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Abstract 

The feasibility of monitoring fluid flow subsurface processes that result in density changes, using the 

iGrav superconducting gravimeter, is investigated. Practical targets include steam-assisted gravity 

drainage (SAGD) bitumen depletion and water pumping from aquifers, for which there is currently a void 

in low-impact, inexpensive monitoring techniques. This study demonstrates that the iGrav has the 

potential to be applied to multi-scale and diverse reservoirs.  

 

Gravity and gravity gradient signals are forward modeled for a real SAGD reservoir at two time steps, and 

for surface-fed and groundwater-fed aquifer pumping models, to estimate signal strength and directional 

dependency of water flow. Time-lapse gravimetry on small-scale reservoirs exhibits two obstacles, 

namely, a µgal sensitivity requirement and high noise levels in the vicinity of the reservoir. In this study, 

both limitations are overcome by proposing (i) a portable superconducting gravimeter, and (ii) a pair of 

instruments under various baseline geometries. This results in improved spatial resolution for locating 

depletion zones, as well as the cancellation of noise common in both instruments. 

 

Results indicate that a pair of iGrav superconducting gravimeters meet the sensitivity requirements and 

the spatial focusing desired to monitor SAGD bitumen migration at the reservoir scales. For SAGD 

reservoirs, the well pair separation, reservoir depth, and survey sampling determine the resolvability of 

individual well pair depletion patterns during the steam chamber rising phase, and general reservoir 

depletion patterns during the steam chamber spreading phase. Results show that monitoring water table 

elevation changes due to pumping and tracking whether groundwater or surface water is being extracted 

are feasible.  
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Chapter 1 

Introduction 

1.1  Scope 

This study aims to demonstrate how to utilize time-lapse gravimetry in order to spatially and 

temporally monitor different types of reservoirs. The developed methodologies for creating and 

modifying density data sets and for forward modelling and assessing gravimetry signals are 

outlined. Two applications are discussed, namely, steam assisted gravity drainage (SAGD) and 

aquifer pumping, both of which have high sensitivity requirements and high environmental noise 

levels.  

1.2  Objectives and motivation 

Approximately 175 billion barrels of recoverable crude bitumen are located in a 142,000 km2 

region in Alberta encompassing the Cold Lake, Peace River, and Athabasca-Wabiskaw areas. The 

Athabasca oil sands hold approximately 80% of the total bitumen (Alberta Energy Regulator, 

2016). Increasing demand for petroleum products worldwide has fueled technological innovations 

in heavy oil extraction over the past decade, as the availability of conventional resources 

diminishes. Steam-assisted gravity drainage (SAGD) has become the preferred bitumen 

extraction technique for heavy oil reservoirs. The SAGD process must be monitored to optimize 

steam injection strategies and to prevent any out-of-zone migration. The main objective of this 

study is to evaluate gravity gradiometry as an alternative spatio-temporal direct monitoring 

technique for SAGD production, by forward modeling the gravity and gravity gradient signals of 

bitumen extraction. The aim is to resolve bitumen depletion patterns in all directions and at all 

stages of reservoir development. More specifically, focus is placed on determining the well pair 
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spacing, depth to well pair, and survey sampling intervals, for which individual well pair 

depletion patterns are resolvable.  

 

Gravity gradiometry monitoring would complement 4D seismic surveys through continuous 

monitoring at surface. Optimizing reservoir management and operations are critical for Canada’s 

energy market and its global competitiveness (Yang et al., 2009). The innovative aspect of this 

research becomes possible through using the recently (2010) developed iGrav superconducting 

gravimeters to monitor targeted density changes in a reservoir, in a relatively inexpensive and 

non-intrusive way (Warburton et al., 2007). Gaining a better visualization of the SAGD steam 

chamber growth will ideally enable reduced water usage, by tracking fluid expansion and 

increasing water recycling.  

 

Groundwater is used in every industry, and notably for SAGD production. Extracting 

groundwater must be done sustainably, which includes tracking groundwater depletion to meet 

regulations for the source of the groundwater. For these aquifers, the objective is to monitor 

whether groundwater or surface water is being extracted. In particular, the aim is to evaluate 

whether groundwater elevation variations could be monitored with time-lapse gravity 

gradiometry. 

 

1.3  Original contributions 

•   Assessment of the feasibility of using time-lapse gravimetry to monitor bitumen 

depletion in a SAGD reservoir, using a real reservoir data set. 
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•   The limit of resolvability to identify SAGD steam chamber development, taking into 

account well-pair separation, depth to well pair and the ideal survey sampling, for the 

rising phase and the spreading phase. 

•   The impact of gravity gradients on increasing resolvability. 

•   Evaluation of the feasibility of using time-lapse gravimetry to monitor water table 

elevation changes due to aquifer pumping.   

 

1.4  Thesis outline 

Chapter 1: Introduction  

The motivation of the research is outlined, as well as the detailed objectives and scientific 

contributions. 

Chapter 2: Literature review 

Chapter 2 aims to provide all of the background information needed to understand Chapter 3, 

Chapter 4, and Chapter 5. Gravity feasibility surveys, gravimetry surveys, alternative gravimeters, 

the iGrav superconducting gravimeter, and noise are described to provide a reference point for 

this gravimetry feasibility study; the forward modeling technique is introduced and is later 

describe in more detail for specific studies; alternative monitoring techniques are discussed and 

the advantages and disadvantages of each survey type are outlined; SAGD and oil sands in 

Alberta are described to set the stage for Chapter 3 and Chapter 4; the aquifer information 

provides details on the aquifer in Chapter 5.  

Chapter 3: Gravity monitoring of 4D fluid migration in SAGD reservoirs – Forward Modeling  

The feasibility of using time-lapse superconducting gravimetry to monitor SAGD bitumen 

depletion trends, after 1.25 and 5 years of production is evaluated. Chapter 3 is based on the 
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published paper: Elliott, E. J. and A. Braun, 2016, Gravity monitoring of 4D fluid migration in 

SAGD reservoirs – forward modeling: CSEG Recorder, 41, 16-21. 

Chapter 4: On the resolvability of steam assisted gravity drainage reservoirs using time-lapse 

gravity gradiometry: impact of reservoir depth, well pair separation and survey sampling. 

The resolvability of individual bitumen depletion patterns after 1.25 years of production, and 

general reservoir depletion patterns after 5 years of production, are investigated. The well pair 

separation, depth to well pairs, and survey sampling are varied across a realistic parameter space. 

Chapter 4 is based on the following manuscript: Elliott, E. J. and A. Braun, 2016, On the 

resolvability of steam assisted gravity drainage reservoirs using time-lapse gravity gradiometry: 

impact of reservoir depth, well pair separation and survey sampling: Geophysics. Under Review.   

Chapter 5: Forward modelling of water pumping sites 

The feasibility of monitoring a water pumping site using time-lapse gravimetry is investigated. 

Four models of the same aquifer with increasing complexity are introduced, forward modelled 

and analyzed. 

Chapter 6: Conclusions and outlook 

The objectives and respective conclusions are summarized and an integrated assessment of the 

value of time-lapse gravimetry towards reservoir monitoring is presented.  
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Chapter 2 

Literature Review 

2.1  Gravity gradiometry  

The gravity method is a geophysical method that measures gravitational acceleration between two 

masses and is demonstrated (Hinze et al., 2013) by Newton’s law of gravitation:  

 𝐹 =
𝛾	  𝑀𝑚
𝑟2

𝑟3 (1) 

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

between the two masses, 𝑟3 is a unit vector that points from M to m, and 𝛾 is the universal 

gravitational constant equal to 6.672 * 10-8 Nm2/kg2. Incorporating Newton’s first law, F = ma, 

Equation 1.1 can be rewritten as: 

 𝑎 =
𝛾𝑀
𝑟2

𝑟3 (2) 

M is substituted for the mass of the Earth (Me), which can be replaced with the product of density 

ρ (kg/m3) and volume V (m3), Re is the radius of the Earth (6371 km), and r1 is directed towards 

the center of the Earth.  Equation 2 can be rewritten as: 

 𝑎 = 567
879

𝑟3 = 	  
5:;
879

𝑟3  (3) 

Near the equator, a (gravitational acceleration) is approximately 9.78 m/s2. Changes in 

gravitational acceleration are typically measured in Gal or µGal: 

 1
𝑐𝑚
𝑠2

= 1	  𝐺𝑎𝑙 = 1,000,000	  µμ𝐺𝑎𝑙 (4) 

Gravity acceleration (g) encompasses both the gravitational acceleration (a) of mass towards the 

Earth, introduced above, and centrifugal acceleration (f). 
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 𝑔 = 𝑓 + 𝑎  (5) 

Centrifugal acceleration occurs on a unit mass because of the rotation of the Earth around its axis 

(Torge, 1989). The rotation has a constant angular velocity (𝜔) around a fixed rotational axis, 

which is assumed to be fixed with respect to the Earth (Figure 2.1.1). P is the distance of the point 

mass from the axis of rotation (𝑝 = 𝑥2 + 𝑦2) (Hofmann-Wellenhof and Moritz, 2006). 

 𝑓 = 𝜔2𝑝 (6) 

    

Centrifugal acceleration changes 0.5 mGal/km in the north-south direction, which would 

overpower the signals of interest that are being resolved.  

 

Figure 2.1.1 – The centrifugal force, p is the distance of the point mass from the axis of rotation 

(z) and is equivalent to 𝑥2 + 𝑦2; x and y are the distance from the center of the Earth to the 

surface of their Earth, in their respective directions; modified from Hofmann-Wellenhof and 

Moritz, (2006). 
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The effect of centrifugal acceleration is known and can be corrected for; therefore, centrifugal 

acceleration in this work is not included in the gravity signal, and is considered constant for all 

the models presented herein. Thus, in this study, gravity and gravity gradient refer to gravitational 

acceleration (a) and does not include centrifugal acceleration (f). 

 

The gravity signal (g) measured at surface is a combination of the gravitational attraction of all 

masses surrounding the instrument (Torge, 1989). We solve for an anomalous gravity field 

produced by an anomalous mass distribution, which is created by varying density in time and 

space. To resolve specific subsurface density variations, the anomalous gravity field (ga) must be 

separated from the background gravity field (g0) at a specific time step (gt) (Li and Krahenbuhl, 

2015).  

 𝑔H 𝑟 = 𝑔I 𝑟 + 𝑔J 𝑟   (7) 

Current gravimeters measure the intensity of the gravity vector. To remove the background 

gravity field and to resolve the anomalous gravity vector that is projected on the background 

gravity direction, the following steps are taken: 

 ∆𝑔 = 𝑔I + 𝑔J − 𝑔I ≈ 𝑔J ∙ 𝑔I  (8) 

A gravity anomaly is a vector and has three components, x, y and z. The vertical direction of the 

anomalous gravity field is defined by the direction of the background gravity field, which is 

known as the vertical gravity anomaly ∆gz. The ∆gz component is the component that is measured 

in traditional gravimetry surveys. The anomalous gravity field for a density contrast ∆ρ, at a 

distance r from the surface is: 

 𝑔J = 𝛾 O
P9
𝑑𝑣	  

S   (9) 

The anomalous gravity field can be expressed as the gradient of the gravity potential (φ): 
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𝑔J = ∇𝜙 =

%&
%'
%&
%T
%&
%U

  (10) 

The anomalous gravity field is made up of three orthogonal components (x, y, z), and a gradient 

vector can be defined for each component. In total there are 9 components, which are known as 

the gravity gradient tensor (T) and can be expressed as compactly as equation 11, and in matrix 

form as per Equation 12: 

 𝑻 = ∇*𝑔J = ∇*∇𝜙  (11) 

 

 

𝑻 =
𝑇'' 𝑇'T 𝑇'U
𝑇T' 𝑇TT 𝑇TU
𝑇U' 𝑇UT 𝑇UU

=

%9&
%'9

%9&
%'%T

%9&
%'%U

%9&
%T%'

%9&
%T9

%9&
%T%U

%9&
%U%'

%9&
%U%T

%9&
%U9

  (12) 

The complete gravity gradient tensor can be derived from the vertical gravity (Gz) component, 

using the Fourier transform technique (Mickus and Hinojosa, 2000; Barnes et al., 2008). In this 

study, the components of gradiometry considered are vertical gravity (Gz) and vertical gravity 

gradient (Gzz), which are sensitive to vertical changes in density, horizontal gravity gradients 

(Gzx, Gzy), which are sensitive to lateral and vertical changes in density, and horizontal gradient 

trend (HGz), which is the combination of both horizontal gravity gradients (equation 13) and is 

sensitive to lateral and vertical changes in density. 

 
𝐻𝐺U = 𝐺U'2 + 𝐺UT2 (13) 

The time-lapse component of the gravity gradiometry surveys is useful to track dynamic 

processes such as fluid substitution and mass redistribution. When gravity measurements are 
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taken at multiple time steps, temporal changes of dynamic processes can be characterized, which 

are directly sensitive to changes in density, or the amount of mass changes per volume (Li and 

Krahenbuhl, 2015). Static density or mass anomalies, for example geology or topography, lead to 

gravity effects that are identical for all time steps and cancel out when temporal changes are 

analyzed. Hence, we do not need to know the absolute density distribution in the reservoir. 

 

2.1.1  Gravimetry feasibility studies 

A number of feasibility studies have demonstrated the potential of using time-lapse gravimetry to 

monitor density changes related to water influx, gas migration and bitumen depletion. Hare et al. 

(1999) evaluated monitoring the gas cap waterflood operation at Prudhoe Bay reservoir in Alaska. 

The reservoir is at 2500 m in depth and is expected to have gravity variations of 100 µgal over 5 

years of water injection and 180-250 µgal over 15 years. The survey would be cost effective and 

gravity measurement noise is expected to be lower than 5 µgal, for ten minutes occupations, on 

land or ice under calm weather conditions. Noise sources include instrument and measurement 

errors, station location errors, and near-surface hydrological changes (groundwater movement, 

change in permafrost and bay ice thickness and seasonal effects such as tidal and atmospheric 

pressure changes). Time-varying gravity effects such as instrument drift and tides can be tracked 

through direct measurement and elevation can be accounted for using real-time sub-meter GPS. 

Vasilevskiy and Dashevsky (2007) evaluated monitoring subsurface water and gas movements, 

and the added benefit of using borehole gravity measurements to increase the accuracy of gravity 

data inversions. Joint borehole gravity data and surface gravity data inversions improve accuracy, 

even when a priori information about constraints is not available. Gasperikova and Hoversten 

(2008) assessed gravity monitoring of CO2 sequestration for a reservoir at 1900 m in depth, and 
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found that it would result in a 10 µgal signal. Furthermore, it was found that although the general 

area of time-lapse density change may be resolvable, the absolute value of the density change is 

not resolvable. Finally, the study found that a priori knowledge of the reservoir structure, such as 

an initial 3D seismic survey, would greatly constrain inversions.  Stenvold et al. (2008) found that 

it is feasible to monitor an offshore water driven gas field at depths of 2000 m, for a moderate 

size gas reservoir (23 Gm3 gas in place). Gravity monitoring would aid in constraining water 

influx, which would help determine the material balance for the initial and remaining gas. It 

would be particularly useful offshore because well control is sparse and observation wells are 

expensive. Young (2012) assessed the feasibility of monitoring gas production and CO2 

sequestration in the Northern Carnarvon Basin, Australia. For a reservoir at 2 km depth, a gas 

water contact height change of 5 m can produce a 10 µGal gravity response. To produce a 

detectable gravity anomaly, either 1 MT of CO2 must be injected at 1 km depth, or 4-8 MT of 

CO2 must be injected at 2 km depth. Finally, although seismic surveys have more spatial 

resolvability, seismic surveys cannot differentiate between moderate and high concentrations of 

gas. Glegola et al. (2013) assessed the impact of hydrological noise on the feasibility of 

monitoring a carbonate field in North Oman, and found that the gravimetry signals for gas-oil 

gravity drainage are higher than the surrounding hydrological noise. Furthermore, time-lapse 

gravimetry is especially promising for reservoirs with fluids containing high-density contrasts, 

and for large and shallow reservoirs. Large-scale mass redistribution, such as water influx into a 

gas reservoir, is easier to monitor than small-scale mass redistribution. Borehole gravimetry is 

useful for monitoring within tens of meters of the well. Reitz et al. (2015) evaluated using time-

lapse gravity and gravity gradiometry to monitor steam-assisted gravity draining reservoirs, using 

a synthetic data set, and found that it is feasible to monitor steam chamber growth, depending on 
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the depth of the reservoir and the well pair spacing. Gravity gradiometry can better resolve non-

uniform steam movement due to reservoir heterogeneity, for shallower reservoirs. Field 

conditions must also be considered as they are never static, although a large part of the noise can 

be mitigated with careful survey planning and detailed modeling. The use of two instruments also 

greatly reduces the noise common to both instruments. 

 

2.1.2  Gravity and gravity gradiometry surveys 

Gravity and gravity gradiometry monitoring studies have shown that this technique is not only 

feasible but has been proven effective in the field. Van Gelderen et al. (1999) detected and 

monitored mass extraction from gas production in the Groningen gas field in the Netherlands over 

18 years. The random error in the gravity data was small enough to detect gas extraction over a 

few years; however, systematic errors in the data collection prevented the gravity data from being 

used in the production and reservoir models. A dense sampling in time and space, including high 

quality control points, are needed to detect local anomalies. Van Popta et al. (1990) monitored gas 

saturation from gas-oil gravity drainage for a fractured limestone reservoir in the Natih field in 

Oman, using borehole gravimetry. Borehole gravimetry is particularly useful to measure fluid 

conditions and bulk density in the well, as measurements are not affected by casing and it has a 

large radius of investigation. Ferguson et al. (2007), Ferguson et al. (2008), Hare et al. (2008), 

and Brady et al. (2008) demonstrated using 4D gravity gradiometry to monitor the gas-water 

contact movement for the 2500 m deep water-flood reservoir, in Prudhoe Bay, Alaska. For the 

best accuracy, field-portable absolute gravimeters are positioned with geodetic grade differential 

GPS surveys. Tying absolute gravity measurements at a base station to relative gravity 

measurements resulted in 12 µGal of standard deviation noise between surveys. This technique 
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was tested and implemented with four full-scale time-lapse 4D surveys conducted between March 

2003 and March 2007. The surveys utilized centimeter precision GPS measurements and sub-5 

µGal precision absolute gravity measurements, for more than 300 stations, which resulted in 7 

µGal standard deviation noise. Models from the gravimetry surveys indicate that the density-

change caused by the waterflood expands non-symmetrically into the gas cap and seems to be 

constrained by fault barriers and structural relief. Finally, density-change maps created from the 

gravity-change illustrate that the water movement is similar to the reservoir simulations and the 

overall gravity signal increases by 250 µGal. Ahmadzamri et al. (2009) monitored waste gas 

injected into an aquifer 1524 m (5000 ft) deep, in an industrial environment. Two base-line 

gravity surveys were conducted to establish the in situ microgravity field before gas injection, and 

a time variable model indicated that 2 years of gas injection would result in a 20 µGal gravity 

anomaly. The average precision of each survey is less than 6 µGal, which is attributed to 

elevation errors and seasonal changes in the water table. Three GPS base-stations were used to 

establish elevations during surveys and the survey was conducted around the same time every 

year to account for seasonal variability. Nooner et al. (2003), Nooner at al. (2007), Alnes et al. 

