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In the present study, the novel geophysical imaging method of muography is introduced for the studies of rocks 

around scientific boreholes drilled into continental crust (or oceanic crust thrust over continental crust). In this 

application, the method can be used for detecting density variations in rocks intersected by the borehole. The 

present study also explains what are the lowest density variations observable by muography, what are the principles 

governing the volume the density data is extracted from, and what are the likely practical limits for borehole 

muography. 

 

Keywords: crust, scientific drilling, density, geophysics, muography, muon angular 

distribution, downhole geophysics 

 

1. Introduction 

Scientific boreholes are drilled to sample, characterise, and understand rocks, deep fluids, and 

even microbial life in the shallow crust for a variety of purposes. While they can be drilled both 

into the continental and oceanic crust, we focus herein into scientific boreholes drilled on dry 

land. Boreholes drilled into the present seafloor are hence excluded, while boreholes drilled 

into obducted oceanic crust are included. As continental scientific drill holes are typically far 

deeper than most technical and mineral exploration boreholes, it is a common practise to 

examine both the drill core and its borehole with as many different techniques as possible to 

gain as much information of the subsurface structure, stratigraphy, chemistry and physical 

mechanisms and processes of the deep realm as possible. In some cases, the scientific boreholes 

are maintained long after the actual drilling in order to support further studies in the upcoming 

years. These types of boreholes are practically laboratories where new techniques and methods 

can be tested not only to collect new data, but to develop these new techniques/methods to the 

needs of the future. The present work introduces what one can learn from the rocks surrounding 

scientific boreholes by measuring cosmic-ray induced atmospheric muon particles employing 

one or more borehole probes designed for this purpose. In addition, we discuss the practical 

limits for this method. 

 

2. Muography: a method to detect density variations in large solid objects 

Underground muography is based on measurements of atmospheric muon particles by detectors 

positioned in caves, tunnels, or boreholes (Holma and Kuusiniemi, 2018). In this work our 

emphasis is on the latter and how they could be used in geophysical probing through continental 

scientific drill holes. However, the technical details of the probes are beyond the scope of the 

present work.  

Borehole muography provides information on mean density variations in large objects in 

2D, 3D or 4D (2D or 3D + time series analyses). Imaging in 2D and 3D generates two- to three-

dimensional density images in which individual pixels and voxels have different density values, 
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respectively. The 4D imaging can be based either on 2D or 3D imaging, but in this case the 

images also contain time stamps allowing monitoring of time-dependent density-changing 

processes. Densities are typically visualised as variations in the mean density of a rock volume 

(representative examples are shown, for example, in Tanaka, 2020). According to the numeric 

simulations of Hivert et al. (2017), the lowest density variations observable by muography with 

a significance level of 3 are around 2% at 150 m of depth, 4% at 300 m, and 10% at 700 m. 

Interestingly, the 1% difference in a mean rock density results approximately in 3% difference 

in the muon flux.  

 

3. Muon simulations 

The initial cosmic-ray induced muon distributions are often obtained using particle 

transportation codes such as CORSIKA (Heck et al. 1998). They are designed for simulations 

of the development of extensive air showers, including processes resulting in cosmic-ray 

muons. Interactions and transport of muons through the rock overburden are usually simulated 

utilising toolkits such as Geant4 (Allison et al. 2016) or FLUKA (Ferrari et al. 2005). Often this 

includes the response of the foreseen detector setup which is simulated in subsequent steps. The 

full simulation chain from the primary cosmic-ray particle to the detection of a muon in the 

detector is typically a very computing-intensive task. However, in simple rate estimates or 

illustrations, simplifications based on the parametrisation of sea-level muon flux distributions 

or muon losses in overburdens are reasonably reliable and can be used to speed up the 

simulation procedure. 

In the present work the muon angular distributions were simulated using the approach by 

Chirkin and Rhode (2016). The simulation takes into account the muon energy and angular 

distributions of atmospheric muons and those passing through rock at different depths. This is 

important because it has effects on the detected muon distributions at the given depth. 

Furthermore, we adjusted the simulations for the average chemical composition of 2.5-1.8 Ga 

juvenile upper continental crust of Condie (1993).  

Figure 1 illustrates the volumetric coverage of the muography measurement conducted at 

different depths. For clarity, these are placed at three different positions in the horizontal plane. 

