

e) f) 

  
  
Figure 4.21: Ca, Na, and Mg chemographs a), c), and e), respectively), and hysteresis plots b),d) , 

and f), respectively, from stream samples collected during the rainfall event from the 6
th

 July to the 

12
th

 of July, 2013at Isla Bank. Chemograph solute concentration is plotted on the left y axis while 

flow is plotted on the right y axis. The dotted line on the hysteresis graph is recession from flow 

peak one and the solid line follows flow peak two.   
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K, NH4 and DRP all increase in concentration with both the first and second flow peaks and 

reduce in concentration as flow recedes from both peaks. Potassium has slightly higher 

concentrations in the first peak compared to the second peak and the hysteresis plot is very 

linear with relatively closed loops (Figure 4.22, a) and b) respectively).    

NH4 concentrations were higher on the second flow peak compared to the first and hysteresis 

plot produced a prominent open loop over the second discharge peak (figure 4.22, c) and d) 

respectively). DRP concentrations in comparison were higher on the first flow peak relative to 

the second flow peak and hysteresis produced linear, relatively closed, loop. (Figure 4.22, e) 

and f) respectively).  
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a) b) 

  
c) d) 

  
e) f) 

  
 

Figure 4.22: K, NH4, and DRP chemographs a), c), and e), respectively, and hysteresis plots b), d), 

and f), respectively, from stream samples collected during the rainfall event from the 6
th

 July to the 

12
th

 of July, 2013at Isla Bank. Chemograph solute concentration is plotted on the left y axis while 

flow is plotted on the right y axis. The dotted line on the hysteresis graph is recession from flow 

peak one and the solid line follows flow peak two.   
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SiO2, NO3 and SO4concentrations all react inversely (and/or have a time offset) with flow, as 

flow recedes, the relative concentrations increase (Figure 4.23). SiO2 is flushed as 

concentrations are lower in comparison to pre-event data, and then increase through the 

recession of the hydrograph until the 12
th

 when SiO2 concentration begins to decrease again 

(Figure 4.23, A). NO3 and SO4 have much higher concentrations compared to pre-event data 

and increase in concentrations as flow recedes in both the first and second peaks. All three 

have relatively open hysteresis loops over the second flow peak. 
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a) b) 

 
 

c) d) 

  
e) f) 

  
  

Figure 4.23: SiO2, NO3, and SO4 chemographs a), c), and e), respectively, and hysteresis plots b), d), 

and f), respectively, from stream samples collected during the rainfall event from the 6
h
 July to the 

12
th

 of July, 2013at Isla Bank. Chemograph solute concentration is plotted on the left y axis while 

flow is plotted on the right y axis. The dotted line on the hysteresis graph is recession from flow 

peak one and the solid line follows flow peak two.   
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δ
18

O and δ
2
H become more negative over the event. δ

18
O becomes more negative through the 

first peak, through the second, rises x time after the second flow peak and then becomes more 

negative through the recession. δ
2
H becomes less negative through the second flow peak and 

then becomes more negative with the flow recession of peak two. Hysteresis shows an open 

loops on the second flow peak of δ
2
H (Figure 4.24).  

a) b) 

  
c) d) 

  
  
Figure 4.24: δ

18
O (‰) and δ2

H (‰) chemographs a),and c), respectively), and hysteresis plots b), 

and d), respectively, from stream samples collected during the rainfall event from the 6
th

 July to the 

12
th

 of July, 2013at Isla Bank. Chemograph isotopic concentration is plotted on the left y axis while 

flow is plotted on the right y axis. The dotted line on the hysteresis graph is the flow rise to flow 

peak two and the solid lines representing the recessions from flow peaks one and two.   
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4.6 Results Summary  

In summary of the flow and physical characteristics, at high and low flows, both gaining and 

losing reaches were identified along the Waimatuku Stream. There is a losing reach between 

the Isla Bank Fairfax Road site and the Fraser Road site and gaining reaches between 

Robertson Road and Isla Bank Fairfax Road and between Fraser Road and Lornville Riverton 

Highway. The reach between Otautau Drummond Road and Robertson Road is the only reach 

that changes between high and low flows. At low flow the stream is gaining and at high flows 

it is losing. The Aparima River reach between Wreys Bush and Otautau is neutral at low 

flows as most of the flow differences between the two sites are within the range of gauging 

error.  

Water levels between the surface water site at Isla Bank (Isla Bank Fairfax Road) and the 

groundwater site at Isla Bank rise and fall coeval in response to rainfall events. During low 

flows, stream baseflow was sustained while groundwater levels dropped during end of 

summer when little rain fell. It appeared that over this time, more than 10 mm of rainfall was 

needed in a day before a response was noticeable in surface or groundwater levels. During 

high flow the groundwater site and surface water site response appeared to be simultaneous. 

Groundwater potentiometric contours in the upper part of the catchment around Middle Creek 

point  upstream. Groundwater potentiometric contours around Bayswater Bog dome upwards 

have a steeper drop on the Aparima side of a 30 masl change compared to 20 masl changes on 

the Waimatuku side. Groundwater flow lines carry on past the Waimatuku around the Isla 

Bank sites into a depression further to the east where flow lines flow from Wrights Bush Bank 

and Middle Creek, putting the surface water site and the groundwater site into the same 

potentiometric elevation and the groundwater potentiometric contours in the lower catchment 

are directed upstream indicating gaining streams. 

The base chemistry of the surface water of the Waimatuku Stream has higher solute 

concentrations compared to the Aparima River. Cluster analysis separated the wider 

Waimatuku sites, including surface water and groundwater, into five groups based from their 

solute concentrations of HCO3, Cl, Ca, Mg, K, SiO2, Na and SO4, which separated out into 

spatial zones. The five cluster groups formed were; the Lower Waimatuku as Cluster A1; 

Upper Waimatuku, as cluster A2; a single Isla Bank groundwater site was separated as cluster 

A3; The Aparima River formed cluster B1; and the groundwater zones outside the Waimatuku 

catchment were clustered as B2.  
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The stable isotopes of water identified that the Aparima and the Waimatuku have different 

ranges of δ
18

O and δ
2
H signatures. The Waimatuku Stream has stable δ

 18
O and δ

 2
H values 

similar to the mean monthly values from the IAEAs Invercargill rainfall monitoring site, in 

particular the Waimatuku values are within the same range as the IAEA mean monthly values 

for March and May through to August. The Aparima, in contrast, has more negative water 

isotope signatures than all the IAEA mean monthly signatures for the Invercargill site and the 

Waimatuku Stream signatures. Within the Waimatuku clusters of A1 and A2, there is no 

significant statistical difference between the δ
18

O and δ
2
H values of the groundwater and the 

surface water sites. Of the two clusters A1 and A2, the lower Waimatuku A1, has a more 

negative range of values compared to A2 but has a less negative mean and median for both 

δ
18

O and δ
2
H. The δ

13
CDIC signatures of the Waimatuku Stream were more negative than the 

δ
13

CDIC signatures for the Aparima which were less negative. All the surface water δ
13

CDIC  

signatures were less negative than the groundwater δ
13

CDIC  signatures which all but one where 

between -23.2‰ to -20.9‰. 

Event flow analysis on the Waimatuku Stream at Isla Bank Fairfax Road identified changes in 

the chemical composition carried in the flow, to two key areas where differences are 

observed. The first was the trough between flow peak one and flow peak two, and the second 

was the flow peak two and its recession. Most observations indicated that the trough was 

dominated in composition by event water chemical character and that peak two and its 

recession was dominated in composition of pre-event water.  
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Discussion  
Chapter 5  

A discussion on the results related to the research questions is presented in this chapter over 

five sections. The aim of this study was to identify the sources of water to the Waimatuku 

Stream, and if these sources differ between high and low flows using multiple methods. 

Different water sources may have implications for the management of interconnected water 

bodies in this region and the surrounding land use management strategies. The results provide 

no evidence for indication of a transfer of water from the Aparima River to the Waimatuku 

catchment, with the results suggesting that the Waimatuku Stream is sourced from regional 

groundwater flow that is recharged from the land surface. This chapter discusses this surface 

and groundwater characterisation by first providing an analysis of the Waimatuku water 

chemistry specifically the geochemical and isotopic properties of contributing water presented 

in section 5.1 and compared to the Aparima River. Section 5.2 discusses the within catchment 

interactions of the Waimatuku in relation to surface flow connection with groundwater flow. 

Section 5.3 describes the high flow conditions in the Waimatuku linking the stream to the 

catchment land system. Section 5.4 summarises the conclusions of each method used and 

reviews the of suitability of methods used in this study for catchment groundwater and surface 

water interactions assessment. The final section of this chapter 5.5, outlines limitations of the 

study, future management considerations of water resources in the catchment and 

recommendations for further research.  

 

5.1 Inter-Catchment Surface Water 

5.1.1 Chemical composition of the Waimatuku Stream 

The chemical composition of the dominant ions Ca, Mg, Na, HCO3 in the Waimatuku waters 

(Figure 4.11) are interpreted as evidence of a higher proportion of groundwater contribution 

to flow than surface water. The origins of stream water and the interactions that the water has 

come across during flow paths to the stream are indicated by the relative concentrations of the 

solutes present. Water that moves through the catchment quickly will have less contact time 

with soils and regolith, compared to slower moving water that has greater opportunity during 



127 

 

slow flow paths to undergo chemical transformations such as adsorption, redox reactions, 

dissolution and ion exchange (Freeze and Cherry, 1979; Buttle, 1994; Deutsch, 1997; Drever, 

1997). The Na-Ca-HCO3 composition of Waimatuku Stream waters indicates the dominance 

of non-volatile Na cations, followed Ca cations and volatile HCO3 anions, originating from 

more coastally derived rainfall, groundwater sources and equilibrium reactions with 

atmospheric gases (Drever, 1997; Davies-Colley and Wilcock, 2004). The ion composition of 

the Waimatuku Stream has a cation composition where Ca > Mg > Na > K and anion 

composition where HCO3 > Cl > SO4. Analysis with relative concentrations, ratios and piper 

diagrams were used to constrain the compositions and sources of the ions which presented the 

main sources of water to the Waimatuku Stream to be coastal rainfall altered through the 

shallow groundwater system determined by a range of processes. 

