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Abstract 

This thesis presents the feasibility of monitoring the depletion and recharge of ground and surface water 

reservoirs using gravimetry. This is an important exercise because many industrial processes are water-

intensive, and therefore the use of sustainable and proximate water resources is preferred. 

 

Gravity and gravity gradient signals are forward modeled to estimate signal strength, as well as the spatio-

temporal distribution of water reservoir dynamics. The required sensitivity of the gravimeters, the time 

intervals between measurements, and the number and density of gravity stations are evaluated. Time-lapse 

gravimetry for small-scale reservoirs poses two discernible obstacles: i) a microgal sensitivity requirement, 

and ii) noise from environmental or anthropogenic sources in the vicinity of the reservoir. In principle, the 

use of two gravimeters in tandem could compensate for environmental noise and improve the gravity 

gradient measurements. The examples of reservoir models presented in this thesis display the resolvability 

of groundwater dynamics from surface gravity gradiometry.  

 

Inversion modelling is used to incorporate gravity and gravity signals. Inversion modelling poses an 

optimization problem, known as non-uniqueness, where there are many potential solutions that could fit the 

observations. The gravity signals constrain the inversion and are able to map out higher and lower density 

regions. The results of inversion modelling indicate that inversion modelling can provide useful information 

about the drawdown caused by water extraction or injection processes. 

 

The resolvability of drawdown variability across a reservoir using gravity gradiometry is tested varying two 

main parameters: survey grid sampling and well pair separation as a proxy for spatial resolution. The results 

of altering these two parameters indicate that survey grid sampling and well pair separation have an impact 

on the resolvability, but do not pose significant challenges for the survey design. 
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Chapter 1 

Introduction 

1.1 Scope 

 

The objective of this thesis is to explore how to use time-lapse gravity gradiometry to monitor spatial and 

temporal changes, and groundwater dynamics for various types of groundwater models. The developed 

methodologies for both creating and modifying density distribution models for forward and inverse 

modelling, and evaluating gravimetry signals will be emphasized. This thesis presents two groundwater 

models, the first being a flat groundwater reservoir with a single pumping well, and a more complex one 

with and additional river and three pumping wells.  

 

1.2 Objectives and motivation 

 

Groundwater is generally a dynamic and essential source of water across the world. Groundwater forms 

when water from the surface seeps into the ground. It was not recognized in the past that the depletion of 

groundwater could be an issue, however recent studies have indicated that groundwater is vulnerable to 

depletion (Taylor and Alley, 2001). Determining the groundwater level is essential for several reasons, 

including the analysis of hydraulic stress during pumping, the impact of surface development on 

groundwater, and the sustainability of reservoirs. 
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Groundwater is used in various industries, and in Canada’s oil prone regions, especially for heavy oil 

extraction. Extracting groundwater must be done under continuous monitoring to ensure that depletion 

levels are sustainable and meet regulatory requirements. Another important monitoring goal is to quantify 

how much groundwater versus surface water is extracted. The objective of this thesis is to assess if 

groundwater reservoirs could be monitored with time-lapse gravity gradiometry from the surface. 

 

Water extraction for industrial use has an adverse effect on the reservoir, the aquifer level or water table, 

and the rate at which the water recharges (Pradeleix et al., 2015). The most recognizable consequence of 

surplus groundwater extraction is that the level of the water table can be either decreased or increased 

depending on the ratio of pumping rate versus the replenishing rate. It is crucial to monitor and understand 

the level of the groundwater correctly before drilling any wells. Since drilling a new well has an impact on 

the drawdown of the aquifer, knowing water table levels can give a good idea of the impacts of the new 

well (Banks, 2017). Accurately monitoring the wells can prevent wells from becoming dry. If the 

groundwater levels decline too far, either the well has to be deepened, or a new well has to be drilled. 

Additionally, lowering the pump can become very expensive. If the water has to be lifted higher to reach 

the surface, the pumps used to lift the water will consume more energy, which results in higher cost. 

Groundwater level measurements can be made with many types of instruments, and choosing the right kind 

of instrument depends on several factors, including but not limited to sensitivity requirements, cost, 

portability and ruggedness (Post and von Asmuth, 2013). The groundwater level can be measured with an 

observation well or as proposed herein with time-lapse gravity gradiometry. 

 

In addition to measuring the groundwater level from gravity gradiometry surveys at the surface, this method 

can potentially identify in which direction the cone of depression extends and to what degree. This research 

aims to demonstrate that the gravity signals and groundwater density contrasts are significant enough to 
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make gravity gradiometry a feasible monitoring tool. Gravity gradiometry monitoring can potentially reveal 

when, where, and to what extent the drawdown happens across the entire study region. Therefore, it can aid 

in choosing the location of new wells and assist in monitoring the depth of the water table over time 

(Kennedy et al., 2016). Figure 1.1 describes the general approach of this study. Groundwater monitoring 

wells represent the traditional method that is still being used but has some drawbacks, e.g. only achieving 

very localized information about the reservoir (target). In this study, a network of gravimetry stations is 

proposed which would allow for a 3-D monitoring of the changes in drawdown or water table. Before such 

an approach can be implemented on site, this thesis is evaluating the feasibility of monitoring two 

groundwater reservoir models. The models consist of two layers, wet and dry packed sand. Water is 

extracted from 1 or 3 wells with varying pumping rates. The methodology includes the modelling of the 

groundwater reservoir, followed by forward modelling of the groundwater model output to estimate gravity 

signals, and finally the inversion of the gravity signals for reservoir density models. In this thesis, all data 

and models are synthetic and we do not claim that the entire parameter space is investigated, but we attempt 

to investigate two simple groundwater models with varying pumping rates assuming the specifications of 

an iGrav superconducting gravimeter by GWR. The schematic in Figure 1.1 underlines that the 

methodology consists of three numerical components, namely, hydrological modelling, gravity forward 

modelling, and gravity inversion modelling. 
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Figure 1.1 A schematic of the study approach. 

 

1.3 Objectives 

The objectives of the study are as follows: 

● Evaluation of the feasibility of monitoring the depletion/recharge of ground and surface water 

reservoirs using surface gravity gradiometry. 

● Evaluation of the feasibility of using time-lapse gravimetry to monitor groundwater table 

drawdown due to water extraction and adequate signal analysis. 

● Assessment of the ability to invert gravity data to recover three-dimensional density models. 

● Limitations of the method to identify groundwater development, sampling and well spacing. 

● The impact of gravity gradients on increasing resolvability compared to gravity alone. 
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1.4 Thesis outline 

 

Chapter 1: Introduction 

 

Chapter 1 outlines the scope, motivation, and detailed objectives of the research, as well as scientific 
contributions. 

 

 

Chapter 2: Literature review 

 

Chapter 2 aims to provide all of the background information needed to better understand Chapters 3, 4, and 

5. Gravity gradiometry theory, case studies, and gravimeters are described to provide necessary information 

for this study. Moreover, groundwater, forward, and inversion modeling are described in detail. 

Groundwater alternative monitoring techniques, and the advantages and disadvantages of each, are 

discussed. As the last part of chapter 2, the groundwater system containing the background information of 

the groundwater reservoir, depletion of groundwater, and groundwater flow are described. The software 

packages ModFlow and ModelMuse are used for modelling. 

 

Chapter 3: Combined groundwater and Gravity forward modeling 

 

In Chapter 3, the feasibility of monitoring the depletion/recharge of ground and surface water using forward 

modelling of time-lapse superconducting gravimetry to monitor groundwater dynamics over 40 days is 

evaluated. Groundwater dynamics are complex processes controlled by several parameters. Gravity and 

gravity gradient signals are forward modelled to estimate signal strength and spatio-temporal distribution 

of groundwater reservoir dynamics. The required sensitivity of the gravimeters, the monitoring intervals, 
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and the number/density of gravity stations, are evaluated. Forward modelling is achieved with IGMAS+ 

software.  

 

Chapter 4: Inversion modelling of gravity for ground water reservoirs 

 

Chapter 4 aims to provide a reference point of understanding the inversion process so that important issues 

such as non-uniqueness and data misfit can be evaluated. The objective of the inversion modelling for 

groundwater reservoirs is to produce the reasonable model which represents the important aspects of the 

groundwater system. Gravity inversions are run with limited constraints. The software used in this chapter 

is the UBC Geophysical Inversion Facility’s GRAV3D. 

 

Chapter 5: Sensitivity test: Survey sampling density and well separation 

 

Chapter 5 focuses mainly on the sensitivity tests - specifically investigating the sensitivity of the gravity 

survey towards estimating the groundwater drawdown. The survey or station sampling of the gravimetry 

network is varied to find the minimum number of stations required to resolve the drawdown pattern. The 

well pair spacing is a proxy for the spatial resolution of the drawdown variability, which can be resolved 

by the gravity network. Besides forward modelling results, inverse modelling results with varying well pair 

separation and survey sampling scenarios are shown. 

 

Chapter 6: Conclusions 

 

In Chapter 6, the objectives and respective conclusions are summarized, and an assessment of time-lapse 

gravity gradiometry and inversion modelling for groundwater reservoir monitoring is discussed. 

  



 

 

7 

Chapter 2 

Literature Review  

2.1 Gravity Gradiometry  

 

Geophysical methods are generally used to define the physical properties of the sub-surface, and can be 

divided into two distinct groups: passive and active methods. Passive methods are used to detect variations 

within the natural fields, such as magnetic and gravitational fields. Conversely, active methods, such as 

exploration seismology, include generated signals that propagate into the ground, and observed signals are 

used to identify the characteristics of the materials which they travelled through. 

 

Gravimetry is one of the most well-known geophysical methods. It measures variations in the Earth's 

gravity field caused by differences in the density distribution in the sub-surface. It should be underlined 

that the gravity field is the combination of the gravitational acceleration and the centrifugal acceleration, 

however, throughout this thesis, the centrifugal acceleration is neglected as it does not vary sufficiently 

across the model domain to be relevant. Gravity is affected by everything carrying energy and having a 

mass, and is a universal force existing in nature. Additionally, in groundwater application, the vital goal of 

studying detailed gravity data is providing a better understanding of the subsurface distribution of 

groundwater. The advantages of the gravity method are that it is a cheap, non-invasive, and non-destructive 

exploration method, and no energy is needed. Hence, the gravity method provides information which can 

be inverted for sub-surface models of density (Hofmann-Wellenhof, and Moritz, 2006).  

 

The gravity method depends on two laws derived by Newton, namely, Universal Law of gravitation in 

Equation (1) and the Second Law of motion. These two laws clarify that the force of attraction between two 
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known masses is attractive and is inversely proportional to the square of the distance separating them. 

Therefore, the greater distance separating them, the smaller the force of attraction between them (Figure 

2.1). 

 

 

 

 

 

 

Figure 2.1 Newton's law of universal gravitation. The attraction forces along the line separate two masses 

and are inversely proportional to the square of the distance between them 

 

 𝐹155555⃗ = 𝐹255555⃗ = 𝐹 = 𝐺
𝑀𝑚
𝑟;

�̆� (1) 

 

F (N or kg*m/s2) is the force acting between two masses M and m(kg), r(m) is the distance between the two 

mass centres, �̆� is a unit vector that extends from M to m, and G is the universal gravitational constant equal 

to 6.672*10-8Nm2/kg2.  

 

Newton's second law, which is shown in Equation (2), is described as the form of gravitational acceleration 

explaining the causes of motion, and can be used to connect mass with weight.  

 �⃗� = 𝑚�⃗� (2) 
 

M m 

𝐹155555⃗  𝐹255555⃗  

r 
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F is the force acting on a mass in (N), m is the mass of the object in (kg), and �⃗� is the gravitational 

acceleration of a mass in m/s2. The incorporation of Newton's law of gravitation and the second law is 

shown in (3) 

 𝑎 = 𝐺
𝑀
𝑟;
𝑟 (3) 

Gravitational acceleration (𝑎) on Earth near the equator is calculated with the given following parameters: 

Earth's radius (r) 6371km, Earth's mass (M) 5.98 x 1024kg and that is equal to 9.78m/s2. The sensitivity of 

newly developed instruments is about ten parts per million. Therefore, such small numbers have resulted 

in sub-units that are milligal (1mGal=10-3Gal), microgal (1µGal =10-6Gal), and one gravity unit (1 

g.u=0.1mGal). Gal, mGal and µGal are units used in geophysical exploration and their relation to SI units 

is shown in (4) 

 

 1 >?
@A
= 1𝐺𝑎𝑙 = 1,000,000𝜇𝐺𝑎𝑙 = 1,000mGal = 1,000*105m/s2 (4) 

 

As a result of the rotation of the Earth around its axis, centrifugal acceleration occurs on a unit mass (Torge 

and Mueller, 2012). Calculating the net gravitational forces of a unit mass on a rotating body such as the 

Earth requires incorporating the centrifugal acceleration. The gravitational force and the centrifugal force 

of the Earth are the only forces imposed on a body, resting on the Earth's surface (Hofmann-Wellenhof, 

and Moritz, 2006). 

 

Gravity acceleration (𝑔) is the sum of both the gravitational acceleration of an object (𝑎) of a mass and 

centrifugal acceleration of an object in motion (f), which is shown in Equation (5).  

 

 𝑔 = 𝑓 + 𝑎 (5) 
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The rotation of the Earth has an angular velocity (w) around the rotational axis (rad/s). P is the distance of 

the point mass from the axis of rotation (𝑝 =G𝑥; + 𝑦;). Centrifugal acceleration changes by ~0.5mGal/km 

in the direction of north-south. The centrifugal force f on a unit mass is shown in Equation (6). 

 

 𝑓 = w;𝑝 (6) 
 

 

Figure 2.2 explains the centrifugal force (𝑓):	where p is the distance of the point mass from the axis of 

rotation (z) and is equivalent to G𝑥; + 𝑦;, x and y are the distance from the center of the Earth to the 

surface, in their respective directions (Hofmann-Wellenhof and Moritz, 2006). 

 

 

 

 

 

 

 

 

Figure 2.2 The centrifugal force f modified from (Hofmann-Wellenhof and Moritz, 2006) 
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Centrifugal acceleration in this study is not included in the gravity signal. It is also considered to be constant 

for all the models presented as their dimensions are limited to a few hundred metres. Thus, in this work, 

gravity gradient and gravity refer to gravitational acceleration (a) and do not include centrifugal 

acceleration (f ) (Hofmann-Wellenhof, and Moritz, 2006). 

2.1.1 Gravity gradients 

 

Mass generates gravity and mass change causes the variations of the gravity field in time and space. This 

thesis considers groundwater reservoirs for anomalous gravity fields produced by an irregular mass 

distribution, which is described by changing density in time as well as space r(x, y, z, t).  

 

Resolving specific subsurface density variations requires that the anomalous gravity field (ga) must be 

separated from the background gravity field (g0) at an exact time (gt) in Equation (7) (Li, and Krahenbuhl, 

2015).  

 

 𝑔I5555⃗ (𝑟) = 𝑔J5555⃗ (𝑟) + 𝑔K5555⃗ (𝑟) (7) 
 

Currently, developed gravimeters measure the intensity of the gravity vector. The next processing step is to 

remove the background gravity field and to resolve the gravity anomaly vector ∆𝑔. This process 

mathematically can be expressed by (8): 

 

 ∆𝑔 = |𝑔J5555⃗ + 𝑔K5555⃗ | − 𝑔J5555⃗ ≈ 𝑔K5555⃗ 	. 𝑔J5555⃗  (8) 
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Gravity anomalies can be defined as vector fields with three directional components, x, y, and z. These 

directional components can be described as gravity vector components. The direction of the background 

gravity field known as the vertical gravity anomaly ∆𝑔Q is the vertical direction of the anomalous gravity 

field. Traditional gravity surveys measure the ∆𝑔Q component only, this study also assumes an instrument 

which only measures vertical gravity.  

 

The anomalous gravity field with a density contrast 𝑝 at a distance 𝑟 and 𝛾 for Newton’s gravitational 

constant can be expressed by (9) (Li and Krahenbuhl, 2015). 

 

 𝑔K5555⃗ = 𝛾∭T
𝑝
𝑟;
𝑑𝑣 (9) 

 

 The anomalous gravity field can be described as the gradient of the gravity potential (∅)  

 

 𝑔K5555⃗ = ∆∅ (10) 
 

The anomalous gravity field consists of 3 components, and a gradient vector can be defined for each 

component. Therefore, the gravity gradient tensor (T) has nine different components (Figure 2.3). Equation 

(11) can express those nine various components, where superscript T stands for transposition (Reynolds, 

2006). 
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Figure 2.3 The explanation of the relationship between gravity vectors	(𝐺W, 𝐺X	and	𝐺Q) and the tensor 

components	𝐺WQ, 𝐺QW ,	𝐺WX, 𝐺XW, 𝐺WQ, 𝐺QX	𝑎𝑛𝑑	𝐺XQ  

 

 𝐓 = ∆Z	𝑔K5555⃗ = ∆Z∆∅ (11) 
 

The gradient tensor (T) that defines the rate of the change of the three components of the gravity gradient 

can be expressed in a matrix form as seen in (12): 

 

𝐺Q 

𝐺W  𝐺X 

x direction 

y direction 

z direction 

𝐺XW  
𝐺WX  

𝐺QX  

𝐺XQ  

𝐺WQ  

𝐺QW  
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𝐓 = [
𝑇WW 𝑇WX 𝑇WQ
𝑇XW 𝑇XX 𝑇XQ
𝑇QW 𝑇QX 𝑇QQ

] =

⎝

⎜
⎜
⎜
⎛

𝜕;∅
𝜕𝑥;

𝜕;∅
𝜕𝑥𝜕𝑦

𝜕;∅
𝜕𝑥𝜕𝑧

𝜕;∅
𝜕𝑦𝜕𝑥

𝜕;∅
𝜕𝑦;

𝜕;∅
𝜕𝑦𝜕𝑧

𝜕;∅
𝜕𝑧𝜕𝑥

𝜕;∅
𝜕𝑧𝜕𝑦

𝜕;∅
𝜕𝑧; ⎠

⎟
⎟
⎟
⎞

 

(12) 

 

In this work, the components of gradiometry used are vertical gravity (Gz) and vertical gravity gradient 

(Gzz), which are mostly sensitive to vertical changes in density; horizontal gravity gradients (Gzx, Gzy), 

which are mostly sensitive to lateral and vertical variations in density; and horizontal gradient (HGz), which 

is the combination of horizontal gravity gradients in Equation (13) and is sensitive to both lateral and 

vertical changes in density. 