Similar distributions are obviously produced even if the three positions are vertically aligned, 

like they were if the measurements are conducted in a vertical borehole at three depths. 

However, that is not the case if muons are detected in an inclined borehole as in this case the 

'data cones' (this is an informal reference to the volume from where density data can be extracted 

at the given underground position) become only partially overlapped. This is an important 

feature while planning muographic surveys as it allows the mapping of the overburden in 

different ways if boreholes of different inclinations are available. It must be emphasised, 

however, that many scientific boreholes are drilled with steep to vertical angles to reach the 

maximum depth with the minimised drill metres. The muon rate (flux) and angular distributions 

change according to the depth of observation. In brief, a detector at 200 m depth collects less 

muons than that at 100 m within the same period of time, but more than any similar-size detector 

positioned deeper (assuming that the material is homogeneous). Furthermore, the data cones 

are of approximately similar shape down to several hundred meters after which they are tapering 

rapidly. Note also that the deeper the detector is, the larger volume of rocks it ‘sees’, i.e., its 

data cone is larger. A simple approximation is that the diameter of the data cone at the ground 

surface is about twice the depth of the detector. 

 

4. Maximum depth of muography in a borehole 

The intensity of muon flux exponentially diminishes the deeper in rocks one goes, until even 

the most energetic atmospheric muons are attenuated, and none (or very few) remains to be 
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detected. How deep this happens depends on the mean density of the rocks the muons have to 

pass through before reaching the detector, the size of the detector (or the total volume of the 

available detectors) and the time available for muon detection. As muography is a statistical 

imaging method, one parameter affecting the image sharpness is the total measuring time (just 

like in the early years of photography, images get “better” with longer exposure times) as more 

time yields more detected muons. However, given the limited space available even in the widest 

of boreholes, it is likely that borehole muography is not viable vertically from the ground 

surface deeper than 1-2 km. Technically atmospheric muons can be detected even deeper, but 

their flux is so diminished that muographic surveys are likely taking years rather than months. 

In any depth, the duration of the measurement can be reduced using larger detectors or increase 

their number. In a borehole, this can be accomplished by a downhole passive muographic array 

containing more than one probe, each detecting muons independently and simultaneously. 

 

 
Figure 1. Simulated muons observed using three borehole muon detectors at 300 m (blue), 200 

m (green) and 100 m (red) underground. Each line represents a flight path of a single muon. In 

all three simulations the number of muons is one million. The upper images represent a top 

view. The middle image pair represents the ‘data cones’ as a side view of the respective images 

above. The lower image pair represents 3D visualisation of the images above. Note that on the 

right side the detectors are vertically aligned, while those on the left are 500 m apart. In both 

cases the data cones partially overlap, but this is greater in the right-hand arrangement of 

detectors. 
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5. Concluding remarks 
Deep scientific boreholes provide a unique opportunity to learn more about the physical 

properties of the upper crust and hence are favoured targets for implementation of downhole 

geophysical surveys. Borehole muon detectors utilised in these boreholes would deliver density 

contrast maps of the surrounding volume of rocks. As there commonly is only one borehole in 

any given continental deep scientific borehole site, muon collection and data analysis differ 

from some other applications of borehole muography where there often are multiple boreholes 

available. Muon detection in a scientific borehole will likely provide better results if utilised in 

multiple depths. Furthermore, as collecting statistically meaningful numbers of muons takes 

significantly more time (e.g., months) than conventional borehole geophysical surveys (e.g., 

few hours), muography is best suited for boreholes from which other data sets have already 

been collected. We believe that borehole muography is not viable deeper than 1-2 km from the 

ground surface. This, alas, limits the usability of muography for the relatively shallow parts of 

continental scientific boreholes.  

In summary, muography is a suited method to investigate rock density variations around 

continental scientific boreholes if there are reasonable density variations in the uppermost 1-2 

km of drill core. These density inhomogeneities can be either between rock types or in the form 

of major structural breaks (e.g., a major zone of core loss would probably be detectable as a 

low-density fault in muography data). Inversion of geophysical data is inherently non-unique 

and benefits from additional information. Both hold true also for muography data. Hence, if 

other geophysical data are already available, those and the muography data can be jointly 

inversed to reach the best combined results. 
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