Chloride ions in the Waimatuku stream originate from rainwater evaporated from the ocean, 

reflected by the average catchment Na:Cl ratio of 0.56,  which is very similar to the sea water 

ratio of 0.55 (Hounslow, 1995). The ratio suggests that Na is sourced from the evaporation of 

sea water precipitated with rainfall. Chloride, and to a lesser extent Na, are conservative ions 

originating from rainfall and do not develop within the groundwater zone. If there are no 

sources of Na in the landscape, the ratios of Na:Ca and Cl:HCO3 increase through dissolution 

of silicates within the water with continued water rock interaction (Daughney and Reeves, 

2003).  

Bicarbonate in water is derived from reactions of water and carbon dioxide in the atmosphere, 

reactions of organic matter with dissolved atmospheric carbon dioxide in the soil zone, 

sulphate reduction and the dissolution of carbonate rocks (Rosen, 2001). Carbonates are very 

common in water as they dissolve rapidly relative to silicates and as little as 1% carbonate in a 

rock will dominate the chemistry of the solution during water rock interaction, which results 

in most rivers and groundwaters being Ca-(Na)-HCO3 type waters (Daughney and Reeves, 

2003). The Stiff diagrams (Figure 4.10) indicate carbonate dissolution across all the nine 

Waimatuku sites (Drever, 1997). Reactions between rain and rock results in increased TDS, 

with an increase of Ca relative to Na and an increase in HCO3 to Cl. The shift from Na-Cl to 

Ca-HCO3 type water dominance reflects equilibrium with carbonate materials (Daughney and 

Reeves, 2003), which can be seen between the water type in the outside groundwater zone 

wells and the Waimatuku sites in Figure 4.14.   
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Calcium, and to a lesser extent Mg, have high solubility among solutes contributing to their 

dominance in the ion balance for both the Waimatuku and Aparima waters. The average 

Mg:Ca+Mg ratio of 0.38 of Waimatuku stream waters suggests weathering of sedimentary 

rocks of felsic origin (Hounslow, 1995), supporting the weathering of greywacke and 

sandstone alluvial sediments  that make up the Aparima and Waimatuku catchments through 

groundwater flow paths. The dissolution of carbonate likely derives from cement pebbles and 

shells as carbonate rocks are the most common source of Ca in New Zealand groundwater 

(Fenwick et al., 2001). As the Waimatuku Catchment also contains old marine deposits of 

limestone, such as the Isla Bank terrace, a source of Ca could be provided via groundwater 

flowing from these limestone deposits. Magnesium is most likely to originate from 

weathering of carbonate material within the catchment, as well as from the greywacke 

sediments that the water flows through (Daughney and Reeves, 2003). Soil contains large 

amounts of dissolved carbon dioxide from decomposing organic material. As rainwater is in 

equilibrium with atmospheric CO2, infiltrating rainfall provides more CO2 to the system 

which is available to dissolve calcite/limestone/CaCO3 (Stumm, 1992; Drever, 1997). The 

dominance of Ca and Mg could also be attributed to rapid ion exchange in the soil zone of 

recharged groundwater from rainfall infiltrating the soil zone. Processes of ion exchange 

occur quicker than weathering processes and the acidic nature of Southlands brown soils 

would provide an efficient platform for rapid ion exchange. Rapid ion exchange of Ca and Mg 

ions in soils was attributed to be a key source of Ca and Mg ions in the Plynlinmon catchment 

in Wales where pipe flow through the soil profile was measured and was attributed to be the 

source of the dominant proportions of Ca and Mg ions in connected streamflow (Chapman et 

al., 1997).  

The alluvial sediments through the Waimatuku catchment (Figure 3.7) are interspersed with 

clay bound gravels. These clay bound gravels most likely provide the sources of SiO2. Silica 

is most commonly found as quartz which is present through all soils, parent material, and 

usually constitutes a major proportion of sand silts and clays within New Zealand (McLaren 

and Cameron, 1996). Groundwater silica concentrations in New Zealand have been found to 

be elevated above 30 mg/l in areas where geothermal activity is present or where dissolution 

of silicate rocks occurs, and SiO2 levels above 30 mg/l have been found in Southland (Rosen, 

2001) and in the Takitimu Mountains which head the Aparima catchment are of volcanic 

origin containing volcanic sediments (Lindqvist et al., 1994). As 30 mg/l is the equilibrium 

concentration of SiO2 for dissolution of silicate rocks (Hounslow, 1995), and the mean SiO2 
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from all sampled Waimatuku over the year was 23.8 mg/l, the sources of SiO2 are more likely 

to result from ion exchange on the clays within the groundwater  zone. The mean SiO2 values 

for the Aparima were less than 10 mg/l reflecting the short residence time associated with the 

Aparima water. Silicate dissolution can be induced by CO2 interactions, but occurs at time 

scales significantly slower than calcite dissolution (Stumm, 1992), and so calcite dissolution 

will occur before silicate dissolution which results in carbonate aquifers having the lowest 

SiO2 concentrations in New Zealand (Daughney and Reeves, 2003). Carbonate rocks also 

have lower concentrations of Si than Silicate-dominated aquifers.  

Sulphate in waters are likely to be sourced from rainfall and anthropogenic sources within 

New Zealand as there are no significant bedded sulphate deposits near groundwater (Rosen, 

2001). The source of SO4 is like to be attributed to both coastal aerosolic inputs and 

agricultural practices. The high Ca:SO4 ratio indicates selective retention of SO4 during anion 

exchange on acidic soils and also provides the source of Ca ions to the water (Hounslow, 

1995). As water moves down the Waimatuku catchment it is possible that SO4 is selectively 

retained due to ion exchange within carbonate setting and the concentrations of major ions 

(HCO3, Mg, Ca,) are increased from water rock interaction or ion exchange on soils. Also as 

water moves down the Waimatuku catchment it decreases in concentrations of SO4 and NO3 

and increases in concentrations of major ions, pH and DRP suggesting a shift from oxidising 

to partially reducing conditions. The Isla Bank groundwater site (cluster A3) has high HCO3 

and Ca; otherwise it is comparable to the upper and lower Waimatuku sites. Since A3 is a 

well situated within the limestone bank it is probable that dissolution of carbonate rock is 

occurring at this site.  

Potassium is found only in small amounts naturally throughout New Zealand waters as there 

are many K sinks in the soil zone and within aquifers. Potassium sinks include uptake by 

vegetation, ion exchange and formation of clays (Rosen, 2001). The occurrence of K in water 

can be increased through anthropogenic sources from fertilisers but does not accumulate in 

solution easily, and are not common in sedimentary greywacke aquifers (Rosen, 2001).    

The description of water from the Waimatuku stream aligns with the generalised description 

of Southland’s groundwater (as described from NGMP data) where Southlands groundwater 

was characterised as being surface-dominated, oxidised, hosted in greywacke/alluvial 

sediments, which provide significant Mg and shows impact of human activities with elevated 

NO3 concentrations (Daughney and Reeves, 2003). The Southland groundwater sites were 
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uniform in hydrochemistry compared to other regions and only showed a slight separation in 

Ca:Na:Mg ratios across the region, where half of the sites were dominated by Ca and the other 

half of sites being dominated by Na. The Na:Ca ratio reflects the degree of carbonate 

equilibrium and appeared to be weakly correlated to NO3 (Daughney and Reeves, 2003).  

 

5.1.2 Chemical composition of the Aparima River   

The composition of ions in the Aparima River was similar to that of the Waimatuku Stream, 

except the ions present were in much lower concentrations. The cation and anion 

concentrations of Aparima River were 0.95, and 0.85 meq/kg, respectively. The Waimatuku 

had cation and anion concentrations of 2.8 and 2.25 meq/kg, respectively. Higher 

concentrations of major ions are likely to arise in the Waimatuku Catchment through longer 

residence times and higher concentrations of ions form coastal rainfall recharge to the land 

surface. Higher ions can form more readily in soft lithology due to more rapid weathering 

erosion, which continually exposes fresh material to chemical weathering (Close and Davies-

Colley, 1990), but the old Q2 surfaces of the Waimatuku Catchment have very stable low 

erosion rates, and thus is less likely to be the cause of higher solutes in the Waimatuku 

Catchment. Conversely, the high occurrence of organic matter in the Waimatuku Catchment 

provides surfaces for ion exchange with high solute rainfall. Rainfall in the Aparima 

Catchment is likely to receive rainfall with lower concentrations of solutes than the 

Waimatuku due to continental type rainout effects. 

The ion composition of the Aparima River reported in this study is consistent with the ion 

characterisation of the Aparima by Close and Davies-Colley (1990b), in their study where 101 

rivers were characterised into 11 clusters differentiated by their environmental and chemical 

compositions. The chemical composition of the Aparima was aligned within the mean solute 

values of cluster 1, which included the Aparima River in the original study. The Aparima, 

therefore, is characterised as having fairly low major ion, phosphorous and organic 

compositions compared to the other rivers sampled throughout the country, consisting mostly 

of mountain runoff (Close and Davies-Colley, 1990b). The chemical compositions of the 

Waimatuku waters were similar to those characterised as cluster 8 in the Close and Davies-

Colley (1990b ) study where major ion concentrations were high, EC was between 220-320 

mS/cm and the catchment has a large proportions of alluvial deposits and well developed soils 

and thus likely to indicate abundant groundwater contribution.    
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Cluster analysis was used to distinguish between surface water, groundwater-fed surface-

water and groundwater and  proved to be valuable by providing no evidence for the 

occurrence of Aparima surface water discharging into the Waimatuku Stream through the 

Waimatuku groundwater zone. The surface waters of the Aparima were clearly separated in 

geochemical signature from the Waimatuku Stream waters and the groundwater sites between 

the Aparima River and the Waimatuku Stream were grouped into the Waimatuku clusters and 

not with the Aparima (Section 4.3.3). The difference between the Aparima cluster and the two 

Waimatuku clusters was that the Aparima has lower concentrations of cations and EC, but has 

a higher pH, while there was no difference in median HCO3 and DRP between the two 

clusters.  