 
𝐻𝐺𝑧 = f𝐺QW; + 𝐺QX; 

(13) 

 

The modern gravimeters measure the strength of the total gravity field, and have the capability of measuring 

different components of the gravity gradient tensor and the spatial rate of change of the horizontal 

components of the gravity field. The time-lapse component of the gravity gradiometry surveys is favorable 

to monitor dynamic processes such as fluid substitution and mass redistribution (Li, and Krahenbuhl, 2015). 

Mass anomalies, such as topography and geology, lead to gravity effects that are identical for all time steps 

during monitoring. Consequently, the absolute density distribution in the reservoir need not be known. 

Further, there is no need to measure absolute gravity, relative gravity is sufficient to resolve the sub-surface 

density deistribution. Hence, relative gravimeters are assumed in this study. 

2.1.2 Data corrections to gravity observations 

 

Gravimeters usually do not directly measure gravity, but often a voltage or a length change. A meter reading 

that is collected from the field has to be multiplied with an instrumental calibration factor to generate a 
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value of observed gravity (gobs). The correction processes that are discussed below are also known as gravity 

data reduction (Li, and Krahenbuhl, 2015). 

 

Instrument drift: Elastic creep in the springs produces an apparent change in gravity at a given station, as a 

result of an apparent change, gravimeter reading changes (drift) with time. The instrument drift can simply 

be solved by repeating measurements at the same stations at different times of the data. The suggested time 

scale is every 1-2 hours. The range of drift of gravimeters can change between one gravity unit to ten mGal 

per hour.  

 

Earth's tide: For ocean tides, the water level in the ocean changes with the gravitational pull of the Moon 

and to a lesser extent of the Sun. Solid Earth tides behave similar and change gravity of up to three mGal 

with a major time period of about 12 hours. Tidal effects over short intervals can be resolved with repeated 

measurements at the same station. Earth tides represent the largest gravity signals over time scales of hours 

to days. Over the study areas discussed herein, the Earth tides are considered constant. 

 

Observed gravity: After applying both instrument drift and earth tides, gravity can be derived. 

 

Latitude correction and normal gravity (gn): This correction is removed from observed gravity (gobs) that 

explains both Earth's elliptical shape and its rotation. If Earth had no geological or topographic 

complexities, the gravity would be directly observed. The normal gravity for a given latitude (lat) is shown 

in Equation (14), 

 𝑔g 	= 978031.85m1.0 + 005278895𝑠𝑖𝑛;(𝑙𝑎𝑡) + 0.000023462𝑠𝑖𝑛s(𝑙𝑎𝑡)t	(𝑚𝐺𝑎𝑙) (14) 
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Free-air corrected gravity anomaly (gfa): The free-air corrections explain gravity variations that are caused 

by elevation differences in the specific observation locations. gn is defined as normal gravity. The form of 

the free-air gravity anomaly, gfa, and where h stands for the elevation (in m), at which the gravity station is 

above the geoid or the specified equipotential surface, can be expressed in Equation (15): 

 

 𝑔uK = 𝑔vw@ − 𝑔g + 0.3086ℎ	(𝑚𝐺𝑎𝑙) (15) 
 

Bouguer corrected gravity anomaly (gb) The Bouguer correction explains the excess mass underlying 

observation points located at elevations higher than elevation either at the geoid. gb is the form of the 

Bouguer gravity anomaly, rho is the average density of the rocks underlying the survey area. h is the 

elevation (in m), at which the gravity station is above the geoid or the specified equipotential surface.  

 

 𝑔w = 𝑔vw@ − 𝑔g + 0.3086	ℎ − 0.04193	𝑟ℎ𝑜	ℎ	(𝑚𝐺𝑎𝑙) (16) 
 

Terrain corrected or complete Bouguer gravity anomaly (gt): The terrain correction clarifies variations in 

the observed gravitational acceleration caused by topographic variations near each observation point. 

Regardless if the local topography consists of a mountain or a valley, the terrain correction is positive. The 

form of the terrain correction is expressed in Equation (17): 

 

 𝑔I = 𝑔vw@ − 𝑔g + 0.3086	ℎ − 0.04193	𝑟ℎ𝑜	ℎ − 𝑇𝐶	(𝑚𝐺𝑎𝑙) (17) 
 

Where TC is the terrain correction that stands for variations in the observed gravitational values caused by 

varying topography of the surrounding area (Santos and Rivas, 1999). 
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2.1.3 Gravity and gravity gradiometry case studies 

 

Although there are many gravity and gradiometry case studies, only a few of them have mainly focused on 

the potential of using time-lapse gravimetry to monitor groundwater-storage changes and aquifer reservoir, 

density changes caused by water flow, gas migration and bitumen depletion (Reynolds, 2006).  

 

Microgravity methods involve measuring minute changes in the force of the Earth’s gravity over time. Koth 

and Long (2012) evaluated groundwater storage in the karstic Madison aquifer in Black Hills of South 

Dakota. Gravity data were collected from 2009 to 2012 to be used to investigate whether or not gravity was 

an efficient method to monitor groundwater storage changes and effective porosity in unconfined areas. 

Changes in groundwater mass results in temporal-gravity changes that can be detected by using portable 

high-sensitivity absolute or relative gravimeters. To have accurate measurements of gravity, internal 

instrumental, and external environmental effects on gravity from raw data should be determined and 

removed. Koth and Long (2012) placed 9 gravity stations on bedrock outcrops in three different focus areas 

for their study. Gravity data collected from 3 different focus areas allowed them to interpret groundwater-

storage characteristics. Changes in sinking streamflow over the recharge area of the aquifer caused rapid 

groundwater-storage change that occurred in the aquifer beneath the gravity station at Spring Canyon. 

Another theory suggested by them was that changes in the sinking streamflow might have happened as a 

result of groundwater movement throughout conduits, fractures, and caverns that can be expected in a karst 

aquifer. Gravity data separated spatially and temporally demonstrated that horizontal and vertical 

heterogeneity of effective porosity was ranging from greater than 0 to 0.18%. The conclusion made by Koth 

and Long (2012) was that gravity is the method that can be used to detect the relationship between water 

level in an observation well and changes in groundwater storage. 
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Davis et al. (2008) utilized a time-lapse gravity survey to monitor an artificial aquifer storage and recovery 

(ASR) system in Leyden, Colorado. An abandoned underground mine was used as a subsurface water 

reservoir, wherein water from surface sources was injected into. Davis et al. (2008) conducted three gravity 

surveys over ten months during the first water injection stage. The time-lapse gravity was successful in 

monitoring the distribution of injected water and its movement. Their results proved that time-lapse gravity 

was an adequate tool to monitor aquifer storage recovery systems, and gravity anomalies successfully 

detected water distribution. They also proved that recently developed relative gravity instruments are a 

more cost-effective approach and useful for more comprehensive applications to monitor water influx. 

 

Christiansen et al. (2011) utilized the time-lapse gravity method to measure subsurface water content. Soil 

water storage changes over tens to hundreds of cubic meters can be identified by time-lapse gravimetry. 

The Scintrex CG-5, a relative gravimeter, has a resolution of 1𝜇𝐺𝑎𝑙. Systematic errors can cause a loss of 

accuracy, which is hard to detect. A 20m by 30m rectangular basin with a known water volume was used 

to control the instrument accuracy. Their work found a precision of 3𝜇𝐺𝑎𝑙 and accuracies of < 5𝜇𝐺𝑎𝑙 for 

the time-lapse gravity change.  

El Alfy et al. (2016) estimated geospatial variation of groundwater while exploiting relative microgravity 

measurements at the ground surface and water table measurement from adjacent wells. A portable Grav-

Map gravimeter was used to measure the water table at locations around 42 wells. Geological unit and water 

saturation were used to cluster gravity and water table measurements into five distinct groups. Following 

this process, both the depths to groundwater and the water table levels were used to help gravity data be 

processed, interpreted, and correlated. Regression analyses revealed a vigorous negative correlation for 

both gravity and depth to groundwater. This work showed that increasing groundwater fills voids and 

fractures within the soil and rock causes increases in rock density and thus relative gravity change. On the 

other hand, decreasing groundwater levels causes decreasing gravity. It was also proven by this work that 
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to reflect density contrasts below the surface, Grav-Map gravimetry is capable of measuring gravity 

anomalies to an accuracy of ± 1𝜇𝐺𝑎𝑙. 
 

Ferguson et al. (2008) used the 4D gravity method, analyzed and monitored a waterflood in the gas cap of 

the Prudhoe Bay reservoir, Alaska. The survey was conducted from 1994 until the end of 2002. It utilized 

5𝜇𝐺𝑎𝑙	precision A-10 absolute gravimeter and centimeter precision Global Positioning System (GPS), and 

consisted of 300 stations in a 150km2 area. The overall precision of the 4D gravity signal over epochs 2005-

2003, 2006-2003, and 2007-2003 was calculated at less than 10𝜇𝐺𝑎𝑙. The GPS and gravity measurement 

process caused noise that was approximately 7𝜇𝐺𝑎𝑙 in the survey area. In addition to Ferguson et al. (2008), 

Hare et al. (2008) also utilized 4D gravity to detect waterflood at Prudhoe Bay, Alaska. Monitoring water 

movement within reservoirs requires that gravity data must be precisely acquired, modeled, and interpreted. 

The 4D gravity method had a standard deviation of about 11𝜇𝐺𝑎𝑙. This study discovered that the waterflood 

was filling the gas cap at the assumed rate, but it was behaving non-symmetrically. Fault barriers restrained 

the waterflood and carried it in a different direction. Therefore, the 4D gravity methods can be used to 

produce the vertical and horizontal density-change distribution in the reservoir. 

Elliott and Braun (2017) modelled a proposed monitoring scenario of Steam Assisted Gravity Drainage 

(SAGD) reservoir using time-lapse gravity and gravity gradient. A portable superconducting gravimeter 

and a pair of instruments were proposed to prevent two significant hindrances, which are sub-𝜇𝐺𝑎𝑙 

sensitivity requirement and hydrological signal removal in the vicinity of the reservoir. The first step of this 

work was to forward model the gravity and gravity gradient signals for the changes in density after 1.25 

and 5 years of production based on a geological model of the area and simulated production data. The most 

significant outcomes revealed by this work were that time-lapse gravimetry successfully monitored bitumen 

migration in a realistic SAGD reservoir, and Gzz, Gzx, Gzy, and HGz were sensitive to measure vertical and 

lateral density changes caused by steam injection and bitumen extraction. Changes in density of -0.30 to 
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0g/cm3 over five years of production resulted in 2 to 50𝜇𝐺𝑎𝑙 gravity and 10 to 400𝜇𝐺𝑎𝑙/km gravity gradient 

signals. This study overall indicated that time-lapse gravity gradiometry can be used to monitor density 

changes in the reservoir with resolvable targets as small as individual depletion chambers. 

 

Taniguchi (2011) assessed both in-situ gravity measurement as well as satellite-based gravity from the 

Gravity Recovery And Climate Experiment (GRACE) to monitor groundwater variations. A combination 

of absolute, relative gravity measurements and GPS measurements were used to monitor groundwater 

variation and land subsidence. At the beginning of this project, several surveys were carried out to conceive 

the accuracy of the gravimeter that resulted in an accuracy of 10𝜇𝐺𝑎𝑙 (10nm/s2) GRACE, providing a 

relatively high precision gravity field from space, can detect the gravity changes that occurred due to larger 

scale groundwater changes. The study concluded that the gravity method was one of the most effective 

methods to measure mass changes over larger scale regions. Therefore, satellite gravity could be used to 

contribute to monitoring groundwater variations. Also, in this study the use of absolute gravimeters, such 

as A10 gravimeters, was recommended because some uncertainties might occur in the interpretation step 

of the relative measurements. Besides gravity measurement, total mass variations can also be obtained from 

GRACE, but only at scales greater than 200km. 

 

Eiken et al. (2004) carried out four surveys of relative gravity and depth measurement, monitored gas 

production in Norway’s Troll gas field. The completed four surveys showed that gravity precision improved 

from 26𝜇𝐺𝑎𝑙 to 4-5𝜇𝐺𝑎𝑙	in two survey in 2002 and 2005. Oil production and downward moving gas-oil 

contact caused gravity to decrease in Troll West. Furthermore, changes in gas-liquid contact in the 

observation well also corresponded with the gravity changes. The results of the time-lapse gravity 
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measurement have a higher vertical resolution than the time-lapse seismic data that was proven by material 

balance estimates. 

 

Gasperikova and Hoversten (2008) exploiting the gravity method, assessed monitoring of CO2 movement 

during the operation of enhanced oil recovery (EOR) for a reservoir at a depth of 1900m. The bulk density 

can be changed by injecting CO2 into an oil reservoir. Therefore, they discovered that changes in the 

reservoir density can lead to a change in the vertical component of gravity (Gz). Fluid saturations existing 

in the vertical section of the reservoir changed, which was identified by time-lapse changes in the borehole 

(Gz). 

Van Gelderen et al. (1999) used gravity and gravity gradiometry monitoring to detect mass extraction from 

gas production carried out in the Groningen gas field in the Netherlands over a period of 18 years. With the 

improved gravity monitoring system, a systematic error, existing in the previous survey due to the 

inefficient measurement, prevented the use of both the production and reservoir models that make this 

method feasible. The random error existing in gravity values was small enough to detect the effect of gas 

extraction over a couple of years (2𝜇𝐺𝑎𝑙/𝑦𝑒𝑎𝑟). 

2.2 Gravimeters 

2.2.1 iGrav superconducting gravimeter 

 

Spring-type gravity meters, used in a various geophysical survey, have a disadvantage, which is the drift 

caused by conditions and humidity affecting the spring and mechanical parts. This problem was solved by  

GWR Instruments Inc., replacing the mechanical spring with the levitation of a test mass using magnetic 

suspension. The iGrav Superconducting Gravimeter is a relative gravimeter developed by GWR 

Instruments Inc and is shown in Figure 2.4 (Warburton et al., 2010). The iGrav Superconducting gravimeter 
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(SG) is portable and capable of field operations compared to its pre-decessor, the observatory style 

gravimeter. It has an ultra-low drift of less than 0.5𝜇𝐺𝑎𝑙/month, a constant scale factor, and has a precision 

of 1nGal in the frequency domain and 0.05𝜇𝐺𝑎𝑙	in the time domain. Additionally, the iGrav 

superconducting gravimeter is 100 times more sensitive than the CG5 relative gravimeter, as well as being 

more stable and having the highest sensitivity compared to any portable relative gravimeter. The 

superconducting sensor in the instrument is not capable of solving local changes in pressure, humidity, and 

temperature. The iGrav was designed to reduce the cost, size, and weight of the SG. Therefore, the iGrav 

weight is 30kg, the height is 102cm, the diameter is 36cm, and the volume is 16L of liquid helium. 

Implementing a refrigeration system helps the iGrav to cool down from room temperature to 4 Kelvin using 

the refrigeration cold head and the cold head helium gas supplied from a gas cylinder to fill the dewar 

(Warburton et al., 2010). 

 

 

 

 

 

 

 

 

 

Figure 2.4 iGrav Superconducting Gravimeter (Warburton et al., 2010).  
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Several iGrav superconducting gravimeter studies have investigated the use of this instrument for 

gravimetry surveys. Kao et al. (2014) created an artificial model to evaluate the capabilities of the iGrav 

and detect small gravity changes. In this study, two simulations and four experiments were carried out that 

mainly focused on short terms gravity anomalies, such as gravity changes, step functions, repeat 

observations, and gradient measurement from the iGrav results. The iGrav successfully detected small 

changes in gravity with a weight restriction implemented on the top of the iGrav. Additionally, Güntner et 

al. (2017) and Kennedy et al. (2016) also used the iGrav to monitor water storage changes. 

 

2.2.2 The absolute quantum gravimeter 

 

A Quantum gravimeter, which is developed by Muquans Inc., relies on atom interferometry and also has 

high sensitivity, long-term stability, and accuracy. It is a transportable quantum gravimeter, which is light 

and portable for the field measurement, and can be used to measure the absolute gravitational acceleration 

with a long-term consistency below 10nm/s2(1𝜇𝐺𝑎𝑙). Two surveys in Talence and Larzac in France were 

carried out to evaluate its feasibility and transportability. As a result of these surveys, it was demonstrated 

that a high-level performance for a complex system can be measured better than 10nm/s2 (1𝜇𝐺𝑎𝑙) with the 

operation for over one month with long-term stability (Ménoret et al., 2018). 

2.2.3 A10 portable absolute gravimeter 

 

The A10 portable absolute gravimeter has an accuracy of 10𝜇𝐺𝑎𝑙	(absolute), a precision of 10𝜇𝐺𝑎𝑙 for 10 

minutes of measuring in a quiet environment. The A10 has three main parts: an upper vacuum chamber 

consisting of the mass elevating and dropping mechanism, a laser interferometer located in the middle, a 

stabilizing system located at the bottom. The A10 surveys can be conducted in the field between -15°C and 

35°C and don't require a repetitive measurement due to not having drift issues. Kazama et al. (2013) 
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investigated regional spatio-temporal variations of ice mass distributions with a portable absolute 

gravimeter in East Antarctica. The primary purpose of this study was to detect gravity changes caused by 

postglacial rebound. This study suggested that if gravity measurements are conducted at a stable site, and 

all corrections are made precisely, A10 gravimeters can be more precise than 10𝜇𝐺𝑎𝑙. Ayhan et al. (2015) 

also used A10 portable absolute gravimeter in the Kingdom of Saudi Arabia to define a gravity datum. This 

work, consisting of 50 stations at 25 different locations, showed that total uncertainties were ± 2 and ± 

6𝜇𝐺𝑎l. A10 successfully provided a gravity datum and scale calibration.  

 

2.2.4 Burris gravity meter 

 

The Burris Gravity Meter, developed by ZLS corporation, utilizes a zero-length spring that stands for very 

low drift. The estimation of the resolvability found by the manufacturer is 1𝜇𝐺𝑎𝑙, and the standard deviation 

is better than 3𝜇𝐺𝑎𝑙. This gravity meter was used by Jentzsch et al. (2018) to evaluate both single and 

continuous observation. The observed drifts were less than 0.3mGal per month, and it was therefore found 

that there were no systematic errors. The results of this study proved that the Burris gravity meter was 

reliable for both single and continuous observations, and the system of this instrument covers control, 

maintenance, high resolution, coordinates, data transfer, and also the organization of the data. Another 

survey using the Burris gravity meter was performed by Kobe et al. (2019) to detect the mass loss and 

ongoing subsidence in an urban area of Germany. In this study, 17 high precision time-lapse gravimetry 

and 18 leveling campaigns were performed and revealed an ongoing subsidence of up to a vertical 

deformation of 30.4mm a-1 with a noticeable spatio-temporal variation. There was also an essential time-

variable gravity decrease up to 8𝜇𝐺𝑎𝑙 over four years (a gravity decrease of 1-2𝜇𝐺𝑎𝑙	annually). 
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2.2.5 Scintrex CG-3, CG5, and CG6 gravimeters 

 

Scintrex CG-3 was the first advanced and portable relative gravity meter. Its sensor is made from fused 

quartz with capacitive displacement sensing with a range of 7000mGal. This instrument can automatically 

account for Earth's tides and tilts. Hugill (1990) evaluated the use of the Scintrex CG-3 and surveyed in 

China and Canada. The result of this study proved that the instrument measured gravity differences are up 

to 250mGal with a precision better than 0.01mGal. It also successfully worked under harsh survey 

conditions with an accuracy of 0.018mGal. Moreover, Bonvalot et al. (1998) exploited Scintrex CG-3 

meters to monitor active zones with a continuous time series of gravity measurements. 

