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Abstract

Steam-assisted gravity drainage (SAGD) reservoirs utilize enhanced oil recovery methods, namely steam injection, to mobilize bitumen in-situ. High-resolution continuous
monitoring is required to make informed decisions on steam injection, which affect
the economic and environmental impact of the operation. Muon tomography uses
2D transmission radiographs of muon intensity to produce 3D volume imaging of the
subsurface. Muon sensors placed below the target record the deviation of particle
intensity from the expected value at a certain density and depth from all directions
within the field-of-view, to reconstruct the relative density in the subsurface. Muon
sensors are simulated below a realistic steam-assisted gravity drainage reservoir and
muon intensity data is forward modeled using various sensor arrays. Synthesized intensity data is used to calculate the inferred opacity (density-length) along discrete
directions from sensor to surface which is subsequently inverted to yield 3D density
distributions across the reservoir. Results are presented to assess the feasibility of
using muon tomography to monitor SAGD reservoirs during production, and demonstrate possible solutions to mitigate limitations, including lack of vertical resolution
and inter-well noise. Muon tomography is demonstrated to be a feasible approach
for passive monitoring which can be achieved in high spatial resolution on short observation times of weeks to months. By placing muon sensors below the well pairs,
i

resolution on the order of meters can be achieved, but resolution is limited in the
vertical direction when all sensors are placed at a single depth. Vertical gravity and
vertical gravity gradient data are simulated at the surface and are jointly inverted
with muon data to reduce the vertical smearing in the inverse models by ∼ 12% and
6% for reservoir depths of 100m and 200m, respectively. The addition of gravity data
reduces the model uncertainty for shallow reservoirs and demonstrates the advantages
of joining multiple data types for improved modeling solutions.
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Chapter 1
Introduction

1.1

Scope

The aim of this thesis is to assess the ability to monitor dynamic fluid reservoirs, namely,
steam-assisted gravity drainage (SAGD) reservoirs, over time and space using muon tomography. Forward modeling of muon intensity data using a realistic reservoir as a starting model will allow for subsequent inversion to model 3D density changes in reservoirs
over time. The technique will be applied to a realistic SAGD hydrocarbon reservoir to
demonstrate the feasibility of this monitoring method and other fluid migration processes.
Other data types which may be complimentary to muon intensity data are discussed including gravity and gravity gradient as an example to enhance the resolvability of the models through joint inversion. This represents a feasibility and sensitivity study conducted
through realistic simulations which can be used and improved upon in the future toward
optimized operation and monitoring solutions.

1.2

Objectives and Motivation

Alberta has the largest and most developed oil sands reserves in the world, an estimated 70%
of the global reserve (Rui et al., 2018). There is a proven reserve of 165.4 billion barrels

1.2. OBJECTIVES AND MOTIVATION

4

(bbl) of bitumen in Alberta’s oil sands, and for the past eight years bitumen royalties
made the largest contribution to provincial resource royalty revenue, totaling $1.48 billion
(Government of Alberta, 2019). Heavy oil in Alberta’s oil sands has proved to be a stable and
profitable source of economy despite downturns in the market. All three oil sands plays in
Alberta (Athabasca, Cold Lake, Peace River) saw a net increase in production growth from
2015 – 2017, with a total increase of 16.7% (Alberta Energy Regulator, 2018). This growth
is attributed mainly to an increase in the number of wells and SAGD projects, especially in
the Athabasca region (Alberta Energy Regulator, 2018). The bitumen production forecast
from 2017 – 2027 shows a steady increase each year (Alberta Energy Regulator, 2018).
The SAGD (steam-assisted gravity drainage) method for bitumen extraction accounted for
70.6% of in-situ production in 2017, increasing by 18.2% during that year and increases are
expected to continue (Alberta Energy Regulator, 2018). SAGD extraction produced 27.0
thousand m3 /day of the total growth production of bitumen between 2016 − 17 (Alberta
Energy Regulator, 2018). While SAGD has proven to provide superior returns for profit, like
other methods of in-situ bitumen extraction it requires high water and energy consumption.
It is of great importance and interest to monitor the production as it occurs to optimize
extraction while minimizing cost, energy and water use, and environmental impact. For
the largest Albertan oil sands project in 2017, operating costs totaled $2.7 Billion including
well operation, steam injection, mining and extraction (Government of Alberta, 2019).
Capital investment for the project during the same year including construction, commission,
expanding production and maintenance cost over $870 Million (Government of Alberta,
2019). Monitoring depletion can save costs by localizing where there is depletion of bitumen
occurring and areas where it is not occurring due to caprock, blockages or naturally nonproducing areas of the reservoir. With accurate modeling water and energy consumption
can be stopped in non-producing areas and directed to producing areas of the reservoir.
With a 10% decrease in extraction expenditure including operating, capital cost and daily
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extraction costs, significant savings could be made. In 2017 this would have equated to an
increase in gross revenue (before diluent or bitumen separation costs) of about 1.09% or
savings of $357 Million. Extrapolated to several projects in the oil sands this could lead to
immense savings and increased revenue for the energy sector and the province.
Besides the obvious motivation to save operation and extraction costs, there also exists
a growing desire and need to minimize the environmental impact of extraction across all
hydrocarbon and other mining industries. In many cases exploration and/or monitoring
may rely heavily on drilling and blasting to reveal the location and extent of the target. If
geophysical surveys are used, they may be limited to airborne surveys which do not provide
high resolution of small wavelength (fine structural detail) subsurface targets, borehole
measurements which are localized to areas close to the borehole, or surface measurements
which suffer from either a lack of spatial or temporal resolution. In both cases, the limiting
factor might be the instrument sensitivity and/or data density. For example, groundbased potential field data is relatively easy to acquire, but lacks the depth resolution to
characterize the finer details of targets. It may also be sparsely collected because of the
high degree of manual labour. 4D seismic data which is the gold-standard for hydrocarbon
reservoirs benefits from high spatial resolution, but requires an immense amount of time and
labour, leading to it’s high cost and therefore long turn-around time between surveys. To
minimize the environmental impact for bitumen extraction, high-resolution monitoring that
is available on short time scales is preferred to properly optimize steam injection. Minimizing
drilling and especially blind exploration drilling, and utilizing sensors which have low energy
and maintenance requirements is a path towards achieving the economic and environmental
goals. Because muon sensors have the potential to fill all of these requirements, the feasibility
and limits of the approach are considered herein.
The objectives of this study are:
• Feasibility: to demonstrate the ability to monitor dynamic fluid reservoirs applied
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to a real SAGD reservoir in the Alberta Oil Sands, by modeling bitumen depletion
over production time using muon tomography. The study will consider parameters
such as the number and geometry of muon detectors to assess the resolvability in
a real-world scenario of depletion, considering the goal of providing results on short
turn-around times for quasi-continuous monitoring (Chapter 4).
• Sensitivity: assess the limits of the muon tomography approach and investigate the
addition of other data types. Gravity and gravity gradient is applied as a practical
method which is also sensitive to density variation. The ultimate goal is to test and
demonstrate the feasibility of the described approach to SAGD and other fluid migration reservoirs, which can be used for planning and improving real-world scenarios
(Chapter 5).
The thesis objectives are summarized in Figure 1.1.

1.3

Original Contributions

Muon tomography has not yet been applied in the oil and gas field. Chapter 4 is the first
feasibility study which uses muon tomography for this application. Chapter 5 extends this
work by providing a wider range of sensor parameters to analyze the feasibility limits for
muon tomography for SAGD reservoirs and demonstrates the use of gravity gradient data to
mitigate limitations. This research uses synthetic muon and gravity data applied to density
data derived from a real SAGD reservoir which can be used for preliminary assessments for
the use of muon tomography for monitoring enhanced oil recovery operations, and optimized
survey planning.

1.4

Organization of Thesis

Chapter 1: Introduction
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Figure 1.1: A flowchart summarizing the main objectives of the thesis and approaches
utilized in the respective chapters. The target for the study is a steamassisted gravity drainage (SAGD) reservoir for which the operator provided density models. Chapter 4 focuses on the feasibility of muon tomography for monitoring SAGD reservoirs, and chapter 5 is a sensitivity
analysis which incorporates vertical gravity gradiometry in joint inversion.
The goal of all approaches herein is to contribute to the optimization of
production efficiency which affects the economic and environmental outcome of the operation.
The scope and objectives are introduced, and co-authorship and contributions are
outlined.
Chapter 2: Background
The background information and previous works are described.
Chapter 3: Theory
The principles of muon tomography and gravity / gravity gradient approaches are
summarized.
Chapter 4: Based on the publication: Pieczonka, S., Schouten, D., Dabboor, O., Osler,
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D., & Braun, A. (2020). On the detectability of density change in steam-assisted gravity
drainage reservoirs using muon tomography. The Leading Edge, 39(7), 497–504.
Chapter 5: Based on the submitted manuscript: Pieczonka, S., Schouten, D., Braun, A.
(2021). Joint inversion of Synthetic Muon Tomography and Gravity Data for Improved
Monitoring of Steam-Assisted Gravity Drainage (SAGD) Reservoirs. Geophysics.
(submitted).
Chapter 6: Conclusions and Future Work
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Chapter 2
Background

2.1

Oil Sands

Oil Sands contain bitumen within a sandy and usually clay-containing matrix. Bitumen,
also known as “heavy oil”, refers to oil that is too viscous to flow as a Newtonian fluid, and
cannot be extracted with conventional pumping processes (Liu et al., 2018). In order to
recover the bitumen, in-situ extraction processes are required which mobilize the bitumen,
allowing it to be pumped to surface. (Mossop, 1980).
The Alberta Oil Sands comprises an area of 142, 200km2 in central and northern Alberta
(Natural Resources Canada, 2017). The three Oil Sands regions are located in Athabasca,
Cold Lake and Peace River. Oil Sands surface at Fort McMurray, Alberta but extend
to a much larger region underground, including into Saskatchewan. The portion that is
near enough to the surface to be mined (50m depth or less) and contains mineable ore
(greater than 8% bitumen by weight) is removed in bulk and transported to excavation
plants (Mossop, 1980). It takes at least two tons of bulk material to produce one barrel
of synthetic crude oil (Government of Alberta, 2009). As of 2016, 20% of total Oil Sands
reserves in Alberta were accessible by open-pit mining (Natural Resources Canada, 2016).
The remaining 80% of bitumen reserves are too deep to be mined by open pit methods.
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The deeper ore is mined in situ via two main methods of extraction: Cyclic Steam Stimulation (CSS) and Steam-assisted Gravity Drainage (SAGD). CSS and SAGD both work on
the principal of injecting steam into the reservoir to decrease the viscosity of the bitumen,
allowing it to be pumped to the surface. CSS operates using a cyclic method as its name
suggests; steam is injected into the reservoir for some time period (weeks or months) and
left to heat during shut down (Mossop, 1980). The site then goes into production, pumping
the available ore to surface. This process of heating/shutdown and production may repeat
several times until the well is not economically viable or there is a connection to an adjacent
well at which time a steam drive method can be utilized (Mossop, 1980). SAGD is a similar but newer method, which involves two wells; an injector well positioned above, where
steam is injected into the reservoir, and the producer well below, which captures the diluted
bitumen which has dripped down under the force of gravity. Both methods are currently
used for extraction in various locations. Drawbacks related to CSS include that fracturing
typically occurs vertically along tectonically constrained directions (often north-east), causing the heated chamber to be narrow and to use a high steam to oil ratio while excluding
entire regions of the reservoir (Cyr et al., 2001). It is therefore advantageous to use SAGD
where applicable, although it should be noted that typically the method of in-situ recovery
depends on the site’s geological constraints. For instance, the thinner reservoir at Cold
Lake is geologically preferential to the CSS method, while Athabasca utilizes SAGD. Factors affecting the geology and in turn the optimal extraction method will be subsequently
discussed in the SAGD and sedimentology section.

2.2

Steam - Assisted Gravity Drainage (SAGD)

Steam-assisted gravity drainage is an extraction method which utilizes two parallel wells,
one above the other, separated vertically by a distance of around 5–8m (Cyr et al., 2001).
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SAGD operations often achieve recovery rates greater than 50% (Speight, 2013). To establish fluid communication between the well pair, steam is injected through the upper
injector well (or both wells to create a cyclic heating cell) at a rate greater than the fracture
formation pressure, heating the reservoir and allowing viscosity to decrease. This two-well
heating process is referred to as “hot-fingers”, and occurs through conduction (Shin and
Polikar, 2005). Once the reservoir is sufficiently heated and fluid communication has been
established, the lower well becomes the producer well, and the heated oil drips down into
the producer well catchment by force of gravity (Cyr et al., 2001). This is the production
phase, and the injector well will continue to produce steam under the fracture pressure, and
is throttled up and down to keep the oil between 5–40◦ C which is considered “steam trap
conditions” (Shin and Polikar, 2005). At this point SAGD is fully initiated and can operate
continuously without shutdown, costing typically only 6 months or less for the pre-heating
phase (Shin and Polikar, 2005). Rising steam meets cold bitumen and condenses, the bitumen then absorbs the heat and liquefies, allowing it to percolate downward. At first this
process occurs directly above the injector well, and the reservoir depletion occurs here exclusively (Cyr et al., 2001). As time passes, the steam chamber grows upward and eventually
contacts an overlying caprock, which is impermeable to steam. At this point the chamber
grows laterally underneath the caprock and often connects with adjacent steam chambers
if they are present. The initial phase described is referred to as the “rising phase”, and
the latter stage where the chamber reaches caprock and spreads laterally is the “spreading
phase” (Guo et al., 2013), and will be referred to as such herein.
While SAGD (or CSS where preferable) can greatly enhance the recovery of the reservoir’s hydrocarbon stores, the ultimate constraint on recovery is the geological characteristics of the reservoir. As with conventional oil recovery, the usual suspects such as cap rocks,
shale content, oil maturation, migration history, and geological heterogeneity are factors
which affect the production of the ore (Mossop, 1980).
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Figure 2.1: Steam-assisted gravity drainage (SAGD): one SAGD well pair with an
upper injector well which injects steam. The mobilized bitumen flows
around the steam chamber by the force of gravity. It pools and is collected
by the lower producer well. The wells are separated vertically by ∼ 5 −
10m. Note that figure is not to scale.
However, due to the physical state and disseminated distribution of the ore in Oil Sands
(as opposed to a free-flowing oil pool), reservoir porosity and permeability become the most
important factors for enhanced oil recovery viability (Mossop and Flach, 1983). Mature
and fairly well-sorted quartz grains characterize the Athabasca region Oil Sands (Czarnecki
et al., 2005). The high porosity (void space between grains) and lack of cement choking the
pores lends itself to very high permeability, or connection between pores by which materials
may flow. High pore saturation (up to 18% bitumen by weight or 36% by volume) make these
reserves unusually optimal for bitumen extraction (Mossop, 1980). In addition, the Alberta
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Oil Sands exhibit hydrophillic properties around their grains, termed “water-wet” (vs. “oilwet”), because the grains are surrounded by a film of water, insulating oil in the pore space
(Czarnecki et al., 2005). This allows for improved migration of oil between pores without
direct interaction with grain surfaces which would inhibit flow. However, the situation is not
as simple as it seems. Variation in depositional facies, like those between marine and fluvial
settings, affect heterogeneities in the reservoir. The sandy point bars which make excellent
bitumen reservoirs are interbedded with large clay clasts which prohibit oil migration. It
is of the utmost importance to have a sound geological knowledge of the reservoir and its
heterogeneities, and this poses one of the greatest (if not the greatest) complications in the
recovery oil bitumen form the Oil Sands (Mossop, 1980).

