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Abstract  

Using heat as a tracer is one of the economical methods for groundwater study. The hydraulic head 

alone is not sufficient for groundwater model calibration. Thus, 3D heat transport modelling of Wairau 

aquifer is used to study the characteristic of thermal parameters and the behavior of heat traverse 

through the aquifer. The aims of the research are to define the worth of temperature data for reducing 

the parametric and predictive uncertainty of the Wairau groundwater flow model. The 3D model was set 

up into 3 layers, 98 columns, 36 rows and grid size 200m by 200m (width) base on the geological and 

hydrological conditions. The methods that were used to implement in this research are particles tracking 

and heat transport model in order to compare with measurement data. The thermal flow path length, 

heat distribution catchment, and mean travel time are determined by the backward particle tracking 

MODPATH with the aiding of Matlab computer code. A finite difference numerical code MT3D-USGS is 

used for transport model employed with the existing 3D MODFLOW-NWT groundwater flow model for 

heat transfer solution. Thermal parameters including longitudinal dispersion, diffusion, and sorption are 

estimated by PEST. Sensitivity analysis of each parameter is conducted to see their roles the in 

transport model. The heat transport model is an advection dominant, which is highly dependent on 

hydraulic conductivity. The available advection solver is the explicit standard infinite different which is 

not a perfect match for advection dominant transport model. Even though, it is the only advection solver 

that is possible to converge the model with high velocity. On the hand, the numerical error of heat 

transport and groundwater flow model has been found during the model calibration. There is an 

unexpected heat lost from the model especially near dry cells. The fluctuation of net groundwater 

recharge reveals a negative correlation to the heat lost during the investigation of model error analysis. 

Due to the limitation of solver choices and model error, it causes the modelled heat data could not reach 

the measurement data. This impact leads to a high uncertainty of thermal parameters estimation.  

 

Keywords: groundwater-modeling, heat transport, dispersion, diffusion, finite difference, retardation, 

sorption, transmissivity 

Software: MODFLOW, MODPATH, MT3D-USGS, Matlab, PEST 
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Resumo 

A utilização do calor como um traçador é um dos métodos mais económicos para o estudo das águas 

subterrâneas. Os dados de níveis piezométricos não são muitas vezes suficientes para a calibração 

adequada dos modelos de fluxo subterrâneo. Assim, a modelação do transporte de calor 3D do 

aquífero de Wairau é utilizada para estudar a característica dos parâmetros térmicos e o 

comportamento do calor no aquífero. Os objetivos da investigação são a definição do valor dos dados 

de temperatura para reduzir a incerteza paramétrica e preditiva do modelo de fluxo de águas 

subterrâneas do aquífero de Wairau. O modelo 3-D foi configurado em 3 camadas, 98 colunas, 36 

linhas e com uma malha de 200 m por 200 m de acordo com a informação geológica e hidrogeológica 

disponível. Os métodos que foram utilizados para implementar o modelo são o rastreio de partículas e 

o modelo de transporte de calor para comparar com os dados medidos. O comprimento da trajetória 

do fluxo térmico, a captação da distribuição de calor e o tempo médio de viagem são determinados 

pelo método de rastreamento de partículas do MODPATH com o auxílio do programa de computador 

Matlab. O programa de modelação numérica de diferenças finitas MT3D-USGS é usado para o modelo 

de transporte juntamente com o modelo de fluxo de águas subterrâneas 3D MODFLOW-NWT existente 

para análise de transferência de calor. Os parâmetros térmicos, incluindo dispersão longitudinal, 

difusão e sorção são estimados usando o PEST e é realizada uma análise de sensibilidade de cada 

um dos parâmetros para avaliar a sua importância no modelo de transporte. Os resultados revelam 

que o modelo de transporte de calor é essencialmente advectivo, pelo que é muito dependente da 

condutividade hidráulica. A solução numérica de advecção disponível é pelo esquema de diferenças 

finitas explícito, o que não é uma combinação perfeita para um modelo de transporte 

predominantemente advectivo. Mesmo assim, esta é a única solução numérica com que é possível 

fazer convergir o modelo rapidamente. Por outro lado, o erro numérico do modelo de transporte de 

calor e do fluxo de água subterrânea foi determinado durante a calibração do modelo. Há uma perda 

de calor inesperada no modelo perto das células secas. A flutuação da recarga subterrânea efetiva 

revela uma correlação negativa com o calor perdido durante a investigação da análise de erros do 

modelo. As limitações na escolha da melhor solução numérica e devido também ao erro numérico do 

modelo, os valores de calor simulados não alcançam os dados medidos, contribuindo para uma 

elevada incerteza na estimação dos parâmetros térmicos. 

Palavras-chave: modelação de águas subterrâneas, transporte de calor, dispersão, difusão, 

diferenças finitas, retardação, sorção, transmissividade 

Programas matemáticos: MODFLOW, MODPATH, MT3D-USGS, Matlab, PEST 
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1. Introduction  

Fundamentals of using heat as a tracer for surface-groundwater interaction were published in the 

1960s. During that time, there were many misconceptions regarding temperature in the groundwater 

variation until Humboldt and Arago published their work about geothermal gradient in 1844. However, 

his work did not solve the problem the way of the total heat flow until the discovery of radioactivity in 

1909. (Davis, 1999) These breakthrough theories contributed greatly to the hydrological research of the 

modern day. It has been used by many scientists in different proposes by using analytical and numerical 

from laboratory scale to basin scales. Becker et al., (2004) estimated the flow and flux of groundwater 

discharge using water temperature and velocity. Anderson (2005) mentioned that hydraulic head alone 

was not sufficient for the study of groundwater flow system. He described heat could be used to examine 

the submarine groundwater discharge and depth, salt, and fresh water interface delineate flows in 

hyporheic zone and parameters calibration for heat flow model in groundwater. Stallman (1965), 

Bredehoeft and Papadopoulos, (Hatch et al., 2006) used temperature data to study the behaviour of 

one dimension heat transfer through the aquifer by analytical modelling. The differences of vertical heat 

transport in recharge and discharge zone were reviewed by Taniguchi, (1993). The comparison heat 

dispersion in different scale was implemented by Gelhar et al., (1992). Downgradient heat transport 

modelling was conducted by Sethi and Di Molfetta, (2007) in a waste landfill in Italy. Vandenbohede et 

al., (2009) conducted the comparison of difference characteristic of heat and solute transport in the 

same aquifer by the push-pull test. Masbruch et al., (2014) did the heat transport modelling by using 

MT3DMS coupled with groundwater flow model. Kupfersberger, (2009) used the 2D numerical model 

to study the impact of a heat pump in Leibnitzer Feld aquifer in Austria. Santilano et al., (2016) 

implement the 3D numerical model to assess the geothermal heat exchange potential in Sicily, Italy. 

Rühaak et al., (2008) discussed on the non-orthogonal structure grids 3D finites modelling of heat 

transport in groundwater model. Kaiser et al., (2013) researched on the sensitive mechanisms on 3D 

heat transport coupled with fluid modelling in the Northeast German Basin. Giambastiani et al., (2013) 

describes the limitation of using heat as a tracer in alluvial sediment to determine the aquifer properties 

including diffusion and longitudinal dispersivity. The differences researching on heat flow in groundwater 

provided a very good concept further study in the future. There is also more numerical software that is 

available for heat transport modelling which is quite convenient for the new researches.  

1.1. Background Information of Study Area 

Groundwater resource in New Zealand is one of the most important water supply for multi purposes 

included agriculture production and drinking water. In the south island of New Zealand, Wairau aquifer, 

laying under Wairau plain catchment, is the major water resources for irrigation and domestics use in 

the surrounding towns likewise, Blenheim, Renwick, and Woodbourne (Davidson and Wilson, 2011).  

Climate Conditions  

New Zealand is located in the Southern hemisphere, where climate conditions are largely different 

between the north and the south island. Annually, precipitation in Wairau plain is 650mm on average. 
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The average sunshine in this area is 6.7 hours per day with the mean temperature 12.8 degree Celsius. 

(Wöhling et al., 2017)  

Geology and Hydrogeology of Wairau Aquifer  

The Wairau Plain has a quite complex depositional history and includes many different formations such 

as the Manuka and Tophouse, Speargrass, Rapaura and Dillons Point formations. The lower Wairau 

Valley and Plain are formed from postglacial fluvial deposits overlying glacial outwash deposits. Toward 

the present-day coastline lagoon, estuarine, postglacial swamp, and beach deposits place on top fluvial 

outwash deposits (Brown, 1981). 

The Wairau Aquifer has around 26,000 hectares and includes confined, semi-confined, and unconfined 

areas (Davidson and Wilson, 2011). The Wairau Plain formations hosting the Wairau Aquifer are the 

Speargrass Formation and the Rapaura Formation (Wilson and Wöhling, 2015). The Speargrass 

Formation was deposited during the last glaciation (Otira). It consists of poorly sorted fluvial sediments 

such as gravels, sand, and clay, with a matrix of silt and clay (Brown, 1981). The surface of the 

Speargrass Formation forms the effective base of the Wairau Aquifer (Wilson 2016). 

The Rapaura Formation consists of postglacial fluvial sediments transported by the Wairau River and 

its tributaries to Wairau plain. The parent rock of these sediments (gravel, sand, silt, and clay) was 

greywacke and schist pebbles (Brown, 1981). The Rapura Formation has two main layers. The Upper 

Facies forms a shallow, high permeability aquifer close to the Wairau River (the Rapura Facies). Outside 

of this area, the Upper Facies is highly stratified and conductivity varies significantly. Preferential flow 

is expected to occur through the gravels of the old Opawa River channel. The upper facies is separated 

from the lower member by a low permeability clay layer of three to six metres thick. This formation lets 

the lower member Wairau aquifer formation forming confined aquifer overlies the Speargrass 

Formation. Transmissivity values typically exceed 2000 m2/day in the Rapura Formation and are highest 

in the Upper Facies (Wilson, 2016). 

Regional flow in the Wairau Aquifer is from the west to the coast in the east, however, the geological 

structure and the land surface slope also affect groundwater flow. The Wairau River is a braided river 

with a highly-eroded bank. It is predominantly losing and the major source of recharge to the Wairau 

Aquifer. The gauging data recorded the recharge from the Wairau river to the Wairau aquifer from Rock 

Ferry to Wratts Road approximately 7.5 m3/s to less than 20 m3/s. The depositional formations in the 

Wairau Plain contribute to anisotropy in the aquifer, and subsurface flow is rapidly drained in the 

horizontal direction rather than vertically. This can be the result of the river becoming perched over the 

aquifer (Wilson and Wöhling 2015).  
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Figure 1.1-1 Location of river temperature record and boreholes (Wilson and Wöhling, 2015) 

1.2. Past and Present Research  

Brown conducted a research on the geology of Wairau plain since 1981. He described thoroughly about 

the formation of Wairau plain including the detail Wairau aquifer characteristics. The method based on 

geological basis mapping, drilling, radiocarbon dating, and micropaleontology. In 2008, Close did an 

investigation on the interaction of recharge sources and groundwater in deep Wairau aquifer based on 

groundwater chemistry and isotope information. The groundwater age in this aquifer was very old and 

the observation wells were screen at deep between 150 to 300 me below the surface (Close, 2008). In 

February 2014, ERF and Marlborough District Council (MCD) conducted a project using dissolved radon 

gas (Radon-222) in Wairau River and shallow groundwater to study surface and ground water 

interaction and groundwater recharge system.  

In August 2014, there are 11 temperature loggers were installed in Wairau Aquifer in order to develop 

a numerical modelling to quantify the river-aquifer exchange base on conceptual understanding (Wilson 

& Wöhling 2015). This project is the collaboration between Water and Earth System Science 

Competence Cluster (WESS) at University of Tubingen, Germany, Lincoln Agritech, and MDC. 

MODFLOW was used for the modelling of paying the attention to recharge area of Wairau aquifer. The 

ModelMuse was used for the graphical user interface. MATLAB was used for model calibration based 

on multi-objectives global parameters method.  

In January to 2016, the Marlborough District Council carried out preliminary numerical modelling on 

heat transport based on temperature data logging from 14 wells in the Wairau Aquifer recharge zone 

(Close et al. 2016). The aims of the study were to have a better understanding of a variation of hydraulic 

properties of this aquifer. MT3DMS was used for numerical modelling with steady states groundwater 

flow model resulted from MODFLOW-NWT (Niswonger et al. 2011) and the model plan set up from 

Lincoln Agritech Model conducted by Wilson and Wöhling (2015). The parameters were used for 

MT3DMS simulation likewise; temperature concentration, thermal distribution coefficient, and bulk 

thermal diffusivities. The result of this model was modified with STR (Stream) package from Prudic 

(1989). Later, it was used to compare with analytical modelling result. The model was able to provide 
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the quantitative estimation river recharge and the groundwater flow path (Close et al. 2016). Another 

study conducted by White et al., (2016) on the surface and groundwater interaction in the coastal aquifer 

system. The paper described the complex hydrological system of Wairau plain by using 3D models of 

sediment distribution of gravels, sands, and silt, and the static groundwater head recorded from existing 

observation boreholes.  

A most recent study on river groundwater interaction of the Wairau plain was implemented by (Wöhling 

et al., 2017) by using MODLFOW-NWT to conduct three dimensional surface-groundwater flow model 

and PEST was used for Parameter estimation. This existing model is then employed with MT3D-USGS 

packages for further study of heat transport in the aquifer. The further discussion can be found in section 

2.  

The latest study on heat as a tracer in Wairau aquifer was conducted by Higgins and Tum (2017) on 

1D heat transport modelling by using analytical and numerical model. The analytical model using 

equation from Stallman (1965) was then extended by Hatch (2006) to calculate the fluctuation of 

temperature in Wairau aquifer. For numerical model was implemented by using MT3D-USGS package 

employed with MODFLOW-2005. As a result, the analytical modelling failed to apply in Wairau aquifer 

due to some reasons that will be stated below.  

The assumption in this model was: 

- The ambient temperature does not affect by surface variation. 

- The temperature at the sources approximately transport in one dimension convective-

dispersive. 

- Thermal in aquifer matrix is always equilibrium  

These assumptions are account for retardation of the thermal front and compare to the solute front due 

to the variation of the heat capacity of solids and fluid, but they neglected the retardation of heat 

exchange between water and matrix. Therefore, it is invalid for Wairau aquifer as its velocity is high and 

the effect of clast size to the retardation is also considered in Rapura formation. To ignore this 

retardation factor for the analytical model is over estimation for 1D heat transport analytical modelling 

of Wairau aquifer. For 1D numerical model is extended to 3D modelling, and some sensitive parameters 

will be discussed in detail in section 3. 

1.3. Problem Description  

The groundwater recharge to the Wairau aquifer is exclusively from Wairau River. However, due to the 

climate condition, drought has become the crucial problem to aquifer recharge in this south island. 

Wairau aquifer water table level trend constantly has declined for the past decades which triggered the 

Marlborough District of New Zealand to take a wide range of investigations not only in Wairau plains 

but also in Wairau catchment cover about 3430 Km2.  