 

The results obtained over a number of weeks showed that the gravity residuals were changing from 5 to 

10𝜇𝐺𝑎𝑙 and the filtered and unfiltered data were ranging 10 to 15𝜇𝐺𝑎𝑙. More importantly, permanently 

located Scintrex CG-3 set up a few kilometers apart from each other can potentially detect temporal 

variations of the gravity field with an accuracy of 5-15𝜇𝐺𝑎𝑙. This range of accuracy can be varied related 

to the geodynamical and environmental processes, in which the expected gravity changes are greater than 

a few tens of 𝜇𝐺𝑎𝑙. CG-5 gravity (Figure 2.5), developed by the Canadian firm Scintrex, was used by 

Yushkin, (2011). The results of this study showed that the errors in the gravity field surveyed can be 

significantly lowered. It was also proven in this study that the quality of the instrument and measurement 

points have an impact on the errors. The mean square error between reference points did not exceed ± 

1.2𝜇𝐺𝑎𝑙 (1,2.10-8m/sec2). The measured error was less than ± 2.0𝜇𝐺𝑎𝑙 (2.10-8m/sec2) in two measurements 

at 150 points over an area of 2500km2. 
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Figure 2.5 The Scintrex CG-5 (Scintrex, 2012) 

Saibi et al. (2019) used Scintrex CG-6 gravimeter to define the distribution of subsurface density in the 

United Arab Emirates (UAE). The gravity measurements, carried out at 452 stations, showed that the 

Bouguer anomaly values were varying from -21.5 to 10.8𝜇𝐺𝑎𝑙. Thrust faults caused the high Bouguer 

anomalies measurement in the eastern part of Al-Ain region. The power spectrum analysis also showed the 

different geological layers: a deeper layer from 2 to 6km representing Cretaceous formations and a 

shallower layer from a depth of 0.5 to 2km representing Tertiary formation. 

2.3 Alternative Groundwater Monitoring Techniques and applications 

 

Alternative groundwater monitoring techniques in addition to gravity gradiometry survey are groundwater 

monitoring wells, electromagnetic, electrical resistivity tomography, 4D seismic, microseismic, borehole 

radar, and MEMS accelerometers surveys. 
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Groundwater monitoring well 

 

In developing countries, groundwater management plays a crucial role, and it is, therefore, essential to 

assess and manage the water resources that are being used extensively. Mogheir and Singh  

(2002) used groundwater monitoring well to gain more information about groundwater management and to 

monitor the groundwater level. Groundwater movement existing in marshes can also be affected by tidal 

fluctuations, evapotranspiration, and the infiltration of rainwater (Gardner, 2009). 

Electromagnetic surveys 

 

Electromagnetic surveys have extensive applications, one of which is to solve hydrogeological problems. 

The main reason why the EM methods are preferred compared to another geophysical method is that the 

EM method does not have to be directly in contact with the ground. The speed of EM applications is much 

higher than an equivalent survey requiring ground coupling. The electromagnetic techniques can be mainly 

divided into groups as either time-domain (TEM) or frequency-domain (FEM) systems. They can be either 

passive, using natural ground signals, or active, where an artificial transmitter is used both in the near-field 

or in the far-field Reynolds (2006). Corriols et al. (2009) used the electromagnetic method to obtain both 

geological and hydrogeological information of the Leon-Chinandega in Nicaragua. Two transient 

electromagnetic soundings (TEM) with a separation sounding of 250m was carried out in the study area. 

The objectives of this study were to test and analyze the applicability of TEM. Furthermore, the results 

obtained from TEM compared to continuous vertical electrical soundings (CVES) showed that TEM 

presents more details, specifically in geologically complex areas. TEM results proved that a three-layered 

geological structure could be resolved with a method of TEM, and the penetration depth for the TEM 

reached a depth of 100m. 
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Electrical resistivity tomography  

 

Electrical resistivity tomography (ERT) methods have used to monitor both groundwater sources and types 

of groundwater pollution in shallow investigations. The essential advantage of ERT is that the entire array 

can be established and carried out by one person. The acquisition of apparent resistivity data is mainly 

controlled by the software (Reynolds, 2006). Hamzah et al. (2006) utilized the ERT method to describe 

groundwater aquifer and marine clay layer of the alluvial Quaternary deposits consisting of peat and clayey 

materials and the Gula formation consisting of clay, silt, sand, and gravels. The result of this study 

underlined that the bedrock surface was detected at a depth of 40-70m, as well as the thickness of the aquifer 

zone about 10-30m. Furthermore, resistivity imagining can adequately define the location and thickness of 

groundwater aquifers and the mapping of bedrock in shallow depth. In addition to this work, the flow of 

groundwater from heavy rain was conducted by Suzuki and Higashi (2013). This work was carried out in 

an area where heavy rain weathered rocks and performed for 42 days. During these measurements, it was 

detected that resistivity decreased up to 8% in highly porous zones in heavily weathered rocks. This work 

revealed the relationship between resistivity changes and rainfall depended on the permeability of the 

geological structure. Corriols et al. (2009) also used the ERT method to investigate the 3D geometric extent 

of the aquifers, different zones in the aquifers and to define aquifer boundaries. The results of the ERT 

method were useful to build a hydrogeological model of the aquifers and basis for guidance for future 

drilling. 

Seismic surveys 

 

Time-lapse (4D) seismic surveys are used in reservoir monitoring at high spatial resolutions and over 

specific time intervals. In 4D seismic surveys, seismic images of the reservoir should be modeled, and 

seismic attributes between different time steps should be fixed with reservoir conditions and properties. 
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This survey generally provides proper response changes around the well, and helps to visualize the fluid 

movement. Vp (primary wave velocity) and Vs (secondary wave velocity) are, respectively, sensitive to 

changes in fluid density and reservoir temperature. The seismic survey has to be performed every one to 

three years. (Tøndel et al., 2011). This method has recently become more prominent for reservoir 

management to provide evidence of saturation changes within the reservoir (Efnik et al., 2016). 

Microelectromechanical system accelerometers (MEMS)  

 

Microelectromechanical systems (MEMS) are usually used as a joint method for both seismic and gravity. 

This system is generally small, inexpensive, portable, and has a low drift. It can precisely monitor seismic 

events and density changes.  

The main advantage of this system is that random vibration noise does not interfere with data sets. The 

currently developed MEMS systems are incapable of measuring 𝜇𝐺𝑎𝑙 signals. On the other hand,, 

Middlemiss et al. (2016) developed a MEMS gravimeter prototype that is capable of reaching a sensitivity 

of 40𝜇𝐺𝑎𝑙𝐻𝑧��/;. 

 

Ground-penetrating radar (GPR) 

 

Ground-penetrating radar (GPR) is a popular geophysical method using radar pulses to image the 

subsurface. Based on the primary antenna frequencies, ground-penetrating radar can be classified into two 

different categories. Geological applications, especially groundwater investigation, where depth penetration 

is more significant than resolution, can be carried out with a frequency of less or equal to 500MHz. 

Engineering applications, such as road pavement analysis, concrete testing, and looking-ahead during 

directional drilling, generally use antennae with frequencies of higher or equal to 500MHz (Reynolds, 
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2006). One of the advantages of the ground-penetrating radar (GPR) method is that it can produce rapidly 

and efficiently continuous high-resolution profiles at any desired location. Dhakate et al. (2015) have 

investigated to define the location of freshwater pockets in India. As a result of this study, the GPR 

application was found to be rapid, accurate, and able to perform with a good resolution no matter whether 

the depth is at a few centimeters or a few tens of metres (Dhakate et al., 2015). The drilling well location, 

which was recommended after using GPR, ranges from 1300 to 4900 liters per hour (lph). Ground-

penetrating radar can also be used to view shallow soil and rock conditions (Davis and Annan, 1989) . Davis 

and Annan (1989) have explained how GPR was utilized to determine and locate a plume of contaminated 

water seeping out from a landfill site. Additionally, this study showed the range and resolution increases 

with the absence of conductive materials, such as clays, silts, or soils with conductive pore water. 

2.4 Forward Modelling 

2.4.1 Forward model theory and concepts 

 

Forward modelling is a useful geophysical tool. It uses integral equations, and geological and geophysical 

information, to estimate one or more physical parameters of the sources from a sub-surface model. In other 

words, modelled data can gain a physical meaning with forward modelling (Blakely, 1996). The Earth's 

structure can be explored by applied geophysical methods such as gravity, magnetics, and induced 

polarization. Geophysical methods mainly infer the structure and composition of Earth's subsurface from 

surface or airborne platforms. Forward modelling creates the signals, e.g. an anomaly, related to the sub-

surface model. The signals are simulated from the model and processed through integral equations. 
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2.4.2 IGMAS+ forward modelling 

 

IGMAS+ (Interactive Geophysical Modelling Application System) is an interactive modelling software that 

both processes and interprets potential field data, gravity, and gravity gradient signals for geophysical and 

geological models. IGMAS+ can forward model and calculate gravity and gravity gradients (Schmidt et al., 

2010). Its users can build a simulated model and assign and alter physical parameters and properties. Users 

can also calculate both the gravitational and magnetic response, and modify and visualize models in 2D or 

3D in real-time (Götze and Lahmeyer, 1990). The gravity and gravity gradient components do not consider 

centrifugal acceleration but include gravitational acceleration in the entire calculations. Reconstructing the 

volume integral into a sum of line integrals calculates gravity signals for the whole volume, which can be 

defined by users, denoted as sections in this interactive modelling software. IGMAS+ can additionally 

provide an option to visualize calculated and measured gravity and gravity gradient signals in a two-

dimensional cross-section view, a two-dimensional surface planar view and a three-dimensional view. 

Model voxels and the interface can be either imported or modified through a graphical user interface 

(Schmidt and Barrio-Alvers, 2014). 

The following equations are used to calculate the gravity and gravity gradient anomalies of the volume of 

mass points at each gravity station: 
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R is the radius from stations to center of mass (for sphere) 𝑅 = G(𝑥; + 𝑦;) 

𝐺 is gravitational constant 6.674*10-11kg-1 m3 s-2. 

𝜌 is the mass density of model while x, y, z are distance components between the centre of mass and station 

coordinate. 

𝑔Q	is the vertical gravity component. 

𝑔QW	is the derivative of the vertical gravity against to x-axis. 

𝑔QX  is the derivative of the vertical gravity against to y-axis. 

𝑔QQ  is the vertical gravity gradient component. 

Several studies exploited IGMAS+ to forward model and to solve different geological problems, such as 

crustal indentation, wedging, salt dome, tectonic environments, and Gemeric granites. Šefara et al.(2017) 

did extensive geological and geophysical research of the Gemeric granites to solve both structures and 

tectonic evolution of Western Carpathians. Thus, IGMAS+ was used to create a 3D density model of the 

Gemeric granites. Firstly, the geometry and position of Gemeric granite bodies were estimated by using 

previous geophysical research and surveys. Secondly, based on determined shape, location, and physical 

parameters of the Gemeric granites, a 3D density model was constructed, where several vertical planes were 

included. The modelled bodies were changed until a good fit was obtained, which can be achieved through 

trial and error. The created 3D density model helped to give a better understanding of the upper and lower 
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boundaries, and the average thickness of the Gemeric granites. Dubey et al. (2014) created a density model 

to decipher the geometric structure of a salt dome and to calculate gravity and gravity gradients. Geological 

and borehole information that was used constrained the model. The gravity and gravity gradient signals 

helped to solve the complex 3D geometry of the salt dome and define its flanks. Overall, the side of the salt 

dome was determined by using the gravity gradient rather than using the gravity signals. Bilgili et al. (2009) 

investigated whether or not there is a possibility for the existence of the Bramsche Massif in the Northwest 

German Basin. In this study, an existing intrusion model was compared with an inversion model. Three 

different intrusion structure models were created using IGMAS+. The final model was selected that fit best 

with the measured gravity field. This study showed that even if a carefully constrained density model exists 

in complicated tectonic environments, it can provide insight into the crustal structure. Pedreira et al. (2007) 

evaluated the presence of the complex crustal structure of the boundary zone between the Iberian and 

European plates. IGMAS+ was used to build the model and calculate the 3D gravity response. The structure 

of the 3D density model was developed along parallel vertical sections. As a result of forward modelling, 

a fit between observed and calculated anomalies was obtained. The model was constrained by seismic and 

explained the gravimetric anomalies over the area. Elliott (2016) investigated the feasilibity of monitoring 

the depletion of an aquifer using superconducting gravimetry. The aquifer assessed in this study was located 

in the Rocky Mountain foothills at Skookumchuck, British Columbia. There were four pumping wells, two 

surface intake wells, and one mill-water supply well. The purpose of this study was to evaluate if additional 

vertical groundwater wells could can be installed with the prevention of depleting the water in a nearby 

creek. The iGrav superconducting gravimeter sensitivity was found capable of recording the magnitude of 

the gravity and gravity gradient signals of a shallow aquifer as well as the surface water depletion. The 

results of gravity and gravity signals additionally emphasized that depletion occurred around the well, and 

did not extend to either the creek or the river. 
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2.5 Inversion Modelling 

2.5.1 Inversion modelling theory and concepts 

 

The inverse problems have the opposite procedure of the forward problems and attempt to recover 

parameters from the geophysical measurements. Inversion modelling is a method using observed 

geophysical field data to construct physical property models of the subsurface. Inversion models can be 

easily interpreted compared to the original data and can provide a better insight into the underground 

(Menke, 1984). An infinite number of models can produce the data; it is, therefore, fundamentally called 

non-unique (Li and Oldenburg, 1998) (Li and Oldenburg, 1996). This non-unique problem can be solved 

by incorporating additional information/constraints to the problem, including petrophysical data, surface 

and subsurface geological information. The inverse problem can be derived by using the following Equation 

(22): 

 

 𝑑 = 𝐺𝑚 (22) 
 

Where d = (d1….. dN)T is geophysical data, m=(m1…… mN)T is the set of model parameters. The relationship 

between data sets (d) and model parameters (m) can be explained with G that is called either the model or 

general principles. 
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2.5.2 The UBC-GIF inversion software 

 

The UBC-GIF software is developed by the University of British Columbia Geophysical Inversion Facility 

(UBC-Geophysical Inversion Facility, 2005). The primary purpose of this software is to invert geophysical 

data through 3D geological structures as well as to provide forward models.  

The software uses different algorithms and requires anomalous corrected data for iterations. In this study, 

UBC-GIF module GRAV3D is used to invert gravity data that requires a few input files to run inversion. 

2.5.2.1 Tikhonov regularization 

 

The inverse problem that is shown in Equation (23) and its solution requires regularization. The inverse 

problem is minimized as an optimization problem. The goal of Tikhonov regularization is to compute the 

minimizer, m, for the model objective function 𝜙 where 𝜙? is the model objective and 𝜙�  is the data misfit 

(Figure 2.6). 

 𝜙? 	= 𝜙�(m) + 𝛽	𝜙?  (23) 

 

 𝑚�v� ≤ 𝑚� ≤ 𝑚���� (24) 

 

 𝛽 > 0 is the trade-off parameter that controls the smoothness of the model by balancing the data misfit and 

model objective function. 𝑚�v� and 𝑚���� are the lower and upper bounds for the ith iteration model cells 

(Oldenburg and Pratt, 2007). 
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 𝜙�  

 

 

 

 

  𝜙? 

Figure 2.6 Trade-off Tikhonov curve, the dashed line indicates the ideal misfit 

The Tikhonov curve usually has the shape of an L. 𝜙�  would be selected if the data errors were well 

estimated. Even if they were not adequately defined, some other points on the curve could be chosen. 

 

2.5.2.2 The data misfit  

 

The residual between the data 𝑑vw@ and the theoretical predictions of the forward model F(m) can be 

measured by the data misfit (Oldenburg and Pratt, 2007). The following equation can express the 

relationship between observed and predicted data as seen in (25): 

 

 𝑑vw@ = 𝐹(𝑚)+∈ (25) 
 

Where ∈ is the measurement error, and F(m) is the forward operator. Each datum, 𝑑�, contains assumed 

Gaussian measurement errors with a standard deviation of ∈ which can describe the data misfit in 

Equation (26): 

 

𝜙∗𝑑 

𝛽 → ∞ 

𝛽 → 0 

𝛽∗ 
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(26) 

 

Where 𝑑�vw@𝑎𝑛𝑑	𝑑�
����  are observed and predicted data, respectively, and N is the number of data. If 

reasonable estimates of the standard deviation and the other assumptions regarding Gaussian independent 

errors are made, then the expected misfit is as in Equation (27): 

 

 𝐸[𝜙�] ≈ 𝑁 (27) 
 

2.5.2.3 The model objective function 

 

The model objective function approaches the problem of non-uniqueness by incorporating a priori 

geological information to the inverse problem and quantifying various characteristics of the model. Surface 

and subsurface data, e.g. petrophysical data, can provide a reference model, mref. Therefore, the model 

objective function produces a geophysically interpretable model. It provides a solution towards a reference 

model and requires that the model be relatively smooth in three spatial directions (Oldenburg and Pratt, 

2007) (Li and Oldenburg, 1996). 
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The first integral component is related to the smallness, and the last three integral components are related 

to the smoothness of the difference between the recovered and the reference model that is measured in the 

direction of each of the three orthogonal axes. Similarly, the parameters 𝑎@, 𝑎W, 𝑎X	and 𝑎Q are spatially 

dependent coefficients, and they affect the smoothness in the three cardinal directions. The 𝑎	coefficients 

can be used as 𝑎W,𝑎X	Kg�	𝑎Q where the Earth is horizontally stratified. 𝑤�  is a depth weighting function 

which controls the geometrical decay of the sensitivity with the distance from the observation location 

(Oldenburg and Pratt, 2007) (Li and Oldenburg, 1998).  