2.3

Sedimentology

The reservoir for the Alberta Oil Sands is contained almost entirely within the LowerCretaceous(K) McMurray Formation (Mossop and Flach, 1983). The McMurray Formation
is about 50 − 80m thick and is comprised of unconsolidated quartz sand and interbedded
shale (Mossop and Flach, 1983). The sands are moderately well sorted and mature, with
95% of grains being quartz and the remaining being traces of feldspar and mica flakes
(Mossop, 1980). The sand is typically fine-grained and mainly from continental sediment
sources, and these particularly porous and permeable sandy regions provide the majority of
the payload (Mossop, 1980; Mossop and Flach, 1983). Despite its high petroleum reserves,
extraction is complicated by a changing fluvial to estuarine depositional history creating
heterogeneities within the reservoir which still remain somewhat unconstrained (Mossop,
1980; Mossop and Flach, 1983).
The general depositional facies of the strata are from bottom to top: a fluvial unit
overlain by a middle fluvial-estuarine unit, and finally a shallow marine unit (Fustic et al.,
2012). The lower unit is 2−20m thick fluvial sands on top of an erosional base (the Devonian
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limestone erosional contact) and exhibits trough cross-bedding (Mossop and Flach, 1983).
The middle unit is low-angle (epsilon cross-stratified) sets 25m thick containing 10cm − 1m
sand and mud couplets deposited upon 8 − 12◦ dipping slopes (Mossop and Flach, 1983).
The top-most unit is clay-containing sands a few meters thick deposited in horizontal beds
(Mossop and Flach, 1983). The middle thick-bedded sand facies contains the purest quartz
sands with the highest porosity and permeability, and contains the highest-grade ore of all
of the McMurray facies (average of 14% bitumen by weight) (Mossop and Flach, 1983).
The three units can be thought of as one cycle of upward fining channel deposition,
beginning with the fluvial trough cross-bedding being deposited on the channel bottom
(Mossop and Flach, 1983). The middle thick-bedded sand unit is interpreted to lie within
large broad valleys filled with meandering channel deposits whose deposition are influenced
by tides of the partly estuarine environment (Fustic et al., 2012). Meandering channels (a
single sinuous channel rather than a braided river) migrated over time, eroding through
previously deposited muddy strata of the floodplain (Mossop, 1980). These deepest-carved
channels (up to 45m deep and laterally thousands of meters across) are filled with the thick
sand beds which are point bar accretions (Mossop and Flach, 1983). The upper-most unit
of clayey sands are the floodplain deposits before channel abandonment. In the thinner
areas of the McMurray Formation (about 50m) the strata literally represent one full cycle
of channel sedimentation (Mossop and Flach, 1983).
The bottom section of point bars (the trough cross-bedded unit) is relatively homogeneous compared to the upper regions which can be variably heterolithic and more likely
to contain silt, clay and mud (Fustic et al., 2012). The contact between this lower and
middle unit usually dips in the downstream direction, causing the middle section to become thicker in this propagating direction and create a typical wedge shape (Fustic et al.,
2012). This lower thinning section of the wedge which contains the highest payload can
still be atypical in shape due to major flooding events (Fustic et al., 2012). Generally,
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the strata dip northward and north-westward and accreted during basin-ward translation
of the meander channels (Fustic et al., 2012). There are some southerly and easterly dipping strata which may be from opposing forces of tidal energy from the intra-continental
seaway (Fustic et al., 2012). The estuarine setting and marine inundation of the channels
introduced mud and clay material into the environment producing mud plugs and muddy
fill which accreted vertically, and shale clast breccias from bank caving and gravity slides
(Caplan and Fu, 2008; Mossop and Flach, 1983). This type of deposition is responsible for
the cross-stratified unit in the middle of the sequence, often referred to as “inclined heterolithic stratification”, (IHS) (Caplan and Fu, 2008). The uppermost unit is horizontally
deposited muddy and argillaceous sands containing bioturbation and plant matter fossilization (Mossop and Flach, 1983). Although still debated, it is hypothesized that the fluvial
system translated basin-ward rapidly, keeping pace with the marine transgression, until it
was eventually inundated totally by marine waters where the Clearwater shale capstone was
deposited (Mossop, 1980; Mossop and Flach, 1983).
Major regression with several transgression-regression cycles within, storms, and overall
fluvial-estuarine variation and sediment re-working have caused the McMurray Formation
to contain vast heterogeneities. While the geologic conditions of the point bars make them
excellent payloads for bitumen retrieval, it is extremely important to have an understanding
of the geological variation, and means to characterize reservoir heterogeneities and patterns.
Because it is not practical in a heterolithic environment to interpolate the geology over a
regional area from one or a few observation wells, more robust means of characterizing the
subsurface is required. There are various methods for characterizing and monitoring the
reservoir which will be subsequently discussed. In a real-world scenario it is likely that a
combination of monitoring methods is used, based on reservoir size, depth, and economic
factors.
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Monitoring Methods

The traditional method to characterize and monitor SAGD and other heavy-oil producing
reservoirs is seismic and borehole geophysical methods. Seismic methods dominate this field
because of their spatial resolution and ability to span the reservoir, while borehole data are
limited to near-well locations. Seismic methods include reflection seismic, 4D seismic and
microseismic surveys, while borehole observation wells may include electromagnetic (EM),
electrical resistivity tomography (ERT), down-hole or vertical seismic profiling (VSP), temperature and pressure gauges, etc. Surface gravimetry and gradiometry have also been
explored as options.

2.4.1

Reflection and 4D Seismic

Reflection seismic surveys have been the preferred choice to monitor oil sands reservoirs
since the 1990s. The thermal recovery of bitumen from oil sands reservoirs cause changes in
the rock properties within the reservoir. On a micro-scale, injecting steam into the reservoir
causes chemical, temperature and fluid changes in the rocks and their pores. On a larger
scale this translates into shifts in seismic properties, which allow pressure/fluid fronts and
distributions to be mapped (Wang, 1997). Seismic observations are used to characterize
the changes in rock properties and make interpretations about the geometry of the steam
chamber. Lines et al. (1990) conducted laboratory and field tests and found that primary
wave (P-wave) velocities decreased with increasing temperature which occurs during the
injection of steam into the reservoir. The findings are modeled by inverting the travel times
before and after production. This finding was also supported by Eastwood (1993) who
found that P and S waves were slowed by temperature changes from steam injection in Cold
Lake oil sands. Changes in seismic amplitudes can also be exploited to detect temperature
distributions (Byerley et al., 2009; Zadeh et al., 2010). One need not rely on only one seismic
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property; time-shifts, impedance and amplitude changes of both compressional and shear
waves (and their ratio), can be used in conjunction for more certain results (Gray et al.,
2016; Schiltz and Gray, 2016). Summarized by Schiltz and Gray (2016), multi-attribute
analysis can lead to better estimates of anomaly location due to steam injection, and also
of density which is poorly constrained from seismic data.
Two main issues with seismic surveying exist. Firstly, the high cost of reflection surveys
due to time and labour requirements. This issue extends to operational shutdowns during
active seismic surveys. Traditional reflection surveys are extremely labour intensive and
costly, and this leads to repeatability being limited to annual, at best. It is common to conduct a reflection survey every 2 − 3 years. This frequency is too low for optimized operation
of steam injection. More recently, some researchers have suggested seismic approaches that
may be more accurately considered “4D”. Lopez et al. (2015) published a study about the
CGG SeisMovie® system installed at Peace River (Alberta). Initial findings were generally
positive, and on short time-scales (down to weeks) could detect local changes in seismic
properties of the reservoir. The accuracy and financial feasibility is to be better quantified
in further analyses.
Secondly, seismic surveys measure changes in seismic properties. The seismic properties measured are not only indirect indicators of steam evolution, they are also extremely
interactive, meaning, a change in one affects a change in all of the others. Described by
Wang (1997), the P-wave velocity does not simply decrease with increasing temperature.
As steam is injected into the reservoir, pore fluid pressure decreases and gas will effervesce
out of solution, also increasing water saturation. P-velocity will increase, but also decrease
to some extent due to an increased gas to oil ratio. If steam is injected at an increased
pressure, P-velocity may increase or decrease depending on the initial gas to oil ratio and
rate of injection. The degree to which any of these changes happen depends on the initial
ratio of pore fluids. Deciphering which properties are the result which changes in elastic and
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pore fluid changes is a feat in itself, and interpretations rely on many estimations of physical properties. Ideally, a less ambiguous indicator of steam evolution would be measured,
namely density change.

2.4.2

Borehole Measurements

Besides temperature and pressure monitoring, borehole sensors commonly employ electrical
resistivity tomography (ERT), electromagnetic (EM), cross-well and vertical seismic profiling (CWSP and VSP, respectively). EM transmitters and receivers are placed in opposite
boreholes and measure the resistivity change from a baseline measurement. Wilt et al.
(2012) found that the low-resistivity plumes around the wells matched with the 20 − 40%
resistivity change in the logs during a case study in Brazil. They were able to tell that water
flooding was proceeding more slowly in some layers than expected. However, the EM signal is degraded by steel casings, and the approach does not provide high spatial resolution
anomalies. Devriese and Oldenburg (2014) investigated using broadband frequency EM to
sample the target at several frequencies to improve the resolution. They found that the 3D
inversion of EM data was more successful at locating a large pyramidal synthetic anomaly
underneath caprock than the ERT inversion. Tondel et al. (2013) used cross-well ERT in
two vertical holes separated by 150m. Increasing temperature and reduced oil saturation
are changes that lend themselves to ERT which can sense the decrease in resistivity (Tondel
et al., 2013). In ERT the transmitter inputs a forced current. The potential measurements
at the receiver depend on the resistivity distribution in between the source and receivers
(potential electrodes). Naturally this method is also sensitive to any conductive well casings.
As with EM, the approach is useful for identifying anomalous regions and characterizing
rock and fluid properties but has low spatial resolution. The authors also demonstrated
the use of CWSP and VSP, where receivers are located down-hole. In CWSP the seismic
source is within a different well and in VSP the source comes from the surface and data
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can be acquired continuously. For both methods the resolution from reflectivity was similar, but CWSP had better depth discrimination while also suffering from more ambiguous
side-lobes. Both methods are not comparable in resolution to surface seismics, but can add
useful information in a joint fashion. This was supported by Charles et al. (2019) who used
VSP measurements to help constrain surface seismic data. Gravity borehole measurements
have also been used to estimate porosity and formation bulk density of local reservoir areas
as well as gas saturation (Popta et al., 1990).

2.4.3

Gravity

Gravity measurements are sensitive to density change and thus lend themselves toward
monitoring of density depletion and anomalies. This technique has been used extensively for
measuring density variation, and borehole gravity measurements in hydrocarbon reservoirs
have been used commonly in the last three decades. Extensive surface measurements have
not been a traditional survey method for enhanced oil recovery reservoirs because they
require µGal sensitivity, and tightly-spaced wells at large depths are not conducive to
gravity surveys. However, as gravimeters increase in sensitivity in recent times, gravity
data may become a feasible and advantageous approach to SAGD monitoring. Elliott
and Braun (2017) demonstrated that the iGrav® superconducting gravimeter which has a
reported 0.05µGal sensitivity may be able to sense intra-reservoir density change over time.
The authors pose a more conservative sensitivity of 0.5µGal, and show that the vertical
gravity gradient can detect areas within the reservoir that have experienced density change
over production during the rising and spreading phases. The variable parameters of the
study included well spacing, reservoir depth and measurement spacing (Elliott and Braun,
2017). At 200m depth and 80m spacing (the same SAGD data and parameters used in
this study), the gradient signal could detect regional changes but could not discriminate
individual wells. However, large depletion trends were localized, and therefore it may be
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complimentary to combine the gravity and gravity gradient measurements with another
geophysical method to enhance the resolvability of density change models. The findings
of the aforementioned gravity study serves as an inspiration to combine gravity and muon
tomography in the present study.

2.5

Muon Tomography in Applied Geoscience

The earliest published work departing from theory to use muons as a tool is from George
(1955) and Alvarez et al. (1970) who used the absorption of muons to characterize the
overburden of a tunnel and explore hidden chambers in the pyramids of Giza, respectively.
Since then muons have been increasingly used for applications in archaeology, volcanology,
civil engineering and more recently national security, mining, CO2 capture, and nuclear
waste disposal. It is important to note that there are two major (and very different)
approaches for muon applications. Broadly these are i) the absorption of muons (“AM”),
and ii) the Coulomb scattering of muons (“SM”). This research utilizes the former, but the
scattering method will be touched on very briefly in the following.
The Coulomb scattering of muons as an application (SM), commonly referred to as
“scattering muography”, “muon scattering tomography” or similar, exploits the deflection
of charged particles when interacting with the electric field of nuclei (Bonechi et al., 2020).
This approach is relatively new and has been increasingly used since 2003 (Borozdin et al.,
2003). The angular deviation experienced by the muon approximately follows a Gaussian distribution, with a mean scattering angle of zero regardless of the medium, and the
distribution width proportional to the radiation length of the probed material (Borozdin
et al., 2003; Bonechi et al., 2020). The radiation length decreases with increasing atomic
number, and the standard deviation of the scattering angle directly reflects the radiation
length (atomic number) (Bonechi et al., 2020). Borozdin et al. (2003) reported that in a
10cm- thick layer, a muon with 3GeV energy will scatter with an angle of 2.3, 11 and 20
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milliradians in water, iron and lead, respectively. This approach has been used in the characterization and monitoring of nuclear material in storage casks (Jonkmans et al., 2013;
Poulson et al., 2017; Mahon et al., 2019), imaging of spent or damaged nuclear reactors
(Miyadera et al., 2013; Fujii et al., 2020), and the inspection of nuclear material and contraband (Baesso et al., 2014; Bendahan, 2017). Generally, the scattering method lends itself to
smaller targets with a high-Z (atomic number) contrast (Bonechi et al., 2020). The sensors
must be installed on either side of the target, and the attenuation of the flux through very
large targets disallows the measurement of the scattering angle. Through larger targets the
absorption method is usually favourable.
The absorption or transmission approach (AM) which is used in this research has been
used for a variety of applications. Volcanology has made up the majority of AM research
and publications, and only in recent years have wider applications began to gain traction
and popularity. Applications in volcanology include imaging the interior structures of volcanoes especially in Japan, Italy and France (Tanaka et al., 2001, 2007; Ambrosi et al., 2011;
Marteau et al., 2012; Lesparre et al., 2012; Portal et al., 2013; Nishiyama et al., 2014; Oláh
et al., 2019; Tioukov et al., 2019; Lelièvre et al., 2019), to name a few. Besides understanding the inner structure of volcanoes, one of the ultimate goals for the volcanology field is
to have the ability to predict extrusions from active volcanoes. This might be by means of
sensing mass changes from rising magma (Tanaka et al., 2014), meteoric water and increased
hydrothermal activity (Le Gonidec et al., 2019), or some other density disturbing process
that precedes volcanic activity. Obvious limitations mainly related to the time sensitivity
requirements to detect such changes before the event exist. Recently the idea of incorporating convolutional neural networks (CNN) to muography images has been postulated to
aid in volcanic forecasting (Nomura et al., 2020). Daily muon data at the Showa crater in
Japan was used as input data for the CNN model to predict an eruption after a period of
days. This feasibility study demonstrated that deep learning could potentially be applied
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to muon observations to predict eruptions on the scale of days in the future.
Other applications using the AM approach are growing in recent years. Muon tomography is an attractive method for probing archaeological targets because these sites require
a non-destructive survey technique. Following the work of Alvarez et al. (1970), Morishima
et al. (2017) imaged the interior of Khufu’s pyramid to find a previously undiscovered chamber. Saracino et al. (2018) imaged ancient tunnels and cavities below Mt. Echia in Naples,
Abiev et al. (2019) imaged an underground dome construction in the citadel of Naryn-Kala
in ancient Derben, and (Bonomi et al., 2019) simulated the vaulted roof of the Palazzo
della Loggia in Brescia, Italy for instabilities. As long as a reasonable density contrast is
present, muon tomography can help to characterize ancient structures which may be too
fragile to disturb, and help to plan safe excavations of the site. This idea could extend to
modern structures such as urban buildings, pipes, and dams to monitor stability. However,
limitations due to time exposure exist. Because muon tomography is a passive technique,
a certain time exposure is required for sensors to collect a reasonable amount of muons to
smooth out noise. If the goal is to model dynamic processes, they would need to occur
on timescales which are longer than the minimum time required to provide an image of
the desired resolution. Thompson et al. (2020) identified voiding within a railway tunnel
shaft using a portable muon sensor on a time scale of ∼ 100 hours, and Sloowere et al.
(2018) demonstrated that it is possible to depict infrastructure such as a sewage system
below Paris by taking muon observations during tunnel digging. These examples are only
some of the possible applications muon tomography can be used for with respect to modern
infrastructure.
Mining and CO2 sequestration are probably the newest applications for muon tomography. Ore targets which have a detectable density contrast and which are shallow enough to
receive a reasonable muon flux are good candidates for muon tomography. Malmqvist et al.
(1979) quantified the feasibility of using muon tomography for mining and rock physics
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applications, but it was not used commercially until the last decade. Schouten and Ledru
(2018) reported the successful imaging of a dense uranium deposit in Sasketchewan, Canada
in which muon data collected in 2015 − 16 was inverted to yield 3D density profiles of the
high grade ore at about 600m depth. The sensor employed was a gallery telescope utilizing
scintillating superplanes with dimensions of ∼ 2m x 1m. The resulting model had good
correlation with with drill and geologic models. The same detector was used at Nyrstar
Myra Falls in British Columbia to image a volcanogenic massive sulphide (VMS) deposit
(Schouten, 2019). The “Price” deposit is 70m deep and contains zinc, copper, lead and silver. The detector was relocated to several locations each with an exposure time of 15 − 20
days, and the resulting 3D density model matched with drill data. A blind study with
the gallery telescope was conducted at Pend Oreille mine in Washington, United States
(Schouten, 2019). The deposit is a Mississippi Valley-Type (MVT) polymetallic deposit
containing mainly lead and zinc. The mine is at approximately 500m depth and four sensor
locations were used with exposure times of 68 − 153 days for each location. Using the same
inversion approach, the resulting 3D model matched the true deposit geometry very well,
but was smeared out in the vertical direction. This is an issue that is prevalent because the
directional resolution of the underground sensors do not contain spatial information along
the muon trajectory which is from sensor to surface. Options to mitigate this include placing sensors at various depths to better constrain the vertical direction, including a priori
information, or additional geophysical data. This topic will be discussed in detail in later
chapters. It is important to note that the above mining examples all utilize gallery-size
telescopes that are designed to be stationed inside existing mine shafts, and are limited by
their size and weight. Borehole detectors which are much smaller and portable, will allow
much more freedom in designing surveys which have strategic sensor arrays and are customizeable to any target geometry. Such a borehole detector is described by by Bonneville
et al. (2017) and Gluyas et al. (2019) whose detectors fit inside a 7-inch and 9-inch borehole,
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respectively. The authors suggest that such a detector could be used for the monitoring of
CO2 sequestration. Gluyas et al. (2019) conducted a test survey with positive results in a
1km-deep borehole at Boulby Mine, UK, but a survey at a real CO2 sequestration site has
not been conducted to date. Ideon Technologies Inc. has developed a borehole detector
which will fit inside a 4-inch borehole with field trials beginning in 2021. It is this borehole
detector which is simulated in Pieczonka et al. (2020) for a feasibility study to monitor
SAGD reservoir depletion and is presented in Chapter 4, and (Pieczonka et al., 2021) for a
joint inversion with gravity in Chapter 5.
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Chapter 3
Theory

