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Abstract This article reports on the first application of muon tomography (a novel method for imaging
density contrasts underground using cosmic rays) for imaging dense uranium deposits within the Athabasca
Basin in Canada. We present a qualitative assessment of the radiographic imaging and 3-D density inversion
of a uranium deposit using muon tomography. The muon tomography survey summarized in this article was
performed at the McArthur River mine. We demonstrate the validity of muon tomographic imaging with
data acquired at a depth of about 600 m underground. The statistical significance of the uranium deposit
signature in the muon data was larger than 5 standard deviations, and the corresponding 3-D density
inversion compared well with drill assay data from the deposit.

1. Introduction
1.1. Muon Tomography
Muon radiography is a means of inferring density by measuring the attenuation of muon (a type of elemen-
tary particle) flux through matter. Muon tomography uses tomographic methods to derive three-dimensional
(3-D) density maps from multiple muon flux measurements. This article reports on using muon radiographic
and tomographic techniques to image density contrasts and reconstruct anomalous density distributions in
searching for deep, compact ore bodies.

Measurements of the muon flux were first used by George (1955) to measure the overburden of a railway
tunnel and by Alvarez et al. (1970) in searches for hidden chambers within pyramids. More recently, muon
radiography has been used in volcanology (Ambrosi et al., 2011; Lesparre et al., 2012; Nagamine et al., 1995;
Marteau et al., 2012; Tanaka et al., 2007). Muon tomography has been used in mineral exploration (Bry-
man et al., 2014; Bryman et al., 2015) and has also been considered for industrial and security applications
(Checchia, 2016).

Cosmic ray muons arise from high-energy interactions between cosmic rays (primarily protons, alpha parti-
cles) and atoms in the Earth’s atmosphere. Due to their relatively long half-life and high mass, muons created
in the upper atmosphere with energy larger than a few gigaelectron volts have a high probability of surviving
as they travel through air and even deep underground at nearly the speed of light. The flux of muons incident
from all angles on the surface of the Earth is about 1 cm−2⋅min−1 (Beringer et al., 2012). One heuristic model
of the muon intensity at sea level is due to Gaisser and Stanev (2000):

dN𝜇

dE𝜇dΩ
≈

0.14 E−2.7
𝜇

cm2 ⋅ s ⋅ sr ⋅ GeV
×
⎛⎜⎜⎝ 1

1 + 1.1 E𝜇cos𝜃

115 GeV

+ 0.054

1 + 1.1 E𝜇cos𝜃

850 GeV

⎞⎟⎟⎠ , (1)

where E𝜇 is the muon energy in gigaelectron volts and 𝜃 is the zenith angle of the muon trajectory with respect
to vertical. This model has been modified more recently by Tang et al. (2006), and another model for the verti-
cal muon flux has been proposed by Hebbeker and Timmermans (2002). CRM Geotomography Technologies,
Inc. (CRM), has combined these parametrizations in a global fit that takes more recent experimental data into
account (see Figures 1 and 2).

Muons lose energy as they pass through matter via ionization, bremsstrahlung, pair production, and other
energy loss mechanisms at low energies (Beringer et al., 2012; Groom et al., 2001). Theoretical calculations for
the various processes are well advanced (e.g., Beringer et al., 2012, Kelner et al., 1995, Kokoulin & Petruhkin,
1997) and have been implemented in a number of muon transport codes (Agostinelli et al., 2003; Chirkin &
Rhode, 2004; Kudryavtsev, 2009; Sokalski et al., 2001). Interfacing the sea level flux model with muon transport
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Figure 1. CRM’s global fit (dashed curve) of the vertical muon intensity versus muon energy at sea level, compared to a
variety of data sets published from the 1960s to 2010s (Aurela & Wolfendale, 1967; Ayre et al., 1975; Baber et al., 1968;
Bateman et al., 1971; Haino et al., 2004; Muller & Schmelling, 2013; Grupen et al., 2007; De Pascale et al., 1993; Green
et al., 1979; Hayman & Wolfendale, 1962; Kremer et al., 1999; Nandi & Sinha, 1972; Achard et al., 2004; Rastin, 1984; Tsuji
et al., 1998). CRM = CRM Geotomography Technologies, Inc.