There are plenty of researches being conducted in Wairau catchment, yet not many projects have been 

focusing on heat transport as a tracer. Heat is considered as one the most economical methods for 

scientists conducting their study of natural tracers comparing to deuterium, tritium, and radon gas and 

so on. Moreover, it is quite convenient to collect the temperature data in the field. Due to this reason, 
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and including the existing Wairau River temperature data since 2010 and other 15 temperature data in 

observation boreholes in Wairau aquifer, researchers decide to use heat for further study.  

1.4. Research Objectives   

This research is an extended study of heat transport in one dimension modelling (Higgins and Tum, 

2017) and three dimension groundwater flow model (Wöhling et al., 2017). The main purpose of this 

study is to analyse and implement the available river temperature data for numerical modelling by 

coupling with 3D groundwater flow model. Heat is considered as a solute for the numerical model, thus 

MT3D-USGS, which is a finite different numerical code, is selected to employ with MODFLOW-NWT. 

The overall research questions are to define whether the temperature data measurements in the Wairau 

Plain are worth for reducing the parametric and predictive uncertainty. Responding to this question, 

there are some tasks need to be done particularly. Likewise, emphasising the uncertainty of the 

conceptual model assumptions and their corresponding of the boundary condition, and defining the 

sensitive and uncertain parameters. 

1.5. Formulation of Project  

This project is conducted to fulfill the requirement for the master thesis of Hydro-science and 

Engineering department lasting for 5 months from April to August 2017. This work plan breaks down in 

5 main timelines. The first month mainly focus on literature research on the state of the art of heat 

transport in the aquifer and learning the computer software which is related to the project such as 

ModelMusse, MODPATH, MODFLOW, MT3D-USGS, PEST, and familiarizing with existing models. 

Later on, the next task is to reanalyze the temperature data. Then, determining the flow path length, 

delineation flow path distribution, and the mean travel time of temperature in the aquifer by using 

MODPATH. After that, setting up the MT3D-USGS model by considering the appropriate boundary 

condition in heat transport model. Last but not least, it is the joint calibration of the groundwater flow 

and heat transport model. The detail steps are written below:  

1. General introduction  

 Introduction to the Wairau project, the past and current work activities, literature 

 Literature review on state of the art and application of 3D heat transport modelling in 

groundwater  

 Theory and implementation in groundwater analogy to solute transport, model 

uncertainty, and particle tracking  

2. Analysis of temperature data 

3. Determination of flow path uncertainty  

 Implementation of backward particles tracking for all considered observation wells for 

100 null-space Monte-Carlo run (parameterization previously determined) using 

MODPATH couple with MODFLOW-NWT groundwater flow model  

 Analysis of the maximum flow path length, capture zone and mean transit time for the 

different wells and their corresponding uncertainty  

4. Numerical simulation of heat transport  
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 Theoretical consideration of appropriate boundary conditions for simulating heat 

transport at the Wairau plain  

 Set up MT3D-USGS for the selected temperature time series  

 Forward prediction of T with calibration flow model and heat transport parameter 

determined from study project  

 Re-calibration heat transport parameters  

 Joint calibration and flow parameters 

5. Result and discussion  

 Synthesis of data analysis and numerical modelling with respect to  

o Appropriateness of chosen assumption, boundary condition for heat transport 

modelling  

o The worth of temperature data to constrain the flow solution  

 Critical discussion of the results  

 Conclusions and recommendation  

1.6.  Reader’s Guide  

This report is divided into four main sections, appendices, and references. Section 1 is the general 

introduction to the research including project formulation. For section 2 are the material and methods. 

It describes all procedures that are implemented in this research. In section 3 is written about the result 

of the modelling the discussion of the research. Section 4 account for the conclusion and further 

recommendation. The references section lists all the papers, reports, documents, and books, that had 

been cited in the in the report. Appendices are the attachment of the results and the calculations. 
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2. Material and Methods 

2.1. Literature Review  

2.1.1. Numerical Modelling Heat Transport in Groundwater  

The wide range research on heat transport in groundwater has been implementing by many hydrologists 

and hydrogeologists. There are plenty of numerical solutions to heat transport couples with groundwater 

flow model successfully conducted in the past researches. Many computer codes and software have 

been using for heat transport numerical modelling likewise; FEFLOW, COMSOL, FRACHEM, MT3DMS, 

SEAWAT, SHEMAT and so on. Thorne et al., (2006) and Langevin et al., (2010) conducted similar 

simulation heat and solute transport included with viscosity and density parameter by coupling 

numerical code MT3DMS and SEAWAT base on it specific capability. MT3DMS used for heat and 

solute transfer, while SEAWAT expert in dealing viscosity and density so it is usually used for the mixing 

fresh and salt water in the aquifer.  

Sethi and Di Molfetta (2007) simulated the heat transport in an aquifer downgradient in a solid waste 

landfill in Italy using MT3DMS as a numerical modelling in order to investigate the aquifer thermal 

anomaly. The model was conducted base on the correlation between heat and mass traverse in porous 

media. As a result, conductive and convective heat transport in the landfill to the thermal anomaly in 

the aquifer was successfully detected from the model. 

Kupfersberger (2009) modelled 2D heat transfer in Leibnitzer Feld aquifer in Austria by using FEFLOW 

numerical code. The study aims to define the impact the utilization of regional groundwater as energy 

sources.  Therefore, the simulation provided the positive potential of heating and warm water supply 

without depletion of regional groundwater.  

Ma and Zheng (2009) did an investigation on the effect of density and viscosity of heat transport 

modelling in an aquifer at Handford 300 Area in Washington State. MT3DMS was used to model heat 

transport by neglected density and viscosity and SEAWAT was implemented for heat model included 

viscosity and density. The comparison both model show that the maximum temperature differences can 

be neglected density and viscosity were 15 oC.   

Hecht-Méndez et al., (2010) used MT3DMS to evaluate heat transport simulation of the closed 

geothermal system. The numerical codes that were used in their modelling (2D and 3D) were 

MODFLOW-2000, MT3DMS, FEFLOW-2000, and SEAWAT. Vertical heat transfer was neglected in 2D 

model, but it was taken into account for 3D simulation. Three different scenarios; a pure conduction 

situation, an intermediate, and a convection domination, were applied in their simulation.  

Nam and Ooka (2010) did a real scale experiment ground heat and water transfer for groundwater heat 

pump system numerical modelling. This study aimed to forecast the heat and groundwater flow, and 

the performance of the system by using FELFOW for 3D simulation. The experiment and simulation 

provided a very good fit result.  
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Engeler et al., (2011) studied the important of groundwater flow modelling coupling with heat transport 

of river and aquifer interaction in Limmat valley in Zurich. The three dimension finite element model was 

constructed by using an open software SPRING, by considering hydraulic conductivity and leakage 

coefficients as the main parameter.   

Fossoul et al., (2011) conducting a heat transport simulation of low enthalpy geothermal pumping in an 

alluvial aquifer in Meuse river. This research aimed to define the feasibility of heating and cooling system 

pumping in groundwater to understand the effect of the pumping and heat traverse in the aquifer. The 

codes that are used in this simulation are MODFLOW-2000, coupled with MT3DMS, HydroGeoSphere, 

and SHEMAT  

Saar (2011) did a review paper geothermal heat as a tracer for the large scale groundwater flow ant the 

determination permeability fields. The study focus on the implementation and geothermal measurement 

and heat transfer theory. He had described noticeably regarding the field constrain for geothermal heat 

transfer in numerical modelling in 1D, 2D, and 3D system.  

Burns et al., (2015) investigated heat and groundwater flow between permeability and depth 

relationships of Columbia Plateau in the US. SUTRA was used for heat and mass transport to define 

the potential effect of heat and groundwater flow in different flow paths. As expected, heat flows lower 

in the anisotropic permeability of the continental flood basalt, given by the numerical model. The 

reduction of permeability impacted to heat flow, then conduction dominant take place in deeper depth 

(600m-900m).  

Nguyen et al., (2016) did an investigation on the effect of the simulation on spatial discretization the 

thermal variable density flow in heterogeneous conductivity field and the effect of thermal free 

convection on different types of heterogeneous conductivity fields. They adopted Elder problem as case 

study for thermal problem for numerical modelling and experimental investigation.  

2.1.2. Theory and Implementation  

Heat transfer is the exchange physically in systems between thermal energy and heat. The mechanism 

of heat transfer is conduction, convection, and radiation. In groundwater, only two mechanisms are 

taken into account for the basic heat transport; conduction and convection. Conductive transport is the 

movement heat from high to low temperature in solid or liquid phase. In Fourier’s law heat flux described 

as (Domenico and Schwartz, 1998): 

H=-k grad T 

Equation 2.1-1 

H is the heat flux 

T is temperature  

k is thermal conductivities substance  

For the relationship between solid and liquid in porous media is written as below where ke is effective 

thermal conductivities, subscript f is fluid, and s is solid and n is porosity.  
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𝑘𝑒 = 𝑛𝑘𝑓 + (1 − 𝑛)𝑘𝑠 

Equation 2.1-2 

Table 2.1-1. Thermal conductivity (Domenico and Schwartz, 1998) 

Material Thermal Conductivity 
(cal/m s oC) 

Quartz 2 
Sandstone 0.9 
Limestone 0.5 
Dolomite 0.4-1 
Clay 0.2-0.5 
Water 0.11 
Air 0.006 

Convective transport is the movement of heat where there is a fluid motion. The transport causes by an 

external force without density gradient is called forced convection (Domenico and Schwartz, 1998). Its 

movement responds to a hydraulic gradient. In this case, the advection of solutes or heat travel rate is 

calculated by Darcy equation:  

𝑣𝑥 = −
𝐾

𝑛𝑒

𝑑ℎ

𝑑𝑙
 

Equation 2.1-3 

 

The three dimension heat transport equation reviewed by (Domenico and Schwartz, 1998) 

conductive-convective equation is described below (Anderson, 2005):  

𝑘𝑒
𝜌
∇2𝑇 −

𝜌𝑤𝑐𝑤
𝜌𝑐

∇. (𝑇𝑞) =
𝜕𝑇

𝜕𝑡
 

Equation 2.1-4 

T is temperature, t is time, 𝜌 is density, c is specific heat of the rock fluid matrix, 𝜌w and cw is density, c 

is specific heat of the rock fluid, q is the seepage.  

λ =
𝑘𝑒
𝜌

 

Equation 2.1-5 

Equation 2.1-5 is the convective effect of thermal-dispersion incorporation with ke (effective thermal 

conductivities) is the combination term of thermal dispersivity λ. Bravo et al (2002) combined flow and 

heat transport by using mass and energy in macroscopic continuum equations.  

𝜕(휀𝜌)

𝜕𝑡
= ∇. 𝜌

𝑘

𝜇
(∇𝑝 + 𝜌𝑔) 

Equation 2.1-6 

For Equation 2.1-6  takes fluid density, fluid viscosity, and matrix porosity of fluid pressure and 

temperature in consideration, but without external fluid sources. For diffusive and dispersive fluxes of 
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fluid mass were neglected. ε is effective porosity, 𝜌 is density of fluid, p is the pressure, t is the time, k 

is the porous medium intrinsic permeability tensor, µ is fluid, g is gravitation. For energy balance 

equation is described below.  

𝜕

𝜕𝑡
(휀𝜌𝑐𝑓 + (1 − 휀)𝜌𝑠𝑐𝑓)𝑇 = ∇. (휀𝐾𝑓 + (1 − 휀)𝐾𝑠)𝐼∇𝑇 + ∇. 휀𝐷𝐻∇𝑇 − ∇. 휀𝑐𝑓𝑣𝑇 

Equation 2.1-7 

Where T is the temperature of fluid and solid phase, 𝜌s is solid density, cf and cs are fluid and solid 

phase heat capacity at constant pressure, Kf and Ks are thermal conductivity at fluid and solid phase, I 

is matrix identity, DH is dispersion tensor, and v is Darcy’s velocity. Simulator that was used for this 

coupled equations is HST3D from Kipp (1987, 1997). (Bravo et al., 2002)  

Heat transport in groundwater is an analogy to solute transport in groundwater modelling. The formula 

of advection-dispersion for a solute is replaced by convection-conduction of heat transport.  

𝜕𝐶

𝜕𝑡
= −

1

𝑅𝑓
∇(𝐶𝑣) +

𝐷

𝑅𝑓
∇2𝐶 +

𝐶𝑆𝑠
𝑅𝑓

𝜕𝑆

𝜕𝑡
 

Equation 2.1-8 

The right hand side of the Equation 2.1-8 is the term of advection term sum with dispersion, and storage 

change term respectively. The concentration of solute in Equation 2.1-8 replaced by temperature in 

which written as Equation 2.1-9. The right hand side represents convection term sum with conduction, 

and storage change term respectively. (Hinkle et al., 2009) 

  

𝜕𝑇

𝜕𝑡
= −

𝜌𝑤𝑐𝑤𝑛𝑒
𝜌𝑐

∇(𝑇𝑣) +
𝑘𝑒
𝜌𝑐
∇2𝑇 + 𝑇𝑆𝑠

𝜕𝑆

𝜕𝑡
 

Equation 2.1-9 

Thorne et al (2006) also applied two capabilities in their research by using MT3DMS and SEAWAT for 

the numerical solver. The first option was to simulate the energy and solute transport by using MT3DMS 

by Zheng and Wang (1999). The mathematical equation for solute transport that was used:  

(1 +
𝜌𝑏𝐾𝑑
𝜃
)
𝜕(𝜃𝐶𝑘)

𝜕𝑡
=
𝜕

𝜕𝑥𝑖
(𝜃𝐷𝑖𝑗

𝜕𝐶𝑘

𝜕𝑥𝑗
) −

𝜕

𝜕𝑥𝑗
(𝜃𝑣𝑖𝐶

𝑘) + 𝑞𝑠𝐶𝑠
𝑘 +∑𝑅𝑛 

Equation 2.1-10 

Equation 2.1-10 is the term of advection-dispersion where 𝜌b is bulk density, Kd is coefficient of linear 

sorption, θ is the volume metric water content. Ck is a concentration of k, t time, xi is the ith coordinate, 

Dij is the diffusion dispersion, vi is mean velocity of pore water, qs is a sink and source volume matrix 

rate,  𝐶𝑠
𝑘 is a sink and source concentration and Rn is a decay. For energy transport equation was:  

𝑞𝑡 = −𝑘𝑇
𝜕𝑇

𝜕𝑥
 

Equation 2.1-11 
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Equation 2.1-11 is Fourier’s law analogous of hydraulic conductivities kt of Darcy’s law, Fick’s law 

(thermal conductivity). (Thorne et al., 2006) 

Hecht-Mendez et al (2010) carried out the relation of partial different equation of solute transport written 

by Zheng and Wang (1999) for MT3DMS, heat conservation by Marsily (1986) included conduction and 

convection, and the assumption of heat equilibrium of solid and water by Nield and Bejan (2006) into 

MT3DMS model by adding some functions such as: retardation factor (R) and distribution coefficient 

(Kd) in Chemical reaction package, diffusion and dispersion coefficients (Dh) in Dispersion package, 

sinks and sources in Sink and Sources mixing package. Marsily equation written as:  

𝑛𝜌𝑤𝑐𝑤
𝜕𝑇

𝜕𝑡
+ (1 − 𝑛)𝜌𝑠𝑐𝑠

𝜕𝑇𝑠
𝜕𝑡
= 𝑑𝑖𝑣[(𝜆𝑚 + 𝑛𝜌𝑤𝑐𝑤𝛼𝑣𝑎)𝑔𝑟𝑎𝑑𝑇] − 𝑑𝑖𝑣(𝑛𝜌𝑤𝑐𝑤𝑣𝑎𝑇) + 𝑞ℎ 

Equation 2.1-12 

Nield and Bejan (2006) equation is described below where n is porosity and 𝜌𝑤𝑐𝑤 is the volume heat 

capacity of porous medium.  