 

5.1.3 Isotopic separation of the Aparima and the Waimatuku waters 

Isotopic compositions of between the Waimatuku Stream and the Aparima River further aid in 

the lack of evidence of a transfer of Aparima water into the Waimatuku Catchment. The water 

isotopic compositions of the Waimatuku Stream were less negative (isotopically depleted in 

18
O) compared to the Aparima River, but was within the range of Invercargill coastal rainfall 

isotope compositions. Groundwater or surface water recharged from a non-local water source 

would produce a water isotopic signature different from that of the local rainfall isotopic 

signature and sit between the composition of the hypothesised source water and the local 

rainfall signature (Gonfiantini et al., 1998). The Aparima isotopic composition was distinctly 

more negative than the IAEA mean monthly rainfall isotopic composition and the Waimatuku 

groundwater and surface water signatures (Figure 4.17). The distinction of more negative δ
2
H 

and δ
18

O compared to the Waimatuku reflects the alpine inland origins of the Aparima 

headwaters, which produces a more negative isotope signature relative to the coastal location 

of the Waimatuku catchment.  

Rivers comprised of surface water will have downstream water and DIC isotopic signatures 

that becomes less negative the closer to the coast due to increasing contributions from 

tributary and groundwater sources that have a higher contribution of coastally-derived rainfall 

and greater time for DIC to equilibrate with the atmosphere. As the main stem of a river 

receives more water from tributaries the signature of the water become less negative, reducing 

the ratio of δ
18

O/
16

O. If there was a significant amount of water leaking from the Aparima, the 

stable water isotopic Waimatuku signatures would still retain a proportion of the heavier 
16

O 
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isotope making the isotope signature more negative in the Waimatuku Stream compared to the 

local rainfall and the local groundwater signature- this is not apparent in the data.  

The δ
13

CDIC signatures of the Waimatuku Stream waters were more negative than the Aparima 

River δ
13

CDIC signatures which suggested a greater degree of CO2 degassing for the Aparima 

waters relative to Waimatuku Stream waters. The Waimatuku Stream δ
13

CDIC signatures show 

a smaller degree of equilibrium with the atmosphere with more negative isotopic values 

consistent with less time (shorter flow paths) then the Aparima River water. If the isotopically 

enriched δ
13

CDIC of the Aparima River was a significant contributor to the water balance of 

the Waimatuku, lighter δ
13

CDIC signatures would be expected than was evident in the data. 

Therefore, at this natural isotopic tracer level, there is also very little evidence of recharge of 

water from the Aparima River into the Waimatuku Stream via the Waimatuku groundwater 

zone. Of note, however, is the groundwater from well E46/0092 (cluster A3) within the 

limestone aquifer of Isla Bank, which shows enrichment. This in conjunction with a clearly 

limestone dominated composition suggest mixing between isotopically heavier δ
13

CDIC from 

marine limestone and isotopically light soil respired CO2. 

 

5.2 Surface-Groundwater Connections in the Waimatuku Catchment 

(at stable flows) 

5.2.1 Waimatuku catchment isotopic connection  

The isotopic signatures of surface waters in the Waimatuku Stream are indistinguishable from 

the isotopic signature of groundwater in the catchment and reflect the isotopic composition of 

local winter rainfall recharge. Using the IAEA Invercargill precipitation monthly means as the 

local meteoric water line, the surface water samples grouped with the same range as 

groundwater samples, of which, the majority sat among the winter IAEA rainfall signatures. 

Temperate climates generally produce an attenuation of seasonal variation of precipitation 

signatures in groundwater but different seasons produce different recharge rates due to the 

saturation of soils, the amount of evaporation and the activity of vegetation. Often in 

temperate climates most recharge occurs during spring when soils are saturated, evaporation 

is low and vegetation is still relatively dormant (Clark and Fritz, 1997). However some 

component of recharge still occurs year round resulting in a groundwater isotopic signature 
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relative to the weighted average of annual precipitation. The isotopic signature of 

groundwater usually reflects that of the precipitation recharge area (Gonfiantini et al., 1998). 

Circumstances where the signature of groundwater varies from the annual precipitation 

indicate a seasonal bias to groundwater recharge (Clark and Fritz, 1997). The clustering of 

Waimatuku waters with the signature of winter precipitation aligns with the soil moisture time 

series data from the research period. During the study period, field capacity was only reached 

and exceeded once through December to April but was exceeded 13 times between May and 

August. If this seasonal pattern holds true annually (which the mean monthly groundwater 

levels (Figure 3.8) rising in May to remain high through to October indicate), the isotopic 

signature of winter precipitation on the land surface being the dominant recharge source can 

be established with greater certainty. Land-surface precipitation recharge can, and will, occur 

through the range of seasons, but the relative amount of recharge during the other seasons 

compared to quantity received during winter will be smaller, and the resultant groundwater 

isotope signature will be weighted more towards the time where a higher quantity of water is 

recharged.  

In conclusion, the isotopic and chemistry, under normal flow conditions the Waimatuku 

Stream appears to be fed via groundwater flow derived from precipitation on the land surface, 

which infiltrates to the water table and then percolates to the stream (Figure 5.1). Except at 

the Middle Creek and Otautau Drummond Road sites, which contain more surface water, or 

more recent rainfall than groundwater.   
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Figure 5.1: Conceptual model of rainfall infiltration, percolation and groundwater flow processes 

driving stream flow under normal flow in the Waimatuku catchment as discerned from chemical 

signatures representing strong rainfall landsurface recharge and shallow groundwater chemical 

signatures . 

 

The isotope signature varied between sampling days over the catchment but was noticeably 

different from the rest of the stream sites at Otautau Drummond road and Middle Creek.  

These two sites generally had less negative signatures reflecting more recent rainfall and less 

of a weighted seasonal groundwater signature. The potentiometric surface around the bog 

identified a mounding of the water table in relation to surface topography indicating that the 

bog is a recharge source (Fetter, 2001; Haitjema and Mitchell-Brunker, 2005). The less 

negative isotopic signature of the surface runoff from the bog compared to groundwater 

supports the classification as a rain-fed wetland system by Robertson (1983), rather than a 

groundwater fed system. The co-isotopic plot of surface water samples downstream of the 

Bog (Otautau Drummond Road), despite the small sample size, indicates an evaporative line 

(δ
2
H = 3.3δ

18
 -23.9 with an R

2
 of 0.43), which is expected from a wetland which has a large 

surface area exposed to the atmosphere and conducive to evaporation. Evaporation from a 

surface water body results in an increase of δ
2
H, making it less negative compared to the 

original composition and relative to δ
18

O, and thus, reduces slope of local line (Ingraham, 

1998). The identification of the bog characterised as surface water makes sense of the flow 

runoff observed at Otautau Drummond Road, where flow patterns change from low to high 

flows as a result of less resistant surface flow paths, which was not observed through the rest 

of the catchment.  
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5.2.2 Catchment groundwater flow systems 

The groundwater flow system in the lower Waimatuku catchment is in the range of an 

intermediate to regional scale system, rather than a local groundwater system due to its steady 

and large baseflow contribution. Discharge from local groundwater flow systems to streams 

fluctuates widely whereas discharge from larger scale, intermediate, or regional flow systems 

provide a steadier discharge to the surface system (Fetter, 2001; Cook, 2013). The flow gains 

and losses at all the surface flow gauging sites in the Waimatuku were steady through low and 

high conditions, except at Otautau Drummond Road (attributed to surface bog runoff). As the 

scale of the groundwater flow system increases, the penetration depth and residence time with 

surface water increases (Dahl et al., 2007). The residence time associated with stage recession 

at Isla Bank, of both groundwater and surface water, was coeval indicating that the 

groundwater flow system is of intermediate scale. The system is not considered local as there 

does not appear to be local fluctuations in the groundwater system independent to the surface 

water system. The two systems, groundwater and surface water, are very connected and 

should be considered as one. 

At the Isla Bank monitoring stations, water levels between surface water and groundwater 

were very similar, rising and falling concurrently in response to rain events supporting 

evidence that the two water bodies respond to the same inputs. The potentiometric surface 

contours in the area around Isla Bank area indicated that the surface water monitoring site and 

the groundwater monitoring site are in the same contour between 40 and 35 masl, and  hence 

their concurrent stage responses in Figure 4.5.   

Streams within the Waimatuku catchment flow in the same direction as groundwater through 

the majority of the catchment following the low sloping north to south topography, except in 

areas of topographical change. In areas of topographic features, groundwater flows from 

topographic highs to topographic lows. This occurs at Bayswater Bog and the Isla Bank 

Terrace. Groundwater flow systems are largely dependent on local and regional 

geomorphology determining the type of groundwater flow systems that will be present (Toth, 

1963). The water table appears to mimic topography through the upper catchment, which is 

common in nearly flat terrain (Haijema and Mitchell-Brunker, 2005), making local slope 

negligible through the catchment area, except around Isla Bank and at the Bog where local 

slopes affect groundwater flow.  