codes allows one to develop a model for making precise predictions for the muon intensity I underground
as a function of the opacity  between the sensor and the surface. Opacity is defined as the mass traversed
along the muon path from the surface to the sensor:

 = ∫path
𝜌(x, y, z) d𝓁, (2)

where 𝜌(x, y, z) is the 3-D distribution of rock density, and  is in units of grams per square centimeter, or
meters of water equivalent (m w.e., hg/cm2). Using the inverse model I−1, one is then able to infer an opacity
 from a measured I. The relationship between muon intensity I and the overburden opacity  is shown in
Figure 3.
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Figure 2. CRM’s global fit as a function of the zenith angle of the muon trajectory, compared to L3+C data (Achard et al., 2004) in the momentum ranges most
applicable to the McArthur River survey. Note that the CRM fit in these figures is scaled by a single factor, because there is an overall deficit in the L3+C
measurements compared to the CRM fit (see Figure 1). The dependence on theta is unaffected by this flat scaling. CRM = CRM Geotomography Technologies, Inc.
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Figure 3. CRM’s global fit of the vertical muon intensity versus opacity
(which is approximately 2.7 × depth underground), in units of meters of
water equivalent, compared to a variety of data sets (Aglietta et al., 2005;
Crouch, 1987). The theoretical model is for the standard rock formula
defined in Groom et al. (2001) and uses the muon physics simulation in
Geant4 (Agostinelli et al., 2003). Muons with total energy greater than
105 MeV (the muon rest mass) are included in the calculation of intensity at
a given depth. CRM = CRM Geotomography Technologies, Inc.

Using the CRM muon tracking sensor (see section 1.2), trajectories for all
muons passing through the sensor are measured and recorded. This allows
one to generate maps of muon intensity, in which each pixel represents the
measured intensity within a unit of solid angle. This intensity map can be
compared to a reference map derived from an intensity model using a pri-
ori geological knowledge (e.g., a reference assuming a simple half-space
density distribution). The number of muons passing through the detector
within a given time period follows a Poisson distribution. A statistical inter-
pretation of any deviation between the reference and measured intensity
in each bin can therefore be determined by

p ≡
⎧⎪⎪⎨⎪⎪⎩

N∑
k=0

P(k; 𝜆) if N ≥ 𝜆

1 −
N∑

k=0
P(k; 𝜆) if N < 𝜆

 ≡ √
2 erf−1(2p − 1) ⋅ sgn(𝜆 − N), (3)

where 𝜆 = Ireference × Δt is the expected number of muons from the ref-
erence model, P is the Poisson distribution function, N is the observed
number of muons, and  is the corresponding quantile of a standard
normal distribution. Large positive values of  indicate a statistically sig-
nificant higher opacity (lower intensity) unaccounted for in the reference
geological model, whereas large negative values indicate a lower opacity
(higher intensity). Images in which  is represented by a color (or || in
gray scale) in each pixel (region of solid angle) are useful 2-D visualizations

for identifying anomalous density within the muon sensor field of view. Examples of these images are shown
in Figure 4.

By measuring the muon intensity at various angles and from various locations, one can infer a set of corre-
sponding opacity measurements. The set of measurements {i ± Δi} can then be inverted to solve for the
3-D density distribution, 𝜌(x, y, z) (see section 3.1). Anomalous regions in the spatial distribution of density
can be used to target mineral exploration, among other applications. CRM has developed codes for invert-
ing muon tomography data jointly with gravimetric data as well as incorporating a priori geological data,
following work done by Oldenburg et al. (2010). This is described further in section 3.1.

1.2. Muon Sensors
The CRM muon sensor was developed for use in mines, so one of the key criteria is robustness to environ-
mental variability and mechanical shock. The sensor is based on two superplanes of scintillator bars. Each
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Figure 4. Example || images for a simulated 50 m × 50 m × 20 m cuboid (1 g/cm3 contrast), 100 m above a muon sensor that is situated 400 m underground
for 45 days. The images are shown with (left) and without (right) a sliding-window filtering algorithm applied. See section 2.2 for the definition of the image
coordinates.
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Figure 5. Geological domains of Northern Saskatchewan, Canada, from Bronkhurst et al. (2012).

