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This overview provides a comprehensive insight into Callio Lab, a versatile
multidisciplinary research platform, by describing the events and actions that
have led to the development of the project-based, pay-by-service approach to
organizing and economically running the research activities, a mandatory
approach for a platform operating without governmental funding. The
research platform has a maximum depth of 1.4 km underground, equivalent to
approximately 4,100 m of water equivalent (m.w.e.). The flat-overburden mine
configuration of Callio Lab minimizes cosmic-ray background interference,
making it an ideal setting for low-background experiments, particularly in
neutrino and dark matter research. The main-level galleries, with dimensions
up to 12 m wide, 30–40m long, and 8 m tall, provide ample space for research
activities, with the potential for even more extensive galleries based on Laguna
design studies. Callio Lab has a history with several small and medium-scale
cosmic ray and low-background experiments. This overview highlights the site’s
inherent characteristics, revealing promising opportunities for high-energy and
applied physics research and applications across various scientific domains.
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Introduction to the history of Callio lab

Since 1962, the Pyhäsalmi Mine in central Finland has been notable for scientific and
technological advancements. Rich in zinc, copper, and pyrite, the underground extraction
continued until August 2022, surpassing 60 years. Originally slated to close in the late 1990s,
the discovery of additional ore beneath the existing mine extended its life by over two
decades. The eventual closure of the mine has prompted the nearby Pyhäjärvi community to
ponder the future beyond mining.

Underground particle physics was identified as key to revitalizing the Pyhäsalmi mine.
In 1999, the University of Oulu, aided by Finnish universities including the University of
Jyväskylä as a scientific advisor, founded the Centre for Underground Physics in Pyhäsalmi
(CUPP) [1]. Aiming to make the site a leading Finland´s premier international research
infrastructure, the team collaborated on neutrino experiment planning, positioning
Pyhäsalmi as a candidate for European GLACIER, LENA, and MEMPHYS detectors
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[2]. The feasibility of candidate sites was evaluated during the
European Commission FP7 program -funded LAGUNA (Large
Apparatus for Grand Unification and Neutrino Astronomy) and
subsequent LAGUNA-LBNO (Long Base Line Neutrino
Observatory) Design Studies [2–5]. Finland was identified as the
ideal location to host all the proposed experiments. However, none
of these experiments were ultimately constructed in Europe. While
the design studies were ongoing, CUPP began its legacy with
underground physics experiments, including cosmic ray
experiments such as Muons UnderGround (MUG,
2000–2002 [1,6]), Movable Underground Detector (MUD,
2004–2005 [7]) and Experiment with MultiMuon Array (EMMA,
2005–2018 [8,9]). The low background experiment C14 (2016- [10])
is used to study liquid scintillators’ 14C/12C ratios. These
experiments have shown that Pyhäsalmi, Finland, is where
scientific experiments can be conducted.

In 2015, with the Laguna LBNO’s outcomes indicating a shift
away from major physics experiments at Pyhäsalmi Mine, CUPP
underwent a significant transition. It evolved from a dedicated
particle physics research facility into Callio Lab, a
multidisciplinary research center, to broaden its scientific scope
and future potential [11]. The establishment of Callio Lab has
broadened onsite research to encompass particle physics and
geosciences, among other fields, including deep geothermal
[12], deep bedrock microbiological research [13,14] to
underground food production [15], and remote sensing [16,17],
with more to come.

Callio Lab’s collaboration has enhanced its role in Finnish
and European research, exemplified by joining the European
Plate Observation System (EPOS), which integrated it into
broader Finnish, Nordic, and European research networks
[18]. Current projects cherish the Pyhäsalmi mine’s history as
a leading technology adapter and test site for future mining
technologies. Current Horizon-funded projects include
H2020 GoldenEye [19] and Horizon Europe MINE.IO [20],
which benefit from the underground and above-ground
infrastructure.

Callio lab overview

Location

Callio Lab is one of the northernmost underground research
infrastructures in Europe. It is in the Northern Ostrobothnia,
Finland, in the town of Pyhäjärvi. It utilizes the mining
environment of Pyhäsalmi Mine Oy. The mine infrastructure
consists of a 1.4 km (~4,100 m water equivalent) deep
underground mine and surface areas, including two open pits, an
industrial area, and a 250 ha tailings area. The research activities
benefit from the whole mine site, not just the underground.