𝑛𝜌𝑤𝑐𝑤
𝜕𝑇

𝜕𝑡
+ (1 − 𝑛)𝜌𝑠𝑐𝑠

𝜕𝑇𝑠
𝜕𝑡
= 𝜌𝑚𝑐𝑚

𝜕𝑇

𝜕𝑡
 

Equation 2.1-13 

Their research also mentioned about the limitation of temperature influences on physical parameters 

likewise; water density and viscosity, and porous media thermal conductivity and heat capacity as 

MT3DMS is not included these factors. Although Thorne’s paper clearly described density and viscosity 

are taken into account for modelling.  

Nam and Ooka, (2010) used FEFLOW numerical code to define groundwater and heat flow 3D model 

which provides a very good agreement comparing to experimental result in real scale (in the field). The 

mathematical formula included in this code are mass conservation (Equation 2.1-14), momentum 

conservation Equation 2.1-15 and energy conservation equations (Equation 2.1-16).    

𝜕

𝜕𝑡
(휀𝑎𝜌

𝛼) +
𝜕

𝜕𝑥𝑖
(휀𝑎𝜌

𝛼𝑣𝑖
𝛼) = 휀𝑎𝜌

𝛼𝑄𝑝
𝛼 

Equation 2.1-14 

𝑣𝑖
𝛼 +

𝑘𝑖𝑗
𝛼

휀𝑎𝜇
𝛼
(
𝜕𝑝𝛼

𝜕𝑥𝑖
− 𝜌𝛼𝑔𝑗) = 0 

Equation 2.1-15 

𝜕

𝜕𝑡
(휀𝑎𝜌

𝛼𝐸𝛼) +
𝜕

𝜕𝑥𝑖
(휀𝑎𝜌

𝛼𝑣𝑖
𝛼𝐸𝛼) +

𝜕

𝜕𝑥𝑖
(𝑗𝑖𝑇
𝛼 ) = 휀𝑎𝜌

𝛼𝑄𝑇
𝛼  

Equation 2.1-16 

Where α is phase of solid, liquid, or soil particle, 휀𝑎is the volume ratio of each phase, 𝑗𝑖𝑇
𝛼 is heat flux, and 

𝑄𝑝
𝛼and 𝑄𝑇

𝛼are mass generation.  

Engeler et al (2011) extended the model from Doppler et al (2007) to three dimensional finite element 

model for the saturated groundwater flow and heat transport. The river bed yield calculates by using 
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Darcy’s law. For the leakage of temperature dependent (K) and viscosity (µ) temperature relation was 

written as below: 

𝐾(𝑇) =
𝑘𝜌𝑔

𝜇(𝑇)
 

Equation 2.1-17 

        𝜇 = 2.414 ∗ 10−510(248.8/(𝑇−140)) 

Equation 2.1-18 

Marsily equation (1986) heat transport model was applied in model simulation. In this model viscosity 

variation factor was about 1.7 which was considered to be more important than density dependent and 

temperature leakage factor was take into account to explain the head residual. (Engeler et al., 2011) 

Fossoul et al (2011) coupled the heat transfer balance equation in the saturated porous medium in 

transient condition Equation 2.1-19 from Pantakar (1980) and the heat transfer equation Equation 

2.1-20 which is similar to mass balance into numerical code MT3DMS.  

(
𝜌𝑚𝑐𝑚
휀𝜌𝑤𝑐𝑤

) 휀
𝜕𝑇

𝜕𝑡
=
𝑑𝑖𝑣
→ [휀 (

𝜆𝑚
휀𝜌𝑤𝑐𝑤

+ 𝐷)
𝑔𝑟𝑎𝑑𝑇
→    ] −

𝑑𝑖𝑣
→ (휀

𝑉
→ 𝑇) +

𝑞′

𝜌𝑤𝑐𝑤
 

Equation 2.1-19 

𝑅휀
𝜕𝐶𝑣

𝜕𝑡
=
𝑑𝑖𝑣
→ [휀 (𝐷ℎ

𝑔𝑟𝑎𝑑𝐶𝑣
→     −

𝑣𝑒
→𝐶𝑣)] + 𝐶𝑣𝑞′ − 휀𝜆𝐶𝑣𝑅 

Equation 2.1-20 

Fossoul et al., (2011)  stated that MT3DMS by Zheng and Wang (1999) can only provide the 

approximation of a very complex situation. The function of groundwater temperature such as; thermal 

and hydrodynamic parameters can be effected from the non-linearity in the model. 

2.1.3. Boundary Condition  

Heat transport model highly depends on groundwater flow model. Thus, the boundary conditions of 

groundwater flow are also effected to heat transport model. Naturally, groundwater interacts with the 

outside environment such as lake, stream, precipitation, evaporation and geological formation. They 

are considered as hydraulic and physical conditions. In modelling, these boundary conditions are 

determined by mathematical formula represents the real world condition. Boundary condition was 

derived from specified head and specified flux condition, divided into four boundary conditions. 

(Igboekwe and Amos-Uhegbu, 2011) 

The constant head boundary is first type boundary condition or Drichlet boundary, where it is assumed 

that the groundwater head is constant. The mathematical formula for this boundary is written:  

ℎ(𝑥) = ℎ𝑜(𝑥), 𝑥 ∈ 𝛿 ∩ 

Equation 2.1-21 

Where the specified head is ho and boundary segment 𝛿 ∩ of the domain ∩. 
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Constant flux boundary is the Neumann’s condition represents the specified flux boundary condition 

entering or leaving aquifer. For an instant, rainfall or evaporation is applied in this boundary condition 

for model simulation. The mathematical formula presents below:  

𝛿ℎ(𝑥)

𝛿𝑛
= −𝑘

𝛿(𝑥)

𝛿𝑛
, 𝑥 ∈∩2 

Equation 2.1-22 

 Where  
𝛿(𝑥)

𝛿𝑛
 is considered as the specified outward normal gradient to the boundary segment 𝛿 ∩2.  

The mixed boundary is the combination of the specified head and specific flux, mathematically known 

as Cauchy Robbins, another common name is Stream or River head dependent boundary. This 

condition base on the dependent of flow in and out of aquifer system function of the elevation, stream 

bed, aquifer head, and stream leakage to the aquifer. Formula represents this mix condition is in 

Equation 2.1-23 where Co is specified function value 𝛼 and 𝛽 along the segment 𝛿𝑛. 

𝑎ℎ(𝑥) + 𝛽
𝛿ℎ(𝑥)

𝛿𝑛
= 𝐶𝑜, 𝑥 ∈ 

Equation 2.1-23 

The last one is the No flow boundary condition which represents the no flux, zero flux, impermeable 

layer, barrier or the reflective boundary. For example, bedrock or silt layer below the aquifer. The grid 

cells of the boundary in modelling is set to inactive.   

The interaction of heat transport and groundwater flow model, it is necessary to define the mathematical 

heat boundary condition which included the no-flux boundary, specified flux boundaries, and specified 

temperature boundaries. No-flux boundary condition is the assumption of no additional heat sources 

crossing the boundaries. Specified flux heat is referred to specified heat rate flowing into the base 

model. It is independent of flow model where the function in SSM package of MT3DMS written as with 

“Mass loading option (code -15)”. The specified heat (code -1) boundary is assigned for water table and 

temperatures sources from recharge packages. (Masbruch et al., 2014) 

Hunt and Krabbenhoft, (1996) implemented the temperature profile modelling by assuming the earth 

was homogeneous with steady sate fluid flow and non-steady state periodic heat flow. The assumption 

was no heat losing in the system. The heat at the surface flow downward by conduction into the 

saturated sediment and mitigated by the upward flow of a given groundwater temperature. The upper 

thermal boundary was the temperature in the saturated zone. The lower thermal boundary is the 

temperature variation of groundwater at a different depth.  

Bravo et al., (2002) set the thermal boundary condition as a specified heat at the land surface as it was 

conduction heat transport, the recharge across the water table and the inflow from the bluff to the river 

were considered as advection transport. The bottom layer boundary was considered as basal heat flux 

and the downstream below the river was set to no heat flow boundary. 
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Masbruch et al., (2014) assign the basal heat flux as the heat flow interior of the earth that transfer in 

the aquifer by conductivity without depending on the flow field. The recharge sources to the aquifer are 

and the first layer the model account for the water table was set as specified temperature.  

2.1.4. Predictive Uncertainty  

Monte-Carlos Parameter Estimation  

Monte Carlos method is one of the most popular predictive uncertainty methods. It was applied to define 

parameters in the 1700s during the super power, the computer was invented. Nowadays, this method 

is used in many fields research in data prediction. It has become more and more popular in hydrological 

filed.  

Tonkin and Doherty, (2009) did a study on the calibration constrained base on Monte Carlo method by 

using subspace technique on highly parameterized models. They used subspace regularization method 

or hybrid Tikhonov-TSVD by Tonkin and Doherty (2005). This technique could provide the efficient 

result between the model output and measure data. It was also acceptable to describe the stochastic 

measurement of the real world parameters differences.  

Fu and Jaime Gómez-Hernández, (2009) used a blocking Markov chain Monte Carlo method to assess 

the uncertainty and data worth in groundwater flow and mass transport modelling. The assessment was 

applied to six different scenarios to data types; hydraulic conductivity, travel time and piezometric head 

from the unconditional realization to realization condition. Even though, only log-conductivities and 

piezometric head parameters were restricted for 100 realizations by using the BMcMC algorithm.  

Keating et al., (2010) proposed two Monte Carlos method; MCMC and NSMC, for the high parameters 

dimension with strongly non-linear groundwater model in CPU-intensive. Both method performances 

were well suited for model calibration, however, they have their own weakness and strength. The paper 

suggested that both methods should combine their strength together as a hybrid model by using NSMC 

environmental complex model and MCMC can give more theoretical precision to NSMC analysis.  

Herckenrath et al., (2011)  conduct a research by applying the predictive uncertainty analysis using null-

space Monte Carlo from Tonkin and Doherty (2009) to the Henry problem case. In this model, random 

1000 hydraulic conductivity values were used to simulate the fresh groundwater recharge in 

heterogeneity aquifer. The variances that produced by this method were used to compare with linear 

analysis. The result revealed that NSMC had a slightly lower result. (Herckenrath et al., 2011) 

Yoon et al., (2013) estimated and predicted the uncertainty of inverse groundwater modelling model by 

comparing the null-space Monte-Carlo and multiple starting methods. The NSMC method had very high 

parameters, which was more than 1300 variables, as a test case. For MSPs method approached on 

100 filed sites as a case study. The result given by NSMC on the advective travel time was biased base 

on single calibration, so the researchers came up with a better solution by using multiple calibrations 

constrained (M-NSMC). The comparison result demonstrated that M-NSMC provided a better efficient 

solution than MSPs.  
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Groundwater Transit Time 

“Groundwater transit time is the most fundamental way to determine the detail of storage, flow path, 

and sources of water” (McGuire and McDonnell, 2006) wrote in their review paper on transit time 

estimation and catchment. This paper aimed to provide the advance concept for hydrologists to clarify 

and formularize the limitation, assumption, and methodologies for transit time modelling. 

Maloszewski and Zuber, (1982) described seven different methods (Table 2.1-2) to define mean travel 

time of groundwater flow system by using environmental tracers. Mean transit time or turnover time of 

tracer is determined by the formula below where t is time from the starting injection to infinite and 𝐶𝐼is 

concentration at the observation point measurement.  

𝜏 = ∫ 𝑡𝐶𝐼(𝑡)𝑑𝑡/∫ 𝐶𝐼(𝑡)𝑑𝑡
∞

0

∞

0

 

Equation 2.1-24 

When 𝐶𝐼(𝑡) is independent from tracer injection quantity, it turns to the weighting function which 

response to system function or age distribution of tracer at time equal to zero. Later on the weighting 

function was considered as the mathematical formula for modelling. It is written as below where M is a 

tracer injection mass or activity and Q is a volume metric flow.  

𝑔(𝑡) =
𝐶𝐼(𝑡)

∫ 𝐶𝐼(𝑡)𝑑𝑡
∞

0

=
𝐶𝐼𝑄

𝑀
      

Equation 2.1-25 

Piston flow model (PFM) assumption considers the tracer concentration change due to the decay of 

radioactive. Ericksson (1958) firstly introduce this model by assuming transit time exponential 

distribution to the probability of permeability reducing with depth dependent.  Linear model (LM) is a 

simply assume an aquifer increase thickness linearly with a constant hydraulic gradient. For finite state 

mixing (FSM) model is useful for determining the input-output relationships, however, the fitting 

parameters can be increased. This model is able to use in a complex case study with two or three 

dimensions interconnected cell, but as Himmelblau and Bischoff mentioned fitting data with any 

parameters into a model was in doubt for physical parameters. Nir (1964) introduced the dispersion 

model (DM) by using dispersion solution with consideration of boundary condition in nature.  

Etcheverry and Perrochet, (2000) calculated transit time distribution using reservoir theory by coupling 

reservoir theory and age simulation method. He described the relationship between water in ages in 

reservoir and transit time by the mathematical above where Ψ(𝜏)is normalize probability density function 

and F is fluxes.  

Φ(𝜏) = −
𝑀0
𝐹0

𝑑Ψ(𝜏)

𝑑𝑡
= −

1

𝐹0

𝑑2𝑀(𝜏)

𝑑𝜏2
 

Equation 2.1-26 

Fu and Jaime Gómez-Hernández, (2009) used Monte Carlo method to define travel time as one of their 

sensitive parameters. They stated that the travel time had a significant influence on the reproduction of 
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marcodispersion. Hrachowitz et al., (2009) study the contrary of headwater and transit time with long 

term environmental tracer data measurement. The transit time result calculated by Maloszewski and 

Zuber, (1982) weighting function model. Gilmore et al., (2016) defined the mean transit time (MTT) as 

mean apparent age flow weighted of groundwater leaking into a stream with this formula while v is 

groundwater seepage and 𝜏 is apparent groundwater age.  

𝑀𝑇𝑇 =
∑𝑣𝜏

∑𝑣
 

Equation 2.1-27 

Some computer codes are used for mean transit time modelling are MODPATH, PPPATH or PMPATH 

as they are in particle tracking package. Gusyev et al., (2014) calculate the mean transit time 

MODPATH simulation by recording transit time of each particle at the end points then weighted by their 

groundwater recharge. Izbicki et al., (2004) determine the groundwater transit time in Mojave River by 

suing MODPATH simulation of isotopes.  