superplane consists of two planes of bars oriented in orthogonal directions. The length and width of each
plane are 2.1 and 1.1 m, respectively, and the thickness of each plane is about 6 cm. The scintillator bars
are read out with wavelength-shifting optical fibers, which are connected to multichannel photomultiplier
tubes, the signals of which are digitized by fast analog-to-digital converters. The data acquisition system is
self-triggering. Any output from one of the analog-to-digital converters that is above a user-defined threshold
is directed through a pipeline to a central collector, which applies a user-defined triggering logic to identify
coincident pulses within a time window. The default triggering logic is to require an above-threshold pulse
from each of the planes, and the time window for coincidence detection is 100 ns. By design, there is no
triggering dead time in the sensor.

The sensor is enclosed in an aluminum shell, within which there are temperature and humidity controls and
shock isolation mounts. Temperature, humidity, photomultiplier tube high voltage, trigger rates, and other
monitors are read out and stored at intervals of a few seconds with the slow controls system. The only data
used are those acquired when the slow control monitors indicate stable operation.

Once a candidate event is identified by the central collector, the digitized pulses are sent to a backend com-
puter to be saved for offline processing. This computer is connected to the mine network, so the sensor can
be queried remotely, and data can be offloaded and analyzed while the survey is being performed. The first
stage of the processing is to apply quality criteria to the pulses to ensure stable pedestals and that each pulse
shape is consistent with that produced by an ionizing particle. Pulses are grouped into hits, which form 3-D
space points in the detector from which candidate tracks are then built. Quality critera are also applied to
the hits and to the tracks. These selection criteria are derived from simulations and open sky data testing.
Each hit must contain a minimum charge (scintillation light yield), and at least one half of the hits in a track
must contain a higher minimum charge. The sum of the hit charge in the track must be above another min-
imum threshold. Events containing multiple track candidates are vetoed (ambiguity from cross talk is taken
into account in this veto). The track reconstruction algorithm is proprietary and achieves a spatial resolution
about 10 times smaller than the pitch of the scintillator bars. The resolution and efficiency of each sensor is
established using an auxiliary sensor. The detector performance was cross checked after transportation to
and installation at the McArthur River mine to ensure that no misalignment or damage occurred. The angular
resolution of the sensors used in this analysis is 10–13 mrad (depending on the muon angle), and the overall
efficiency for identifying muons that pass through the detector, after applying all the data quality criteria, is
> 90%. The live time of the sensors is > 99%.
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Figure 6. Typical geological section of the McArthur River uranium deposit, looking northeast. Taken from Bronkhurst
et al. (2012).

1.3. Geological Setting
1.3.1. Regional Geology
The Athabasca region of northern Saskatchewan hosts the unconformity-related uranium deposits associ-
ated with the Athabasca Basin. The crystalline basement underlying the eastern part of the Athabasca Basin
consists of complexly deformed and strongly metamorphosed igneous and supracrustal rocks of the Wollas-
ton and Mudjatik Domains (see Figure 5). These crystalline basement rocks are unconformably overlain by the
undeformed lower Paleoproterozoic to Mesoproterozoic Athabasca Group that consists mainly of sandstone
with minor siltstone and conglomerate. The numerous Athabasca high-grade unconformity-type uranium
deposits, including the McArthur River deposit, are hosted by the rocks at the vicinity of the sub-Athabasca
unconformity, in both sandstone and basement. These deposits are related to sandstone-basement fluid inter-
actions the locations of which were constrained broadly by basement structural corridors hosted by Wollaston
Group graphitic pelitic gneiss and containing brittle faults (Jefferson et al., 2007a, 2007b; Hoeve & Sibbald,
1978; Hoeve & Quirt, 1984).
1.3.2. McArthur River Uranium Mine
The McArthur River uranium deposit, discovered by surface drilling of a geophysical electromagnetic tar-
get in 1988, is located approximately 500 m below the surface in the southeastern part of the Athabasca
Basin. It has a proven and probable reserve of 1.053 million tonnes of ore at an average grade of about 15%
uranium oxide (U3O8) for more than 150× 106 kg pounds of U3O8 (Bronkhurst et al., 2014). It is the richest and
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Figure 7. The McArthur River Zone IV North uranium deposit and the
nearby mine workings. Also denoted are the locations of the muon tracking
sensors used in the survey (described in section 2.1). Note that the muon
sensors depicted are not to scale.

largest unconformity-related uranium deposit in the world, owned by
Cameco Corporation (70%) and AREVA Resources Canada Inc. (30%), and
operated by Cameco Corporation. The McArthur River uranium mineral-
ization occurs at depths between 500 and 640 m around the unconformity
between the host rocks of the Athabasca Group sandstone and base-
ment metasedimentary gneisses. Commercial production at the mine was
started on 1 November 2000. Since then, more than 100 × 106 kg of U3O8

have been produced (Bronkhorst et al., 2012).