(2008), and Alnes et al. (2011) monitored gas production and CO2 storage at the Sleipner field in 

the North Sea. Three gravimetry surveys (2002, 2005, 2009) were conducted to constrain the in 

situ CO2 density in a relatively shallow water, high energy environment, which caused a negative 

gravity change by displacing denser formation water. Concurrently, gas production and water 

influx in a deep, nearby reservoir, produced an increase in gravity. The benchmark elevation 

changed due to sediment scouring and biological activity, but was accounted for by measuring the 

water pressure above the gravimetry measurement location. The intra-survey repeatability is 3 

µGal (standard deviation). The injected CO2 produced a 12 µGal gravity change; however, the 
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CO2 gravity change is dependent on the water influx modeling and any deviation from the 

modeling would result in uncertainties in the concluded CO2 gravity change and density estimate. 

One recommendation is that when 3D seismic is taken as a benchmark survey, the seismic and 

first gravity survey should be done within a few months of each other to correlate reservoir 

structure, the CO2 bubble geometries, and reservoir and fluid densities. Zumberge et al. (2008) 

tracked the height of the gas-water contact in an offshore Norway flood reservoir, to a few meters 

precision. Noise was significantly reduced to 3 µGal precision by performing repeated instrument 

calibrations, maintaining precise relocation and orientation of the gravimeter, and minimizing 

vibrations and thermal perturbations. Eiken et al. (2008) monitored water influx into the Troll gas 

field in the North Sea. Four surveys were conducted since 1996 and precision in intra-survey 

gravity improved from 26 µGal to 4 – 5 µGal. Depth differences can be measured to 1.0 cm. The 

gravity changes for the rise in gas-liquid contact agree with the material-balance estimates, with 

the results from the observation well, and has better vertical resolution than seismic time-lapse 

data. 

 

Gravity gradiometry surveys have achieved 3 – 5 µGal intra-survey repeatability and have been 

used to track the density changes related to fluid migration for a number of applications.  Gravity 

surveys are cost-effective and are easier to conduct than seismic surveys and drilling observation 

wells, especially in industrial settings. Borehole gravimetry is useful for direct and proximal 

measurements in the reservoir. Deep-water reservoirs can be monitored on the sea floor, although 

the surveys are most effective for reservoirs less than 1000 m deep. 
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With a systematic network set-up, well-calibrated instruments, GPS controlled survey sampling, 

and relatively dense sampling in time and space, noise can be minimized and local anomalies can 

be detected. However, the applicability of gravity gradiometry surveys are limited by fluid 

density change, reservoir volume (thickness and porosity), and depth. Changes in elevation must 

be measured to millimeter accuracy, which can be problematic for seafloor surveys. Seafloor 

surveys are particularly vulnerable to sediment scouring and biological erosion; however, the 

seafloor height can be determined by measuring the water pressure above the seafloor. Finally, 

the temperature of the gas influences its density and uncertainty in the reservoir temperature leads 

to inaccuracies in the mass estimate of the gas in the reservoir.  

 

2.2  Noise 

Based on the previous studies, the density changes from the dynamic processes result in gravity 

signals in the range of a few to hundreds of µGal in amplitude. The targeted signal of interest 

requires µGal sensitivity to be sensed and may be difficult to isolate due to the surrounding noise. 

Noise is created by processes that move mass and affects the gravity and gravity gradient signals. 

Atmospheric, hydrosphere and cryosphere processes create relatively consistent noise over the 

entire survey area (Crossley et al., 2013). Human activity such as nearby construction, excavation 

and transportation impact gravity surveys locally and may be different between surveys. The ideal 

survey environment would involve minimal human activity surrounding the survey area. Terrain 

changes such as surface expansion, subsidence, localized effects from mining operations, and 

seafloor sediment scouring and biological erosion will occur between surveys, to varying degrees, 

over the entire survey area. SAGD survey areas experience surface expansion, which must be 

measured during surveys. A few centimeters in elevation difference significantly impacts the 
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gravity signal measured, which can be mitigated by using GPS controlled gravity survey points or 

SAR deformation monitoring of the area of interest. Finally, local subsurface processes such as 

groundwater flow, rivers and creeks, changes in permafrost and bay ice thickness, precipitation 

and percolation, and auxiliary observations like groundwater level and soil moisture level, all 

contribute to noise. Groundwater and surface water flow, depending on their regional extent, 

could impact local areas or the entire survey area. Precipitation and percolation affects the entire 

survey area. These processes vary during a single survey and between surveys. For time-lapse 

surveys, there is uncertainty between station measurement for the same survey and between 

surveys. The intra-survey repeatability can be up to 5 µGal (Nooner et al., 2003). Repeat 

observations should be taken at the base station to account for low-frequency drifts and tares. 

Tares are the constantly changing offsets in relative gravimeters. In addition, several readings 

should be taken at each station.  

 

2.3  Varying baseline method 

To further minimize noise the variable baseline method is proposed. For time-lapse gravity 

surveys, the conventional approach to mitigate noise is to model each source individually (Earth 

tides, air pressure changes, local hydrology) and what remains will be the signal of interest. An 

alternative approach, the variable baseline gravity gradient method, uses the difference between 

two continuously recording gravimeters. Applying common-mode differencing to subtract long-

wavelength effects removes the signals of processes that have equal impact on both gravimeters 

(Figure 2.3.1). The remaining signal is confined to a smaller volume near the instruments. The 

signal-to-noise ratio improves and the region where gravity changes are sensed is better defined. 

This technique is useful in short-duration time series data and allows for rapid and efficient 
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collection of gravity and gravity gradient signals. The signals can be measured with one 

gravimeter, which is moved along a grid, or two gravimeters used simultaneously. (Kennedy et 

al., 2014). 

 

 

Figure 2.3.1 – Varying baseline configuration showing the two iGravs monitoring 

simultaneously, over a SAGD reservoir 

 

Additionally, this technique can focus-in on a relatively small user-defined region in the 

subsurface (Figure 2.3.2). The variable baseline gravity gradient equals the difference in vertical 

gravity between two points, 1 and 2: 
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 𝑔;Y = 𝑔U3 − 𝑔U2 (14) 

Common-mode differencing automatically removes common-mode signals from the gradient 

measurements. These include Earth tides, ocean loading, polar motion, air pressure changes, and 

land surface elevation changes. This technique is particularly useful for short-duration monitoring 

of transient events and works with superconducting gravimeters with very low drift (Kennedy et 

al., 2014).  

 

 

Figure 2.3.2 – Sensitivity distribution plots illustrating the change in gravity caused by changing 

the mass within each cell for one gravimeter (a) and two gravimeters (b) separated by 10m and 90 

m; the triangles represent the position of the gravimeters. With one gravimeter, there is 

effectively infinite spatial sensitivity; with two gravimeters, a smaller region of interest can be 

defined; figure modified from Kennedy et al. (2014). 

 

In Kennedy et al. (2014) the wetting front velocity of groundwater infiltration near surface is 

measured. Two gravimeters are employed and the gVB measurement is compared to the gz 

measurement. The gVB measurement better constrained the change in water content and the 
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wetting front velocity than the gz measurement; however, the optimal single-gravimeter solution 

is slightly better than the optimal variable baseline solutions. These solutions are quite different 

from each other, but they both simulate the data well for the first 10 days of infiltration. For this 

survey, the advantages of using the gVB measurements over the gz measurements are that the 

velocity of the wetting front is resolved at shallower depths and earlier. Furthermore, the depth at 

which the wetting front is resolved can be chosen before the start of the survey by varying the 

gravimeter positions. The survey resolved maximum gravity changes of 2.6 µGal from the 

infiltration process. 

 

A follow-up study involved three relative-gravity campaigns that took place during a drainage 

cycle using a Burris relative gravimeter (Kennedy and Ferré, 2016). The average gravity rate-of-

change for the three campaigns were 1.2 µGal/day, 2.6 µGal/day and 1.6 µGal/day. It was found 

to be difficult to rapidly collect accurate terrestrial gravity data over large areas. Furthermore, if 

the rate of change of the gravity field is greater than the rate at which observations can be taken 

across the field, a spatially variable gravity field must be made across the entire network of 

stations. Temporal changes in the gravity field would otherwise be merged with spatial variations 

in gravity, leading to misinterpretations of the processes under investigation. A gravity rate-of-

change at each station is modeled as a function of distance from the infiltration source, or with a 

numerical groundwater model. The steps needed to process the hydro-geophysical relative-

gravity data include: remove Earth tides and ocean loading, correct for instrumental drift, tares 

and systematic errors, average multiple readings at each station, measure absolute gravity and 

adjust the network to a common datum, and difference between campaigns. In order to achieve 

sub-µGal observations for the transient processes and correct for the sources of error, network 
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adjustment of the gravity data considering the spatial dependence of changing gravity field is 

required. The least squares network adjustment is used to combine absolute and relative gravity 

survey measurements and determine a unique gravity value at each station. 

 

2.4  Gravimeters 

2.4.1  iGrav superconducting gravimeter 

The iGrav Superconducting Gravimeter by GWR Instruments Inc. is a relative gravimeter (Figure 

2.4.1) that is portable and easy to use, drifts less than 0.5 µGal/month, has a precision of 1 

nanoGal in the frequency domain and 0.05 µGal in the time domain for one minute averaging, 

and has 0.3 µGal/(Hz)½ noise (Warburton et al., 2007). In a real environment, a conservative 

estimate for the accuracy is 0.5 µGal. The iGrav gravimeter is the most stable and has the highest 

sensitivity for a portable relative gravimeter as well as being 100 times more sensitive than the 

CG5 relative gravimeter (standard relative field gravimeter). The gravimeter is similar to a 

spring-type gravity meter, without a physical, metal spring. Instead the iGrav operates with the 

magnetic levitation of a superconducting Niobium sphere in the field of two superconducting 

persistent coils, operating in series. The perfect stability of super-currents creates a completely 

stable, non-mechanical spring. The superconducting sensor in the gravimeter, is insensitive to 

local changes in pressure, relative humidity, and temperature. It was designed for geophysical 

applications that require high precision and high stability and can be used quickly and efficiently 

without a platform, or infrastructure. The iGrav height is 102 cm, the diameter is 36 cm, the 

weight is 30 kg, and the volume is 16 L of liquid helium. The base plate and thermal levelers 

have a diameter of 55 cm, and weigh 7 kg. The iGrav operates with a refrigerator for which the 

cold-head is Sumitomo SRDK-101D (0.1 W at 4 K), the compressor is Sumitomo CAN-11C, the 
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power is 1.2/1.3 kW single phase 50/60 Ha, 100/120/220 V, and the operating temperature range 

is 4˚C to 38˚C. 

 

 

Figure 2.4.1 – iGrav Superconducting Gravimeter; photo courtesy of GWR Instruments (2015) 

 

iGrav reservoir studies have shown the potential of using this instrument for gravimetry surveys. 

Kennedy et al. (2014) successfully monitored the volume water change and the wetting front 

velocity, using the variable baseline method. Gz and Gvb were collected and compared, and it was 

found that the variable baseline gravity gradient better resolved the infiltration process. Kao et al. 

(2014) conducted a sensitivity experiment to evaluate the iGrav’s capabilities, focusing on short 

term gravity variations. The iGrav is capable of detecting small gravity changes, but is restricted 
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by its weight and volume, and the need for an electric power source in the field. However, diesel 

generators and a fuel tank can be used as back-up in case of a power failure. Sugihara and Nawa 

(2012) examined sequestering CO2 into shallow aquifers, and demonstrated that continuous 

gravity recording with superconducting gravimeters has potential to monitor dynamic processes. 

Sugihara et al. (2013) used an iGrav superconducting gravimeter to monitor CO2 injection for oil 

recovery enhancement. The signals of interest are the displacement of oil with CO2 at the 

injection point, and the advancement of the oil front. The scale factor and drift were mitigated by 

co-measuring the gravity survey points with an absolute gravimeter. Otherwise, the drift would 

lead to false conclusions of the long-term gravity change at the site. The iGrav operated well and 

resolvability was within the expected limits. Disturbances during the survey did not affect the 

superconducting gravimeter’s long period performance.  

 

2.4.2  Alternative gravimeters 

The LaCoste Romberg G-gravimeters was operated for four surveys, in the Van Gelderen et al. 

(1999) study; specifically, the LCR-G79 in 1978, the LCR-G258 in 1984, the LCR-G785 in 1988, 

and the LCR-G785 and the LCR-G971 in 1996. These gravimeters are affected by scale factor 

changes that result in artificial gravity changes of 5-7 µGal, periodic errors that averaged below 

10 µGal, and random errors with a standard deviation of 5-10 µGal.  

 

The LaCoste and Romberg G gravimeter, Scintrex CG-3M, and the Micro-G Solution A-10 

Absolute gravimeter were used for the surveys discussed in Ferguson et al. (2007), Ferguson et al. 

(2008), Hare et al. (2008), and Brady et al. (2008). The gravimetry surveys span between 1994 

and 2007, and were taken at Prudhoe Bay, Alaska. In 1994, the survey was conducted with a 
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Lacoste and Romberg G gravimeter with the EDCON Super G Major features, which includes 

cold-weather adaptation, approximately 1 µGal resolution, remote operation by a computer inside 

a vehicle, and the direct attachment of the GPS antenna to the gravimeter. The 1997 survey also 

used Lacoste and Romberg G meter with the EDCON Super G Major features, and the Scintrex 

CG-3M, which has similar performance to Super G, but has greater resistance to tares with rough 

handling. In addition, dual frequency, geodetic quality GPS receivers were introduced and used 

for all subsequent surveys. The GPS receivers provide differential phase positioning relative to a 

local permanent structure. Real-time kinetic GPS techniques are used for navigation to gravity 

stations. This technique provides centimeter-level accuracy positioning (Leick et al., 2015), and 

the elevation error is approximately 3 µGal/cm. Permanent GPS stations were installed to provide 

high accuracy local position control. The 2000 survey used the Scintrex CG-3M and started 

testing the Micro-G Solution A-10 Absolute gravimeter. The 2002 survey used both the Scintrex 

CG-3M, as a conventional relative gravimeter survey, and the Micro-G Solution A-10 absolute 

gravimeter, as an innovative absolute gravimeter survey. The Micro-G Solution A-10 absolute 

gravimeter achieves 10 µGal precision within 10 minutes, and is miniaturized and field-portable. 

It is made of three parts: a stabilizing system at the bottom, a laser interferometer system in the 

middle, and an upper vacuum chamber containing the mass elevating and dropping mechanism 

and free-fall path. It can be easily transported and handled by one person, it has automated 

leveling and mechanical decoupling abilities, the vacuum and interferometer base are temperature 

regulated, and it can be operated in the field between -15˚C and 35˚C. The gravimeter can be set 

up in minutes and the dropping rate is 1 Hz, so a large quantity of data can be collected in a very 

short period of time. There are no tare or drift issues, so repetitive looping through stations is not 

required. The 2003, 2005, 2006, and 2007 surveys were all conducted with the Micro-G Solution 
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A-10 Absolute gravimeter. Quality control methods for each survey include on-site instrument 

check, comparing results with other surveys, base station and field repeats, pre- and post-survey 

checks.  

 

A remotely operated vehicle for deep ocean gravimetry (ROVDOG) was developed (Eiken et al., 

2004), and discussed in Eiken et al. (2007), Zumberge et al. (2008), Nooner et al. (2003), Nooner 

et al. (2007), Alnes et al. (2008) and Alnes et al. (2011) studies. The ROVDOG is used to conduct 

deep-water relative gravimetry surveys on the seafloor, and to measure relative seafloor 

subsidence. Three Scintrex CG-3 (for earlier studies) or three Scintrex CG-5 (for later studies) 

gravity sensor cores are housed in a thermo-statically controlled housing, mounted on a frame 

built for sea-floor work. Remotely operated vehicles (ROV) are used to transport the relative 

gravimeters to a concrete benchmark permanently placed on the sea floor. It is more 

advantageous to use multiple gravimeters for high-precision relative-gravity surveys. The water 

column pressure at the sea floor is used to determine any changes in elevation. Recent surveys 

have achieved 3 µGal repeatability and 5 millimeter accuracy for the benchmark depth.  

 

The Burris Gravity Meter, by ZLS Corporation, was used for the Kennedy and Ferré (2016) 

surveys. It utilizes a zero-length spring, which has very low drift. The manufacturer estimates that 

the resolvability is 1 µGal, and during field tests, yields standard deviations better than 3 µGal. It 

weighs 13 pounds and contains a standard lithium battery with a 12 hour operating life (ZLS 

Corporations, 2015).  
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2.5  IGMAS+ forward modeling  

The forward models of the gravity and gravity gradient signals are computed in IGMAS+ 

(Interactive Geophysical Modelling Application System) (Schmidt and Götze, 2014). IGMAS+ is 

an interactive modeling software, which provides integrated processing and interpretation of 

gravity and gravity gradient signals, for advanced geological and geophysical scenarios.  The 

program lets the user build an underground model from a number of polyhedrons, assign 

densities, and calculate the gravity and gravity gradient components (Götze and Lahmeyer, 1988). 

The gravity and gravity gradient components consider gravitational acceleration and do not 

include centrifugal acceleration in the calculations. Gravity signals for the entire volume are 

calculated by transforming the volume integral into a sum of line integrals, denoted as sections in 

IGMAS+, which are user defined. Calculated and measured gravity and gravity gradient signals 

can be visualized in two-dimensional cross-section view, a two-dimensional surface planar view, 

and a three-dimension view. Interfaces and voxel cubes can also be imported into IGMAS+, to 

enable to user to make a realistic model (Götze et al., 2010). For the voxel approach, a voxel cube 

of varying densities representing the reservoir is imported into IGMAS+. To calculate the 

anomaly of a voxel cube, the reservoir mass is divided into voxel cubes with individual point 

masses, which are positioned in the center of each cell. The volume of each voxel cell is 

approximated by a sphere. The point mass technique is only effective if the voxels are not in the 

vicinity of the stations. The gravity and gravity gradient anomalies of the mass points are 

calculated using the following equations: 

 𝑔U = 	  
4
3
𝜋𝛾𝑅^

−𝑧

(𝑟2 + 𝑧2)
^ (15) 
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 𝑔UT = 	  
b
^
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(P9cU9)
d  (17) 

 𝑔UU = 	  
b
^
𝜋𝛾𝑅^ P9e2U9
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d  (18) 

R is the radius of the sphere, 𝑟 = (𝑥2 + 𝑦2) is the horizontal distance between the center of the 

sphere and the station, ρ is the mass density of the sphere, x, y, z are distance components 

between the center of the sphere and the station, 𝛾 is the gravity constant. 

 

A number of studies utilized IGMAS+ to forward model different scenarios, including complex 

tectonic environments, salt domes, and foreland basin systems. Bilgili et al. (2007) examined the 

possible existence of an intrusion around Bramsche Massif, Northwest German Basin. In past 

studies, the gravity high at the Bramsche Massif was explained with structural inversion. Forward 

models of three possible intrusion structures were created in IGMAS+, incorporating rock sample 

densities and regional structures and constraining the shape and location of an intrusion. A 

preferred model was selected that fit best with the measured gravity field. This study showed that 

by building a carefully-constrained density model, forward modeling can provide insight into 

complicated crustal structures. Dubey et al. (2014) modeled salt tectonics to examine the 

geometry of salt domes. Geological and borehole information was used to build and constrain the 

model and the gravity and gravity gradient signals were forward modeled. The signals helped 

interpret the complicated 3D geometry of the salt dome, and identify the flanks of the salt done. 