Particle Tracking Application  

Particle tracking is an application used to determined path lines, well catchment delineation, and transit 

time of solute transport aquifer. It is commonly used for well head protection or groundwater remediation 

modelling.  

Izbicki et al., (2004) did a particle tracking simulation of isotopes (deuterium and tritium) in groundwater 

to modify the path line and transit time base on the measurement data in the filed study.  MODPATH, 

a particle tracking program which only accounts for advective transport was employed with MODFLOW 

groundwater model to determined sensitive parameters.   

Stauffer, (2005) conducted backward particle tracking in two dimension model to estimate the path lines 

starting at the stagnation point. He used PPPath code which is designed for particle tracking in user 

interface PMWIN employed with MODFLOW package. The result from PPPath was used to compare 

with for the catchment pumping well Monte-Carlo simulation. Similarly, Stauffer and Franssen, (2006) 

has updated his work to another level considering the effect of heterogeneity aquifer properties and 

unconditional transmissivity field with the uncertain mean recharge compared Mont-Carlo model.  

Hinkle et al., (2009) coupled three dimension groundwater flow model by using MODELFOW-2000 with 

MODPHAT simulated particle tracking of geochemical data. The main parameters that were defined in 

this in the model were mean travel time of arsenic and uranium in a different zone and water fluxes in 

the aquifer. The groundwater flow was simulated in a steady condition, and the particle tracking result 

was used to calibrate with geochemical data sets which were measure in the study area.  

(Gusyev et al., 2014) did a simulation of particle tracking for tritium concentration in groundwater using 

MODPATH code comparing with MT3DMS solute transport method. Tritium concentration for model 

calibration was measure in the study field. MODPATH model also computes the transit time distribution 

and mean transit travel time to compare with MT3DMS. Both models were able to generate a similar 

result for tritium concentration and mean transit time.  
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Table 2.1-2. Weighting function model, parameter and characteristic modified from (Maloszewski and Zuber, 1982) 

Model Weighting function 
g(t) 

Parameters Mean transit 

time 𝜏 
Piston flow (PFM) 𝛿(𝑡 − 𝑇) T T 
Exponential (EM) 

𝑇−1 exp (−
𝑡

𝑇
) 

T T 

Combination of 
exponential and 
piston flow  

{
 

 (
𝑇

𝑛
)−1 exp (−

𝜂𝑡

𝑇
+ 𝜂 − 1) ,

𝑓𝑜𝑟 𝑡 ≥ 𝑇(1 − 𝜂−1),

0 𝑓𝑜𝑟 < 𝑇(1 − 𝜂−1)

 

T, 𝜂 T 

Linear (LM) 
{

1

2
𝑇 𝑓𝑜𝑟 𝑡 ≤ 2𝑇

0 𝑓𝑜𝑟 𝑡 > 2𝑇
 

T T 

Combination linear 
and Piston {

𝜂

2𝑇
𝑓𝑜𝑟 𝑡 ≤ 2𝑇

0 𝑓𝑜𝑟 𝑇 > 2𝑇
 

T T 

Finite mixing-cell - 𝑉𝑖 , 𝑄𝑖with constraint  
∑ 𝑉𝑖
𝑛
1

∑ 𝑄𝑖
𝑛
1

= 𝑇, n is number 

of cells in series  

T 

Dispersion function  𝐴𝑡−1 T, D/vx T 
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2.2. Three Dimension Wairau Aquifer Groundwater Flow Model  

Wairau groundwater flow model, conducted by Wöhling et al., (2017), was set up as a transient surface 

and groundwater flow by using MODFLOW-NWT (Niswonger et al., 2011). ModelMuse, a user interface 

(GUI) were installed to set up a model domain and boundary conditions. The total area of the model 

84.8 Km2, consist of 3 layer base on geology condition, grid width 200m by 200m forming by 36 rows 

and 98 columns. The first layer represents the upper facies, 2nd layer is the lower permeability (a mixing 

of clay and silt), and the 3rd layer is the lower member. The domain starts from the west at Rock Ferry, 

the north is the Wairau River, and the south is the regional groundwater level contour line. The eastern 

part is a natural boundary which the groundwater in Rapaura formation forced up through Dillions Point 

confining layer at SH1 Bridge.  

Flow head boundary (FHB) packages correspond to the boundary condition of deep groundwater flow 

over Rapaura formation with constant rate -0.7 m3s-1. The elevation of the model for top layer delineates 

from LIDAR image which was used for grid interpolation. The bottom layer of the model is considered 

as the impermeable layer (Speagrass formation) which set as a zero-flux boundary as well as the 

southern boundary.  

Stream Flow Routing (SFR) package (Niswonger and Prudic, 2005) is applied to the Wairau River in 

the simulation. This package allows the user to connect and disconnect the streams. The river bed in 

this model is highly permeable, which made the modellers decided to form two assumptions. It 

considered as a head dependent model when there is a connection between river and groundwater, 

otherwise, it is the gradient flow.  

DRN package (Harbaugh, 2005) is used for spring and stream network at the eastern Plain boundary, 

which represents the head-dependent flux. There are five spring and streams sections that 

parameterized separately in this model likewise; the northern drain, a spring discharge at the east, 

Spring Creek at both western and eastern, and Omaka river at the east and Opawa River at the west.  

RCH package is used for specific flux boundary condition for groundwater recharge from the land 

surface. The irrigation from Wairau aquifer for the surrounded agriculture area especially vineyards is 

applied in WEL package at the specific internal cells in the 3rd layer.   

This three dimension groundwater flow model is then couple with MODPATH for backward particle 

tracking simulation and MT3D-USGS for heat transport modelling.  

2.3. Particle Tracking Couples with Groundwater Model  

There are several particles tracking numerical codes, however, MODPATH was selected for this 

modelling. MODPATH is, a USGS packaged with semi-analytical post processing method, designed for 

determining the flow path lines, travel time, and the distribution of the concentration area in an aquifer.  

A finite difference MODPATH algorithm can be carried out for both a steady state and transient flow 

conduction. The equation for steady state condition (Equation 2.3-1), which can be extended to transient 

formula (Equation 2.3-2), is written below. W is the volume rate consume by the internal sink and 
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sources. Component of groundwater flow direction (x,y,z) represents by v and Q is the volumetric flow 

rate in the cell.  

𝜕

𝜕𝑥
(𝑛𝑣𝑥) +

𝜕

𝜕𝑦
(𝑛𝑣𝑦) +

𝜕

𝜕𝑧
(𝑛𝑣𝑧) = 𝑊 

Equation 2.3-1 

(𝑛𝑣𝑥2 − 𝑛𝑣𝑥1)

∆𝑥
+
(𝑛𝑣𝑦2 − 𝑛𝑣𝑦1)

∆𝑦
+
(𝑛𝑣𝑧2 − 𝑛𝑣𝑧1)

∆𝑧
=

𝑄𝑠
∆𝑥∆𝑦∆𝑧

 

Equation 2.3-2 

Groundwater flow in MODFLOW model is run once then run MODPATH for particle tracking simulation. 

There are two options for the model; forward tacking and backward tracking. The model output 

recorded; end point, travel time and flow path.  

In this modelling, backward tracking was used to determine the travel time and end points of heat 

transvers through Wairau aquifer by coupling with MODFLOW-NWT exiting groundwater flow model. 

The heat was assumed as a solute concentration in Wairau aquifer.  

Null space Monte Carlo of 100 realizations with given parameters values was run in the 3D simulation. 

The 100 (5, 5, 4) particles were set at the location of the observation wells as the internal placement. 

They were tracking backward for 1225 time steps. Nine observation wells were selected for the particle 

tacking. The particle tracking output files from 100 Null space Monte Carlo run are later on used to 

analyse the uncertainty of flow, well catchment and mean transit time of each well in each simulation.  

The output files from MODPATH recorded coordinates flow path, and travel time, however, it did not 

provide the exact result of the length of each particle travelled. Thus, it is necessary to calculate all the 

length of each particle manually. The computer code Matlab was used to separate the coordinates of 

the particles in each well and calculate the path lengths. There are 100 particles in each well for one 

simulation. The mean values of the path length from the simulations were used calculate the uncertainty 

of particle path length by using PDF method. Particles path lines through each grid from 100 NSMC 

simulation were plotted in the model domain to delineate the particle distribution in the aquifer. Matlab 

surface plot function was to use to define the uncertainty of catchments in each well. The mean transit 

time was calculated from the simulation by using Equation 2.1-27 (Gilmore et al., 2016). 𝜏 was taken 

from the travel time step of particles in the simulation. As the groundwater flow model is transient 

simulation. The recharge volume and velocity to the aquifer are different depend on time. Thus, to 

simplify the calculation, it is necessary to assume that:  

- The flow field doesn’t change between the time steps  

- The velocity of particles equal to the mean velocity in cells of origin from the recharge 

- The mean transit times are equal to particles traverse through the aquifer  

The mean transit time of each simulation of the observation wells was used to define 50% mean value 

from the CDF plot.  
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2.4. Temperature Data Analysis  

2.4.1. River and observation wells temperature  

Daily temperature data in Wairau River were recorded from 10th April 2010 to 3rd July 2017 even though, 

only 1225 data set was taken for three dimension groundwater flow modelling of Wairau aquifer from 

1st July 2013 to 16th November 2016 (Figure 2.4-1). From the study of 1D heat transport modelling by 

(Higgins and Tum, 2017), Wairau river temperature data and temperature at the observation wells were 

already analysed in detail. Therefore, in this research provides additional temperature analyse.  

Wairau temperature is shown daily fluctuation and yearly fluctuation (Figure 2.4-1). There is no 

significant trend and outliers for river temperature. Temperature data in 15 observation boreholes from 

2 formations of the Wairau aquifer are measured daily, but the starting points recorded differently 

(Figure 2.4-1 and Figure 2.4-2). Due to statistical analyse, including to the consistency, homogeneity, 

data gaps, outliers, and plausibility, only 12 observation wells are selected for model calibrations. Well 

10485 and well 10608 have slightly outlier, they can be removed then replaced back with the mean 

value. Due to the cross correlation, well 10608 and well 7007 have similar fluctuation similar to the river. 

The cross correlation of river temperature and these wells are only one day different. The lag difference 

of river and boreholes temperature that is less than 100 days are well 0398, well 10485, well 0903, well 

1685, and well 1696 besides the lag different are more than 100 days.  Observation wells that were 

excluded from the analysis were well 4723, 1685T, 3009, and 4577 outliers and the fail of measurement.  

 

Figure 2.4-1. Temperature data in upper facies  
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Figure 2.4-2 Temperature data in lower member  

The average temperature of the river is 13.67oC with the median value is 13.92oC and maximum and 

minimum temperature is in between 21.82oC to 6.05oC respectively. For temperature in observation 

wells variation range from 14.63oC (well 10608) to 0.54oC (4724). The temperature in each borehole 

has no significant difference since the mean value or variance less than 0.05 according to mean Chi 

square test and ANOVA test. However, there are some suspicious on temperature data sets of well 

0903, 1685, 1696, 10426, and 10608, which are in the upper formation of Wairau aquifer (detail data is 

in Appendix1 table 1). These data sets have a mean value larger than mean temperature in the river. 

Correlogram Analysis  

Residuals Correlogram is used to check the random noise or white noise of time series data to whether 

it is good measurement or independent data for further analysis. Computer code FREQ from Zhou 

(1992) was used to analyse these time sereies. Firstly, trend detected from the data was applied to 

determine the fluctuation of the time series. After that, the Harmonic series function was used fit the 

significant harmonics to the series. Five stochastic components from the analysis were stationary which 

was able to use for an autoregressive model, however, only the data with lowest AIC value were 

selected. Then, the first order autoregressive (AR (1)) was modelled to compare with the real data. The 

residuals correlogram from the comparison provided as in Figure 2.4-3 and Figure 2.4-4.  

The residaul results from the autoregression models are in the upper and lower limit. There are some 

data slightly out of the boundary, which indicates temperature data was unexpected increasing during 

the measurement, it might be the impact of external sources during that periods. However, it is not much 

serious impact to the data.  

Higgins and Tum, (2017) discussed that there was some assumption which can be the sources of 

external temperature besides temperature recharge from the river. The temperature gradient from the 

river to aquifer should be taken into account during the modelling. The various time of boundary from 

the surface to each borehole might have been effected during the data recording as heat flow respects 

the principle of superposition. On the other hand, the vertical recharge is also one of the sources 
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suspicious, yet, it is less likely the reason since this aquifer has very low vertical conductivity and 

distribution from the river bed. Another reason was the highly permeable of Rapuara facies in 

downstream at Boyces Road. Saar (2011) stated that topographic relief and geology affect to heat flow 

in the groundwater recharge base on the ratio of precipitation and overland flow, surface storage, and 

infiltration. Characteristic of the vadose zone also accounts for an important factor of the heat transfer.  

 

 

Figure 2.4-3. Residuals Correlogram well 10608, 10426, 1685 and 0903 

 

 

Figure 2.4-4 Residuals Correlogram well 1696 and 1690 
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2.4.2. Soil temperature  

Soil temperature data was measured by Marlborough research centre in Blenheim meteorology station. 

It is recorded daily at 100cm depth. The soil temperature data (Figure 2.4-5) shows the effect of monthly 

variation and yearly fluctuation. There is no significant trend or outlier form the measurement. The 

average temperature soil data is 14.52oC with range different 10.94. The maximum temperature 

20.18oC and the minimum value is 9.24oC with median value is 14.27oC. This data is then used to 

constrain the thermal boundary condition for the first layer of the heat transport modelling.  

 

Figure 2.4-5. Soil temperature data 100cm depth  

  

0.0

5.0

10.0

15.0

20.0

25.0

06-05-13 22-11-13 10-06-14 27-12-14 15-07-15 31-01-16 18-08-16 06-03-17

Te
m

p
er

at
u

re
 (

o
C

)

Date

Soil Temperatures



24 

 

2.5. Heat Transport Model Couples the Groundwater Flow Model   

The numerical model that used for heat transport modelling in Wairau aquifer is MT3D-USGS, a free 

package from United State Geological Survey. The MT3D-USGS is the updated version MT3DMS 

package, which is more flexible for solute transport solution since the previous version (MT3DMS) has 

the limit capacity to work with some MODFLOW packages. The decision of choosing this package is 

due to its capability to route the solute through the dry cells of Newton Raphson formula in MODFLOW-

NWT. The mathematical equation in MT3D-USGS remains the same. It used a finite different method 

developed by Zheng and Wang (1999) using the mathematical formula below.  

(1 +
𝜌𝑏𝐾𝑑
𝜃
)
𝜕(𝜃𝐶𝑘)

𝜕𝑡
=
𝜕

𝜕𝑥𝑖
(𝜃𝐷𝑖𝑗

𝜕𝐶𝑘

𝜕𝑥𝑗
) −

𝜕

𝜕𝑥𝑗
(𝜃𝑣𝑖𝐶

𝑘) + 𝑞𝑠𝐶𝑠
𝑘 +∑𝑅𝑛 

The equation above can be simplified as Equation 2.5-1 for standard finite difference formula. The first 

partial derivation is the three component of advection term in any direction (Figure 2.5-1). L(C) is the 

operator of the no advection term likewise dispersion/diffusion, fluid sink/sources, and chemical 

reactions.  

