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This paper reports a brief introduction to Deep Underground Laboratories (DULs) and the
connection they have with research on biology in extreme environments and the effect of
radiation in life. Presently, there are 14 DULs in operation worldwide. Although the main
research activity in these infrastructures concerns the search for rare events in astroparticle
physics and neutrino physics, DULs offer a unique opportunity to undertake experiments in
astrobiology and biology in extreme environments. This is the main motivation of Deep
Underground Laboratory Integrated Activity in biology (DULIA-bio) 2019Workshop, which
was held at the Gran Sasso (Italy) underground laboratory. This paper aims to give an
introduction to the subject of the Workshop by reviewing the main features of DULs.
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INTRODUCTION: DEEP UNDERGROUND LABORATORIES

Deep Underground Laboratories (DULs) are research infrastructures built under a rock overburden
greater than about 1,000 m of water equivalent (m.w.e). The larger the overburden the greater the
reduction of the muon flux from primary cosmic rays. This is a key feature for DULs. A reduced
muon flux by a factor larger than 105 allows the probing of rare events such as low energy (∼MeV)
neutrino interactions, neutrinoless double beta decay, and dark matter particle interactions. At
present, 14 DULs are in operation and three underway in a time scale of 1–7 years (the ANDES is
foreseen in 2027). In Figure 1we show the distribution of DULs around the world, updated from [1].
We notice that at present there is no DUL in operation in the Southern hemisphere. A DUL in the
Southern hemisphere is of great relevance due to the atmospheric muon flux dependence on the
season. The seasonal effect depends on the temperature of the atmosphere. As a matter of fact, a
positive correlation between the temperature and the muon flux has been measured in several DULs.
Therefore, in summer time the atmospheric muon flux on surface is larger. This effect could induce a
seasonal dependence of the atmospheric muon-induced backgrounds in DULs. A comprehensive
study of the atmospheric muon flux and temperature correlation has been carried out by the LVD
collaboration from data taken from 1994 to 2017 [2]. The comparison of measurements of the
seasonal effect induced by atmospheric muons in DULs located in the Northern and Southern
hemisphere is crucial, as an example, in the evaluation of the expected annual modulation of dark
matter particle interaction rate, which is a model-independent signature of dark matter. In fact, the
motion of the Earth in the galactic halo produces an annual dependence of the rate with a maximum
in early June. This dependence is expected to not change from one hemisphere to the other. On the
contrary, any muon related background will change moving from one hemisphere to the other.
Therefore, a comparison of measurements from detectors deployed in DULs in the Northern and
Southern hemispheres will disentangle physics signals against backgrounds.

The muon flux in DULs as a function of the depth is shown in Figure 2. The solid line shows the
muon flux for a flat surface. For some of the DULs the mountain profile affects significantly the muon
flux underground, which has a characteristic angular distribution in these cases. This effect is shown
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for the Laboratorio Subterraneo de Canfranc (LSC), the Gran
Sasso Laboratory (LNGS), Modane Underground Laboratory
(LSM), and Baksan in the same figure.

Important and unique facilities are installed in DULs to
support experimental activities. Of particular interest are the

low background installations, which are mainly made by high
purity germanium detectors for gamma spectroscopy. They are
used for radiopurity assay of materials to be used in experimental
projects. In addition, the development of experimental activities
in DULs in the last 30 years has brought a significant boost in the
search for rare events.

Science in DULs not Related to Biology
The main research activity in DULs concerns the search for rare
events such as solar neutrino interactions, neutrinoless double
beta decay, and dark matter particle interactions. In addition,
nuclear interactions at low energy (∼keV scale) between light
nuclei are studied underground due to the very low cross sections.
These nuclear interactions are relevant to understand energy
production processes taking place inside stars [3]. Neutrinos
produced by beta radioactive decays from U and Th in the
interior of the Earth, so-called geo-neutrinos, are also detected
in DULs [4, 5].

The scientific effort made in DULs has been awarded with two
Nobel prizes in Physics in 2002 and 2015, respectively. In
particular, in 2002 for the observation of neutrinos from the
Sun [6, 7] and in 2015 for the discovery of neutrino
oscillations [8, 9].

The Sun is a huge source of electron neutrinos in the MeV
energy range. These neutrinos carry information directly from
the core of the star. Massive (100–1,000 ton) water Cherenkov [8,
10] or scintillator [11] detectors with extreme radio-purity are

FIGURE 1 | Deep underground laboratories around the World. Geographic location of deep underground laboratories worldwide is shown for existing and future
ones. Stawell underground physics laboratory (SUPL) in Australia and the new Yangyang (Y2L) in South Korea are under construction. ANDES in South America is a
long-term project.

FIGURE 2 | Muon flux in underground laboratories. The muon flux in
DULS is given against depth. The solid line shows the muon flux under a flat
surface profile. Triangles show the maximum depth taking into account the
real mountain profile.
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needed to detect solar neutrinos. Solar neutrinos in DULs have
been studied for 50 years. From this experimental activity we have
learnt about neutrino oscillations, neutrino propagation in
matter, and about the inner properties of energy production
inside stars [12].