The deposit is not surrounded by an extensive alteration halo common to
other unconformity-associated uranium deposits (Jefferson et al., 2007a,
2007b), due to the presence of extensive premineralization silicification
in the sandstone. However, lithological contrasts with associated different
rock properties are present in the basement, with graphitic pelitic gneiss
forming a strong electromagnetic conductor within a reverse fault sys-
tem (the P2 fault) contrasting with nongraphitic lithologies. The P2 fault
system offsets the unconformity by up to 80 m, with pelitic (with or with-
out graphite) gneisses occurring in the hanging wall and garnet-cordierite
pelitic gneisses in the footwall. Metaquartzite is present both above and
below the pelitic gneisses. Similarly, the silicified zones in the Athabasca
sandstone contrast with nonsilicified equivalents.

The uranium mineralization at McArthur River is hosted by Athabasca sandstones (Manitou Falls Formation)
within the sandstone wedge footwall of the P2 fault, as well as in basement rocks also in the P2 footwall (Ng
et al., 2013). Nine distinct mineralized zones have been identified at the McArthur River deposit, with most of
the mineralization being located within the P2 graphitic fault system in the vicinity of the unconformity (see
Figure 6; Bronkhurst et al., 2012). In this study, the Zone IV North region of the deposit was imaged using muon
tomography. At the time the muon tomography survey was performed, extensive mining had not yet begun
in this zone and the geometry of the deposit and accessible mine workings was also favorable. The Zone IV
region had also been carefully studied from extensive drill core data, including detailed lithography, uranium
concentration, density (measured and estimated), and water saturation were available. However, only sparse
data were available for the dominant sandstone units located above the deposit. A view of the Zone IV North
deposit and the nearby mine workings is shown in Figure 7.

2. Data Acquisition

Muon tomography data were acquired in three phases during the period from late September 2015 to Decem-
ber 2016. The CRM muon tracking sensors were installed in various positions with differing levels of ongoing
mining activity and were connected to the mine network to facilitate remote data offloading and sensor
configuration. Onboard environmental controls and shock absorbers ensured that nearby mining activity

Table 1
Locations of the detectors used in this survey, along with distance from the detector to the surface and the deposit, exposure
time for the detector, detector active area, and orientation of the detector with respect to vertical

dsurface, ddeposit Exposure Active Muon

Phase Location ID (m) (days) area (m2) flux (s−1) Orientation

1 Chamber 2 1 599, 59 143 2.26 7.5 × 10−3 0∘

1 Chamber G 2 599, 85 83 — 7.6 × 10−3 0∘

2 Bay 19 1 542, — 66 — 1.1 × 10−2 0∘

2 Chamber G 1 599, 85 68 — 7.8 × 10−3 0∘

2 Chamber F 2 597, 86 65 — 7.6 × 10−3 0∘

3 Chamber 2 1 599, 59 70 — 7.7 × 10−3 15∘

3 Chamber 2 2 599, 61 54 — 7.5 × 10−3 0∘

Note. The orientation shown here is only approximate.
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Figure 8. The decay chain for 238U, including the decay mechanisms for each transition. The highest-energy 𝛼, 𝛽 , and 𝛾

particle emitted throughout the decay chain is also indicated.

did not negatively impact sensor operation, but periodic power instabilities resulted in some unexpected
interruptions that stretched out the data acquisition time.