136 

 

5.2.3 Groundwater surface water flow exchanges 

The direction of groundwater flow influences surface flow in the Waimatuku stream in two 

key ways as indicated by the potentiometric surface and the differential gauging results. The 

first, by providing and sustaining base flow during times of low flow, and second in the Isla 

Bank Fairfax Road to Fraser Road reach, the direction of groundwater flow causes a loss of 

water from the stream during stable flow. The differential gauging identified three types of 

reaches in the Waimatuku, gaining, losing, and neutral, highlighting the influence of 

groundwater flow direction on the Waimatuku. Where groundwater flows parallel to the 

stream, the stream gains or has neutral flow. Where the potentiometric contours arc down 

with stream flow, indicated a gaining reach. When potentiometric contours arc upwards with 

stream flow, a losing reach is indicated (Winter, 1998). Where groundwater flows at a tangent 

to stream flow, and a decreases in elevation across the stream is present, the stream loses 

water.  

The reaches between Robertson Road and Isla Bank Fairfax Road and the reach between 

Fraser Road and Lornville Riverton Highway, were both consistently gaining reaches through 

both high and low flow gauging’s. Through these gaining reaches, groundwater flows parallel 

to the stream (Figure 5.2) and the potentiometric contours arc upwards around the stream 

supporting the gain in flow from groundwater discharge (Winter, 1998). 
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Figure 5.2: Stream cross section with parallel ground water flow to surface water flow resulting in 

a neutral or gain in stream flow via exchanges through the hyporheic zone. 

 

The reach between Isla Bank Fairfax Road and Fraser Road was consistently losing flow. The 

potentiometric contours through this reach were driven by the topographic feature of the Isla 

Bank Terrace pushing groundwater flow at a tangent to the stream, around the bank and to a 

lower elevation to the east (Figure 5.3). The steeper and closer decrease in potentiometric 

elevation from the Isla Bank terrace (west of the stream), compared to the wider and longer 

potentiometric elevation decrease over a wider horizontal distance from the Wrights Bush 

terrace (east of Middle Creek), provides a larger hydraulic head inducing groundwater to flow 

west to east and across the stream through the stream reach from Isla Bank Fairfax Road to 

Fraser Road. The conclusion that groundwater in this area flows perpendicular to the stream is 

supported by the consistently losing stream reach between the two gauging sites.  
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Figure 5.3: Stream cross section where groundwater flow occurs at a tangent to surface water flow 

due to a decrease in potentiometric surface elevation from one side of the stream to the other, 

resulting in a loss of flow in-stream. 

 

In summary the groundwater surface water connections in the Waimatuku at stable flow 

conditions are connected with groundwater which provides and sustains baseflow throughout 

the catchment. Baseflow isotopic signatures indicate local land surface recharge, as discerned 

from water isotopic signatures similar to local coastal rainfall and the δ
13

CDIC signatures of the 

Waimatuku Stream waters being slightly less than soil equilibrium δ
13

CDIC. The Waimatuku 

stream is a source of groundwater discharge and also a source of groundwater recharge in the 

lower section where the groundwater flows at a tangent to the stream creating a loss of water 

from the stream. Bayswater Bog is an area of groundwater recharge as indicated by a doming 

of the potentiometric contours around the bog.   
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5.3 High flow conditions and contributions to the Waimatuku Stream 

at Isla Bank 

High flow conditions over one rainfall event supported the source contribution of 

groundwater to the Waimatuku Stream and provided further insight to the degree of 

connection with the soil zone and land use practices. The Isla Bank Fairfax Road stream site 

under normal flows was classified as a gaining reach where groundwater flowed parallel to 

the stream and the groundwater monitoring site was in the same potentiometric contour as the 

stream site.  

5.3.1 Flow, rainfall, soil moisture and groundwater levels 

The first flow peak on the 6
th

 of July appears to be responding to, but not dominated in 

composition of, rainfall received on 5
th

 of July with a time offset of 7 hours from the 13 mm 

of rainfall that fell over 2 hours in the evening. The 6.5 mm of rainfall that fell over 1.5 hours 

earlier on the 5
th

 of July had the effect of raising soil moisture levels so that when the rainfall 

fell that evening, field capacity was almost immediately reached and remained exceeded for 

the duration of  the two flow peaks and their recessions. The morning rainfall on the 5
th

 raised 

groundwater levels slightly as field capacity was reached, and groundwater levels rose quickly 

with the evening rainfall and remained about 1.33 metres below the ground surface.  

The second flow peak occurring at 2:30 pm on the 7
th

 of July did not appear to be responding 

to rainfall as the flow peak occurred before the next arrival of rainfall recorded in the 

catchment on the 7
th

 of 8 mm at 8:00 pm, and had a more swollen rising limb compared to 

that of the first flow peak indicating a slower more diffuse contribution to stream flow. Field 

capacity was exceeded over both flow peaks indicating infiltration of rainfall to the soil water 

zone, which allowed percolation of soil water through to the groundwater zone, as indicated 

by the rising groundwater levels over the event.  

Groundwater levels rose as soil moisture decreased over the event (while still remaining over 

field capacity limit), except for between the period between 1:10 am and 7:20 pm on the 7
th

 

where groundwater water levels also decline from 1.31, to 1.38 metres below the surface. This 

is probably the associated time lag with flow peak one, declining once the flow peak had 

receded and drawing groundwater away with it. This occurs over the same time as the rise of 

flow peak two begins. As the groundwater level monitoring site and the surface water 

monitoring site at Isla Bank were in the same potentiometric contour at time of stable flow, 
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this change suggests that lateral flow between the two sites could have been occurring. As 

flow recedes from the second peak, so too do soil moisture and groundwater levels.  

Rainfall intensity was low over each rainfall spell over the whole rainfall event with no more 

than 1.5 mm being recorded in 10 minutes and most of the rainfall spell falling over a period 

of at least one and a half hours. It is, therefore, unlikely that infiltration excess overland flow 

would have occurred.  

5.3.2 Chemical variations  

Chemical hysteresis analysis supports the precipitation and flow characteristics that recession 

from flow peak one and its trough are in response to rainfall and are dominated in 

composition by ‘event’ water and that the second flow peak is the result of other processes 

occurring in the catchment resulting in chemical composition dominated by a ‘pre-event’ 

composition signature. The chemical composition patterns were indicated by the dominant 

combinations of anti-clockwise hysteresis rotation and the relative positive or negative 

direction that represents the solutes’ relationship with flow in stream compared to the 

observed rainfall chemistry and pre-event surface and groundwater chemical compositions.   

The rainfall chemistry reflected a coastally derived characterisation in the lower and upper 

catchment rainfall sites. New Zealand rainfall has been characterised as being low in solutes 

except for the sea salt derived ions of Cl, Na and Mg (Verhoeven et al., 1987). The Otahtui 

and Heddon Bush sites over both days largely only contained the solutes of Na and Cl, but 

also trace amounts of Mg, Ca, K, and SO4 were present in comparison to concentrations 

present in groundwater and surface water. The solute concentrations were within the same 

range as the rainfall concentrations for the two South Island sites in the rainfall chemistry 

analysis by Verhoeven et al. (1987). The concentrations of Na and Cl produced a rainout 

effect where rainfall had lower concentrations of ions in the upper catchment at Heddon Bush 

compared to Otahuti, and both had lower concentrations on the 8
th

 compared to the 6
th

 

indicating that the precipitation air mass moved from the coast north up the catchment losing 

mass as it went. Patterns of ion rainout were also by Verhoeven et al. (1987) over a rain event 

and from one sampling location to the other. The chemical compositions of stream flow 

during a high flow event can provide information on the flow paths of the in-stream water. 

Thus, with the identification of input rainfall chemical compositions, pre-event groundwater 

and surface water chemical compositions, the composition of major ions in stream flow 

provide information about the flow paths. 
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Hysteresis analysis identified that the majority of the solute concentrations appear to arrive 

from diffuse sources as 24 of the 34 loops produced for all analysed solutes were ant- 

clockwise. Direction of hysteresis loops indicate timing of the solute in relation to flow, 

whether the solute comes from direct/close or diffuse/distant sources. Anti-clockwise 

hysteresis loops show that the solute concentration is higher on the receding limb compared to 

the rising limb, while clockwise hysteresis loops show higher concentrations on the rising 

limb compared to the falling limb (Evans and Davies, 1998), and therefore, the majority of 

solutes appear to arrive to the stream via diffuse sources.   

The most common hysteresis group type was A3, which are produced where event and soil 

water dominate the rising and/or falling limbs of the hydrograph (Rose, 2003). These are 

common during long recession periods (greater than three days) and are more likely to have a 

contribution from soil water and, therefore, a 3-component mixing analysis would provide 

more information (Rose, 2003). The A3 mixture has the same relative concentrations as those 

associated with C3 loops where pre-event water is greater than event water, but in a three 

component mixing, the soil water component is greater than the event water component, 

creating A3 type (Evans and Davies, 1998; Rose, 2003).  The C3 loop can occur when the 

concentration of a given solute is greater in groundwater compared to event water and soil 

water (Rose, 2003).  C3 loops were produced for K, NH4, Ca, and 
18

O during the second flow 

peak, and DRP during the trough, but as soil water chemistry was not sampled the relative 

contributions of soil water in relation to groundwater and event water cannot be used as a tool 

to identify timing of groundwater discharge. The timing of concentration peaks during 

recession limb can be attributed to slow diffuse delivery of solutes to stream flow (Abell et 

al., 2013). The number of A3 loops and concave loops indicate that a soil water component 

does contribute to the stream storm runoff composition. The openness and shape (concave or 

convex) of a hysteresis loops can also provide another indication of source distance (Evans 

and Davies, 1998). An open loop shows evidence of delay and extended delivery of a solute, 

while a closed loop indicates solution delivery is closely and quickly associated with flow. 

The K hysteresis plot for example, produced three very tight and linear loops that changed 

with flow indicating that K delivery to the stream was closely linked with flow transport and 

was direct and not diffuse. 