The geographical coordinates are N 63.6593, E 26.0419 (WGS
84). It is located near the intersection of two main roads, E4 and
VT27. There are three regional airports within a 2-h drive, and the
Helsinki-Vantaa airport is only 5 hours away. The mine site can also
be accessed by cargo train from the Ylivieska—Iisalmi rail
connection. See Figure 1 for illustration.

Organizational structure

The organizational structure at the Pyhäsalmi mine site involves
three major entities. The aforementioned Callio Lab, coordinated by
the University of Oulu´s Kerttu Saalasti Institute, facilitates scientific
activities at the site utilizing both underground and surface
infrastructure. Callio Lab operates on a project-based, pay-by-use
approach, minimizing infrastructure costs. The Pyhäsalmi Mine Oy
owns the mine site and is responsible for closure activities and safety
monitoring. Pyhäjärven Callio [21], established by the Pyhäjärvi
town in 2017, oversees the mine’s repurposing into an industrial and
energy park, including the key development project Pyhäsalmi
Pumped Hydro Energy Storage (PPHES), which alone would be
big enough to allow the future upkeep and development of the mine
site [22] For more information see, e.g., [23].

Services

Callio Lab, like other underground laboratories, provides
support services for scientific activities. As Callio Lab operates in
a mining environment, there are clean rooms or no radioactivity
screening facilities like in more established underground
laboratories such as Gran Sasso and Canfranc [24]. However,
what the Pyhäsalmi site has over other laboratories is a flat
overburden of ~4,100 m water equivalent (m.w.e.) deep
underground infrastructure, with the possibility to excavate and
equip new underground tunnels and galleries, also at hundred-meter
scales [25]. To support the scientific activities, Callio Lab staff can
operate in many roles: facilitator of experiments [19,26], onsite
operator of scientific instruments [27,28], or developer of needed
infrastructure [29]in cooperation with the Pyhäjärven Callio [30].

Safety is paramount in every operation, whether underground,
on the surface, or in the airspace above. All the pilots, trials, and
experiments need safety documentation and risk analysis to evaluate
the activity’s safety and its effects on overall safety. Additionally,
Callio Lab can provide various data sets, including ground truthing

FIGURE 1
Alt Text Finnish road network. The Pyhäsalmi mine, and thus
Callio Lab research environment and CALLIO—Mine for Business, is
easy to reach whether arriving by car, train, or plane. Picture by
Callio Lab.
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data for air and satellite studies and geological and geochemical data
from local sources or national data repositories.

Infrastructure

Connectivity
The site offers advanced connectivity and data security, crucial

for testing and research. It features a fast wireless network alongside
optical cabling for high-speed data transfer. Secure remote
operations are enabled through VPN, supporting everything from
drones to mining equipment. An industrial 5G network facilitates
high data flow and mobile control, while the surrounding area is
covered by public 3G and 4G networks [31,32].

Surface
The Pyhäsalmi mine’s surface area, spanning several hundred

hectares See Figure 2., includes a main industrial zone with a

beneficiation plant, open pits, and a direct railway line.
Accompanying facilities include offices, workshops, and a
logistics center. Its varied topography and 250-ha tailings area
are ideal for Earth Observation data verification and support
vertical take-offs for helicopters and drones. An airfield nearby
facilitates data gathering via fixed-wing platforms [32].

Underground
The Pyhäsalmi mine’s underground infrastructure expands over

100 km of tunnels and galleries. It features fast elevator access, an
11 km long vehicle incline, advanced ventilation, and a
comprehensive safety system, including refuge chambers and a
two-way radiophone network. The elevator takes 2.5 min from
the surface to the main level at 1,410 m. Figure 3 shows the
industrial mine elevator. The incline’s crosssection is spacious
enough (see Figure 4 for illustration) to transport everything
safely, from mining equipment to 20-foot sea containers [32].