3.1
3.1.1

Muon Tomography
Principles

The muon was discovered in 1936 by Seth Neddermeyer and Carl D. Anderson. They
observed a charged particle with peculiar curvature in the presence of a magnetic field,
with less than that of an electron, but greater than a proton (Neddermeyer and Anderson,
1937). A particle of intermediate weight was postulated at about 200 times the weight
of an electron. But this was not the first mention of an intermediate particle. Hideki
Yukawa theorized an intermediate-weight particle which carries the nuclear strong force
(Yukawa, 1935). This “meson” (“middle-weight”) came to be known as “Yukawa’s Particle”,
and when Neddermeyer and Anderson discovered the muon, it was mischaracterized as
Yukawa’s meson for nearly a decade. The so-called pi-meson (muon) satisfied Yukawa’s
theorized particle properties in terms of weight, but were not absorbed through strong
interaction (Scheck, 1978). Eventually, Yukawa’s pi-meson was distinguished as the “pion”
made of two quarks and carrying the strong force, while muons are leptonic and only
participate in the weak and electromagnetic forces. Thus the muon is an elementary particle
in a completely different family than the hadrons, and in the attempt to find Yukawa’s
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elusive pion the muon was found by accident. Despite its meager beginnings, the muon is
extraordinarily unique. It is similar to an electron with an equal charge (−1e) and spin of
1/2, but is much heavier (106M eV /c2 ) (Beringer et al., 2012; Griffiths, 2008). At relativistic
speeds, the muon lifetime in the Earth frame of reference appears to be lengthened due to
time dilation, and are thus able to reach the surface of the Earth and penetrate deep
underground before decaying (Beringer et al., 2012). As muons interact with matter in the
subsurface, they are absorbed through ionization at an increasing rate. High-energy muons
can penetrate up to hundreds of meters of rock before being stopped (Schouten, 2019). If
the sea-level energy spectra and the energy loss mechanisms through rock are characterized,
the differences between the expected and observed intensities at depth depend on deviations
of mass distribution and therefore, density anomalies (Schouten and Ledru, 2018). It is this
property which we exploit herein to yield subsurface density distributions and “X-Ray” the
Earth for targets of interest.
The particles of primary cosmic rays (namely protons and helium nuclei) collide with
nuclei in the Earth’s upper atmosphere to create a particle shower (Beringer et al., 2012).
Mesons are a part of the shower created in the first 15km of the upper atmosphere (Beringer
et al., 2012). They acquire energy from the original projectile particle (Beringer et al.,
2012) and propel downward in approximately the same direction as the original particle
(Malmqvist et al., 1979). Charged mesons are unstable and short-lived, and some decay
rapidly into muons and neutrinos (Beringer et al., 2012). Muons are charged leptons which
weigh approximately 200 times that of electrons and have a mean lifetime of 2.2 microseconds (Malmqvist et al., 1979).

3.1.2

Measuring the Intensity

Ionization losses for muons through the atmosphere are about 2GeV (Beringer et al., 2012).
The average sea-level muon flux is 1cm−2 min−1 with an average energy of approximately
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Figure 3.1: Schematic of the interaction of primary cosmic rays interacting with nuclei
(N ) in the upper atmosphere causing a particle shower. Some of the
mesons (mostly pions π, but also kaons) quickly decay into muons (µ),
many of which will arrive at the ground and penetrate the subsurface up
to ∼ 1km. Modified after Malmqvist et al. (1979).
4GeV (Beringer et al., 2012; Cecchini and Spurio, 2012). Most muon energy and flux
models are synthesized by numerous empirical measurements. The energy spectrum of the
vertical muon flux at sea level has been well-characterized by many groups over time such
that the integral and differential spectra of vertically traversing muons is known (Figure
3.2). Muons experience ionization and radiative losses, where radiative losses are < 1% of
electronic contributions for total kinetic energies ≤ 100GeV for most materials, and become
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significant again for extremely high energies or high-Z matter (Groom et al., 2001). At
great depths radiative losses must also be considered which occur in bursts along the muon
trajectory (Cecchini and Spurio, 2012). At depths relevant for mining applications, muons
with energies greater than 50GeV at sea level are of the most interest (Malmqvist et al.,
1979). Ionization losses are fairly constant for relativistic muons and only depend weakly on
the specific muon energy (Cecchini and Spurio, 2012). Neglecting small losses from decay as
muons traverse through the ground, muons with a certain high enough minimum energy will
have a propagation range through matter (Malmqvist et al., 1979). So, the vertical intensity
Iv (h) at depth h should approximate the intensity of muons at sea level with energies greater
than the minimum energy E(h) required to reach h (Malmqvist et al., 1979). If the loss
mechanisms of muons traversing through rock are known, the muon intensity at depth can
be calculated from the energy spectra (Malmqvist et al., 1979):

Z

0

x=
Eo



dE
dx

−1
dE,

(3.1)

where Eo is the energy of the muon at sea-level and dE/dx is the energy loss per unit
thickness of rock. If x represents the amount of matter traversed by the muons with average
density ρ over a depth z, then x = zρ and is the density-length of rock traversed by muons
in kg/m2 . This term is often called “opacity” and is discussed in more detail later in the
chapter.

3.1.3

Energy Loss

Energy loss and therefore stopping power for muons depends on the kinetic energy of the
muon and only on the specific chemical composition of the traversed matter at very high
energies (Groom et al., 2001; Malmqvist et al., 1979). The energy loss from all contributions
of a relativistic muon is given by Grupen (1976); Malmqvist et al. (1979):
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Figure 3.2: Left: The integral and differential energy spectra (particles per meter
second steradian (GeV )) vs Muon Energy (GeV ) at seal-level. Right:
The decline in Muon Intensity with depth for standard rock (∼
2.67g/cm3 ). Both graphs reflect vertically incoming muons. Modified
after Malmqvist et al. (1979).

2me · c2 · E 2
dE
 + d · E,
= a + b · ln
dx
mµ c2 m2µ c4 + 2me c2 E

(3.2)

for muon kinetic energies E >> mµ c2 where a, b and d are constants, me and mµ are
the mass of electrons and muons (M eV ), respectively, and c is the speed of light.
The terms in (3.2) are summarized as follows from Malmqvist et al. (1979). The first
and second terms represent ionization and excitation losses, respectively, and the third term
is for radiative losses: bremsstrahlung, pair-production (p-p), and inelastic interactions
with nuclei. Bremsstrahlung and p-p are most significant for high-Z materials, and is
approximately proportional to the square of the nuclear charge of the absorbing material.
So high-Z material have an increased stopping power compared to standard rock. Though,
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the constant d is very small (4.65e−7 in standard rock), so the effect of chemical composition
will also be small unless muon energies are very high.
Because of the fairly constant energy loss through ionization, we can relate the vertical
muon intensity to depth (with respect to standard rock, meters of water equivalent (mwe)
or some other reference).

3.1.4

Flux Dependencies

As previously mentioned, the muon intensity at depth is dependent on the minimum energy
of muons at sea level to penetrate a certain depth range of matter E >> E(z). The arrival
of muons on the Earth’s surface are discrete events and are treated as stochastic processes.
Their arrival can therefore be modeled by a Poisson statistical distribution, and as the muon
count becomes sufficiently high, can be approximated by a Gaussian distribution. However,
the flux of muons at sea level can vary due to several factors. There are static effects
(time-independent) and temporal (time-dependent) effects on the muon flux. Because the
expected intensity at depth depends on accurate sea-level measurements those factors are
addressed in the following.

Static Effects
Zenith Angle: The muon flux is not constant from all directions. This is due to two
main considerations: i) muon traverse a longer distance from zenith angles increasing from
0 degrees, and ii) the zenith angle of primary cosmic rays affect the production probability
of secondary particles (Lesparre et al., 2010; Malmqvist et al., 1979). The muon flux is
therefore highest from the vertical and decreases exponentially with increasing zenith angles
of incidence. There are many data available to model the zenith dependence on the muon
flux, but generally the flux decreases from the vertical according to cos2 (θ) at sea level,
and flattening towards very large energies like sec(θ) for energy regimes greater than the
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primary particle critical energy (Beringer et al., 2012).
Altitude and Geomagnetic Latitude: Atmospheric measurements have been measured from balloon-borne platforms and simulated (Lesparre et al., 2010). It has been
observed that there is an expected increase in the muon flux with increasing altitude. For
example, with a muon momentum of 20GeV , there will be an approximate 5% increase in the
muon flux at an altitude of 1000m compared to sea level, with less of an increase for higher
momenta (Lesparre et al., 2010). This is an important consideration for surveys which aim
to measure muon intensity through targets above ground (such as mountains, volcanoes,
infrastructure), but not for subterranean campaigns. Earth’s magnetic field impedes the
propagation of primary cosmic rays to the Earth’s upper atmosphere (de Asmundis et al.,
2007). Because the magnetic field varies with geomagnetic latitude, low latitudes require
a minimum momentum per unit charge (“rigidity”) to penetrate through the field, while
this measure is negligible near the poles (de Asmundis et al., 2007; Lesparre et al., 2010).
This only affects low energy impinging rays and can decrease the sea-level muon flux up
to approximately 5GeV in equatorial regions (Lesparre et al., 2010). Both altitude and
geomagnetic field affects are insignificant for underground measurements and need not be
considered further for this application.

Temporal Effects
The sea level muon flux fluctuates with time depending on the solar cycle. The most
significant effects come from the solar sunspot cycle and can affect the sea level flux up
to 10% (Malmqvist et al., 1979). Fortunately, this effect is largest for the lowest energy
particles and has very little effect on the higher energy muons relevant to underground
detection (Lesparre et al., 2010; Malmqvist et al., 1979). The movement of the solar system
rotating with respect to the galaxy is also insignificant, and the total effect from solar
modulation is a few tenths of a percent of the total measured intensity at depth (Malmqvist
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et al., 1979). Atmospheric effects such as temperature and barometric pressure can affect
the fraction of muon production from pion decay and the absorption of muons (Lesparre
et al., 2010). These fluctuations are insignificant at sea level on short time scales (only
seasonal temperature variations may be important here) even for the low energy spectra,
and at depth are further negligible (Lesparre et al., 2010).
In summary, at depths relevant to this study and most mining applications, atmospheric
and planetary modulations are negligible (on the order of tenths of a percent) and are
smaller than the statistical uncertainty for the sensors. Therefore they are not considered
in calculations herein.

3.1.5

Sensors

The muon sensors used in this study are simulated to behave as real telescopes, and utilize scintillating materials for muon detection. Existing muon detectors fall into various
categories, and this type of detector and others are briefly described here.
Emulsion cloud chamber (ECC) detectors are similar to photographic film emulsions.
Multiple plains of emulsion gel contain tiny silver-halide crystals which are deformed by
penetrating charged particles (Tanaka et al., 2007). This technique benefits from being
completely off-grid with no power source required. The system is light and can be transported to remote locations needing no power source, especially close to dangerous conditions
such as active volcanoes. However, the emulsion films must be digitized later after transporting the films back from site, and films must be replaced after certain time intervals.
Background noise cannot be reduced in-situ versus electronic systems, and must be distinguished at the time of digitization.
Gaseous detectors are used as sensors because charged particles ionize gas atoms (de Asmundis et al., 2007). There are many sub-types of gas detectors which measure different
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aspects of the interaction. For example we can use the amount of ionization, which measures the creation of ion/electron pairs in simple ionization chambers. Alternatively we can
focus on the aspects of the “avalanche” of secondary electrons in a high-voltage proportional
counter, which is used in Geiger counters, drift chambers, RPC resistive plate chambers,
and micromegas detectors (Grupen, 2016). All of these methods use a general design of
electrodes separated by a gas-gap whose mixture commonly contains Argon for muon detection. Sensors measure properties of the ionization or secondary ionizations of the gas
molecules which are proportional to the primary ionization of the particle of interest.
Solid-state detectors use a scintillating (luminescing) material which is excited by the
passing of a charged particle. Several scintillating materials include crystals (organic and
inorganic), gases, organic liquids, and plastics (Grupen, 2016). Energy absorbed by the
passing particle is re-emitted and collected by a photo-multiplier (PMT). Electrons are
multiplied by the PMT enough to create an electrical pulse whose voltage is recorded. The
light yield of the scintillator is approximately proportional to the energy of the primary
particle which is proportional to the electrical pulse recorded.
Gallery telescopes which are commonly used for muon telescopes use multiple planes of
scintillators which are pixelized to form a matrix. The telescope with P x · P y pixels in a
matrix has (2P x − 1) · (2P y − 1) discrete directions within the solid angle of the detector
(Lesparre et al., 2010). The solid angle is the area which subtends the conical volume
within the sensor’s aperture with the sensor being the apex. For a given depth from sensor
to surface, a wider aperture will have a larger solid angle, which would project onto a
larger area on the ground surface. It is a measure of the field-of-view of the sensor and
is commonly represented as a ratio of surface area to the radius on a unit sphere where
the origin would be the sensor location and apex of the field-of-view. It can be defined for
a conical solid angle as Ω = 2π(1 − cosθ), where r is the radius of the sphere, and θ is
the angular radius or plane angle within the aperture (Figure 3.3). The units are given in
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Figure 3.3: The projection of area A from a conical solid angle Ω plotted on a sphere
with radius r. A subtends the conical volume which represents the field
of view of the sensor at the apex, and is defined by the aperture angle θ
and the distance from the sensor. Modified after Torrence (2020).
steradians (dimensionless) or square radians.
Very recently, borehole detectors have gained increasing interest because they are much
smaller and can fit into tight spaces, including narrow boreholes. While gallery telescopes
are limited to locations above ground or in large spaces such as mine shafts, the compact
size of borehole detectors increase the applicability into unexplored territory for muon tomography. The detectors used in this study are simulated to emulate real borehole detectors
which are 3m in length and 85mm in diameter.

3.1.6

Uncertainty

The uncertainty of muon tomography data relies almost entirely on Poisson statistics.
Muons arrive discretely, independent of each other, with a well-known average flux, and
therefore follow a Poisson Distribution. Flux at underground detectors is normalized by
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mass-depth, solid angle of detector and efficiency, and time interval of detection. Because
the expected flux of muons at detectors follows a Poisson distribution, significant deviations
from the expected value indicate anomalies. The uncertainty can be calculated as the square
root of the muon count measurement (Intensity I). There is inherent uncertainty associated
with the detector’s efficiency and resolution. The former is a systematic uncertainty which
would affect the muon count from all directions, and would therefore affect only the absolute density measurements. The inversion algorithm in practice calculates density change
as a relative measurement so can be neglected for all intents and purposes. The latter is
neglected because the pixel size is large enough that trajectory deviations from the true trajectory will cause negligent bleeding into adjacent pixels. With long enough time intervals
(and therefore muon counts), these deviations are negligible. The choice of coefficients in
the model objective function also have inherent uncertainties introduced into the inversion,
but the changes that these variables cause to the density distribution are dominated by
the uncertainty of the statistics, and are therefore also considered negligible and are not
considered.

3.1.7

Forward and Inverse Modeling

Forward and inverse modeling in this study is conducted through algorithms developed by
Ideon Technologies Inc. The general concept for real or synthesized forward and inverse
modeling is described here.
Detectors are placed underground such that the target to be imaged is between the
sensor and the ground surface. The sensors are set in place for a certain duration of time,
and as muons pass through the sensor’s field of view they are either stopped by interacting
with matter along their path or hit the detector. The sensors measure the intensity I(O, n̂)
as the number of hits (as a function of Opacity O and zenith angle) per direction per time
over the detector’s efficient area and time exposure. The field of view can be projected
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onto a 2D pixelized image map with a single pixel representing a section of solid angle Ωp
within the sensor’s total field of view. Each count is binned within a pixel and represent all
direction’s within the solid angle Ω of the sensor. The expected number of muons within a
given pixel, p, of a sensor’s image map is:
∞

Z

Z
N = ∆t
Ωp

0

|


Dµ (E, θ) · p (E; O) dE α (n̂) dΩ,
{z
}

(3.3)

=I(O,n̂)

where ∆t is the exposure time, Du (E, θ) is the sea-level momentum spectrum as a
function of muon energy E and zenith angle θ, p(E; O) is the probability for a muon with
energy E to survive through a given opacity O and α(n̂) incorporates sensor acceptance
and detection efficiency as a function of the zenith angle.
Specifically, opacity O is the integrated mass-depth along the muon trajectory in direction n̂ from Lesparre et al. (2010); Schouten (2019):

Z
O=

ρ (x, y, z) dl,

(3.4)

n̂

where ρ(x, y, z) is the rock density and O is in units of gram/cm2 or mwe (meters water
equivalent).
Through comparing the measured intensity map with a forward modeled map of the
expected intensity (such as that through standard rock), significant deviations from the
expected values indicate where the reference or expected model is incorrect. The corresponding opacity maps can be inverted to find a 3D distribution of density. The inverse
problem is solved by an inversion algorithm which minimizes a global objective function φ
(Menke, 1989):

min φ = min (φD + β · φM ) ,

ρ(x,y,z)

ρ(x,y,z)

(3.5)
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which includes a data misfit for observed data compared to an initial model and a
model objective term to impose realistic structural smoothness. The parameter β weights
the relative importance of the data misfit and model objective terms, and is set dynamically
using a cooling schedule until a reasonable fit is found. The data misfit and model objective
terms can be defined further as:

2
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Zi −
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φM
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j∈ voxels

qw
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(3.6)
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ρp dV.
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(3.7)

V

The subsurface is discretized into i x j prismatic cells each with uniform density throughout the cell. The sensitivity kernel Gij relates the observed intensity Zi of the ith pixel in
the image map to anomalous density pj of the j th voxel in the image volume, where lj is
the path length of the muon trajectory along n̂ for voxel j. αw and αr are constants that
penalize roughness in each direction and deviations from the reference model if provided,
respectively. Exponents q w and p are usually set to be 2, but can be modified based on the
degree of smoothing desired. The sensitivity kernel Gij can be written as:

Gij =

∂Zi
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(3.8)

The inversion runs iteratively until a reasonable fit can be found between the target and
model misfit using a chi-squared variable. Usually a good misfit is reached when the misfit
χ2 ≈ the number of data, namely the χ2 ratio is O(1).