The neutrino can be its own antiparticle, the so-called
Majorana neutrino. This property could offer an explanation
for the matter-antimatter asymmetry in the Universe. Only
eleven nuclei can undergo a double beta decay: two electrons
and two neutrinos are emitted during the decay on the contrary of
a standard beta decay, where only one electron and one neutrino
are emitted. Yet, if the neutrino is a Majorana particle no
neutrinos will be emitted. These nuclei offer a unique
opportunity to understand whether a neutrino is a Majorana
particle. A number of experiments are underway to search for a
neutrinoless double beta decay. Presently, the sensitivity to this
extreme rare event is of the order of 1026 years [13]. These
experiments require an environment where the natural
radioactivity level and the cosmic ray background are
extremely low.

There are strong arguments to believe that our galaxy, as
much as other galaxies, contains a dominant amount of dark
matter [14]. Dark matter has been observed only through
gravitational effects, such as the rotation curves of stars
moving in the outer region of galaxies. Yet, in DULs it is
possible to directly observe interactions of dark matter
particles. This opportunity would be crucial to understand
what dark matter is made of.

Besides these main research topics, in recent years DULs have
become multidisciplinary infrastructures. The underground
environment in DULs allows for high sensitivity studies in
teleseismic and other rare phenomena, such as solid Earth
tides and water effects deep below surface. The LSC, as an
example, is equipped with two 70 m-long laser interferometers
[15] and a network of seismometers to characterize Newtonian
noise underground.

Finally and recently, in Kamioka (Japan) an experiment to
search for gravitational waves (KAGRA) has been installed in an
underground environment due to the reduced background noise
with respect to ground-based detectors [16].

Biology in DULs and DULIA-Bio
Life on Earth extends into deep subsurface and extreme
environments, where bacteria and archaea tend to be the
main living organisms. Subterranean microorganisms have
been described in some detail, but most reports refer to
samples taken centimeters to few meters below the surface.
The literature describing microorganism inhabiting the very
inside of rocks are still scarce and show a rather high diversity
of microbial taxa and metabolic pathways [17]. Repeated and/
or long-term sampling substantially simplifies in the
neighborhood or inside of a DUL. On the contrary, the
majority of data describing the influence of deep
underground conditions on life have been derived from
experiments carried out in DULs. In particular, the
exploration of changes in living organisms exposed to low
radioactivity has been challenging the initial belief of a

decrease in biological risk. Multiple experiments with a
variety of methods and organisms sampled on surface and
in DULs have demonstrated a significant negative impact on
life due to the lack of radiation. However, for a conclusive
understanding more studies are needed. Therefore, DULs
offer an opportunity to advance in these scientific quests in
a multidisciplinary environment, helped by experienced
physicists that have been working in low background
characterization for several decades. In this spirit, the first
DULIA-bio conference was organized by the Canfranc
Underground Laboratory (Spain) in 2015 (https://indico.
cern.ch/event/436589/). In the second meeting, hosted by
the Underground Laboratory at Gran Sasso (Italy) in 2019
(https://agenda.infn.it/event/19116/), new experiments,
installed in underground laboratories at Sudbury, Modane,
Canfranc, Boulby, and Sichuan, showed an increased research
effort in this framework with respect to the pioneering works
done at LNGS and WIPP [18, 19]. The Boulby laboratory in
the United Kingdom agreed to host the next DULIA-bio
conference, likely in 2021.

DISCUSSION

DULs are large and unique infrastructures equipped with a
number of ancillary facilities to support research activity. For
years the main topic of research in DULs has been focused on
astroparticle physics (dark matter, nuclear astrophysics,
neutrino astrophysics) and neutrino physics (neutrinoless
double beta decay and neutrino oscillations). However, in
recent years DULs are diversifying the research activities to
include geophysics and biology. As it has been mentioned
above, DULs offer a unique opportunity to support research on
astrobiology, biology in extreme environments, and radiation
effects on life. The above discussed Workshops, named
DULIA-bio, offered a forum where progress achieved and
major needs to go further in this framework could be
identified and addressed. Among current requirements,
there is a need for consistent methods and conditions to
improve the control on all the environmental conditions in
order to reduce systematic uncertainties. In particular,
materials where biological samples are stored underground
should be well characterized, placed inside lead and
polyethylene shields with radon free air atmosphere, so that
an accurate background model can determine the nature and
levels of radioactivity and also, very importantly, the energy
spectra of the different sources. The impact of low radioactivity
on life may well be diverse. In addition, standardization among
laboratories is needed, and toward this goal the model
organism Drosophila is being discussed as a common model
organism. Also, standard methods would make results more
comparable in different laboratories. In conclusion, these
improvements and synergy with DULs may well allow this
community to further understand the impact of natural
radioactivity in life, which addresses the deeper question of
the influence of randomness in life. We believe that evolution
at some level involves randomness. The rate of interaction of
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an organism with external factors, such as ionizing radiation,
as an example, could be a source of randomness. Due to a
substantial reduction in muon-induced ionization and muon-
induced radioactivity deep underground, DULs, by
comparison with exposure on surface, offer a unique
opportunity to study how, at least, this factor plays a role
in the concept of random processes, which might affect the
reproduction of cells and the development of organisms. The
role which could be played by DULs is crucial. Therefore, we
aim for future DULIA-bio meetings to reinforce synergies
between DULs and the community involved in this specific
research topic.
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