The ventilation and water pumping are crucial for safety,
managed via a Supervisory Control and Data Acquisition
(SCADA) computer system that monitors air quality and alerts
for any oxygen or carbon dioxide level deviations. The mine’s
operational areas maintain an average temperature of 22°–28 °C
and a humidity level of 30%–70%, achieved by continuously blowing
fresh air from the surface and distributing it through the mine using
auxiliary fans and ducting.

The main level of the Pyhäsalmi mine, at a depth of 1,410 m,
prioritizes safety with a room for entire shifts, an ambulance, and
transport for rescue teams. It features refuge chambers and a
communication network for safety and open dialogue. This level
includes an extensive maintenance facility, the world’s deepest
sauna, a restaurant for 100 people, and comprehensive social
amenities. The maintenance area has extensive storage,

FIGURE 2
Alt Text Pyhäsalmi Mine Aerial. Callio Lab’s research environment
is not limited to the underground but utilizes the whole industrial area
for various research purposes. Picture by second author.

FIGURE 3
Alt Text Elevator Shaft. Access to the bottom of the mine takes
less than 3 min by elevator. The journey is 1.4 km long. Picture by the
second author.

FIGURE 4
Alt Text Tunnel Cross-Section. The tunnel cross-section in the
old part of the mine is roughly 5 × 5 m, allowing the transportation of
mining equipment and up to 20′ marine containers. Picture by the
first author.
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workshops, and parking, supporting the mines’ and Callio Lab´s
operational needs [11].

The Pyhäsalmi mine includes specialized labs like the
underground rescue and training center at 400 m depth (Lab 6)
for high-risk training, including fire extinguishing and search and
rescue in low visibility. Level 660 (Lab 4) focuses on underground
farming technologies and mining machinery testing. Other labs,
such as Lab 1*, 2, 3*, and 5, cater to varied projects, with Lab
5 currently hosting physics experiments. Decommissioned labs,
marked with *, can be reactivated for new activities. See Figure 5
for the locations of labs within the Pyhäsalmi mine.

Callio lab site characteristics

Overburden
In physics, ‘overburden’ refers to the material layer above a

specific point underground, such as a mine tunnel, and is measured
in meters of water equivalent (m.w.e.). Geologically, it includes soil
and rock layers. Surface features, composed of soil and bedrock, are
monitored using laser scanning, producing digital elevation models
with a 2 × 2 meter resolution [33]. Thus, the characteristics and
changes in topography and their effect on overburden can be
measured accurately; see Figure 6 for more details.

Located a few kilometers west of the mine, Lake Pyhäjärvi spans
122 km2 with an average depth of 6.3 m and a maximum of 27 m. Its

water level is stable and controlled, with an average annual
maximum of 139.74 m over 61 years (1961–2022), a recorded
maximum of 139.93 m, and a minimum of 139.42 m. The
observed and predicted water levels are publicly available via a
data dashboard provided jointly by the Finnish Environment
Institute, the ELY Centers, the Finnish Meteorological Institute,
and the Flood Centre in collaboration with water sector expert
organizations [34]. The nearby small lake Komujärvi is
characterized as shallow. See Figure 7 for the distances to
topograhic anomalies including the water bodies Lake Pyhäjärvi
and Lake Komujärvi.

In winter, a snow layer, typically about 40–60 cm thick, forms a
fourth type of overburden [35]. The processes capable of causing
alterations in the average densities of natural materials in Pyhäsalmi
include the movements of underground water utilizing the fractures
in bedrock, fluctuation of the water table within the soil overburden
(where it surmounts the soil, it pools), and the seasonal [36]
appearance of snow cover.

High-energy neutrons generated by muons pose a challenge
for low-background experiments, necessitating accurate muon flux
measurements to estimate neutron flux underground. From 2000 to
2005, cosmic-ray-induced muon flux was measured at seven
different depths, see Figure 8 [7]. The analysis treated all muons
similarly, without distinguishing between vertical and non-vertical
directions. The average rock density is 2.85 g/cm3, which was used
to convert vertical depth into meters of water equivalent. Effective

FIGURE 5
Alt Text Axonometric ViewWith Lab Locations. Axonometric view of the Pyhäsalmi Mine and its ore body. The old orebody was carrot-shaped down
to 990 m, and the new mine was from 990 m down to 1,400 m. Picture by Callio Lab.
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depths at 210 m and 400 m levels, located beneath the 100-m-deep
open pit, were calculated using simulations to reflect flat surface
geometry, as shown in Figure 8. Other levels, not under the open pit,

were unaffected. Detailed measurement methods are in Ref. [7]. For
comparisons of maximum overburden with other laboratories, see
Figure 2 in Ref. [24].