3.2. GRAVITY

3.2

38

Gravity

Potential fields, namely magnetic and gravity potentials, are the oldest methods of geophysics, both in theory and practice. The discovery of magnetism is traced back to at least
ancient Greece, following observations of the preferential alignment of magnetic minerals
(Needham, 1962). It is unknown when the idea of gravitational attraction originated, but it
was first quantified by Galileo Galilei in 1590 through pendulum experiments, and further
defined by Isaac Newton’s famous treatise Philosophiae Naturalis Principia Mathematica
in 1687 (Blakely, 1995). It would be more than a century later when gravity would become
a geophysical tool for exploration. Pendulums were used to take measurements of gravity
in Europe, then from shipborne platforms, and finally all over the world (Blakely, 1995).
Roland von Eötvös invented the torsional balance in 1910, which measured the torque on a
wire by two opposing masses (Miller, 1934). Hugo de Boeckh may have been the first person
to think of exploring for hydrocarbons using gravity after characterizing density contrasts
in anticlines using an Eötvös balance (Jakosky, 1950; Blakely, 1995). In 1926 the first oil
discovered using geophysical methods in the United States was done so by gravity measurements (Jakosky, 1950). Modern gravimeters are most commonly based on the mechanics
of a weighted spring; the vertical displacement of the spring by the mass is proportional
to relative changes in the gravitational acceleration at the observation point. Recently, the
new gold standard for gravimeter precision are superconducting gravimeters, which measure
the amount of electrical current required to suspend a superconducting niobium sphere in
a magnetic field. Naturally, superconducting gravimeters have limitations in their portability, requiring a cryogenic environment. The iGrav® SG Meter by GWR Instruments
was released in 2010 and is a marked improvement towards truly portable superconducting
gravimetry (Warburton et al., 2010). Although limitations with portability will surely still
exist in practice for a field campaign, the iGrav is technically able to be used as a portable
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gravimeter. Field studies using the iGrav instrument for time-lapse gravity and gradiometry
surveys have been conducted by Kennedy et al. (2014, 2016).
Newton’s Law of Gravitational Attraction states that the magnitude of the gravitational
force between two masses is proportional to each mass and inversely proportional to the
square of their separation (Blakely, 1995). From Blakely (1995), the mutual force between
two particles of mass m at point Q(x’, y’, z’) and mo at point P (x, y, z), respectively, is:

F=γ

where r =

mmo
,
r2

(3.9)

p
x2 + y 2 + z 2 , and γ is Newton’s gravitational constant. If mo is treated

as a test mass with unit magnitude, we can divide the force of gravity by mo to yield the
gravitational attraction (acceleration) by mass m on the test particle mo at P :

a(P ) = −γ

m
r̂,
r2

(3.10)

where r̂ is a unit vector from mass m towards point P , opposite to the direction of the
gravitational attraction by convention, and therefore requiring the negative sign (Blakely,
1995). Gravitational acceleration is a conservative field with a curl of zero, and can be
described as the gradient of a scalar potential (Blakely, 1995):

a(P ) = −∇U (P ),

(3.11)

where the function U (P ) = γ m
r is the gravitational potential, and gravitational acceleration
a is a vector field, where the direction of the field points downward. For a continuous
distribution of matter, the gravitational potential will equal the sum of the gravitational
attraction of all individual masses in space (Blakely, 1995). If we treat infinitesimally small
masses dm = ρ(x, y, z)dv where ρ(x, y, z) is the density of the mass, we get (Blakely, 1995):
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Z
U (P ) = γ
V

dm
=γ
r

Z
V

ρ(Q)
dv,
r

(3.12)

where the integration is over the entire volume V occupied by the mass, P is the observation
point, Q is the point of integration, and r is the distance between P and Q. Commonly for
geophysical measurements we measure the vertical component of the gravitational acceleration expressed here for the ith datum at point ri from (Blakely, 1995; Li and Oldenburg,
1998):

δU (P )
Uz (P ) =
= −γ∆ρ(r)
δz

Z
V

(z–zi )
dV.
|(r–ri )|3

(3.13)

The full gravity gradient tensor has nine components, and each component is one of
three orthogonal spatial gradients for the three components of gravitation acceleration in
x, y or z:

∇2 U(P ) =

∂2U
∂2U
∂2U
+
+
= 0.
∂x2
∂y 2
∂z 2

(3.14)

The vertical gradient is useful for localizing anomaly location and depth, while the
horizontal components are useful for delineating structural edges of geological bodies. Only
the second vertical derivative of the potential (Uzz ) is considered in this study, but each
component of the full tensor (and combinations therein) would be useful measurements to
consider.
By isolating the vertical gravity (or vertical gravity gradient) sensitivity kernel, the
gravity data can be added as a data vector in identical fashion as the muon data:

di g = Gij g ρj ,

(3.15)

where g denotes gravity. The gravity data term can be added as a new term to the objective
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function like:

min φTOTAL = min

ρ(x,y,z)

ρ(x,y,z)



,
φgD + λ φµD + β w(z) φgM + η φµM

(3.16)

where w(z) is a depth-weighting matrix to account for the fast decay of the gravity kernel
with depth ( r2 , or r3 for the gradient), η balances the two model objective functions, and
λ is a scaling factor added to the muon term to normalize the difference in number of
measurements and signal to noise ratio between muon and gravity data. These terms are
described in detail in (Davis and Oldenburg, 2012). The number of muon measurements
will tend to be much greater, while the gravity measurements will tend to be more precise.
λ can be expressed as:

λ=

1
nµ
1
ng

P 1 !
µ
P σ1 ,

(3.17)

σg

where nµ(g) are the number of muon(gravity) data and σ µ(g) are the data uncertainties.
In this study, joint inversion between muon data and vertical gravity, and also between
muon data and the vertical gravity gradient is performed. Although, with this approach
it is reasonable to postulate that many different types of data which may compliment
the muon data could be added. With any data type to be added to a joint inversion, a
particular sensitivity kernel and weighting factors should be applied which are suitable to
the data type. However, both muon tomography and gravimetry are linearly related to
density, which makes a joint inversion a logical step. The following chapters will show
the principles described above applied to a realistic SAGD reservoir. Chapter 4 will show
how muon tomography could resolve SAGD reservoir depletion patterns (feasibility), and
chapter 5 will demonstrate the benefit of joint inversion of muon tomography and gravity
gradiometry (sensitivity).
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Chapter 4
On the Detectability of Density Change in
Steam-Assisted Gravity Drainage (SAGD)
Reservoirs Using Muon Tomography

Pieczonka, S., Schouten, D., Dabboor, O., Osler, D., & Braun, A. (2020). On the detectability of density change in steam-assisted gravity drainage reservoirs using muon tomography.
The Leading Edge, 39(7), 497–504.

4.1

Abstract

Muon tomography is applied to realistic density models of a Steam-Assisted Gravity Drainage
(SAGD) reservoir at 1.25 and 5 years after initial reservoir production. Forward models of
muon count and opacity based on the density models are computed, as well as inverse models of the synthetic muon observations for various simulated detector arrays. The results
demonstrate that both phases of reservoir development, namely the rising phase and the
spreading phase, can be resolved by muon detectors placed 30 meters below the bitumen
reservoir at 230 meters total vertical depth. The total mass change in the reservoir was
recovered from the inversion model and differs from the true mass change by 20 − 29%. The
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spatial distribution of density change shows very good agreement in the horizontal direction, while the vertical is less well constrained in this modeled sensor array configuration.
The inverse models provide improved insights into reservoir depletion patterns and indicate
muon tomography to be an applicable tool for continuous reservoir monitoring. The numerical modeling approach developed herein is able to model a wide range of SAGD reservoir
geometries and detector arrays towards planning of optimized monitoring solutions.

4.2

Introduction

Muon tomography can detect density anomalies in the subsurface using muon detector
arrays located underground. The method has been applied for various applications and
targets including greenfield mineral exploration and mining (Schouten and Ledru, 2018;
Schouten, 2019), archaeology (Alvarez et al., 1970) and volcanology (Nagamine et al., 1995;
Tanaka et al., 2007; Ambrosi et al., 2011; Marteau et al., 2012; Lesparre et al., 2012), to name
a few. Herein, we demonstrate the detectability of density anomalies in a Steam Assisted
Gravity Drainage (SAGD) reservoir by modeling muon detector arrays and their response
through forward and inverse modeling. Using forward modeled synthetic data based on
a realistic SAGD reservoir, an inversion method estimates the density changes across the
reservoir. SAGD reservoirs are currently monitored through 4D seismic surveys (Wang,
1997) or resistivity surveys (Ushijima et al., 1999). These methods have limitations in either
temporal or spatial resolution, which hinders continuous monitoring at short time scales,
e.g. weeks to months. The ultimate goal of this approach is to quantify the capabilities of
this method for continuous monitoring of density changes in SAGD reservoirs.
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Muon Tomography

Muon radiography maps subsurface density by measuring attenuation of cosmic ray muon
intensity as muons pass through mass. Muon tomography uses tomographic methods to derive a three-dimensional density distribution underground from multiple muon radiography
measurements. A schematic of the muon tomography principles and their use in a SAGD
reservoir is shown in Figure 4.1.
Cosmic ray muons arise from interactions of cosmic rays (predominantly protons and
helium nuclei) in the Earth’s upper atmosphere, and can penetrate far into the subsurface.
The muon flux that is incident on the Earth from all directions at sea level is ∼ 1 cm−2 min−1
(Beringer et al., 2012). Muons lose energy and eventually decay as they pass through matter.
The muon intensity underground, denoted by I(O, n̂), can be related to the opacity O along
a path to the surface in the direction n̂. Opacity is the mass traversed along the muon path
R
from the surface to the sensor O = n̂ ρ(x, y, z) d`, where ρ(x, y, z) denotes the distribution
of rock density, and O is in units of gram / cm2 , or meters of water equivalent (m w.e.,
hectogram / cm2 ).
Measurements of cosmic ray muon intensity were first used by George (1955) to measure
the overburden of a tunnel, and by Alvarez et al. (1970) in search of hidden chambers within
pyramids. Over larger spatial scales, muon radiography has been used in volcanology and
in deep mineral exploration. In the past decade, the technology has improved both in the
resolution and mobility of sensors, and computationally through more rigorous and rapid
inversion and analysis techniques.
With a muon tracking sensor, trajectories for all muons passing through the sensor
are recorded as an image map of muon intensity. Each pixel in these maps represents the
measured intensity within a section (p) of solid angle Ωp emanating from an underground
sensor up to the surface (Figure 4.1). The number of muons passing through the detector
within a given time period follows a Poisson distribution, and so a statistical measure of any
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Figure 4.1: A schematic of a SAGD reservoir with six well pairs and deployed muon
detectors shown in red. Inverted cones emanating from the detectors
are the effective field of views of the sensors and are coloured in rainbow
shades by sensitivity (the sensitivity cones extend to the surface, as shown
in the transparency towards the back). The sensitivity is greatest nearest
to the sensor. Iso-surfaces of negative density change due to reservoir
depletion are shown in brown. An insert diagram in the bottom right
shows muon tracks (µ) penetrating the ground surface and reaching the
sensor within the solid angle (Ω). Some muons are attenuated by the host
rock. The central muon passes through a body with a lower density and
reaches the detector, which leads to an increased muon intensity in that
direction. Note that figure is not to scale.
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deviations between the expected and measured intensity in each pixel can be determined,
and is represented in the following by Z. Large negative or positive values of Z indicate
regions in which the prior density model is incorrect.
In order to construct a 3D density distribution from the muon intensity data, an inversion algorithm is used that minimizes a global function φ (Menke, 1989):

min φ = min (φD + β · φM ) ,

ρ(x,y,z)

(4.1)

ρ(x,y,z)

where φD is a data misfit for the muon tomography data compared to an initial model, and
φM is a model objective function that ensures smoothness, namely:
2
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ρp dV,

(4.3)

V

where Gij is a sparse sensitivity matrix that relates the Z of the i-th pixel in the radiographic images to the anomalous density ρj of the j-th voxel in the image volume, αw is a
constant that penalizes roughness in each of the w = x, y, z coordinates and αr is a constant that penalizes deviations from a reference model. The approach described above has
been implemented in a forward and inversion modeling software to run 3D density models
with arbitrary muon detector arrays. The methodology section describes the details of the
implementation.

4.2.2

Steam Assisted Gravity Drainage (SAGD)

In this study, the target for muon tomography is a SAGD reservoir in the McMurray
formation of Alberta, Canada. Monitoring density changes within the reservoir is motivated
by two factors, i) the operation and productivity could be enhanced if heavy oil/bitumen
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and steam could be better localized, and ii) environmental hazards originating from outof-zone flow could be detected and mitigated. SAGD is one of the enhanced heavy oil
recovery methods which requires steam injection to mobilize heavy oil so that it drains into
producer wells. SAGD has been developed to efficiently extract immobile bitumen which
is situated too deep to be accessed by open mining techniques. (Economides and Martin,
2008). Despite the need to monitor productivity and depletion areas within a reservoir,
those processes are often inadequately monitored. During the SAGD extraction process,
steam is injected into the reservoir through the injection well, and mobilizes bitumen so
that it drains to an underlying producer well (Figure 4.2). The bitumen flow must be
monitored spatially and temporally to assess recoverability in the reservoir, and to increase
production efficiency, as the SAGD process requires considerable energy and water resources.
Environmental hazards must also be considered, e.g. bitumen could flow out of the reservoir
and potentially into nearby aquifers. Hence, monitoring out-of-zone flow could prevent
environmental hazards and mitigate the associated risks.
Current monitoring techniques for bitumen migration include 4D seismic surveys, microseismic surveys, borehole resistivity, temperature and pressure monitoring, and time-lapse
gravimetry (Lumley, 2001; Gu et al., 2011; Oloumi et al., 2016; Devriese and Oldenburg,
2014; Tondel et al., 2013; Elliott and Braun, 2017).
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 and Oldenburg,
2014). Microseismic monitoring records fracture 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 wells. Adequate short-term
monitoring to capture the processes of an entire SAGD reservoir is therefore needed. Muon
tomography is one of the potential techniques which, in combination with the existing
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methods, could provide a continuous monitoring solution for SAGD reservoirs with adequate
spatio-temporal resolution to have tangible benefits for both operational efficiency and
environmental risk mitigation.

Figure 4.2: A cartoon of SAGD reservoir models in the McMurray formation of Alberta. The density model is color-coded with red and purple colors indicating depletion areas. The left model shows the density distribution
along two cross-sections after 1.25 years of production, and the right
model after 5 years.
The major objective of this study is to determine the detectability of density anomalies in a real SAGD reservoir at different stages of production through muon tomography.
Specifically, we analyse what requirements exist for muon sensor arrays, what the sensitivity
of those arrays are to identify depletion volumes in a realistic SAGD reservoir, and what
inversion model limitations exist at different production stages of the reservoir.

4.3
4.3.1

Methodology
Muon forward and inverse modeling

In this study, forward modeling is performed using modeling software developed by Ideon
Technologies, Inc. and described in (Schouten, 2019; Schouten and Ledru, 2018). The
muon intensity I(O, n̂) is stored in a multidimensional lookup grid for various media. The
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expected number of muons to be detected within a given pixel p of a detector image map
is determined by
Z
N

Z

∞

= ∆t
Ωp

0

|


dN
· p(E; O) dE α(n̂) dΩ
dt dE dθ
{z
}

(4.4)

=I(O,n̂)

where ∆t is the exposure time of the sensor,

dN
dt dE dθ

is the sea-level muon momentum spec-

trum as a function of the muon energy E and angle θ with respect to vertical, p(E; O) is
the probability for a muon with energy E to survive through a certain opacity O, and α(n̂)
incorporates the sensor acceptance and detection efficiency as a function of the muon trajectory. Note that muon scattering is ignored in this formulation, but for reasonable depths
the dominant imaging blurring is due to Poisson statistics, so this is a valid approximation.
The inverse problem is posed by defining the sensitivity matrix G for the linearized
problem,
Gij =

∂Zi
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∂ρj
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dΩ
,
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where `j (θ) is the path length of a straight ray along θ through the j-th voxel, and the
approximation is in the Gaussian limit of the Poisson distribution.