Isotopes and EC are more commonly used in analysis of event sources to stream flow (Cook, 

2013) but to be used accurately there needs to be different signatures between event waters 

and pre-event waters (Buttle, 1994). The stable isotopes and EC did not have significant 
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difference between event and pre-event data, event isotope 
18

O was also near constant in 

space and time, rendering them unable to draw conclusions using the mixing analysis tools of 

hysteresis and hydrograph separation. The groundwater isotopic signature of the area is of 

winter recharge and because the sampling was carried out during winter, the isotopic 

signatures were not distinct enough between the stream, groundwater and rainfall. The event 

isotopes were within the range of the isotopes sampled at the same site during the year and for 

groundwater average in the upper and lower groundwater zones for both 
18

O and 
2
H. Isotopic 

variations in rivers can be caused by heavy rains after a relatively dry period, producing 

different chemical and isotopic variations of rain and groundwater allowing the direct 

contribution of rainwater to river discharge to be distinguished from that of groundwater 

(Gonfiantini et al., 1998). If the first of the three winter rainfall events was captured (instead 

of the third) patterns could have be more distinguishable between the stable isotopes and EC.    

Electrical conductance produced a strong relationship with flow, decreasing concentration as 

flow rose, and increased as flow receded and decreasing in concentration again with the 

second flow peak, but to a lesser extent than the first flow peak. Because the groundwater and 

the surface water are so connected and have the same chemical compositions, the amount that 

EC becomes diluted over the event with flow is minor, ±20 µS/cm and just reflects a dilution 

from event water and not dominance in event water on one flow peak, trough or the other.   

5.3.3 Event flow hydrological pathways 

The Waimatuku catchment is closely hydraulically connected; as stream flow rises in 

response to rainfall, so does the groundwater level, but surface water levels rise quicker than 

groundwater due to hydrologic pathways with less resistance. Flow peak one was driven by 

rainfall, but not dominated by rainfall or event chemical composition since the EC levels 

fluctuate over the event within the error range of the Sondes’ EC probe. Therefore, the rise of 

flow peak one is not event water and is still dominated by groundwater. Event water does 

dominate the trough of recession from flow peak one, sourced from saturated overland flow 

from the bog as indicated by a dilution of rock-sourced chemistry in the stream flow chemical 

composition. Flow peak two is groundwater, probably ‘new’ groundwater, with a high 

contribution of soil water as a result of the high to the field capacity to saturated soil moisture 

conditions, swollen hysteresis loops, presence of soil nutrient flushing, and reduced rainfall 

intensity compared to the first two peaks.  
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Flow peak one and its recession 

The majority of solute hysteresis indicated that the recession from flow peak one and the 

trough, was dominated by event water type concentrations, most likely as surface runoff from 

the bog. Surface water dominance of the trough of flow peak one is due primarily to the 

dilution of baseflow chemistry and the rock sourced/weathering related solutes of Ca, Mg, Na 

and SiO2 from the recorded values over the research period, by rainfall event chemistry. This 

has been observed in other studies, including Walling (1974) and Hill (1993), who identified 

the presence of overland flow during event analysis as a reduction of baseflow ions and 

Soulsby et al. (2003), of SiO2 dilution. Since EC dilution was minor compared to the mean 

EC values from the year (± 20 µS/cm), the stream flow water was still dominated by 

groundwater or pre-event water rather than rainfall, which is not unexpected with wetland 

head waters. For instance, Hill and Waddignton (1993) found that runoff from a wetland was 

dominated by pre-event water due to mixing of event water with the large body of pre-event 

water stored in the wetland. Over the long duration event, the runoff signature showed a 

greater shift towards an event water signature in the saturated areas once the mixing of the 

bog became diluted by the event water. This same process likely occurred during the first 

flow peak, producing a dominance of event water in the trough. 

Calcium hysteresis indicated a different pattern to the majority of solutes, with hysteresis at 

the trough indicating concentrations of Ca were pre-event based due to the dilution of Ca over 

the trough of the first flow peak. Calcium then recovered quickly during the rise to flow peak 

two but became diluted slightly on the recession of the second flow peak indicating a dilution 

from event or soil water. This pattern was also observed by Hill (1993), where a rapid 

reduction in Ca, Mg and Na during the rising limb of storm hydrograph from wetland 

headwaters occurred and was followed by a quick recovery of the ions, providing higher than 

expected levels in groundwater compared to soil water. The quick recovery of the base cations 

can be attributed to the reactive rates with saturation of the wetland complex, in which the 

surface becomes progressively reactive as the event component of water on the wetland 

increases compared to the pre-event component. Cation concentrations are close to 

equilibrium during small events or pre-event situations on the soil exchange complex, but the 

addition of H
+
 ions in event water allows desorption of base cations, which are then released 

into stream flow (Hill, 1993). The confusion in Ca hysteresis pattern could be attributed from 

this process (combined with abundance and mobility of Ca ions).   
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Bank storage is probably also occurring during this first flow peak, and is a frequent 

mechanism in groundwater and surface water contributions to stream flow during high flow 

events, as has been described by Daniel et al. (1970) in streams gaining from groundwater and 

unclassified reaches by Toler (1965),  and Walling and Webb (1980). At the onset of increase 

in stream flow, a decrease in initial groundwater discharge occurs, causing a reverse in 

hydraulic gradient, allowing stream water to flow into the bank causing a temporary storage 

of groundwater in the bank. As the stream flow rises, solute concentrations from pre-event 

conditions are diluted with event water in the bank or riparian area, rapidly until a minimum 

solute concentration occurs in stream flow, usually around the time that flow peaks (Walling 

and Webb, 1980), but could be occurring later in the recession in unison with the dilution of 

solutes in the bog (as mentioned above) to create the surface/event water signature at the 

trough. While stream flow is rising, groundwater levels are also rising in response to the 

rainfall but near stream groundwater levels will be rising more due to infiltrating stream water 

to bank storage. As flow recedes, increasing rates of bank storage will be discharged back into 

the stream (Chen and Chen, 2003). The ratio of event water to pre-event water within the 

discharge from bank storage will become less over the flow recession. As the groundwater 

levels rise in relation to event rainfall, groundwater will be added to the bank storage, 

resulting in more pre-event water compared to event water in bank storage, which is then 

discharged into the stream, and probably adds to the increasing groundwater sources during 

the rise in second flow peak.  

 

Flow Peak two and its recession 

The majority of solute hysteresis indicated that the rise and recession from flow peak two was 

dominated by pre-event water type concentrations, supporting the saturated flow conditions 

and changes in groundwater water levels during the second half of the flow event. As the 

chemical source of the Waimatuku Stream was the same as groundwater (Section 5.2.1), ‘pre-

event’ water is, therefore, groundwater. Flow peak one showed a dilution of base ions from 

their pre-event conditions, described as a dilution of surface water and during flow peak two 

those ions recovered to close to their pre-event concentrations supporting groundwater 

dominance of the second flow peak. The concentrations of Ca, Mg, Na, SiO2, NO3 and SO4 

all continued to increase in concentration to reach their maximum concentrations after the 

second flow peak and had open ant- clockwise hysteresis loops supporting the diffuse flow 

paths of groundwater to stream flow. Similar patterns have been observed, for example by 
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Soulsby et al. (2003) where over multiple successive flow peaks, a recovery from a dilution of 

NO3 and SiO2 were observed with saturated conditions as groundwater discharge to stream 

flow and Abell et al. (2011) with swollen NO3 anti-clockwise hysteresis loops in the New 

Zealand agricultural landscape setting.    

It is common for subsurface pathways during saturated conditions to be encouraged and 

provide large amounts of flow to the stream dominating the hydrograph (McDonnell, 1990; 

Bonell et al., 1989; Bishop et al., 2004). Higher NO3 concentrations can be expected during 

these subsurface or runoff pathways compared to rainfall during storm runoff event as NO3 is 

not electrostatically retained by soils and is highly soluble (Pionke et al. 1988). Consequently, 

a rise of NO3 to above pre-event concentrations can occur as moving water through the soil to 

groundwater to stream system comes in contact with more soluble NO3 en-route (e.g. Abell et 

al., 2011; Zhu et al., 2011).  

Groundwater ridging (Figure 5.4) is probably the main attributing mechanism moving water 

in the system during the event to producing the dominance of pre-event water. As rain falls on 

the catchment, infiltration areas where the capillary zone is near the ground surface can 

convert the tension-saturated zone into groundwater, creating a disproportionate rise in the 

water table, increasing hydraulic gradient to the stream and enhancing groundwater flow to 

the stream (Sklash and Farvolden, 1979; Pionke et al., 1988; Buttle, 1994). From the start of 

the event as precipitation fell, and flow began to rise, seep or saturation zones on the soil 

profile and near stream would have developed, and began to grow in size as the storm 

progressed, providing  avenues for subsurface flow and areas of increased infiltration into the 

soil zone (Pionke et al., 1998). Water supplied to stream via groundwater ridging would be a 

mix of groundwater and soil water, often creating, for example, heavier than expected 

isotopes signatures compared to baseflow or event flow (Buttle, 1994; Bonell et al., 1998).  

Both δ
2
H and δ

 18
O isotopes become enriched in δ

 18
O/more negative over the event to match 

pre-event isotope compositions. Evaporation of soil water could have resulted in enriched 

isotopes creating a more negative signature (Buttle, 1994), and as groundwater retains 

dominance over surface contributions in bank storage and in the bog, the signature becomes 

more negative. Translatory flow probably occurred in combination with groundwater ridging 

to push the groundwater into the stream. Translatory flow is the lateral through flow of old 

rainwater by the displacement of new rainfall inputs (Hewlett and Hibbert, 1967), usually 

around slopes, but can combine with groundwater ridging to create the same effects on stream 

chemistry (Buttle, 1994).  
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Figure 5.4: Groundwater ridging process of transmitting groundwater streamwards due to an 

increase in tension saturated capillary fringe which displaces soil water and increases the water 

table and thus increasing hydraulic head. Adapted from Buttle, 1994). 