FIGURE 6
Alt Text Pyhäsalmi Digital Elevation Model. Overburden is related to the local topography, and its morphologic changes can be mapped and
monitored with high resolution and accuracy to provide a stable environment for underground measurements—analysis and figure created by the
fourth author.

FIGURE 7
Alt Text Lakeside. The geography of the nearest water bodies near the Pyhäsalmi Mine. The surface level of Lake Pyhäjärvi varies by less than ameter
as it has been regulated. Similarly, Lake Komujärvi, which flows into Lake Pyhäjärvi, has minor water level variations—the analysis and figure were created
by the fourth author.
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Since these measurements date back to the early 2000s, updated
muon flux measurements and overburden characterization are
needed. This is particularly important considering potential
changes in the rock mass density structure in the new mine
(between 990 and 1,436 m) due to extraction and backfilling
activities in the mining galleries.

Geology
The Pyhäsalmi ore deposit belongs to the Volcanogenic Massive

Sulphide (VMS) class, originating from submarine volcanism. The
Pyhäsalmi VMS deposit is around 1.93–1.92 billion years old [23].
Initially a horizontal sequence, the deposit and surrounding country
rocks form a nearly vertical stack due to the Svecofennian Orogeny,
a mountain-building event that altered their orientation. During this
orogeny, the original marine volcano-sedimentary basin was closed,
aligning with the natural sequence of events induced by plate
tectonics. The Svecofennian Orogeny also played a significant
role by facilitating the generation of magmatic rocks that
intruded the original volcano-sedimentary sequence. Some of
these intrusive rock bodies, such as pegmatites, may locally
contain enriched quantities of U-bearing minerals. See, e.g.,

Table 10 from the Site characterization and data Callio Lab
report1 of the EUL project [38].

Before mining, the ore deposit at Pyhäsalmi contained
significant amounts of chalcopyrite (copper), sphalerite (zinc),
and pyrite (sulphuric acid) in a near-vertical formation. Traces of
these minerals still exist around the underground laboratories. The
surrounding rock mass is not uniform in density or radiation
properties due to varying rock types and the presence of tunnels
and voids.

Seismicity before and after the end of
underground mining

The mine has an Integrated Seismic System (ISS) for
microseismic monitoring, covering production areas from 810 m
to 1,425 m. The applicable measuring range is from −2 to 2 on the
local magnitude scale (ML). The network consists of geophones with
a characteristic frequency of 4.5 Hz capable of detection in a
3–2000 Hz range, allowing for identifying minimal seismic
events. Each geophone is linked to a seismometer that converts
weak voltage pulses into digital signals, which are then sent to an
above-ground server. This server analyzes the data, correlating
events across geophones based on timing, automatically
pinpointing seismic occurrences, and storing them in a database.
The monitoring operates on a trigger system, where the seismometer
continuously receives signals but only records data when a
predefined signal-to-noise threshold is surpassed.

Weekly data is available online for mine personnel, showing all
events (magnitude, location, time) from the past 14 days. More in-
depth monthly seismic reports from Australia’s Institute of Mine
Seismology (IMS) are provided to the mine. According to internal
private communications with Pyhäsalmi Mine Oy, in 2021, when
underground mining was still ongoing, the total number of recorded
seismic events averaged around 95 per week. Any events larger than
0 ML were singled out; only 10 were recorded out of almost
5,000 yearly events.