2.5.3 Alternative inversion modelling techniques 

 

The deterministic problem which UBC-GIF uses to solve the inversion problem does not provide a rigorous 

assessment of uncertainty that reflects the limitations of geophysical modelling and specific datasets. 

Additionally, the UBC-GIF can translate input variables into particular outputs, which are a particular set 

of equations. Thus, different approaches to solve the inversion problem emerged.  

 

The first alternative technique exploited to solve inversion problems is stochastic inversions that provide a 

sampling-based measure of uncertainty, but it is not straightforward to be used for non-experts. The 

allowances of the statistics of the stochastic inversion are variances that better yield measurement 

sensitivities than deterministic techniques and models defined by the median and modes of parameter 

probability density functions, which can generate data sets that are coherent with the observed data 

(Trainor-Guitton and Hoversten, 2011). An evaluation of the space of models that are consistent with the 

data requires a significant interpretation of geophysical measurements, and a single model does not have 

information about parameter uncertainty. For this reason, a trans-dimensional Bayesian Markov chain 

Monte Carlo (MCMC) model is developed to evaluate frequency domain electromagnetic (FDEM) 

processes. Valuable inferences, such as depth to an interface, can be derived from sampling the dispersion 
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of models that are rational to both measured data and any previous geological-geophysical knowledge. The 

advantage of a trans-dimensional algorithm is that the number of layers, which are controlled by the data,  

can be a free parameter (Minsley, 2011).  

 

Bayesian stochastic inversion (BSI) is developed based on the Bayesian inference model that conveys 

uncertainty with a posteriori probability density (PPD) function. PPD is generally used to balance 

approximations of the optimal model parameter values with estimating uncertainties over parameters of 

multidimensional PPD function and covariances (Jackson et al., 2003). BSI mainly uses an importance 

sampling technique based on multiple very fast simulated annealing (VFSA), which is a function examining 

the global minimum by using a temperature analogy of annealing reaching the lowest energy (Xia et al., 

2004). 

 

The trade-off between efficiencies in identifying optimal model parameters and the computational effort 

spent on mapping the multidimensional PPD should be a main consideration while conducting geophysical 

inversions (Bosch and McGaughey, 2001). The complex mathematical inversion calculation can be costly 

and require a considerable amount of time to compute. The efficiency of the inversion can determine an 

absolute uncertainty analysis. The BSI algorithm is a useful tool that can be used as a significant inversion 

technique due to the requirement of twice the number of model evaluations than the alternative methods. 

Therefore, this is undoubtedly more efficient to be utilized than higher accuracy uncertainty evaluation 

methods (Jackson et al., 2003). 

 

A cooperative inversion is the estimation of a subsurface model that is consistent with various independent 

data sets, such as surface, borehole, geophysical, forward modelling data. This method is a sequential 
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inversion that obtains a model and usually achieves the inversion results by using the output of individual 

inversions of a single data type and afterward exploiting the output results as a reference model to constrain 

the further inversion model (Lines et al., 1987). Joint inversion is a method solving inversion problems with 

a model that simultaneously covers all information about lithology and material parameters. For this reason, 

joint inversion is a more realistic geological model as it allows for improved constraints to be implemented. 

Uncertainties can be better evaluated than single deterministic data where the models and data can generate 

statistical parameters. The disadvantage of using joint inversion is the increased complexity of its 

implementation and much higher computational costs (Bosch and McGaughey, 2001). 

2.6 Groundwater Modelling 

 

Groundwater modelling is a scientific and predictive tool that is mainly used to find the best solutions to 

water allocation, surface water and groundwater interaction, as well as the effect of newly developed 

extraction or injection scenarios. Groundwater models provide a piece of information that helps to solve 

the complex groundwater system behavior and helps to develop a theoretical understanding (Baalousha, 

2009). A groundwater model is a computer-based representation of the fundamental features of the 

hydrogeological system. It relies on two main components, a conceptual model and a mathematical model. 

The conceptual model pictures the hydrogeological understanding of the critical flow processes of the 

system, and the mathematical model is a set of equations that are based on assumptions which quantify the 

physical processes active in the aquifer systems. Hydraulic heads and groundwater flow rate within and 

across the boundaries can be simulated with a groundwater model that provides the estimation of water 

balance and travel times through flow paths. The accuracy of groundwater models compared to a real 

scenario depends on the representativeness of the input data and parameters. Acquired hydrological data, 

such as rainfall, evapotranspiration, irrigation, drainage, and the model parameters, such as pumping tests, 

are crucial to the applicability of a groundwater model (Kumar and Nayak, 2017). Groundwater models can 
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be one-dimensional analytical solutions, spreadsheet models, and or complicated three-dimensional models 

(Olsthoorn, 1985). 

The steps in groundwater modelling include (Figure 2.7).  

• The collection of data consists of the accumulation of the related data sets, such as hydrology, 

geology and geochemistry of the respective site. 

• The selection of a computer code mainly depends on which dimensional modelling will be 

generated.  

• The preparation of the field data, the data (geological, hydrogeological), which are collected from 

the field, should be in an appropriate file format. 

• A calibration and sensitivity analysis is done to check whether or not model simulations match the 

field observations. The sensitivity analysis should also be used to monitor the overall sensitivity of 

the numerical model to specific input parameters. 

• After calibration and sensitivity steps are adequately applied and analyzed, the model is ready to 

be used as a management tool for decisions where the response of a system is forecasted 

(Baalousha, 2009). 
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Figure 2.7 The steps methodology of groundwater modelling (after Baalousha, 2009) 

In this thesis, Modflow and ModelMuse are used to perform groundwater modelling. 

2.6.1 MODFLOW 

 

MODFLOW was developed by U.S Geological Survey (USGS), and is a two- and three-dimensional finite-

difference groundwater modelling system that simulates different systems, such as water supply, 

containment remediation, and mine dewatering. A physical explanation of the concepts used in the 

construction of the model is allowed by the finite-difference method that makes MODFLOW able to be 
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readily learned, enhanced and modified to present sophisticated features of the flow system (Harbaugh and 

Arlen, 2005). The predominant advantage of MODFLOW is that it can be simply used and maintained, it 

can be executed on different computer systems with minimal transformation, and it is capable of managing 

large data sets when running large groundwater models (Jones et al., 2005) The most effective MODFLOW 

model can be modeled with a large amount of information and a complete description of the flow system. 

The area to be reproduced must be divided into cells with a rectilinear grid that results in layers, rows, and 

columns. Figure 2.8 shows a sample of MODFLOW three-dimensional hypothetical grid. Divided blocks, 

where the medium properties are assumed to be uniform, show the flow region. The blocks consist of a grid 

of equally perpendicular lines. Each model layers can have various thicknesses (Harbaugh et al., 2000). 

 

 

 

 

 

 

 

Figure 2.8 A three-dimensional hypothetical aquifer grid (Harbaugh et al., 2000) 

MODFLOW-2005 is capable of producing both steady and non-steady flow in an irregularly shaped flow 

system where aquifer layers can be defined as confined, unconfined, or the combination of both. 

MODFLOW-2005 can simulate flow to wells, recharge, evapotranspiration, flow to drains, and flow over 

river beds (Harbaugh et al., 2000). Hydraulic conductivities or transmissivities for any layer might vary 

spatially and can be anisotropic. Additionally, specified head and specified flux boundaries can be produced 
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as a head-dependent flux across the model's outer boundary allowing the water to be used as a boundary 

block in the modelled site at a rate proportional to the current head difference between a source of water 

outside the modelled area and the boundary blocks (McDonald and Harbaugh, 1984, Harbaugh and Arlen, 

2005).  

 

MODFLOW-2005 uses the governing three-dimensional flow equation that is the combination of Darcy's 

Law and the principle of conservation of mass. MODFLOW solves a volume-averaged form of Equation 

(29)  
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 Kx, Ky, Kz are the hydraulic conductivity [m/s] values for the x, y, and z coordinate axes oriented to the 

principal axes of hydraulic conductivity. 

 ℎ is the potentiometric aquifer head [L] 

 𝑞@ is the volumetric flux per unit volume symbolizing the source of water [1/T] 

 Ss is the specific storage of the aquifer [1/L] 

 𝑡 is the time taken for the change in the head [T] 
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2.6.2 ModelMuse 

MODFLOW-2005 has a graphical user interface (GUI) package that is called ModelMuse. This software 

is commonly used to create the flow and transport input files for MODFLOW-2005. The spatial data for 

the model does not depend on the grid, and the temporal data does not rely on the stress period. ModelMuse 

lets the user define the spatial input for the models by drawing points, lines, or polygons on each side of the 

model domain. These objects can be associated with two or more formulas that interpret their expansion 

perpendicular to the view plane. These formulas can define the values of the spatial data sets for both 

universal and individual objects. Global and particular objects can be utilized to determine the values of the 

data sets independent of both the spatial and temporal discretization of the model. For this specific reason, 

the grid and simulation periods for the model can be modified without needing to redefine spatial data 

applying to the hydrogeologic framework and boundary conditions. Moreover, the data set properties of the 

model can be empowered by the points, lines, and polygons (Winston, 2019). 

 

 

2.6.3 Groundwater modelling case studies 

 

MODFLOW is used extensively for various purposes because of its ability to simulate a wide variety of 

systems as well as the accessibility of publicly available documentation. Kirubakaran et al. (2018) exploited 

MODFLOW to generate a numerical model of groundwater flow and quantification of groundwater in 

Tirinuvelli Taluk, India. Initial input parameters such as boundary condition and layer properties were 

obtained from the public resources, which are the data of groundwater level, aquifer property, and lithology. 

Remote sensing and GIS techniques were used to create a topographic map. ModelMuse graphical user 

interface package was also used to build the quantitative three-dimensional steady and transient state flow 

model of groundwater. ModelMuse results demonstrated that the water budget in the year 2011 was 
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negative and mathematical models were capable of revealing suitable data and aquifer simulation. 

Moreover, the results of this study also proved that the integration of remote sensing with mathematical 

models was a useful tool to provide insight into both the demand and supply of groundwater. Js et al. (2019) 

worked on the prediction of the aquifer system in a drought-prone area. The geological groundwater model 

of the study area was built by using the parameters of various layers of the geological strata and their 

geological properties, boundary conditions, well data, and recharge conditions. The output of the model 

calculated the groundwater level as well as the flow budget. They also asserted that the uncertainty of 

parameters, such as hydraulic conductivity and recharge, and boundary conditions are the most fundamental 

limitations of which alteration can lead to drastic changes in the output of the groundwater model. 

Correspondingly, the flow regime can be adversely affected by boundary conditions, and so a poor 

boundary condition can result in an incorrect groundwater model. Morgan and Willgoose, (2012) exploited 

MODFLOW to evaluate a pumping test investigation to generate a hydraulic fracture in coal mining. The 

preeminent purpose of this study was to verify how MODFLOW would respond in the area where a fracture 

operation is performed. To compare changes in pump test drawdown in response to changes in the 

dimensions and hydraulic properties of the coal led them to achieve significant results. Another aim of this 

study was to detect whether or not the flow changes either radial or linear around the well within the model. 

The investigation ended up proving that the flow profile built-in MODLFOW was neither linear nor radial, 

and it had an ellipsoidal radial flow profile. Fracture conductivity values generated different drawdown 

around the pumping well. These results suggested that the complex nature of a fracture model cannot be 

solved with the capabilities of MODFLOW. Kumar and Nayak (2017) developed a simulation to provide 

insight into the groundwater model balance at Bina River. The aquifer system modelled with MODFLOW 

consisted of a steady-state hydrogeological simulation of the two-layered aquifer. Direct recharge from 

rainfall is used as input for the primary recharge mechanism. The sensitivity of the calibrated model was 
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also tested by systematically changing one parameter or input variable at a time, and it was demonstrated 

that the model was susceptible to changes in evapotranspiration and recharge rate. 

 

2.7 Groundwater System 

 

 Groundwater, which is the water that is stored in either sediments or rocks beneath the surface, moves 

slowly through the geological formation of soil, sand, and rocks (Marshak, 2016). Water generally moves 

within the reservoir during the hydrologic cycle. The hydrologic cycle demonstrates the steady movement 

of water in every part of the Earth (Winter et al., 1999). Figure 2.9 is a simplified diagram displaying the 

significant transfers of water between atmosphere, oceans and continents. In Figure 2.9, pools and fluxes 

are in cubic miles and cubic miles per year, respectively. Precipitation is essentially the primary source of 

all freshwater that falls nearly everywhere on the Earth (Robins, 2020). Climate conditions have an impact 

on evaporation and transpiration rates that turn back to the atmosphere (Winter et al., 1999). Groundwater 

discharges occur naturally in the form of springs, seepages, and baseflow directly into surface water bodies, 

such as rivers and lakes. 

 

 

 

 

 

Figure 2.9 The hydrological cycle diagram (Winter et al., 1999). 
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2.7.1 Porosity 

 

Porosity explains how much of a rock has open space. Groundwater is usually located in comparatively 

small open spaces between grains of sediment or solid rock. The term pore is used to describe an open space 

inside of the volume of sediment. Porosity is the total amount of open space in materials, expressed as a 

percentage. For instance, a block of rock has 20% porosity that stands for 20% of the block consists of open 

space.  Any given porosity can be classified as belonging to one of two different categories, namely, primary 

and secondary porosity. Primary porosity describes the process of deposition that causes the open space to 

remain in sediment - it occurs because grains do not fill open spaces. Secondary porosity specifies that a 

new pore space in a rock is created by the formation of rock (Marshak, 2016). The size and shape of grains, 

the degree of sorting, and the degree of cementation control the porosity of sediments or sedimentary rocks. 

When the grain size is similar within a unit, the porosity of sediments or sedimentary rocks relies more on 

how tightly the grains are packed than on particle size (Robins, 2020). 

 

2.7.2 Permeability  

 

Permeability is the ability of rocks to allow fluid to go through an interconnected structure of pores. The 

permeability of materials is mostly associated with a porous material (Blyth and De Freitas, 2019). 

Groundwater flows readily in highly permeable material and not easily in less permeable material. 

However, groundwater only flows through an impermeable material at all if there is a conduit between 

pores (Marshak, 2016). Permeability is not usually the same in every direction. The greatest value of 

permeability in both sediments and sedimentary rocks occurs in the direction of bedding (Blyth and De 

Freitas, 2019). Several factors can affect a material's permeability: 

The number of existing conduits: if the number of available conduits increases, permeability also increases. 
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The size of the conduits: water can flow quicker through larger and more extensive conduits than through 

narrower ones. 

 The straightness of the conduits: water can flow faster through straight conduit than through non-linear 

ones (Marshak, 2016). 

2.7.3 Aquifers and aquitards 

 

Aquifer: An aquifer is a water saturated formation of the Earth that has high permeability and porosity, such 

as sand and gravel. Thus, aquifers are considered as primary sources of groundwater applications. There 

are two main types of aquifers: 

Unconfined aquifer: An unconfined aquifer has free water surfaces that reach the Earth's surface, and it is 

recharged primarily by the infiltration of precipitation from the ground surface. 

Confined aquifer: A confined aquifer is trapped between two impermeable beds both above and below the 

aquifer. The water existing in the confined aquifer will be exposed to high pressure. 

Aquitard: An aquitard is also a saturated formation of the Earth that has low permeability and porosity, 

such as sandy clay. The motion of water can be slowed down by an aquitard (Marshak, 2016).  

2.7.4 The water table 

 

The water table is located below the surface of the Earth and separates the unsaturated zone from the 

saturated zone (Marshak, 2016). The water table constantly changes whenever there is an imbalance 

between recharge and discharge in the aquifer (Blyth and De Freitas, 2019). The depth of the water table 

also varies with location. In tropical regions, the water table lies within a couple of meters of the Earth's 

surface due to sufficient precipitation to charge it. In a dry season, the water table drops down and rises 
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again during the wet season. In arid regions, where it infrequently rains, the water table typically lies tens 

to hundreds of meters below the ground surface (Marshak, 2016). 

The energy that can cause groundwater to flow occurs due to the pressure within the water. The hydraulic 

head drives the flow of the groundwater with the available energy. The recharge area is where water enters 

the ground and flows down, and the discharge area is where the groundwater flows back up to the surface 

and might seep out at the surface (Marshak, 2016). 

 

2.7.5 Darcy's law of groundwater flow 

 

Groundwater usually flows slower than surface water, for two main reasons. Firstly, groundwater moves 

by percolating through a complex structure. Second, friction between groundwater and conduit walls causes 

groundwater to slow down. The velocity of groundwater flow depends on the slope of the water table and 

the permeability of the material in which the groundwater flows. Groundwater flows quicker in high-

permeable materials than in low-permeable materials. It also flows faster in regions where the water table 

has a steep slope than where the water table has a slight incline. However, the calculation of groundwater 

is more complicated than it seems. Therefore, this complexity of groundwater calculation is specified with 

Darcy's Law, which calculates the rate for a given location (Marshak, 2016). It is shown in the following 

Equation (30): 

 

 𝑄 = 𝐾𝐴𝑖 (30) 

   

The discharge (𝑄) is the volume of water passing through an imaginary vertical plane (A) perpendicular to 

the groundwater's flow path in a given time. 
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Hydraulic gradient (𝑖) is the change in hydraulic head per unit of distance (j) between two locations, as 

measured throughout the flow path. The hydraulic gradient can be defined between two locations as in (31): 

  

 𝑖 = (ℎ� − ℎ;)/𝑗 (31) 

 

The level to which water rises in the first drill hole (ℎ�) and second drill hole ℎ;.The hydraulic gradient (𝑖) 

is the difference in head divided by the length of the flow path (𝑗). 

Area (𝐴) is the cross-sectional area, in square meters, of the imaginary plane through which groundwater 

flows. 

Hydraulic conductivity (𝐾) measures how easily water can flow through materials. It generally depends on 

the permeability of the material and the viscosity of the fluid (Marshak, 2016). 

 

2.7.6 The depletion of groundwater supplies 

 

If water is being pumped out of the ground at a rate quicker than natural recharging, this can cause 

groundwater depletion, which is a decrease in the volume of groundwater (Marshak, 2016). 

 

Drawdown: the water level will drop very rapidly for the first time after pumping water out of the ground 

and then more steadily. The difference between the initial water level and the water level after a period of 

pumping is called drawdown. The way to measure the discharge rate is to attach a measuring device to the 

discharge pipe. The specific capacity of the well is the ratio between the discharge rate and the drawdown 

(Baldwin and McGuinness, 2013). 
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The cone of depression: In nature, the discharge and the recharge of the water table are equal to each other 

(Theis, 1938). Pumping water out of a well causes a lowering water table around the well that creates a 

cone of depression. The cone of depression is relatively small and shallow around the small-yield wells 

(Baldwin and McGuinness, 2013). The characteristic of the cone of depression can be explained 

mathematically. Time has a significant impact on the cone of depression and the rate of discharge at the 

well depends only on the physical characteristics of the aquifer (Theis, 1938). 

