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Deciphering eruptive dynamics in near-real time is essential when dealing with hazard assessment and
population evacuation. Recognition of specific patterns in time-series measured during volcanic activity
may help decipher distinctive behavior at active volcanoes, providing insights into the underlying driving
mechanisms. Multi-parameter data sets usually agree on the overall trend characterizing the temporal
evolution of an eruption providing insights into the first-order eruptive dynamics. However, second-order

Editor: M. Ishil variations detected in different data sets remain often poorly understood. The 2014-2015 Holuhraun
Keywords: eruption (Iceland) offers an excellent opportunity to investigate the dynamics of a long-lasting effusive
Holuhraun eruption. We analyze the seismic tremor and the volcanic radiated power emitted by the lava field during
Earth tides the 6 months of the eruption using Singular Spectrum Analysis (SSA). In both geophysical time-series, we

effusive eruption
seismic tremor
lava flows

thermal anomalies

identify periods from ~5 to ~32 days coinciding with periods of Earth tides. Here we show that ~50%
of both signals are composed of tidal periods suggesting that magma movements follow frequencies
imposed by lunisolar forces within the crust and at Earth’s surface.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction ous degassing (Williams-Jones et al. (2001); Sottili et al. (2007);

Cigolini et al. (2009); Sottili and Palladino (2012); Bredemeyer and

Periodic and quasi-periodic behaviors at some volcanoes have
been detected during eruptive or unrest periods, using geochemical
or geophysical measurements and suggesting a certain sensitiv-
ity of volcanic systems to lunisolar tidal forces, especially when
volcanoes are in a critical state (Hamilton (1973); Mauk and John-
ston (1973); Martin and Rose (1981); Stothers (1989); Patané et
al. (1994); Emter (1997); Williams-Jones et al. (2001); Custodio et
al. (2003); Melnik et al. (2008); Dinger et al. (2018); Girona et al.
(2018)). Clear cyclic oscillations with periods ranging from hours
to diurnal have been detected: they appear to modulate seismicity
during unrest (Mauk and Kienle (1973); Girona et al. (2018); Pet-
rosino et al. (2018); Ricco et al. (2019)) as well as eruptive activity
through the frequency/intensity of explosive phases or continu-
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Hansteen (2014); Dinger et al. (2018)). Tidal forces have also been
suggested to increase the likelihood of eruption onset for instance
at Kilauea (Hawaii), Fuego (Guatemala) and Mayon (Philippines)
(Mauk and Johnston (1973); Dzurisin (1980); Martin and Rose
(1981); Jentzsch et al. (2001)). These studies have revealed a spe-
cific response of volcanic systems to the fortnightly, diurnal and
semi-diurnal tides. However, tidal stresses are of small amplitude,
a few 103 Pa for the fortnightly, compared to tectonic stresses on
the order of 10%-108 Pa (Sparks, 1981). Recognition of tidal periods
in time-series measurements at volcanoes has not been systematic,
suggesting that all volcanoes do not seem to respond in the same
way to the Moon-Sun gravitational forces (Sparks (1981); Emter
(1997); Neuberg (2000); van Manen et al. (2010)). These interac-
tions and their mechanisms are therefore still a debated topic.
Using data from the 2014-2015 Holuhraun eruption (Iceland),
we investigate the dynamics of a long-lasting effusive eruption
with a focus on processes interfering with the driving pressure
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Fig. 1. The 2014-2015 volcano-tectonic activity beneath Vanatjokull glacier (Iceland) and the seismic network. Inset showing the volcano-tectonic map of Iceland with the
central volcanoes (dashed lines) and the associated fissure swarms (gray areas) that form the neovolcanic zones (Johannesson and Saemundsson (2009)) and also the glaciers
(cyan). The red dots show the seismicity prior to the onset of the eruption, from 16 August to 6 September 2014 (Sigmundsson et al. (2015)), similarly to the black dots in
the main figure. The eruption site is indicated by the red star. The instruments used to quantify the seismic tremor include SIL seismic network (inverted brown triangles), a
seismic array deployed by UCD within the FutureVolc project framework (inverted green triangles, Eibl et al. (2017a,b)). For more details on the configuration on the 7-station
array, see Eibl et al. (2017b). Holuhraun lava field is shown with red surface. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this

article.)