Since underground mining ceased in August 2022, including all
related tunneling and blasting activities, there has been a notable
decrease in seismic events. According to Pyhäsalmi Mine Oy’s
2023 data, seismic events have dropped to a weekly average of
seven, marking over a 90% reduction from 2021. It is yet to be
determined what the final level of seismic activity will be or if it has
already stabilized. The current geophone network, focused mainly
on areas active from 2001–2022, could be expanded to cover the
entire mine infrastructure, especially considering the planned
pumped hydro storage construction. A comprehensive review
and potential enlargement of the seismic monitoring network are
under consideration.

Site characteristics: Natural background radiation
Rare-event searches necessitate significant rock overburden for

shielding against cosmic rays and require deep underground
laboratories to maintain low background conditions. Natural
background radiation (NBR) can arise from various sources,

FIGURE 8
Alt Text Muon Flux. The measured muon flux at various levels of
the mine. The corresponding reduction of the flux in parentheses
compared with the flux at the surface. The deepest surveyed level was
at 1,390 m (4,000 m.w.e). Lab 2, e.g., is located at a level of
1,436 m (~4,100 m.w.e.). For comparison, the depth of the Laboratori
Nazionali del Gran Sasso (LNGS) underground laboratory, which hosts
multiple particle physics experiments, is 3,800 m.w.e [7,37]. Published
with the permission of the author.

1 https://bsuin.eu/wp-content/uploads/2022/03/A3.3_report_Site-

Description-Callio-Lab_final.pdf
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including surrounding rock, concrete, building materials,
equipment, and air.

Reactor neutrino background
During Laguna and Laguna LBNO design studies, a numerical

study was conducted on the nuclear reactor-induced reactor
antineutrino background at different underground laboratories,
from which four are selected here as examples: Callio Lab,
Canfranc, Frejus, and Boulby. The background calculations were
made for the LENA (Low Energy Neutrino Astronomy) detector
and are presented in Ref. [39].

The Terrestrial Neutrino Unit (TNU) is one neutrino flux-
induced event per 1032 protons (~1 kiloton of liquid scintillator)
per year. The values for 2014 load factors for the above sites were
72.4 ± 3.1, 222.3 ± 8.4, 550.6 ± 19.5 and 1,005 ± 119 TNUs,
respectively [39]. These numbers are slightly higher than the
ones presented in Ref. [40]. In 2014, there were four nuclear
reactors in Finland, two in Olkiluoto (TVO-1 and TVO-2) with
nominal thermal power of 5.0 GW and Loviisa 3.0 GW thermal
power. The TVO-3, now operational, with 4.3 GW thermal power,
is estimated to add 10% to the Pyhäsalmi reactor antineutrino
flux. Olkiluoto and Loviisa sites are roughly 360 km away from
Pyhäsalmi. Calculations and TVO-3 estimates are based
on Ref. [39].

For more up-to-date reactor antineutrino datasets, visit the
website A reference worldwide model for antineutrinos from
reactors at https://www.fe.infn.it/antineutrino/. It updates the
2015 published Reference worldwide model for antineutrinos
from reactors [40]. It provides updated data on Signal in the Low
Energy Region (2003–2021), The worldwide map of reactor
antineutrino signals (2003–2021), and Predicted reactor
antineutrino signals (2013 reactor conditions).

Natural background radiation
The BSUIN project [41] developed and tested a method for

Natural Background Radiation (NBR) measurements in
underground labs, ensuring replicability and comparability
across different labs. This approach, applied in Lab 2 and Lab
5, included measuring gamma-ray background, in-air radon
concentration, and both thermal and fast neutron background.
For detailed information on NBR characterization in BSUIN’s
underground labs, including Callio Lab, see the project’s final
reports on activity A2.22. Lab 2, located at level 1,436 m,
consists of Hall 1 (about 700 m³) and Hall 2 (around 1,000 m³)

FIGURE 9
Alt Text Gamma-Ray Background Spectra At Lab2. During the Interreg Baltic Sea Region Programme funded BSUIN and EUL projects, detailed GRB
measurements were conducted with a dedicated HPGe detector setup, both with the shield open (black) and closed (red) [28]. Published with the
permission of the author.