 

Lowering the water table: A drop in the water table occurs when pumping water out of a well at a faster 

rate than it can be refilled naturally. A cone of depression takes place locally around the well, and then the 

water table gradually decreases. The water table can also drop down when surface water is diverted 

artificially and recharge by surface water is hindered (Marshak, 2016). 

 

Reversing the flow direction of groundwater: The cone of depression that occurs around a well generates a 

local slope of the water table. The resulting hydraulic gradient may locally change the flow direction. Such 

changes in flow direction can for instance allow contaminated seeping out of a septic tank to head toward 

the well. 

 

In summary, groundwater dynamics entails many complex processes which interact and are time-

dependent. Hence, changing one parameter has often significant impact on other parameters. Therefore, 

modelling the groundwater system is important to reveal those interactions towards sustainable water 

resources. Time-lapse gravimetry would enable the continuous (time) and homogeneous (space) monitoring 

of the groundwater table in a study region, as opposed to localized networks of monitoring wells. 
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Consequently, a combination of monitoring wells with surface gravimetry is a viable option to achieve 

optimal groundwater monitoring. The models presented in the next chapter aim at demonstrating the 

capabilities of this approach. 
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Chapter 3 

Combined Groundwater and Gravity Forward Modelling 

3.1 Abstract 

 

This chapter explores the feasibility of monitoring the depletion/recharge of ground and surface water 

reservoirs using gravimetry.  

 

Gravity and gravity gradient signals are forward modeled to estimate signal strength and spatio-temporal 

distribution of water reservoir dynamics. The required sensitivity of the gravimeters, the time intervals 

between measurements, and the number/density of gravity stations are evaluated. Groundwater models for 

a water extraction site are generated using ModFlow, and the outputs are transformed to forward model a 

range of gravity parameters at the surface, including vertical gravity, vertical gravity gradient, and 

horizontal gravity gradient.  

 

Time-lapse gravimetry for small-scale reservoirs poses two obstacles, namely: i) a microgal sensitivity 

requirement; and ii) noise from environmental or anthropogenic sources in the vicinity of the reservoir. In 

principle, the use of two gravimeters in tandem could compensate for environmental noise and improve the 

gravity gradient measurements. Examples of reservoir models are presented to illuminate the resolvability 

of groundwater dynamics from surface gravity gradiometry. 

Questions 

This study is mainly focused on assessing two questions: 

•  What are the gravity and gravity gradient signals at the surface for groundwater models and their 

changes in time? 
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• Would a superconducting gravimeter (iGrav) or other gravimeters be sensitive enough to illuminate 

relevant changes in the groundwater model? 

Two groundwater models are modeled, named “groundwater model” and “complex groundwater model”. 

Details are described below. 

3.2 Methodology  

3.2.1 Groundwater models 

 

Predicting the impact of humans and the environment has led to prominent advances in regional 

groundwater modeling. Hydrogeologists have started paying attention to groundwater modeling. This is 

due to the availability of innovative software packages and dynamic computer systems (Js et al., 2019). The 

primary purpose of generating different types of groundwater models is to provide insight into a 

management decision regarding either groundwater quantity or quality. Groundwater models can be 

classified into three diverse groups: interpretive, predictive, or generic models. Interpretive models analyze 

groundwater flow or contaminant transport. Predictive models are exploited to determine the change in 

groundwater head or solute concentration in the future. Generic models are used to evaluate different 

scenarios of water resource management or remediation schemes (Baalousha, 2009). ModelMuse, which is 

used in this study to simulate the groundwater model and the complex groundwater model, is a graphical 

user interface (GUI) for MODFLOW-2005. MODFLOW 2005 is a finite model generating steady and non-

steady flow in an unevenly shaped flow system where aquifer layers can be used as confined, unconfined, 

or a combination of confined and unconfined (Harbaugh, 2014). Groundwater modeling provides a solution 

of the physical problem and translates the physical flow system into mathematical terms. The mathematical 

translation helps to develop a simplified version of the hydrogeological model, and therefore reasonable 

alternatives can be predicted, analyzed, and compared. Groundwater models mostly use a three-dimensional 

combination of the water balance equation and Darcy’s law, or Equation (29). MODFLOW solves a 
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volume-averaged form of Equation (29) (Kumar, 2013). The flowchart of groundwater models for a water 

extraction site using MODFLOW is shown in Figure 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 The flowchart for the groundwater modelling process 
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The following parameters are assigned as inputs to ModelMuse software to simulate and calibrate the 

groundwater model. 

• Model Grid. 

• Layer type. 

• Hydrogeological parameters. 

• Initial hydraulic head. 

• Modeling time (Stress periods). 

• Boundary conditions. 

3.2.1.1 Model grid 

 

The x and y coordinates of the south-west corner of the study area established as (0,0). The x and y 

coordinates of the north-east corner is assigned as (150m, 150m). The model has a shape of a square-

centered grid network covering the entire groundwater models. This appropriate cell size was chosen to 

avoid any type of boundary effects (Js et al., 2019). Vertical exaggeration of the layer, active cells, and 

pumping well are shown in Figure 3.2. 

 

 

 

 

 

 

Figure 3.2 ModelMuse groundwater modelling scheme. 



 

 

58 

Input values were assigned with a finite-difference MODFLOW-2005 grid in ModelMuse. The finite-

difference of the groundwater model consists of 15 x 15 columns and rows. The grid cells have 10m 

resolution. There are 225 cells in the groundwater model. 225 cells out of 225 cells are active. The 

groundwater model consists of 1 layer. The layer has a convertible layer type extending from the surface 

0m to -30m. The summary of MODFLOW model’s variables is expressed in Table 1. 

Table 1 The following parameters are assigned as inputs to ModelMuse to simulate and calibrate the 

groundwater models 

 

  

No Items Groundwater model details Complex groundwater model 
details 

1 MODFLOW VERSION MODFLOW-2005 MODFLOW-2005 
2 GRAPHICAL USER 

INTERFACE (GUI) 
ModelMuse 4.0 ModelMuse 4.0 

3 Number of Rows 15 15 
4 Number of Columns 15 15 
5 Width of Rows 10m 10m 
6 Width of Columns  10m 10m 
7 Number of layers  1 1 
8 Cells per layers  225 225 
9 Active cells per layer 225 225 
10 Maximum elevation  0m 0m 
11 Minimum elevation -30m -30m 
12 Model simulation type Steady and Transient State Steady and Transient State 
13 Stress periods  40 40 
14 Time steps 86400 seconds 86400 seconds 
15 Stress period duration 1 day 1 day 
16 Length of simulation  40 days 40 days 
17 Solver package  Preconditioned Conjugate 

Gradient Solver 
Preconditioned Conjugate 

Gradient Solver 
18 Internal flow package  Layer property flow package Layer property flow package 
19 Boundary Packages  CHD, WEL CHD, WEL, RCH, RIV 
20 Observation Head observation Head observation 
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3.2.1.2 Types of layer 

 

ModelMuse (GUI) lets users internally classify layers types. In total, there are four different layer types: 

Confined layer: Confined layer type is used when all cells in the layer are expected to remain constant 

throughout the simulation. However, the user must externally define transmissivity from cell thickness and 

hydraulic conductivity. 

Unconfined layer: Unconfined layer type is usually used when there is a single-layer model lay in which 

unconfined conditions are assumed to persist in the layer throughout the entire period of simulation. 

Unconfined layer type is used to generated both groundwater and complex groundwater model (Table 2). 

 

Table 2 Layer type for both groundwater models 

 

 

 

Limited convertible: Limited convertible layer type is mainly utilized when heads must be regulated 

between confined and unconfined conditions. 

Fully convertible: Fully convertible layer type is used, when transmissivities are recalculated at each 

iteration using hydraulic conductivity and layer top and bottom elevations (Harbaugh, 2016). 

3.2.1.3 Hydrogeological parameters 

 

Hydraulic conductivity is one of the physical properties of materials measuring the ability of the material 

to flow through pore spaces and fractures (Zimmerman and Bodvarsson, 1996). The hydraulic conductivity 

can be calculated by dividing the transmissivity with the saturated thickness.  

Layer  
Number 

Groundwater model  Complex groundwater model  

1 Unconfined layer Unconfined layer  
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The hydraulic conductivity represents an average conductivity for the geological layer (Kumar and Nayak, 

2017). The hydraulic property of the groundwater model shows that the groundwater model is formed in 

the fine sand geological layer. Furthermore, the time-variant specified heads, to which hydraulic 

conductivity is assigned, extends from the model top to the upper aquifer bottom. There are three different 

types of hydraulic conductivity, namely, Kx (the hydraulic conductivity in the direction of X), Ky (the 

hydraulic conductivity in the direction of Y), and Kz (the hydraulic conductivity in the direction of Z). 

Specific storage (Ss) was set at 0.01(L-1) that is the average estimation for an unconfined aquifer (Freeze, 

1979). Initial hydraulic conductivities are shown in Table 3. For the groundwater model, these values were 

selected to represent wet packed sand. The complex groundwater has a lower hydraulic conductiviy than 

the simple groundwater model due to stability issues with the software. This could have overcome by 

lessening the recharge accordingly, but was solved equivalently by reducing the conductivity (Figure 3.1) 

(Heath,1983). It is important to note that the choice of conductivities, while very important for the hydraulic 

behavior of the system, is less important for the approach taken herein. Only a reasonable density model is 

expected from the hydrological modelling, and the combination of parameters is not of importance and not 

considered in the following mforward and inverse modelling. In principle, any groundwater model from 

any research group or software could be used. The two models selected here can be considered realistic in 

terms of drawdown estimates and that is sufficient for this study. 

Table 3 Initial values for hydraulic conductivity (K) for different groundwater models 

 

 

Property Groundwater model  Complex groundwater model  

Kx (m/s) 1x10-2 2x10-4 
Ky (m/s) 1x10-2 2x10-4 

Kz (Kx/10) (m/s) 1x10-3 2x10-5 
Ss (L-1) 0.01 0.01 
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3.2.1.4 Initial hydraulic head 

 

For groundwater models, the initial hydraulic heads are located at the top of the model. This suggests that 
the entire domain is saturated. 

 

3.2.1.5 Stress periods 

 

The users can specify the number of stress periods that represent the total number of transport steps within 

time periods (Figure 3.3). In this study, stress periods are used to define time intervals (Winston 2019). For 

each stress period, the following parameters are specified: 

1. The starting time and ending time, 

2. The length of the stress period, 

3. The maximum length of the first time step in the stress period, 

4. The time step multiplier, 

5. Whether the model is steady or transient. 

 

Figure 3.3 MODFLOW Time dialog box 
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 It is useful to use the Steady State period as the first stress period. It is also possible to start the transient 

simulation as a transient model. The first stress period of the model is assigned as the steady-state, and the 

rest of the stress periods of the model are assigned as transient (Figure 3.3). The length of every stress 

period is 86400 seconds, or one day. There are 40 stress periods, and the first stress period is taken as a 

reference for drawdown. 

3.2.1.6 Boundary conditions 

 

The boundary conditions represent the relationship between the model and the surrounding areas and  

directly affect model results.  

Time-variant specified-Head Package (CHD): The users can create objects, such as wells, lakes, or rivers, 

and specify starting and ending heads with the CHD (time-variant specified head package). 

This package also allows the users to model lakes or rivers with a constant head as boundary conditions 

(Harbaugh et al., 2000). Initial values for time-variant specified head package for both groundwater and 

complex groundwater model are shown in Table 4. 

Table 4 Initial values for the time-variant specified head package (CHD) for different groundwater 

models 

 

Well package (WEL): This package is used to create extraction wells in the model. Users must specify the 

starting and ending time of pumping. A negative pumping rate stands for an extraction well as fluid leaves 

Property Groundwater model  Complex groundwater model  

Starting time (s) -1 -1 
Ending time (s) 3456000 (40 days) 3456000 

Starting head (m) 0 0 
Ending head (m) 0 0 
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the system. A positive pumping rate defines an injection well as fluid enters the system. Groundwater model 

and complex groundwater model have one and three pumping wells, respectively. 

River boundary (RIV): The river stage elevations, bottom elevation, and conductivity values for complex 

groundwater models were assigned as they are shown in Table 5. 

Table 5 Initial values for a river boundary for the complex groundwater model 

 

Recharge package (RCH): The recharge packages are used to simulate aerial distributed recharge to the 

groundwater system of the study area. The aerial recharge mostly occurs by the precipitation that percolates 

into the groundwater system. It is assumed that the annual average rainfall is 600mm/yr (Table 6). In this 

study the precipitation recharge of 100% is used to see if the drawdown can be resolved even with a large 

ratio of recharge. Realistic recharge rates are significantly lower, but would only strengthen the drawdown 

signal and therefore the ability to be resolved by surface gravimetry. 

 

Table 6 Initial values for the recharge package for the complex groundwater model 

 

 

 

 

Property 0-10 days  10-20 days 20-30 days  30-40 days 

Starting time (s)  -1 950400 1814400 2592000 
Ending time (s) 950400 1814400 2592000 3369600 
River stage (m) Model top-0.5 Model top-0.5 Model top-0.5 Model top-0.5 
Conductance (L2/T) 0.01 0.005 0.0025 0.00125 
River bottom (m) Model top-1.5 Model top-1.5 Model top-1.5 Model top-1.5 

Property Complex groundwater model  

Starting time (s) -1 
Ending time (s) 3456000(40 days) 

Recharge rate (mm/yr) 600 
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3.2.2 Forward model 

 

The groundwater model is forward modeled by using IGMAS+ (Interactive Geophysical Modelling 

Assistant). IGMAS+ is three-dimensional interactive modeling software that processes and interprets the 

gravity model with their gradients (Schmidt, et al., 2010). The depth of the groundwater table is imported 

into IGMAS+ as a surface of the groundwater table. The density above the groundwater table is equal to 

1.6g/cm3, which represents dry sand. The density below the groundwater table is 2.1g/cm3, which represents 

wet packed sand. Gravity and gravity gradients are forward modeled for all 40 aquifer models (1 model per 

day for 40 days) to predict signal strength and directional changes depending on the water flow. The triple 

integral of the point mass in the direction of x, y, and z is calculated afterwards to generate a forward model 

of the gravity and the gravity gradient anomalies for groundwater models (Figure 3.4).  
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Figure 3.4 Forward modelling components: sections (green and pink) and stations grid (red dots). The 

densities above and below the groundwater table are set to 1.6g/cm3 and 2.1g/cm3 and represent dry and 

wet packed sand, respectively. 

3.3 Results 

This feasibility study attempts to estimate signal strength and directional changes of groundwater and 

complex groundwater models that are used to create the density models and determine gravity and gravity 

gradient signals. Eight different models, which are on the 1st, 12th, 22nd, and 32nd day of the water extraction 

for groundwater and complex groundwater model, are gravity forward modelled and investigated. 

Station grid 
10m x 10m spacing 

Sectioning 
7m spacing 
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Groundwater model: 

The groundwater model results in the 2D distribution of drawdown for every modeled time step for 40 days. 

This groundwater model has one pumping well (Table 7) with a varying pumping rate (Table 8). Each 

drawdown distribution translates into a density distribution assuming different densities for unsaturated and 

saturated packed sand (1.6 and 2.1g/cm3). Figure 3.6 show the pumping rates over the 40 days stress period. 

Table 7 The well names and locations 

Name of 

pumping well 
Northing/m Easting/m 

PW-1 75 75 

 

On the first day of pumping water out (Figure 3.5a), when the pumping rate is 10l/s (Table 8), the water 

table elevation starts from 0m and decreases to -1.5m. The respective drawdown and the gravity signals are 

shown in Figure 3.6. Looking at a profile from left model boundary towards the well (Figure 3.7), the water 

table keeps dropping until it reaches the edge of the well, where it reaches a depth of -3.5m. After reaching 

the well, it begins to rise up until it reaches a depth of -1.5m again on the right other side of the model. 

Initially, the groundwater model has a gravity signal of 2.59mGal and a gravity gradient signal of 

2.58mGal/km. It decreases towards the well, where it  until reaches the minimum of 2.5388mGal, and the 

gravity gradient signal reaches 0.8735mGal/km (Figure 3.7a).  

After that peak, it begins to increase, which results in a gravity signal of 2.58mGal and a gravity gradient 

signal of 2.575mGal/km. Following this, the signals (Figure 3.7a, b, c, d) show that there is a slight edge 

effect at the beginning of the aquifer, which could appear in a real survey, as the aquifer is not laterally 

infinite. Therefore, the amplitudes should not be taken into consideration at the model boundaries. Gzy has 

a relatively constant signal as the aquifer geometry is even from south to north (Figure 3.7a). 
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Figure 3.5 The groundwater models (a, b, c, d) of the 1st, 12th, 22nd, and 32nd day. 

 

The second model is calculated on day 12 of pumping water out (Figure 3.5b) with an increased pumping 

rate of 60l/s (Table 8). The water table elevation starts at a depth of 0m, with the gravity signal of 2.59mGal 

and a gravity gradient signal of 4.6mGal/km (Figure 3.7b). The water table elevation gradually begins to 

decrease until it reaches the well, as pumping rate is increased, which results in a depth of -12m with a 

gravity signal of 2.4840mGal, and a gravity gradient signal of -2.2155mGal/km. Moving further, it begins 

to increase steadily until -1.0m, where the gravity signal and the gravity gradient signals change to 2.5mGal, 

and 4.3mGal/km (Figure 3.7b). Gzy is constant across the model as the aquifer geometry is relatively steady 

from south to north. 

 

The third model is created from data at the 22nd day of pumping water out (Figure3.5c) and the pumping 

rate is decreased to 50l/s (Table 8). The water table elevation at the left side of the model starts at a depth 

of 0m with a gravity signal of 2.565mGal and a gravity gradient signal of 4.8mGal/km (Figure3.7c). The 
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water table elevation decreases towards the well location to -14m. After that, it begins to rise, which results 

in a depth of -0.5m with a gravity signal of 2.565mGal and a gravity gradient signal of 4.8mGal/km.  

 

The last model shows results after 32 days of extracting water (Figure 3.5d) with a pumping rate of 20l/s 

(Table 8). The water table elevation on the left side starts at a depth of -0m with a gravity signal of 

2.5725mGal and a gravity gradient signal of 3.75mGal/km (Figure 3.7d). The water table elevation 

decreases towards the well until it reaches a depth of -6m with a gravity signal 2.5112mGal and a gravity 

gradient signal of 0.2135mGal/km. On the right side, the water table ends up at a depth of 0m with a gravity 

signal of 2.5mGal and a gravity gradient signal of 4.0mGal/km (Figure 3.7d).  