2.1. Sensor Configuration
Two CRM muon tracking sensors were used in the survey, located at four distinct locations depicted as Cham-
ber G, Chamber F, Chamber 2, and Bay 19 in Figure 7 and detailed in Table 1. In Phase I of the survey, the
sensors were located at position Chamber G and Chamber 2, respectively, and the position and orientation
of each sensor were recorded with mine surveying equipment. One of the sensors was positioned at Cham-
ber F, and the other sensor at Bay 19 and then Chamber G in Phase II of the survey. In Phase III, the sensors
were both positioned at Chamber 2 but with different orientations to the Zone IV deposit. The configuration
of sensors was chosen to optimize sensitivity and imaging capability, by providing views of the deposit from
multiple locations and orientations (i.e., Chambers 2, G, and F below the deposit), and to constrain the density
of the sandstone (i.e., Bay 19 above the deposit) since the muon intensity depends on the cumulative opacity
along the muon path to the surface. In this configuration, the muon sensors imaged about 1 km3 of rock.

2.2. Data Processing and Quality
As described in section 1.2, the CRM muon sensors are spatially segmented into channels, each of which con-
tributes to a global data stream that is processed in real time by a coincidence algorithm. The coincidence
algorithm triggers a processing unit to record a time window of the data stream to disk if a configurable coin-
cidence logic is satisfied. This data stream is processed offline to build candidate muon trajectories that must
pass a set of quality selections. The set of selected muon trajectories are binned according to their respective
directions in the mine coordinate system

SCHOUTEN AND LEDRU 7
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Figure 9. Sample raw data rate time series recorded by the sensors in Chamber 2 and Chamber G in Phase I of the
survey. The red hatched blocks indicate periods in which the power was disabled in the mine. Immediately after
prolonged outages there is a spike in the data rate because of radon pooling in the mine drifts as the ventilation system
is shut down, followed by a roughly exponential decay as the radon dissipates. Note that the horizontal time axes are
not the same. Periods with largest variability are shown as examples here. The marked difference in the baseline rate
between the two sensors is due to a known large difference in the background radiation between the two sensor
locations. The vertical axis is counts per second.

tan 𝜃x = Δx
Δz

tan 𝜃y =
Δy
Δz

,

(4)

Figure 10. The probability for a 𝛽 or 𝛾 particle to create a signature in the
detector that passes the muon tracking quality criteria, as a function of the
particle energy in the simulation. The highest energy 𝛽 and 𝛾 particles
expected from the 238U decay chain is denoted by the arrows.

where x is the easting coordinate, y is the northing coordinate, and z is
depth such that tan 𝜃x = tan 𝜃y = 0 is pointing straight up to the sur-
face. Each data bin constitutes an inverted pyramidal cone extending from
the sensor to the surface, within which solid angle the muon trajectories
are collected. These binned data constitute a muon counts map, or sensor
image, that can be compared to a map from synthetic data from a reference
simulation (cf. section 1.1).

Given the unique radiation environment of a high-grade uranium mine,
special care was taken to ensure that the muon sensor images were not
contaminated by gamma, beta, and other particle backgrounds. There are
a number of radioactive decay chains known to be relevant at McArthur
River, primarily 238U and to a lesser extent 235U. The complex decay chain
for 238U is shown in Figure 8. The International Atomic Energy Agency
database identifies the highest energy decay products from 238U (as
denoted in Figure 8), as a 6-MeV 𝛼 particle, a 3-MeV 𝛽 particle, and 2.2-MeV
𝛾 particle. No radioactive emission from 235U has higher energy.

Basic calculations indicate that the 𝛽 and 𝛾 particles both have a reason-
able probability of penetrating the aluminum shell of the muon sensors
and giving rise to a signal in the sensor components, whereas 𝛼 particles

SCHOUTEN AND LEDRU 8
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Figure 11. The distribution of a data acquisition (DAQ) system output for
events with a high purity of muons collected at a CRM test facility
(near-surface data) and collected at McArthur River. For reference, the
nominal quality control selection requires this value to be greater than
17,000. Note that normalization in these distributions is arbitrary. CRM =
CRM Geotomography Technologies, Inc.

are stopped in a short distance of air and in only the few millimeters of
the aluminum enclosure around the sensors. It is therefore an open ques-
tion about whether the former will generate a signal sufficient to trigger an
event recorded in the muon detector and fake a muon occurrence, thereby
adding a background noise level to the measured muon flux. This ques-
tion was investigated using the particle physics simulation engine Geant4
(Agostinelli et al., 2003). A diffuse cloud of background particle emissions
was modeled around the detector. The simulation indicated that the 𝛽 and
𝛾 backgrounds are sufficient to significantly increase the raw data rate of
the detector. It is validated by a simple calculation using formulae from
Beringer et al. (2012), for example. The effect of radiation on the raw data
rate was also noticed in the recorded sensor data, as shown in Figure 9. It is
important to note here that the raw data rate is expected to be dominated
by nonmuon sources because the sensor trigger thresholds (the configu-
ration for what sensor signals to record to disk for offline processing) are
deliberately kept very low, to facilitate offline inspection of data quality
and to maximize muon detection efficiency.