2 http://bsuin.eu/wp-content/uploads/2021/01/Final_Report_A2.2.pdf
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for experiments. Air flows from the elevator shaft into the labs at
10 m³/s, first passing through an air filtration unit. The labs have
concrete floors and 5–10 cm thick shotcrete walls. Designed as a
multipurpose facility with a low-muon background, its initial
use was for underground physics, specifically the
C14 experiment, and later for circular economy and
underground food production research.

NBR measurements were initially carried out at Lab 2, then at
Lab 5. In Lab 2, local NBR was influenced by the radioactivity of the
nearby rock and lab hall coating. The thermal neutron flux was
assessed using Neutron helium proportional counters (type ZDAJ
NEM425A50), sensitive to thermal neutrons, showing a peak at
764 keV. The thermal neutron flux recorded was 1.73 ± 0.10 ×
10−5 cm−2 s−1. The gamma-ray background was measured with a
portable, liquid nitrogen-cooled HPGe detector (Canberra
Industries, Inc.), covering a range of 7 keV to 3.15 MeV. The
gamma-ray flux was 12.7 ± 1.5 cm−2 s−1, with a dose of 0.158 ±
0.029 μSv/h. Radon concentration in the air, measured using a
Rad7 detector (Durridge Company, Inc.), was 213.3 Bq/m3 ±
11%. Radionuclide analysis of surrounding rock, concrete, and
water samples was also conducted. At Lab 5, liquid organic
scintillators measured the flux of fast neutrons (0–1.5 MeV) at
37.5 × 10−7 cm−2 s−1, and the neutron flux above 25 MeV was
below 0.6 × 10−7 cm−2 s−1 [23,42].

Differences in background radiation were observed between Lab 2
(1,430 m) and Lab 5 (1,410 m), as evidenced by varying NBR levels.
Gamma-ray background (GRB) measurements using a low-
background HPGe gamma spectrometer with 100 mm lead shielding
revealed distinct contrasts. In Lab 2, the GRB showed total integrated
counts of 0.095 s−1 kg−1 ± 0.03 s−1 kg−1 (closed lid) in the 40 keV to
2.7 MeV range, significantly higher than Lab 5, which recorded 0.028 ±
0.0007 s−1 kg−1 in the same range. Open lid measurements were
approximately 20 s−1 kg−1 in Lab 2 and around 10 s−1 kg−1 in Lab 5.
This difference is attributed to local geology and construction materials
variations, as Lab 5’s area was built earlier than Lab 2. Table 1 details the
radionuclide activities in the materials of both labs [27,28]. Figure 9
shows the HPGe detector measured GRB from Lab 2.

Lab 2’s shotcrete coating shows higher specific activities of natural
nuclides, with noticeable differences between wall shotcrete and floor
concrete. This underscores the need for thorough screening of building
materials in low-background laboratories. While crucial for such
facilities, some screening is also advisable in general construction,
especially with the trend of using industrial waste in materials like
concrete, especially if the materials are to be used in habitats or more
permanent working areas.

Lab 5, located on the main level, benefits from more efficient
air ventilation compared to Lab 2 (see Figure 10). This is evident
from the radon concentration levels: approximately 213 Bq/m3 in

Lab 2 and about 22 Bq/m3 in Lab 5. Lab 5 receives fresh air from the
surface, with fans blowing 130 m3/s down to the main level,
stabilizing air quality and minimizing annual fluctuations.
While Lab 2 used additional air filtering for dust removal, Lab
5 did not require such methods. Both labs implemented dust
shielding with mechanical structures and flushing with technical
air or nitrogen. The low radon levels observed are notable,
demonstrating that effective ventilation can achieve low
concentrations underground. Callio Lab also has a 20-tonne, 5′
lead-lined sea container for additional shielding.

For the development of a low-background facility at Callio Lab,
Lab 5 on the main level is the optimal location due to its NBR
suitability. Lab 5, a former central underground storage space of
about 3,000 m³, is larger than Lab 2’s 800 m³. It is easily accessible,
with just a 3-min elevator ride and a 2-min walk. Large materials can
be transported directly into Lab 5 through the incline tunnel, with
available lifting equipment for unloading. In contrast, Lab 2 would
require upgrades, including new floor and wall coatings and an
improved air ventilation system [28].