Table 8 Drawdown, pumping rate and gravity signals at the well locations for days 1,12,22,and 32. 

  

 

Day Drawdown (m) 
Pumping 

rate l/s 

The vertical 

gravity signal 

(Gz) [mGal] 

The vertical gravity 

gradient signal 

(Gzz) [mGal/km] 

The horizontal 

gradient signal 

(HGz) [mGal/km] 

1 -3.5 20 2.5388 0.8735 1.7538 

12 -12 60 2.4840 -2.2155 3.2210 

22 

32 

-14 

-6 

50 

20 

2.4624 

2.5112 

-2.0943 

0.2135 

2.6354 

1.6680 
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The Gz signal is mostly sensitive to vertical changes in the water table elevation. The changing pumping 

rate results in drawdown of the aquifer, which turns into changes in the gravity gradient signal with a time 

delay. The time delays, which are shown in Figure 3.6 as red shaded areas, are representative of the 

interaction of the pumping rate and the rechargeability of the aquifer. Note that the recharge is likely higher 

than the naturally occurring recharge. This would mean that the delay could be even larger for natural 

reservoirs and this effect would be easier to quantify through analysis of the gravity curves.  

 

 

Figure 3.6 The vertical gravity signal (Gz) at the well location (centre of the model) for different 

hydraulic conductivities caused by the changing pumping rate (green triangles) and the time delays (red 

shaded areas) over 40 days. 
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Figure 3.7 The forward modelled gravity and gravity gradient signals of the groundwater model on the 

1st(a), 12th(b), 22nd(c), and 32nd  day (d) of pumping of water extraction. 

The area undergoing pumping is shown in plan view for the four different time steps (Figure 3.8a, b, d, and 

f). Pumping of 1200, 3000, and 3600 litres (Table 7) per minute is in an unnatural change, and it results in 

drastic changes in the water table. When the water table declines, the aquifer may not be available for 
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further water extraction (Figure 3.8d). The continuity of the increasing pumping rate causes an increase in 

the rate of local drawdown (Figure 3.8e).  

 

  

 

 

 

 

 

 

 

 

 

Figure 3.8 Drawdown of the model on day 1 (a), on day 12 (b), on day 22 (d), on day 32 (f), and the 

drawdown differences between day 1 and 12 (c), 1 and 12 (e), and day 1 and 32 (g). 
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The planar views of the Gz signals illustrate that the Gz signal is sensitive to vertical changes in the water 

table elevation. The Gz signals delineate the cone of depression for day 1 (Figure 3.9a), day 12 (Figure 

3.9b), day 22 (Figure 3.9d), and day 32 (Figure 3.9f). The signal strength decreases from each direction 

around the pumping well as the water table elevation drops down. The Gz signal strength for the maximum 

drawdown of –14m is roughly 2.4mGal.  More importantly, the gravity differences are between 0 and 

0.06mGal (Figures 3.9c, e, g), which demonstrate the sensitivity requirement of the gravimeter being better 

than 0.01mGal or 10mGal. A simple estimation of the Bouguer correction for a 3.5m thick plate (day 1) of 

density 0.5g/cm3 reveals an expected gravity signal of 0.073mGal. As the cone of depression only fills about 

50% of the 3.5m thick plate, we can estimate a gravity signal of 0.036mGal which confirms the numerical 

results shown here. 
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Figure 3.9 Vertical gravity (Gz) of the model on days 1(a), 12 (b), 22 (d), 32 (f) and the differences 

between days 1-12 (c), 1-22 (e), and 1-32 (g). 

 

 

The Gzz signals in the planar view show that the cone of depression expands (Figure 3.10c,e,and g) as the 

pumping rate increases. and more water is extracted between day 1 (Figure 3.10a), day 12 (Figure 3.10b), 

day 22 (Figure 3.10d), and day 32 (Figure 3.10f). The Gzz signals are sensitive to the water table elevation 

drop around the wells. The differences between days 1, 12, 22, and 32 show further depletion changes 

between two-time steps, expressing how both the water table elevation and the structure of the cone of 

depression around the well change (Figure 3.10c, e, g) 
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Figure 3.10 Vertical gravity gradient (Gzz) of the model on day 1(a), on day 12 (b), on day 22 (d), and the 

difference between days 1 and 12 (c), days 1-22 (e), and days 1 and 32 (g). Note the different scale in (g). 

The HGz signal is more sensitive than Gz to the spatial changes of the water table elevation. The planar 

views of the HGz signals (Figure3.11a, b, d, and f) emphasize that the edge of the cone of depression 

determined and the maximum drawdown (Figure 3.11d) are more localized than the planar views of Gz 

signals around the pumping well, a consequence of the gradient operator.  
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Figure 3.11 HGz signals of the model on model on day 1(a), on day 12 (b), on day 22 (d), on day 32 (f), 

and the differences between days 1 and 12 (c), days 1 and 22 (e), and days 1 and 32 (g). Note the different 

scale in (g). 
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Complex groundwater model: 

This complex groundwater model includes a river with varying hydraulic conductivities as well as varying 

pumping rates at 3 different wells. Table 9 shows the well names and their locations, and the hydraulic 

conductivities of the river over 40 days are shown in Table 10. The river provides water to the model 

through the hydraulic conductivity to simulate the influx of surface water.  

Table 9 The well names and locations for the complex groundwater model. 

Name of 

pumping well 
Northing/m Easting/m 

PW-1 90 50 

PW-2 50 60 

PW-3 30 90 

 

On the first day of water extraction (Figure 3.13), the pumping rates of PW-1, PW-2, and PW-3 are 90l/s, 

20l/s, and 30l/s, respectively. Note that both PW-1 and PW-3 have a constant pumping rate for the 40 day 

period, only the pumping rate of PW-2 varies. The water table elevation at the left side fo the model starts 

from a depth of 0m and drops down to -13.1m, -3.3m, and -4.4m, for the different wells, respectively. On 

the right side, the complex groundwater model has a gravity signal of 2.64, 2.63, and 2.63mGal and a 

gravity gradient signal of 3.3, 3.2, and 3.3mGal/km for each well, respectively. Approaching the well, where 

maximum drawdown occurs, the signals decrease gradually, which results in a gravity signal of 2.56 2.55, 

and 2.55mGal and a gravity gradient signal of -5.2283, -2.9781, and -2.5096mGal/km (Table 10). For the 

other days, all results are given in Table 10 and Figures 3.13 and 3.14 analogue to the description for the 

groundwater model. 



 

 

77 

Figure 3.12 The complex groundwater models (a, b, c, d) for the 1st, 12th, 22nd, and 32nd day. 

Table 10 Drawdown, pumping rate and gravity signals at the three well locations for the complex 

groundwater model. 

Day 

Name of 

pumping 

well 

Pumping 

rate l/s 

Conductance 

of river 

Drawdown 

(m) 

The 

vertical 

gravity 

signal 

(Gz) 

[mGal] 

The vertical 

gravity 

gradient 

signal (Gzz) 

[mGal/km] 

The 

horizontal 

gradient 

signal 

(HGz) 

[mGal/km] 

1 

PW-1 90 0.01 -13.1 2.56 -5.2283 0.93 

PW-2 20 0.01 -3.3 2.55 -2.9781 0.63 

PW-3 30 0.01 -4.4 2.55 -2.5096 0.84 

12 

PW-1 90 0.005 -16.3 2.53 -4.0891 0.736 

PW-2 60 0.005 -12.2 2.46 -2.9039 0.882 

PW-3 30 0.005 -6.2 2.53 -1.1546 1.13 

Pw-3 Pw-2 
Pw-1 
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22 

PW-1 90 0.0025 -18.3 2.50 -3.7684 0.91 

PW-2 50 0.0025 -12.7 2.43 -2.2849 1.23 

PW-3 30 0.0025 -7.3 2.51 -1.0036 1.6 

32 

PW-1 90 0.00125 -18.2 2.49 -3.9075 0.631 

PW-2 20 0.00125 -8.05 2.45 -0.3401 1.48 

PW-3 30 0.00125 -6.9 2.5 -1.1963 1.23 

 

The Gz signal is sensitive to vertical changes in the water table elevation. By using a lower hydraulic 

conductivity and a changing pumping rate, the drawdown is more immediate than in the previous 

groundwater model (Figure 3.6).The drawdown is well represented by the gravity gradient signal (Figure 

3.13). 

 

 

 

 

 

 

 

 

Figure 3.13 The pumping rates and the resulting vertical gravity signal (Gz) at three well locations PW-1, 

PW-2, and PW-3 over 40 days. 
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Figure 3.14 The forward model gravity and gravity gradient signals of the complex groundwater model 

for PW-2 (a,b,c, and d) on the 1st, 12th, 22nd, and 32nd day. 
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The complex groundwater model includes a river with varying hydraulic conductivities and is shown in 

planar views for four different time steps (Figure 3.15a, b, d, and f). Water extraction and changing the 

hydraulic conductivity of the river results in drawdown differences(Figure 3.15a c, e, and g).  

Figure 3.15 Drawdown of the model on day 1 (a), on day 12 (b), on day 22 (d), on day 32 (f), the 

differences between days 1-12 (c), 1-22 (e), and 1-32 (g). Note the different scale in (g). 
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The planar views of the Gz signals show that the Gz signal is sensitive to vertical changes in the water table 

elevation. The Gz signals delineate the cone of depression for day 1 (Figure 3.16a), day 12 (Figure 3.16b), 

day 22 (Figure 3.16d), and day 32 (Figure 3.16f). The signal strength decreases from each direction around 

the pumping well as the water table elevation drops down while the water table remains lower, as the 

pumping rate of PW-2 changes. Furthermore, the water table around PW-1 remains higher as its pumping 

rate is the highest and constant (Table 10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16 Vertical gravity (Gz) of the complex groundwater model on day 1 (a), day 12 (b), day 22 (d), 

and day 32 (f). Differences in vertical gravity between days 1 and 12 (c), days 1 and 22 (e), and days 1 

and 32 (g). Note the different scale in (c), (e) and (g). 
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The Gzz signals in the planar view demonstrate that the cone of depression expands as the pumping rate is 

either increased or decreased, and more water is extracted between day 1 (Figure 3.17a), day 12 (Figure 

3.17b), day 22 (Figure 3.17d), and day 32 (Figure 3.17f). The Gzz signals are sensitive to the water table 

elevation drop around the wells. The subtraction of the day-12, 22, and 32 from the day-1 show further 

depletion changes. The water table elevation changes between two epochs and the structure of the cone of 

depression shifts across the model (Figure 3.17c, e, g). When the river has the lowest hydraulic conductivity 

(on the day 32nd) then the drastic depletion occurs along the river path (Figure 3.17g). 

 

 

Figure 3.17 Vertical gravity gradient (Gzz) of the model on day 1 (a), on day 12 (b), on day 22 (d), on day 

32 (f), and the differences between days 1 and 12 (c), 1 and 22 (e), and 1 and 32 (g). 
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The HGz signal is more sensitive than Gz to the spatial changes of the water table elevation. The planar 

views of the HGz signals (Figure 3.18a, b, d, and f) emphasize that the edge of the cone of depression is 

determined and the maximum drawdown (Figure 3.18b, d, f ) is more localized than the planar views of Gz 

signals around PW-1 and PW-2. It is evident that the depleted areas are located largely around the wells. 

Therefore, the HGz signals are sensitive to localized changes in the water table. HGz should also be sensitive 

to the relationship between the three wells, how their impact changes over time should be seen in the gravity 

gradient. Using a different hydraulic conductivity and a changing pumping rate reveal that the drawdown 

which occurs due to the using higher hydraulic conductivity (1x10-2m/s) (Figure 3.6) is less instant than 

lower hydraulic conductivity (1x10-2m/s) (Table 3) (Figure 3.13).  
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Figure 3.18 HGz signals of the model model on day 1(a), on day 12 (b), on day 22 (d), on day 32 (f), and 

the differences between days 1 and 12(c), 1 and 22(e), and 1 and 32(g). 
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aquifer. While this model used herein is quite simple, the methods employed have no limitations in 

performance for more complex groundwater or surface water models. The Gz plot accurately shows the 

general depletion area and drawdown levels as well as contours how it changes temporally. The HGz 

gradients demonstrate detailed localized changes in drawdown. Time-lapse gravity gradiometry provides a 

viable alternative or complement to monitoring wells and enables the monitoring of groundwater tables 

across a 2D region rather than being limited to individual monitoring locations at wells. It, therefore, 

provides a more complete picture of whether groundwater and surface water used at a water extraction or 

injection site meet regulatory requirements.  
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Chapter 4 

Inversion Modelling for Groundwater Monitoring 

4.1 Introduction 

 

Inversion of potential field data can provide models of the distribution of physical properties in the sub-

surface. The essential link between geological and geophysical interpretation relies on the physical 

properties of  rocks and minerals as described in Chapter 2. 3D modelling, inversion and interpretation of 

gravity data have become common applications in the exploration industry. Gravity data is one of the most 

common geophysical data sets used in mineral deposit exploration. Inverse solutions have also been 

developed to predict the distribution of physical properties that are required for the explanation of the 

observed geophysical responses (Li and Oldenburg, 1998). However, the non-uniqueness, uncertainty, and 

ambiguity of sub-surface physical property models remains even if the most accurate observed geophysical 

data are available. Inversion models and resulting sub-surface models are often constrained by auxiliary 

information about the target. After the completion of the inversion processes, the recovered property models 

can be evaluated by comparison with the expected sub-surface distribution of material properties, herein 

water saturated sand. Several numerical difficulties can restrain the successful inversion of potential field 

data: 

• Non-uniqueness: The data are limited to a finite number of point observations, and the source 

distribution for potential fields are the two primary sources of non-uniqueness. This difficulty of 

inversion of potential field data can be overcome by adding existing geological information into 

the geophysical inversion or adding a set of mathematical constraints that estimate geological 

expectations for the model when it has a lack of geophysical data. For instance, the water levels 

and geological records from a well could be used to constrain the inversion model. 
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• Non-existence: A single model might not be able to fit the measured data due to the presence of 

noise in geophysical and geological data. This problem can be handled by allowing for noise within 

some defined tolerance in the geophysical data. However, the true model might still remain outside 

of the permissible model space covered by inversion models. 

• Instability: Small changes in the data can cause considerable changes in the property model. This 

problem can be lessened by applying some type of regularization that imposes a set of mathematical 

restrictions recovering the model that meets specific criteria. 

 

Even though there are different approaches, The University of British Columbia-Geophysical Inversion 

Facility’s (UBC-GIF) GRAV3D packages is one of the algorithms that have been widely used in the 

exploration industry (Li and Oldenburg, 1996).  

The UBC-GIF inversion algorithm attempts as small of a deviation from the reference model as possible 

and has implemented a particular smoothness characteristic. Smoothness can be seen either as a smooth 

model (model parameters vary smoothly), or a smooth model difference (deviations that are derived from 

the reference model can be spread smoothly over several cells). The limitation of these approaches is that 

the recovered models do not depict sharp geological boundaries and will usually be smooth. However, the 

smoothness helps to detect the general distribution of properties within homogeneous bodies (Williams and 

Oldenburg, 2009). This is often preferred in potential field modelling as those do not have good localization 

abilities, e.g. to detect sharp geological boundaries. In this study, the focus lies on identifying the water 

table, or the density interface between dry and wet packed sand. The smoothness is thus not desired. 

 

The main goal of inversion modelling is to build the best possible model to provide insight into both the 

geometrical distribution of material properties and their magnitudes. 
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4.2 Methodology 

 

The UBC-GIF program GRAV3D is used for the inversion process in this chapter to invert gravity data. 

This software utilizes a suite of algorithms to invert gravity observations for a 3D distribution of density. 

GRAV3D generally uses linear inversion methods to find a model as seen in (32). 

 𝐺𝑚 = 𝑑vw@ (32) 

𝐺	is the forward operator that explains the physics of the problem, 𝑑vw@ is the observed data and 𝑚	 is the 

model containing M separate cells that are usually greater than the number of data, N, available in 𝑑vw@. All 

gravity observations and predictions are in mGal, and all densities are in g/cm3 (UBC-Geophysical Inversion 

Facility, 2005). The physical properties of the Earth can be described as a continuous function of position 

𝑚	(𝑥, 𝑦, 𝑧). The modelling step requires the simplification of the Earth through discretization and dividing 

of the Earth into cells within which physical property values are constant and of which the size is smaller 

than the resolving power of the survey (Figure 4.1). The inversion procedure is also explained with the 

following minimizing equation. The solution is dependent on the model objective function (Φµ), the data 

misfit	(Φ�), and the regularization parameter (𝛽) that regulates the trade-off between misfit and structure 

in Equation (33). 

 Φ(m) = Φ� + 𝛽Φ? (33) 

 

 

 

 

 

Figure 4.1 The model grid shown as an orthogonal 3D mesh. 
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The UBC-GIF gravity inversion programs provide models of the subsurface physical properties and 

demonstrate the geophysical anomalies without including unnecessary detail. The workflow, which is 

shown below, seeks to simplify the efficient use of inversions. This workflow primarily aims to provide the 

best procedure for both preparing and performing UBC-GIF gravity inversion (Figure 4.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Flowchart demonstrates how to set up a gravity inversion in GRAV3D (UBC-Geophysical 

Inversion Facility, 2005). 
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4.2.1 Data preparation 

 

The data preparation step is crucial, it ensures a consistent result.  

• Topography data: Topography data stands for the position of the Earth’s surface, which 

distinguishes air cells from ground cells. If there is any topography data, then the data have to be 

converted into proper coordinates relative to the used height datum. If topography datasets are 

obtained from multiple data sources, duplicate data points should be removed. Storing large 

detailed topography data sets might consume a lot of time while they are being processed. 

Therefore, they should be down-sampled to reduce the file size as well as to save time. It is essential 

to ensure that while resampling, there must be >2 topography points above each column of cells. 

Furthermore, topography data sets must cover the full extent of the study area. The inversion 

process will only recover properties for cells lying below the topographic surface (Leaman, 1998). 

Topography is not included in this study. 

