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Lava caves are a broad group of caves formed by various volcanic processes. These unique and spec-
tacular wonders of nature have a very surprising acoustic climate that can be described as very dry
and intimate in comparison with the acoustics of typical rock caves. The paper shows the results of
over 70 spatial impulse measurements in three different lava tubes located in west and southwest
Iceland. The basic room acoustic parameters and Sound Pressure Levels were measured or calculated
together with parametric statistical analysis. Moreover, laser scanning of the cave’s geometry was

IE:{:/Z:/Z: conducted. The obtained reverberation time varies from 0.1 to 0.9 s for medium frequencies and
Lava tube up to 2 s for low ones and is similar in all three measured lava tubes. The performed measurements
Iceland and analyses showed that materials and structures similar to those found in lava tubes could be used

Arctic as sound absorbing equipment in concert halls or seminar rooms. The obtained spatial impulse
Spatial impulse response responses, geometrical and structural data and the performed calculations can also be used in virtual
Climate changes reality systems or utilized while monitoring morphology, erosion progression and even microbiolog-
ical activity in future.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Subpolar and polar regions have a special place in the research
activities that deal with climate change, including geology, biology
and hydrology [1]. In recent years, the authors of the current paper
started a series of investigations related to the acoustics of these
areas [2], especially focusing on soundscape analysis [3] and noise
management [4]. As an important part of the research, analysis of
remarkable natural closed spaces - the glacier caves of Svalbard
Archipelago - was performed [5]. Lava caves are the second point
of interest in the Arctic region for our research team since they are
the second most common type of natural interior in the subpolar
regions. Additionally, we could not find any previous research
about the acoustics of these structures. The current paper’s goals
are to perform a complex analysis of lava caves in Iceland, which
is an original contribution to the conservation and monitoring of
polar acoustics for future generations. The paper shows the current
state of the acoustic climate and reverberation of the volcanic
derived corridors. Most of the places where the research was per-
formed are very remote and difficult to reach since there are no
roads or even hiking trails to some caves. This is the reason the
measurements were difficult to perform and some of the
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equipment had to be reduced or adjusted for these special circum-
stances. There were also problems with low temperature, power
supply and limited time due to logistics.

In general, there is little research on the acoustics of polar
regions, and most of it is concerned with hydroacoustics. For exam-
ple, there is monitoring of infrasounds near a seismic station,
located 4 km from Barentsburg on Spitsbergen, to compare the
seismic signals with the acoustic waves coming from the glaciers
[6]. One paper [7] presents the results of measurements of noise
in an underwater environment, which were conducted in 2009 in
Hornsund, Spitsbergen, surrounded by melting glaciers. Deane
et al. [8] measured the directionality of ambient noise in an Arctic
tidewater glacier bay using two horizontally spaced, broadband
hydrophones. Another research program [9] was interested in the
soundscape of the shallow water of the Arctic (Kongsfjorden, Sval-
bard). Other papers [10,11] present the analysis of noise data
recorded by the Autonomous Hydroacoustic System (AHS)
deployed in the Spitsbergen fjord, close to a colony of little auks.
It focuses on the sounds generated by these small Arctic birds div-
ing for food.

Volcanic explosion, lava effusion and various volcanic processes
can create different types of lava caves [12]. A lava tube is defined
as the most common type of lava cave. It is a form of tunnel near
the subsurface formed of hardened lava [13]. The lengths of lava
tube caves vary from a few meters up to several tens of kilometers.
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Their width and height vary from 0.5 m up to 20 m. Lava tubes can
be found in several locations worldwide, including the most popu-
lar and studied ones in Hawaii, North America, Canary Islands,
Azores, Mount Etna, the Middle East, Japan, South Korea, Galapa-
gos, Easter Island, East Africa and Iceland, where lava caves coexist
together with glacier caves. Moreover, ice structures are very com-
mon inside lava tubes in Iceland as well. Lava tubes in Iceland are
the subject not only of geological research, but also of biology [13],
history [14,15] and are even literary inspiration for famous writers
such as Jules Verne [16].

The second paragraph of the paper describes the morphology
and locations of the measured lava tubes. The third section
explains the simplified measurement methods due to the difficult
logistics of the polar environment. The next paragraph shows the
obtained results together with the basic parametric statistical anal-
ysis. The fifth section provides an additional analysis of the relation
between the reverberation time and the measurement point loca-
tion. The article is summarized in the last section together with
some insights and future work.