Further studies with Geant4 (Agostinelli et al., 2003) indicated that the
nonmuon particle background was negligible when using the CRM muon
sensor and data quality control algorithms. In the offline processing, a

number of data quality criteria are applied in order to identify the passage of high-energy muons through the
detector and to reconstruct the muon trajectory. The criteria are designed to remove spurious signals from
noise and other backgrounds, while maintaining a high efficiency for muons. The probability for a 𝛽 or 𝛾 parti-
cle to be identified wrongly as a muon in the detector, as a function of the 𝛽 or 𝛾 energy, is shown in Figure 10.
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Figure 13. Raw trigger data rate for the sensor in Chamber G (top) for a data-taking period, and the event rate after
applying data quality criteria (bottom). The Durbin-Watson statistic is denoted for each time series and is consistent with
no temporal correlation after the data quality selections are applied. The 𝜒2∕n for a fit to a constant is also shown for
reference in both cases.

This indicates that after applying default data quality criteria, any contribution from 𝛼, 𝛽 , and 𝛾 backgrounds
at McArthur River is removed. This is also seen in the distribution of one of the data acquisition (DAQ) sys-
tem outputs for triggered events without all of the data quality control criteria applied, shown in Figure 11. A
sample of high purity cosmic ray muons is shown from data taken at a CRM test facility and compared to the
distribution taken from sensors at McArthur River. There is a clear spike at low values in the McArthur River,
consistent with low-energy background radiation.

This was confirmed by cross checks performed with the data, by comparing data from sensors in different
locations with known differences in background radiation, and also by looking at temporal correlations to
the changing radiation background (measured independently). The data rate recorded by the detectors is
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Figure 14. Expected anomalous  in the muon counts maps from synthetic data for sensors in Chamber 2 (left) and Chamber G (right).

SCHOUTEN AND LEDRU 10



Journal of Geophysical Research: Solid Earth 10.1029/2018JB015626

 (mwe)model
SSO

1000 1200 1400 1600 1800 2000 2200

m
od

el

S
S

) 
/ O

m
od

el
S

S
 -

 O
da

ta

S
S

(O

0.25−

0.2−

0.15−

0.1−

0.05−

0

0.05

0.1
C2

 (mwe)model
SSO

1000 1200 1400 1600 1800 2000 2200
m

od
el

S
S

) 
/ O

m
od

el
S

S
 -

 O
da

ta

S
S

(O
0.25−

0.2−

0.15−

0.1−

0.05−

0

0.05

0.1
CG

 (mwe)model
SSO

1000 1200 1400 1600 1800 2000 2200

m
od

el

S
S

) 
/ O

m
od

el
S

S
 -

 O
da

ta

S
S

(O

0.25−

0.2−

0.15−

0.1−

0.05−

0

0.05

0.1
B19

Figure 15. Relative difference between measured and modeled (expected) opacity versus the modeled opacity from the sandstone only for (left) Chamber 2,
(middle) Chamber G, and (right) Bay 19 data. The same trend is observed in all the data sets, but only the Bay 19 data are used to derive the correction.
Comparison between the three trends is shown in the Bay 19 subfigure, along with the hatched area indicating the 68% uncertainty band around the fitted trend.

shown in Figure 12 before and after applying the standard data quality criteria. Since the 𝛽 and 𝛾 background
contamination fluctuates significantly over time (as shown in the raw data rate time series in Figure 9), then if
there was any residual contamination after the data quality selections, there would be a time series correlation
in the final muon event rates. This is quantified with the Durbin-Watson test, as indicated in Figure 12, which
shows that no evidence for such correlation is present after the quality criteria are applied. This is also shown
on a much finer timescale for a sample data collection period from Chamber G in Figure 13.