𝑅𝜃
𝜕𝐶

𝜕𝑡
= −

𝜕

𝜕𝑥
(𝜃𝑣𝑥𝐶) −

𝜕

𝜕𝑦
(𝜃𝑣𝑦𝐶) −

𝜕

𝜕𝑧
(𝜃𝑣𝑧𝐶) + 𝐿(𝐶) 

Equation 2.5-1 

 

Figure 2.5-1. The interface between node (i, j, k) and the abjection nodes. (Zheng and Wang, 1999) 

The only advection solver that can be used for heat transport model in Wairau aquifer is the standard 

finite difference. As the groundwater flow model has a complex numerical model and highly parameters. 

There are two methods for standard finite different to determine the interface concentration in the model; 

central weighting and upstream weighting. The upstream weighting is selected for advection solver 

where it results of the oscillation-free solutions scheme. The standard finite different for advection 

solution is only accurate for the first order. It can cause the significant numerical dispersion for the 

advection dominant problem. (Zheng et al., 1995) 
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Packages listed in Table 2.5-1 are used for heat transport modelling. Advection solvers choice is in 

ADV package. Dispersion and diffusion are in the DPS package. The value of this parameters will be 

calibrated by PEST numerical code. Recorded temperature from the river is used for the input data in 

SSM package in river cells grids. It is assumed that the river temperature is uniform all along the river. 

Soil temperature data is used to constrain the top layer of the model in SSM package as the thermal 

boundary condition. The bulk density and sorption are in RCT input file. The sorption parameter will be 

later on calibrate by PEST. GCG is the input file for conjugating gradient solvers converges with ADV 

package.  

Table 2.5-1. MT3D-USGS input for heat transport 

Packages  Function  Input data Formula 

ADV Advection solvers package  Standard finite difference - 

DPS Dispersion package  Dispersion and diffusion  

𝐷ℎ =
𝜆𝑚

𝑛𝜌𝑤𝑐𝑤
 

SSM Sink and sources package for 

thermal boundary condition  

Temperature from the river, 

and soil temperature at 100 

cm.  

𝑞𝑠𝑠𝐶𝑠𝑠 =
𝑞ℎ
𝜌𝑤𝐶𝑤

 

 

RCT  Reaction package  Bulk density and 

Retardation factor  

𝑅 =
𝜌𝑚𝑐𝑚
𝑛𝜌𝑤𝑐𝑤

 

  Distribution coefficient (Kd) 𝐾𝑑 =
𝑐𝑠
𝜌𝑤𝑐𝑤

 

GCG Generalized conjugate-

gradient solver package 

Modified incomplete 

Cholesky (MIC)  

- 

Thermal Boundary Condition  

For 3D Wairau groundwater flow model, all the four boundary conditions types were applied in the 

model which was mentioned in detail section 2.2. For thermal boundary condition, the specified 

boundary is applied for the top model layer by using soil temperature data. The top layer is the water 

table layer and also the recharge from precipitation. Due to the correlogram analysed in in section 2.4.1 

for the observation well for the 1st layer, there were some specific periods where the temperature was 

effected by the external source beside the river recharge. In groundwater flow model, precipitation 

recharges to the aquifer at some time steps. This recharge is much less than the recharge from the 

river to the aquifer. The water table boundary condition is the conduction of heat while the precipitation 

recharge is the advection heat transport. The specified heat and advection are used for recharge from 

the Wairau River. It is considered as convection and conduction heat transport as the temperature 

traverse through to the aquifer via Darcy velocity and conducted through the matrix of the aquifer. The 

bottom layer and the east boundary are considered as no heat flux boundary condition.  
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2.5.1. Parameters Estimation  

PEST numerical code was chosen for heat transport model parameters estimation included dispersivity, 

thermal diffusivity, and sorption. The PEST algorithm for estimating model parameter is Gauss-

Marquard-Levenberg. The acceptable goodness of fit of the parameters calibrated by PEST is 0.90. 

(Hill, 1998) The important input file of PEST is the control file (.pst), the template file (.tpl), and the 

instruction file (.ins). These files link to the groundwater flow model and the heat transport model by a 

batch file (.bat). Table 2.5-2 is the observation and parameter group in PEST input file.  

Table 2.5-2. MT3D-USGS parameters estimation by PEST 

Observation group Parameter groups Unit Symbol 

Temperature in the observation 

wells 

Longitudinal dispersion  m αL 

 Diffusivity m2/s D 

 Distribution coefficient m3/oC Kd 

The measurement temperature data was listed in the PEST control file as the observation group 

parameters. The sensitive parameters of the transport model were set as parameter groups by giving 

the lower and upper boundary values. PEST defines the optimal parameters by letting the modelling 

running many times. It is manipulating, transforming, decomposing, and re-composing the Jacobian 

matrix to reach the objective functions. (Doherty, 2016) 

Initial heat in the aquifer was estimated by running the transport model twice to get the appropriate 

temperature data for the initial heat in the aquifer. Firstly, the initial concentration was assumed as 

uniform through the whole aquifer from the mean value of river temperature. Then, the temperature 

which was recorded in the first run in the aquifer was set as the initial condition for the second run. After 

that, the model is re-run with same parameters but new initial temperature. The transport observation 

wells were set to active to record the heat transport in each time steps base on their locations.  

2.5.2. Sensitivity Analysis  

Sensitivity parameters respond to the model calibration are differently for each wells. Some parameters 

were more sensitive to longitudinal dispersivity while some of them are less sensitive. Therefore, the 

determination of sensitivity parameters of thermal parameters was implemented for longitudinal 

dispersivity, diffusivity, distribution coefficient and initial temperature. The hydraulic conductivity of the 

groundwater flow model is also used for sensitive analysis. The other parameters in the model were set 

to fixed values (Table 2.5-3). While a parameter was analysed, the other parameters set to constant as 

the base values. The sensitive coefficient was calculated by the ratio of ∆𝑅𝑀𝑆𝐸 and RMSE. Where 

RMSE is the root mean square error, ∆𝑅𝑀𝑆𝐸 is the change of root mean square error resulted from 

perturbation of parameter 𝑝𝑘. 𝑝𝑘  is the parameter value and ∆𝑝𝑘 is the perturbation of parameter value. 

(Giambastiani et al., 2013) The multiplier sensitive parameters were reduced by one magnitude and 

increased by one magnitude of order to the estimated parameter 𝑝𝑘. The initial concentration sensitivity 

calculated differently. It is impossible to use parameter multiplier for temperature, so it is increased and 
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reduced by 22% of initial concentration. The base initial concentration is 13.67 oC, then increasing and 

reducing by 22%. 

Table 2.5-3. MT3DMS Parameters constant parameters  

Constant parameters Layer1 Layer2 Layer3 Unit Symbol Packages 

Total density  2231.71 2231.71 2339.45 (Kg/m3) 𝜌𝑡 RCT 

Porosity 0.23 0.17 0.16 - ne BTN 

River temperature - - - oC Tr SSM 

Soil temperature  - - - oC Ts SSM 
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3. Result and Discussion  

3.1. Result of Flow Path Determination and Uncertainty  

Monte Carlos methods successfully implemented in hydrological modelling to analyse the uncertainty 

prediction in many types of research including Tonkin and Doherty, (2009), Fu and Jaime Gómez-

Hernández, (2009) Keating et al., (2010), Herckenrath et al., (2011), and  Yoon et al., (2013). It is able 

to provide a good result for model comparison to measurement data. Izbicki et al., (2004), Hinkle et al., 

(2009) and Gusyev et al., (2014) used a similar method to determine the mean transit time, flow path 

length, and particles distribution. The model simulation provided the perfect agreements for their 

researches. In this research, the NSMC predictive parameters were used to simulates the groundwater 

flow models MODFLOW employed with MODPATH similar to Gusyev et al., (2014) methods, the 

different is this modelling used temperature data instead of geochemical data. The result of the model 

is discussed below.  

3.1.1. Flow Path  

Normal distribution of the mean value of the each path length for 100 simulations were used to analyse 

the probability density function (PDF). The 25%, 50%, and 75% uncertainty results are listed in Table 

3.1-1. The observation well 7007 was excluded from the modelling due to the short distance from the 

river and overlap with 10608. Well 1690, and well 0903 are omitted as their locations are in the dry cells. 

The particle tracking model was not able to simulate the flow path of these two wells. All the particles 

did not move outside the placement grids.  

 

Figure 3.1-1. The PDF of well 4522 

The simulation result is used to compare with the direct distance and the measurement from the study 

project. The distance of each observation wells is slightly different except well 10608 and 10485 in lower 

member. Figure 3.1-1 is an example of probability density function of the normal distribution of path 

length of observation well 4722. The 50% mean value of this well is slightly different compares to the 
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study project and the direct distance from the river. The flow path of upper member variations is smaller 

than in the lower member since the ratio of standard deviation and mean value of each wells in the 

lower member is higher than in the upper facies.  

Well 10485 and 10608 have direct distance quite close the river, however, the result shows that path 

lengths are much larger than direct distance and the mean measurement from the study project. The 

mean value of well 10485 is less than the standard deviation value (ratio 1.02) which means the path 

length distributes in a large range of uncertainty. Similar to well 10485, the ratio of standard deviation 

and mean value of well 10608 is pretty large (1.82). There are some crucial reasons behind this 

abnormal result should be noticed. Firstly, the particles might fall into the river grids or the active cells 

on the left hand side of the river as it was placed in the river gird. Secondly, the vertical flow highly 

effects to the flow system, even though it is less likely to be true since the screen depth of the 

observation well is less than 20m.  

In the field, well 10485 is located in the low permeability below the river (Wilson and Wöhling, 2015) 

which is less likely interaction with groundwater flow in natural condition. However, the groundwater 

flow model neglected this boundary condition and assumed its location in the lower member of the 

aquifer. The simulation provided the flow field in that area is much higher compare to groundwater head 

measurement data. (Wöhling et al., 2017) Thereafter, well 10485 will not be taken for further analyse.  

Table 3.1-1. Flow path length from MODPATH simulation 

Well 25% 
(m) 

Mean 
(50%) 

(m) 

75% 
(m) 

Std/Mean Direct distance 
(m) 

Study 
project 

Lower member (3rd Layer) 

w10485 677 1355.63 2033 1.02 40 627 

w10608 410 820.47 1230 1.89 20 41.5 

w3821 1076 2152.28 3228 0.61 1700 1694 

w4722 1175 2351.94 3527 0.67 2300 2345 

w4724 1669 2226.01 3339 0.66 2000 2131.5 

Upper member (1st Layer) 

w1696 231 462 693 0.13 300 402.5 

w10426 1242 2485.73 3728 0.06 2500 2701 

w0398 643 1286 1930 0.28 1700 2686.2 

w1685 546 1092.65 1638 0.10 1000 1193.5 

3.1.2. Capture Zones 

The heat plume distribution of each well in Wairau aquifer are plotted in 2 dimension view is attached 

in Appendix 2. An example of particles distribution catchment of well 0938 is shown in Figure 3.1-2. The 

colour bar represents the probability of the particles travels in the cells. The central part of the catchment 

has a higher probability of particles traversing through the aquifer. As expected, the catchment of well 

0398 has small distribution responding to the low standard deviation for the path length of PDF 

calculation. However, well 3821 which in the same location to well 0398 but in a different layer (the 
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figure is in Appendix 2-Particles Track) has much larger heat distribution than well 0398. Some particles 

of this well flow across the river to the other side. This is not the only wells that the particle sources 

come from the outside of the river. For example, the illusion of well 10608 is flowing the river cells. The 

well 4722 and well 4724, their particles flow both in the river cells and across the river. All the 

observation wells in lower member have the same behaviour. The backward tracking simulation 

continued flowing until the inactive cells. Actually, the river cells in the 3rd layer were not constrained as 

the river due to the fact that it is only in the model top layer, so the particles traverse freely along the 

groundwater flow lines. The forward particle tracking was simulated to see the different of groundwater 

flow line in each layer (attached in Appendix 2). Figure 3.1-3 demonstrates the groundwater flow field 

which provide the behaviour of particles sources of catchments delineation in layer 3. The flow line 

spread out of the river girds which is similar to the catchment geometry of the observation wells in layer 

3. Due to this reason, particles were able to flow across the river as in shown in the pictures in Appendix 

2. Even if, it has higher uncertainty, but the result of catchment delineation is still acceptable.  

 

Figure 3.1-2 Particle distribution of well 0398 

 

Figure 3.1-3. Groundwater flow lines of layer 3 

3.1.3. Mean Transit Time 

The mean transit time from 100 NSMC simulation with the calculation of 50% mean of CDF function is 

listed in Table 3.1-2. The graphical views are in Appendix 2-Particles Track. Well 10608 was excluded 

from the MTT calculation as the failure of flow path line and catchment determination result. The travel 

time of particles tracking of the observation wells is difference according to the particle sources. The 
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mean transit time for the upper member can be a good comparison to the cross correlation that was 

conducted in the study project and ERF. They have a small different with two days gaps for well 0938 

from the study project and 34 days from ERF. Well 10426 and well 1696 are a little bit longer than the 

previous studies, but it is still less than the maximum range in study project. Unlike the upper member, 

the lower member observation wells have twice larger value than the cross correlation and ERF while 

the groundwater age of Wairau aquifer is less than one year. (Wöhling et al., 2017). The particles did 

not stop at the river cells but keep flowing backward to the left side of the river until the end of time step 

or reach the inactive cell. It creates the travel time much larger than the expectation. The traversing 

along and across the river cells in 3rd layer cause the result less accurate in determining the flow path 

line and mean travel time. The first and second assumption for MTT calculation might not be able to 

apply to the particles tracking for the 3rd layer. The variation of the flow filed in each time steps probably 

variously larger than the 1st layer. The large gaps of the velocity in each time steps are able to provide 

the inaccurate results. Yet, it might not be exactly the case because, during the calculation, the velocity 

different was investigated that it was pretty small at each time step. The macro-dispersion in the aquifer 

has very high impact on determining travel time. (Fu and Jaime Gómez-Hernández, 2009)  Thus, 

Wairau aquifer is highly heterogeneity both hydraulic conductivity and velocity. The seepage velocity 

flows into the 3rd layer maybe less than the first layer since some recharge flux decrease while it flows 

across the 2nd layers. Although, the model recorded only the total velocity for MTT calculation. 

Neglecting the macro-dispersion can cause the MTT over estimated.  

Table 3.1-2. Particles mean transit time compare to temperature time lags 

 W10426 W1696 W0938 W1685 W4724 W4722 W3821 Unit 

Particles tracking 171 50 75 88 556 537 416 Days 

Cross correlation  111 12 77 51 220 240 145 Days 

ERF 108 19 109 50 257 236 145 Days 
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3.2. Heat Transport Modelling Result  

3D heat transport modelling using numerical code MT3DMS and MODFLOW package has done 

successfully in many types of research by as Fossoul et al., (2011); Hatch et al., (2006); Langevin et 

al., (2010); Ma and Zheng, (2009); Masbruch et al., (2014); Sethi and Di Molfetta, (2007); Thorne et al., 

(2006), and so on. Yet, there is no paper have been mentioned thoroughly the coupling of MT3D-USGS 

and MODFLOW-NWT since MT3D-USGS was just updated in September 2016. Thus, the heat 

transport model of Wairau aquifer might be considered as one of the newest researches using these 

numerical codes.   