In characterizing the NBR, it is essential to recognize that no
single measurement fully describes an underground
infrastructure. Factors like overburden (muon flux), local
geology, construction materials (affecting gamma rays and
neutron background), and ventilation (radon levels)

TABLE 1 Specific activities were measured from the samples from Lab 2 and Lab 5 [27,28].

Nuclide Lab 5 Lab 5 Lab 2 Lab 2

Wall shotcrete Bq/kg Floor concrete Bq/kg Shotcrete Bq/kg Rock Bq/kg

Ra-226 37.2 ± 11 31.7 ± 9.5 162 ± 14.5 83 ± 7.47

Th-232 27.3 ± 8 17.8 ± 5.3 100 ± 11 47.6 ± 5.2

K-40 614 ± 184 402.8 ± 120.8 1,171 ± 257 1,513 ± 333

FIGURE 10
Alt Text Lab 2 with the C14 experiment is still in place. Lab 2 is the
largest of the Labs developed to host various types of experiments at a
depth of 1,436 m. The gallery is a former mine tunnel transformed into
a research facility. Since C14 Lab 2 has been used for
underground cricket farming and a site for underground rescue
training and published with permission.
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significantly influence the NBR characteristics of each hall.
Therefore, measurement approaches, like those in the BSUIN
project, must be thoroughly detailed technically and in terms
of location.

Possibilities for high energy and applied
physics research

The initiative taken at Callio Lab has been and still is very
multidisciplinary. The topics range from original underground
physics to mining, Earth Observation, environmental and
production monitoring of the mine, underground and surface
safety, deep geothermal pilots, and underground simulated GNSS
positioning. Despite the current project assortment having a limited
scope for physics activities, these projects have kept Callio Lab
operational. The feasibility of conducting physics experiments at the
Pyhäsalmi mine site, acknowledged since 1999, remains unchanged.

Physics research
The terrain encompassing the mine’s surface and its immediate

vicinity is predominantly flat. For the Pyhäsalmi mine, notably Lab
2, the overburden is estimated at approximately 4,100 m.w.e.,
significantly attenuating the muon background. See Figure 10. for
Lab 2. This, coupled with the low radon levels and standard natural
background radiation in Lab 5, propels the site forward as a
promising ground for further development into underground
physics and even a low background physics laboratory. The
characterization measurements done during the BSUIN and EUL
project at Lab 5 demonstrate that the site can be relatively easily
transformed into a low background facility. The bedrock is still well
understood and excavatable, potentially hosting small, medium, or
even large-scale physics experiments, which was confirmed during
the Laguna Design studies and extended site investigations [5,43].
The low reactor antineutrino background is also advantageous for
locating various neutrino experiments at Callio Lab [39].

High energy physics
The distance from Cern to Pyhäsalmi is 2,300 km, making it a

good candidate for accelerator beam-based long baseline neutrino
studies, especially linked to open questions in neutrino mass
hierarchy and CP violations [44,45]. The long baseline
measurements and the 2,450 km baseline magics could determine
the mass hierarchy independent from the CP phase [44]. The
Laguna Design studies investigated a large-scale Liquid Argon-
based Time Projection Chamber called GLACIER [2].

The Callio Lab, as described in its characteristics section, offers a
lower reactor antineutrino background compared to other
underground laboratories in mainland Europe. This reduced
background is advantageous for studying solar, supernova, and
geoneutrinos, whose energy regions intersect with those of
reactor antineutrinos. During the Laguna era, the LENA detector
was identified as a feasible project for implementation in
Pyhäsalmi [2].

Low reactor antineutrino background at Pyhäsalmi also benefits
geosciences. Geoneutrinos, emitted from β decaying isotopes like U-
238 and Th-232 in the Earth, are detectable via inverse beta decay.
Although K-40 is a significant emitter, its neutrinos are
undetectable. Studying geoneutrinos at Pyhäsalmi would help to
estimate the distribution of these isotopes on average on Earth and

as a part of a network of geoneutrino detectors, in more detail the
mantle and crust, which is essential for understanding Earth’s heat
budget and thermal history. Over 99% of the Earth’s internal heat is
from the decay of these isotopes, influencing plate tectonics and
magnetic field generation. Geoneutrinos offer insights into the Earth’s
deep interior, complementing seismic data and overcoming
limitations of traditional rock sampling methods [36,39].