source and on how external processes may affect the course of
an eruption. This effusive eruption initiated after the propagation
of a 48-km long dyke at the Icelandic divergent plate boundary
and produced a lava field whose bulk volume of 1.4 + 0.2 km?
(Fig. 1), making it the largest eruption in Iceland since the 1783-
1784 Laki eruption (Gudmundsson et al. (2016); Pedersen et al.
(2017)). Activity was closely monitored by multi-parameter sen-
sors before, during and after the eruption, despite the challenging
conditions in one of the most remote places in Iceland (Fig. 1; Sig-
mundsson et al. (2015); Agistsdéttir et al. (2016); Gudmundsson
et al. (2016); Coppola et al. (2017); Eibl et al. (2017a); Parks et
al. (2017); Pfeffer et al. (2018); Dumont et al. (2018)). In this pa-
per, we study variations in the seismic tremor that provide insights
into magma flow from depth to surface and in the power radi-
ated by the lava field that reflects the eruptive dynamics at the
surface through the growth of the lava field. Both seismic tremor
(ST) and volcanic radiated power (VRP) data were analyzed for the
whole eruption period using the technique of Singular Spectrum
analysis (SSA). Contrary to other spectrum analysis methods, SSA
provides information on the temporal evolution (phase shift, at-
tenuation) of the components forming the geophysical signals and
their contribution to the original time-series. We compare the SSA
spectral components of ST and VRP with those of the length-of-
day (Lo.d.), a relevant measure of the tidal actions on the Earth’s
rotation velocity (Lambeck (2005); Ray and Erofeeva (2014); Lopes
et al. (2017); Le Mouél et al. (2019)) whose variations have also
been evoked to affect volcanism (Palladino and Sottili (2014); Sot-
tili et al. (2015); Lambert and Sottili (2019)). Long-term periods
including decadal variations in the l.o.d. have been attributed to
core/mantle interactions while shorter periods are caused by exter-
nal modulation and in particular by tidal forces (Jault and Le Mouél
(1991); Lambeck (2005)). The redistribution of the solid earth and
ocean masses induced by lunisolar gravitational forces affects also
the atmosphere. These three layers being coupled, their modula-
tion by tidal forces influences as well their interaction (Lambeck
(2005)). Although the solid tides are the most important, all three
periodic tidal deformations lead to perturbations of the inertia ten-
sor, thus directly impacting the polar motion and therefore the
Earth’s rotation velocity and of course the l.o.d. (Lambeck (2005)).

In past studies, the influence of earth tides on volcanism has been
suggested using theoretical estimates of the tidal potential (see
(Neuberg, 2000; Petrosino et al., 2018) for instance). With our ap-
proach, we preferred using observations instead of models. Data
include by essence the space-time evolution of the complex in-
teraction of the Earth, Moon and Sun, whose calculations become
much more complicated if the complexity of the trajectories of the
three celestial bodies and their variations are taken into account.
This way, the comparison of observations of seismic tremor, vol-
canic radiated power and length-of-day allows us to shed light
on the influence of Earth tides on magma movements from the
plumbing system to the surface, over the course of the 6-month
long lava flow emplacement at Holuhraun.

2. Data and methods
2.1. Seismic tremor

We consider the temporal evolution of the 2014-2015 volcanic
activity at Holuhraun through the seismic tremor and the energy
radiated by the lava field over the 6 months of the eruption. The
seismic tremor was recorded during Holuhraun eruption by the na-
tional seismic network (SIL) and a 7-station array located 12 km
from the eruptive fissure (Fig. 1; Eibl et al. (2017b)). The data
were collected every 0.01 s. The amplitude of the seismic signal
was initially instrument-corrected, detrended, tapered and filtered
between 0.8 and 2.0 Hz and its root median square was calcu-
lated to represent the tremor amplitude as described by Eibl et al.
(2017a,b).