Model heat data was recorded by activating the MT3D-USGS observation well function. The 

observation wells were placed in the model domain following their coordinate in the field. Well 7007 and 

well 10608 are located the same grid but in a different layer. Well 3821 and well 0398 are also in similar 

situation. Well 7007 is eliminated from the model calibration because it is in the river cell. Well 10485 

was excluded as it is the recharge well and located in the low permeability, but that formation was not 

included in the groundwater model boundary condition as mentioned in section 3.1.1. Well 0903 and 

well 1690 are in the dry cells of groundwater flow, so it is not possible for the heat observation wells to 

record their data. The first layer was used as a thermal boundary condition, hence the observation wells 

in the first layer were placed on the second layer instead.  

Heat transport parameters model that was estimated from the study project (Higgins and Tum, 2017) 

are used for the input for 3D heat transport model. Though, the high value of logitutedinal dispersivity 

in study project is not a suitable for the 3D model (RMSE is in Table 3.2-1). Well1696, and well 1685 

have high RMSE in a range of 3 oC to 4 oC, while some of the wells have less RMSE around 1 oC to 2 

oC (w10426, 10608, 0938). These parameters seem to have a good fit for wells likewise well 4724, 

4722, and well 3821. Nevertheless, the wells which have low RMSE, do not mean the temperature 

oscillations match are acceptable. The graphical results are attached in Appendix 3. 

Model parameters, later on, was estimated by joint calibrated between the measurement data and 

modelled data (detail result in Table 3.2-2). Firstly, the model calibration separated into two groups 

according to the location. Firs group is located near upstream included well 0938, 3821, 4722, and 

4724. The second group is situated in the midstream near SH6 likewise; well 10426, 1685, 10608, and 

1696. The correlation of individual groups (GC) provided a better fit for observation wells (Table 3.2-1). 

Yet, the SH6 group has the goodness fit coefficient only 0.82. This small correlation coefficient might 

get the influence from the well 10608. This well is situated in the transition zone between discharge and 

recharge area. There might be some influence from the instability of transient groundwater flow during 

the modelling. The alteration of conduction heat transport occurred the most at recharge and discharge 

area while less in the lateral flow. (Domenico and Schwartz, 1998) The term of macro-dispersion can 

be applied in modelling due to the heterogeneity of hydraulic conductivities and aquifer. 
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Table 3.2-1. Root mean square error model calibration (oC) 

 W10426 W1696 W1685 W10608 W4724 W4722 W3821 W0938 

GC 1.672 1.633 1.782 3.456 1.293 1.161 1.051 1.184 

JC 2.061 2.539 2.049 4.460 1.783 1.655 2.119 1.591 

% 23.27 55.48 14.98 29.05 37.90 42.55 101.62 34.38 

3D 1.906 2.891 3.386 1.429 0.697 0.697 0.592 1.357 

1D 0.651 1.167 1.052 - 0.527 0.195 0.565 0.926 

The upstream group parameters determined by PEST given an unreliable result. The modelled data 

are not fit to the measurement temperature. For this reason, the parameters listed in Table 3.2-2 were 

calibrated manually. The joint calibration of all the observation wells by PEST provide correlation 

coefficient is 0.89, though the temperature fluctuation is not fit the upstream group and RMSE is much 

higher compared to the individual group calibration. Well 3821 RMSE increase more than 100% with 

the thermal parameters decrease to a smaller value. A graphical plot of each observation wells 

(Appendix 3) shows the unreliable results. The measurement data and modelled data has large gaps. 

The phi value and sensitive parameter from PEST calibration show the uninfluenced of the thermal 

parameters to the objectives function except for diffusivity coefficient.  

Longitudinal dispersivities variation reflects the heterogeneity of aquifer in different sites. It is 

inappropriate to demonstrate the uniform longitudinal dispersivity in a single universe line. (Gelhar et 

al., 1992) Increasing thermal parameters given a better fit to the upstream group while turning the SH6 

group away from the data fit. Both groups have a negative correlation during the thermal parameter 

calibration. Consequently, it is impossible to get a satisfactory result from the join calibration. The model 

error analysis is conducted in section 3.2.2 for further detail.  

Table 3.2-2. Parameters estimation results  

 D* 
m2/day 

Kd 
(m3/oC) 

Retardation 
factor 

αL 

(m) 
Diffusivity 

m2/s 

Upstream  0.011 0.0035 9.194 4.92 1.34E-7 

SH6 0.00425 0.001 9.631 0.01 4.91E-08 

Rapaura  0.001 0.001 - 0.01 1.16E-8 

Study project 0.02 0.00121 - 550.72 2.31E-07 

In 3D model, the longitudinal dispersion has 2 order of magnitudes lower than in the study project, while 

diffusivity is one order of magnitude lower but the upstream result is in the same order. The distribution 

coefficients are slightly different from the previous study.  

Longitudinal dispersion is the range 0.01 to 5 m which is the same range of solute transport (0.1-10m). 

Gelhar et al., (1992) describe that the longitudinal dispersivities of solute were in between 10-2 to 104 m 

of the scale from 10-1 to 105 m after his experiments in 59 different field sites. The largest scale that is 

the most reliable was 250m. Though, the argument is not literally true for thermal dispersion coefficient. 

Vandenbohede et al., (2009) stated that thermal dispersivity and diffusivity coefficient did not depend 

on scale. He also mentioned the different behaviour of thermal parameters between solute and heat in 

the same aquifer, but it was no significant result that could define their differences. Heat dispersivity 
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term is expected relatively smaller than solute. The thermal diffusivity in literature review is in between 

10-6 to 10-7 m2/s. (Anderson, 2005; Domenico and Schwartz, 1998) Though, the thermal diffusivity from 

the calibration of the downstream group is out of this range. The high transient velocity of groundwater 

flow, which is account for the convection heat transport, probably is the reason behind the low dispersion 

term value.   

The Peclet number is the dimensionless parameter to determine mechanism dominant of heat or 

solutes transport in the aquifer. It is the ratios of transport by convection over conduction as in Equation 

3.2-1. |𝑣| stands for the seepage velocity vector (LT-1). L is the characteristic length or grid width (L), 

and D is the dispersion confident.(Zheng and Wang, 1999)  

𝑃𝑒 =
|𝑣|𝐿

𝐷
 

Equation 3.2-1 

If the Pe is equal to 1, the convection and conduction are at the same rate or represents the absent of 

fluid motion. If the Peclet number is large than 4, the convective mechanism dominant the heat 

transport. (Zheng and Wang, 1999) In this model, it is impossible to define an exact number of the 

Peclet number due to the transient seepage velocity. However, the average net recharge flux (7.5m3/s) 

to the aquifer, the low dispersion coefficient from the model, and grid width (200m) give an indication of 

high Peclet number. The approximate calculation Pe in the model is the larger than 100.  Hence, the 

heat transport in Wairau aquifer is convection dominant, hence the small dispersion term value is 

acceptable.  

However, there are some cases that should be taken into consideration regarding the small value, 

whether it is reliable. In heterogeneity aquifer for regional scale, thermal dispersivity term cannot be 

neglected even if it has a small value. (Constantz et al., 2003; Vandenbohede et al., 2009) Nevertheless, 

a remark of uncertainty heterogeneity aquifer should be noticed as it is very important for heat transport 

by conduction. Heat is not only traversed through water in the porous media but also with the matrix in 

the aquifer. The Wairau aquifer is highly heterogeneity with the open framework gravels outwash 

formation and clay stratified in some part also. The macro-dispersion is also expected in the model. 

These detail was not able to include in the numerical model properly. The model assumptions have 

simplified the reality to less complex model. For an example; each layer has uniform porosity and the 

hydraulic conductivities are different according to river sections. This assumption might be slightly 

effected to real value. The controversial of heat transport and groundwater flow model will be talking in 

section 3.2.2.  

The 3D heat transport model retardation factor is expected in the range of 3 to 5 (Higgins and Tum, 

2017), yet the calibration value is between 9 to 10. The value is a bit higher, but it is still lower than the 

previous calibration result in study project. Thus, the non-thermal equilibrium assumption is study 

project remain true in this modelling, as the observation well that located further from the river gave an 

indication the effect of retardation factor. The sensitivity analyses for thermal parameters will be 

conducted in section 3.2.1.  
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3.2.1. Sensitivities Analyses  

The individual sensitivity analysed provided the information provided a good notice for the thermal 

parameters in each observation well. The base parameter was taken from individual group calibration. 

The results of the sensitivity analyses are listed in Appendix 3 (Table 4.2-1. Sensitivity analyses results 

Well 1696 and 1685 are not sensitive to thermal parameters. Their RMSE remain constant even if their 

thermal parameter pk is multiplied and divided by 10 times. Well 10608, is not sensitive to the molecules 

diffusion coefficient and distribution coefficient, but slightly sensitive to longitudinal dispersion. Wells in 

the upstream group is not sensitive to distribution coefficient but slightly sensitive to molecules diffusion 

and longitudinal coefficient. Only well 10426 that is sensitive to all thermal parameters (Figure 3.2-1). 

Its longitudinal dispersion sensitivity coefficient dominant the other thermal parameters during 

increasing the multiplier parameter. On the one hand, the distribution coefficient dominant during the 

multiplier parameter decreasing. Hydraulic conductivity is the most sensitive parameter to all the 

observation wells of heat transport modelling.  

 

Figure 3.2-1. The global sensitive variation to the model for well 10426 

 

Figure 3.2-2. Hydraulic conductivity sensitivity  
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According to the global sensitivity variations in the model, hydraulic conductivity performance an 

important role in the sensitivity analyses. Both increasing and reducing the hydraulic conductivity, it 

highly effects to the temperature fluctuation and the heat distribution in the aquifers. Each observation 

wells has various respond to the hydraulic conductivity (Figure 3.2-2). Well 3821 river has very large 

sensitive coefficient while well 10608 the closest one to the river has the smallest sensitivity when the 

hydraulic conductivity is increasing. An interesting remark, the upstream group has higher sensitivity 

coefficient responds to hydraulic conductivity than the downstream group.  

Heat initial concentration less impact than the other parameters. Only well 3821 highly sensitive during 

the temperature increasing and decreasing. While initial temperature rising to 15.67oC the RMSE 

decreases 32.79%. During temperature was reduced to 11.67oC the RMSE increase 16.07%. The rest 

of the observation wells RMSE slightly change in less than 1.5%.  

3.2.2. Model Limitation and Error Analyses   

Konikow, (2011) suggested that in order to success solute transport modelling, it is necessary to make 

the groundwater flow model as simple as possible. However, in this case, the 3D groundwater existing 

model is a very complex model for its geological, and hydrological condition. The river plays an 

important role for groundwater head dependent as it interacts to the groundwater for different periods. 

The MODFLOW-NWT is a perfect fit numerical code for Wairau aquifer, yet it might not a good 

companion for heat transport model.  

The role of numerical solver was discussed in the study project, ultimate solver was recommended for 

the 3D modelling as it provided the smallest and appropriate for numerical dispersion. Even thought, 

the only advection solver that possible to converge the transport model and groundwater flow model in 

this study is a standard infinite different solver. The other solves fail to converge the numerical model 

after running for some time steps due to the high velocity and instability of the groundwater flow.  

The standard finite different solver is not recommended for convection dominant transport model as it 

would deliver high numerical dispersion for the cause grid discretization. The limitation solver selection 

and the error from numerical modelling, let to unsuitable results from the parameter estimation form the 

modelling. In the joint calibration with groundwater flow parameters was also limited since it is time 

constrains and the instability of groundwater flow, the simulation crushed at for several time steps after 

running the transport model, therefore the groundwater model parameter has to be constant.  

As mentioned above the observation well in the first layer was moved to the second layers, due to this 

reason there will be some numerical error since the second layer has lower permeability than the first 

layer even if it is considered as high velocity compares to other aquifers. Figure 3.2-3 shows 

temperature differences from the modelling for 2nd and 3rd layer with the same parameters. The root 

means square error increases 1.67oC. The heterogeneity of different layers plays an important role for 

thermal parameters.  Sommer et al., (2013) concluded that the thermal distribution got the influence 

from the heterogeneity of hydraulic conductivity, thus the thermal energy and thermal balance would 

give the less precise result from that effect. The various Wairau aquifer characteristics in both layers 

literally would provide different results. Hence, the model layers should be increased.  
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Figure 3.2-3. Difference temperature model data in same grid for different layer 

There are some crucial issues in while employing the MODFLOW-NWT and MT3D-USGS. Heat 

concentration was not able to reach the measurement temperature. Thereafter, to have a better 

understanding of heat concentration lost during model calibration, all the thermal boundary conditions 

were set to constant at 13oC including the initial concentration in the Wairau aquifer. In Appendix 5, 

Figure 4.2-1 shows the heat concentration at the first time step in each layer. In layer 2 and 3 below the 

dry cells of layer 1 at the discharge area (east part) illustrate the abnormal concentration (11oC-12oC) 

where the concentration in the whole aquifer was constrained to 13oC. It is completely unreliable as the 

model hasn’t started running yet.  

Figure 3.2-4 is the snap shot of heat concentration at the last time step of the modelling. There are 

some unexpected cells at the west part of the model shows in blue colour and dark yellow near the 

spring creek. The west part has very low concentration around 4oC in contrast to the north east side 

contains high heat concentration about 15oC for 2 grids. This result is not plausible. If all the 

concentration was set to constant to all thermal boundary conditions which mentioned in section 2.5 it 

is impossible to have smaller or larger concentration in the aquifer. Only if, there are extra sources 

which have zero concentration for the west boundary and the larger concentration than 13oC in 

downstream near the spring creek. This result indicates the abnormally external recharge sources.  

The observation wells are put in the same location of the measurement data to record the constant 

modelled data (Figure 3.2-5). Surprisingly, the result is out of the expectation. There are some wells 

provide the temperature fluctuation although, it was expected to be constant. The observation wells that 

highly impact from the numerical error are well 0938, well 3821, well 4722 and well 4724. The root 

means square error for the wells are 0.376, 0.146, 0.029, and 0.008 respectively. These are the wells 

in the upstream group and they are located near the dry cell grids (Figure 3.2-4). The wells located 

further from the dry cells (SH6 group) such as; well 1696 get slightly effect from the heat lost 

(RMSE=1.7E-6). There are 3 wells (10608, 1685, and 10426) remain constant at 13oC which show no 

indication of heat lost from this well.  
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Figure 3.2-4. Time step 1225 (First layer) 

 

Figure 3.2-5. Temperature at observation wells and net exchange flow between river and aquifer  

The different area of the dry cells in each time step basically depends on the recharge flux. The snap 

short of heat temperature at the high peak (time step 518, 922) and low peak (time step 329, 691, and 

1071) are listed in Appendix 5-Model Error Analyses. The highest peak temperature of well 4724 is at 

time 922, which the dry cells spread over the model in the first layer larger than any other time steps. 