4.3.2

Model input

The density data which serves as the input to the forward model and the truth comparison
herein for the inversion models, is from a real SAGD reservoir located in the Athabasca
region of Alberta, Canada. The density data provided by the operator was compiled from
geological and geophysical observations including well and core logs, 3D-seismic, log analysis, reservoir and geological modeling, and regional comparisons. The density data was
provided at 2m ∗ 2m ∗ 2m spatial density, at three time intervals after initial production
(AIP), 0, 1.25 and 5 years.
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The average absolute density of the targeted formation is 2.16g/cm3 , and the density
ranges between 2.04 and 2.62g/cm3 . The area under production is approximately 600m by
1000m with a targeted depth of 200m total vertical depth (TVD). Six well pairs are located
at a TVD of 230m with an approximate cross-line well separation of 80m between pairs.
The density models used herein have a voxel size of 2m ∗ 2m ∗ 2m and were forward modeled
with various muon detector arrays to quantify the sensitivity of the arrays towards density
anomalies.
The two time intervals AIP represent two major phases of reservoir development: the
rising phase (1.25 AIP) and the spreading phase (5 AIP). During the rising phase, the
reservoir is only partially heated close to the injector wells, and bitumen depletion occurs
along the wells but does not occur in areas between them. It is visible through density
changes along vertical curtains over the injector wells (Figure 4.2). The spreading phase
occurs later in the production cycle when the reservoir as a whole is sufficiently heated.
During this phase the heated volume has expanded across the well pairs and leads to more
homogeneous depletion patterns except in those areas where lithologic variations prevent
the steam from contacting the bitumen. Both phases of reservoir development are tested
herein to identify the applicability of muon tomography throughout the SAGD reservoir life
cycle.

4.3.3

Model Parameters

The muon detector arrays implemented in the models were designed to fit the requirements
of the specific SAGD reservoir geometry, assuming that detectors can be placed in the
horizontal wells beneath the reservoir layer (factors that need to be addressed for this
assumption in a real-world scenario include high temperatures within the producing wells
and the specific size of the wells at different field sites). This assumption leads to a crosswell spacing of 80m, or 160m if detectors are only installed in every other well pair. A
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sensitivity study revealed that it is necessary to place detectors in every available well,
otherwise, parts of the reservoir volume are not monitored due to the limited visibility area
of the detectors. Hence, the cross-well spacing of the detectors was set to 80m in this model
and this configuration includes 98% of the reservoir within the view of the sensors. The
sensitivity of the sensors to the reservoir volume is shown in Figure 4.1. The depth of
the detectors was fixed to 230m TVD. The flux of muons through all detectors at 230m is
estimated to be approximately 190 muons / minute, and the exposure time of the sensors
was set to 90 days. The data becomes more resolved with time as muon counts increase,
and this time interval is sufficient to smooth out Poisson noise, but meaningful results can
be obtained in shorter time frames down to weeks. The sensors in this modeling study are
designed to fit inside an “HQ”-sized well-bore, and are 10cm in diameter and 3m in length.
Customizations are required for a real-world scenario to accommodate the temperature
and size logistics of the encapsulating borehole. The muon intensity is highest near the
vertical direction for horizontally-oriented sensors, as there is less depth to traverse from
this direction. Muons can be detected from all angles above the sensors, but due the drop
off in intensity away from a zenith of 0 degrees, an effective viewing angle of a single sensor
is approximately 50 degrees from the vertical. The αr term in Equation 4.3 is set to zero
so that no reference model is included and no prior geological information is added. The
models shown and discussed in the results represent unconstrained inversions.

4.4

Results

The inversion modeling results are shown for 6m ∗ 6m ∗ 6m voxels using 180 sensors spread
evenly throughout the six well pairs. Synthetic muon data was produced through forward
modeling of density values from the SAGD reservoir for two scenarios: a reference model
“REF0” (before production started) and depleted models “DEP1” and “DEP5” (after 1.25
and 5 years of operation, respectively) relative to REF0. The forward modeled data was
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inverted to test the comparability between the inversion results and the “true” density
models. The results are presented first for DEP1, and finally for DEP5. A scatter plot
shows the density change for the true and inverted models by voxel location and allow for a
comparison between the inversion and the true density models. The 3D visualizations show
the entire model density distribution as the background volume and the specific density
change iso-surfaces are highlighted in blue colours for contrast. Iso-surfaces are contoured
at the peripheral 7, 5, and 3 percent of the maximum density change in the depleted data
compared to the reference data for both the true and inversion models, to show an unbiased
comparison between the truth and the inversion. The inversion demonstrates the ability to
localize the anomalies despite having different magnitudes.

4.4.1

Results after 1.25 years

Inversion results after 1.25 years of production are shown in Figure 4.3, compared with
the true reservoir model at the same time after initial production. Both the inversion and
true model contours are shown within the volume in its entirety. The inversion results are
contoured at three intervals of depletion to show localization ability and precision in spatial
resolution. The density depletion areas are localized above the well-bores correlating with
the rising phase of reservoir depletion. The inversion model shows depletion areas which
spatially correlate well with the true model, and correctly localizes anomalies of high depletion rates along the wells. The maximum density change from the inversion is −0.09g/cm3
with a mean density change of −0.0144g/cm3 . The maximum density change in the true
model is −0.24g/cm3 with a mean density value of −0.0107g/cm3 . The true model shows
a greater range in density values, and the mean change in densities between both models
differs by 0.0037g/cm3 or 29% (relative). The 2D histogram in Figure 4.4 shows the density
change across all voxels within the reservoir for both models. It can be seen that the density change is correlated for the models but the vertical bars, especially around (0,0), shows
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vertical smearing in the inversion. This is a consequence of the inversion algorithm being
unable to constrain the magnitude of density change and the vertical location at the same
time, which is inherent of every inverse modeling problem. In this unconstrained inversion,
the smearing of depletion occurs along the muon trajectories, and further constraints must
be applied to mitigate this effect.
To demonstrate this concept further, the voxels highlighted in the black box in Figure
4.4 are shown spatially in Figure 4.5. Those voxels which have zero depletion in the truth
data, but show varying depletion in the inversion, are shown as red surfaces, which arise
in the inversion above the true depletion (blue). These voxels are located above the well
pairs, showing that the inversion is correctly localizing the lateral location of the depletion,
but smearing the depletion out in the vertical direction. Removing these voxels shows an
increase in the Pearson correlation coefficient (the red vs. pink R values) in Figure 4.4.
The total mass change is 417 kilotonnes for the true model vs 560 kilotonnes for the
inverse model. The simulated muon array is able to resolve the location and relative magnitude of density change caused by bitumen depletion during the rising phase very well.
Most importantly, it detected the two areas in the reservoir where no depletion occurred
(northeastern and southeastern corners of the reservoir along the fifth well pair; x1 = 1120,
y1 = 1750 and x2 = 1120, y2 = 2250, and the southwestern section along the second
well-pair at x3 = 960, y3 = 1900).

4.4.2

Results after 5 years

Inversion results after 5 years of steam injection (DEP5) are shown in Figure 4.6, compared
with the true reservoir model at the same time AIP. As with DEP1, both models show the
entire volume of density change, and are contoured at the same contour intervals of 7, 5, and
3 percent of the peripheral maximum density change from initial production. The spread
of depletion in blue between the wells indicates the transition into the spreading phase.

4.4. RESULTS

54

Figure 4.3: Inversion results at the 1.25-year time interval after initial production
(DEP1). The top panel shows the CRM inversion model and the bottom
panel shows the true model. Both models are contoured at their respective
peripheral 7, 5 and 3 percent of the density change from time 0 (REF0)
data in g/cm3 .
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Figure 4.4: A 2D Histogram of true vs. CRM Inversion density change at equivalent
voxel locations in g/cm3 at the 1.25-year time interval after initial production. The data is colored by number of voxels at the axes’ density
change values. The Pearson correlation coefficient R value for all data
within the reservoir is shown in red. The black rectangle outlines the
data which shows zero depletion in the truth, but varying depletion in
the inversion model. These data represent vertical smearing in the inversion. The spatial location of these voxels are shown in Figure 4.5. The
R value shown in pink is calculated with these voxels removed from the
data set.
At this stage most of the reservoir experiences depletion, as the steam chamber reaches
maximum height and spreads laterally between wells. Viewing from the surface reveals
that individual well pairs can no longer be distinguished, as the spreading phase covers the
rising phase volumes. The inversion model shows similar depletion patterns to the true
model, highlighting a large area of low depletion in the central northeast sector along the
fifth well, and also the lack of depletion entirely in the southeast corner of the reservoir
similar to the status in DEP1 (Figure 4.3). The inversion even localizes smaller areas of low
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Figure 4.5: The spatial location of vertical smearing in the inversion model shown
in plan view (top), and an oblique zoomed view (bottom). The set of
voxels with true depletion is shown in blue (T*), and locations of vertical
smearing (voxel locations in the black rectangle in Figure 4.4) are shown
in red (S*). The vertical smearing is shown here to occur at locations
directly above the well pairs.
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or no depletion such as in spots along the westernmost well and two isolated spots along
the third and fourth wells (approximately x1 = 900 − 1000). The maximum density change
in the inversion model is −0.14g/cm3 with a mean density change of −0.064g/cm3 . The
maximum density change in the true model is −0.28g/cm3 with a mean density value of
−0.0524g/cm3 . The true model still shows a greater range in density values, and the mean
change in densities between both models differs by 0.012g/cm3 or 20% (relative).
The total mass change is 2040 kilotonnes for the true model and 2491 kilotonnes for the
inverse model. As in DEP1, the DEP5 inverse model creates lower magnitudes of density
change than the true model, although the mean density change (and overall mass change)
is closer at 5 years. While the depletion patterns are well represented, the magnitude of
density change remains less well constrained. This arises from the non-uniqueness of the
inversion algorithm, especially in this particular sensor configuration where the sensors are
directly below the wells.

4.5

Discussion

The discussion section will describe the following aspects of this study, i) the strength and
weaknesses of the approach used herein for SAGD reservoir monitoring, ii) the number of
muon detectors in the array, iii) the non-uniqueness of the inversion results, and iv) how
other methods could be incorporated to overcome the limitations.
The results presented here demonstrate that muon tomography may be an excellent
tool to detect density anomalies in SAGD reservoirs even at scales which often are not
detectable by other geophysical methods, such as potential field methods or seismic imaging.
The horizontal position of depletion volumes in the inverse models compares well with the
true models. However, the vertical position is less well constrained in this modeled sensor
configuration. The magnitude of density change is generally lower for the inverse models
compared to the true models. This is an artefact of the inversion algorithm associated with
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Figure 4.6: Inversion results at the 5-year time interval after initial production
(DEP5). The top panel shows the CRM inversion model and the bottom panel shows the true model. Both models are contoured at their
respective peripheral 7, 5 and 3 percent of the density change from time
0 (REF0) data in g/cm3 .
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the non-uniqueness of the solution. As the inversion algorithm minimizes the objective
function, the density values are changed to reach an improved fit. The density changes
are not well constrained in the vertical by the muon detectors, which leads to density
anomalies being smeared across the depth range of the reservoir above the sensors. There
are two complementary options to improve this, i) include auxiliary information about
the density distribution (e.g. from gravimetry, seismic, or geological information), or ii)
optimize the location of the detectors to improve the vertical resolution, such as by using
sensors in vertical boreholes rather than a singular depth as in the horizontal array used
in this study. This may require more muon detectors and potentially additional or even
dedicated boreholes for muon tomography. A logical next step to improve the result is
to apply constraints that include weighting matrices, known geological information such as
assay data, and to implement vertical sensor arrays. The addition of the vertical array could
also mitigate the issue of temperature limitations on the sensors, as the vertical boreholes
can be drilled in between the well-pairs.
The localization of depletion volumes is probably the most robust attribute of muon
tomography and inversion, and would allow for improved decisions about steam injection
rates per well or production changes. This method would also be able to localize out-of-zone
flow, as indicated by the robustness of the inversion models. This approach could detect
low (or zero) depletion areas across the life cycle of the reservoir, both during the rising
and the spreading phases on a quasi-continuous basis (i.e. 90 days or less with additional
muon sensors).
In order to successfully localize out-of-zone flow, the depletion chamber geometry must
be further constrained to minimize spurious smearing. With the sensor array used in this
study and representing an unconstrained scenario, the lateral resolution is already highenough to model meter-scale depletion. If the above-mentioned constraints are used to
improve the vertical resolution, it is reasonable to anticipate that the inversion is adequate
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to identify possible leakage areas. With appropriate detector configurations and additional
inversion constraints, muon tomography could be used to detect the leakage of contaminants
escaping the reservoir.
The mean density change and the total mass change between inverse models and true
models is reasonably well constrained, which can be expected, but the range of density
changes is different. This could only be overcome by using more constraints for the inverse
model, e.g. through limiting the volume in which density can change in the inversion
process. In this sense, the “blind” inversion algorithm used herein is conservative, because
no constraints were imposed on the solution from the known geometry of the depletion
zones as emanating from the injection wells.
A muon detector’s field of view is an upside-down cone which limits its sensitivity to
a very narrow region near the detector and a wide region near the surface (Figure 4.1).
Neighboring detector’s viewing cones may overlap, but often only in the upper part of the
cone if sensors are far apart. A second related obstacle is the geometric ambiguity, as density
anomalies anywhere along a muon trajectory between the surface and the underground
sensor in one direction will have the same effect on the observation. Therefore multiple
views from different sensors are needed to triangulate the anomaly.
While seismic surveys are the conventional choice for monitoring bitumen depletion in
SAGD reservoirs (Lumley, 2001; Devriese and Oldenburg, 2014; Oloumi et al., 2016), they
are expensive and labour-intensive, and suffer from ambiguities in interpretation because
they do not directly measure density. A gravimetric study by Elliott and Braun (2017)
using synthetic data from modeling super-conducting gravimetry and gradiometry showed
that gravity data could be used to detect density changes in a SAGD reservoir over time
caused by fluid migration and depletion. While gravimetric data can also measure density
directly and has high resolution close to the sensor, it suffers from decreased resolution with
depth. Muon tomography can provide high-resolution average densities in a constrained
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direction, but lacks in spatial resolution along the ray-paths. Muon tomography is also
limited by the number and placement of sensors and campaign duration, which leads to
an underdetermined inversion problem. A joint inversion between gravity and muon data
could complement each other because they both measure the same parameter and can better
constrain the true density changes (Barnoud et al., 2019; Lelièvre et al., 2019; Cosburn et al.,
2019). A joint inversion between gravimetric and muon data was introduced by Davis and
Oldenburg (2012) and can be performed in Ideon’s inversion code. It was also described
by (Nishiyama et al., 2014) and was established quantitatively for realistic heterogeneous
models by Jourde et al. (2015). Studies by Nishiyama et al. (2017) and Rosas-Carbajal
et al. (2017) successfully used joint inversions to model lava domes using real observations.

4.6

Conclusion

This study demonstrates the detectability of SAGD reservoir depletion patterns through
muon tomography. Forward and inverse modeling was applied to realistic SAGD reservoir
density models for time intervals after initial production (AIP): 1.25 years and 5 years.
Forward modeling of a muon detector array response to density changes revealed that
approximately 180 detectors are needed in the six well pairs covering a 600m by 1000m
large reservoir to resolve depletion volumes for individual well pairs at short time intervals
of 90 days. An important advantage of muon tomography is that once the sensors are
installed, they remain there for continuous surveying with little or no maintenance. So even
with a large number of sensors, this method is expected to be competitive in cost to current
monitoring techniques within the first survey campaign. Further, this study was completed
with a very short exposure time of 90 days, but the number of sensors can be decreased in
exchange for longer exposure times (approximately 1/3 of sensors for a 120-day survey).
After 1.25 years of operation, the results of the inversion model clearly show where the
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reservoir was depleted and areas that did not experience any depletion. After 5 years of production, the results demonstrate that the reservoir was further depleted, including between
the well pairs. Both results indicate that muon tomography could provide important depletion parameters towards optimized operations. Firstly, operators may use the results to
identify regions and well pair segments which do not show any density change and therefore
do not produce efficiently. Those segments of the reservoir could be removed from steam injection to save energy costs. Secondly, environmental risks associated with out-of-zone flow
could be detected and mitigated early, compared to less frequent 4D seismic monitoring.
Muon tomography is very applicable to monitor SAGD reservoirs across realistic reservoir
depth ranges of several hundred meters, and may provide a marked improvement in spatial
resolution in detecting density changes. Besides the potential improvements shown here,
SAGD reservoir monitoring could benefit from a joint inversion which incorporates surface
gravity, gravity gradiometry, seismic, and muon tomography. The differing sensitivities of
these methods can provide a complementary combination to constrain the inversion model,
and fill in blind zones and shallow target depths which muon data may be lacking, due to
lack of visibility or lack in resolution. Operational constraints such as well-diameter and
high temperatures likely make dedicated muon tomography monitoring wells a better option
than adding the detectors to the producer well, due to the harsh environmental conditions
in the producer well and logistic constraints. Nevertheless, the results presented here clearly
show the potential of this innovative monitoring approach for SAGD and other enhanced
oil recovery methods.
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Chapter 5
Joint inversion of Muon Tomography and Gravity
Gradiometry for Improved Monitoring of
Steam-Assisted Gravity Drainage (SAGD)
Reservoirs

Pieczonka, S., Schouten, D., & Braun, A. (2021). Joint inversion of Muon Tomography
and Gravity Gradiometry for Improved Monitoring of Steam-Assisted Gravity Drainage
(SAGD) Reservoirs (under Review). Geophysics.