Callio Lab could host experiments to detect dark matter
particles, which are hypothesized to constitute a significant
portion of the universe’s mass. With reduced background noise,
the underground setting is ideal for deploying sensitive detectors
that search for weakly interacting massive particles (WIMPs) or
axions. This has been one of the original options since the dawn of
CUPP, but it has also been piloted at Callio Lab with the NEMESIS
experiment [46,47]. See, e.g., [47], for more information on the
NEMESIS, located at Lab 1, and its successor, NEMESIS1.4, located
at Lab 5. See Figure 11 for NEMESIS1.4 at Lab 5.

Applied physics research

Muography
Callio Lab’s known geology and structured spaces are ideal for

muography, which uses cosmic muons to image Earth’s interior.
This environment is suitable for testing and improving muography.
Its mine, with various tunnels, is well-suited for muon radiography
and tomography, making Callio Lab an ideal location for exploring
and advancing muography research. Surface structures can also be
used in experiments, benefiting from an average muon flux of
~150 muons per square meter [48].

Atom interferometric observatory and network
Researching gravitational variations in a mine, especially near a

potential pumped-hydro energy storage site, presents a valuable
chance for applied physics studies. The consistent overburden,

FIGURE 11
Alt Text NEMESIS1.4 At Lab 5. NEMESIS1.4. the pilot experiment
for dark matter is located at a depth of 1,410 m in Lab 5. The setup
consists of neutron detectors embedded within the lead target of
1,130 kg. The NEMESIS1.4 aims to search for anomalies in high-
multiplicity neutron spectra emitted from massive, metallic targets
placed deep underground. Photo by S. Trzaska. Published with
permission.
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minor water level fluctuations in Lake Pyhäjärvi and Lake
Komujärvi, and data from the energy storage facility help
pinpoint gravitational anomalies. Predictable gravitational
changes caused by water movements in the underground
pumped-hydro facility make it an ideal site for precise
gravimetric studies.

The Atom Interferometric Observatory and Network (AION)
project could greatly benefit from this environment. It is a
multidisciplinary effort to investigate complex physics
phenomena using advanced ultra-cold atom and laser
technologies. Ultra-cold atoms, cooled to near absolute zero,
allow for highly accurate measurements, aiding in detecting
phenomena like ultra-light dark matter and gravitational waves,
thus significantly contributing to our understanding of the
universe [49].

Ultra-light dark matter lacks interaction with electromagnetic
radiation and is detectable only through its gravitational effects.
However, gravitational waves, which are space-time ripples from
cosmic events like black hole collisions, provide a window into the
universe’s dynamic processes. AION aims to precisely utilize these
phenomena precisely, exemplifying applied physics [49].

Given the substantial overburden at Callio Lab and the
observable local environmental gravitational changes, it emerges
as a suitable venue for hosting various developmental phases of
AION, whether in horizontal tunnels or vertical shafts, thus
presenting a real-world application of applied physics principles
in a controlled environment [49].

Discussion

Despite not receiving governmental funding like other
established underground labs, Callio Lab has thrived by
supporting science and research through its unique, cost-
effective, multidisciplinary approach. With a 4,100 m.w.e. flat
overburden, stable bedrock, distance from nuclear reactors, and
the capability to expand or excavate new tunnels, Callio Lab is
recognized for its potential to host large-scale underground
detectors in Finland and Europe, as noted already in the
LAGUNA and LAGUNA LBNO design studies.

National and international network support and the University
of Oulu’s backing have been crucial in transitioning Callio Lab to a

multidisciplinary research infrastructure. This collaboration has
yielded successes in various European projects, including
H2020 GoldenEye, Horizon Europe MINE.IO, and numerous
ERDF projects. While this approach has ensured Callio Lab’s
sustainability, it has also impacted long-term infrastructure
development, particularly for underground physics. The lab’s
future in underground, high-energy, and applied physics depends
on the direction and scale of funded projects.
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