• Gravity data: The gravity data needs to extend beyond the edges of the core volume and has to be 

in an appropriate unit (gravity in mGal=10µm/s2). If there are any duplicate data points, they also 

have to be removed from the gravity data sets. Gravity inversions should be done using the best 

gravity corrections possible. The geophysical data should be used after these corrections, which are 

explained in Chapter 2; 

1. Free-air correction 

2. Bouguer correction 

3. Latitude and terrain correction if applicable 

4. Correction for tides if applicable 

5. Corrections for a moving observation platform, Eotvoes effect 
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4.2.2 Meshing 

 

GRAV3D inversion models are displayed on a rectangular prism mesh that consists of rectangular prism 

cells. Inversion models should be constructed by using small cells so that the details of discretization do 

not affect the results. Cells might have different sizes and aspect ratios. Using various cell sizes in different 

areas of the mesh can diminish the number of cells and speed up the inversion process. However, the 

potential fields can result in less resolution with increasing depth. There are two methods described below 

which are used to design a mesh: 

 

• The GRAV3D default method: This method can solve most of the problems and is acceptable for 

most of the models where there are no anomalies near the edge of geophysical data, and there are 

no data contributions from an outside source of the mesh. This method is useful for synthetic 

examples (Figure 4.3). 

 

 

 

 

 

 

 

Figure 4.3 Perspective view of a default mesh and resolution decreases with an increasing depth. 
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• A more accurate method: this method can be used to make sure there is no error near the edge of 

the model where anomalies are inadequately occupied at the edges of the geophysical data. This 

method is a traditional method of designing a mesh that covers a larger area and contains more cells 

than the previously discussed default method. This approach require more computational time, but 

is often necessary of the model boundaries are not well constrained or the observations show 

significant variations across the model. 

If model topography is present, the top of the mesh must lie above its the highest point. Otherwise, every 

data point must lie above the top of the mesh that represents the ground surface (UBC-Geophysical 

Inversion Facility, 2005). In this study, the default method  is used to create a mesh. 

4.2.3 Local padding 

 

Although a mesh can be designed to capture all the information for sources within the local core, there 

might be information outside of the core model. To produce an adequate view of the recovered data, this 

information from outside of the core must be taken into consideration within cells. This process can be 

carried out by using padding cells. The local width of the padded mesh can be estimated: 

 𝑙𝑜𝑐𝑎𝑙	𝑝𝑎𝑑𝑑𝑖𝑛𝑔	𝑤𝑖𝑑𝑡ℎ = D� + 2𝑑� (34) 

 

Where D� and	𝑑� are the appropriate total width of the local data area, and the depth of the local core (the 

main volume of interest), respectively. If a regional response existing below the local core will be removed, 

then the depth of the padding can be equal to the depth of the core (𝑑�). On the other hand, the depth of the 

padding must be greater than the core depth to allow for the observation of long wavelength sources. 

However, it is essential to increase the cell size in the padding zones to speed-up processing for large 

problems. Doubling the dimension of the cells in a local core should be preferred in a case of the padding 
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cells directly below the local data. If it is beyond the local data, doubling the dimension of the cells under 

data should be preferred (UBC-Geophysical Inversion Facility, 2005). 

4.2.4 Data uncertainty 

 

There are various sources of uncertainty that cannot be prevented in geophysical data. These uncertainties 

are an estimation of the standard deviation found in data and depend on measurement density  and location. 

If the assigned uncertainty is relatively small, the inversion process will take longer. It will recover a model 

consisting of a surplus structure that cannot be interpreted from the original geophysical data. If the assigned 

uncertainty is too high, the inversion will be done too quickly, and the recovered model will be too smooth 

and will have a lack of detail. A high-quality gravity data set has an uncertainty of 0.01-0.05mGal, an 

average quality data set has an uncertainty of 0.05-0.1mGal, and 0.1- 0.15mGal for poor quality data.  

 

4.2.5 Alpha coefficients 

 

Alpha coefficient parameters should be adjusted in all inversions. These parameters control the smoothness 

of the model and explain how the recovered model fits the reference model. Alpha (𝑎) values are directly 

related to the coefficients of the four components of the inversion model objective (UBC-Geophysical 

Inversion Facility, 2018). There are four Alpha (𝑎) values in total: 

• 𝑎@ controls how closely the model fits the supplied reference model 

• 𝑎�	 controls the effect of the smoothness of the model in the east-west direction. 

• 𝑎g	 controls the effect of the smoothness of the model in the north-south direction. 

• 𝑎Q controls the effect of the smoothness of the model in a vertical direction. 
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The default settings are usually 𝑎@ = 0.0001, 	𝑎� = 1, 𝑎g = 1, and	𝑎Q = 1. These parameters are 

appropriate to solve problems consisting of cells of 20-50m in each dimension. If the default settings are 

used for larger cells, the model will be too structured or rough. If they are exploited for the model containing 

small cells, the model will be too smooth and will have a lack of detail (UBC-Geophysical Inversion 

Facility, 2005).  

 

4.2.6 Depth weighting 

 

A depth weighting function controls the vertical distribution of properties within the model because 

potential field data usually does not provide much depth information (UBC-Geophysical Inversion Facility, 

2018). GRAV3D has an option of the distance weighting that must be selected to use the default values. If 

it is available, borehole data can be used. The advantage of this parameter is that it can make the inversion 

process quicker (UBC-Geophysical Inversion Facility, 2005). 

 

4.2.7 Bounds 

 

The upper and lower bounds in the authorized model in any cell can produce the constraints in a model if 

the bounds of the model are precisely defined. If it is possible to characterize the range of properties that 

are assumed, bounds also indicate a common geological scenario. Bounds can be specified for either the 

entire model or for each individual cell. The default bounds for gravity inversions should be assigned to -2 

to +2g/cm3 relative to the average model density. The application of the bounds can provide a slight 

adjustment of the smooth model as the freedom of changing the density magnitude is now constrained. A 

non-default bounds model can also be exploited, but this step should be done carefully because the 
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constraint for many cells will be poorly specified and will not affirm to the strict control forced by the 

bounds (UBC-Geophysical Inversion Facility, 2018). 

4.2.8 Reference model 

 

A reference model property determines the best estimate of the arithmetic mean of the physical property of 

rocks contained in each model cell based on prior knowledge. The reference model helps to define how 

close the recovered property model will be to the specified reference model, while still fitting the 

geophysical data. If a uniform model is chosen, this might result in a model where there are minimal 

structures and property to describe the observed geophysical data. The default reference model of 0g/cm3 

can be used when there is no other geological information available. However, if there are additional 

geological details available about the subsurface distribution of physical properties, the best estimation of 

physical properties can be provided in the reference model file. This file can explain a complex non-uniform 

physical property model defining the subsurface geology. Inversion can generate a physical property using 

constraints, but it will not contain either minimal structure and sharp changes in a recovered model (UBC-

Geophysical Inversion Facility, 2018). However, this is also not required herein, as potential field data such 

as gravity will not resolve sharp boundaries anyway. 

 

4.2.9 Initial model 

 

The initial model defines the starting physical property distribution. The purpose of using the initial model 

is to speed up inversions by providing an existing model. It has a slight effect on the recovered property. 

The values of the initial model have to be between the specified bounds. The default inversion values for 

the initial model is usually set as having a value of 0g/cm3 (UBC-Geophysical Inversion Facility, 2018). 
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4.3 Results 

4.3.1 A synthetic model 

 

A synthetic example has been created to emphasize the inversion process and to provide an understanding 

of the inversion model performance. A density contrast model is utilized to forward model gravity data, 

specifically the vertical gravity component. A synthetic example and the location of two ellipsoids are 

shown in Figure 4.4a and b. The model consists of 100000 cells, and mesh dimensions are 1000m x 1000m 

x 1000m. The first and second target ellipsoids have a size of 300m x 300m x 320m and are located 50m 

below the surface with a density of 2 and 2.5g/cm3, respectively (Table 11). The surrounding rock has the 

density of 0g/cm3. The inversion problem is solved by using Equation (34). This example demonstrates how 

altering the desired misfit or alpha coefficients affects the recovered model. 

 

 

Figure 4.4 Top perspective view (a) and side perspective view (b) of the synthetic density contrast model.  

N 

(a) (b) 

N g/cm3 

2 

1 
2 

1 
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Table 11 Parameters for ellipsoid (1) and (2) in the initial model 

 

Four hundred synthetic gravity measurements were made at the surface on a regular 10m grid. Random 

noise of 5% + 0.0001mGal was added to the model, and the standard deviation was assigned equal to 3% 

of the magnitude of each gravity value. The minimum standard deviation was limited to 0.001mGal ( 

Figure 4.5a, b). 

 

Figure 4.5 Synthetic model gravity observations without noise (a) and with noise (b). 

Parameters  Ellipsoid-1 Ellipsoid-2  
Type ellipsoid ellipsoid 

Density 2g/cm3 2.5g/cm3 

 X-coordinates (m) 480         780 520     820 

Y-coordinates (m) 

Z-coordinates (m) 
 

240        540 

-50          -370 

200      300 

-50     -370 

(a) (b) 

N 
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Figure 4.6 presents north-facing cross sections through the true model and five recovered density contrast 

models from the inversion results of the synthetic gravity data. All inversion parameters for five different 

inverse models are shown in Table 12. 

Table 12 Inversion model parameters for five different inverse models 

 

Each inversion results are plotted with the same color scale. Figure 4.6a, where the recovered model fits 

the data to a value equal to the number of data (Φd = N), shows that the density-contrast values are close to 

the value of the true model. However, a more complex structure is represented as the assigned noise shows 

itself. Figure 4.6b displays a model assigned with a data misfit of one-tenth of the number of data (Φd = 

0.1N), and the model over-fits the data. Figure 4.6c shows the model built with five times the number of 

data (Φd = 5N),. The model objective function has more control over the model. The over-fitting, therefore, 

occurred and resulted in a smaller and smoother model with a simple structure. Figure 4.6d, where the 

model is extended in the vertical direction, and Figure 4.6e, where the model is shortened but has larger 

Property Inversion-1 
(Φd = N) 

Inversion-2 
(Φd = 0.1N) 

Inversion-3 
(Φd = 5N) 

Inversion-4 
(αz  > αx , αy) 

Inversion-5 
(αz  < αx , αy) 

Alpha S 0.0001 0.0001 0.0001 0.0001 0.0001 

Alpha N 1 1 1 1 10 

Alpha E 1 1 1 1 1 

Alpha Z 1 1 1 10 1 

Reference model 
density g/cm3 

 

0 0 0 0 0 

Initial model 
g/cm3 

 

0.001 0.001 0.001 0.001 0.001 

Lower Bound 
g/cm3 

 

4.5 4.5 4.5 4.5 4.5 

Upper Bound 
g/cm3 

0 0 0 0 0 
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horizontal extents, proved that changing the model objective function could produce models which are 

smoother in the vertical direction and smoother in the horizontal direction. 

 

  

 

 

 

g/cm3 

(a) (b) 

(c) (d) 

0 0.3 0.6 0.9 1.2 1.5

≈ç√ç√ 

2.0g/cm3 
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Figure 4.6 North facing cross sections for five recovered models for five different inversions. Model fits 

data (Φd = N) (a), model over fits data (Φd = 0.1N) (b), model under fits data (Φd = 5N) (c), the model is 

smoother in the vertical z direction (αz  > αx , αy) (d), and the model is smoother in the horizontal direction 

(αz  < αx , αy) (e). 

 

The perspective view of the recovered model is displayed in Figure 4.7. The model is volume rendered with 

a cut off of 1.5g/cm3 from the model that fits the data best (Φd = N) (Figure 4.6a). The density values of the 

recovered model are smaller than the true model because of the model objective function assigned to 

generate a model that is relatively close to a reference density-contrast value of 0g/cm3. The contrast is 

2.5g/cm3, and the reason that it is only 1.5 in the inversion is a consequence of the 0g/cm3 surroundings 

getting some density above 0. The anomalous body gets stretched out and increases the volume with density 

changes larger than 0g/cm3. 

(e) 

0 0.3 0.6 0.9 1.2 1.5

≈ç√ç√ 

2.0g/cm3 
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Figure 4.7 The perspective view of the recovered density contrast model shown in Figure 4.6a.  
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4.3.2 Groundwater models 

 

ModelMuse is exploited in this study to generate the groundwater models, and the depth of the groundwater 

table is imported into IGMAS+ as the groundwater surface. These models are forward modelled with 

IGMAS+. The relative density below the groundwater table is 0.0g/cm3, which symbolizes wet packed sand 

The relative density change of dry packed sand is set to 0.5g/cm3. Note that the use of absolute densities is 

not necessary for this modelling approach as we are targeting relative density changes rather than absolute 

values. It is advantageous to use relative densities as the background density can be set to zero, which helps 

to avoid model boundary effects. Gravity and gravity gradients are forward modeled for both aquifer models 

and every time step of the 40 days to predict signal strength and directional changes depending on the water 

flow. Following that, the first step of the preparation of synthetic gravity data through GRAV3D is the 

addition of the Gaussian distributed error of 5% + 0.0001mGal with a standard deviation of 3% +0.01mGal 

to the initial model vertical gravity response data (Gz). Initial values for hydraulic conductivity, drawdown, 

pumping rate, and gravity signals at the well locations for groundwater models are shown in Table 13. Note 

that these values differ from the previous forward models in Chapter 3. 

Table 13 Initial values for hydraulic conductivity and drawdown and gravity signals at the well location 

for two consecutive 20 day periods. 

 

Property First 20 days Second 20 days 
Kx (m/s) 2x10-2 2x10-2 

Ky (m/s) 2x10-2 2x10-2 

Kz (Kx/10) (m/s) 2x10-3 2x10-3 

Pumping Rate (l/s) 

Drawdown (m) 

160 

29 

150 

26 
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The forward modelled gravity and gravity gradient signals of the groundwater model for day 10 are shown 

in Figure 4.8. The vertical gravity (Gz) of day 10 is used for the inversion model. For day 10, the 

groundwater model has the pumping rate of 160l/s, a drawdown of 29m, and a vertical gravity at the well 

of -0.2233mGal. For day 30, the groundwater model has a pumping rate of 150l/s, a drawdown of 26m, and 

a vertical gravity of -0.1885mGal at the well. It must be noted that these pumping rates are unrealistically 

high relative to the aquifer depth. Another parameters, such as hydraulic conductivity, could be changed to 

cause more drawdown rather than using unrealistic pumping rate. However, this study aimed to forward 

and inverse model the groundwater model density distribution without evaluating how the. Density 

distribution (hydrological processes) created those. 

 

Figure 4.8 The forward model gravity and gravity gradient signals of the groundwater model, on day 10. 

as used for input into the inversion model. Note that the cone-shaped area in light red represents the target 

to be recovered by the inversion process. 

pumping well 

Gz 

Gzy 

HGz  

Gzx 

unsaturated 

saturated 

groundwater table 
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Table 14 Inversion model parameters used for the inversion model at day-10. 

Table 14 Inversion model parameters used for the inversion on day-10. 

 

 

 

 

 

 

 

 

The density contrast model for the first 20 days (cross-section shown in Figure 4.8) and its gravity values 

are used as the inversion input for a 150m x150m area. Figure 4.9 shows the inversion results. The model 

is cut off from the middle to identify two different layers, which are dry-packed sand (-0.5g/cm3) and wet 

packed sand (0.0g/cm3) (Figure 4.10). North perspective views of the detailed density contrast model, 

shown as a volume-rendered isosurface plot using a cut off between -0.22 and -0.3g/cm3, shows how the 

dry packed sand volume of the groundwater model changes due to water extraction. This range is used to 

determine the interface between dry versus wet packed sand (Figure 4.11). Cells with density contrasts 

higher than these values are removed. Removal of the lighter density materials reveals a density of -

0.22g/cm3 or higher. That density boundary can be used to show the wet packed sand layer over the study 

area (Figure 4.12) 

 

Property Inversion - day 10 
Alpha S 0.0001 

Alpha N 1 

Alpha E 1 

Alpha Z 1 

Reference model 
density g/cm3 

0 

Initial model 
g/cm3 

0.001 

Lower Bound 
g/cm3 

-2.5 

Upper Bound 
g/cm3 

2.5 
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Figure 4.9 North top perspective view facing north of inversion density contrast model for day-10. 

 

 

 

 

 

 

 

 

 Figure 4. 10 North top perspective view facing north of invserion density contrast model, the model is 

cut off from the middle to identify two different layers, dry and wet packed sand. 
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Figure 4.11 North perspective view of the inversion density contrast model shown as volume-rendered 

isosurface plot using a cut-off between -0.22 and -0.3g/cm3 for day-10. 

 

 

 

 

 

 

 

 

Figure 4. 12 North perspective view of the inversion density contrast model shown as a volume-rendered 

isosurface plot using a cut-off between -0.22 and 0.07g/cm3 for day-10. 
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Comparing the cone of depression of the forward modelled groundwater model in Figure 4.8 with the 

inverse model results in Figure 4.11 reveals that the inversion model shows a lower density contrast, but a 

larger and deeper volume of dry-packed sand. While the true model has the interface at approximately 25m 

depth, the inversion model shows the dry-packed sand around the well down to 35m. This is offset by a 

smaller density contrast. Hence, the results overall fit the true model, but deviate in target volume, depth 

and density contrast. This must be expected from the inversion process, which does not have much depth 

constraints considering that only Gz is used for the inversion model. Knowing the true densities of the dry 

and wet packed sand from a well-log would allow for constraining the densities more tightly which would 

likely result in improved inversion models. Note that the product of volume and density contrast should be 

preserved between the true and the inversion model. This is achieved in the inversion results presented here. 

4.4 Conclusion 

Inverting geophysical gravity data to generate physical property models can provide a better understanding 

of the subsurface. However, the issues of understanding the data, fitting the data to the most appropriate 

model when errors are unknown, and non-uniqueness are addressed with the synthetic example. This 

example displays the importance of accurate data and constraints. 

 

Both groundwater models with a varying pumping rate contain the same general features. The similarities 

in the two groundwater models are i) grid structure; and ii) similar shape of the groundwater tables. The 

main difference between the two models is due to the changing pumping rate causing different drawdown 

levels. 

 

The results underline that inversion modelling can still be useful and reasonable, and that drawdown caused 

by using different pumping rates is still strong enough to identify two different material layers. UBC-GIF 
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and IGMAS+ showed the expected high level of accuracy in density/gravity modelling. Inverse modelling 

using GRAV3D can be used with various geophysical constraints obtained from auxiliary information. 
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Chapter 5 

Sensitivity Test: Survey Sampling and Well Separation 

5.1  Introduction 

 

This chapter describes a sensitivity test, which includes varying survey sampling and well separation asa 

proxy for spatial resolution of the drawdown surface  

The groundwater models for different well separation and survey sampling built using MODFLOW are 

forward modeled to evaluate their gravity, gravity gradient signals, and inversion results. The primary aims 

of this study are to discover (Figure 5.1): 

•  What the best survey sampling distance is without missing any details, and how different survey 

sampling can be seen in gravity and inversion results; and 

• How different well separation (spatial resolution) is related to drawdown, gravity, and inversion 

results. Or is gravimetry able to sense the differences in drawdown between wells of different 

separation. 
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Figure 5.1 Groundwater reservoir monitoring scheme. The two parameters changed in this study are well 

separation and survey sampling. 