2. The cave morphology, localization and measurement
timespan

The first reconnaissance and the preliminary acoustic measure-
ments of lava tubes in Iceland were carried out in February 2018 in
the Surtshellir (SU) cave. The second (main) examination together
with laser scanning of the cave’s geometry took place in March
2019. The SU cave was measured for the second time together with
the Leidarendi (LE) and Vatnshellir (VA) caves. The location of the
examined ice caves is shown in Fig. 1.

Laser scanning was performed with a Leica BLK 360 [20]
panoramic scanner. It is an ultra-light, compact scanner, weigh-
ing only 1 kg, which is essential for cave measurements, as is
the high-speed full sphere scanning within 3 min. This allows
researchers to obtain up to 360,000 points per second with a
very high resolution, obtaining the coordinates of the points
together with RGB information. The accuracy of determining spa-
tial coordinates is characterized by the value of 8 mm / 20 m.
Measurements at individual stations could be combined in real
time using dedicated software in a tablet, but, for safety reasons,
it was decided to perform measurements with direct data
recording in the device. These observations were then processed
in the so-called post-processing, obtaining a uniform point cloud
using the Leica Cyclone Register 360 software. Such a cloud is
characterized by an accuracy of about 50 mm in the absolute
position, which is enough to recreate the correct geometric rela-
tions of the caves. The device’s essential parameters are listed in
Table 1.

The laser scans enable the collection of accurate geometrical
data and later estimation of the wall’s sound absorption. In addi-
tion, the obtained geometry records the current state of the corri-
dors, which are subject to change because of natural erosion. The
obtained floor and wall surfaces together with cave volumes are
essential for future comparative studies on acoustical and geolog-
ical research of the lava caves.

The Surtshellir Lava Cave System is located in the Hall-
mundarhraun lava field in the Borgarfjordur district of West Ice-
land. The name Surtshellir means, variously, the “Black Cave” or
the “Cave of Surtur”, a powerful fire giant according to Norse
mythology. Surtshellir is mentioned several times in Icelandic
medieval literature and seems to have been well-known as a
threatening place, inhabited by giants or outlaws [15-17]. The
Surtshellir system consists of three parts, Surtshellir - Stefanshellir
— Ishellir, with a length of 3.5 km. Since the cave is located far from
settlements or maintained roads, the entries are not easy to locate
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and access. Fig. 2 a and b show the entry covered by a snowdrift. All
three caves are parts of one lava tube, formed by the same lava
flow. At some locations the roof collapsed completely and thus left
three pieces, which are not connected any more. The cave was used
as a hideout by outlaws and bandits who would steal sheep from
farmers living in the area in the 10th century. Surtshellir was
explored and described first by Porkell Arngrimsson in 1675. From
then on, until the end of the 19th century, it was the longest known
lava tube in the world. It is the longest lava tube in Iceland, about
1970 m long and the height varies throughout from 2 m to 10 m.
The tunnels are around 15 m broad at their greatest width. Due
to its volcanic origin, the walls are layers of solidified magma
and basalt (Fig. 2 c-d) and the floors are covered with sheets of
ice in the winter and large fallen rocks and lava rocks once the
ice melts in the summer (Fig. 2 b-d).

The measured volume of the Surtshellir cave is around
56 000 m?>, the floor surface around 10 500 m? and corridor length
of around 890 m. The laser scan of the Surtshellir cave is shown in
Fig. 3.

The Vatnshellir cave is situated in the Snafellsjokull National
Park and is very popular with visitors and therefore has a well-
maintained entrance, as shown in Fig. 4 a. The Vatnshellir cave
was probably created in an eruption 6,000-8,000 years ago. The
length of the cave is about 200 m and goes 35 m below the surface.
Inside the lava cave there are two main sections. The upper section
has great features and unique formations of lava statues curved on
the sides of the lava tube. In the lower part of the lava cavern,
which can be reached by a long and narrow staircase (Fig. 4 b),
there are some rainbow-colored volcanic rocks and petrified lava
formations (Fig. 4 c-d). The Vatnshellir lava tube cave inspired Jules
Verne to write the science fiction novel Journey to the Center of the
Earth [18].

The volume of the Vatnshellir cave is around 9 180 m?, the floor
surface around 1 100 m? and corridor length of around 140 m. The
laser scan of the Vatnshellir cave is shown in Fig. 5.

Leidarendi is a lava tube located in a lava field close to Blafjoll,
the Blue Mountains, in southwest Iceland (Figs. 1 and 6 a). Leidar-
endi is, in fact, two caves, formed by two separate eruptions on the
explosive Reykjanes Peninsula, the first one two thousand years
ago, the second one a thousand years ago. A distinctive feature of
Leidarendi is the various lava flakes that have fallen from its walls
and roof, due to frost and erosion (Fig. 6 b-c). These flakes indicate
the many different lava streams that have flowed there subse-
quently throughout the ages. In the cave, there are also cave walls
polished by lava streams along with stalagmites, stalactites and
other formations, as shown in Fig. 6 d.