5.1

Abstract

Steam-Assisted Gravity Drainage (SAGD) reservoirs require an immense amount of energy
and water resources, and proper monitoring of steam evolution and depletion patterns is
integral to the economic and environmental efficiency of the operation. Muon tomography
is a passive sensing technique which has proven to successfully model density anomalies in a
variety of applications, but has not yet been applied to the oil and gas field. A previous study
simulated muon intensity data to model density changes in a realistic SAGD reservoir over
time at 1.25 and 5 years after initial production. The results showed that muon tomography
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is a promising technique for monitoring SAGD reservoirs with high spatial resolution and
over short time intervals of weeks to months. In this study we demonstrate the advantage
of adding gravity data and muon tomography data in a joint inversion to improve the
inversion models. Forward models for simulated muon and gravity data are jointly inverted
for a realistic SAGD reservoir at 230 and 130 meters total vertical depth at 1.25 years after
initial production. Results show that the addition of gravity data helps to constrain the
density change models mainly in depth, and to a smaller extent laterally. For a sparse muon
sensor array of 48 sensors over a 100m x 600m reservoir at 100m depth, the joint inversion
using vertical gravity (gradient) data reduces the difference between the inversion and true
model by ∼ 10% (12%) compared to a muon-only inversion. The improvement is smaller at
200m depth with 3% (6%). The improvement in resolvability metrics are summarized and
limitations are discussed. The addition of multiple data types in a joint inversion improves
the resulting models leading to an overall decrease in model uncertainty which can be used
for improved operational efficiency in SAGD operations.

5.2

Introduction

Muon detectors placed underground can measure density anomalies located between the
sensor and ground surface along the muon trajectories. In this study, we simulate muon
detectors placed beneath Steam-Assisted Gravity Drainage (SAGD) well-pairs and add
synthetic surface gravity data in a joint inversion to estimate density change at 1.25 years
after initiation of production. The motivation for this approach is to provide high-resolution
models on short time-scales which are not currently available, either due to lack in spatial
resolution, coverage, or cost limitations. While muon tomography could likely provide a
significant increase in spatial and temporal resolution in its own right, we demonstrate herein
the advantages of utilizing multiple data types to optimize the result, namely synthetic
vertical gravity and vertical gravity gradient data. While muon tomography achieves high
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localization power and senses density anomalies only along muon trajectories, gravity senses
density anomalies across the entire reservoir with limited localization power. Hence, a
combination of both data types in inversion modelling is logical and was first proposed by
(Davis and Oldenburg, 2012) and modelled by (Jourde et al., 2015; Lelièvre et al., 2019;
Barnoud et al., 2019).

5.2.1

Muon Tomography

Muon tomography was first used by George (1955) to characterize tunnel overburden and
by Alvarez et al. (1970) to probe for hidden caverns within ancient pyramids. More recently,
muon tomography has been used for various applications such as volcanology (Nagamine
et al., 1995; Tanaka et al., 2007; Ambrosi et al., 2011; Marteau et al., 2012; Lesparre et al.,
2012; Oláh et al., 2019), infrastructure stability (Bonomi et al., 2019), archaeology (Morishima et al., 2017), and deep mining exploration (Schouten and Ledru, 2018; Schouten,
2019). Muon tomography has not yet been implemented for oil and gas applications, but
the density changes that occur as steam replaces bitumen in SAGD reservoirs indicate that
muon tomography is a suitable tool for monitoring (Pieczonka et al., 2020).
Muon tomography is a passive sensing technique which measures the attenuation of
muons penetrating through a target volume. Muons arise naturally through the interaction
of cosmic rays with the Earth’s upper atmosphere, where particle showers give rise in part to
pions, some of which decay into muons. Muons arrive at Earth’s surface from all directions
and this energy spectrum is well-characterized at sea-level, with an average flux of ∼ 1
cm−2 min−1 (Beringer et al., 2012). The average energy of muons at sea level is 4 GeV with
a decreasing intensity from the vertical (θz ) according to cos2 (θz ) (Beringer et al., 2012).
Muons attenuate as they traverse through matter, and their intensity I(O, n̂) is related
to the opacity O along their trajectory n̂ from the sensor to the ground surface. Opacity
R
is the integrated mass along the particle path O = n̂ ρ(x, y, z) d`, where ρ(x, y, z) is the
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Figure 5.1: Schematic image of a SAGD reservoir with six well pairs with deployed
muon detector locations in red, and gravity stations in blue. The detectors
have an effective field of view which is an inverted cone with its apex at
the detector and which emanate to the ground surface. The transparency
at the back of the image shows that the fields-of-view extend all the way to
the surface. They are most sensitive nearest to the detector (sensitivity
is shown in rainbow colours.) Brown density-change iso-surfaces at an
arbitrary cut-off are shown in dark brown. An insert at bottom right
shows one muon detector with its solid angle (Ω) field-of-view. Some
muons (µ) traverse through the ground and are attenuated by the denser
host rock or they pass through the relatively lower-density steam chamber
(brown) and reach the detector. There will be a higher average muon
intensity from this direction. Note that figure is not to scale.
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distribution of rock density, and O is in units of gram / cm2 , or meters of water equivalent
(mwe, hectogram / cm2 ). The attenuation of muons through rock is well documented
such that significant deviations in measured opacities can be distinguished from expected
opacities at a given depth and rock density, which indicate density anomalies.
Within a muon sensor, muons pass through multiple scintillating detection planes which
record the direction of the particle. Muon counts are binned according to this direction as a
pixelized map of muon intensity. Each pixel records a total intensity for a particular section
of solid angle Ωp within the detector’s acceptance volume, which is a conical-like volume
with its apex at the underground sensor and emanating towards the surface. Figure 5.1
(Pieczonka et al., 2020) shows a schematic of the muon tomography method applied to a
SAGD reservoir with an insert to show the arrival of muons at a sensor. The arrival of muons
is well-described by a Poisson distribution, so statistical measures of deviation between
the measured and expected intensities for each pixel, denoted by Z can be determined.
Significantly large positive or negative values indicate areas where the initial density model
is incorrect.
3D models of the density distribution are constructed by first discretizing the model
volume. Herein we use prismatic cells with equal density distribution within each cell.
Generally, the data value vector is related to the density through a sensitivity kernel as
follows:

di =

m
X

Gij ρj ,

(5.1)

j=1

where Gij is the sensitivity kernel of the j th volume with density pj .
An inversion algorithm minimizes a global objective function φ (Menke, 1989):

min φ = min (φD + β · φM ) ,

ρ(x,y,z)

ρ(x,y,z)

(5.2)
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where φD is a data misfit for the muon tomography data compared to an initial model, and
φM is a model objective function that ensures smoothness weighted by a relative factor β.
The two terms can be expressed as:
2


φD =

X

Zi −

i∈ pixels

φM

=

X
w=x,y,z

Z

X

Gij ρj 

j∈ voxels

qw

αw
V

∂ρ
∂w

(5.3)
Z

dV + αr

ρp dV,

(5.4)

V

where Gij is the muon sensitivity kernel that relates the Z of the i-th pixel in the radiographic images to the density ρj of the j-th voxel in the image volume, αw is a scalar that
penalizes roughness in each of the w = x, y, z coordinates and αr is a scalar that penalizes
deviations from an optional reference model.

5.3

Gravity

Gravity data is a traditional survey technique used extensively for all types of geophysical
applications. It is readily collected from airborne and ground-based platforms and is widely
available. Because it is also sensitive to density distributions, gravity data can be easily
added to the data vector in a joint inversion with muon tomography.
Commonly the vertical component of the gravity vector is used in geophysical surveys.
The first derivative of the potential (U ) in the vertical direction (Uz ) is expressed here for
the ith datum at point ri after Blakely (1995):
Z
Uz (ri ) = γ∆ρ(r)
V

(z–zi )
dV.
|(r–ri )|3

(5.5)

ρ is the density of volume V , and γ is the gravitational constant. The datum in the discretized problem can be expressed identically as the muon data but with its own sensitivity
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kernel for the ith datum for the j th model cell (Li and Oldenburg, 1998):
Z
Gij = γ
∆Vj

z − zi
dV.
|r − ri |3

(5.6)

The gravity data vector can be expressed as in (5.1) written in vector notation for
compactness with g and µ denoting gravity and muon, respectively:



 
 
 
d
 g
Gg 
d =   = G ∆ρ =   ∆ρ .
dµ
Gµ

(5.7)

The new global objective function including gravity and muon data is then:

min φTOTAL

ρ(x,y,z)




g
µ
g
µ
= min φD + λ φD + β w(z) φM + η φM
.

(5.8)

ρ(x,y,z)

λ is a factor applied to the muon data misfit term and normalizes the difference in the
number of observed data points and signal to noise ratio between gravity and muon data
vectors, w(z) is a weighting matrix which counteracts the r2 decay of the gravity kernel,
and η balances the two model objective functions. The reader is directed to (Davis and
Oldenburg, 2012) for a more detailed description of the scaling terms.
Gravity data collected with a gravimeter are sensitive to the entire Earth volume, but
can sense local changes in density distribution. However, the inversion problem is ill-posed,
as potential fields do not contain any sense of depth from source to receiver. On their own,
gravity interpretations suffer from ambiguity and often require rather large prior constraints.
To a lesser degree, the muon tomography problem is also non-unique, as a measured intensity
estimates an average density-length along a particular direction, but without distinguishing
the distribution along that path. Because both methods are sensitive to the same physical
property (density variation) but have different spatial sensitivities to density, they can
be complementary when used jointly in inversion. Previous studies have demonstrated the
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advantages of a joint inversion between gravity and muon intensity data in synthetic studies
(Davis and Oldenburg, 2012; Nishiyama et al., 2014; Jourde et al., 2015; Lelièvre et al., 2019;
Barnoud et al., 2019). In the field, this approach has been successfully demonstrated in
volcanology (Rosas-Carbajal et al., 2017; Nishiyama et al., 2017) and to characterize flatlying strata (Cosburn et al., 2019).
Due to the portability of the data misfit equation, it is reasonable to assume that many
other types of data could be added to the inversion. We therefore also propose the addition
of the vertical gravity gradient (Uzz ), which has been described in more detail in Elliott
and Braun (2017), as it is added to the system of equations identically as in (5.7) and (5.8).
The second derivative of the gravitational potential is:

Uzz = ∇2z (U ) =

δUz
,
δz

(5.9)

and will be referred to herein as the gravity gradient or vertical gravity gradient (Uzz ).
The depth weighting matrix w(z) in (8) is appropriately updated to accommodate the
r3 decay of the kernel with depth. Gravity gradients have different spatial sensitivity to
density variation, and are often used to capture the higher frequency fluctuations. The
vertical gradient Uzz is useful for localizing anomalous body position and depth. Gravity
gradients have been used in joint inversions for various applications. Capriotti and Li (2014)
jointly inverted the vertical gravity component and six components of the gradient tensor to
increase the resolution of synthetic basin models. This approach of using both the gravity
and gravity gradient was used in the field for satellite surveys such as with the GOCE
(Gravity field and steady-state Ocean Circulation Explorer) mission (Bouman et al., 2016).
Other data types such as magnetic, magnetotelluric and borehole gravity data have been
combined with gravity gradient data in inversions to reduce uncertainty in modeling (Zhu
et al., 2013; Zhang and Li, 2019; Geng et al., 2017).
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Steam Assisted Gravity Drainage (SAGD)

The target for the joint inversion is a realistic SAGD reservoir located in Alberta, Canada,
which is described is greater detail in (Elliott and Braun, 2016). Density change models at
two time periods (1.25 and 5 years) after the start of production (Time 0) represent the two
main phases of reservoir depletion. At 1.25 years (rising phase) steam chambers run mainly
in the in-line direction, and at 5 years (spreading phase) steam chambers have reached
their maximum vertical extent and spread laterally between wells. In this study only the
rising phase (1.25 years) is considered to demonstrate the spatial resolvability of crossline and in-line depletion distribution when the steam chambers are discontinuous. SAGD
reservoirs require a large amount of energy and water resources to heat and mobilize the
bitumen. It is therefore an important matter to properly monitor the steam evolution over
the reservoir life cycle, as operational efficiency is vital to the success of the SAGD campaign
and to minimize environmental impact. Simulations in a previous study on the feasibility
of using muon tomography to monitor SAGD reservoirs showed that muon tomography
has the ability to model the density change distribution over the reservoir life cycle on
short time scales of weeks to months (Pieczonka et al., 2020). The findings indicated that
muon sensors placed in either a horizontal array at constant depth below the well pairs
or in vertical boreholes in between the well pairs, can provide high resolution models that
reproduce the true density change iso-surfaces on the order of meters. When factoring in the
need for high-resolution monitoring that is quasi-continuous and financially practical, muon
tomography may provide an unmatched standard of resolution compared to traditional
methods. However, it is still favourable to optimize the solution as much as possible within
means. The addition of gravity data which is relatively simple and cheap to acquire is
an attractive option to do so. Ultimately, a monitoring design needs to be established for
each target, and the number of muon sensors, their location and observation time provides
constraints which immediately affect the resolvability of density change targets. Hence, any
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Figure 5.2: Slices of the SAGD reservoir density model at 1.25 years (rising phase)
after initial production. Six well pairs underlie the reservoir (purple and
blue) and the steam chambers evolve in in-line oriented curtains rising
from the purple injector wells. The model shown here is vertically exaggerated (x2) for easy viewing. This density model is the input for the
forward models and represents the “true model” for comparison with inversion results. Note that the figure is not to scale.
additional constraints from other data sources could overcome some of the limitations or
reduce the number of sensors necessary.

5.4

Methods

Density change models were provided by the SAGD operator based on geophysical and
geological observations at 2m spatial resolution. The reservoir is approximately 600 by
1000 meters in the cross-line and in-line directions, respectively. The reservoir is located

5.4. METHODS

73

at approximately 230m total vertical depth (TVD) and is about 40m thick and lies below
a shale cap. In this study, only the 1.25 year (rising phase) is considered, as it presents
the most variety in density distributions in both the cross-line and in-line directions, and
so requires a high degree of spatial resolution to model. Forward and inverse models for
both gravity and muon tomography are created using the equations presented herein and
software developed by Ideon Technologies Inc., and the output represents 3D density change
models. The general workflow is outlined in Figure 5.3.
The density data is forward modeled for muon intensity data using a varied number of
muon sensors (12 − 120) placed 15m below the producer wells for a reservoir depth of 200m
and 100m. Note that this is the depth to about the middle of the reservoir, so 200m depth
refers to the real reservoir data provided by the operator, and 100m depth refers to the
same geological model except with the reservoir raised in depth by 100m. The exposure
time is set to 90 days to demonstrate a short turn-around time while smoothing out noise
reasonably. The muon sensors simulated in this study are based on developed borehole
detectors which are 3m in length and 8.5cm in diameter. They are engineered to withstand
rugged conditions including temperature and fluid resistance as required beneath a SAGD
reservoir (Ideon Technologies Inc.).
Surface vertical gravity (Uz ) and vertical gravity gradient (Uzz ) data are forward modeled at 12m and 20m spacing for a total of 3692 (1376) observations. Gravity data are
simulated based on an iGrav Superconducting gravimeter which has an estimated effective
accuracy of about 0.5 µGal considering total drift and precision, and was studied to monitor
the same reservoir model in Elliott and Braun (2017). This is a conservative estimate and is
used as the error for vertical gravity measurements in this study. The error for the vertical
gravity gradient was set to 0.05 µGal/m. Forward models for Uz and Uzz are shown for the
reservoir at 100m and 200m depth, and for 80 and 120 meter separation to demonstrate
the resolution capabilities of both methods. The gravity and muon intensity data is jointly
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Figure 5.3: A flowchart of the general pipeline for synthetic 3D modeling in this
study. The initial input is a density change model upon which synthesized
gravity and muon sensors are placed. Gravity and muon intensity data is
forward modeled from the input model at the sensor locations. Finally,
the forward models are used as input for the inversion. Independent
inverse models for muon-only and gravity-only inversions are created, and
data from both forward models are inverted simultaneously to produce
a joint inversion between both data sets. Simple sensor sensor array
schematics show the general layout for the respective data types. Gravity
stations are located at surface (0m) at regularly spaced intervals, and
muon sensors are placed directly below the well-pairs. Increasing the
muon sensor density will therefore decrease the spacing in the in-line
direction, while the cross-line spacing will remain constant.
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inverted to yield 3D density change models at 6m spatial resolution. A few examples are
presented in figures to highlight the benefit of the method and to show the limitations. A
wider swath of results are summarized in Table 1.
The joint inversion with muon and Uzz data at 100m reservoir depth is compared with a
muon-only inversion, and some metrics of performance are discussed. All inversion models
shown here used a weighting matrix to penalize density change above or below the reservoir.
For SAGD applications there are good constraints on the depth to caprock and also the
bottom of the reservoir. However, because the gravity signal is sensitive to even small
fluctuations within the caprock, a mildly constrained weighting matrix is used in this study,
which only puts weights on the bottom of the reservoir, and the top 6m of the model (down
to -169m depth) which is the approximate depth to the top of the caprock. A constant
value for the top and bottom depth of the reservoir is used regardless of the true grade and
heterogeneities. 3D models are shown for visualization, and metrics on the improvement for
the joint vs muon only inversions are presented. Advantages and limitations of the approach
are discussed, along with future work to be addressed.