2.2. Volcanic radiated power

Thermal anomalies at Earth’s surface can be detected by the
Moderate Resolution Imaging Spectroradiometer onboard satellite
sensor (MODIS). At latitudes of Iceland, Terra and Aqua satellites
have between 6 and 10 acquisitions per day due to their po-
lar, sun-synchronous orbit (Coppola et al. (2019)). The MIROVA
system for Middle InfraRed Observation of Volcanic Activity, was
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Fig. 2. Seismic tremor and volcanic radiated power time-series associated with the 2014-2015 Holuhraun eruption. Time-series for the length-of-day (a), seismic tremor and
radiated power emitted by the lava field (b) during Holuhraun eruption from 29 August 2014 to 27 February 2015. Original data published in Coppola et al. (2017, 2019) and
Eibl et al. (2017a)). The corresponding spectra are presented in the last figure (c) using the same color code.

developed in the last decade to enhance volcanic hot-spot detec-
tion and track their evolution using near real-time processing of
MODIS data (Coppola et al. (2016)). MIROVA relies on an algorithm
that combines both spectral and spatial approaches and automat-
ically detects and locates high-temperature thermal anomalies us-
ing middle (MIR) and thermal (TIR) infrared bands resulting in the
quantification of the volcanic radiant power (VRP). For more de-
tails, see Coppola et al. (2016, 2019).

2.3. Length-of-day

It has been known for decades that the Earth’s rotation ve-
locity whose measure is the length-of-day (l.o.d.), shows varia-
tions at different time scales (Guinot (1973)). The slow overall
deceleration observed corresponds to a sum of pseudo-periodic
and oscillating trends caused by the astronomical forces that slow
down Earth’s rotation. The decelerating rate is of the order of
2 ms per century and takes its origin in lunar forces. The lo.d.
is an astronomical measure, estimated daily by a combination
of laser and satellite (VLBI) measurements. For more details, see
Jault and Le Mouél (1991) and Lambeck (2005). For this study,
we will use the data set EOP14C04 (https://www.iers.org/IERS/EN/
DataProducts/EarthOrientationData/eop.html), provided by the In-
ternational Earth Rotation Service (IERS, Paris, France).

2.4. Singular spectrum analysis

Singular Spectrum Analysis (SSA) is a general formulation of the
spectral decomposition formulated by Vautard and Ghil (1989) and
Vautard et al. (1992). It is a powerful, non-parametric, time series
analysis tool based on the Karhunen-Love spectral decomposition
(Kittler and Young (1973)). SSA decomposes a time-series into a
sum of a small number of independent components that can be

identified as either a trend, periodic or quasi-periodic component
or noise. The first step of the decomposition consists in building
a trajectory or Hankel matrix. The time-series vector of length N,
allows to create lagged copies of length L and thus to create the
Hankel matrix of size L x K with K = N—L+ 1. With the next step,
Singular Value Decomposition or SVD (Golub and Kahan (1965)) is
applied to the Hankel matrix allowing to identify the eigen values
composing the time-series. The resulting eigen values are ranked
in decreasing order of magnitude with the first ones representing
those with a larger contribution to the original signal. Groups of
very similar eigen values are then assembled to form the main
components that are used to reconstruct the original signal. For
further details on the method and its application, see Lopes et al.
(2017) and Le Mouél et al. (2019).

3. Results
3.1. Volcanic time-series and the contribution of Earth tides

The reference date we used in this study is 29 August 2014. It is
13 days after initiation of the dyke propagation from Bardarbunga
caldera, and two days prior to the onset of the six-month eruption,
when a 4-hour eruption took place, at the same place as the main
eruption that initiated two days later (Sigmundsson et al. (2015);
Pedersen et al. (2017)). Seismic tremor reached the largest values
with the onset of the main eruption on 31 August 2014, remained
high up to 5 September 2014 (Fig. 2b), while the lava fountaining
was still intense with the highest fountains recorded on 4 Septem-
ber (Eibl et al,, 2017a). It then shows an overall decline over the
6 months of the eruption. The VRP shows a very similar tempo-
ral trend except for its maximum (Fig. 2b), that is only reached
around 7-11 September 2014. The time difference between max-
ima in VRP and seismic tremor may actually be induced by the
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Table 1

Periods composing the seismic tremor and VRP time-series. Periods of lunisolar tides detected in the l.o.d., seismic tremor and
volcanic radiative power were identified after Ray and Erofeeva (2014).