 

It is likely in such saturated catchment conditions that saturated overland flow could have 

occurred, possibly as return flow, in the seep or riparian areas (Figure 5.5). Seep zones are 

dynamic and respond quickly to rainfall and occur frequently in soils with high water tables in 

combination with high antecedent moisture conditions (Pionke et al., 1988). As put forward 

by Buttle (1994), emerging return flow would retain the isotopic signature of pre-event water 

even though it would be event water and return rapidly to the channel with the signature of 

pre-event water. Using solutes, Pionke et al. (1988) measured baseflow, groundwater, soil 

water and surface runoff and related the chemistry of saturation overland flow and subsurface 

flow in the near stream zone to N and P dynamics, finding that NH4 and DRP values from the 

seep zone exceed those in baseflow by 2-20 times during a rainfall event. Ammonium and 

DRP were their highest during peak flows and were attributed to be associated with storm 

surface runoff from plant and soil material.  
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Figure 5.5: Groundwater ridging process including return flow due once the system is saturated 

creating saturated overland flow. The groundwater ridging process transmitting groundwater 

streamwards results due to an increase in tension saturated capillary fringe which displaces soil 

water and increases the water table and thus increasing hydraulic head. (Adapted from Buttle, 

1994). 

 

Macropore flow is another common source of groundwater or pre-event water flow to streams 

during events (e.g. McDonell, 1990; Buttle, 1994; Bonell et al., 1998), and is caused by the 

turbulent movement of water in the soil zone, which can transport large amounts of event 

water quickly to the stream (Winter et al., 1998). Macropore flow is not likely to be a process 

acting in this catchment as the rapid delivery of event water was not observed nor intense 

rainfall. Event water that is delivered is more likely to be from saturation of the system from 

the rainfall that occurred on the 5
th

 of July. 

Soil water contributions 

Soil water and overland flow was not sampled in this study but the swollen and low sloping 

falling limb of the second flow peak indicates adequate time for surface and subsurface runoff 

to collect and transmit to the sampling location (Rose, 2003). The increase in soil, land 

surface and fertiliser derived solutes are a sign of increased mobility of water within the soil 
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zone. Dissolved reactive phosphorous, NH4 and K are all present in the soil zone but are not 

usually often present in groundwater stores due to their relationship to soil particles and 

development in nutrient cycles. Solusby et al. (2002) observed solutes with high solubility, on 

or close to soil surfaces, such as DRP and NH4, which exhibited clear dilution patterns with 

flow and peaked before flow peak with clockwise hysteresis, and damped with each flow 

peak.  

Ammonium concentrations in this study indicated a flushing behaviour on the rise to the 

second flow peak and the presence of soil water contribution. The concentration of NH4, 

peaks before the second flow peak and shows a subsequent reduction in concentration steeply 

over the flow peak. In the nitrogen cycle, NH4 is the first product in the nitrification of 

organic nitrogen (ammonification) and is largely present in New Zealand soil and water 

systems by application to agricultural land as fertilisers, such as ammonium sulphate, and in 

animal wastes such as urea (McLaren and Cameron, 1996). Ammonium can originate in 

washoff from soil and plant material (Pionke et al., 1988), which can then be adsorbed by 

cation exchange reactions on clay surfaces and organic material in the soil (McLaren and 

Cameron, 1996). Ammonium sulphate is very soluble and if over-applied to soils it can be 

readily mobilised in water. However, ammonium is not common in groundwater as it is 

usually nitrified or taken-up by plants as it provides good growing building blocks for plants. 

Flushing behaviour is depicted in hysteresis plots through clockwise hysteretic loops and 

occurs when the solute concentration peaks before flow peak, then reduces in concentration 

rapidly (Hill, 1993). Hendriskson and Krieger (1960) identified clockwise hysteresis loops 

with solute concentrations peaking before flow peak and attributed the phenomena to early 

land surface runoff of solutes evapotranspirated from shallow groundwater into the soil zone. 

Thus, the flushing of ammonium provides strong evidence for soil water contributions to 

stream flow during the rise of the second flow peak. 

The presence of drainage tiles beneath the soil can short circuit the soil and groundwater zone, 

increasing the amounts of soil water and shallow groundwater into the stream during event 

flows, often represent by more dilute near surface soil water in the early stages of an event 

and providing more NH4 and NO3 laden groundwater and soil water carried to the stream later 

in the event as the water table rises and groundwater ridging effects occur (Kennedy et al., 

2012). Drainage tiles are present in the Waimatuku catchment and possibly attribute to the 

high quantities of soil water.   
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5.3.4 Event flow summary  

During high flow in the Waimatuku catchment water was derived from groundwater, runoff 

from Bayswater bog and soil water producing swollen hydrograph limbs and extended 

recession connection providing further insight to the degree of connection between water in 

the catchment with the soil zone and land use practices. The primary mechanisms driving 

flow could be attributed to processes related to a dynamic water table.   

The first flow peak on the 6
th

 of July appears to be responding to, but not dominated in 

composition of, rainfall received on 5
th

 of July. The second flow peak that occurred at 2:30 

pm on the 7
th

 of July did not appear to be responding to rainfall as the flow peak occurred 

before the next arrival of rainfall recorded in the catchment on the 7
th

 and had a more swollen 

rising limb compared to that of the first flow peak indicating a slower more diffuse 

contribution to stream flow. Groundwater levels rose as soil moisture decreased over the 

event, and declined once the flow peak had receded and drew groundwater away with it.  

Chemical hysteresis analysis supports the precipitation and flow characteristics that recession 

from flow peak one and its trough are in response to rainfall and are dominated in 

composition by ‘event’ water. Hysteresis also supported that the second flow peak is the 

result of other processes occurring in the catchment, which resulted in a chemical composition 

dominated by a ‘pre-event’ composition signature. The chemical composition patterns were 

indicated by the dominate combinations of anti-clockwise hysteresis rotation and the relative 

positive or negative direction that represents the solutes’ relationship with flow in stream 

compared to the observed rainfall chemistry and pre-event surface and groundwater chemical 

compositions 

The majority of solute hysteresis indicated that the recession from flow peak one and the 

trough, was dominated by event water type concentrations, most likely as surface runoff from 

the Bog as indicated primarily by the dilution of baseflow chemistry. The mixing of event 

water with the large body of pre-event water stored in the wetland could attribute an ‘event’ 

signature in stream runoff. Bank storage is probably also occurring during this first flow peak. 

As the groundwater levels rise in relation to event rainfall, groundwater will be added to the 

bank storage, resulting in more pre-event water compared to event water in bank storage, 

which is then discharged into the stream and probably adds to the increasing groundwater 

sources during the rise in second flow peak.  



150 

 

Solute hysteresis also indicated that the rise and recession from flow peak two was dominated 

by pre-event water type concentrations, supporting the saturated flow conditions and changes 

in groundwater water levels during the second half of the flow event. The open ant- clockwise 

hysteresis loops supporting the diffuse flow paths of groundwater to stream flow. 

Groundwater ridging is probably the main attributing mechanism moving water in the system 

and during the extended saturated catchment conditions it is likely that saturated overland 

flow could have occurred possibly as return flow in the seep or riparian areas. The increase in 

soil, land surface and fertiliser derived solutes are a sign of increased mobility of water within 

the soil zone and could be attributed to the presence of drainage tiles beneath the soil 

increasing the amounts of soil water and shallow groundwater into the stream during event 

flows.  

5.4 Summary of surface and groundwater interactions in the    

Waimatuku Catchment using multiple methods  

Multiple methods were used to assess catchment surface and groundwater interactions and 

proved to be valuable in characterising the interactions in the Waimatuku Catchment. 

Through the use of geochemical characterisation the water in the Waimatuku Stream appeared 

to consist of coastally-derived rainfall that has had sufficient contact time with soils or the 

alluvial and marine deposited sediments to accumulate Ca and Mg ions, while also interacting 

with the embedded clays to accumulate SiO2. Before rainfall reaches the groundwater zone, 

and after it leaves the groundwater zone, the water is exposed to oxygenated/aerobic 

conditions where exchange with atmospheric CO2 occurs. The presence of agricultural land 

practices operating in the catchment could also be discerned by use of geochemical 

characterisation due to the elevation of K and NO3 concentrations to above naturally 

occurring levels.  

Further investigation of the geochemical characterisation with the use of cluster analysis was 

valuable in distinguishing between the surface waters of the Aparima River, the waters of the 

Waimatuku catchment and groundwater that were not connected to either surface water 

systems. Cluster analysis provided no evidence for the occurrence of Aparima type water 

discharging into the Waimatuku Stream through the Waimatuku groundwater zone. Isotopic 

composition of the water further aided in the lack of evidence of transfer of Aparima waters 

into the Waimatuku Catchment. The distinction of more negative Aparima δ
2
H and δ

18
O 

compared to the Waimatuku reflected the alpine inland origins of the Aparima headwaters, 
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whereas the δ
2
H and δ

18
O signature of the Waimatuku was indistinguishable from the isotopic 

signature of groundwater in the catchment and reflected the isotopic composition of winter 

rainfall recharge. The δ
13

CDIC isotopes for the Aparima also showed larger rates of headwater 

degassing than the Waimatuku, which if the Aparima was imparting an influence on the 

Waimatuku, similar signatures would have been observed. Instead the Waimatuku δ
13

CDIC 

signatures were more negative, and replicated a degassing signature more likely from the 

local groundwater system. The use of δ
13

CDIC isotopes provided another indicator for 

differentiating the surface water bodies but also provides a tool for connecting soil and 

geochemical flow path processes on water.  