5.5

Forward Models

The 3D models produced by the voxel-based inversion are discretized into prismatic cells
of homogeneous density. It is therefore convenient to conduct the gravity (Uz ) and gravity
gradient (Uzz ) forward modeling based on the summation of the signal over individual rightrectangular prisms. The gravitational attraction due to a prism has been investigated since
the early 19th century (Bessel, 1813; Mollweide, 1813) and several similar algorithms now
exist which have been well-studied and improved upon. Nagy (1966) derived the vertical
gravity component for a prism for studies of the gravity field, geoidal height and gravity
anomalies. This formula has been altered or improved upon by Plouff (1976), Okabe (1979),
Yao and Changli (2007), and Gharti et al. (2018), for example.
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For a rectangular prism composed of planar facets, the vertical gravity (Uz ) and the
vertical gravity gradient (Uzz ) at observation point Po (xo , yo , zo ) can be written (Okabe,
1979):

Uz = γρ

8
X

sgn (xj ) sgn (yj ) sgn (zj ) · fz ,

(5.10)

j=1

Uzz = −γρ

8
X

sgn (xj ) sgn (yj ) sgn (zj ) · fzz ,

(5.11)

j=1

(
sgn(x) =

1 if x = X1
,
−1 if x = X2

(5.12)

where x, y and z are Cartesian distances from the j th node of the prism to the observation
point P in each x, y, z direction (x = xj − xo ), and fz and fzz are the nodal functions
(Okabe, 1979):

fz (x, y, z) = x · ln [y + r] + y · [x + r] + 2z · tan−1
fzz (x, y, z) = tan−1

xy
,
zr

x+y+r
,
z

(5.13)
(5.14)

where r = (x2 + y 2 + z 2 )1/2 . Each node (j) contributes a positive or negative polarity of
x, y, or z to the integration depending on the outward normal direction of the facet, which
distinguishes X1 from X2 . For example, the outward normals of the two facets parallel to
the x plane face two opposite directions, and one facet can be assigned X1 , and the other
as X2 . The same follows for the y and z facets. The convention used is arbitrary as long as
the nodes are numbered clockwise or counter-clockwise on the top and bottom facets.
The Uz or Uzz signal from each prism can be summed to yield the total signal at the
point of measurement.
The first assessment is to observe the ability of the gravity signals to resolve the target
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similar to Elliott and Braun (2017), who used the same SAGD model uisng a different
modelling approach. The reservoir model in Figure 5.2 is forward modeled for the vertical
gravity (Uz ) and vertical gravity gradient (Uzz ) for a reservoir depth of 100m and 200m,
each at a lateral well pair separation of 80m and 120m. The Athabasca Oil Sands are
Canada’s largest oils sands reservoir and they span vertically from 0m (surface) to 500m
depth (Mossop, 1980). The gravity signal’s 1/r2 dependence on distance limits the feasibility
of discriminating finer structures past a certain depth. So for this monitoring objective we
focus on the shallower end and test 100m and 200m depth. For well-pair separation, a
tight lateral spacing of 80m and a wider spacing of 120m is tested. Figure 5.4 shows the
forward models for Uz and Uzz for the described depths and well pair separations. In these
initial models (Figure 5.4) the greatest 20% of density change is extracted and placed into a
homogeneous model for forward modeling, therefore these models are optimistic and meant
as a feasibility first-pass observation.
Naturally, the vertical gravity (Uz ) models show a much broader signal over the reservoir
than the vertical gravity gradient (Uzz ). At 200m depth, only the regional signal is seen in
both 80m and 120m well separation, and for Uzz some intra-reservoir signals are observed,
but only large-wavelength features. The 120m separation is slightly more resolved but
for all models at 200m depth, the signal is dominated by the long wavelength signal. At
100m depth, Uz can distinguish more details in the reservoir but both in-line and cross-line
resolution is poor, albeit improved with a well separation of 120m. The Uzz signal at 100m
depth and 80m well separation is able to distinguish in-line (long axis) features but less so
for the cross-line (short axis) differentiation of wells. At 120m separation both in-line and
cross-line features are distinguishable.
Based on the preliminary results in Figure 5.4, it is expected that the 100m depth
scenario may benefit from the addition of gravity data, but the 200m depth will be nearing
the limit of resolvability for this objective. Going forward we use the original 80m well
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Figure 5.4: Forward Models of the vertical gravity (Uz ) and vertical gravity gradient
(Uzz ) signals for the six-well SAGD reservoir at 200m (top panels) and
100m (bottom panels) reservoir depth, each with lateral well pair separation of 80m and 120m. The models have the background signal of the
reservoir stratigraphy removed. All gravity observations are at surface
(0m) and spaced at 12m2 (3692 observations total). Uz and Uzz models
are shown respectively with the same colour scale (µGal and µGal/km).
pair separation which represents the density models provided by the operators. This is on
the tighter end for well separations but closer to the average for reservoirs at these shallow
depths. Figure 5.5 shows an example of the forward models for Uz , Uzz and muon data for
a 100m deep reservoir with a well-pair separation of 80m. This configuration is analogous
to the Mackay River and Clearwater projects of the Athabasca Oil Sands (Mossop, 1980;
Dusseault, 2001). Uz and Uzz surface signals using 12m2 station spacing for a total of 3692
observations are shown. Figure 5.5 also shows the forward model for muon data with 78
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sensors placed at a constant TVD of 140m (∼ 15m below the producer well). The muon
sensors are placed directly below the wells and are spaced 80 meters apart in both the
cross-line and in-line direction for this sensor scenario. The units for the muon tomography
forward model is opacity in meters water equivalent (mwe). These forward models use only
one sensor configuration and are one of the model inputs out of many for the inversions,
more models are also available in Pieczonka et al. (2020). The inputs for the inversions of
the next section include all of the density models provided by the operator (including all
background and heterogeneities as opposed to the models in Figure 5.4). This is important
as the muon sensors sense the cumulative density which controls their energy decay. These
models are realistic and represent true signals that may occur in a real-world survey. The Uz
and Uzz models in Figure 5.5 are similar to Figure 5.4 with the same parameters, except that
the signal is slightly less resolved due to the reservoir noise added back into the calculations.
The muon tomography forward model is clearly more resolved, and the six wells appear in
high resolution with a high degree of cross-line and in-line detail.
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Figure 5.5: Forward Models of the six-well SAGD reservoir for 100m reservoir depth
and 80m well separation. All models include the stratigraphy and its
entire density distribution. Left: vertical gravity (Uz ) in µGal, middle:
vertical gravity gradient (Uzz ) in µGal/km , right: inferred opacity in meters water equivalent (mwe). Gravity (gradient) signals are synthesized
using 3692 (12m2 spacing) surface (0m) observations. Inferred opacity
values (mwe) are calculated from synthetic forward-modeled muon intensity using 78 muon sensors (80m and 100m spacing in the cross-line and
in-line directions, respectively. The exposure time for the muon measurements is 90 days.

5.6

Joint Inversion

Many different sensor arrays were tested in single and joint inversions, but only some are
presented here. In a joint inversion with muons, gravity observations did not show a significant improvement from 20m2 station spacing down to 12m2 spacing, so results from 20m2
spaced (1376 total) gravity stations are shown herein. The number of muon sensors were
varied from very low to moderately high density (12 - 120 total). Inversion performance
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Figure 5.6: A flowchart for the calculation of the Similarity Score based on the symmetric difference (SD) between the true and inverse models. The SD is
calculated on the sets of voxels in each model with the largest amount
of density change, and the differences between them are converted into a
Similarity Score between 0 and 1. These represent the scores reported in
Table 5.1.
is quantified spatially using a measure of “symmetric difference”. The calculation is performed for the greatest 5% of density change for all models. The symmetric difference (SD)
is the set of all voxels which have density change for both the true and inversion model, but
are not common to each other. In other words it is the “disjoint union” and is a metric of
dissimilarity (Torrence, 2020). The SD is calculated for all models, and the raw voxel count
is converted into a score from zero to one, where zero means that the true and inversion
models have no voxels in common (the worst case scenario), and the procedure is outlined
in Figure 5.6.
We will call this the “Similarity Score” herein (Figure 5.6). Table 1 shows a summary of
Similarity Scores for muon-only inversions compared to joint inversions for 100m and 200m
reservoir depth with varied muon sensor density.

200m Depth

100m Depth
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µ Sensors

12

24

48

78

90

120

Muon Only

0.21

0.24

0.41

0.48

0.50

0.50

Joint Uz

0.30 (43%)

0.31 (29%)

0.45 (10%)

0.51 (6%)

0.52 (4%)

0.53 (6%)

Joint Uzz

0.31 (48%)

0.31 (29%)

0.46 (12%)

0.53 (10%)

0.54 (8%)

0.54 (8%)

µ Sensors

12

24

48

78

90

120

Muon Only

0.11

0.20

0.32

0.40

0.40

0.42

Joint Uz

0.12 (9%)

0.21 (5%)

0.33 (3%)

0.41 (2%)

0.41 (2%)

0.43 (2%)

Joint Uzz

0.13 (18%)

0.22 (10%)

0.34 (6%)

0.43 (7%)

0.42 (5%)

0.44 (5%)

Table 5.1: A summary of the Similarity Scores for muon-only and joint (Uz and Uzz )
inverse models compared to the true model. Results for 100m and 200m
depth are shown, and the well-pair separation is held constant for all models at 80m. The number of muon sensors is increased and the number
of gravity stations is held constant (1376) for all models. The table values are the Similarity Scores calculated from the symmetric differences
between the true and inverse models (see Figure 5.6). The values in brackets show the percentages by which the joint inversion improved the score
compared to the muon-only inversion.

All inversions perform better for reservoir depth of 100m with higher scores than at
200m, as expected. The addition of the gravity data in the joint inversion improves the
score for all scenarios, but at a slower rate as the number of muon sensors increase. The
joint inversion using Uzz gets consistently higher scores compared to that using Uz . This is
discussed further in the discussion section.
To demonstrate the feasibility limits for muon and gravity(gradient) data, Figure 5.7
shows iso-surfaces of the inversion models exceeding the greatest 5% of density change
values, using 12 (left) and 90 (right) muon sensors. The true iso-surface is shown in the
center for comparison. Note that the gravity gradient (Uzz ) only inversion in the top panels
does not include any muon sensors.
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Monitoring the reservoir with only 12 muon sensors leads to blind zones where the muon
sensors do not receive sufficient number of muons, which leads to low resolvability and
consequently, artefacts in the inverse model. The inverse model with only muon data shows
two rows of density anomalies, and miss about half of the anomalies across the reservoir.
The joint inversion removes some of this behaviour by providing a homogeneous gravity
coverage which allows the inversion to find the zones of highest depletion. However, this
resolvability is very low with a muon array this sparse. The joint inversion could benefit
from a different weighting scheme which favours the gravity except in specific locations
close to muon sensors, or else rely on gravity entirely. Conversely, the 90 muon sensor array
provides dense enough coverage over the reservoir to provide high-resolution surfaces which
closely match the true model in the muon-only inversion. The joint inversion appears to
change very little from the muon-only model and is dominated by muon data. These two
scenarios which reflect a very sparse and moderately dense muon coverage demonstrate
the feasibility limit for muon-only surveys, and the upper limit for gravity to provide any
contribution to the muon data, respectively.
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Figure 5.7: Iso-surfaces of the inverse models (left and right panels) compared to the
true model (center panel). The iso-surfaces are cut off at the greatest 5%
of density change for all respective models so that they all contain the
same volume. The top of the side panels show the gravity gradient (Uzz )
only inverse model, and the two lower panels show the muon-only and
joint (Uzz ) inverse models using 12 (left) and 90 (right) muon sensors. A
constant gravity station spacing is used for all of the Uzz and joint models
(1376 stations).
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From this point the inverse models presented in figures all use 48 muon sensors, and
the joint inversions (Uz and Uzz ) use 1376 gravity stations (20m2 spacing). This configuration can be considered a sweet spot in between the very sparse and moderately dense
muon coverage shown in Figure 5.7, where both gravity and muon tomography contribute.
Nevertheless, it must be noted that these values must be derived for each specific reservoir
model separately.
Figure 5.8 shows depth slices through the inversion models compared to the true density
model (top of Figure 5.8) for a reservoir depth of 100m. The total vertical depth (TVD) to
the top and bottom of the reservoir are shown in the top panel (orange). Labelled in red
are the average depth of density anomalies for the truth (−89m), and each inversion. The
muon-only inversion performs well localizing each of the six anomalies above the well-pairs
and has an average anomaly depth of −85m (∼ 4m from the truth). The anomalous regions
are smeared vertically. The joint inversion with vertical gravity data (Uz ) performs slightly
better with an average anomaly depth of −87m, and the joint inversion with vertical gravity
gradient data (Uzz ) performs the best with an average anomaly depth of −88m, only ∼ 1m
from the truth. The differences are visually slight, but upon close inspection the anomalous
bodies are slightly deeper and the vertical smearing is reduced. For example the rightmost ovular anomaly is geometrically smaller and more localized in the joint Uzz inversion
and closes at the top, vs the muon-only inversion which smears upwards to the top of the
inversion volume. All of the six large anomalous bodies are smaller/ more localized in the
joint inversions, especially the joint Uzz inversion.
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Figure 5.8: Depth slices of density change for the true and inversion models using 48
muon sensors and 1376 gravity stations for the joint inversions. From top
to bottom: the true model, the muon-only inversion, the joint (vertical
gravity Uz ) inversion, and the joint (vertical gravity gradient Uzz ) inversion. All models are plotted as density change in units of g/cm3 . The
top and bottom total vertical depth (TVD) of the reservoir is labelled in
orange, and the average depth of the density anomaly is labeled for each
model in red.

Figure 5.9 shows plan-view slices (shown at an oblique angle) highlighting the plan
view orientation of the inversion. Shown is the muon-only inversion (top), the true model
(middle) and the joint Uzz inversion (bottom). The joint Uz inversion is not included here
because Uzz performed better for all models. The depth of the XY -plane slice for all models
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is −93m, which slices through the middle portion of the greatest density change. The muononly and the joint inversion are very similar, but there is less variability in density change in
between the wells in the joint inversion model, where the volume between the wells is more
constrained with the help of gravity data. Gravity data provides valuable information about
the areas which do not exhibit density change. The joint inversion localizes the anomalous
bodies slightly better and they appear marginally smaller and more constrained. Both
inversions under-estimate the magnitude of the density change as is expected, but the joint
inversion increases the magnitude slightly with a maximum density change of −0.075g/cm3
vs −0.068g/cm3 for the joint and muon-only inversions, respectively.