Ray and Erofeeva (2014) l.o.d. Seismic tremor Radiative power Earth tide names  Origin
(days) (days) (days) (days) L: Moon; S: Sun
31.96 33.95 + 3.62 32.00 £+ 2.28 MSm L+S
25.62 26.66 + 2.42 24.28 + 4.99 Mm L
23.85 23.76 + 3.08 Mm L
16.64 + 1.32 16.60 + 1.06 16.01 + 1.57 MSm' L+S
15.91 15.76 + 1.24 MSm' L+S
13.66 13.65 + 0.61 13.52 + 1.56 13.00 + 2.69 Mf L
12.78 12.58 + 1.59 12.30 + 2.79 Mf L
913 913 + 0.67 9.33 +£ 043 Mtm L
723 722 £ 0.21 728 + 0.21 722 + 0.32 Mt L
5.40 5.40 + 0.27 538 £ 0.18 MSp L+S

1 Harmonic of MSm.

lava flow thermal regime. Transient phases seem to characterize
the thermal regime of lava flows as long as their maximal length
has not been reached reflecting conditions to attain a thermal
equilibrium (Coppola et al. (2019) and references therein). Field
and satellite observations from Pedersen et al. (2017) confirmed
that the maximal length of the first and main lava channel was
reached between 7-15 September 2014. Eibl et al. (2017a) jointly
analyzed both signals without finding any clear correlation except
in the first-order decrease that was also observed using other geo-
physical measurements (Gudmundsson et al. (2016)). For a more
detailed description of the temporal evolution of these two param-
eters and the derived effusion rate, see Coppola et al. (2017, 2019)
and Eibl et al. (2017a). During the ~180 days of eruption, the l.o.d.
shows a small overall increase punctuated by (pseudo) periodic os-
cillations showing larger amplitude variations (Fig. 2a), known as
the result of lunisolar forces acting on the Earth’s rotation velocity
(Le Mouél et al. (2019)). The comparison of the spectra associated
with the seismic tremor, VRP and l.o.d. (Fig. 2c), highlights a clear
feature: the seismic tremor and l.o.d. have a very similar spectral
content for periods longer than 30 days, although the length of the
present data set prevents a proper representation and interpreta-
tion of periods longer than 45-60 days.

The first 9 and 8 components (corresponding to 17 and 15
eigenvalues, see Section Data and Methods) of the seismic tremor
and VRP signals respectively, were considered to analyze the spec-
tral content of the two time-series (Fig. 3a-c). As we show with
the reconstructed signals in Fig. 3, these first 9 and 8 components
account for most variations of the original time-series. It is strik-
ing to note that most of these first components of the seismic
tremor and VRP match well-known Earth tides that are observed
in the lo.d. time-series (Fig. 3 and Table 1). Actually, taking into
account all lunisolar periods identified in each time-series, reveals
that 53.6% of the tremor and 51.6% of the VRP variations corre-
spond to lunisolar tides (Fig. 3 and Table 1). Further results are
shown with Fig. 4 sorted according to the decreasing amplitude of
the tidal components extracted in the l.o.d. The figure shows both
the waveforms of the extracted component and the corresponding
spectrum. Relying on the Parseval theorem that states that the in-
formation of a signal spectrum is similar to the signal itself, we
define the uncertainty of identified periods by the half-width of
their peaks at half-height.

Fig. 4a presents the signals and the Fourier spectra associated
with the main tide, the fortnightly, characterized by a ~13.66 days
period for the seismic tremor, radiated power and the lo.d., re-
spectively. This lunar tide is the strongest in amplitude (see Ray
and Erofeeva (2014), Table 3 or Le Mouél et al. (2019), Table 1).
Note that this period is also very close to the 13.63 days period, an
harmonic of the solar synodic rotation period (27.27 days). There
are therefore two possible sources for modulation of these tidal
forces (Lopes et al. (2017)). If we take into account the uncer-

tainties of the periods identified in the Fourier spectra, seismic
tremor, radiated power and l.o.d. start in phase at the eruption
onset (Fig. 4a). The corresponding wave shapes for the seismic
tremor and radiated power attenuate, in contrast to that of the
l.o.d. oscillation. Moreover, the attenuation rate and the phase shift
between both signals are not the same. This likely reflects the in-
herent properties of the media where the tidal wave carried by the
magma is propagating from the upper crust to the ground surface.