In particular, the gravity gradient signals provided better resolution at the flank of the salt dome 

than the gravity signals. Hackney et al. (2002) investigated the three-dimensional gravity 

signatures of a Carpathian slab, in order to compare its signature with potential field data from 

Romania. Slab detachment models suggest that this slab is the last segment to sink through the 
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mantle, and may be the cause of the high seismic activity of the Vrancea region. IGMAS+ was 

used to forward model the Vrancea slab and it was found that the slab exerts a small influence on 

the gravity signal of the sourthern Carpathian foreland basin system. This study demonstrates the 

importance of including mantle structure when analyzing the crustal geology of mountain belts.   

 

2.6  Alternative monitoring techniques 

Alternative SAGD monitoring techniques to gravimetry surveys include 4D seismic, 

microseismic, borehole observations, electrical-resistivity tomography, and electro-magnetic 

surveys (Figure 2.6.1). Muon radiography and MEMS accelerometer surveys are currently being 

investigated as potential future monitoring techniques. There is a void in short-term, direct 

monitoring techniques that are at surface, non-invasive, and cost effective. 

 

 

Figure 2.6.1 – Schematic of alternative monitoring techniques 
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2.6.1  Seismic surveys 

4D seismic surveys are used to monitor oil recovery processes, at high spatial resolution and over 

specific time intervals, often annual or bi-annual. Seismic images of the reservoir are generated, 

and changes in seismic attributes between times steps are correlated with reservoir conditions and 

properties. 4D seismic surveys provide a distinct response change around the well pairs and 

visualization of the fluid displacement. VP (primary wave velocity) is sensitive to changes in fluid 

density when steam replaces oil and VS (secondary wave velocity) is sensitive to changes in the 

reservoir temperature (Tøndel et al., 2011). Seismic surveys aid in locating the next location to 

drill wells, by observing production of current operations at various time steps (Eastwood, 1994). 

In addition, the 4D seismic surveys are useful to evaluate rock property changes of the reservoir 

sands between the wells (Nakayama and Takahashi, 2008). The limitations of seismic surveys are 

that the surveys are very costly and are typically only taken every one to three years. In addition, 

seismic surveys may not be directly sensitive to the steam chamber growth because of minimal 

changes in petro-elastic properties (Zhang et al., 2007; Lerat et al., 2010). Zadeh (2009) 

performed three seismic surveys in the Balol heavy oil reservoir in India, to monitor in situ 

combustion for heavy oil recovery. They found that the repeatability between surveys was around 

60%, which limits 4D detectability; however, an amplitude dimming was consistently seen at the 

top of the reservoir and an amplitude brightening was seen at the base of the reservoir. The 

magnitude of observed changes in the field data was much larger than in the synthetic data, which 

may also be related to the repeatability errors. Despite the repeatability error, anomalies around 4 

wells were detected between surveys and showed variability along the wells. The largest anomaly 

had a radius of 100 m, after 2 years of production, which agrees with reservoir production 

predictions. For Shell’s Peace River SAGD operation, surface-to-surface and surface-to-borehole 



 

 

 

28 

surveys were conducted over the pads. The aim was to better understand the processes occurring 

in the reservoir, to adapt drilling techniques, better utilize steam propagation, and increase 

efficiency of the operation. The seismic surveys found that steam distribution is not uniform, and 

is largely controlled by the geology of the reservoir, and the reservoir fracture network 

(McGillivray, 2005).  

 

2.6.2  Microseismic surveys 

Microseismic surveys, coupled with surface deformation monitoring, have been used to monitor 

the initial SAGD injection period. Monitoring the microseismicity allows for a better 

understanding of reservoir properties and processes. The aim is to image the thermal expansion 

around the wellbores, fluid movements in the reservoir, and the induced fracturing in the 

reservoir. Steam injection leads to thermal expansion around the wellbore and geomechanical 

deformation, which results in the release of energy through fractures, surface expansion, and 

surface subsidence. When coupled with surface deformation monitoring, fracture network 

systems can be identified, by investigating the time lag between microseismicity and surface 

deformation, for which an event is recorded. These monitoring techniques could be used to 

identify and analyze potential geomechanical failure zones. Furthermore, the fracture network in 

a SAGD reservoir controls steam distribution, and microseismic monitoring can be used to 

determine if new fractures are successfully created. Microseismic surveys also allow for the 

monitoring of the caprock integrity, and the interaction of steam between injector and producer 

wells (McGillivray, 2005). Limitations with microseismic monitoring center around signal-to-

noise ratio and localization uncertainty. More sensors need to be placed in the wells to improve 

location accuracy, and increase the signal to noise ratio. Increasing the number of monitored 
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invents and improved localization will lead to greater confidence with interpreting the results 

(Maxwell et al., 2010; 2012). De Pater et al. (2008) monitored the initial SAGD injection period 

with micro-seismicity and surface tilt monitoring, and successfully located the areas of 

deformation. Despite most of the injection occurring at the toe of the well, deformation occurred 

predominantly at the heel of the well, which can be attributed to reservoir heterogeneity. 

Combining micro-seismicity and tiltmeter monitoring with reservoir models, reservoir properties 

and known stress fields, enabled optimization of the injection process.  

 

2.6.3  Borehole observation wells 

Borehole and observation well monitoring can be used for temperature, pressure, seismic 

profiling and electrical resistivity monitoring. Cross-well seismic and three-dimensional vertical 

seismic profiling show an increase in resolution compared to surface seismic, especially to 

identify vertical positioning of time-lapse events (Tøndel et al., 2014). Electrical resistivity 

tomography can identify zones of high and low electrical resistivity (Tøndel et al., 2014). 

Measurement uncertainties for borehole gravimetry in the field range from 8 µGal (MacQueen 

and Mann, 2007) to 17 µGal (Alixant and Mann, 1995); however, measurements are not affected 

by cementation and casing, which may affect other logging techniques. For a local survey, 

borehole gravimetry may be useful to track bitumen depletion (Glegola, 2013). On-going well-

bore temperature and pressure monitoring was made possible by adding fiber optic cable, and 

optical pressure transducers in SAGD wells. A laser beam travels along the fiber cable, and its 

light reflections are transformed into a distributed temperature profile along the entire length of 

the cable. Zones that are being swept and steam breakthrough zones can be identified early on, 

and corrective action can be implemented immediately. This leads to a better understanding of 
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fluid flow, heat management, and reservoir characterization (Saputelli et al., 1999); however, the 

long-term performance is compromised by elevated temperatures and hydrogen ingression. 

Hydrogen ingression occurs when the optical fibers are exposed to hydrogen and darken, 

decreasing the absorption of light, and ultimately rendering the cables inoperative (Kaura and 

Sierra, 2008). The disadvantage of borehole monitoring is that the observations are restricted to 

the area immediately surrounding the well. The sensors are also exposed to high pressures and 

temperature variations (up to 250˚C), which results in high noise and technical challenges.  

 

2.6.4  Electromagnetic surveys 

Electromagnetic methods have potential to monitor SAGD reservoirs. The steam injection 

process changes the electrical conductivity around the wells, depending on the formation, the 

steam salinity, the steam temperature and saturation changes. Devriese and Oldenburg (2015) 

demonstrated the feasibility of using EM methods in the time and frequency domain, to image 

SAGD steam chamber growth. The most promising survey involves using borehole transmitters 

and receivers, although surface loop transmitters and borehole receives would still provide 

valuable conclusions on the state of the reservoir. Two-dimensional cross-well direct-current 

resistivity surveys have successfully monitored steam chamber expansion, using full band EM 

surveys that substantially improves imaging quality. In addition, a large-loop EM surface 

transmitter can excite the steam chamber, to characterize oil sands and monitor steam-assisted 

gravity drainage, despite the possible shielding effects of conductive cap rock which overlays the 

McMurray Formation. If the measurements are restricted to standard observations wells and the 

vertical component of the electric field, the steam chambers can be imaged, as long as multiple 

transmitters are used (Devriese and Oldenburg, 2016). High temperatures and conductive casing 
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pose technical challenges to applying cross-well EM methods, as the technology has not been 

developed to withstand SAGD process temperatures (Tøndel et al., 2011). 

 

2.6.5  Electrical resistivity tomography 

Electrical resistivity tomography (ERT) has been used in previous oil and gas surveys to 

determine oil saturation, typically in vertical wells. Heavy oil and steam are considered to be 

equally resistive, thus changes in resistivity are caused by changes in temperature and oil 

saturation. During the initial injection steaming process, heating is expected to reduce resistivity 

by several hundred ohm-meters. Therefore, time-lapse changes from SAGD have the potential to 

be monitored and stand out against background resistivity (Tøndel et al., 2011). A permanent 

cross-well system was installed by Statoil and Schlumberger at the Leismer site in Alberta 

(Tøndel et al., 2013; 2014), and ERT data were acquired. This allowed for nearly continuous 

monitoring of the reservoir and SAGD process. Clear separation between zones of high resistivity 

and low resistivity are identified, and time-lapse 3D production-induced effects are observed. 

Most of the change occurs near the producer and injector wells, and the maximum change is 

around 85%. The resistivity decrease is virtually linear between 6, 12, and 18 months of 

production, and the average resistivity change, is -4% per month. Therefore, ERT is effective at 

monitoring local changes in resistivity due to SAGD processes. However, like EM surveys, ERT 

surveys experience technical issues under the high temperature conditions for SAGD 

environments and also requires electrically insulated casing. The spatial resolvability is also 

limited to the area surrounding the wells. 
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2.6.6  Muon radiography 

Muon radiography is based on the measurement of the absorption of cosmic ray muons inside 

matter (Takana et al., 2007). High-energy muons are highly charged, point-like particles, and are 

produced by the interaction of cosmic-rays with the Earth’s upper atmosphere. All charged 

particles interact with other charged particles, through electromagnetic interaction, and scatter or 

lose energy by ionizing and exciting other atoms. Muons have a very high resting mass (200 

times that of an electron), which means they maintain their energy underground compared to 

electrons and photons. Cosmic-ray particles with complex internal structures, such as protons, 

neutrons, mesons and nuclei lose their underground range by hadronic interaction with the Earth. 

Neutrinos have a low interaction probability underground and can be ignored. Therefore, muons 

are the only charged particle produced in the atmosphere that are observed and measured 

underground. Muons will lose energy based on the density of the material they travel through. 

Because the energy spectrum of incident muons is well known, the attenuation of the muon flux 

as muons interact with matter can be used to determine the amount of matter present along muon 

trajectories, and sense density variations along muon ray paths (Schultz, 2003).  

 

Information contained in the Coulomb scattering of cosmic ray muons are used to generate 3D 

images of volumes between tracking detectors, which can be vertical and horizontal (Klinger et 

al., 2015). Klinger et al. (2015) simulated using muon radiography to monitor CO2 storage, 

capture and migration. To use muon radiography to measure fluid migration, boreholes would 

have to be drilled for the scintillators, and the monitoring technique would complement seismic 

monitoring. The advantages of using muon radiography are that it penetrates thick overburden, 

there are no additional doses beyond the natural cosmic ray flux, there is 99% probability that the 
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nuclear reactor will be detected within 20 minutes for vertical and 1 hour for horizontal viewing, 

and it has millimeter accuracy. The disadvantages are long exposure times (1 hour for vertical 

mode, 8 hours for horizontal viewing mode), the resolution is limited due to low flux (Morris et 

al., 2014), and additional side wells would have to be drilled for the scintillators. Schouten and 

Furseth (2015) explored using muon tomography for discovery and to delineate dense ore bodies 

for mineral exploration and resource estimation. Inversion software was also developed that 

combines gravity data with underground muon flux measurements, to improve inversion results. 

The integration of muon tomography field tests with gravity data, greatly improves the reservoir 

models produced with muon tomography, and demonstrates that muon tomography may be a 

viable complementary monitoring technique for SAGD reservoirs. 

 

2.6.7  MEMS accelerometers  

Micro-electro mechanical system (MEMS) accelerometers have been proposed to be used for 

both seismic and gravity surveys. The advantages of using a MEMS accelerometer are that it is 

small and inexpensive, it is precisely manufactured, the spring is stiff so there is low drift during 

surveys, and the packaging of the chip is evacuated so random vibrations of air do not add noise. 

It would allow constant and inexpensive monitoring of seismic events and density changes. Most 

MEMS accelerometers are not currently capable of measuring µGal events, as the noise recorded 

overpowers the signal of interest. Middlemiss et al. (2016) created a MEMS gravimeter prototype 

with a sensitivity of 40 µGal Hz-½. It is mass producible, light-weight, inexpensive, and has long-

term stability. It is a microscopic mechanic device, with a geometric anti-spring system. These 

MEMS gravimeters could be used to detect an oil reservoir larger than 50 m x 50 m x 50 m, with 
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a density contrast of 50%, and a depth of 150 m; therefore, there is potential to use MEMS 

gravimeters to monitor reservoirs. 

 

2.7  Heavy oil sedimentology 

The first feasibility study is for a heavy oil reservoir, which is subsequently introduced. Most 

heavy-oil reservoirs in Alberta are near surface, and consist of poorly consolidated, estuarine or 

fluvial sandstone deposits (Mossop and Flach, 1983). The sands are mostly estuarine, and because 

oil migrated into the pores early after deposition, the oil acts as the cementing agent. When heavy 

oils act as a cementing agent for unconsolidated sand deposits, the reservoir rock matrix can 

change structurally during production (Chopra et al., 2010, Chapter 1). In order to monitor 

production efficiency in heavy oil reservoirs, the rock and fluid interaction must be understood 

under production conditions. Finally, the reservoirs’ internal sedimentary structures are a major 

control on steam chamber growth, and subsequent hydrocarbon drainage, and must be precisely 

modeled. Knowledge about sedimentary features also assists in the inversion of gravity 

observations to constrain fluid migration paths and patterns of density change.  

 

The ideal heavy-oil bearing siliciclastic reservoirs are sandstones with very low mud content, 

high porosity and high permeability. One such target, in Western Canada, is fluvial/estuarine 

meandering systems. Meander belts form from the progressive lateral migration of a channel 

around a meander bend, as the sediment on the steep outer bank is eroded and subsequently 

deposited, along with suspended sediments, on the gently sloping inner bank (Fustic et al., 2012). 

The extent to which the fluvial current transitions around the bend determines which part of the 

bank is eroded, and where sediments are deposited. It also affects the sediment grain size and 
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preservation. The lateral accretion along meander bends in high sinuosity channels leads to the 

development of point bars (Labrecque et al., 2011). Around each meander bend, there is an 

evolution of the flow from transition, intermediate to fully developed sections. The sediment 

deposited along these sections all exhibit upward fining and trough cross stratification (Willis and 

Tang, 2010). The transitional and fully developed sections also exhibit planar cross stratification 

and small-scale cross laminae. The transitional section experiences the highest current velocity, 

and is mostly sand. The lateral confinement of the meandering system controls channel migration, 

degree of sinuosity and the radius of curvature of the bend. These factors will then determine 

which part of the bend is preserved, and the amount of sand preserved. The most deposition and 

preservation occur in the downstream, fully developed part of the bend, so most point bars exhibit 

upward-fining, with trough cross stratification, planar cross stratification and small-scale cross 

and parallel laminae. Meander belt deposits also exhibit an overall downstream fining 

(Dalrymple, 2010). If the meandering river does not experience channel confinement, the 

meander-loop gradually becomes more sinuous. It will eventually be cut-off by channel avulsion 

and another, more direct channel will be created (Willis and Tang, 2010). The point bar in that 

meander bend is overlain and isolated by mud from overbank flood muds. The abandoned 

channels will fill with muddy deposits and may act as low permeability barriers. These are 

mudstone dominated channel fill deposits, or channel plugs. They can be 1–5 m to 30–40 m thick 

vertically accreted shales and silts, and are 30–50 m to 500 m wide (Labrecque et al., 2011). 

During low flow, inclined heterolithic strata consisting of thin shale drapes of sand or fine-

grained lithology may accumulate on individual beds. The alternation between sand beds and 

fine-grained beds are caused by strong variations in fluvial discharge (seasonal or annual). Sand 

beds accumulate during river floods when the water is fresh, and fine-grained sediments 
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accumulate during the late stages of the river floods, under low flow when the water is brackish. 

These beds are cyclical and are a few centimeters to one meter thick, and provide additional 

information about the position of fluvial-marine transition during deposition (Jablonski and 

Dalrymple, 2016).  

 

In order to efficiently produce out of the point bars, it is important to understand the 

heterogeneities in the sandstone-dominated point bars, how they affect reservoir quality and to 

what degree they impede SAGD steam chamber growth (Labrecque et al., 2011). Sedimentary 

structures in fluvial-estuarine deposits that limit fluid migration include channel plugs, inclined 

heterolithic strata (IHS), affects of bioturbation, and mudstone clasts. Small-scale internal 

heterolithic stratification only affect early production, while large-scale stratigraphic architecture 

acts as permanent barriers (Fustic et al., 2012). The muds deposited by fluvial processes are 

abandoned channel fills, mud drapes along accretion surfaces, mud clasts, and floodplain deposits 

on top of point bars. The muds deposited by estuarine processes are characterized by brackish-

water ichnology, and are preserved as thin mud layers on point-bar surfaces. The estuarine 

influences and fluvial erosion of the cutbank create mud clast breccia deposits, heterolithic sands 

and muds, and abundant erosion and reactivation surfaces (Musial et al., 2012). Mudstone clasts 

form from cut-bank caving, and are located in cross-laminated medium to coarse sand, in the 

lower part of the McMurray Formation. Mudstone clasts are typically 0.5 cm to 3 cm in length 

and width and can be dispersed to highly concentrated. In the Kashihara et al. (2010) study, the 

effect of mudstone clasts on permeability was assessed. The objective of the study was to 

differentiate the permeability between sandstones with thin mudstone layers, and sandstones with 

impermeable mudstone clasts. Sandstones with mudstone clasts exhibited a wider range of 
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permeability, and sandstones with thin mudstone layers (IHS) exhibit drastically reduced 

permeability, and rendered the deposit non-producible. Therefore, when evaluating the mud 

content in sandstone, the type of mud deposits must be understood. Tidal influences and 

heterogeneity of the sandstones increase downstream, so the more proximal deposits would act as 

better, cleaner reservoirs.  

 

A reservoir numerical modeling study (Deschamps et al., 2012) evaluated the affect of reservoir 

heterogeneities in meander point bars on heavy oil recovery during SAGD operations, 

specifically channel plugs and thinner shale drapes. A 3D reservoir model was created from 

finely detailed outcrop descriptions, and the outcrop-derived deposit heterogeneities were up-

scaled to assess their distribution in the reservoir. SAGD simulations were applied on the models 

to evaluate the heterogeneities’ impact on heavy oil production. The study found that small-scale 

heterogeneities, such as inclined stratifications (IHS), impacted the steam chamber development 

and fluid flow for the first 16 months of the recovery process, and were eventually bypassed 

through 3D paths in the reservoir. Large-scale stratigraphic architecture heterogeneities, for 

example, channel plug deposits, affected the whole recovery process and diminished overall 

reservoir drainage during the entire production process. 