Differential gauging provided a valuable indicator for locating reaches of interacting stream 

and groundwater, especially when used in conjunction with estimation of groundwater flow 

through use of potentiometric contours. Concurrent gauging and potentiometric surface 

measurements were relatively easy and affordable methods to employ that did not need 

additional ongoing costs, such as analysing water samples, but they are both time intensive 

methods. The Waimatuku Stream was identified through the use of these two methods to be 

connected with groundwater where baseflow sustains flow throughout the catchment and that 

the stream is a source of groundwater discharge and also a source of groundwater recharge in 

the lower section where the groundwater flows at a tangent to the stream creating a loss of 

water from the stream. Where groundwater flows parallel to the stream, the stream gains or 

has neutral flow. The direction of potentiometric contours supported the differential gauging 

results. A comparison of ground and surface water levels added to the degree of connection 

between the two at Isla Bank (as also indicated by potentiometric contours), reinforcing the 

idea that the two systems, groundwater and surface water, are very connected and should be 

considered as one.  

Event analysis helped identify the connectedness of the land surface and identified different 

hydrological pathways and mechanisms to stream flow. Under normal flow conditions the 

Waimatuku Stream appears to be fed via groundwater flow derived from precipitation on the 

land surface, which infiltrates to the water table and then percolates to the stream as suggested 

by the groundwater flow lines, stable baseflow, geochemical and δ
13

CDIC signature. This 

general flow path pattern was further supported and modified through geochemical 

indications of flow paths during event rainfall analysis. Assessed by examining changes in the 

Isla Bank area of the catchment in conjunction with the timing and rates of geochemical 

changes in stream flow, high flow in the Waimatuku Stream was derived from groundwater, 
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runoff from Bayswater Bog and soil water producing swollen hydrograph limbs and extended 

stream recession. The use of physical measures of hydraulic response of rainfall in soils, 

groundwater and surface water, in conjunction with hysteresis, combined flow dynamics with 

changes in chemical properties to reaffirm the close hydraulic connection between 

groundwater and streamflow. The primary mechanisms driving flow could be attributed to 

processes related to a dynamic water table. As stream flow rose in response to rainfall, so did 

the groundwater level, but surface water levels rose quicker than groundwater due to 

hydrologic pathways with less resistance. Flow peak one was driven by rainfall, but not 

dominated by rainfall or event chemical composition. Event water did dominate the trough of 

recession from flow peak one, sourced from saturated overland flow from the bog as indicated 

by a dilution of rock sourced chemistry in the stream flow chemical composition. Flow peak 

two was groundwater, and probably ‘new’ groundwater, with a high contribution of soil water 

as a result of the high to the field capacity to saturated soil moisture conditions, swollen 

hysteresis loops, presence of soil nutrient flushing, and reduced rainfall intensity compared to 

the first two peaks, providing further insight to the degree of connection between water in the 

catchment with the soil zone and land use practices. 

5.5 Catchment Management in the Waimatuku 

The Waimatuku Stream has already been identified as having poor water quality and water 

quantity is not in high demand. Of concern, however are the anthropogenic changes to 

Bayswater Bog, authorised or unauthorised, and how that may change storage, runoff and 

recharge of water in the catchment. Increased artificial drainage of the peat bog could lower 

recharge to the groundwater system in the upper area and reduce baseflow in the upper 

reaches of the Waimatuku. At higher flows runoff from the bog appears to recharge 

groundwater through the reach from Otautau Drummond Road and Robertson Road. The 

groundwater flow lines indicate that the Bog is a recharge source to groundwater, as well as to 

the stream, but also flows from the upper catchment provide flow to the stream and would 

most likely sustain the stream in conjunction with the recharge from the bog to the stream and 

groundwater. Furthermore, changes in volumes and quantities in the Waimatuku Catchment 

are more likely to effect changes in water quality in the catchment.   
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5.5.1 Future Quantity and Quality Management  

Peat drainage has occurred worldwide to increase land for agriculture, harvest peat for 

horticultural activities and often with intention of decreasing the effects of flooding 

downstream (Bragg, 2002; Bullock and Acreman, 2003; Holden et al., 2004; Ramchunder et 

al., 2012). However, the science surrounding artificial drainage of peat bog is limited 

especially at a catchment response level (Bullock and Acreman, 2003; Holden et al., 2004; 

Ballard et al., 2010; Grayson et al., 2010; Ballard et al., 2012; Ramchunder et al., 2012). A 

varied range of hydrological responses to artificial peat land drainage have been reported, 

where some report that runoff production from artificially drained peat bogs has been known 

to increase sensitivity to storm response creating higher and earlier peak flows but other 

studies have produced reduced runoff. Studies that have reported reduced runoff have 

attributed the inputs to be transported though underground pipes resulting in a slower stream 

flow response (Holden et al., 2004) or a lowering water table, soil moisture of the peat, 

storage, resulting in net loss of water from the catchment over time. Dewatering is generally 

the purpose of artificial drainage of peatlands but has been found to be unsustainable and over 

the long term the peat can collapse, subside and decompose, losing the temporary storage 

capacity and increasing the chances of flashy flows, which can increase flood risk (Holden et 

al., 2004). The varied responses of different peat bogs reinforce the need to enhance 

understanding each environment and identify the land practices and their effects on the 

hydrology of the system.  

There are chemical implications with reduction of water levels in peat bogs. A lower water 

table changes saturation with an increase in air-filled pores that alter microbial processes 

(Ballard et al., 2012). Oxygen allows aerobic decomposition to occur at rates up to 50 times 

faster than anaerobic decomposition (Holden et al., 2004), enhancing mineralization of 

nutrients. But just as different flow effects have been observed with peat bog drainage, a 

range of different nutrient retentions and releases have been observed in peat bogs. Some of 

the key environmental factors that play a role in nutrient dynamics in peat bogs are 

temperature, redox potential and pH while substrate factors include stage of decomposition, 

organic matter quality, nutrient content, chemistry of the soil solution and the presence of 

chemical and biological inhibitors to microbial activity (Mitsch and Gosselink, 2000; Bullock 

and Acreman, 2003; Holden et al., 2004). These regimes should be identified to understand 

how the processes in the bog alter effect the surrounding land uses and effects on the wider 

hydrological system.  
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In freshwater resources elevated levels of nutrients in water are of concern as they can cause 

detrimental health effects in drinking water and eutrophic growth in water bodies that can 

smother other life forms reducing the habitable aquatic environment (Close et al., 2001). The 

decreasing trends in water quality, particularly in regard to nutrients in the Waimatuku yield 

concern and some management methods should be implemented to at least stabilise the 

degrading water quality.  

Nitrate and NH4
 
appear to be highly mobile in both the groundwater and soil water systems of 

the Waimatuku catchment, as demonstrated by their increased concentrations during event 

flow, which is common in soluble nutrients at high flow (Dahm et al., 1998). Where higher 

concentrations of NO3 occur in-stream from surface runoff, interventions should be aimed at 

lowering nitrogen applications to the land surface (De Lorenzo et al., 2012). Specifically, the 

timing of fertilisation should be appropriate to plant growth, and the application of fertilisers 

should be appropriate to the soil typology present (Di Lorenzo et al., 2012); continuous 

vegetation riparian zone should be constructed (Vidon and Hill, 2004) and the promotion of 

denitrification processes into the groundwater zone should be promoted along agricultural 

fields as well as riparian zones (Cey et al., 1999). The presence of subsurface tile drainage 

promoting soil water to stream flow, bypassing the hyphoreic zone and potential denitrifying 

processes, also requires the need for efficient application rates of nitrates to agricultural lands.   

Alluvial gravel aquifers associated with flat topography in New Zealand are known to 

accumulate NO3 that has leached through the soil system and transfer it to baseflow (Close 

and Davies-Colley, 1990b). The retention of nutrients may occur in an alluvial aquifer 

interacting with surface water as residence time with sediments and, thus, greater time of 

contact with dissolved solutes and microbial biotia in the aquifer bed system (Dahm et al., 

1998). Morrice et al. (1997) reported that baseflow rates of nutrient retention were closely 

correlated to transient hydrological storage of nutrients in groundwater. Baseflow retention or 

groundwater retention estimations within the Waimatuku catchment could probably be 

substituted for each other for management purposes. It needs to be noted that nutrient 

retention is generally reduced in times of high flow. Floods cause disturbances to the 

biogeophysical character of streams, which also result in changes in biota and the physical 

structure such as opening up pore space in the hyporheic zone resultantly changing the 

chemical and biophysical processes that will be occurring (Hancock et al., 2005). Thus, short 

term temporal changes will occur in nutrient retention, which need to be noted for 

management.  
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The hyporheic zone is of high importance for the transfer of nutrients acting as the mixing 

zone between groundwater and surface water (Figure 5.6), and providing a range of redox 

conditions where anaerobic and aerobic waters mix with organic matter and microbial 

activity. Thus, the hyporheic zone provides a stage for efficient reactions (Hill, 1993b; 

Boulton et al., 1998; Dahl et al., 1998; Kalbus et al., 2006; Krause et al., 2012), which often 

cause a reduction in nutrient levels in streams compared to the upland groundwaters (Hill, 

1993b; Dahm et al., 1998; Dent et al., 2001). Redox levels in groundwater are determined 

principally by the relative rates of introduced oxygen and the consumption of oxygen by 

bacteria decomposition of organic matter (Drever, 1997). As groundwater mixes with surface 

water in the hyporheic zone, a greater proportion of free oxygen becomes available, combined 

with a range of electron acceptors, increasing the redox potential and decomposing organic 

matter, which oxidises the nutrients that are passed through the groundwater system, and into 

surface water (Drever, 1997; Dahm et al., 1998; Di Lorenzo et al., 2012). Redox conditions 

are prime locations for the denitrification process to occur and commonly create a sink of 

excess nitrogen in the hyphoreic zone (Dahm et al., 1998). For example, De Lorenzo et al. 