Fig. 4b shows a tidal component of ~25-days period. Actually,
we detect two periods centered at 23.76 days and 24.28 days for
the seismic tremor and VRP respectively (Table 1). Their uncertain-
ties are such they can be identified to two very similar periods of
the Moon monthly tide (Ray and Erofeeva (2014)). As previously
observed for the ~13.6-days component, both volcanic signals are
starting almost in phase with the lo.d. if we take into account
the uncertainties. Their amplitude is also reduced over time, but is
less pronounced than previously observed for the fortnightly pe-
riod. Interestingly, both the ~13.6 and ~25-days components of
the VRP components appear to be systematically more attenuated
than those of the seismic tremor suggesting that this observation
is likely related to the medium propagation. The terrestrial surface
representing an interface between atmosphere/lithosphere where
lava flows, it is indeed much more dispersive for a propagating
wave than the upper crust and could therefore explain these dif-
ferences.

We illustrate other periods, e.g. ~16 and ~9 days, identified
in our time-series, in Fig. 4c-d. All their waveforms show differ-
ent behaviors. In the ~16 days-period, VRP signal is more similar
to the lo.d. than the seismic tremor (Fig. 4c). Actually, the lat-
ter shows an amplification over time that is also detected in the
~9 days period (Fig. 4d). This ~9 days period corresponds to the
second harmonic of the lunar month period and is only detected
in the seismic tremor. These observations (Fig. 4) suggest that 1)
these tides are not detected in the same way by the propagating
magma and the lava field as illustrated by the ~9 and ~16-days
periods (Fig. 4 and Table 1) and 2) that the amplitude of the seis-
mic tremor is not further systematically attenuated with time.

3.2. The tidal potential as external mechanism modulating volcanic
activity

With Fig. 4, we compare the periods extracted from the seis-
mic tremor and the power radiated by the lava field with those
already known in l.o.d. Although a certain phase shift is detected
in some component between the tremor and the lava field with
respect to the l.o.d. (likely caused by the volcanic processes), these
common periods highlight one common origin, the tidal forces
(Fig. 5a), which act on the three geophysical phenomena, despite
their different nature. We estimate the first-order (strongest) tidal
force (Jobert and Coulomb (1973)), f;, (see Supplementary Mate-



S. Dumont et al. / Earth and Planetary Science Letters 536 (2020) 116145 5

A T trend Length-Of-Day SEA T~ wend o rend Radiated Power
ren
012~ 012 012
] 13.66 days 2 2
= % e = =]
T; 01 ‘E 01 7; 01k
g g 2
2 ~26.66 days 2 osk 2 wosk
k= 008} N 120 days - ~13.52 days 2" ~£00 days
N N N
= = =
g 006 5 0.06 ~23.76 days g 0.06
S 5 ~32 days g ~24.28 days
Al 20.54 days z L e 2 oul T ~84.21 days
39~9.13 days 16.60 days ~15.76 days
E 7}’22 B ~33.95 days ~9.33 days ~7.28 days ~16.01 days <i8d
L 9 oo /2odays L +—~5.40 days ok _#75.38 days
i S R it s
A u 11y n hdi

10 15 20 25 0
rank of the eigen values

Seismic remor (RMS x107m.s™)

0 I I I
0 50 100 150 200

Number of days since August 29th, 2014

10 15
rank of the eigen values

20 25 0 20 25

10 15
rank of the eigen values

e

(6]
Radiated Power by the lava field (x10'° Watt)

I I I 05
0 50 100 150 200

Number of days since August 29th, 2014

Fig. 3. Decomposition and Reconstruction of the geophysical time-series. Eigen values of the decomposition are ranked in decreasing order of amplitude for the l.o.d. (a), the
seismic tremor (b) and the power radiated by the lava field (c). Each color represents components identified using the first 15-17 eigen values and based on the periods
recognized in the l.o.d. The trends represent the overall and first-order variation (Supplementary, Figure S1). They are highly dependent on the time interval considered. They
are not further discussed in this study despite they represent the highest energy of the time-series. (d-e) Original (black) and reconstructed time-series (red) of the seismic
tremor and radiated power by the lava field, respectively. The reconstruction is based on the SSA method using the first 17 and 15 eigen values respectively and allows to

explain most the observed variations.