 

In Alberta, the Late Cretaceous McMurray Formation from the Manville Group is one of the 

major targeted formations for bitumen in sandstone reservoirs (Fustic et al., 2012). The three 

major facies divisions are sand-dominated with large scale trough cross-beds, inclined heterolithic 

stratification sand/mud (IHS), and mixed planar-bedded heterolithic argillaceous-sand with 

mudstone clasts (Mossop and Flach, 1983; Jablonski, 2012). The McMurray Formation is 
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described as upward-fining tidally influenced fluvial to upper estuarine channel fills, and at the 

large-scale, vertically stacked incised valley fills (Kato et al., 2010, Chapter 8). The deposits 

largely consist of lateral-accretion and downstream-accretion point bars, counter point bars, chute 

channels, and abandoned channels. The depositional elements of reservoir quality are typically 

point bars and sandstone-filled channels (Nardin et al., 2013). The processes that deposit the mud 

in the IHS and heterogeneous facies must be understood so that exploration and production can 

focus on the sand-dominated facies, and avoid the heterogeneous reservoirs. Some of the point 

bars in the fluvial-estuarine channels are characterized by inclined heterolithic stratification 

(IHS), which are described as fine-grained sandstones with ripple bedding inter-bedded with 

argillaceous sandstones and mud drapes (Fustic et al., 2012). The bedding is oblique, and highly 

bioturbated. The McMurray Formation point bar deposits are also tidally influenced, which adds 

a degree of complexity to the heterogeneity patterns further downstream as deposits become tide-

dominated (Hubbard et al., 2011). The bidirectional tidal current reverses the downstream motion 

of sediments during flood tides, and increases the fluvial current strength during the ebb tide. The 

alternating current strength controls grain size deposition, and as the current decelerates and 

reverses, mud will be deposited, interlayering with the sandstones. Thus, it is important to 

understand how to effectively produce with muds, and which mud deposits render production 

uneconomic.  

 

2.8  Oil sands  

Oil sands are composed of unconsolidated sand deposits and highly viscous petroleum, known as 

bitumen. Oil sand deposits are located across the world, and the two largest deposits found to data 

are in Canada and Venezuela. The Canadian oil sand deposits are located in Alberta, specifically 
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in the Athabasca, Peace River, and Cold Lake regions, and occupy in total 140,200 km2 (Fustic et 

al., 2012). The Athabasca deposit is the largest known deposit, and is located in Fort McMurray. 

Cold Lake is the second largest deposit, located just south of Athabasca, near the City of Cold 

Lake, and Peace River is the third largest deposit and is in northwest-central Alberta. The total 

estimated bitumen in place in Alberta is around 1.8 trillion barrels, and the recoverable estimate, 

using today’s technologies, is around 168 billion barrels (Alberta Energy Regulator, 2016). Oil 

sands extraction techniques have been examined over the past century, but it was not until 1967 

that a large scale commercial project was successful (Masliyah et al., 2004). In 2001, bitumen 

production surpassed conventional crude production in Alberta for the first time (Hein, 2006). In 

2012, in situ production exceeded oil sands mining production, and will continue to as 80% of the 

bitumen reserves are too deep to mine (Alberta Energy Regulator, 2016). Canadian heavy oils are 

mixtures of sand, clay, water, and bitumen. Most deposits consist of unconsolidated sand held 

together by bitumen, with some local secondary cements that help bind the clay (Hein, 2006). 

Depending on the temperature and pressure conditions acting on the reservoir, the petroleum will 

exist in solid, liquid, condensate or gas state, which dictates the type of reservoir stimulation for 

production. Most reservoirs are multicomponent systems and are mixtures of different 

compounds. Crude oils will typically contain gas in solution. 

 

2.9  Oil sands recovery: steam assisted gravity drainage 

Heavy-oil can be extracted by surface mining and in situ recovery techniques. For surface mining, 

where there is less than 50 m of overburden, the oil sands are mined with massive power shovels, 

and are then transported by dump trucks to be processed. Two tons of oil sand mass generates one 

barrel of oil. For surface mining to be viable, there must be enough reserves to support 20 to 30 
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years of production and the ore body must be continuous enough for a reasonable mine layout 

(Mossop, 1980). In situ recovery techniques are necessary to extract deposits that are too deep for 

surface mining. There are currently two commercial techniques used for in situ production: cyclic 

steam stimulation and steam-assisted gravity drainage. In order to produce the bitumen in situ, the 

viscosity of the bitumen must be reduced, by stimulating the reservoir and increasing the 

temperature of the reservoir. Increasing temperature will increase the vapor pressure of the liquid, 

and decrease viscosity.  

 

Cyclic steam stimulation (CSS) recovers heavy oil through steam injection. Steam is injected at 

high temperatures (300˚C) and pressures for several weeks, in order to heat the reservoir rock and 

the fluid, and lower the bitumen viscosity. The well is then shut in to allow heat to soak around 

the well and into the targeted formation. Finally, the well is put on production, and the mobile oil 

is extracted. This injection-soak-production process is repeated up to 20 times, until the optimal 

output is reached. The average CSS recovery factor is just over 20%. CSS is ideal for reservoirs 

15 m thick, a high well density, and no base water aquifers that would transfer away the injected 

heat. For deeper reservoirs, heat is lost in the well bore, on the way to the targeted reservoir 

(Chopra et al., 2010, Chapter 1; Alberta Energy Regulator, 2016). 

 

Steam-assisted gravity drainage (SAGD) involves drilling two horizontal wells into the targeted 

formation in the same vertical plane. The distance between the two wells is dependent on the 

thickness of the formation, but is generally 5 m. The upper well is used for steam injection and 

the lower well is the producing well. The reservoir first undergoes a preheating period prior to 

production to establish heat communication between the two wells, where steam is injected into 
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both wells (Shin and Polikar, 2005). Steam is then solely injected into the upper well and expands 

and rises to the top of the formation, to create a steam-saturated chamber, and the producer well 

starts extracting the heavy oil. The heat reduces the viscosity of the bitumen, making it mobile. 

The higher the temperatures and steam pressures, the more effective the production can be. The 

steam condenses at the periphery of the chamber, and the oil and condensed steam drain under 

gravity to the producer well (Cyr et al., 2001). The effectiveness of SAGD is related to the 

development of the steam chamber, which depends on the degree of heterogeneities present in the 

reservoir. The vertical permeability of the target formation must be very high for SAGD to be 

successful. SAGD is effective for reservoirs that are too deep to mine, but shallow enough to 

permit high steam pressures, and have a thickness of at least 30–40 m. Bitumen recovery is 

limited to the lateral distance of approximately 50 m from the horizontal well pairs. Thus, the 

most profitable SAGD operation occur in thick sand reservoirs. To date, the highest bitumen 

recovery rate is obtained through steam-assisted gravity drainage (Butler, 1994). 

 

The efficiency of the SAGD process relies on reservoir properties and operating conditions. 

Reservoir properties, which play a role in the steam chamber development, are thickness, 

porosity, permeability, oil saturation, viscosity, and rock thermal conductivity. Estimating and 

delineating these properties, as well as the resources in place, leads to high geological 

uncertainties (Yang et al., 2011). Furthermore, complications can arise with mapping competent 

cap rocks, identifying breaks in local and regional seals, and locating zones of possible 

interference with shallow ground water aquifers (Hein, 2006). Operating factors, which also 

affect SAGD production, include injection pressure, injector/producer spacing, steam injection 

rate, and preheating (Nguyen et al., 2012).  
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Monitoring SAGD production allows for the steam chamber development to be tracked, and 

subsequent bitumen depletion. If bitumen migrates out of zone, or steam chamber development 

does not occur, these issues can be identified and mitigated. The type of geophysical monitoring 

employed plays a large role on the resolvability of the steam chamber development along and 

between the wells. In addition, the steam chamber resolvability is dependent on the well pair 

spacing, the depth of the reservoir, and the survey sampling. The objective for this study is to 

evaluate superconducting gravity gradiometry as a monitoring technique to track the SAGD 

process steam chamber development.  

 

2.10  Site location 

Two tests sites are evaluated, the first is a SAGD reservoir in Alberta, and the second is a water 

pumping site in British Columbia. 

 

2.10.1  SAGD 

The SAGD reservoir of interest is located north of Edmonton, Alberta, and the bitumen is 

extracted from the McMurray Formation. One pad from the Cold Lake Oil Sands, in Athabasca, 

Alberta, currently undergoing the initial phases of SAGD operations, is used for this study. The 

site is located 60km northeast of Fort McMurray. The density data are from a real reservoir and 

are compiled from delineation wells, 3-D seismic, core analysis, log analysis, geological 

modeling, reservoir modeling, production forecasting and regional comparisons. The reservoir 

model is subjected to steaming and bitumen depletion and the resulting density models are used 

for our gravity forward modeling. The depletion patterns are analyzed from predictive bitumen 

depletion density data after 1.25 years of production and after 5 years of production. The average 
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density of the reservoir is 2.16 g/cm3, and the density variability is 0 to -0.3 g/cm3. The reservoir 

is 600 m by 1000 m, and there are 6 pairs of wells in the reservoir. The average bitumen pay 

thickness is 40 m with 74% bitumen saturation. A histogram of density change for two time steps 

after 1.25 years of production, and 5 years of production, illustrates that the density change is 

linear with time (Figure 2.10.1). Therefore, if the mass loss is linear, it is not necessary to take 

additional tests between 1.25 and 5 years. 

 

Figure 2.10.1 – Histogram of density change from bitumen depletion after 1.25 years and 5 years 

of production 

 

2.10.2  Aquifer 

The aquifer evaluated is in Skookumchuck, British Columbia, and is fed by the Skookumchuck 

Creek and the Kootenay River. The aquifer data used in this study comprises of water table 

elevation profiles at multiple time steps, and an aquifer evaluation report. The data used from the 

g/cm3

5 years (time 2): -2.06 million tons

1.25 years (time 1): -0.43 million tons

Mass loss

Density change of 2.6 million voxels

t2/t1=4.3
ml2/ml1=4.7

linear with time
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aquifer elevation report consists of a depth to groundwater map, and the depth to groundwater at 

three times steps for four pumping wells.  
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Chapter 3 

Gravity Monitoring of 4D Fluid Migration in SAGD Reservoirs – 

Forward Modeling 

Elliott, E. J. and A. Braun, 2016, Gravity monitoring of 4D fluid migration in SAGD reservoirs – 

forward modeling: CSEG Recorder, 41, 16-21. 

3.1  Abstract 

The feasibility of time-lapse gravity and gravity gradient monitoring for steam assisted gravity 

drainage (SAGD) reservoirs is investigated. Two major obstacles have prevented the use of time-

lapse gravimetry on small scale reservoirs, namely i) the need for sub-µGal sensitivity, and ii) the 

high noise levels in the vicinity of the reservoir. In this study, those limitations can both be 

overcome by using i) a portable superconducting gravimeter, and ii) a pair of instruments under 

various baseline geometries. This will allow for the measurement of several gravity gradient 

components, resulting in improved resolution for locating density anomalies, as well as the 

cancellation of common noise in both instruments. An operational SAGD reservoir in the 

McMurray Formation is used to forward model the gravity and gravity gradient signatures after 

1.25 and 5 years of production, using density changes obtained from seismic monitoring. Signals 

originating from steam injection and subsequent bitumen migration achieve 2-50 µGal for gravity 

and 10-400 µGal/km for gravity gradient. The published sensitivity of the iGrav superconducting 

gravimeter is 0.05 µGal. Even if a more conservative estimate for the sensitivity (e.g., 0.5 µGal) 

is assumed, time-lapse gravimetry monitoring of SADG reservoirs is achievable. Individual steam 

chambers can be isolated in the in-line direction of a well pair, but not in the cross-line direction. 
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Reservoir depletion variability across the reservoir can be identified in the gravity gradient 

signals.  

 

3.2  Introduction 

Optimized hydrocarbon reservoir management and operations are critical for Canada’s energy 

market and its global competitiveness. Many procedures such as steam assisted gravity drainage 

(SAGD) and hydraulic fracturing have been developed to extract natural resources more 

efficiently (Economides & Martin, 2007). However, the reservoir processes are often not 

adequately monitored in order to observe where fluid migrates and if fluid stays within the 

reservoir or moves out-of-zone. Deep heavy oil/bitumen reservoirs are produced using SAGD 

techniques, where steam is injected into the reservoir in the upper well, and displaces bitumen to 

an underlying, parallel well. The bitumen flow must be monitored spatially and temporally to 

assess recoverability in the reservoir, and to increase production efficiency. The SAGD process 

requires considerable energy and water resources, which could be reduced by identifying where 

low permeability mud layers hinder steam propagation, and avoiding development in those areas 

(Reitz et al., 2015). In addition, identifying out-of-zone migration earlier could lessen 

contamination hazards into nearby aquifers.  

 

Current monitoring techniques for bitumen migration include 4D seismic surveys, microseismic 

surveys, borehole resistivity, temperature and pressure monitoring. 4D seismic surveys provide a 

comprehensive visualization of the fluid migration, but are costly, and are only conducted every 

one to three years. Seismic surveys also have limited sensitivity to changes in fluid content, 

saturation and porosity (Devriese & Oldenburg, 2014). Microseismic monitoring records fracture 
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events, not the fluid migration itself, and is thus an indirect monitoring tool. Borehole monitoring 

of resistivity, temperature and pressure is restricted to the area immediately surrounding the well. 

Therefore, a gap exists in short-term monitoring techniques.  

 

The proposed technique utilizes relative gravimetry to monitor spatio-temporal steam and 

bitumen migration, providing continuous direct monitoring from the surface. The density change 

from replacing bitumen with steam in the reservoir is monitored by measuring the gravity and 

gravity gradient signatures. Previously, the feasibility of applying the proposed technique to 

SAGD reservoirs was hindered by the lack of the required sensitivity in gravimeters, as well as 

high noise levels. The demand to measure signals at the level of 1 part per billion (or 1 µGal in 

981 Gal) and the need to compensate for other processes and noise (Rosat & Hinderer, 2011; 

Rosat et al., 2013), which often have higher magnitudes than the targeted signal, create a 

challenging measurement environment. Both of these limitations can be overcome using 

superconducting gravimetry in time-lapse gravity gradient surveys, which achieves the sensitivity 

requirements and greatly reduces noise.  

 

The idea of using time-lapse gravity to monitor density change is not new and several model 

studies have been conducted as the precision of relative gravimeters increases (Hare et al., 1999; 

Vasilevskiy and Dashevsky, 2007; Gasperikova and Hoversten, 2008; Krahenbuhl and Li, 2012; 

Krahenbuhl et al., 2011; Wilson et al., 2012). Time-lapse gravity was first used in field studies in 

the 2000s (e.g.  Ferguson et al., 2007; Davis et al., 2008; Eiken et al., 2008; Jacob et al., 2010), 

and is inherently a relatively new technology. Recent progress in superconducting gravimeters 

resulted in a field portable gravimeter, the iGrav by GWR (available since 2010), and is described 
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in Warburton et al. (2010) and Hinderer and Crossley (2004). The iGrav has a reported 

susceptibility of 1 nanoGal in the frequency domain and 0.05 µGal in the time domain for 1 

minute averaging, drifts less than 0.5 µGal/month, and has a noise level of 0.3 µGal/(Hz)½ (GWR 

Instruments, 2015). In a real environment, a conservative estimate for the value of the 

susceptibility is 0.5 µGal, which is the value that will be used for the feasibility assessment. 

 

Multiple studies have shown the potential of using time-lapse gravimetry for monitoring 

purposes, such as SAGD production (Reitz et al., 2015), waterflood production (Brady et al., 

2010; Ferguson et al., 2008), gas production (Eiken et al., 2008), CO2 injection (Alnes et al., 

2011; Alnes et al., 2008; Dodds et al., 2013), and groundwater extraction (Cogbill et al., 2006; 

Davis et al., 2008). 

 

This study will demonstrate the feasibility of using time-lapse superconducting gravimetry to 

continuously and directly monitor bitumen migration in an operational SAGD reservoir. A real 

SAGD reservoir is forward modeled in the McMurray formation for its gravity and gravity 

gradient signatures. This study has two objectives: 

 

1.   What are the gravity and gravity gradient signatures at surface for a real SAGD reservoir, 

and would a superconducting gravimeter be sensitive to those? 

2.   To what degree can individual steam chambers be isolated through time-lapse 

gravimetry? 
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3.3  Methodology 

3.3.1  Forward models 

Previous theoretical models have shown that gravimetry is sensitive to the density changes from 

replacing bitumen with steam (Reitz et al., 2015). Real reservoir density changes will be forward 

modeled at three time steps (time zero before production, after 1.25 years of production, and after 

5 years of production), to analyze the gravity signal components at surface. The provided density 

data are first organized into voxel cube models (Figure 3.3.1). Voxel cube models are created 

from 2 m3 polyhedrons, each with a given density value and position in space. For each 

polyhedron, a point mass is calculated with the potential field modelling suite IGMAS+ (Schmidt, 

2010). The point mass technique is effective because the vector distance from the point masses to 

the surface grid stations (>100 m) is significantly greater than the scale of the polyhedrons (2 m3).  

 
Figure 3.3.1 – Forward modeling components: voxel cube, station grid, sectioning 
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The voxel cube is sectioned every 15 m, and a station grid is overlain on the model with 10 m by 

10 m spacing (Figure 3.3.1). The main concern is relative density changes, and the background 

and section densities are set to 0 g/cm3, with a density variability of -0.30 g/cm3 to 0 g/cm3 for the 

voxel cube. The triple integral of the point mass in x, y and z is then computed to produce a 

forward model of the gravity and gravity gradient anomalies for the reservoir at each station grid 

point. 

 

3.3.2  Gravity and gravity gradients 

The superconducting gravimeter’s measureable components are vertical gravity (Gz), vertical 

gravity gradient (Gzz), horizontal cross-line gravity gradient (Gzx), horizontal in-line gravity 

gradient (Gzy), and the horizontal gradient trend (HGz), which is the combination of the Gzx and 

Gzy gravity gradients (𝐻𝐺𝑧 = (𝐺𝑧𝑥2 + 𝐺𝑧𝑦2)). Gz and Gzz are sensitive to vertical changes in 

density, and Gzx and Gzy are sensitive to lateral density changes. Gravity decays proportionally 

to the inverse of distance squared, while gravity gradient decays proportionally to the inverse of 

distance cubed; therefore, gravity gradients are expected to have better spatial resolution and 

focusing power. However, measuring the gravity gradients requires either the use of two 

instruments, or varying positions of the gravimeter over time scales that are shorter than 

steam/bitumen migration processes. A varying baseline gravity gradient survey as performed by 

Kennedy et al. (2014) for a water reservoir is able to measure the gradients mentioned above. 

 

3.3.3  Reservoir parameters 

Density data, derived from 3D seismic data of an ongoing SAGD project producing out of the 

McMurray Formation, is used for the forward models. The density data represents three time 
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steps: the absolute density distribution before production (time zero), after 1.25 years and 5 years 

of production. The average absolute density of the targeted formation is 2.16 g/cm3, and the 

density ranges between 1.00 g/cm3 and 3.67 g/cm3. The area under production is 600 m by 1000 

m, the targeted depth is 200 m total vertical depth (TVD), and there are six pairs of wells in this 

area of the reservoir. The sub-horizontal wells are at a TVD of 220 m and have a well separation 

of 80 m.  