The measured volume of the Leidarendi cave is around
12 300 m?, the floor surface around 2 000 m? and corridor length
of around 260 m. The laser scan of the Leidarendi cave is shown
in Fig. 7.

3. Acoustic measuring methods

Calculations of the acoustic parameters of selected caves were
made using EASERA [21] software and scripts in MATLAB. There
is a great deal of literature about the acoustics of concert halls
and similar rooms for music and speech which is summarized in
ISO 3382 standards [22]. For non-standard rooms, such as coupled
rooms, unroofed or semi-open spaces, such as caves, the calcula-
tion of decay curves and reverberation times may be ambiguous,
but most relevant research characterizes their acoustics using
impulse response and derived parameters in accordance with the
protocol of the ISO 3382 standard [23-26]. These are the argu-
ments for performing measurements in caves following the I1SO
3382 standard [22] as closely as possible, but, due to the specificity
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Fig. 1. Location of caves where the acoustic measurements were made [19].

Table 1
Technical specifications extracted from the datasheet of the laser scanner by its
manufacturer [20].

Weight 1kg

Dimensions 165/100 mm

Measurement speed < 3 min for complete fulldome scan
Range 0,6-60 m

3D point accuracy
Point measurement rate
Other

6 mm @ 10 m/6 mm @ 20 m
up to 360’000 pts/sec
Spherical vision and thermal camera

of the space and logistic constraints, some simplifications were
made.

Instead of a normalized omnidirectional sound source, an Ulti-
mate Ears BOOM 2 [27] (portable, commercial sound source) was
used. The parameters of Ultimate Ears BOOM 2 have been previ-
ously tested [28] in the AGH UST anechoic chamber [29] and used
during the exploration of glacier caves [5]. The frequency response
of the sound source is available in [5] and its usefulness in room
parameters was proven in experimental measurements of large

room (University corridor) acoustic parameters using a standard
omni-directional source, a set of balloons and a directional, full-
range studio monitor. Comparison of the obtained results using
the standard omni-directional source and Ultimate Ears BOOM 2
showed minor differences between them. On the basis of that
experiment’s results and after measurements in an anechoic cham-
ber [28], we decided to use this source in the cave measurements.

As a measuring microphone, a first-order Soundfield SPS 200
[30] ambisonic microphone was used to determine the spatial fea-
tures of the sound field and to later use the recorded impulse
responses for multi-channel auralization. The essential parameters
of the employed acoustic instruments are listed in Table 2.

All the devices were packed in reduced soft cases, together with
spare clothes, food and snow-ice tracking equipment, such as ropes
and crampons etc. Basic acoustic parameters were calculated on
the basis of a pressure signal from an ambisonic microphone (com-
ponent W of B-format), whose frequency response was previously
measured. In the acoustic range, its characteristic is linear with a
deviation of not more than * 3 dB. Test signals (10-second loga-
rithm sine sweep) were recorded using a ZOOM H6 portable sound
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Fig. 2. Surtshellir (SU) morphology and appearance: a) cave entry, b-c) corridor begging, d) inside the tube.

Fig. 3. Surtshellir (SU) laser scan outline.

recorder [31]. The signals were recorded with 24-bit resolution and
a sampling frequency of 44.1 kHz.

In addition, the background sounds and sound pressure level
generated during the determination of the impulse response were
recorded during the measurements. A SVAN 959 sound analyser
equipped with a 15” 40AE free field microphone by G.R.A.S. and
an SV12L microphone preamplifier was used in order to measure
noise levels.

Due to the minimization and limitations of the measuring appa-
ratus, the output test signal was recorded without synchronization
with an input test signal (separate playback and recording devices
were used). In order to calculate acoustic estimators, the impulse
response h was calculated by deconvolution of the test signal s,

which was a 10 s logarithmic sine sweep (1) where sy is the test
signal recorded in ice caves.

h(n) = F! FST(%)} (1)

4. Results and discussion

The main goal of the work is the complex analysis of the acous-
tic environment inside lava caves. Additional goals were to find the
variability, dispersion, range or other possible statistical estimators
of acoustic properties measured and calculated during the
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Fig. 5. Vatnshellir (VA) laser scan outline.

research. In order to achieve that, basic room acoustic estimators Music (C7, C50 and C80), Sound Definition (D) and Speech Trans-
were calculated, such as: reverberation time, Early Decay Time mission Index (STI). All the parameters were calculated according
(EDT), Bass Ratio (BR), Treble Ratio (TR), Clarity for Speech and to the ISO 3382 standard [22] using EASERA software [21].
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Fig. 6. Leidarendi (LE) morphology and appearance: a) cave entrance, b-c) corridors, d) lava stalactites.