The seasonal variations of the muon flux described in Adamson et al. (2010) were not observed in these
data, but the statistical uncertainties on the flux within seasonal time windows were larger than the expected
seasonal variations. The effect of different sea level intensity models, different muon physics codes for mod-
eling the muon interactions with matter, and detector-related systematic uncertainties such as the sensor
performance model or environmental dependencies have also been investigated. Although each of these
systematic uncertainties give rise to global changes in the inferred underground density, none of them were
found to be able to produce localized anomalies in the radiographic images such as would be expected from
the presence of a dense ore body within the fields of view of the detectors. Finally, calculations for multiple
scattering showed that > 99% of the scattering angle distribution for muons at 600 m underground is less
than the width of a single pixel in the muon counts maps used in this analysis. Therefore, scattered muons
could also be excluded as a relevant systematic uncertainty source for this study.

Figure 16. The anomalous || for the field data (left) compared to the ideal geological reference for Chamber 2 data. Also shown for comparison is the same
calculation for synthetic data (simulation, right). In both images, the same sliding-window filtering algorithm is applied.

SCHOUTEN AND LEDRU 11



Journal of Geophysical Research: Solid Earth 10.1029/2018JB015626

Figure 17. The density profile of the deposit, projected in the northing-easting (left) and depth-easting (right) planes. The variation in the density distribution is
more than 0.5˜g/cm3. The locations of the sensors are indicated in the northing-easting projection (left).

3. Data Interpretation and Results

In the interpretation of the muon tomography data, two reference geological models are employed. In both
models, lidar topography and mine workings are incorporated, and the deposit is assumed to have the same
properties as the surrounding host rock. The simplified model assumes a uniform host rock throughout the
imaging volume, with density 2.55 g/cm3. The ideal model incorporates geological units with corresponding
densities as defined from drill data near the P2 fault. The range in density among these geological units is 2.5
to 2.65 g/cm3.

In order to estimate the sensitivity of the survey to the deposit, synthetic muon sensor data were produced
from a simulation in which the deposit model density was uniformly set corresponding to high-grade uranium
ore. These synthetic data were compared to the ideal model prediction. The resultant synthetic images in
Figure 14 indicate the expected  in the muon counts maps arising from the presence of high-grade ore. It
is clear that data acquired in Chamber 2 are expected to be most sensitive. This is due to the orientation of
the ore body: muons traverse a longer path length through the deposit to the sensor in Chamber 2 than for
sensors in Chambers G and F.

An unexpected global trend in the observed muon intensity versus depth underground was noticed early in
data acquisition. In order to isolate the analysis of the local geology around the deposit from the dominant
sandstone units above the fault, the data from the sensor in Bay 19 are used to correct the opacity model for
the sandstone in situ. This correction is illustrated in Figure 15. Due to a paucity of drill data, the sandstone
is treated uniformly as standard rock (Groom et al., 2001) in both the ideal and simplified models, whereas
density and chemical composition deviates throughout the sandstone overburden. Differences between the

Figure 18. Slices through the density distribution derived by inverting muon tomography data acquired from the CRM
sensors in Chambers 2, G, and F and Bay 19. The view on the left is in the northing direction, whereas the
semitransparent view on the right is looking downward. The color scale indicates the variation in anomalous density
(g/cm3) with respect to the reference uniform density. CRM = CRM Geotomography Technologies, Inc.
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Figure 19. Slices through the density distribution derived by inverting synthetic muon tomography data. The view on
the left is in the northing direction, whereas the semitransparent view on the right is looking downward. Note that the
color map for the density distribution is the same as in Figure 18.

idealized rock and the actual sandstone give rise to an observed global trend. Note that > 80% of the opacity
is composed of the sandstone, so mismodeling of the sandstone will dominate the subtler local variations
around the deposit. Since the Bay 19 data are only sensitive to the sandstone above the deposit, it can be used
to remove the global trend from the other data sets in Chambers 2, G, and F. It is important to note that the
same global trend is observed in all the data, justifying the use of a correction derived from Bay 19 data. This
analysis illustrates the importance of judicious placement of muon sensors in areas where the local geology
is unknown. By doing measurements at multiple depths, a data-driven interpretation of the region of interest
can be attained.