 

Isosurfaces of the varying density changes were plotted to visualize depletion trends, and identify 

any sedimentological constraints. For the density changes after 1.25 years of production, the 

isosurfaces indicate that the density changes extend vertically above and along (in-line direction) 

the six well paths, but there is no depletion between the well pairs (cross-line direction) ( 

Figure 3.3.2). 

 

Figure 3.3.2 – Isosurfaces of the density variations along the six wells paths in the reservoir after 

1.25 years of production 
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The highest density change is concentrated at the heel of the well, and lessens down the well path 

to the toe of the well.  After five years of production, the isosurfaces show that the density 

changes extend between the well paths, and that the highest density changes are concentrated at 

the top of the reservoir, specifically at the heel of the leftmost well pair of the reservoir (Figure 

3.3.3). Figure 3.3.4 illustrates the six well pairs and the density changes in the reservoir, after 

1.25 years of production and after 5 years of production. 

 

Figure 3.3.3 – Isosurfaces of the density variations long the six well paths in the reservoir after 5 

years of production 

 

Figure 3.3.4 – Reservoir showing the density variations along and between well pair paths; 

illustrates the variability along the well path and the steam chamber growing phases: 1.25 years 

marks the rising phase, 5 years marks the spreading phase. 
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3.4  Results 

Real SAGD reservoir parameters are used to create the density models and derive gravity and 

gravity gradient signals. Five different models are investigated, i) the absolute density distribution 

at time zero, ii) a single well pair after 1.25 and 5 years of production, and iii) six well pairs after 

1.25 and 5 years of production. 

 

At time zero, a cross section of the reservoir shows density variations throughout, with a positive 

anomaly on the east side of the reservoir (Figure 3.4.1). This absolute density distribution is 

between 1.00 g/cm3 and 3.67 g/cm3, and reflects the stratigraphy of the formation. Despite this 

large range, when the densities for different time steps are compared, the static density cancels 

out, isolating the density changes from the steam migration and bitumen depletion.  

 

Figure 3.4.1 – Cross section of the density variations before SAGD production, with the gravity 

(Gz) and gravity gradient (Gzz) response 
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In Figure 3.4.1, we see that Gzz is more sensitive than Gz to the baseline density variations in the 

reservoir. The Gzz signal is approximately 600 µGal/km, and the Gz signal is 3 µGal. These 

values represent the natural variability of the gravity and gravity gradient signals before 

production. After 1.25 years of production, the cross section of the density changes in the 

reservoir illustrates the varying degrees of depletion for the six well pairs (Figure 3.4.2). The 

steam chambers for each well grow and affect the reservoir density differently. Gz, Gzz, Gzx, 

Gzy and HGz are all sensitive to the density changes for the six well pairs, and have stronger 

responses as the density changes increase. The signals are 1 to 7.5 µGal for gravity, and 2 to 60 

µGal/km for gravity gradient.  

 

Figure 3.4.2 – Cross section of the density variations in the reservoir and the gravity (Gz) and 

gravity gradient responses (Gzz, Gzx, Gzy, HGz), after 1.25 years of production (the cross-line 

section is taken from the middle of the reservoir) 
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After 5 years of production, the cross section shows that as depletion increases and spreads 

between the wells, the signals become broader and stronger (Figure 3.4.3). Gzz and Gzx are 

sensitive to the significant depletion on the left side of the reservoir, the lack of depletion in the 

middle of the reservoir, and the depletion on the right side of the reservoir. The signals are 2 to 50 

µGal for gravity, and 10 to 400 µGal/km for gravity gradient. 

 

 

Figure 3.4.3 – Cross section of the density variations in the reservoir and the gravity (Gz) and 

gravity gradient responses (Gzz, Gzx, Gzy, HGz) after 5 years of production (the cross-line 

section is taken from the middle of the reservoir) 

 

One well pair is selected to show the signal responses in plan view for a single well pair after 1.25 

and 5 years of production (Figure 3.4.4). All components are sensitive to the density changes, and 

indicate a directional dependency on reservoir depletion along the well path. Gz (Figure 3.4.4a) 

shows a very broad image of decreasing depletion towards the toe of the well, on the north side 
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and Gzz (Figure 3.4.4c) has a similar but narrower focus on the well path. Gzx (Figure 3.4.4e), 

Gzy (Figure 3.4.4g), HGz (Figure 3.4.4i) are all sensitive to the variability along the well path, 

and show the decrease in depletion down the well path. After 5 years of production, all of the 

signals show a more uniform depletion across the well path, and Gzz (Figure 3.4.4d), Gzy (Figure 

3.4.4h) and HGz (Figure 3.4.4j) distinctively resolve the decreasing density changes from the heel 

to the toe. The gravity gradient signals are sensitive to depletion variations along the well, and are 

spatially more focused than the gravity signal.  

 

In order to investigate if individual well pairs can be identified when all six well pairs are 

included, the next model includes all density changes across the six well pairs. The signal 

responses in plan view for six well pairs generally show the broad depletion trends in the 

reservoir (Figure 3.4.5). Neither after 1.25 years of production nor after 5 years of production, can 

the gravity and gravity gradient responses differentiate density changes for individual wells. After 

1.25 years of production, Gzz (Figure 3.4.5c) and HGz (Figure 3.4.5i) illustrate the higher 

depletion in the south part of the reservoir, and varying degrees of density changes in the middle 

of the reservoir. After 5 years of production, Gz (Figure 3.4.5b), Gzz (Figure 3.4.5d), Gzy (Figure 

3.4.5h), and HGz (Figure 3.4.5j) each indicate that the reservoir is evenly depleted, with some 

variability in the south east corner. Gzx (Figure 3.4.5f) does not differentiate density changes 

with respect to individual wells, as the density changes are spread out at the top of the reservoir. 

HGz is the most illustrative of the density change variability along the well path, and the increase 

in depletion from 1.25 (Figure 3.4.5i) to 5 years of production (Figure 3.4.5j).  
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Figure 3.4.4 – Plan view of signals for one well pair (injection and production); (a) Gz at 1.25 

years, (b) Gz at 5 years, (c) Gzz at 1.25 years, (d) Gzz at 5 years, (e) Gzx at 1.25 years, (f) Gzx at 

5 years, (g) Gzx at 1.25 years, (h) Gzy at 5 years, (i) HGz at 1.25 years, (j) HGz at 5 years. 
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Figure 3.4.5 – Plan view of signals for six single well pairs (injection and production); (a) Gz at 

1.25 years, (b) Gz at 5 years, (c) Gzz at 1.25 years, (d) Gzz at 5 years, (e) Gzx at 12.5 years, (f) 

Gzx at 5 years, (g) Gzy at 1.25 yeras, (h) Gzy at 5 years, (i) HGz at 1.25 years, (j) HGz at 5 years. 
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The density changes isosurfaces indicate that after 1.25 years of production (Figure 3.3.2), the 

highest density changes occur near the heel of the wells, and after 5 years of production (Figure 

3.3.3), are concentrated in the front left of the reservoir. These trends are apparent in the plan 

view plots for the gravity and gravity gradient signals, especially for the Gzz (Figure 3.4.5d) and 

HGz signals (Figure 3.4.5j). The strongest gravity gradient anomalies are directly linked to the 

largest density changes in the reservoir.  

 

3.5  Discussion 

The SAGD process replaces bitumen with steam, driving the bitumen into the underlying 

production well, and generating -0.30 g/cm3 to 0 g/cm3 density variations where the reservoir is 

depleted. After 1.25 years of production, the highest density changes are at the heel of the well, 

and directly above the injection well path. After five years of production, the density changes 

extend between the well paths, mostly at the top of the reservoir. These trends occur because the 

SAGD steam chamber undergoes two growth phases. First the steam chamber rises until it 

encounters a cap rock barrier, then it spreads laterally and takes an inverted triangle shape. The 

gravity and gravity gradient signals may be inconclusive during the rising phase as the density 

changes are limited to the area in the immediate vicinity of the injector (Butler & Stephens, 

1981); however, time-lapse gravimetry could be used to monitor the transition from the rising to 

the spreading phase, which would be a valuable reservoir observation. It is feasible to track the 

transition because when the spreading phase occurs, large volumes of bitumen are replaced by 

steam at the top of the reservoir, which is closest to the surface and would have the strongest 

effect on the gravity and gravity gradients signals.   
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The bitumen is not equally drained above the well paths, and some areas show significant 

directional dependency for the density changes. Comparing the difference between the signals 

after 1.25 years of production (Figure 6), and 5 years of production (Figure 7) helps to identify 

the areas where large scale heterogeneities block bitumen drainage. Reservoir heterogeneities are 

one of the key controls on the steam chamber development, and impact fluid flow at different 

stages of production. Small-scale heterogeneities affect steam chamber development near the 

wellbore at the start of steam injection, and large-scale heterogeneities affect steam chamber 

development during the entire recovery process (Deschamps, 2012). The lack of reservoir 

depletion in the south-east part of the reservoir indicates that there are large scale heterogeneities 

that are preventing efficient steam chamber development or bitumen mobilization. Steam 

injection could have been stopped there to reduce energy use. 

 

The plan view of the gravity and gravity gradient signals for a single well pair can be used to 

identify specific depletion trends along the well path (Figure 3.4.4). For six well pairs, the plan 

view illustrates the overall reservoir depletion, but it is not possible to identify specific variability 

across the well pairs (Figure 3.4.5). The individual depletion trends for each well, when all six 

well pairs are combined, overlap because the distance between well pairs is only 80 m. According 

to a recent modelling study (Reitz et al., 2015) using theoretical reservoir models, separate 

anomalies for each steam chamber from each well path are distinguishable at minimum 

separations of 125 m, which is beyond the 80 m separation in the reservoir used herein.  
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The forward models indicate that Gzz, Gzy, and HGz are the most sensitive parameters to the -

0.30 g/cm3 to 0 g/cm3 density changes. The Gz, Gzz, Gzy, and HGz signals for the McMurray 

Formation SAGD project range from 2 to 50 µGal for gravity, and 10 to 400 µGal/km for gravity 

gradient. Those signals are larger than the conservative iGrav superconducting gravimeter 

sensitivity, of 0.5 µGal. Thus, there is potential to conduct time-lapse gravity surveys to monitor 

bitumen flow from SAGD operations, using the iGrav superconducting gravimeter. As a 

complimentary technique to seismic surveys, time-lapse gravimetry will enable regular 

monitoring of fluid migration in the reservoir, prevent unnecessary energy consumption, aid in 

preventing out-of-zone migration, and improve bitumen recovery rates.  

 

This study has not incorporated realistic environmental noise conditions which could originate 

from SAGD operations, hydrological processes, tidal and atmospheric loading and subsidence. 

Hence, sensitivity studies in the field must be executed to assess if state-of-the-art relative 

gravimeters such as the iGrav superconducting gravimeter can achieve the required sub-µGal 

sensitivity. The disturbances on site, which includes noise from human activity related to 

production and natural processes, must be quantified and filtered out. The variable baseline 

method, where two gravimeters are used simultaneously to cancel out signals that are common to 

both instruments, provides an avenue to cancel out noise (Kennedy et al., 2014).  

 

3.6  Conclusions 

The depletion trends for a real SAGD reservoir were analyzed by forward modeling the gravity 

and gravity gradient signals for the density changes after 1.25 and 5 years of production. This 
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study indicates that time-lapse gravimetry is feasible to monitor bitumen migration in a real 

SAGD reservoir. In particular, the gravity gradient components Gzz, Gzx, Gzy, and HGz are 

sensitive to vertical and lateral density variations caused by steam injection and bitumen 

extraction. Reservoir density variations of -0.30 g/cm3 to 0 g/cm3 over a time period of 5 years 

result in 2 to 50 µGal gravity and 10 to 400 µGal/km gravity gradient signals. Considering the 

iGrav sensitivity of 0.05 µGal, the iGrav superconducting gravimeter has the potential to be used 

for time-lapse gravimetry surveys. The variability between the heel and the toe can be monitored 

for an individual well pair; however, in the cross-line direction, it is not possible to isolate 

individual well pairs. This is a consequence of the well pair separation of 80 m, which is below 

the minimum separation of 125 m (Reitz et al., 2015). Despite that limitation, conclusions about 

the depletion variability across the entire reservoir can be made, which could lead to improved 

production efficiency. In addition, using superconducting gravimeters to monitor density changes 

in a reservoir is a relatively inexpensive and non-intrusive method. It enables an improved 

understanding of steam chamber growth, and reservoir heterogeneity, as well as assessing out-of-

zone migration flow hazards. While this method will not replace 4D seismic surveys, it provides a 

viable alternative to characterize SAGD reservoirs, or could be used in synergy with other 

monitoring techniques.   
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Chapter 4 

On the Resolvability of Steam Assisted Gravity Drainage Reservoirs 

using Time-lapse Gravity Gradiometry: Impact of Reservoir Depth, 

Well Pair Separation and Survey Sampling. 

 

Elliott, E. J. and A. Braun, 2016, On the Resolvability of Steam Assisted Gravity Drainage 

Reservoirs using Time-lapse Gravity Gradiometry: Impact of Reservoir Depth, Well Pair 

Separation and Survey Sampling: Geophysics. Under Review.   

 

4.1  Abstract 

Unconventional heavy oil resource plays are important contributors to oil and gas production, as 

well as controversial for posing environmental hazards. Monitoring those reservoirs before, 

during and after operation would assist both the optimization of economic benefits and the 

mitigation of potential environmental hazards. This study investigates how gravity gradiometry 

using superconducting gravimeters could resolve depletion areas in Steam Assisted Gravity 

Drainage (SAGD) reservoirs. This is achieved through modeling of a real SAGD reservoir at 1.25 

years and 5 years of operation. Specifically, the density structure identified from geological, 

petrological and seismic observations is forward modelled for gravity gradients. Three main 

parameters have an impact on the resolvability and are varied through a suitable parameter space: 

well pair separation, depth to the well pairs, and survey grid sampling. The results include a 

resolvability matrix, which identifies reservoirs that could benefit from time-lapse gravity 
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gradiometry monitoring. After 1.25 years of operation, during the rising phase, the resolvable 

maximum reservoir depth ranges between the surface and 230 m, considering a well pair 

separation between 80 m and 200 m. After 5 years of production, during the spreading phase, the 

resolvability of depletion volumes around single well pairs is greatly compromised as the 

depletion volume is closer to the surface, which translates to a larger portion of the gravity signal. 

The modelled resolvability matrices were derived from visual inspection and spectral analysis of 

the gravity gradient signatures and can be used to assess the applicability of time-lapse 

gradiometry to monitor reservoir density changes. 

 

4.2  Introduction 

Steam Assisted Gravity Drainage (SAGD) is an established unconventional recovery method for 

heavy oil or bitumen (Economides and Martin, 2007) and has become an important economic 

factor in Alberta’s Athabasca oil sands region and more recently, also in the Uinta basin in Utah, 

USA. By injection of steam through an injector well, the bitumen is heated to enhance its 

mobility. Gravity forces bitumen to flow downwards in the reservoir where it is extracted through 

a producer well. Approximately 7% of the steam remains in the reservoir and the majority is 

pumped out with the oil. The resolvability of monitoring the spatio-temporal bitumen depletion in 

a reservoir will be investigated. Two processes motivate this study, namely (i) locating bitumen 

depletion volumes in the reservoir to optimize production, and (ii) monitoring any out-of-zone 

flow of bitumen that could lead to environmental hazards. Both processes undergo a density 

change, which arises from the migration of fluids in the reservoir. The need for monitoring 

SAGD reservoirs is well established and a variety of methods have been proposed, including, but 

not limited to, 4-D seismic monitoring (Zhang, Youn and Doan, 2007; Lerat et al., 2010), micro-
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seismic monitoring (Maxwell, 2010; Maxwell et al., 2012), resistivity/EM (Devriese and 

Oldenburg, 2016), and gravimetry (Reitz, Krahenbuhl and Li, 2015). Each method involves 

limitations in sensitivity, spatio-temporal resolution and costs. Ultimately, a combination of 

methods over varying spatio-temporal scales should provide the most efficient monitoring. 

Herein, we focus solely on time-lapse gravity gradiometry monitoring of SAGD reservoirs. 

Specifically, a reservoir in the Athabasca region of Alberta, for which 3-D density data are 

predicted for three time steps, before production, after 1.25 years, and after 5 years of production, 

is modelled. 

	  

Time-lapse gravity monitoring has been employed since the early 2000s. With increasing 

precision of available gravimeters, several model studies were conducted (Hare et al., 1999; 

Vasilevskiy and Dashevsky, 2007; Gasperikova and Hoversten, 2008; Krahenbuhl, Li and Davis, 

2011; Krahenbuhl and Li, 2012; Wilson et al., 2012). Together with improved field portability of 

the gravimeters, these studies led to the first field deployments of time-lapse gravity experiments, 

(e.g., Ferguson et al., 2007; Davis, Li and Batzle, 2008; Eiken et al., 2008; Jacob et al., 2010). 

Previously, the most obvious obstacle was the high demand in precision to measure signals at the 

level of 1 part per billion (or 1 µGal in 981 Gal), in order to compensate for other effects and 

noise (Rosat and Hinderer, 2011), which often have higher magnitudes than the targeted signal. 

Another obstacle was the mobility restriction of superconducting gravimeters as they were 

permanently housed and operated in observatories. The iGrav superconducting gravimeter by 

GWR Instruments (GWR Instruments, 2015), has overcome this limitation and provides an 

opportunity to conduct time-lapse gravity in the field without compromising the sub-µGal 

sensitivity of the instrument (Hinderer, Crossley and Warburton, 2015). As the iGrav has recently 
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become available, only a few reservoir studies have been published, for example the detection of 

water reservoir changes (Kennedy et al., 2014), a sensitivity experiment (Kao et al., 2014), CO2 

sequestration (Sugihara and Nawa, 2012), and CO2 injection for enhanced oil recovery (Sugihara 

et al., 2013).  

 

Mass change originating from fluid migration in reservoirs can be tracked with time-lapse 

gravimetry (Krahenbuhl and Li, 2012; Reitz, Krahenbuhl and Li, 2015). In particular, bitumen 

depletion from SAGD projects can be monitored by measuring the time-lapse gravity and gravity 

gradient signatures (Elliott and Braun, 2015), due to the mass change arising from bitumen 

depletion. The associated density changes arising from SAGD operations are on the order of 0 to 

-0.3 g/cm3 over several years and remain challenging to detect from the surface. This particular 

application requires micro-gal sensitivity, which is met by the iGrav superconducting gravimeter 

(Warburton et al., 2000; Warburton, Pillai, and Reineman, 2010; Hinderer, Crossley, and 

Warburton, 2015). The objective in monitoring SAGD production is to delineate individual 

depletion trends along each well pair and major depletion trends across the reservoir, after 1.25 

and 5 years of production. A real reservoir density distribution is modeled, changing well pair 

separation, reservoir depth, and gradiometry survey grid sampling (Figure 4.2.1). 
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Figure 4.2.1 – SAGD reservoir monitoring scheme. Three parameters varied in this study: depth 

to well pairs, well pair separation and survey grid sampling. 