Fig. 7. Leidarendi (LE) laser scan outline.

There were around 77 impulse responses measured in total in
three lava caves. The number of measurement points in each cave
depended on its length and morphology complexity, so the dis-
tance between subsequent points varied from about 5 to 20 m.
Basic room acoustic estimators were calculated, such as: reverber-

ation time, Early Decay Time (EDT), Bass Ratio (BR), Treble Ratio
(TR), Clarity for Speech and Music (C7, C50 and C80), Sound Defini-
tion (D) and Speech Transmission Index (STI). All the parameters
were calculated according to the ISO 3382 standard [22] using
EASERA software [21].
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Table 2
Technical Specifications of the employed acoustic instruments extracted from the
datasheets provided by manufacturers [27,30,31].

Soundfield SPS  Ultimate Ears ZOOM H6
200 BOOM 2

Frequency response  40-20000 90-20000 1-48000

[Hz]

Sensitivity 14 mV/Pa - -

S/N Ratio [dB] 82 - -

Self noise 12 dB DIN/IEC - —120 dBu

Max input 120 SPL [dBA] 90 22 dBu

Directivity Ambisonics Omnidirectional -
A-format

Other IPX7 Input gain

55 dB

4.1. Reverberation time

Generally, lava tubes reverberation could be described as short
or medium. Fig. 8 a, c and e show the T20 reverberation time as a
function of frequency at all points of the caves under study, while
Fig. 8 b, d and e show the Early Decay Time in an analogical way.
The highest variation of the results is observed for low frequencies.
Above approx. 300 Hz the obtained values are quite consistent for
most of the measuring points. The medians of individual values are
marked in bold. Fig. 9 shows the parametric statistical distribution
EDT (average of 500 and 1000 Hz octave bands) and reverberation
time calculated using various methods (T10, T20 and T30: average
of 500 and 1000 Hz).

The reverberation time of the studied caves varies from 0.1 to
0.9 s. The lowest values of reverberation time and EDT, as well as
their smallest variability, are observed for the LE cave. The median
EDT is about 0.2 s, and for T20 about 0.25 s. On the other hand, the
SU cave has the greatest variability. The median EDT is about 0.45 s
and for T20 about 0.55 s. Maximum values oscillate within 0.9-
second limits. The frequency characteristics in the low frequency
range are a little more diverse and have different local extremes
for each measurement point. It can be concluded that there is a
dominance of wave phenomena at resonance frequencies and a
stochastic nature of the sound field at medium and high frequen-
cies. In all cases, EDT values are a little bit lower in general but
more disperse.

4.2. Timbre parameters, clarity and intelligibility of speech

In terms of timbre, all the examined ice caves are quite similar
(Fig. 10). The median of the BR bass indicator is in the range of 0.9-
1.2 with moderate variation of the results. The TR high tones
parameter varies from 0.8 to 1.1 with very small variation of the
results. Therefore, it can be stated that lava tube acoustics are quite
different from the typical ‘image’ of caves mostly associated with
dark and long reverberation.

On the other hand, the sound clarity is relatively low and
variable (Fig. 11). For the LE and SU caves, median clarity values
are quite similar, but for LE they are also very close to low sta-
tistical estimators (minimum and 25th percentile). For the VA
cave, it is the opposite — the median values are close to high sta-
tistical estimators (maximum and 75th percentile). In addition,
the VA median values are higher than for the other caves -
around 5 dB for C50 and C80 while SU and LE are close to
—10 dB.

Fig. 12 shows the selectivity of D and the intelligibility of STI
sound. By definition, the parameter D is strongly correlated with
C50, so the distribution of results is also very similar. Speech intel-
ligibility can be described as excellent for all the examined caves.
The calculations of sound clarity C and sound definition D in
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Figs. 11 and 12 are calculated for broadband impulse response
without filtering.