After applying the global correction, the anomalous || is calculated from the data based on the ideal geo-
logical reference as shown in Figure 16. The same calculation is performed for the synthetic data set described
above. Good correspondence between the field data and the synthetic data (simulation) is apparent. It is
important to note that the synthetic data assume a uniform density distribution throughout the deposit,
whereas in fact the grade and corresponding density is highly variable, as shown in Figure 17.

3.1. Three-Dimensional Density Inversion
In order to construct a 3-D density distribution from the muon tomography data, an inversion algorithm is
used that minimizes a global function 𝜙:

min
𝜌(x,y,z)

𝜙 = min
𝜌(x,y,z)

(
𝜙D + 𝛽 ⋅ 𝜙M

)
, (5)

Figure 20. Three-dimensional distribution of anomalous density arising from assumed mismodeling of the effective
sandstone density, derived by shifting the global trend correction parameter by 1𝜎 (left), and the 3-D distribution from
inverting synthetic data from the deposit model (right). The color scale in both images is the same.
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where 𝜙D is a data misfit for the muon tomography data compared to the ideal reference model, and 𝜙M is a
model objective function that ensures smoothness. These terms are defined as

𝜙D =
∑

i∈pixels

(
di −

∑
j

Gij𝜌j

)2

𝜎2
i

(6)

𝜙M =
∑

w=x,y,z

𝛼w ∫V

(
𝜕𝜌

𝜕w

)qw

dV + 𝛼r ∫V
(𝜌0 − 𝜌)p dV, (7)

where Gij is a very sparse matrix for the sensitivity of each ith pixel to the jth voxel in the image volume,
𝜎i is the uncertainty of data measurement di , 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 𝜌0. Setting 𝛼r,x,y,z = 0
disables the respective parts of the model objective function. This method follows the work of Oldenburg et al.
(2010), Davis and Oldenburg (2012), and Bryman et al. (2014). The exponents qw and p are in the range (1, 2],
with smaller values allowing for more complex (less smooth) models. The minimum of the global function 𝜙

is determined using the conjugate gradient minimization algorithm (Straeter, 1971).

Except for smoothness and a weak constraint on the absolute sandstone density > 100 m above Bay 19, no
constraints are imposed on the density values determined in the inversion. The inversion algorithm is applied
identically to both the synthetic data and the field data. Data from sensors in Chambers 2, G, and F as well as
Bay 19 are used in the inversion. Slices through the resultant 3-D density distributions are shown in Figures 18
(field data) and 19 (synthetic data), along with the deposit model derived from drill core data. The compatibil-
ity of the density distributions for synthetic and field data is very good. With reference to the depth-easting
projection in Figure 17, it is noteworthy that the high-density core is shifted upward in the field data with
respect to the synthetic data (which assume a uniform density distribution in the simulation).

Sensitivity to the global trend correction described in section 3 is investigated as a source of systematic error
on the 3-D density inversion. Synthetic data are produced with varied parameters in the global trend correc-
tion, and the same 3-D inversion as used on the field data is applied. The resultant apparent anomaly arising
from uncertainty on the global correction is shown in Figure 20, and is compared to the 3-D density distribu-
tion from inversion of synthetic data from the deposit model. This demonstrates that systematic uncertainty
in the global trend correction does not mimic the deposit signature, either in magnitude or location.

4. Discussion and Conclusions

Tomographic imaging with muons has been used to image the high-grade McArthur River uranium deposit
in the Athabasca Basin. This work represents the first such survey ever performed. The resultant muon tomog-
raphy data exhibit very good correspondence to the drill data and geological models, and the corresponding
3-D density inversion of the muon tomography data maps well to the deposit profile. Analysis of the muon
data has provided two key lessons:

1. Data-driven interpretation of the geology within a region of interest can be achieved from cross compar-
isons of sensor data at multiple depths.

2. Detector design and muon track discrimination algorithms are important where background radiation can
be significant.

Finally, regardless of the efficacy of muon tomography demonstrated in this survey, the future of this technol-
ogy in mineral exploration and other underground applications lies in the development of a robust borehole
muon sensor, because the sensor used in this survey can only be used where existing mine infrastructure is
in place. This will be the subject of future work.
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