 

4.3  Methodology 

4.3.1  Density model 

The at-surface monitoring resolvability of bitumen depletion trends through gravimetry 

surveys, for a McMurray Formation SAGD reservoir, is analyzed. Predictive three-dimensional 

density data for the reservoir are used to forward model gravity and gravity gradient signals. The 

density data are created from a reservoir model based on well data, seismic data, and geological 

models, which are run through a reservoir model considering realistic injection and production 

data. Two time steps are considered, after 1.25 years of production when the steam chamber is in 

the rising phase (Figure 4.3.1a), and after 5 years of production when the steam chamber is in the 

spreading phase (Figure 4.3.1b). The reservoir study area contains six well pairs that are on 

average 85 m apart. The average density in the reservoir is 2.16 g/cm3 and the density varies up to 

-0.30 g/cm3 over the modelled time period. The reservoir is approximately 55 m thick.	  
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Figure 4.3.1 – Density model of the McMurray Formation SAGD reservoir, (a) after 1.25 years of 

production, (b) after 5 years of production 

 

In this paper, only gravitational acceleration is considered (not centrifugal acceleration), hence we 

only include mass effects in the modelling. In the following, gravity is thus synonymous with 

gravitational acceleration. The forward modeling suite IGMAS+ (Götze et al., 2010) is used to 

calculate the gravity and gravity gradient signatures at a station grid at surface for the density 

models. In Elliott and Braun (2015), the original reservoir geometry and density data were 

analyzed. In this study, we systematically varied the following three parameters, keeping the 

density models as realistic as possible, (i) well pair separation, (ii) depth of the reservoir, and (iii) 

survey grid sampling (Table 1). Increasing the depth to the well pair is straightforward by adding 

an additional layer of no density change above the reservoir (Appendix A.1.1). Changing survey 

grid sampling is achieved by adding more or fewer stations at the surface, at which the gravity 

signatures are derived. Increasing well pair separation is slightly more complicated as the 

increased space in between the well pairs could either be filled with no density change or 

interpolated between surrounding well pairs. We created a realistic interpolation scheme, which 

600m
Cross-line

1000m
In-line

(b)

x
y

z

(a)

6 well pairs

-0.3

0

-0.15

Density 
change
(g/cm3)

N



 

 

 

69 

reflects the rising and spreading phase, respectively. The interpolation method is described in the 

following section. 

 

Table 1 – Parameter range of the three survey parameters considered for altering the density data 

to produce the bitumen depletion resolvability matrix.  

Survey parameters 

 Minimum Maximum Intervals 

Well pair separation 80m 200 m 20 m, 25 m 

Depth to well pair -100 m -400 m 50 m 

Survey grid sampling 10 m, 50 m, 100 m 

Time steps modelled 1.25 and 5 years 

 
 

4.3.2  Interpolation 

In the rising phase (1.25 years), zero density grids of 20 m to 120 m width in the x-direction are 

added between each well pair, thereby increasing the well pair separation from 80 m to 100 m and 

200 m, respectively (Appendix A.1.2). After 1.25 years of production, the steam chamber is 

rising, and bitumen depletion only occurs directly above the well pairs; therefore, separating the 

well pairs with zero density value grids is representative of the depletion patterns (Figure 4.3.2). 

After 5 years of production, the steam chamber has reached the spreading phase and bitumen 

depletion occurs along the top of the reservoir and between the well pairs. The steam chamber 

rises until it hits a sedimentological barrier and then spreads laterally. The spreading phase occurs 

until the steam chamber cools, or until sedimentological baffles and barriers prevent the steam 

chamber from expanding. 
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Figure 4.3.2 – Increasing well separation during the rising phase. Resulting gravity and gravity 

gradient signatures. Cross-section through 3-D model at y=2425 m. 

 

In order to reflect the spreading phase, the bitumen depletion must be interpolated between the 

well pairs if the well pair separation is increased (Figure 4.3.3). Adding zero density in between 

the well pairs is not realistic during the spreading phase. Consequently, the depletion volume is 

increased through interpolation (Appendix A.1.3), which in turn will lead to larger gravity signals 

as interpolation introduces more depletion/density change. The zero density grid data is split into 

2D planes for each depth point, and the values on either end of the zero density are interpolated to 

the mid point using the GMT adjustable tension continuous curvature splines. The midpoint is set 

to the average reservoir density, which is approximately 0.009 g/cm3. The interpolated 2D planes 

are then combined to make the 3D density data set. This approach is considered more realistic 

and the increase in gravity signals is considered acceptable. Adding depletion volume in between 

the well pairs actually hinders the resolvability in the cross-line direction and thus keeps the 

resolvability assessment more realistic. 
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Figure 4.3.3 – Interpolation for increasing well pair separation leads to increasing total depletion, 

but maintains a realistic depletion pattern. Cross-section through 3-D model at y=2425 m. 

 

4.3.3  Modeling steps 

The 3-D density data are transformed to voxel cube format and imported into IGMAS+ (Schmidt 

and Götze, 2014). The density values represent the depletion of bitumen in the reservoir: for 1.25 

years the minimum density is -0.2859 g/cm3 and the maximum is 0.0 g/cm3, and for 5 years the 

minimum is -0.2978 g/cm3 and the maximum is 0.0 g/cm3.  

 

A 3-D model is created (dimensions x=0:3500 m, y=0:3500 m, z=0:–500 m), with a project area 

larger than the density data area, to account for edge effects. Each density data set, with varying 

well pair separation and depth to well pair, are imported and modelled individually and the 

gravity (Gz), vertical gravity gradient (Gzz), horizontal cross-line gravity gradient (Gzx), 

horizontal in-line gravity gradient (Gzy) and complete gravity gradient (𝐻𝐺U = √(𝐺U'
2 + 𝐺UT2)), 

signals are calculated (Appendix A.2.1). The stations are at surface and are restricted to the area 

above the original density data voxel cube. Over 200 models have been forward modelled to 

create a resolvability matrix. 

150m

200m

Increasing*
depletion*by*
interpolation

Increasing*
gravity*signals

80m



 

 

 

72 

In addition to analysing the resulting surface gravity patterns in space, spectral analyses of the 

gravity signals in the cross-line (x) and in-line (y) directions are computed, to quantitatively 

define the bitumen depletion resolvability limits. In particular, the well pair separation is 

compared to the wavelength of the gravity signature spectra. The spectral analysis was performed 

with the grdfft algorithm provided through the generic mapping tools (GMT, Wessel et al., 2013). 

 

4.4  Results 

The results are presented in two different sections, firstly, the analysis of the reservoir after 1.25 

years of production and secondly, results after 5 years of production. The results are presented for 

these two time steps because the distribution of depletion volumes is very different between them, 

exemplified by the rising phase and the spreading phase, respectively. Each section is then split 

into three sub-sections that analyse the impact of (i) well pair separation, (ii) depth of the 

reservoir, and (iii) survey grid sampling. This is followed by an introduction of the spectral 

analysis method used to quantify resolvability and the presentation of the estimated resolvability 

matrices.  

 

4.4.1  Results after 1.25 years of production 

After 1.25 years of production, the gravity and gravity gradient data depict depletion trends along 

the individual well pairs, depending on well pair separation, depth to well pair, and survey grid 

sampling.  Changing these parameters impacts the resolvability of the depletion trends to varying 

degrees. In order to investigate the dependency of resolvability for those three parameters, one 

parameter is varied at a time. 
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i) Increase well pair separation 

Increasing the well pair separation, while keeping the depth constant, improves the resolvability 

of the depletion trends along the individual well pairs, and for the overall reservoir. Each gravity 

and gravity gradient signal is shown as a surface grid and the structures in the in-line and cross-

line directions are identified through two means, i) visual inspection of the plan view gravity 

signatures, and ii) 2-D spectral analysis.  

 

In Figure 4.4.1, we see all modelled gravity signatures for well pair separations between 100 m 

and 200 m in plan view. From Gz, general depletion trends can be imaged and increasing the well 

pair separation leads to more defined depletion patterns. For the selected shallow well pair depth 

of 125 m, individual well pair depletion trends can be resolved starting at a 125 m well pair 

separation. For Gzz, depletion trends resolved for increasing well separation are similar to Gz, but 

significantly more detailed spatially. Individual depletion trends are resolvable starting at 100 m 

well pair separation at shallow depths. Gzx is sensitive to the overall density decrease and 

increase crossing the well pairs. Increasing the well pair separation results in more distinct gravity 

signals above the well pairs; depletion variability can be identified by fluctuations in the Gzx 

amplitude. Gzy is sensitive to depletion trends in-line with the well pairs. The strongest signal, 

independent of well pair separation, is a decrease in gravity amplitude from the heel to the toe of 

the well. This is related to more depletion occurring at the heel of as compared to the toe of the 

well, which corresponds to decreasing steam temperature and thus bitumen depletion with 

increasing distance from the heel. That signal overpowers depletion variability along the well 

pair, for smaller well pair separations.  
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Figure 4.4.1 – Gravity signatures for density model after 1.25 years of production. Well pair 

separation increases from 100 m to 200 m for a fixed depth to well pair of 100 m. Red indicates 

negative, green positive anomalies. Each gravity signal is plotted with the same color scale 

(constant across all well pair separation). 
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As well pair separation increases to 125 m and wider, trends for individual well pairs are 

identified. HGz is the combination of both horizontal gradient trends and images the depleted 

areas with an increase, then decrease, in gravity gradient signal around the well pairs. With 

increasing well pair separation, the depleted areas become more distinct. The areas of depletion 

are similar to Gzz, but instead of showing directly where depletion has occurred, the depleted 

areas are encompassed by a high gravity gradient signal. HGz can be useful to corroborate the 

observations made from Gzz as those are more depth dependent. 

 

ii) Depth to well pairs 

Increasing the depth to the reservoir reduces the resolvability of the depletion trends and the 

gravity and gravity gradient signal strengths. Increasing the depth acts like a low pass filter, 

which translates into less detail that can be resolved for deeper reservoirs. Changes in depth for 

shallower scenarios (100 m to 150 m) cause a much bigger decrease in resolvability than changes 

for deeper scenarios (200 m to 250 m) due to the decrease of Gzz with 1/distance3 (Figure 4.4.2). 

At 200 m, the resolvability is already greatly reduced such that increasing the depth further only 

slightly changes resolvability of depletion trends and signal strength. Gz and HGz resolve less 

depletion patterns than Gzz, Gzx, Gzy as depth increases.  Increasing well pair separation leads to 

better resolvability, but increasing depth counteracts this. Figure 4.4.3 shows the vertical gravity 

gradient Gzz for varying depths and well pair separation.  
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Figure 4.4.2 – Gzz, increasing depth from left to right: (a) 100 m, (b) 150 m, (c) 200 m, (d) 250 

m; all for 150 m well separation.   

 

Figure 4.4.3 – Gzz for changing depth and well pair separation. The depletion areas can only be 

resolved for the top panels, the rightmost panels and the center panel (indicated by shading). 
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iii) Survey grid sampling  

Gravity decays proportional to 1/distance2 and gravity gradients with 1/distance3. Together with 

the known well pair separation and reservoir depth, this allows us to estimate a minimum survey 

grid sampling needed to resolve the density anomalies. Models were run at three different survey 

grid samplings, 10 m, 50 m, and 100 m. Figure 4.4.4 shows two examples of results produced 

from changing the survey grid sampling. Even though 10 m sampling resolves more localized 

depletion areas and the boundaries are slightly better defined than a 50 m sampling, these 

differences disappear for well pair depths larger than 150 m. A survey grid sampling of 100 m is 

insufficient for shallow reservoirs, but could be used for deeper reservoirs. The depletion areas 

are not resolved in detail for any depths, but the overall distribution can still be identified. In 

conclusion, a 50 m survey grid sampling might be sufficient for most reservoirs, which would 

greatly reduce the survey time compared to surveys with 10 m or 20 m sampling. It should be 

noted that all model runs used for the estimation of the resolvability matrix used a 10 m sampling. 
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Figure 4.4.4 – Gravity gradient signatures, at different survey grid sampling, for Gzz (a) 

10 m, (b) 50 m, (c) 100 m, and Gzx, (d) 10 m, (e) 50 m, (f) 100 m (well pair separation: 

100 m, depth to well pair: 100 m). 
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Power spectral analysis  

Power spectral density (PSD) analyses of the gravity and gravity gradients signals in the in-line 

(y) and cross-line (x) direction are computed to quantify the bitumen depletion resolvability. The 

in-line spectra do not change with well pair separation, but change with depth. Resolvability is 

achieved if the energy at the wavelength equivalent to the well pair separation is higher and 

distinguishable from neighbouring wavelengths.  

 

In Figure 4.4.5a, we see the cross-line spectra (Gzz) for reservoirs with 100 m well pair 

separation and 100 m, 200 m, and 300 m depth.  There is low energy in the short wavelengths, 

which represents the small-scale depletion patterns and there is high energy starting at 100 m 

wavelength, which represents the well pair separation and shows that the individual well pair 

depletion patterns are resolved in the cross-line direction. At 200 m and 300 m depth, there is 

negligible energy in the shorter wavelengths and medium energy in the wavelengths larger than 

100 m, but there is no peak in energy at the 100 m wavelength; only general reservoir depletion 

patterns can be resolved. These findings are corroborated by visual inspection of the Gzz plan 

view plots (Figure 4.4.5b). In order to verify that the energy spike at 100 m is related to the well 

pair separation, the spectra of the same three models is derived in the in-line direction (Figure 

4.4.5c). For Gzz, there is low energy in the short wavelengths, which confirms the observation 

from the cross-line spectra that the low energy reflects the details depicted in the plots. For all 

three depths, there is no spike at 100 m wavelength, which signifies that the energy at the 100 m 

wavelength for the cross-line plot does indeed represent the 100 m well pair separation. 
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Figure 4.4.5 –  (a) Gzz for 100 m well pair separation models at three depths, 100 m, 200 m, 300 

m; (b) cross-line spectra of the Gzz signatures of the three models in the cross-line direction; (c) 

cross-line spectra of the Gzz signatures of three models in the in-line direction. 

 

The same procedure is followed for a well pair separation of 150 m. The spectra are shown in 

Figure 4.4.6. For a depth of 100 m, a spike at 150 m wavelength is identified. The 200 m depth 

model also has increased energy at 150 m wavelength and could resolve the cross-line depletion 
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patterns, in contrast with the visual inspection of the signal at 200 m depth (Figure 4.4.6a, middle 

panel), which suggests much longer wavelengths. No resolvability is indicated by the spectra of 

the 300 m depth model. 

  

 

Figure 4.4.6 – Gzz for 150 m well pair separation at three depths, 100 m, 200 m, 300 m; (b) 

cross-line spectra of the Gzz signatures of the three models in the cross-line direction; (c) cross-

line spectra of the Gzz signatures of three models in the in-line direction. 
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Resolvability matrix 

All models are analysed and the results are summarized in the following resolvability matrices. 

Resolvability is defined by two means, namely (i) by identifying separated anomalies in the plan 

view of the gravity signatures, and (ii) by using 2-D spectral analysis of the gravity signatures.  

 shows the resolvability matrix for the series of SAGD reservoir models as a function of well pair 

separation and well pair depths. Figure 4.4.7 also shows a 100 m survey grid sampling, which 

leads to lower resolvability power for shallow reservoirs and short well pair separation. Both 10 

m and 50 m survey grid sampling show only minor differences and have the same resolvability 

matrix. Reservoir models marked by green dots can be resolved by gravity gradiometry, orange 

squares indicate major trends that are resolvable, for example greater depletion at the heel of the 

well compared to the toe or reservoir areas of reduced depletion. Red diamonds indicate the 

models that cannot be resolved, either because the reservoir is too deep or the well pair separation 

is too small. 

 

Reitz, Krahenbuhl and Li (2015) found that for early production, bitumen depletion could be 

detected up to 150 m depth.  In order to resolve individual well pair trends, two well pair 

separations (75 m and 125 m) at two depths (100 m and 400 m) were considered, and it was 

found that individual well pair depletion trends were only identified for 125 m well pair 

separation and 100 m depth to well pair. Bulk movement was identified for 75 m well pair 

separation, at 100 m depth. At 400 m depth, individual well pair trends are not resolved. This 

study is an extension of Reitz, Krahenbuhl and Li (2015) by assessing a wider parameter space 

and by implementing a real SAGD reservoir. Figure 4.4.7 shows how the results of Reitz, 

Krahenbuhl and Li (2015) compare to our results. 
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Figure 4.4.7 – Resolvability matrices for 10 m and 50 m survey grid sampling (top) and 100 m 

sampling (bottom). The green star indicates the depth and well pair separation identified by Reitz, 

Krahenbuhl and Li (2015) for which individual well pair depletion trends are resolvable. The 

orange star indicates where bulk trends are identified. The red stars indicate where bulk trends are 

sensed but not identified. 
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4.4.2  Results after 5 years of production 

After 5 years of production, the steam chamber is in the spreading phase and bitumen depletion 

occurs not only above, but also between the well pairs. The highest concentration of bitumen 

depletion occurs at the top of the reservoir, below the regional seal. The gravity signal from 

depletion at the top of the reservoir overpowers depletion trends occurring at greater depths and 

closer to the well pairs; thus, only major depletion trends can be identified at this stage of the 

reservoir production cycle. The resolvability of the major depletion trends is affected by well pair 

separation, depth to well pair, and survey sampling. Results are shown in the same order as 

above. 

 

i) Increasing well pair separation 

Increasing well pair separation increases resolvability marginally, and general depletion trends 

become slightly more localized to specific areas. The following observations can be drawn from 

the individual gravity and gravity gradient parameters, for a depth of 100 m (Figure 4.4.8).  Gz 

does not resolve any reservoir structures with the exception of the reservoir outline. Gzz paints 

the clearest picture of where depletion is occurring and individual well pairs start occurring at a 

well pair separation of about 150 m. Gzx shows some variability across the well pairs, but the 

individual well pairs can only be resolved for a well pair separation of 200 m. Gzy shows 

variability along each well pair, but increasing separation does not change the signals, as must be 

expected from analysing the in-line direction. HGz shows the highest variability of all parameters 

and can be used to identify reservoir depletion patterns; however, the cross-line direction can only 

be resolved for well pair separation greater than 175 m. 
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Figure 4.4.8 – Gravity and gravity gradient signature of the SAGD reservoir after 5 years of 

operations, at 100 m depth to well pairs. Panels show results for well pair separation of 100 m to 

200 m. Increasing width of the reservoir is a result of the interpolation in between the well pairs, 

which leads to slightly higher signal amplitudes. 
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ii) Depth to well pairs   

Increasing the depth to well pair reduces the resolvability of the reservoir’s overall bitumen 

depletion trends (Figure 4.4.9). All gravity and gravity gradient parameters resolve significant 

depletion variability for a well pair depth of 100 m. More specifically, the greatest variability is 

shown in Gzz and HGz. General trends in depletion area can be identified in some parameters, up 

to a depth of 200 m. 

 

Figure 4.4.9 – Gravity and gravity gradient signature of the SAGD reservoir after 5 years of 

operations. Panels show results for increasing well pair depth from –100 m to –200 m, and 150 m 

well pair separation. 
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iii) Survey grid sampling 

Increasing the survey sampling from 10 m to 50 m does not decrease resolvability. Increasing the 

survey sampling from 50 m to 100 m slightly decreases resolvability, but the same trends and 

general areas of depletion are still identified (Figure 4.4.10). Figure 4.4.10 shows the results for 

Gzz and HGz for a reservoir with 100 m well pair separation in 100 m depth for three different 

survey grid sampling intervals, 10 m, 50 m, and 100 m.  