4.3. Sound pressure level

Most of the lava caves where the measurements were made are
far from human settlements and communication routes. Hence, the
background noise levels measured in the SU and LE caves are very
low, on the limit of the internal noise level of the sound level meter
(SLM). In the case of the used SLM it was 13 dB (A) (measured at
the AGH University of Science and Technology and declared by
the manufacturer) [32].). In the Vatnshellir cave, falling water
drops raised the acoustic background level to the value of 34-
37 dB SPL(A). Since the measurement signals were about 65 to
70 dB SPL(A), background noise levels had no effect on the mea-
sured impulse responses. It should be noted that all the acoustic
measurements were taken in the absence of other people whose
presence would have an impact on the level of the background
noise.

4.4. Relation of measurement location and reverberation time

Since the accurate geometry of the measured caves was cap-
tured by laser scanning, the next step of research is estimation
of the average sound absorption and its variability in accordance
with the geometrical and structural data. In the current work, the
relation of measurement location and the reverberation time is
provided in Fig. 13, which shows compiled data for all three
caves. In the SU cave, the first 12 measurements were taken in
the corridor from the entry to the blocked area by the fallen
stones, which can be defined as a single volume. The measure-
ments from 13 to 18 were taken in the second volume of a very
diverse structure due to the many fallen rocks. Measurements 21
to 26 were taken in the fourth separate volume called Stephan,
with the cross-section becoming smaller with every measuring
spot.

The first two measurements in the VA cave were taken in
the first, smaller volume. For measurements 3 to 11, the spots
were uniformly distributed from the stairs to the biggest vol-
ume, where the last 4 impulse responses were captured. The
LE cave was the smallest in terms of average width and height
and the first 9 measurements were taken in a quite constant
volume, while measurements 10 to 17 were taken in a broader
period.

4.5. Discussion

There are several factors that must be taken into account
before making any general conclusions or comments about the
performed research. The caves are natural creations and their
geometry or other properties are the results of the very complex
phenomena of different origins. The work covers only a small
fraction of the possible lava tubes in the world or even in Ice-
land. Their possible age, surrounding climate, and human activi-
ties are factors that may influence the acoustic environment
inside other caves. The other problem is to establish the influ-
ence of the cave entries or any other existing holes on the mea-
surements. The same problem exists for any semi-open spaces,
like railway stations, but in these cases the simulations can be
much easier since the geometry and material sound absorption
is well known. For caves or other natural creations, it is not so
obvious, so the accurate scanning of the geometry together with
accurate RGB information and resulting sound absorption could
be potential material for theoretical or numerical analysis of
the sound propagation. The other possible problem is the estima-
tion of source-receiver distance sensitive parameters, like STI.
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Fig. 8. T20 reverberation time and Early Decay Time in the: a-b) LE, c-d) SU and e-f) VA caves; the solid lines show the median values, dashed lines show 1st and 3rd quartiles
and the outliers are marked with crosses (old: Fig. 8. T20 reverberation time and Early Decay Time in the: a-b) LE, c-d) SU and e-f) VA caves; thin, gray lines show results from

individual measurement points, and the bold black line shows the median values).

Because of the difficult circumstances, the distance between the that, the STI results (Fig. 12) show minor dispersion and high
microphone and loudspeaker was not monitored carefully as it values due to the quite high sound absorption, very high disper-

was a result of the obstacles and geometry variability. Despite sion and low noise level.
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Fig. 11. Box chart of the distribution of C7 sound clarity, sound clarity for C50 speech and C80 music of the studied caves.
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Fig. 12. Box chart of the sound definition distribution D and the STI speech intelligibility index of the studied caves.
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5. Summary and conclusions

The acoustic measurements of three different lava tubes in Ice-
land have shown the general similarity of reverberation time and
most of the other acoustic parameters. The reverberation time var-
ies from 0.1 to 0.9 s for medium frequencies and up to 2 s for low
ones. Early Decay Time values are generally lower than T10, T20 or
T30. In comparison with the stone caves investigated in [33], and
previously studied glacier caves [5], lava tubes can be described
as very dry and intimate in the sense of acoustics and sound prop-
agation inside these structures. Therefore, such surfaces, stone
density and surface structure could be used in modern concert
halls or similar venues where sound absorption is generally
desired. This kind of approach was already utilized after previous
similar research [5] for the design of acoustic panels [34] inspired
by nature. So, the next step of the current research is to perform a
calculation of the absorption coefficient of the lava caves.

The performed calculations and analysis can also be utilized
while monitoring morphology, erosion progression and even
microbiological activity in a long-term scale. The obtained results
are to be a reference point for future activities in that field. The
obtained spatial impulse responses can also be used in virtual real-
ity systems or multimedia applications in order to recreate the
character of this kind of unique space. Impulse responses from gla-
cier caves [5] are to be used in the planetarium show called Living
World by the California Academy of Sciences, so it is the next
potential outcome of the results of the current work.
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