5.2 Methodology 

 

5.2.1 Groundwater models 

 

In this study, ModelMuse and MODFLOW-2005 are used to generate groundwater models with varying 

well separations and gravity station spacing. These generated groundwater models have the primary 

purpose of providing insight into a management decision regarding the impact those parameters to monitor 

drawdown in a groundwater reservoir adequtaely. 

The summary of the MODFLOW model’s parameters used to create groundwater models for different 

well separations is indicated in Table 15. 

Survey 

Sampling 

Well  

separation 
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Table 15 The following parameters are used to generate groundwater models for different well 

separations 

 

 

Property Well separation: 10m Well separation: 40m Well separation: 70m 

Layer type Unconfined layer Unconfined layer Unconfined layer 
Kx ( m/s) 2x10-2 2x10-2 2x10-2 
Ky (m/s) 2x10-2 2x10-2 2x10-2 

Kz (Kx/10) (m/s) 2x10-3 2x10-3 2x10-3 
Ss (L-1) 0.01 0.01 0.01 

Maximum 
elevation 

0m 0m 0m 

Minimum 
elevation 

-40m -40m -40m 

Number of Rows 15 15 15 
Number of 
Columns 

15 15 15 

Width of Rows 10m 10m 10m 
Width of 
Columns 

10m 10m 10m 

Number of layers 1 1 1 
Cells per layers 225 225 225 

Model simulation 
type 

Steady and Transient 
State 

Steady and Transient State Steady and Transient 
State 

Stress periods 40 40 40 
Time steps 86400 seconds 86400 seconds 86400 seconds 

Stress period 
duration 

1 day 1 day 1 day 

Length of 
simulation 

40 days 40 days 40 days 

Solver package Preconditioned Conjugate 
Gradient Solver 

Preconditioned Conjugate 
Gradient Solver 

Preconditioned 
Conjugate Gradient 

Solver 
Internal flow 

package 
Layer property flow 

package 
Layer property flow package Layer property flow 

package 
Boundary 
Packages 

CHD, WEL CHD, WEL, CHD, WEL, 

Observation Head observation Head observation Head observation 
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Altering the survey grid sample is completed by including more or fewer stations at the surface where 

gravity signals are derived. Table 16 shows all parameter values of two survey variables used to generate 

groundwater models. 

 

 Table 16 Parameter values of two survey variables considered to generate groundwater models for the 

sensitivity test 

 

 

 

  

Property Well pair separation/m Survey grid 
sampling/m 

Time steps 
modelled/days  

Groundwater model-1 10 5 40 

Groundwater model-2 40 5 40 

Groundwater model-3 

Groundwater model-4 

Groundwater model-5 

Groundwater model-6 

70 

10 

10 

10 

5 

2 

5 

10 

40 

40 

40 

40 
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5.2.2 Forward model 

 

The groundwater models with both varying well pair separations and survey grid samplings created by 

ModelMuse are forward modeled by using IGMAS+. The relative density values above the groundwater 

table are equal to -0.5g/cm3, which represents dry packed sand. The relative density below the groundwater 

table is 0.0g/cm3, which represents wet packed sand. 

3-D density models are created with both the x and y dimensions being extended by 150m to avoid edge 

effects. Each groundwater model with varying well pair separation is imported and forward modeled 

individually. The vertical gravity (Gz), vertical gravity gradient (Gzz), the horizontal cross-line gravity 

gradient (Gzx), horizontal in-line gravity gradient (Gzy), and complete gravity gradient (HGz) signals are 

calculated. Increasing the well pair separation with an interval of 30m resulted in a decrease in the 

drawdown and an increase in the gravity signals (Figure 5.2) 

 

 

 

 

 

 

 

 

 

Figure 5.2 Model sketches for increasing well pair separation 

Decreasing 

drawdown 

Broader 

Gravity signals  

10m 

 

40m 

 

70m 
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5.2.3 Inverse model 

GRAV3D is used for the inversion process to resolve the different well locations and the drawdown. 

Inversion model parameters are listed in Table 17. 

 

Table 17 Inversion model parameters for different survey sampling (2m, 5m, and 10m). 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3 Results 

 

The results are illustrated in two different sections, namely, the impact of varying the well pair separation 

and the survey grid sampling. 

 

 

 

Property 
Survey  

sampling  
for 2m 

Survey 
sampling 
for 5m 

Survey 
sampling for 

10m 
Alpha S 0.0001 0.0001 0.0001 

Alpha N 1 1 1 

Alpha E 1 1 1 

Alpha Z 1 1 1 

Reference model 
density g/cm3 

0 0 0 

Initial model units 
g/cm3 

0.001 0.001 0.001 

Lower Bound 
g/cm3 

2.0 2.0 2.0 

Upper Bound 
g/cm3 

-2.0 -2.0 2.0 
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5.3.1 Different survey sampling 

5.3.1.1 Results of gravity and gravity gradient signals 

 

Gravity gradients usually decay proportionally to 1/distance3 and gravity with 1/ distance2. Hence, the depth 

of the target will control the required station sampling at the surface. Changing survey sampling provides 

insight into the estimation of the minimum survey that is required to resolve the density anomalies. Figure 

5.3 demonstrates three examples of results generated from changing the survey grid sampling. Surveying 

at 2m, 5m and 10m spacing is modelled and no significant differences are detected (Figure 5.3). Hence a 

10m station sampling is sufficient for the groundwater reservoir tested here. This would result in a total 

number of 225 gravity stations.  
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Figure 5.3 Gravity gradient signals at different survey grid sampling for Gz 2m (a), 5m (b), 10m (c), Gzx 

2m (d), 5m (e), 10m (f),  Gzy 2m (h), 5m (i), 10m (j), Gzz 2m (k), 5m (l), 10m (m), and HGz 2m (n), 5m 

(o), 10m (p). 

(a) (b) (c) 

(d) (e) (f) 

(h) (i) (j) 

(k) (l) (m) 

(n) (o) (p) 

Gz  

Gzx  

Gzy  

HGz  

Gzz  

N 

2m 5m 10m 

PW-1 PW-2 PW-1 PW-2 PW-1 PW-2 

-0.0015 mGal 

-0.24  

-0.1275  

4.14 mGal/km 

-3.77  

2.81 mGal/km 

-2.88  

-0.035  

4.45 mGal/km 

-8.1 

-1.82 

4.134 mGal/km 

0.005 

2.07 

0.185  
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5.3.1.2 Results of inversion 

 

The inversion process is used to unveil the effect of different survey sampling. The gravity signals (Gz) 

computed in IGMAS+ are used for the inversion process. These signals have added random noise of 5% + 

0.0001mGal with a standard deviation of 3% +0.01mGal. The modelling parameters were kept to the default 

settings. Inversion model inputs for survey sampling 2m, 5m, and 10m are shown in Table 17. 

 

Figure 5.4a, b, and c show a perspective view, facing north of the regional density contrast model. The 

model is cut off from the middle to identify two different layers: dry packed sand and wet packed sand. 

Figure 5.4c shows results using a survey grid sampling of 10m and resolves the density contrast slightly 

worse compared to 2m and 5m sampled models. While the forward models were very similar, the inversion 

process now suffers from fewer gravity data, which leads to a less well constrained inversion model. Figure 

5.5, shown for a cut-off between -0.38 and -0.28g/cm3, allows for the identification of dry-packed sand. As 

before, the results are very similar with a slightly coarser result for the model using 10m spacing. Overall, 

it can be stated that the station spacings of 2-10m are all adequate.  
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Figure 5.4 Perspective view, facing north of regional density contrast model. The model is cut off from 

the middle to identify two different geological layers at different survey grid samplings of 2m (a), 5m (b), 

and 10m (c). 
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Figure 5.5 North-Top perspective view of the detailed density contrast model shown as volume-rendered 

isosurface plot using a cut-off between -0.38 and -0.28g/cm3 for 2m (a), 5m (b), and 10m spacing (c). 
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Figure 5.6 North perspective view of the detailed density contrast model shown as volume-rendered 

isosurface plot using a cut-off between -0.28 and 0.11g/cm3 for 2m (a), 5m (b), and 10m (c). 
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5.3.2 Different well pair separations 

5.3.2.1  Results of gravity and gravity gradient signals  

 

The resolvability of the drawdown variations across the reservoir is tested by changing the separation 

distance of two wells. Both gravity and gravity signals for different well pair separations are separately 

displayed as a surface grid, as well as in the in-line and cross-line directions. 

 

In Figure 5.7, all modelled gravity signals for well pair separations of 10m, 40m, and 70m are shown. 

Vertical gravity gradient (Gz) signals (Figure 5.7a, b, and c) shows that general depletion trends can be 

pictured, and that increasing the well pair separation helps to define the individual contributions of each 

well. Gzz signals (Figure 5.7k, l, and m) are similar to Gz signals, and resolve the depletion trends improving 

for increasing well pair separation. Gzz signals are more sensitive to determining detailed spatial changes.  

 

HGz signals, Figure 5.7n, o, and p are the combination of both horizontal gradient trends and images of the 

depleted area with an increase in gravity signals around the well pairs. The depleted areas can readily be 

resolved for increasing the well pair separation. HGz signals identify where the cone of depression starts or 

ends. Overall, the vertical gravity gradient is best suited to identify the individual wells or the spatisal 

variability of the drawdown. A 10m separation is not resolvable in any of the gravity parameters. This is a 

consequence of the depths of the aquifer and the limited depths resolution of gravimetry in general. 
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Figure 5.7 Gravity gradient signals at different well separation for Gz 10m (a), 40m (b), 70m (c), Gzx 10m 

(d), 40m (e), 70m (f), Gzy 10m (h), 40m (i), 70m (j), Gzz 10m (k), 40m (l), 70m (m), and HGz 10m (n), 

40m (o), 70m (p). 

(a) (b) (c) 

(d) (e) (f) 

(h) (i) (j) 

(k) (l) (m) 

(n) (o) (p) 

Gz  

Gzx  

Gzy  

HGz  

Gzz  

10m 40m 70m 

N PW-1 PW-2 PW-1 PW-2 PW-1 PW-2 

-0.001 mGal 

-0.24  

-0.1275  

-4.66  

5.24 mGal/km 

0.29 

2.8 mGal/km 

-2.4 

0.2 

2.77 mGal/km 

-8.01  

-2.62  

0.002  

5.24 mGal/km 

2.61  
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5.3.2.2  Inversion results 

 

The inversion processes investigated the impact of different well pair separations. The gravity signals (Gz) 

calculated in IGMAS+ are used for the inversion process. These signals have added random noise of 5% + 

0.0001mGal with a standard deviation of 3% +0.001mGal. The default settings of UBC-GIF were used as 

the modelling parameters and the inversion model parameters for different well separation are shown in 

Table 18.  

Table 18 Inversion model parameters for different well separation (10m, 40m, and 70m) 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8a, b, and c shows a perspective view, facing north of the regional density contrast model. A cut 

off from the middle is used to determine the interface between dry packed sand and wet packed sand. A 

well pair separation of 10m in Figure 5.8a shows a maximum drawdown of 25m, and the groundwater level  

Property 
Well  

Separation  
for 10m 

Well  
Separation  

for 40m 

Well  
Separation  

for 70m 
Chi factor 1 1 1 

Alpha S 0.0001 0.0001 0.0001 

Alpha N 1 1 1 

Alpha E 1 1 1 

Alpha Z 1 1 1 

Reference model  
density g/cm3 

0 0 0 

Initial model 
g/cm3 

0.001 0.001 0.001 

Lower Bound 
g/cm3 

2.0 2.0 2.0 

Upper Bound 
g/cm3 

-2.0 -2.0 2.0 
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is the lowest of all models. When the well pair separation is increased to 40m, the maximum drawdown 

decreased to 18m (Figure 5.8b). A well pair separation of 70m shows a drawdown of 15m (Figure 5.8c). 

The density values between -0.3 and -0.22g/cm3 were used to identify dry packed sand (Figure 5.9a, b, and 

c). A removal of the lighter density material reveals the 0.0g/cm3 that stands for wet packed sand (Figure 

5.10a, b, and c). Both Figure 5.9a, b, c and Figure 5.10a, b, c resolved the structure of the groundwater 

model, at which depth drawdown starts/ends, and the groundwater level variations between the two wells. 

Consequently, the combination of the gravity and gravity gradient and the inversion results of different well 

separations illustrated that an increase of the well pair separation resulted in less localized, but broader 

drawdown, more resolvable gravity gradient signals (Gzz), and gravity signals.  
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Figure 5.8 Perspective view, facing north of regional density contrast model. The model is cut off from 

the middle to identify two different geological layers for a well separation of 10m (a), 40m (b), and 70m 

(c). 
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Figure 5.9 North-Top perspective view of the detailed density contrast model shown as volume-rendered 

isosurface plot using a cut-off of -0.3, -0.22g/cm3 for a well separation of 10m (a), 40m (b), and 70m (c). 

 

 

(c) 

0.09 g/cm3 

-0.3 -0.235 -0.17 -0.105 -0.04 0.028 0.09g/cm3 



 

 

128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 North perspective view of the detailed density contrast model shown as volume-rendered 
isosurface plot using a cut-off of -0.22, 0.09g/cm3 for a well separation of 10m (a), 40m (b), and 70m (c). 
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5.4 Conclusion 

 

This study assessed forward models and inverse models for changing well pair separations and survey grid 

sampling. 3D inverse modelling combined with IGMAS+ forward modelling has proven to be an effective 

way to identify the dry packed and wet packed sand. The survey sampling of 2, 5, and 10m show that 

smaller survey grid sampling, such as 2m, does not increase resolvability, but resolve the target structure 

effectively. If the survey grid sampling is broader, such as 10m, the drawdown trends for the well are still 

resolvable for any depth and drawdown variations can be identified. A survey grid sampling of 10 m may 

be insufficient for very shallow reservoirs or smaller surveying areas, but it could be used for a deeper 

reservoir and more extensive areas. Considering survey time optimization, a 10m spacing is viable for the 

models studied herein. The well pair separations of 10, 40, and 70m increase the resolvability around the 

well for Gzz, Gzx, Gzy, and HGz. Increasing the well pair separation results in broader gravity and gravity 

gradient signals, and a decreasing but also broader drawdown distribution. The depth of the water table is 

resolved in all of the applied modelling tools, IGMAS+, ModelMuse, and GRAV3D inversion results. This 

demonstrates that gravity surveys present a viable addition to groundwater monitoring using wells and 

hydrodynamic models. 

 

To sum up, the magnitudes of gravity and gravity gradient signals computed can be sensed with the iGrav 

superconducting gravimeter. However, when utilizing this application in a real survey, the potential effects 

of noise must be taken into account. This environmental noise can be reduced by using two gravimeters at 

the same time (Kennedy et al., 2014). With the increasing demand for groundwater monitoring, time-lapse 

gravity gradiometry can be used to monitor groundwater movement and resolve groundwater depletion in 

space and time.  
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Chapter 6 

Conclusions 

 

This study evaluated the feasibility of using superconducting time-lapse gravimetry to monitor spatial and 

temporal changes in groundwater reservoirs. Additionally, the application to a mix of ground and surface 

water was discussed. This study also outlined the methodologies for creating groundwater data sets through 

hydrodynamic modelling, forward modelling, inverse modelling, and assessing modelled gravity signals.  

 

Chapter 3 presented the use of gravimetry for monitoring the depletion and recharge of groundwater and 

complex groundwater reservoirs. The application of water extraction changes the sensitivity of gravity (Gz) 

and gravity gradients (Gzx, Gzy, Gzz, and HGz). Gz and Gzz are mostly sensitive to lateral changes in 

density, and HGz signals are mostly sensitive to horizontal changes in density. The signals and structures 

from the depletion and recharge of ground- and surface water are significant enough to be monitored with 

gravity gradiometry. Thus, it was found that gravity gradiometry can be used to monitor the cone of 

depression over time and across the entire model areas. In addition, it was concluded from the gravity 

gradient signals that the drawdown patterns in the model could be sensed in space and time as well as 

several aspects of the interaction between pumping rates, rechargeability and groundwater movement. The 

gravity response also indicates a delay over time between different pumping rates. Both the pumping rate 

and the rechargeability of the aquifer caused a time delay in the gravity signals. 

 

Chapter 4 provided a reference point for understanding the inversion process, so that important issues such 

as non-uniqueness and data misfits were analyzed. The objective of inversion modelling for groundwater 
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modelling was to produce the best possible model to enlighten the interface of wet and dry packed sand 

within the groundwater model, and variations on the drawdown due to water extraction.  

 

One of the main challenges faced during the inversion process was reducing boundary effects—a problem 

which was addressed in this study through the use of boundary conditions, and a padding of the IGMAS+ 

models. The results indicated that inversion modelling could be useful, and drawdown caused by using 

different pumping rates was still dominant enough to separate wet and dry packed sand. 3D inversion 

modelling incorporating synthetic forward modelled data with noise has been confirmed as an adequate 

method to map out groundwater levels across the model. 

 

In Chapter 5, the sensitivity analyses of the groundwater table drawdown after ten days of extraction were 

assessed. The well pair separation and survey sampling, which are the two main parameters explored, had 

a slight impact on the sensitivity. All of the inverse modelling results of the altered well pair separation and 

survey sampling were analyzed. Consequently, the optimal survey grid sampling for shallow reservoirs and 

smaller survey areas was found to be less than or equal to 10m. This optimal survey grid sampling could 

carry out the survey without missing any details or drawdown variations. The different well pair separation 

results implied that increasing the well pair separation resulted in decreasing drawdown levels but broader 

distribution in a groundwater reservoir and higher resolvability in the gravity parameters. 

 

 The noise around the superconducting gravity survey, which is not discussed in this study, has similar 

signal amplitudes as the signals caused by water extraction. However, the gravity signals that are generated 

from the water extraction process are correlated across the model domain, while environmental noise is 
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considered as random. Hence, noise could in principle be lowered if two instruments were available at the 

same time.  

The modelling framework presented here is able to run any type of groundwater modelling output without 

major modifications. The ability to monitor variations across a groundwater extraction site and not only at 

monitoring wells provide improved insights into the dynamics of the groundwater systems as well as viable 

information to inform the extraction operations towards a sustainable use of water resources. 
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