 

Figure 4.4.10 – Gravity gradient signatures, at different survey grid sampling, for Gzz (a) 10 m, 

(b) 50 m, (c) 100 m, and HGz, (d) 10 m, (e) 50 m, (f) 100 m (100 m well pair separation and 100 

m depth). 
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The differences are small compared to the reservoir after 1.25 years of production, likely caused 

by the trend to less variability of depletion patterns with increasing production time. This process 

acts as a low-pass filter and consequently, there are no small wavelength features to resolve, 

which would require a small survey grid sampling.  

 

Power spectral analysis 

The same spectral analysis as above is performed here. Lower variability of depletion patterns 

also leads to less variability in the wavelength spectra. Through visual inspection, one is unable to 

see through the large signals caused at the top of the reservoir; however, through spectral analysis 

we can detect energy at wavelengths that are caused by the rising steam chambers above the well 

pairs. Those wavelengths are still related to the well pair separation in the cross-line direction. 

Figure 4.4.11 shows the spectra for reservoir models with 150 m well pair separation and well 

pair depths of 100 m, 200 m, and 300 m. The Gzz signature resolves the well pair separation of 

150 m for both 100 m and 200 m depths; however, visual inspection of the Gzz signature at 200 

m depth indicates no resolvability. The in-line direction shows decreasing spectral energy levels 

with increasing depth. 
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Figure 4.4.11 – Spectral analysis of reservoir model with 150 m well pair separation and varying 

depths. (a) Gzz of the three models, (b) PSD in the cross-line direction, and (c) PSD in the in-line 

direction. 
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depletion patterns. Despite the resolved well pair separation in the PSD analysis shown in Figure 

4.4.11, we decided to conservatively define the resolvability matrix and not add a region which 

indicates full resolvability of well pair separation (Figure 4.4.12); hence, only major trends can be 

expected to be resolved from gravity gradiometry for the modeled SAGD reservoir produced for 

5 years or longer. There is no difference in resolvability for the different survey sampling 

intervals of 10 m, 50 m, and 100 m. Reitz, Krahenbuhl and Li (2015) found that for late 

production, bitumen depletion could be sensed but not resolved, up to 400 m depth. 

 

 

 

Figure 4.4.12 – Resolvability matrix for the SAGD reservoir after 5 years of production 
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4.5  Conclusions 

It is known that bitumen depletion in SAGD reservoirs can be sensed by gravity gradiometry 

(Reitz, Krahenbuhl and Li, 2015; Elliott and Braun, 2016); however, until the results of this 

study, it was unknown what the degree of resolvability for varying reservoir parameters in a real 

SAGD reservoir are. The density differences caused by steam injection and bitumen depletion 

create 10-250 µGal/km gravity gradient signals, which could be sensed with the iGrav 

superconducting gravimeter. Varying combinations of well pair separation, depth to well pair, 

and survey grid sampling, for two time steps, were assessed for depletion trend resolvability. The 

well pair separation increases the details that are resolvable along the well pairs, for Gzz, Gzx and 

Gzy, and accordingly for HGz; however, beyond 150 m separation, resolvability is not improved 

by increasing separation and greater separation distances are also not realistic for most SAGD 

reservoirs. Depth to well pairs has the biggest effect on resolvability. The shallower the reservoir, 

the better the resolvability will be. Individual well pair depletion patterns, for 1.25 years, are 

resolvable for depths up to 150 m, and deeper than that, only major reservoir depletion trends are 

resolvable.  Survey sampling only increases resolvability for shallow well pairs. For well pairs 

that are deeper than –100 m, smaller survey sampling does not increase resolvability. The survey 

sampling must be a minimum of half the distance of well pair separation to identify depletion 

trends for the 1.25 years time step. If the survey grid sampling is wider than half the well pair 

separation, the depletion trends for all the wells are not identified. Ultimately, the resolvability of 

the depletion patterns can only be determined by analyzing both the well pair separation and the 

depth to well pair, together. The spectral analysis is a useful tool to identify whether individual 

well pair depletion trends can be identified.  
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After 1.25 years of production, individual well pair depletion trends can be resolved; however, 

after 5 years of production, only general reservoir depletion trends are resolvable. The results 

presented herein allow to estimate whether gravity gradiometry is an alternative or additional 

method for SAGD reservoir monitoring for a range of SAGD reservoir geometries. There must be 

two distinct monitoring strategies: one for the rising phase, and one for the spreading phase. 

While the rising phase in the early stages of reservoir depletion can be well resolved, the 

advantage of the method for monitoring reservoirs at or beyond the spreading phase lies in the 

fact that the survey grid sampling interval can be reduced, which would significantly reduce 

survey time. The model study presented here is promising as it is applicable to a wider range of 

reservoirs than initially anticipated from previous studies. The magnitudes of gravity and gravity 

gradient signals estimated herein can be sensed with the iGrav superconducting gravimeter; 

however, the implementation on site, including the noise introduced by environmental processes 

must be carefully considered.  Options to reduce noise in the data include the varying baseline 

method, which relies on simultaneously using two gravimeters (Kennedy et al., 2014). With the 

increasing sensitivity of gravimeters and the increasing need for monitoring, time-lapse gravity 

gradiometry is able to contribute to monitoring fluid migration and out-of-zone flow in SAGD 

reservoirs. It provides an alternative technique, which can only be improved by fusion with other 

monitoring techniques. 
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Chapter 5 

Forward modeling of water pumping sites 

 

5.1  Introduction 

The feasibility of monitoring the depletion of aquifers using superconducting gravimetry is 

investigated. Many industrial processes are water-intensive and utilizing sustainably-extracted 

proximal groundwater resources is preferable. SAGD in particular, is very water intensive 

(Mielke et al., 2010) and it is more cost effective to use water that is near the production site, to 

avoid transportation costs. Water pumping operations are regulated to prevent contamination, 

protect marine environments, prevent over-pumping and determine if the aquifer is capable of 

sustaining the quantity of water that is pumped out (Alberta Water Act, 2014; Canadian 

Association of Petroleum Producers, 2016). When an aquifer is fed by surface water such as a 

river or creek, the impact of pumping on the surface water is regulated and must be monitored. 

For a water extraction site that is fed by a combination of groundwater and surface water, it is 

important to know which source is being depleted. Monitoring aquifers with superconducting 

gravimetry is non-intrusive, and relatively inexpensive. It can be used to track the spatial change 

of extracting water, as the pore space fills with air (Kennedy and Ferré, 2016). Specifically, the 

aim is to observe if the cone of depression expands and to what extent and in which direction. 

The cone of depression is the area around a well that is depleted due to pumping, and resembles 

an inverted cone (Hiscock, 2009). Extraction of water from the subsurface, whether it is surface 

water or groundwater, can only be sustained if the recharge of the source is sufficient. If a source 
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is not recharged, another source can be depleted. The temporal changes associated with pumping 

from multiple sources are important and require monitoring, ideally continuous. 

 

The aquifer evaluated for gravimetry monitoring is located in the foothills at Skookumchuck, 

British Columbia, between the Kootenay River and the Skookumchuck creek (Figure 5.1.1).  

 

Figure 5.1.1 – Image of the Skookumchuck Creek, Kootenay River, Paper Excellence Mill, 

located at 49.914465, -115.759894 (from Google Earth) 

2016-08-07, 4:03 PMGoogle Maps

Page 1 of 2https://www.google.com/maps/@49.918205,-115.7687994,4166m/data=!3m1!1e3
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Water is extracted at a pumping site, where there are four pumping wells, four observation wells, 

two surface intake wells, and one mill-water supply well. An engineering consulting firm is 

evaluating whether additional vertical groundwater wells can be installed near the Skookumchuck 

creek, without depleting the flow of water in the creek (Integrated Sustainability Consultants, 

2015). To track how these additional wells affect the aquifer, there is a plan to drill observation 

wells in proximity to the pumping wells. Conducting gravity gradiometry surveys at surface could 

potentially identify whether the cone of depression from the pumping wells extends to the creek.  

This study aims to show that the signals and structure are prominent enough to make gravity 

gradiometry monitoring feasible. Gravity gradiometry monitoring could potentially indicate 

when, where, and to what extent the drawdown occurs. It can thus aid in choosing the location of 

new observation wells and assist in the validation of meeting regulatory limits. 

 

5.2  Methods 

The Skookumchuck aquifer will be assessed with numerical modeling, to simulate and predict 

water table elevation changes due to pumping. The Skookumchuck aquifer is an unconfined 

aquifer, which signifies that the water table elevation and the hydraulic head are equivalent 

(Figure 5.2.1). Numerical modeling uses a numerical time-stepping to approximate a model’s 

behaviour for a given time interval (Kaluarachchi, Parker and Lenhard, 1990). The solution is 

depicted as a graph or table and, for this study, the solution is the water table elevation for a 

specific time epoch. Four different models of the aquifer of increasing complexity are evaluated 

to assess the feasibility of monitoring changes in the depth to groundwater over an area. The 

assumptions taken for the aquifer evaluation are: it is bounded by a less permeable bed below and 

not above because it is an unconfined aquifer; the aquifer is homogeneous, isotropic, and of 
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uniform thickness; flow is horizontal and laminar from the creek and the river; horizontal 

conductivity is constant in a given layer; and the aquifer is pumped at a constant discharge rate. 

Other factors that affect the watershed, which were not included in this study, and must be 

considered include, but are not limited to, evapotranspiration, permeability, replenishing rates, 

and base flow (Hiscock 2009).  

 

 

Figure 5.2.1 – An unconfined aquifer, with an observation well and a pumping well, which 

outlines the drawdown from pumping, and the cone of depression. The hydraulic head and the 

water table elevation are equivalent from a datum. 

 

5.2.1  Part I – aquifer models 

Four models of increasing spatial complexity in water table elevation changes were developed. 

The four models are investigated to determine whether (i) gravity gradiometry can resolve spatial 

and temporal differences in the water table elevation and if (ii) the gravity and gravity gradients 

signals are strong enough to be sensed with a gravimeter at surface. 

 

Feasibility study – aquifer model 0 

A feasibility study is conducted to evaluate the gravity and gravity gradient signal strength and 

signal response orientation. A simplified aquifer model that is constantly recharged by a river, on 

Unconfined Aquifer

Unsaturated
Saturated

Water Table

Observation
Well

Datum

Hydraulic Head
(Water Table Elevation)

Pumping 
Well

Drawdown Cone of 
Depression



 

 

 

97 

the left side (Figure 5.3.1a), and by seasonal groundwater flow/precipitation on the right side 

(Figure 5.3.1b) is created. The model, built in Matlab, involves incrementally decreasing the 

value of points in layers to mimic the water table elevation lowering during pumping. The water 

level begins to decrease on the right side until the aquifer is depleted; then the water level starts to 

lower from the left side, which will eventually lower the water level of the river. The water table 

elevation begins at –5 m, and lowers to –10 m, representing a drawdown of 5 m. The density of 

the soil is set to 0 g/cm3, and the density of water saturated soil is set to 0.5 g/cm3. 

 

Seep3d Skookumchuck – aquifer model 1 

The three-dimensional aquifer modeling program Seep3D by GeoSlope (GeoStudio) is used to 

approximate a groundwater flow model of the Skookumchuck aquifer. The total head is altered to 

reflect depleting water levels in the creek, and the corresponding head measured at the wells. For 

an unconfined aquifer, the head is equivalent to the water table elevation (Figure 5.2.1) (Hiscock 

2009). The soil properties and conductivities are set to match the real conditions. The top of the 

model is gravel and the bottom is sand. The east side has a constant inflow, while the inflow on 

the left side slowly decreases, from time 1 and to time 2. The software runs the parameters to 

produce a groundwater flow model. The depth to total head (or depth to groundwater) is exported 

and forward modelled for gravity signatures. The density of the soil is set to 1 g/cm3, and the 

density of water saturated soil is set to 2 g/cm3. 

 

Skookumchuck – aquifer model 2 

A groundwater surface change model is constructed from the information in the Skookumchuck 

aquifer report (Integrated Sustainability Consultants, 2015). The aquifer data include a map with 
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the location of the wells, a map of the non-pumping water table elevation, a topography map, a 

table of the estimated long-term drawdown of the production wells at three time steps from a 

water pumping simulation, and soil classification of the wells. The topography map indicates that 

surface elevation varies by approximately 10 m between the creek and the river. Surface elevation 

is the lowest at the river, gradually slopes up towards the creek, and drops sharply at the creek; 

however, for this model, the surface topography is considered to be flat. The map of the non-

pumping water table elevation is used to create a xyz file of the depth to groundwater. A 150 m 

by 150 m grid is overlain on the map, and at every grid point, the water table elevation is 

recorded, in meters above sea level (mASL). The surface elevation is set to 782 mASL, and for 

every grid point, the surface elevation is subtracted from the water table elevation, to find the 

depth to the water table. The aquifer depletion for each pumping well is subtracted from the water 

table elevation, to approximate a drawdown curve after pumping. The density of the soil is set to 

1.555 g/cm3, and the density of water saturated soil is set to 1.905 g/cm3.  

 

Skookumchuck temporal change – aquifer model 3  

The elevation of the water table at 21 times steps, which include the pumping stage, covering 

3650 days is provided by Integrated Sustainability Consultants, and is used for the following 

models.  The data are from a numerical model of the aquifer created with Modlfow (Modflow, 

2013) by Integrated Sustainability Consultants, before and during pumping. The data provide 

coverage from the creek to the river, and was created considering hydraulic conductivities, 

subsurface structure, well data, flow models, and soil type. The water table elevation is evaluated 

for multiple time steps which leads to temporal gravity and gravity gradient signatures. The 
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density of the soil is set to 1 g/cm3, and the density of water saturated soil is set to 2 g/cm3. This 

model is the most complex, but also the most realistic of all models evaluated above 

 

5.2.2  Part II – forward modelling 

The depth to the water table is imported into IGMAS+ as a surface and a model is created with a 

voxel of constant density above the surface, and separate voxels of constant density below the 

surface. The density above the water table is equal to 0 to 1 g/cm3 and represents the unsaturated 

gravel. The density below the water table is equal to 1 to 2 g/cm3 and represents the saturated 

gravel and sand. Gravity and gravity gradient signals are forward modeled for all aquifer models, 

to estimate signal strength and directional dependency of water flow. Using densities of 0 to 2 

g/cm3 allows for arbitrary scaling of the gravity signals for other density combinations, which 

depend mostly on soil type and porosity (Appendix A.2.2). 

 

5.3  Results 

5.3.1  Feasibility study – aquifer model 0 

The feasibility study provides us with an estimate of the signal strength expected for the aquifer. 

Before pumping (5.3.1a) the water table elevation is relatively flat and at a depth of –5 m. The 

gravity and gravity gradient signals are flat as there is no variation in density (5.3.1d). The signals 

show slight edge effects at the end of the aquifer, which would occur in a real survey as the 

aquifer is not laterally infinite; however, the amplitudes should not be interpreted at the model 

boundaries. The water table elevation drops to –10 m, which results in a gravity signal of 25 µGal 

and gravity gradient signal of 500 µGal/km. During initial pumping (5.3.1b), the water table 
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begins to lower on the right side of the aquifer to –10 m, while the left is constantly recharged by 

the river. The Gz, Gzx, Gzz and HGz signals are sensitive and change where the water table drops 

on the right side of the well. The water table elevation decrease of –10 m results in a gravity 

signal of 50 µGal and gravity gradient signal of 4000 µGal/km.  

 

 

Figure 5.3.1 – The aquifer models (a, b, c) and corresponding forward modelled gravity and 

gravity gradient signals (d, e, f). (a) and (d) represent the aquifer before pumping; (b) and (e) 

represent the aquifer when depletion is occurring on the right side where there is only seasonal 

inflow; (c) and (f) represent the aquifer when the right side is fully depleted, and the left side 

begins to undergo depletion, and eventually the river water level decreases. 
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Once the aquifer on the right side is depleted (Figure 5.3.1c), the water table on the left side 

begins to lower. The volume of depleted aquifer on either side of the well begins to even out, so 

the fluctuation from left to right is slightly weaker. The signals start to merge as the difference in 

density from left to right weakens. There is still a clear region identified by the gravity and 

gravity gradient signals where depletion changes, crossing the well (Figure 5.3.1f). The water 

table elevation decrease of 5–10 m results in a gravity signal of 40 µGal and gravity gradient 

signal of 3500 µGal/km. From this feasibility study, we’ve identified the approximate signal 

strength for a shallow aquifer, and the signal fluctuation as the water table on one side of the 

aquifer lowers before the other. These findings show that this type of aquifer would not only be 

resolvable using the gravimetry survey proposed before, but would also allow for the separation 

of laterally different drawdowns and thus lends itself for monitoring. 

 

5.3.2  Seep 3D Skookumchuck – aquifer model 1 

The Seep3D aquifer elevation profiles illustrate the difference when constant inflow from the 

river (east side) is diminished. At time step 1, the head on the west side is 30 m, the east side is 20 

m, the north and south sides are 15 m, and the water table elevation at the well is –30 m (Figure 

5.3.2a). This configuration means that the inflow from the east and west side are higher than from 

the north and south sides which represents a realistic scenario for the site. At time step 2, the head 

on the east side is changed to 10 m (Figure 5.3.2b); therefore, the inflow is higher on the west, 

north and south sides, and the water table elevation is lower on the east side. The Gz signals 

outline the cone of depression for time 1 (Figure 5.3.2c) and time 2 (Figure 5.3.2d), and the signal 

strength increases from east to west as the water table elevation rises. The Gzz signals for time 

step 1 (Figure 5.3.2e) and time step 2 (Figure 5.3.2f) are sensitive to the water table elevation 
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drop surrounding the wells, and have a magnitude of about 10 mGal/km. The difference between 

Gzz at time 1 and Gzz at time 2 (Figure 5.3.2g), which represents the further depletion between 

the two time steps, shows how the water table elevation changes between the two time steps, and 

outlines the cone of depression around the wells. 

 

Figure 5.3.2 – The aquifer models at time step 1 (a) when there is inflow from the east side, and 

time step 2 (b), when the inflow from the east side is decreased; Gz at time 1 (c), and time 2 (d); 

Gzz at time 1 (e), and time 2 (f); the Gzz difference between the two time steps (g) identifying the 

cone of depression 
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5.3.3  Skookumchuck – aquifer model 2 

The Skookumchuck aquifer model is a simplified model of the water table depletion due to 

pumping. The area that undergoes pumping is outlined in planar view, for three time steps (Figure 

5.3.3a), and the cross-sectional view outlines the geometry of the depleted aquifer (Figure 

5.3.3b). The water table remains high to the west of the wells, as it is near the creek, and is lower 

on the east as the water table elevation is lower.  