For the net exchange flows, a few days earlier, at time step 916 decrease to less than 5m3/s. At time 

step 963, the net exchange flow increase to 26 m3/s, during that period the temperature in the 

concentration in each effected observation wells decrease for a large period. The aquifer temperature 

and net recharge flux are showing the negative correlation with few days delay. The high peak of the 

net exchange rate causes the low peak temperature at the observation wells. When the exchange flux 

turns to average rate or more stable rate, the heat concentration rises back to almost initial 

concentration or saturated situation.  
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4. Conclusions and Recommendations  

4.1. Conclusions  

Particle Tracking  

The backward particles tracking simulation in the first layer of the aquifer is more reliable than the 3rd 

layer. The flow path length, catchment delineation, and the mean transit in the first layer gave an 

excellent result in comparison to the past researches. Conversely, the bottom model layer provided a 

good agreement of flow path length and heat distribution area but product distrustful results for MTT. 

 A large flow path lines of well 10485 and 10608 is out of the reliable value. The catchment delineation 

also provided clear evidence of different particles sources are at the other side of the river. The 

observation wells that placed in the river cells are not recommended for the backward tracking 

simulation. The traversing along and across the river cells make the result less accurate in determining 

the flow path lines and travel time.  

The 3rd layers of the model have higher uncertainty in defining the mean transit time than the first layer. 

The mean travel time of the 3rd layer is far larger than the previous report (less than 1 year). This result 

is less probable to be true. Thereafter, there some solution should be considers.  The boundary 

condition below the river cells and the left side of the river cell should be re-constrain. It is strongly 

suggested to set it as a low permeability boundary since river act as a perch above the aquifer. (Wilson 

and Wöhling, 2015) Neglecting this geological condition, it provided a very large different for the 

simulation result.  

The different velocity between the first later and the third layer should be taken to account since the 

current calculation took the total velocity to calculate MTT. The macro-dispersion in the aquifer is the 

also the cause of the over estimation of MTT. Neglecting this factor is highly influence to the calculation. 

The possibility to have a better result is to place all the observation wells in the first layers since the 

different in depth is much smaller compare to the width of the model grids. Even though, it might not be 

a good idea for an instance, if all the observation wells in the first layer, then the path lines and mean 

transit time of well 0938 and 3821 will be the same, but both of them has a large different in mean transit 

time according to the study project and EFR. 

Porosity is also an important role in this simulation. In the bottom layer has a smaller porosity (0.16) 

smaller than the first layer (0.23). There is still high uncertainty for the lower member wells. The better 

suggestion is to set up 2D particles tracking model for each layer differently, therefore the simulation is 

still able to account for all the specific properties of each layer. 

Heat Transport Model 

Conducting heat as a tracer is not a new method for hydrologists and hydrogeologists. It has been 

successfully done by many researchers both analytical and numerical models. By the way, there is still 
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some limitation of using heat in determining aquifer properties. Wairau aquifer contains an open 

framework gravel outwash with a very complexity formation. The Wairau River is acting both gaining 

and losing stream to the aquifer and the aquifer discharge to the spring creek at the eastern part. The 

groundwater flow numerical model that is a perfect fit for this aquifer is MODFLOW-NWT (Niswonger 

et al., 2011). This 3D groundwater flow model was used to employ with the newest version of MT3D-

USGS (updated from MT3DMS) which has the possibility to route the solute through the dry cells of 

Newton Raphson formula in MODFLOW-NWT. PEST was used for model calibration to determine 

thermal parameters.  

The longitudinal dispersivity is found two orders of magnitudes smaller than the study project. Molecule 

diffusivity is one order of magnitude smaller, while distribution coefficient is in the same range. It is not 

suitable to use the 1D thermal parameters to apply in this 3D model due to the bad result of model fit 

data. The joint calibration provides very high RMSE to each observation well. The group calibration is 

recommended as it provided a better fit rather the joint calibration. Well 10608 that is located in the 

transit zone provide the highest RMSE. The PEST calibration was not able to define a good fit to this 

observation well. The macro-dispersion presence is expected in Wairau aquifer due to the heterogeneity 

of hydraulic conductivity and transient velocity. The pretty low thermal parameters might be acceptable 

if there is no a numerical error effect from the model due to the convection dominant transport.  

Sensitivity analysis reveals that hydraulic conductivity is the most sensitive parameter in each 

observation wells especially the well 3821. The sensitive coefficient in this well is very high. Only well 

10426 is sensitive to the distribution coefficient (Kd) as it location is the furthest from the river. There 

are two wells are not sensitive to any thermal parameters; well 1696 and 1865. The molecules diffusivity 

parameter slightly effect to the well but less than longitudinal dispersion. The well that was effected by 

the change of initial concentration is well 3821 (RMSE <100%). Well 3821 is highly sensitive to each 

parameter during the analysis except distribution coefficient.  

During model calibration, the model error was found. The temperature in the aquifer was losing during 

heat transport the simulation. Hence, the boundary conditions were set to constant (13oC) for model 

error analysis, but the temperature still gave a strange fluctuation at some time steps. The interesting 

remark is temperature concentration has a negative correlation with net exchange flux between aquifer 

and river. While the net exchange flux increase, the temperature in the decrease, yet this behaviour 

happened only at the wells near the dry cells. The observation wells that highly effect from the numerical 

error are the wells in the upstream group, especially well 3821. Only one well from SH6 group is effected 

for this error. It is well 1696. The heat lost in this well can be neglected compared to the upstream group. 

However, there some doubtful whether it is the only effect to the parameters estimation or it might come 

from many cases too.  

Here are some concerning reasons regarding to this modelling: 

 Whether the model error has the influence to other thermal parameters or it only impacts to the 

initial concentration. For an instance, PEST was not able to define a better fit of thermal 

parameters for the upstream group and the joint calibration.  
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 There is no indication of heat reduction in three observation wells (10426, 10608, 1685), but if 

it is remain no effect when the actual parameter was applied.  

 The limitation of the solver is one of the causes for numerical dispersion due to the fact that it 

is not a good solver for convection dominant transport model that has Peclet number more than 

4. Nevertheless, it is the only available advection solver for this modelling.  

 Using the second layer for the upper member could provide a large different of modelled 

temperature. Thought, the SH6 observation group contains 3 wells from the upper member. 

Thus, parameters estimation is in high uncertainty.  

 Hydraulic conductivity is highly sensitive to all observation wells, but it was set to constant due 

to model fails to converge when the hydraulic conductivity increase too high.  

Parameters estimation in this model is not as simple as the way it looks. In 1D modelling, path length 

is one the most sensitive parameters, but in 3D model, it turned to be different. Path length is no longer 

a concern any more, but there are more factors should be taken in to account. For 3D modelling, it 

provides a very high uncertainty and inaccurate result. It is not easy to give a good conclusion for the 

3D heat transport model of the Wairau aquifer. Even if, the SH6 observation group does not have 

significantly impact from the model, but the result is less likely reliable. On the other hand, if the thermal 

parameters of the SH6 group do not get any impact from the numerical error, so the result is a positive 

sing for reducing the parametric and predictive uncertainty of the Wairau groundwater flow model due 

to the thermal parameter is much less sensitive than hydraulic conductivity.  

Giambastiani et al., (2013) mentioned the heat has the limitation to define the aquifer properties in the 

conduction dominant transport, but it could product a good result with convection dominant with fine 

sand and well-known boundary condition. In contrast to his conclusion, heat might not be a suitable 

tracer method for highly convection dominant like the Wairau aquifer.  However, the 3D heat transport 

of this model is still able to obtain a better parameters estimation result, if the groundwater flow model 

is simpler and less complexity.  

4.2. Further Research Recommendations  

This is an extended study of the heat transport in one dimension modelling (Higgins and Tum, 2017) 

and three dimension groundwater flow model (Wöhling et al., 2017). It produced both positive and 

negative results.  After the discussion in the previous section, there are plenty of numerical uncertainty 

and error from both particle tracking and heat transport model. Therefore, before using the result from 

this study for further research, there are some tasks need to be clarified. The suggestions that be 

implemented are:  

For particle tracking MODPATH 

 The calculation of MTT in the lower member is less reliable. It is necessary to re- calculate by 

focusing on the boundary condition in the bottom layer and the velocity flow into the 3rd layer. 

 Determination of macro-dispersion coefficient in function of distance of Wairau aquifer should 

be included.  



42 

 

 The uncertainty of the 3rd layer is higher than the first layer, thus 2D particles tracking for the 

individual layer is recommended for model comparison.  

For heat transport MT3D-USGS 

 Defining the external recharge sources to the model which are the cause of initial temperature 

reduction and the impact of the dry cells of MODFLOW-NWT to MT3D-USGS package. 

 Determining the relationship of transient velocity and the heat transport model. Modellers 

normally assume velocity is constant so that it is more convenient to reduce the macro 

dispersion in the model.  

 Wairau aquifer has a very complex formation with high velocity. Not many numerical codes are 

suitable to model this aquifer better than MODFLOW-NWT. By the way, in order to have a better 

heat transport result, it is important to simplify the groundwater flow model. Thus, simplify model 

might explain better for the thermal properties and make a comparison with the current model.  

 Model layers should be re-discretising with a uniform grid length due to the thermal boundary 

conditions.    

 Basal heat flux boundary condition should be taking account for the future heat transport model 

since the geological boundary in the heterogeneity aquifer largely impacts on the modelled 

data.  

The future direction that can be joint calibrated with heat 3D heat transport and groundwater models 

are: 

 Heat tracer might not be a good method for highly advection dominant, however, the solute 

natural tracer is recommended for the complex geological formation. The comparison between 

heat and solute transport in the Wairau aquifer is probably a decent topic for future research to 

understand better about the limitation of heat transport model. 

 A critical impact of the hydrological change in the Wairau River and its tributaries to the Wairau 

aquifer exchange flux can be included in the future study. The possible discussion can be the 

investigation of thermal parameters on differences of thermal behaviour in the transit zone and 

lateral flow.  

 Applied the climate change scenarios for future groundwater trend prediction comparing to the 

present condition. Groundwater management plan should be included for the research.  

  



43 

 

References  

Anderson, M.P., 2005. Heat as a Ground Water Tracer. Ground Water 43, 951–968. 
doi:10.1111/j.1745-6584.2005.00052.x 

Becker, M.W., Georgian, T., Ambrose, H., Siniscalchi, J., Fredrick, K., 2004. Estimating flow and flux 
of ground water discharge using water temperature and velocity. J. Hydrol. 296, 221–233. 
doi:10.1016/j.jhydrol.2004.03.025 

Bravo, H.R., Jiang, F., Hunt, R.J., 2002. Using groundwater temperature data to constrain parameter 
estimation in a groundwater flow model of a wetland system: CONSTRAINING PARAMETER 
ESTIMATION. Water Resour. Res. 38, 28-1-28–14. doi:10.1029/2000WR000172 

Brown, L.J., 1981. Late Quaternary geology of the Wairau Plain, Marlborough, New Zealand. N. Z. J. 
Geol. Geophys. 24, 477–489. doi:10.1080/00288306.1981.10422739 

Burns, E.R., Williams, C.F., Ingebritsen, S.E., Voss, C.I., Spane, F.A., DeAngelo, J., 2015. 
Understanding heat and groundwater flow through continental flood basalt provinces: insights 
gained from alternative models of permeability/depth relationships for the Columbia Plateau, 
USA. Geofluids 15, 120–138. doi:10.1111/gfl.12095 

Close, M., 2008. Review of Deep Wairau Aquifer–Groundwater Chemistry Aspects. Rep. Prep. 
Marlbgh. Dist. Counc. Client Rep. CSC0806. 

Close, M., Knowling, M., Moore, C., 2016. Modelling of Temperature in Wairau Aquifer Final August 
2016. Marlborough District Council. 

Constantz, J.E., Niswonger, R.G., Stewart, A.E., 2003. US Geological Survey Techniques and 
Methods Field Techniques for estimating water fluxes between surface water and ground 
water Chapter 4-Analysis of water and sediment-temperature gradients to determine stream 
exchanges with ground water. 

Davidson, P., Wilson, S., 2011. Groundwaters of Marlborough. Marlborough District Council, 
Blenheim, N.Z. 

Davis, S.N., 1999. Humboldt, Arago, and the temperature of groundwater. Hydrogeol. J. 7, 501–503. 

Doherty, J., 2016. PEST, Model-Independent Parameter Estimation. 

Domenico, P.A., Schwartz, F.W., 1998. Physical and Chemical Hydro Geology | Hydrogeology | 
Groundwater [WWW Document]. Scribd. URL 
https://www.scribd.com/doc/64925951/Physical-and-Chemical-Hydro-Geology (accessed 
4.6.17). 

Engeler, I., Hendricks Franssen, H.J., Müller, R., Stauffer, F., 2011. The importance of coupled 
modelling of variably saturated groundwater flow-heat transport for assessing river–aquifer 
interactions. J. Hydrol. 397, 295–305. doi:10.1016/j.jhydrol.2010.12.007 

Etcheverry, D., Perrochet, P., 2000. Direct simulation of groundwater transit-time distributions using 
the reservoir theory. Hydrogeol. J. 8, 200–208. 

Fossoul, F., Orban, P., Dassargues, A., 2011. Numerical simulation of heat transfer associated with 
low enthalpy geothermal pumping in an alluvial aquifer. Geol. Belg. 14. 

Fu, J., Jaime Gómez-Hernández, J., 2009. Uncertainty assessment and data worth in groundwater 
flow and mass transport modeling using a blocking Markov chain Monte Carlo method. J. 
Hydrol. 364, 328–341. doi:10.1016/j.jhydrol.2008.11.014 

Gelhar, L.W., Welty, C., Rehfeldt, K.R., 1992. A Critical Review of Data on Field-Scale Dispersion in 
Aquifers. 

Giambastiani, B.M.S., Colombani, N., Mastrocicco, M., 2013. Limitation of using heat as a 
groundwater tracer to define aquifer properties: experiment in a large tank model. Environ. 
Earth Sci. 70, 719–728. 

Gilmore, T.E., Genereux, D.P., Solomon, D.K., Solder, J.E., 2016. Groundwater transit time 
distribution and mean from streambed sampling in an agricultural coastal plain watershed, 



44 

 

North Carolina, USA: GROUNDWATER TRANSIT TIME. Water Resour. Res. 52, 2025–2044. 
doi:10.1002/2015WR017600 

Gusyev, M.A., Abrams, D., Toews, M.W., Morgenstern, U., Stewart, M.K., 2014. A comparison of 
particle-tracking and solute transport methods for simulation of tritium concentrations and 
groundwater transit times in river water. Hydrol. Earth Syst. Sci. 18, 3109–3119. 
doi:10.5194/hess-18-3109-2014 

Hatch, C.E., Fisher, A.T., Revenaugh, J.S., Constantz, J., Ruehl, C., 2006. Quantifying surface water-
groundwater interactions using time series analysis of streambed thermal records: Method 
development: TIME SERIES THERMAL METHOD QUANTIFIES SW-GW. Water Resour. 
Res. 42. doi:10.1029/2005WR004787 

Hecht-Méndez, J., Molina-Giraldo, N., Blum, P., Bayer, P., 2010. Evaluating MT3DMS for Heat 
Transport Simulation of Closed Geothermal Systems. Ground Water 48, 741–756. 
doi:10.1111/j.1745-6584.2010.00678.x 

Herckenrath, D., Langevin, C.D., Doherty, J., 2011. Predictive uncertainty analysis of a saltwater 
intrusion model using null-space Monte Carlo: ANALYSIS OF A SALTWATER INTRUSION 
MODEL. Water Resour. Res. 47. doi:10.1029/2010WR009342 

Higgins, P., Tum, S., 2017. One Dimension heat transport modlling in WAIRAU AQUIFER, NEW 
ZEALAND. 