rial and Fig. 5a), that corresponds to the vertical component, acting
on a unit mass at the point P on Earth’s surface, to be about
5.6 1077 N-kg~!. If we now consider the pressure gradient ‘;—g
associated with the tidal action on an area of section S and of

thickness dh, we have:

aP P
pfiSdh=S"—dh—~ — =pf,

oh oh M

with p, the mean density of crust in Icelandic volcanic zones
(2400 kg-m~3; Gudmundsson and Hégnadéttir (2007)). We inte-
grate the pressure between the surface and 8 km depth corre-
sponding to the upper crust depth range where seismicity was
recorded during the dyke propagation preceding the onset of the
eruption (Sigmundsson et al. (2015); Woods et al. (2019)). We ob-
tain a pressure of 10.8 Pa, a value that is not sufficient for rock
fracturing, the rock strength being at least of 0.1-20 MPa for a
basalt in tensile stresses and much higher in compression (Schultz
(1996)). However, we suggest this amount is sufficient for Earth
tides to drive a fluid flow. Indeed, this force induces a localized
stress on the poroelastic medium formed by the subsurface re-
sulting in a spatial pressure gradient that promotes the flow of
subsurface fluids (McMillan et al. (2019)). Magma and groundwa-
ter at subsurface and Earth’s surface may therefore be modulated
by such a force as shown by the seismic tremor and VRP.

We further evaluate the timing of the tidal components by cal-
culating the tidal potential for the strongest lunar tide, the fort-
nightly (13.66-days periods), that also has the strongest energy
in all geophysical time-series studied (see Supplementary Material
and Figs. 3 and- 5a). We estimate the potential for two sites of ob-
servation, one in Iceland (¢ = 65°) and one at the Equator (6 = 0°).
The result is presented in Fig. 5b. The phase shift detected between
the two observation locations (Iceland versus Equator) illustrates
the latitude-dependence (zonal distribution) of the fortnightly tide.
This phase shift evolves slowly over time such that at the end
of the eruption, the zonal tide is almost in phase at the Equator
and in Iceland. Moreover, this zonal tide calculated at the Icelandic
latitude, appears to be exactly in phase with the fortnightly com-
ponent identified in the seismic tremor at the start of the eruption
(Fig. 5b), and for the following 60 days.

4. Discussion

The Singular Spectrum Analysis applied to the seismic tremor
and volcanic radiated power time-series clearly evidence the influ-
ence of Sun-Moon gravitational forces on our measurements over
the course of Holuhraun eruption. For the first time, we show how
6-8 tidal periods varying from ~5 to ~32 days contribute to two
time-series characterizing volcanic processes. Most similar studies
on volcanoes have detected the fortnightly, semi-diurnal and diur-
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Fig. 4. Components associated with a ~13, ~26, ~16 and ~9 days periods. (a) Normalized spectrum of the Fourier transform (left) associated with the second SSA component
for the l.o.d. (blue), seismic tremor (magenta) and volcanic radiated power emitted by the lava field (green) and the corresponding waveforms (right). A similar representation
is adopted for the series of figures in b, ¢ and d. In b, the periodogram and the waveforms represent the third SSA component. This component may correspond to two
tides of very similar periods, e.g. ~26 and ~24 days, associated with the lunar monthly (Table 1; Ray and Erofeeva (2014)). In c, the ninth SSA component for the Lo.d. is
represented along with the fifth component of the seismic tremor and VRP. Finally, in d, the sixth SSA component is plotted for l.o.d. and seismic tremor.

nal tides (Hamilton (1973); Mauk and Johnston (1973); Mauk and
Kienle (1973); Dzurisin (1980); Martin and Rose (1981); Stothers
(1989); Emter (1997); Williams-Jones et al. (2001); Custodio et
al. (2003); Sottili et al. (2007); Dinger et al. (2018); Girona et al.
(2018); Ricco et al. (2019)). Only a few studies have detected other
tidal periods as for instance, the lunar monthly and the ~7-day
period tides at Stromboli volcano (Sottili and Palladino (2012)) and
the periods of 28-33 and 6-9 days at Villarrica and Llaima volca-

noes (Bredemeyer and Hansteen (2014)). The techniques adopted
to evaluate the correlation between earth tides and physical pa-
rameters associated with volcanic processes as well as some data
processing applied to the time-series may reduce the detection
range of tidal periods (Neuberg (2000)). The temporal resolution
of the analyzed time-series may as well directly influence the de-
tection of the different tides and their resolution (van Manen et al.
(2010)). Similarly, with this study, we show that the predominant
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Fig. 5. Tidal force and potential during the eruption. (a) Attraction of (A’) body acting on P located at the surface of (A) and the associated tidal force, f as described by
Jobert and Coulomb (1973). See Supplementary Material for more details. (b) Zonal tides calculated for the lunar fortnightly tide and two sites of observation, Iceland (blue
curve) and Equator (green dashed line). The second component of volcanic seismic tremor corresponding to the fortnightly tide, is also shown for comparison (magenta).