 

 

Figure 5.3.3 – (a) The depth to groundwater at three time steps, from a planar view, illustrating 

the depleted area of the aquifer, the maximum drawdown is 16 m; (b) seven sections through the 

aquifer that outline the water table, and shows that the water table is depleted according to 

pumping near the central-north; (c) the Gzz signal for the change in water table elevation for three 

time steps; (d) the Gz, Gzz, Gzx, Gzy, HGz signals outlining the location of the depleted aquifer. 
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The Gzz signal in planar view illustrates the expanding cone of depression, as more water is 

extracted between time 1, 2, and 3 (Figure 5.3.3c). The Gz, Gzz, Gzx, and HGz signals show a 

sharp peak on the west side where the change in water table elevation drop is sharp (Figure 

5.3.3d). The change in water table elevation on the east side is more gradual, and the gravity and 

gravity gradient signals change more gradually. Gzy is constant across the model as the aquifer 

geometry is relatively constant from south to north. The Gz signal strength for the maximum 

drawdown of 16 m is approximately 100 µGal, and the Gzz and Gzx signal strengths are 

approximately 4000 µGal/km. 

 

5.3.4  Skookumchuck – aquifer model 3 

The water table elevation profiles at multiple time steps provide a detailed view of the depletion 

area from pumping of the four production wells. Pumping occurred from day 1 to 3 for three of 

the wells (PW-01, PW-02, PW-03), and from day 1 to 9 for the fourth well (PW-04). The water 

table elevation near PW-03 lowers until day 30, when it begins to recharge, and by day 47, it has 

returned to its original level (Figure 5.3.4).  

 

Lowering the water table affects the gravity and gravity gradient signals above the depleted area 

to various degrees. The effect of lowering the water table on Gz at the cross-section y=815 

(identified on Figure 5.3.6), is depicted in Figure 5.3.5. Across the section from left to right, the 

Gz signal drops sharply at approximately 400 m where pumping occurs, and then gradually rises 

to 800 m, where the water table elevation is not impacted. The Gz signal strength decreases 

between day 3 and 10, and then rises slightly at day 30, which reflects the water table elevation 

lowering and rising again.  
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Figure 5.3.4 – The aquifer depletion due to pumping, and subsequent recharging, illustrated by 

the decreasing water table elevation with time, until day 30, and then rise to the original water 

table elevation. The water table elevations are taken from the aquifer model in close proximity to 

the well PW 14-03. 

 

The Gz signal magnitude is approximately 20 µGal at maximum drawdown. The difference in Gz 

signal strength between the left and right side of the depleted zone widens from day 3 to day 10, 

which reflects drawdown increasing due to pumping. At day 30, the aquifer starts to recharge on 

the north east side (top-right side), apparent by the gravity signal strength increase from day 10 to 

day 30.  
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Figure 5.3.5 – The gravity signal (Gz) caused by the varying water table elevation representing 

the minimum (3 days) to maximum drawdown (30 days), across the aquifer from the creek (left) 

to the river (right), for a section through the reservoir (y=815). The location of the section is 

outlined in Figure 5.3.6. 

 

The plan view of the Gz (Figure 5.3.6) signals show the cone of depression is localized to begin 

at day 3 (Figure 5.3.6a), and extends on the east side of the wells at day 10 (Figure 5.3.6b), and 

then extends further east and south at day 30 (Figure 5.3.6c). At day 30, the depleted area begins 

to be replenished on the north east side of the wells, which corresponds to the trends for the Gz 

signal at day 30 in Figure 5.3.5.  
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Figure 5.3.6 – The Gz signal in plan view, between the baseline model and day 3 (a), day 10 (b), 

and day 30 (c), showing the cone of depression that extends west and south. The cross-section 

profile location on (c) illustrates the location of the profile depicted in Figure 5.3.5 and Figure 

5.3.7. 

 

The HGz signal is more sensitive than Gz to the spatial changes of the water table elevation. 

From the cross-section HGz plot (Figure 5.3.7), we can resolve that the edge and depth of the 

cone of depression widen and deepen from day 3 to day 30. At the maximum drawdown of 

approximately 1.5 m, the HGz signal magnitude is 800 µGals/km.  

 

The plan view of the HGz signal (Figure 5.3.8) illustrates that the edge of the cone of depression 

can be resolved and the maximum drawdown is more localized than in the Gz plots. The 

drawdown for PW-01 and PW-04, at day 3, day 10 and day 30 are overlain on the HGz plots, and 
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confirm that depletion extends to the south of the reservoir from day 3 to day 30. It is clear that 

the depleted areas are centered around the wells, and depletion extends to the south and the east. 

The water table depletion appears to extend to the creek (west side) for day 10 and day 30. The 

HGz signal magnitude is approximately 1000 µGal/km, for maximum drawdown. After 30 days, 

the water table around well PW-01 has recharged. This indicates that the HGz gradient is 

sensitive to very localized changes in water table or pumping activity.  

 

 

Figure 5.3.7 – HGz signal for three time steps (day 3, day 10, day 30) in profile view at y=815. 

The location of the profile is outlined in Figure 5.3.6. 
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Figure 5.3.8 – HGz signal in plan view for three time steps, day 3 (a), day 10 (b), day 30 (c) , and 

the water table elevation drawdown for the north (PW-01) and south wells (PW-04) for three time 

step. 

 

5.4  Conclusions 

This study demonstrates that the signals and structures from aquifer pumping are predominant 

enough to be feasible for gravity gradiometry monitoring. The effect of water extraction from the 

Skookumchuck aquifer is modeled using four different approaches with increasing complexity. 

The feasibility study, Aquifer Model 0, demonstrates that the magnitude of the gravity and 

gravity gradient signals of a relatively shallow aquifer are strong enough to be recorded by the 

iGrav superconducting gravimeter. The Seep3D, Aquifer Model 1, approach enabled us to create 

our own 3D aquifer models and alter parameters, such as head, boundary conditions, and material 

conductivity, to evaluate the impact of changing the inflow from the river side. The model would 
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have to be developed further in order for the conditions to be applicable to the Skookumchuck 

aquifer, to test if the creek is being depleted during pumping. The Aquifer Model 2 is a robust 

approximation of how the water table elevation changes during pumping. The cone of depression 

is resolvable through gravity gradiometry as the signal magnitude is approximately 2500 

µGal/km; however, the spatial extent of the aquifer depletion, and how it changes as pumping 

increases, is not clear. The fourth approach, Aquifer Model 3, which is the closest to real 

conditions, indicates that drawdown is very localized to the areas immediately surrounding the 

well, and significantly lowers the water table elevation at that area. Further away from the 

pumping wells, the aquifer is not impacted, which indicates that there is heterogeneity in the soil 

that prevents horizontal flow in the aquifer. The Gz signal strength decreases as the water table 

elevation lowers, and the Gz signal difference, from left to right, for the drawdown at one time 

step, increases as drawdown increases. HGz is more sensitive to the edge of the cone of 

depression than Gz, and clearly identifies how depletion extends spatialy. The Gz and HGz signal 

strengths for the fourth model are approximately 20 µGal and 1000 µGal/km, which are 

detectable by the iGrav superconducting gravimeter.  

 

The gravity and gravity gradient signals indicate that depletion is localized to the area 

immediately surrounding the well, and does not extend to the creek or the river. The water table 

elevation change due to pumping is an underestimate of the actual water table elevation measured 

at the wells; therefore, even the most accurate modeling is not capable of delineating the spatial 

changes in water table elevation. This void in aquifer modeling capabilities suggests that aquifer 

pumping monitoring could be filled with gravity gradiometry monitoring to track the spatial and 

temporal extent of water table elevation changes. Time-lapse gravity gradiometry could also be 
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used to constrain aquifer models through observations, which would lead to better forecasts of 

drawdown distribution and guide the installation of optimal observation wells. The Gz plots are 

sensitive to the general depletion area and drawdown levels, and outline how it changes 

temporally. The HGz gradients indicate detailed localized variations in drawdown. Combined, the 

gravity gradiometry would be able to detect variations in drawdown across a pumping site with 

high spatial resolution. 
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Chapter 6 

Conclusions and Recommendations 

  

6.1  Conclusions 

This study assessed the feasibility of using superconducting time-lapse gravimetry to spatially 

and temporally monitor fluid flow in reservoirs. The methodologies for creating data sets, 

forward modelling and assessing gravity signals were outlined. Two applications were discussed, 

steam assisted gravity drainage (SAGD) and aquifer pumping. 

 

In Chapter 3, the sensitivity of gravity (Gz) and gravity gradients (Gzx, Gzy, Gzz and HGz) 

caused by SAGD bitumen depletion were evaluated. The aim was to assess if superconducting 

gravimetry could be used to monitor bitumen depletion during early and late production. Gz and 

Gzz are sensitive to vertical changes in density, and Gzx, Gzy and HGz are sensitive to lateral 

variations in density. We concluded that general depletion trends could be monitored with 

superconducting gravimetry for early and late production; however, individual well pair depletion 

trends could not be resolved, due to the depth to the reservoir and the well pair spacing. The 

reservoir density changes resulted in Gz anomalies of 1-30 µGal, whereas the iGrav 

superconducting gravimeter sensitivity is 0.5 µGal. 

 

In Chapter 4, the impact of changing the well pair separation, the depth of the reservoir, and the 

survey sampling were assessed, for early production (after 1.25 years of production), and late 

production (after 5 years of production). Two resolvability tables were created that delineate the 
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well pair separation and depth to the reservoir where individual well pair depletion trends can be 

resolved after 1.25 year of production, and where general reservoir depletion trends can be 

resolved after 5 years of production. Increasing the survey sampling only impacted resolvability 

for shallower reservoirs (<150 m). 

 

In Chapter 5, monitoring water table drawdown due to pumping for an unconfined aquifer, with 

gravity gradiometry, was assessed. Four models were developed of increasing complexity. Each 

model demonstrated that gravity and gravity gradients are sensitive to spatial and temporal 

changes in water table elevation. The signals and structures from aquifer pumping are 

predominant enough to be monitored with gravity gradiometry; therefore, the surface water 

elevation could be monitored with gravity gradiometry, which would in turn constrain numerical 

models. 

 

6.2  Outlook 

The noise around a superconducting gravity survey is an important parameter, which was not 

addressed in this study. Potentially, noise could reach similar signal amplitudes as the signals 

from bitumen depletion. Signals originating from water pumping near the surface will likely far 

exceed the environmental noise levels. The next step is to quantify noise sources for a SAGD site 

and a suitable aquifer pumping site.  Other reservoirs that may be feasible for superconducting 

gravimetry monitoring are gas fields, oil spill sites, or other unconventional resource plays, e.g. 

nSolve. The main requirement is the difference in density due to gas extraction, or oil 

propagation. There is potential for synergy between muon topography monitoring and time-lapse 
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gravimetry. A joint gravity and muon tomography inversion would greatly increase the 

resolvability of depletion patterns. 

 

Gravity is sensitive to density variations, seismic and microseismic are sensitive to density and 

elastic rock properties, electromagnetic and electrical resistivity tomography methods are 

sensitive to electrical resistivity and temperature variations, muon radiography is sensitive to 

density along the particle trajectories. Joining two or more of these survey types that measure 

different properties of the subsurface and complement each other, such as gravimetry and 

electrical resistivity, would be most advantageous to better constrain reservoir models. 

 

6.3  Impact 

This study contributes to the understanding of using time-lapse, superconducting gravimetry and 

gravity gradiometry to monitor SAGD reservoirs and aquifer pumping. The feasibility of 

monitoring bitumen depletion for individual well pairs in a SAGD reservoir, considering well pair 

separation, depth to the reservoir, and survey sampling, during early and late production, using a 

real reservoir data set, was evaluated. Gaining a better visualization of the SAGD steam chamber 

growth will ideally enable reduced water usage, by tracking fluid expansion and increasing water 

recycling. In addition, the feasibility of monitoring water table elevation changes due to aquifer 

pumping was assessed. Understanding the spatial extent of water table depletion due to pumping 

will determine whether pumping from that aquifer is sustainable, and if surface water is being 

drained. The innovative aspect of this study comes from evaluating the potential of using the 

recently (2010) developed iGrav superconducting gravimeters to monitor targeted density 

changes in a reservoir, in a relatively inexpensive and non-intrusive way. Time-lapse gravity 
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gradiometry monitoring of reservoirs is thus not only feasible, but could also provide significant 

contributions to understanding the dynamics of fluid flow in shallow reservoirs, optimizing 

production efficiency and mitigating out-of-zone fluid migration. 
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Appendix A 

Coding and IGMAS+ 

A.1 SAGD models 

A.1.1 Change depth to well pairs 

The depth to reservoir is changed by increasing or decreasing the depth (z-direction) in the 

density data. The input is the density data at both time steps, and the output is eight additional 

density data sets at various reservoir depths. 

 

The top of the original data set is -162 m (z-direction).  

•  Decrease depth by +112, reservoir depth is -50 m (d50) 

•  Decrease depth by +62, reservoir depth is -100 m (d100) 

•  Decrease depth by +12, reservoir depth is -150 m (d150) 

•  Increase depth by -38, reservoir depth is -200 m (d200) 

•  Increase depth by -88, reservoir depth is -250 m (d250) 

•  Increase depth by -138, reservoir depth is -300 m (d300) 

•  Increase depth by -188, reservoir depth is -350 m (d350) 

•  Increase depth by -238, reservoir depth is -400 m (d400) 

 

A.1.2 Increase well pair separation 

To increase the well pair separation, a zero density grid is added to the reservoir density data in 

the x-direction to expand the grid from x=700:1322, to x=700:1922. The input is the original 

density data set. 
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With the expanded grid, the grid is split at five locations, parallel to and halfway between the six 

well pairs (x=840, 920, 1000, 1080, 1160), where a zero density grid is inserted. At the separation 

point (x=840 etc.), for a separation increase of ‘n’, the density values ‘n’ units past x=840 in the 

x-direction are set to 0. All of the original density points larger than x=840 are then shifted ‘n’ 

units in the x-direction. Finally, the data smaller than x=840, the new zero density data at 

x=840+’n’, and the shifted data larger than x=840 are concatenated. This separation process is 

repeated between every well pair. The distance between the well pairs (‘n’) is an input variable in 

the terminal and is carried out through the script.  

 

Between each well pair, zero density grids of 20m to 120m in x-direction widths are added, there-

by increasing the well pair separation. After 1.25 years of production, the steam chamber is 

rising, and bitumen depletion only occurs directly above the well pairs. Therefore, separating the 

well pairs with zero density value grids is representative of the depletion patterns. The output is 

five additional density data sets with various well pair separations, for both time step. 

 
#!/bin/ksh 

sort -gk 1 den457Fb.vxo > data_ordered 

cat data_ordered extra_grid_1922.txt > data_all 

 

gawk '{x=840} $1<x' data_all > data_smaller840 

gawk -v n="$1" '{FS=" ";x=840} $1>=x && $1<=x+=n {print $1,$2,$3,0}' data_all > 

data_840_d0 

gawk -v n="$1" '{x=840} $1>x {print $1+n,$2,$3,$4}' data_all > data_840plus 

cat data_smaller840 data_840_d0 data_840plus > data_complete_840 

rm -f data_all data_smaller840 data_840_d0 data_840plus 

 

gawk -v n="$1" '{x=920} $1<x+n' data_complete_840 > data_smaller920 

gawk -v n="$1" '{FS=" "; x=920; n2=2*n} $1>=x+n && $1<=x+n2 {print $1,$2,$3,0}' 

data_complete_840 > data_920_d0 
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gawk -v n="$1" '{x=920} $1>x+=n {print $1+n,$2,$3,$4}' data_complete_840 > data_920plus 

cat data_smaller920 data_920_d0 data_920plus > data_complete_920 

rm -f data_complete_840 data_smaller920 data_920_d0 data_920plus 

 

gawk -v n="$1" '{x=1000; n2=2*n} $1<x+n2' data_complete_920 > data_smaller1000 

gawk -v n="$1" '{FS=" "; x=1000; n2=2*n; n3=3*n} $1>=x+n2 && $1<=x+n3 {print $1,$2,$3,0}' 

data_complete_920 > data_1000_d0 

gawk -v n="$1" '{x=1000; n2=2*n} $1>x+n2 {print $1+n,$2,$3,$4}' data_complete_920 > 

data_1000plus 

cat data_smaller1000 data_1000_d0 data_1000plus > data_complete_1000 

rm -f data_complete_920 data_smaller1000 data_1000_d0 data_1000plus 

 

gawk -v n="$1" '{x=1080; n3=3*n} $1<x+n3' data_complete_1000 > data_smaller1080 

gawk -v n="$1" '{FS=" "; x=1080; n3=3*n; n4=4*n} $1>=x+n3 && $1<=x+n4 {print $1,$2,$3,0}' 

data_complete_1000 > data_1080_d0 

gawk -v n="$1" '{x=1080; n3=3*n} $1>x+n3 {print $1+n,$2,$3,$4}' data_complete_1000 > 

data_1080plus 

cat data_smaller1080 data_1080_d0 data_1080plus > data_complete_1080 

rm -f data_complete_1000 data_smaller1080 data_1080_d0 data_1080plus 

 

gawk -v n="$1" '{x=1160; n4=4*n} $1<x+n4' data_complete_1080 > data_smaller1160 

gawk -v n="$1" '{FS=" "; x=1160; n4=4*n; n5=5*n} $1>=x+n4 && $1<=x+n5 {print $1,$2,$3,0}' 

data_complete_1080 > data_1160_d0 

gawk -v n="$1" '{x=1160; n4=4*n} $1>x+n4 {print $1+n,$2,$3,$4}' data_complete_1080 > 

data_1160plus 

cat data_smaller1160 data_1160_d0 data_1160plus > data_sep_1.25_s"$1+80" 

rm -f data_complete_1080 data_smaller1160 data_1160_d0 data_1160plus 

 

#gawk -v n="$1" -v d="$2" '{print $1,$2,$3+d,$4}' data_separated > 

data_separated1.25"$1+80"_"$2-162".vxo 

rm data_separated 

 

 

A.1.3 Interpolate between wells (5 year model) 

After 5 years of production, the bitumen depletion extends between the well pairs, so the 0 

density grids between the well pairs must be interpolated to reflect this. The zero density grid data 

is split into 2D planes for each depth point, and the values on either end of the zero density are 

interpolated to the mid point using the GMT adjustable tension continuous curvature splines. The 

midpoint is set to the average reservoir density, which is approximately 0.009 g/cm3. The 
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interpolated 2D planes are then combined to make the 3D density data set. The input is the 5 year 

density data separated with zero density grids, and the output is the density data with the 

additional space between the well pairs interpolated.  
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A.2 IGMAS+ 

A.2.1 SAGD models 

The inputs for the SAGD application are the 200+ density data sets, which must all be run 
individually, and the output are the gravity and gravity gradient signals. 

 

A.2.2 Aquifer models 

The input is the surface of the water table elevation, and the output are the gravity and gravity 
gradient signals for that aquifer model. 

 

 
 

Create new	  project

Set number	  of	  section	  and	  survey	  sampling	  layout

Import	  density	  data	  as	  voxel cube

Forward	  model	  Gz,	  Gzz,	  Gzx,	  Gzy,	  HGz

Export	  signals

Create new	  project

Import	  water	  table	  elevation	  as	  surface

Set	  number	  of	  sections	  and survey	  samplinga

Set	  density	  (g/cm3)	  below	  the	  surface	  to	  1	  	  and	  above to	  0

Forward	  model	  Gz,	  Gzz,	  Gzx,	  Gzy,	  HGz

Export	  signals