Hinkle, S.R., Kauffman, L.J., Thomas, M.A., Brown, C.J., McCarthy, K.A., Eberts, S.M., Rosen, M.R., 
Katz, B.G., 2009. Combining particle-tracking and geochemical data to assess public supply 
well vulnerability to arsenic and uranium. J. Hydrol. 376, 132–142. 
doi:10.1016/j.jhydrol.2009.07.020 

Hrachowitz, M., Soulsby, C., Tetzlaff, D., Dawson, J.J.C., Dunn, S.M., Malcolm, I.A., 2009. Using 
long-term data sets to understand transit times in contrasting headwater catchments. J. 
Hydrol. 367, 237–248. doi:10.1016/j.jhydrol.2009.01.001 

Hunt, R.J., Krabbenhoft, D.P., 1996. Groundwater inflow measurements in wetland systems. Water 
Resour. Res. 32, 495–507. 

Igboekwe, M.U., Amos-Uhegbu, C., 2011. Fundamental approach in groundwater flow and solute 
transport modelling using the finite difference method, in: Earth and Environmental Sciences. 
InTech. 

Izbicki, J.A., Stamos, C.L., Nishikawa, T., Martin, P., 2004. Comparison of ground-water flow model 
particle-tracking results and isotopic data in the Mojave River ground-water basin, southern 
California, USA. J. Hydrol. 292, 30–47. doi:10.1016/j.jhydrol.2003.12.034 

Kaiser, B.O., Cacace, M., Scheck-Wenderoth, M., 2013. 3D coupled fluid and heat transport 
simulations of the Northeast German Basin and their sensitivity to the spatial discretization: 
different sensitivities for different mechanisms of heat transport. Environ. Earth Sci. 70, 3643–
3659. doi:10.1007/s12665-013-2249-7 

Keating, E.H., Doherty, J., Vrugt, J.A., Kang, Q., 2010. Optimization and uncertainty assessment of 
strongly nonlinear groundwater models with high parameter dimensionality: ASSESSMENT 
OF STRONGLY NONLINEAR GROUNDWATER MODELS. Water Resour. Res. 46. 
doi:10.1029/2009WR008584 

Konikow, L.F., 2011. The Secret to Successful Solute-Transport Modeling. Ground Water 49, 144–
159. doi:10.1111/j.1745-6584.2010.00764.x 

Kupfersberger, H., 2009. Heat transfer modelling of the Leibnitzer Feld aquifer, Austria. Environ. Earth 
Sci. 59, 561–571. doi:10.1007/s12665-009-0054-0 

Langevin, C.D., Dausman, A.M., Sukop, M.C., 2010. Solute and Heat Transport Model of the Henry 
and Hilleke Laboratory Experiment. Ground Water 48, 757–770. doi:10.1111/j.1745-
6584.2009.00596.x 

Ma, R., Zheng, C., 2009. Effects of Density and Viscosity in Modeling Heat as a Groundwater Tracer. 
Ground Water 48, 380–389. doi:10.1111/j.1745-6584.2009.00660.x 



45 

 

Ma\loszewski, P., Zuber, A., 1982. Determining the turnover time of groundwater systems with the aid 
of environmental tracers: 1. Models and their applicability. J. Hydrol. 57, 207–231. 

Masbruch, M.D., Gardner, P.M., Brooks, L.E., 2014. Hydrology and numerical simulation of 
groundwater movement and heat transport in Snake Valley and surrounding areas, Juab, 
Millard, and Beaver Counties, Utah, and White Pine and Lincoln Counties, Nevada (Scientific 
Investigations Report). 

McGuire, K.J., McDonnell, J.J., 2006. A review and evaluation of catchment transit time modeling. J. 
Hydrol. 330, 543–563. doi:10.1016/j.jhydrol.2006.04.020 

Nam, Y., Ooka, R., 2010. Numerical simulation of ground heat and water transfer for groundwater 
heat pump system based on real-scale experiment. Energy Build. 42, 69–75. 
doi:10.1016/j.enbuild.2009.07.012 

Nguyen, V.T., Graf, T., Guevara Morel, C.R., 2016. Free thermal convection in heterogeneous porous 
media. Geothermics 64, 152–162. doi:10.1016/j.geothermics.2016.05.006 

Niswonger, R.G., Panday, S., Ibaraki, M., 2011. MODFLOW-NWT, a Newton formulation for 
MODFLOW-2005. US Geol. Surv. Tech. Methods 6, A37. 

Rühaak, W., Rath, V., Wolf, A., Clauser, C., 2008. 3D finite volume groundwater and heat transport 
modeling with non-orthogonal grids, using a coordinate transformation method. Adv. Water 
Resour. 31, 513–524. doi:10.1016/j.advwatres.2007.11.002 

Saar, M.O., 2011. Review: Geothermal heat as a tracer of large-scale groundwater flow and as a 
means to determine permeability fields. Hydrogeol. J. 19, 31–52. doi:10.1007/s10040-010-
0657-2 

Santilano, A., Donato, A., Galgaro, A., Montanari, D., Menghini, A., Viezzoli, A., Di Sipio, E., Destro, 
E., Manzella, A., 2016. An integrated 3D approach to assess the geothermal heat-exchange 
potential: The case study of western Sicily (southern Italy). Renew. Energy 97, 611–624. 
doi:10.1016/j.renene.2016.05.072 

Sethi, R., Di Molfetta, A., 2007. Heat transport modeling in an aquifer downgradient a municipal solid 
waste landfill in Italy. Am. J. Environ. Sci. 3, 106–110. 

Sommer, W., Valstar, J., van Gaans, P., Grotenhuis, T., Rijnaarts, H., 2013. The impact of aquifer 
heterogeneity on the performance of aquifer thermal energy storage: THERMAL ENERGY 
STORAGE AND HETEROGENEITY. Water Resour. Res. 49, 8128–8138. 
doi:10.1002/2013WR013677 

Stauffer, F., 2005. Uncertainty Estimation of Pathlines in Ground Water Models. Ground Water 43, 
843–849. doi:10.1111/j.1745-6584.2005.00054.x 

Stauffer, F., Franssen, H., 2006. Uncertainty estimation of well catchments: combined effect of 
inhomogeneous transmissivity and uncertain mean recharge. IAHS Publ. 304, 240. 

Taniguchi, M., 1993. Evaluation of vertical groundwater fluxes and thermal properties of aquifers basd 
on transient temperature-depth profiles 29, 2021–2026. 

Thorne, D., Langevin, C.D., Sukop, M.C., 2006. Addition of simultaneous heat and solute transport 
and variable fluid viscosity to SEAWAT. Comput. Geosci. 32, 1758–1768. 
doi:10.1016/j.cageo.2006.04.005 

Tonkin, M., Doherty, J., 2009. Calibration-constrained Monte Carlo analysis of highly parameterized 
models using subspace techniques: CALIBRATION-CONSTRAINED SSMC ANALYSIS. 
Water Resour. Res. 45. doi:10.1029/2007WR006678 

Vandenbohede, A., Louwyck, A., Lebbe, L., 2009. Conservative Solute Versus Heat Transport in 
Porous Media During Push-pull Tests. Transp. Porous Media 76, 265–287. 
doi:10.1007/s11242-008-9246-4 

White, P.A., Tschritter, C., Davidson, P., 2016. Groundwater-surface water interaction in a coastal 
aquifer system, Wairau Plain, Marlborough, New Zealand. J. Hydrol. 55, 25. 

Wilson, S., Wöhling, T., 2015. Wairau River-Wairau Aquifer Interaction. 



46 

 

Wöhling, T., Gosses, M., Wilson, S., Davidson, P., 2017. Quantifying river-groundwater interaction of 
New Zealnad’s gravel-bed rivers: The Wairau Plain. 

Yoon, H., Hart, D.B., McKenna, S.A., 2013. Parameter estimation and predictive uncertainty in 
stochastic inverse modeling of groundwater flow: Comparing null-space Monte Carlo and 
multiple starting point methods: NULL-SPACE MONTE CARLO AND MULTIPLE STARTING 
POINT. Water Resour. Res. 49, 536–553. doi:10.1002/wrcr.20064 

Zheng, C., Bennett, G.D., others, 1995. Applied contaminant transport modeling. Wiley-Interscience 
New York. 

Zheng, C., Wang, P.P., 1999. MT3DMS: a modular three-dimensional multispecies transport model 
for simulation of advection, dispersion, and chemical reactions of contaminants in 
groundwater systems; documentation and user’s guide. DTIC Document. 

 

  



47 

 

Appendix1-Statistical Summery  

Table 4.2-1. Statistical summarized of river and observation wells (dimension in degree Celsius) 

Name Mean Median Standard 
deviation 

Range Interquartile 
range 

Max Min Sk 

River 13.66 13.92 4.16 15.77 7.91 21.82 6.05 -0.03 

Soil 14.52 14.27 3.24 10.94 6.32 20.18 9.24 0.12 

3821 13.78 13.76 1.20 3.69 2.33 15.71 12.02 0.06 

0398 13.33 12.96 1.93 5.63 3.55 16.67 11.04 0.46 

10485 12.82 12.64 1.59 5.23 2.88 15.55 10.32 0.19 

0903 14.03 14.64 2.16 6.27 4.29 16.64 10.37 -0.40 

1690 15.12 15.26 1.46 5.00 2.41 17.07 12.07 -0.37 

1685 14.34 14.76 3.21 9.45 6.25 18.49 9.04 -0.20 

1696 14.18 15.01 3.76 11.33 7.42 19.25 7.92 -0.24 

10426 14.43 14.84 2.00 6.12 3.63 17.00 10.88 -0.38 

7007 13.31 14.05 4.58 15.34 9.21 20.96 5.62 -0.17 

10608 14.01 13.91 3.99 14.63 6.40 20.68 6.05 0.36 

4722 13.29 13.21 0.47 1.38 0.83 14.11 12.73 0.41 

4724 13.18 13.14 0.34 0.96 0.70 13.69 12.73 0.18 
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Appendix 2-Particles Tracking 

Well Catchment Delineation  
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Groundwater Flow Path 

 

 

 

Figure 4.2-1. Groundwater flow field 
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CDF Mean Transit Time  

 

Figure 4.2-2. CDF Mean transit time of Upper facies  

 

Figure 4.2-3. CDF Mean transit time of lower member  
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Appendix 3-Heat Transport Calibration Result  

Calibration from the study project parameters  
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Joint Calibration  
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Groups Calibration Parameters  
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Heat distribution at time step 922 
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Heat distribution at time 1225 
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Appendix 4-Sensitivity Results 

 

 

 

0.1

1.1

2.1

3.1

4.1

5.1

6.1

7.1

8.1

0.1 1 10

Se
n

si
ti

ve
 c

o
ef

fi
ec

ie
n

t

Paramter mutiplier 

W1696

αL(m)

 D*

Kd

k

0.1

1.1

2.1

3.1

4.1

5.1

6.1

0.1 1 10

Se
n

si
ti

ve
 c

o
ef

fi
ec

in
et

 

Paramter mutiplier 

W1685

αL(m)

 D*

Kd

k

0.1

0.6

1.1

1.6

2.1

2.6

3.1

3.6

0.1 1 10

Se
n

si
ti

vi
ty

 c
o

ef
fi

ci
en

t 

Parameter multipler 

W10608

αL(m)

 D*

Kd

k



58 

 

 

 

 

0.1

1.1

2.1

3.1

4.1

5.1

6.1

7.1

8.1

0.1 1 10

Se
n

si
ti

vi
ty

 c
o

ef
fi

ec
ie

n
t

Paramter multiplier

W4724

αL(m)

 D*

Kd

k

0.1

1.1

2.1

3.1

4.1

5.1

6.1

7.1

8.1

9.1

0.1 1 10

Se
n

si
ti

vi
ty

 c
o

ef
fi

ci
en

t

Parameter multipleir

W4722

αL(m)

 D*

Kd

k

0.1

2.1

4.1

6.1

8.1

10.1

12.1

14.1

16.1

18.1

0.1 1 10

Se
n

si
ti

vi
ti

es
 c

o
ef

fi
ci

en
t

Parameter multiplier

W3821

αL(m)

 D*

Kd

k



59 

 

 

Table 4.2-1. Sensitivity analyses results  

 W10426 W1696 W1685 W10608 W4724 W4722 W3821 W0938 Unit 

Longitudinal  αL 

Base 1.672 1.633 1.782 3.456 1.293 1.161 1.051 1.184 oC 

0.1 2.965 1.633 1.782 4.549 1.293 1.161 1.058 1.205 oC 

10 2.77 1.633 1.782 3.456 1.287 1.157 0.969 1.061 oC 

Molecules diffusivity coefficient D* 

0.1 1.672 1.633 1.782 3.456 1.284 1.155 1.058 1.204 oC 

10 1.504 1.633 1.782 3.456 1.369 1.225 0.969 1.061 oC 

Kd 

0.1 2.965 1.633 1.782 3.456 1.293 1.161 1.051 1.184 oC 

10 1.672 1.633 1.782 3.456 1.293 1.161 1.058 1.184 oC 

Hydraulic conductivity 

Base 1.516 2.066 2.759 4.572 1.417 1.347 0.736 1.338 oC 

0.1 1.671 3.906 14.96 14.56 1.503 1.380 1.422 2.108 oC 

10 11.191 14.667 3.148 4.222 10.352 10.401 11.56 13.069 oC 

Initial Temperature (13.67) 

Base  2.454 1.431 3.413 4.632 2.854 3.046 1.037 1.304 oC 

15.67 2.448 1.439 3.387 4.634 2.851 3.046 0.697 1.294 oC 

-22% -0.24 0.56 -0.76 0.04 -0.11 0.00 -32.79 -0.77 % 

11.67 2.449 1.439 3.363 4.631 2.851 3.051 1.149 1.318 oC 

+22% -0.20 0.56 -1.48 -0.02 -0.11 0.16 16.07 1.08 % 
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Appendix 5-Model Error Analyses  

 

 

 

Figure 4.2-1. Stress period 1 
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Figure 4.2-2. Time step 329 
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Figure 4.2-3. Time step 518 
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Figure 4.2-4. Time step 922 
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Figure 4.2-5. Time Step 1071 
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Figure 4.2-6. Time step 1225 (end time step) 

 