tides are related to the Moon. Semi-diurnal and diurnal periods
may exist in our data sets but their contribution is clearly absent
(Fig. 3).

We identify 5-6 tidal periods common to both seismic tremor
and VRP time-series as well as two tides detected only in the seis-
mic tremor and one in the VRP (Fig. 3 and Table 1). The two time-
series we considered correspond to the transfer of magma from
the upper crust to its emission at Earth’s surface with lava flows.
These observations highlight that magma flow whatever its prop-
agation media, e.g. Earth surface or upper crust, is modulated by
lunisolar forces. The gradual decline characterizing the overall evo-
lution of the eruption, identified through the trends by SSA (Fig. 3
and Supplementary, Figure S1) have been explained by interaction
of pressure sources (magma body, its subsiding reservoir roof and
subsurface flow path; Gudmundsson et al. (2016); Coppola et al.
(2017)). Our study focuses on the smaller-magnitude variations
and suggests that lunisolar forces interacted with these pressure
sources hence contributing to maintain the flow of magma over
the 6 months of eruption. This is evidenced by 1) the second-order
variations that are very-well reconstructed using SSA and 2) by the
fact that Earth tides amount to 50% of the two time-series.

The measurement techniques, ground and satellite based, the
nature of the parameters measured, and the media where the
magma propagated/flowed (Coppola et al. (2019)) may explain
how differently tides contribute to each signal and therefore the
differences observed between the two time-series over the 6
months. By extracting SSA components, we have not only been
able to identify specific components composing our time-series but
the waveforms. The two components associated with the strongest
lunar tides identified in our data, e.g. the fortnightly and the
monthly ones, start in phase with those of the l.o.d. (Fig. 4). Our

calculations of the tidal potential (Fig. 5) confirmed this simul-
taneity, that is specific to the latitude of Iceland and the eruption
timing. Moreover, the eruption initiated close to a minimum of the
tidal potential (Fig. 5b) corresponding to a syzygy, a specific align-
ment of the Sun, Moon and Earth. Minima and maxima of the tidal
potential are associated with the alignment of these celestial bod-
ies in opposition or conjunction respectively. They have been both
evoked to promote eruptive activity (Sottili and Palladino (2012)
and references therein). The six-month eruption at Holuhraun ini-
tiated two days after a 4-hour eruption (Sigmundsson et al. (2015);
Pedersen et al. (2017)). It was suggested that there was not a suf-
ficient pressure at the dyke tip after its propagation over 48 km,
to feed a long-lasting eruption (Woods et al. (2019)). No phase
shift is observed between the strongest Earth tides and the seis-
mic tremor from 29 to 31 August, and therefore we suggest that
the Earth tides may have played a role in the triggering of the first
small eruption on 29 August.

5. Conclusion

With this study, we focus on the 2014-2015 Holuhraun erup-
tion (Iceland) and its temporal evolution as recorded by the seis-
mic tremor and the power radiated by the lava field. We analyze
the two geophysical time-series using Singular Spectrum Analysis
(SSA) and we identify periods from ~5 to ~32 days. By applying a
similar approach to the length-of-day (l.o.d.) measurements, con-
sidered as a relevant measure of the tidal actions on the Earth,
we show that these different periods coincide with 6-8 periods
of Earth tides. We estimate that ~50% of both signals are com-
posed of tidal periods suggesting that magma movements follow
frequencies imposed by lunisolar forces within the crust and at
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Earth’s surface. Moreover, by calculating the tidal potential for the
Holuhraun eruption in Iceland, we suggest that Earth tides through
their interaction with the pressure of the magma reservoir may
have contributed to the triggering of the first (4-hour) eruption,
on 29 August 2014.
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