5.7

Discussion

The topics to be discussed in the following include i) muon-only inversions and limitations,
ii) gravity/gradiometry and limitations, iii) joint inversion and trade-offs for SAGD and
general applications.
The muon-only inversions are capable of monitoring SAGD reservoir depletion in highresolution on the order of 5 − 15 meters with 90-day observation times, when there is a
high sensor density which covers the whole reservoir within the field-of-view of the muon
sensors (Pieczonka et al., 2020). When muon sensors are placed at a constant depth the
main limitation is depth resolution. This occurs because the muon intensity is an average
measurement along a particular path, without spatial discrimination along that path. This
effect tends to smear the density change out in the vertical direction. The solutions to
mitigate this are to i) add muon sensors at varying depths to vertically triangulate the
density change or ii) add extraneous information or other data to constrain the depth.
The former requires additional sensors and associated costs, but also requires sensors to be
placed within the reservoir itself rather than below it. The muon sensors could be placed
in vertical boreholes in between well locations so that they are not located within the
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Figure 5.9: Plan-view slices (shown at an oblique angle) highlighting the plan-view
of the models shown in Figure 5.8. The XY -slice is at TVD −93m. The
joint Uz inversion is not shown. From top to bottom: the muon-only
inversion, the true model, and the joint Uzz inversion. Each model is
color-scaled separately and are in units of g/cm3 .
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highest temperature zones, but drilling wells within the heated reservoir at all is complex
to engineer and is costly. If this route is unfavourable, then the second option might be
superior, which is to constrain the depth with the help of other data. A second limitation
to muon tomography is the minimum observation time required for high-resolution data.
While muon tomography can return data on relatively short scales (compared to yearly
seismic surveys for example), a minimum time exposure exists such that enough muons are
collected to provide a resolute data set with noise smoothed out. While 90 days might be
reasonable for quasi-continuous monitoring, the more this can be reduced the better. By
adding other data the model uncertainty could be reduced, leading to even shorter turn
around times. Finally, limitations that are site-specific may exist. For example, if certain
obstacles require the muon sensors to placed offset from the wells rather than directly below
them (perhaps infrastructure or geological heterogeneites) then in these locations the model
would certainly benefit from constraints provided by other data. Also, if the sensor density
is very sparse as shown in Figure 5.7, the inverse model using only muon data will place
density change mostly in the field of view of the sensors, causing model uncertainty due to
blind zones. These limitations for using only muon data motivate the investigation of the
addition of complimentary data such as gravity (gradiometry).
The results from the gravity forward models in Figure 5.4 are in agreement with Elliott
and Braun (2017) who varied gravity observation spacing, well pair separation and reservoir
depth for simulated vertical gravity and gravity gradient signals. The authors found that
the vertical gradient signal was only able to identify bulk trends for the 200m reservoir
depth domain with > 100m well separation, and only able to distinguish individual well
pairs for well separations > 175m. These results narrow the feasibility domain for the use of
gravity for monitoring SAGD reservoirs, but does not exclude the approach. The resolution
especially for the vertical gradient at 120m separation, is quite good and would provide
useful information in its own right to operators on depletion patterns.
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The realistic forward models in (Figure 5.5) were calculated on the true density models
at 100m reservoir depth and with 80m well separation which is very similar to the Clearwater
and Mackay River projects in the Athabasca Oil Sands Region. The drastic difference in
the resolvability in the forward models between the gravity (gradient) and muon data are
clear from these results. The muon data observations clearly provide much more detail in
the signal even on a short exposure time of 90 days. Less muon sensors were used in this
study compared to the previous study considering only muon tomography, to demonstrate a
joint inversion scenario with less than the ideal number of sensors. For a variety of reasons
a full sensor coverage may not occur in practice, so experimenting with scenarios using
partial coverage is pertinent. In such a scenario it is sensible to assume that the addition
of complimentary data could help fill in the gaps created either by a lack of muon sensor
density or by inherent limitations of the approach in general. For the muon forward model
in Figure 5.5, 78 muon sensors were used which equals 80m spacing in-line below each of
the six well pairs (which are themselves spaced 80m apart). At a sensor depth of 140m and
a conservative acceptance angle of 45◦ from the vertical, the muon sensor fields-of-view will
only overlap at ∼ −100m depth. For a 48 muon sensor scenario which was used for the
inversion result in Figures 5.8 and 5.9, the in-line spacing decreases to 125m and the overlap
in that direction will occur at −80m. With the reservoir extending from about −75m depth
to −120m depth, this means that multiple sensor overlap occurs only in the upper half of
the payload zone (78 sensors) or not at all (48 sensors). Besides adding more muon sensors,
the options to mitigate this problem are to place the sensors deeper to increase the width of
the field of view inside the payload or fill in the gaps with other data. The former requires
a sacrifice in the muon flux which can be supplemented by an increased exposure time, but
the latter is an attractive option to try to keep turn around times short and resolution as
high as possible.
Figure 5.7 demonstrates the poor resolvability caused by very sparse muon coverage (in
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the 12 muon sensor scenario). With too few sensors, the inverse model places the highest
density change almost exclusively in the locations where there are sensors, and the joint
inversion is helped by gravity, but still relies too heavily on the muon data. This scenario
requires more complex weighting schemes and constraints to allow the muon data only
to dominate in localized regions around the sensors, letting gravity dominate elsewhere.
Without this manipulation, the gravity gradient data leads to the superior model. At the
opposite end of the spectrum, once the muon sensor coverage becomes moderate to high (as
in the 90 muon sensor scenario), the lateral resolution from many muon sensors becomes
very high and the lower resolution gradient data does little to improve the model, besides
helping to constrain the vertical resolution. This example in Figure 5.7 along with the
percentages of improvement in Table 1 indicate that there is a range in between very sparse
and very dense muon coverage where muon tomography is feasible and also where gravity
is most likely to make a positive contribution to the solution. An example of this is the 48
muon sensor array which is enough coverage that the muon tomography approach is quite
feasible, but sparse enough that gravity can be shown to benefit the result.
The inversion models shown in Figures 5.8 and 5.9 show an example of the results
from a joint inversion with muon and gravity (gradient) data in this range, and the visual
improvements are not dramatic but are clearly present. Barnoud et al. (2019) also found that
joint inversion between muon and gravity data helped to constrain the density distribution
in a synthetic model of the Puy de Dome volcano. In such a rugged setting as volcanic
mountains there may be less opportunity to have a dense muon sensor coverage and to have
muon sensors deep inside the volcano. The authors found that with a sparse muon coverage,
gravity helped to constrain the anomalies including along the muon sight-lines and in blind
spots such as below the muon sensors. In this study, when muon coverage is sufficient the
joint inversion has a small visible improvement on the result. This is in agreement with
Jourde et al. (2015) who modeled the resolution kernels of gravity data and muon data

5.7. DISCUSSION

92

applied to a volcano. The authors found that in locations where muon data was lacking
(i.e. deeper inside the volcano) the gravity data helped to constrain the depth of the density
distribution. However, in locations where the target was in the line of sight, the gravity
data helped marginally to constrain the depth of the density anomaly. In locations where
there were at least two overlapping fields-of-view from muon sensors, the gravity data had
very slight or no contribution to the density distribution model. Similarly in this study, the
muon sensors dominate the contribution to the inversion model because their sensitivity
kernels are linearly dependent on distance along their line of sight, vs gravity which decays
exponentially with distance from the sensor.
As in Jourde et al. (2015), gravity data still helps to constrain the depth of density
anomalies. A main limitation for muon tomography is the vertical smearing when the
sensors are positioned only underneath the area of interest such as the configuration used in
this study. The symmetric difference (SD) defined previously is calculated on the greatest
five percent of density change for all models (truth and inversions). This eliminates any
inter-well fluctuations and focuses on the steam chambers themselves. The SD is calculated
for each inversion model compared to the truth and converted into a score in the range of
0 − 1 with a higher score indicating less difference between the inversion model and the true
model. Figure 5.10 shows the SD plotted for the muon-only (top left) and the joint Uzz (top
right) inversion shown in the previous figures (48 muon sensors and 1376 gravity stations).
The red and blue 3D surfaces indicate all of the voxels which the inversion got “incorrect”
for the muon-only and the joint Uzz inversion, respectively. This will occur mainly above
the wells where most of the density change occurs. The muon-only and joint inversion SD
surfaces are very similar as can be seen in the top panels of Figure 5.10, and they overlap
over most of the reservoir. When they are plotted together in transparency (bottom panel)
the slight difference can be seen. The red muon-only SD surface is spread out vertically
above the joint SD surface. This confirms that the joint inversion helps to constrain the
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depth of the anomalies which contain less vertical smearing than the muon-only inversion.

Figure 5.10: Model with the symmetric difference (SD) surfaces plotted for the muononly inversion (red) and the joint Uzz inversion (blue). The SD surfaces
are plotted separately in the top panels, and together in transparency in
the bottom panel. A smaller surface indicates a better fit with the true
model, indicated by the “Similarity Score”. The muon-only inversion
contains more vertical smearing as seen in the extension of the red surface
upwards over the well pair locations.
The intensity measurement is an average value along a particular direction, but the
distribution along that path is unknown and must be triangulated or supplemented with
extraneous information. In 3D tomography the vertical smearing can be greatly reduced
with costlier configurations. In this regard, with the constant sensor depth used herein, the
gravity data helped by constraining the depth of the density anomalies along the wells and

5.7. DISCUSSION

94

reduced smearing. A reduction in the symmetric difference by 12% is significant (in the 48
(muon) and 1376 (gravity) sensor scenario shown in figures 5.8 - 5.9, for example) and helps
to overcome this inherent problem with the muon tomography approach in this scenario.
Vertical gravity data also helps to constrain the overall mass change better than the muon
inversion alone. The addition of gravity further tends to reduce incorrect placement of
density change in the muon-only inversion in areas where there is low or no production
reducing overall model uncertainty by filling in the data gaps between wells where there are
no muon sensors. Figure 5.9 shows that the joint inversion model results in smoother areas
with zero density change in between the wells compared to the muon only inversion, this is
further visible at the reservoir boundaries, where muon data is limited.
For vertical gravity (Uz ) vs the vertical gravity gradient (Uzz ), the forward models in
Figures 5.4 and 5.5 clearly show that Uzz has increased spatial resolution compared to U z.
However, the Uzz kernel decays by r3 vs r2 for U z, and the signal will decay more quickly
with depth. With both Uz and Uzz the contribution to the solution past SAGD reservoir
depths of 200m will be fleeting if any. Both joint inversion models are mostly constrained by
muon data. The sensitivity of gravity at even shallow depths of 100m are not as sensitive as
the muon kernel and contributes little to spatial resolvability of the density anomalies which
require at least ∼ 30m resolution to discriminate the individual depletion structures. The
advantage of adding the gravity data when the muon sensor coverage is good comes from
depth constraint. Assuming a constant-depth muon sensor array and 48 sensors, gravity
data has a significant improvement on the solution of 10% (12%) for Uz (Uzz ) vs muon-only
inversions at 100m depth, and 3% (6%) for 200m depth. This becomes more significant
when the muon sensors are placed very sparsely, and less significant when there is dense
muon sensor coverage.
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Conclusions and Future Work

Muon data and vertical gravity (Uz ) and vertical gravity gradient (Uzz ) data were forward
and inverse modeled for different depth and sensor arrays for a realistic SAGD reservoir,
separately and as a joint inversion between muon and gravity(gradient). Even at low muon
sensor density, the muon data provides greater resolution and contributes the main constraints for the joint inversion models. The joint inversions show a small but significant
improvement to the resulting models (vs muon-only), mainly by constraining the depth of
the density change anomalies, especially for Uzz . The improvement is greater (∼ 12%) for
a reservoir at 100m depth, and less so (∼ 6%) for a 200m depth reservoir. Reservoir depths
greater than 200m will likely show very little to no improvement because of the exponential
dependency on the gravity signal with distance. The joint inversions using the vertical
gravity gradient (Uzz ) performed slightly better than that using vertical gravity (Uz ). The
addition of gravity data may be useful to constrain the depth of density change regions and
also the lateral position, especially if there is sparse muon sensor coverage.
Modeling a SAGD target has the benefit of working with tight constraints surrounding
the reservoir. For example, the top and bottom of the reservoir are usually very well
constrained, including the depth to the base of the caprock. In the previous study which
simulated muon data only for a SAGD reservoir, adding a simple top and bottom constraint
to the inversion improved the model significantly. Even when only a constant depth for the
top and bottom is introduced as a weighting matrix (without including the real undulations
or grade of the caprock etc.) the muon data alone is able to localize fine-scale density
changes on the order of 5 − 15m laterally. The locations of the well pairs is also obviously
constrained, so we can place sensors strategically to exploit the sensitivity kernels of the
sensor, knowing generally where the steam chambers will evolve from. In a scenario like
this, it is not expected that the addition of gravity data will have a large impact on the
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inversion model result, although it helps to reduce the vertical smearing. Scenarios where
the addition of gravity data may make a more significant contribution are i) firstly, in SAGD
reservoirs where there is a lack of full muon sensor coverage or where sensors are all placed
at the same depth without the ability to vertically triangulate density change. Also, in a
situation where there is a desire to have a turn-around time that is very short, i.e. where
muon data may not provide the desired resolution. For example, if a 30-day turn-around
time is expected vs the 90 days used in this study, gravity data may be more helpful as
the muon dataset could be too small for meter-scale resolution and may contain more noise
contamination. ii) Secondly, in a scenario not limited to SAGD reservoirs where there are
less constraints on the target area, muon sensors may not be placed in the perfectly ideal
location to be aligned with the density anomaly targets. This could occur in a SAGD
scenario if certain obstacles cause the muon sensors to be placed offset with respect to the
well locations or drilling/geology obstacles exist such that the sensors cannot be placed
directly below the wells. The result will depend strongly on the specific sensor arrays used
for muon and gravity, and other variable parameters such as gravity instrument sensitivity,
muon sensor exposure time, a priori information available for model constraints, and specific
reservoir parameters. Another parameter to consider are hydrological processes which could
create near-surface density changes which would overprint the SAGD signals. In this case,
gravity observations would clearly benefit the inversion model, as the muon array is likely
not designed for such targets.
This study provides an example of the advantages of exploiting multiple data types for
an improved solution, and future work could consider using the full gravity gradient tensor
(and combinations of the components), and also to try fusing other data types such as
seismic data. The modelling tools developed herein allow for the assessment of a variety of
target models and observation types in single or joint inversion models and are therefore
valuable tools towards designing optimal monitoring of SAGD reservoir dynamics.

97

Chapter 6
Conclusions

This study addressed two main objectives, which were i) assess the feasibility of using muon
tomography to monitor density changes in a steam-assisted gravity drainage reservoir over
the production life-cycle, and ii) investigate the optimization of the muon tomography
approach by utilizing multiple data types, namely, vertical gravity and vertical gravity
gradient.
Chapter 4 addressed the first objective, to assess the feasibility of the muon tomography
approach in the setting of a SAGD reservoir. For the SAGD reservoir used in this study, the
density changes which occur as a consequence of steam injection cause density anomalies
in the range of 0 to −0.3g/cm3 , shown in Figure 6.1. At a reservoir depth of ∼ 200m
(230 TVD), 180 synthetic muon sensors placed in the production wells provided complete
coverage and recovered high-resolution models of the density changes for both the rising
(1.25 years) and spreading (5 years) phases on the order of 5−15m in spatial resolution. An
observation time of 90 days used in this analysis would provide quasi-continuous monitoring
on short time-scales. This time frame is competitive with other methods of the same calibre
in resolution, namely seismic reflection, which is commonly conducted on an annual or biannual basis. The main limitation when muon sensors are placed at a constant depth (even
when the lateral coverage is dense, as in this study), is the smearing of the density change
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Figure 6.1: Density change iso-surfaces (g/cm3 ) through the SAGD reservoir dataset
provided by the operator. Top: after 1.25 years of production (rising
phase). Bottom: after 5 years of production (spreading phase). For the
time duration of the provided models (the first 5 years of production),
the range of density change is about 0 to −0.3g/cm3 .
in the vertical direction. Muon intensities are recorded per a discrete direction, but the
density distribution along a particular direction cannot be distinguished. The options to
mitigate this limitation are to add more sensors at varying depths to better triangulate the
anomaly, add more a priori information and spatial constraints, or add information from
complementary data types in a joint inversion.
Chapter 5 investigated one of the suggestions of the previous chapter, which is the
use of joint inversion with muon tomography. Gravity data also senses density variation,
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with a vastly different sensitivity kernel. As opposed to muon tomography which senses
an average density-length along a direction, gravity is sensitive to the entire Earth volume
(within the vicinity of the effective sensitivity). The gravity kernel also degrades by the
squared distance (or cubed distance for the gradient), so is strongly limited by the depth
of the target, especially when used alone. For shallower SAGD reservoirs (for depths up to
∼ 200m), the addition of vertical gravity and especially vertical gravity gradient, helped to
constrain the depth of the anomalies and reduce model uncertainty. This analysis varied
the muon sensor density from very low (12 sensors) to very high (120 sensors), to provide a
complete analysis on the muon-only approach, and to assess where the gravity data makes a
contribution. When there is very sparse muon coverage (≤∼ 24 sensors) the blind spots in
the muon coverage cause the inverse models to produce poor resolution models with artefacts
that reflect the sensor positions. In this case the gravity gradient-only inversion performed
better because it has homogeneous coverage over the whole reservoir. When the muon
coverage is very dense, the contribution from gravity data is greatly reduced. However, in
all situations the addition of gravity data helped to constrain the depth of density change
and to reduce uncertainty in the models, especially in blind spots or in between wells where
there is no muon sensitivity. The reduction in noise is a positive result and even small
improvements from gravity are significant because it is relatively cheap to acquire. This
analysis can also provide a preliminary feasibility assessment on the cost-benefit of reducing
the number of muon sensors (or observation time) which could be supplemented by gravity
data.

6.1

Future Work

This study provided an initial feasibility assessment on the viability of using muon tomography for SAGD reservoir monitoring, and a sensitivity study for the potential benefits of
joining multiple data types for improved models. Muon tomography clearly has potential

6.1. FUTURE WORK

100

for real-world monitoring of SAGD reservoirs and other enhanced oil recovery methods.
This extends to many other fluid migration or dynamic processes which have a measurable
density contrast, and which occur on time scales longer than the minimum observation time
required for a particular density target for a given resolution requirement. It is worth noting
that if a target objective exists which occurs on shorter time scales than used in this study
(< 90 days), muon data could still potentially be useful if a sacrifice in model uncertainty
(spatial resolution) is reasonable. This leads to the conclusion that the feasibility and success of the muon tomography approach is specific to each site and target, and more analyses
of different target parameters and sensor configurations would benefit this emerging field.
The addition of vertical gravity and vertical gravity gradient is a simple demonstration of
combining complementary data types to improve the model resolution and reduce uncertainty. It is logical to continue to investigate other components of the gradient tensor, and
other complimentary data types, namely seismic. Seismic reflection or resistivity surveys
are the traditional monitoring technique for the petroleum industry, but suffer from high
costs and consequent lack in temporal resolution. The addition of muon tomography used
in conjunction or combined simultaneously with seismic surveys, could lead to immense savings for the industry by providing non-destructive sensing and improved decisions on steam
injection. Just as important as financial incentives are the potential environmental benefits.
Muon tomography could help to reduce energy requirements and could even reduce drilling
and other destructive practices associated with enhanced oil recovery. More work including technical analyses, simulation, field testing, and cost-benefit analyses for environmental
impact reduction are all required in the early days of the muon approach applied to the oil
and gas industry. As more innovative approaches to mining and petroleum are continuously
required at an increasing rate, muon tomography is one of the many novel technologies that
have the potential to change the industry in the coming years.
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