(2012) observed in the lower River Vibrata catchment in Italy, where more surface runoff 

process contributed to stream flow, higher NO3 concentrations were present. In comparison, 

the upper catchment stream waters were fed by groundwater and a lower NO3 content was 

observed and attributed to be the likely result of denitrification processes in hyphoreic zone as 

groundwater moved through the hyphoreic zone to surface water. Phosphorus in contrast to 

NO3, is retained in the soil of riparian subsurface zones (hyphoreic zone) by microbial 

processes and can be released later in soluble form from vegetation or soils at any time, which 

can then be carried to surface water (Caryle and Hill, 2001), and high DRP can indicate 

saturation of phosphate in the riparian subsurface system (Cooper et al., 1995). High DRP can 

also occur in areas where effective nitrogen removal by denitrification has occurred, which 

can produce redox conditions which increase the release of DRP (Carlyle and Hill, 2001).  
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Figure 5.6: Conceptual model of rainfall infiltration, percolation and groundwater flow processes 

driving stream flow under normal flow in the Waimatuku catchment and the role/indication of 

hyphoreic zone processes which are important in geochemical reactions and the transfer of flows 

between groundwater and surface water zones. 

 

To further investigate fluxes of nutrients to streams the biogeochemistry need to be 

understood, specifically on the hydrology and soil/sediment characteristics of the hyporheic 

zone (Dahm et al., 1998). Determining the spatial and temporal rates of biogeochemical 

processes that decompose organic matter in the hyphoreic zone is the major challenge to 

understanding the nutrient biogeochemistry acting in a catchment (Dahm et al., 1998) but 

would provide value to forming a nutrient management plans. Future management plans for 

the Waimatuku should plan for stricter controls on NO3, NH4 and DRP by encouraging better 

farms practices. The role of Bayswater Bog appears to be very valuable in the Waimatuku 

hydrological system and thus stricter controls on dewatering of the bog should be employed.  

 

5.5.2 Limitations of the study  

Improvements that could be made on a replication of this study regarding the potential flow 

from one surface water body (the Aparima River) to another (the Waimatuku Stream) would 

be to conduct further investigation into the processes occurring in the stable reach of the 

Aparima River. Conducting a water balance to investigate if there are any net losses from the 



157 

 

Aparima River. Once net losses are identified, research into where the losses are going should 

include both surface and groundwater levels from both surface waters and groundwater such 

as described by Woessner (2000). This study did not include the surface or bed levels of the 

Aparima into the potentiometric survey of the Waimatuku due the assumption that water level 

data could be collected after the survey from the water level recorder at the lower Aparima 

reach. After the survey had been completed it was found that the recorder placement was not 

over the water and no values could be used. The neutral flow reach during low flow in the 

Aparima River between Wreys Bush and Otautau was within the allowable range of gauging 

error, which could account for small losses identified in stream gauging of the reach. During 

low flows the reach becomes quite braided and a lot of the water flows through the gravels. A 

water balance would help ascertain the balances in the local system to identify if a net loss is 

occurring or if the system is being sustained during low flows.  

Temporal water quality data from Otautau Drummond Road site had instrumentation 

malfunctioning over the first three months with the instrument having to be removed multiple 

times to fix water leaking problems resulting in disjointed time series of water quality data at 

this site. The turbidity and DO probes were removed due to excessive fouling of slime and 

invertebrates on the probes, which affected the functioning of the wiper and membranes 

respectively.  As already mentioned the water quality sonde at Isla Bank Fairfax Road site had 

to be moved during the beginning of the event, due its location in the plume of runoff from a 

roadside drain, rendering the data captured before the event with large uncertainties as to how 

much of stream flow it was recording and how much of drain runoff it was recording.  

Regarding the stream response to rainfall event sampling, a limiting factor to the analysis was 

that rainfall was sampled at the same time the stream begun to be sampled, missing the 

rainfall that fell on the 3
rd

 and 5
th

 of July, which was most likely to drive that first flow peak 

on the 6
th

 of July. If the rainfall at the beginning of the event was captured a clearer signature 

could have been used for isotope hydrograph separation. Another limitation to the event 

analysis is that stream sampled could not be collected before the first flow peak, limiting the 

information available to understand dynamics during that first flow peak. To improve further 

stream event response research, sampling of groundwater and soil water at the time of 

sampling the stream during the event analysis would add value to matching timing and 

responses during the event, such as that done by Pionke et al. (1988) and would be able to add 

more value to the hysteresis analysis. The 2 component hysteresis analysis was used as no soil 

water samples were collected during the research restricting the use for a three component 
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analysis, which appears would be more appropriate due to the relative concentrations of 

solutes during the event indicating proportions of soil water to stream flow during rainfall 

events. Hysteresis as a method is also known to be arbitrary and subjective and studies that 

have measured over multiple storms find it difficult to characterise them as one type of system 

(e.g. Rose, 2003), and, therefore, sampling over more than one event would provide more 

detail to the processes occurring through the catchment. 

 

 

5.5.3 Further research for the Waimatuku Stream catchment  

To further understanding of the processes and current state of the Waimatuku Stream and its 

groundwater and surface water resources for resource management, some further specific in 

depth reach could be conducted. Further investigation into the solute ratios and solute plots 

from the Aparima and Waimatuku solute data would be beneficial. This would deliver more 

specific information into the weathering of specific minerals, which would provide more 

information into water type, saturation rates and constrain some of the geologic material and 

geochemical processes occurring in the respective catchments. Artificial tracers like 

rhodamine, could be injected into the Aparima and monitored in the Waimatuku to assess if 

there is flow through the groundwater zone between the Aparima River and the Waimatuku 

Stream. Tracers may also be beneficially employed to assess if there is deeper aquifer 

recharge, such as what was conducted by Taylor et al. (1989) with tritium, which also 

provides a dating age of the water.  

Isotopic nitrate research should be undertaken to distinguish anthropogenic sources from 

natural sources in the different stages of the hydrological cycle such as used by Kennedy et al. 

(2012). Appropriate identification of nitrate sources can then be used to constrain nitrate 

management methods. Local meteoric water lines for inland Southland would be beneficial to 

be able to more accurately align and delineate surface and grounds waters from local 

precipitation through the use of stable isotopes of water.  

In depth assessment of the hydrological and hydrochemical processes and values of 

Bayswater Bog would be beneficial. Assessment of the hydrological and hydrochemical 

processes of the hyphoreic zone, in particular the nutrient retention and saturation properties 

and residence time through the catchment and through the hyphoreic zone, would also add 
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value to the broader management strategies for the catchment, particularly in terms of 

providing a stable base flow water yield to the Waimatuku catchment. If anthropogenic 

drainage to the Bog occurs this may have potential adverse effects on the water yield under 

base flow and further exacerbate water quality issues in the catchment.   



160 

 

Conclusions  
Chapter 6 

The Waimatuku Catchment can be characterised as groundwater fed from a regional system 

recharged through the land surface and Bayswater bog. Using multiple methods of inquiry, 

flow characteristics of the Waimatuku Stream were linked to regional groundwater 

movements in the Waimatuku catchment, which was supported by geochemical and isotopic 

characteristics. There was no evidence of inter-catchment transfers of water between the 

Aparima River and the Waimatuku Stream. During event flows in the Waimatuku Catchment, 

overland runoff from Bayswater Bog, groundwater and soil water flow paths were identified 

through hysteresis analysis on the variations of solute delivery to the Waimatuku Stream.  

Specifically, this study has identified that: 

1. Under low flow or stable conditions the Waimatuku Stream consists of coastally-

derived rainfall that has had sufficient contact time with soils (or the alluvial gravels) 

to accumulate solutes consistent with a groundwater origin;  

 

2.  During high flow, overland runoff from Bayswater Bog, groundwater and soil water 

flow paths were identified linking the land system to the Waimatuku Stream;   

 

3. The Aparima River has no influence on the geochemistry of the Waimatuku Stream;  

 

4. Groundwater flow imparts significant influence on the Waimatuku Stream, resulting 

in a relatively stable regional groundwater flow system and produced gaining and 

losing reaches through the catchment that held their spatial pattern from lower to 

higher flows.  

 

Furthermore, future management for the Waimatuku catchment should investigate the 

hydrology, soil and sediment characteristics of the hyporheic zone to gain understanding of 

the biogeochemistry, which will further investigation into the fluxes of nutrients to the stream 

and other streams in Southland. In particular, sustainable management of the Waimatuku 

Stream requires stricter rules on peat land development and nutrient loading to the land 

surface to protect the water resource from further decline in water quality and quantity, and 

this should be enforced though encouraging better farm practices throughout the catchment.  
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Appendix  

Appendix A: Baseflow Automated digital recursive filter  

Flow and Baseflow hydrographs in cumecs, overlain with the percentage contribution of baseflow 

to stream flow for the three sites; a) Waimatuku Stream at Otautau Drummond Road, b) 

Waimatuku at Isla Bank Fairfax Road and, c) Middle Creek at Argyle Otahuti Road. See Nathan 

and McMahon (1990) for method.  

a) 
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c) 
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Appendix 

B: 

Murihiku 

QMap 

Ledged  

Turnbull, 

I.M., 
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2003: 
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map 20. 74 
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Appendix C: Potentiometric survey wells with orthometric land surface 

height 
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Appendix D: Potentiometric surface geostatistical analysis data 

 

Land surface orthometric height Potentiometric surface height 

 

Histogram of land surface heights (masl) with 

descriptive statistcs  

 

Histogram of potentiometric surface heights 

(masl) with descriptive statistcs 

 

Measure of closeness to normal distribution 
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Appendix E: Nearest Neighbour Dendrogram  

Dendrogram of Nearest Neighbour HCA with the three outlier samples highlighted in the red box. 

The samples are: Aparima River at Otautau 19/12/12,E46/0716 26/06/2013 and E46/0110 

18/06/2013.

 


