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Seismic tremor observed near active volcanoes is an important tool for volcano monitoring as it often 
appears shortly before eruptions. Although tremor can be generated by a variety of physical processes it 
is usually interpreted as direct evidence for flowing magma in the sub-surface. These interpretations 
typically feed into risk assessments for potential eruptions. Using the temporal evolution of tremor 
amplitude and spectral data from a distributed seismic network that captured the 2018 eruption at Sierra 
Negra in Galápagos, we determine that tremor is not directly related to sub-surface fluid movement. 
Instead at Sierra Negra tremor likely indicates a slowly propagating fracture, which is later exploited as 
a pathway for silent magma flow. Distinct differences in the source migration and the spectral character 
of pre-eruptive and co-eruptive tremor allow both a location estimate of the future eruption site and a 
precise timing of the eruption onset.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Volcanic tremor is a persistent seismic signal commonly asso-
ciated with volcanic unrest, and often precedes eruptions. It has 
attracted considerable attention due to its potential as a tool to 
forecast eruptions (Chardot et al., 2015) and to help understand 
physical volcanic processes (Sparks et al., 2012). Unlike tectonic 
earthquakes where the source is brittle failure of rock, tremor is 
thought to be generated by a variety of processes involving com-
plex interactions between magmatic fluids and the surrounding 
rocks (Aki and Koyanagi, 1981; Hellweg, 2000). A good under-
standing of volcanic tremor sources is crucial for extracting knowl-
edge about volcano dynamics and is important in physics-based, 
non-data driven eruption forecasting. For this reason, numerous 
models have been proposed to explain tremor source processes. 
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These models can roughly be classified into three families. The 
first family associates tremor with the direct detection of fluid 
movements inside the volcano. Models in this family include fluid-
flow-induced oscillations of conduit walls (Julian, 1994; Ida, 1996; 
Maeda, 2000; Rust et al., 2008) and excitation and resonance of 
fluid-filled cracks (Aki et al., 1977; Chouet, 1985, 1986; Bell et al., 
2017) and is the predominant interpretation of tremor signals. The 
second model family suggests that tremor is generated by swarms 
of microearthquakes and is, therefore, related to cracking or fault-
ing of rock possibly due to injection of fluid (Powell and Neuberg, 
2003; Hotovec et al., 2013; Eibl et al., 2017). The third model 
family relates tremor to hydrothermal systems and steam, gas or 
ash emissions (Martinelli, 1990; Yukutake et al., 2017; Stix and 
de Moor, 2018). Even at a given volcano, tremor can have more 
than one origin or the origin can change with time, particularly 
through the transition from pre-eruptive to co-eruptive tremor, 
reflecting a transition from sub-surface to near or on-surface dom-
inated processes. These changes in source origins usually manifest 
themselves as changes in the characteristics of the tremor signals 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. A map view of the Sierra Negra volcano. The map shows the seismic stations used in this study, the epicenters of earthquakes that occurred from 17:00 to 22:00 UTC 
on 26 June 2018, the lava flow and the eruptive fissures (F1 - F5) for the whole eruption period. The eruption occurred at 19:34 UTC at eruptive fissure F1 just outside the 
northern caldera rim. The inset indicates the location of Sierra Negra on the Galápagos Islands.
recorded at seismographs. Examples of such observations are well 
documented for volcanoes in Iceland (e.g. Einarsson, 2018, and ref-
erences therein). Here we study tremor associated with the 2018 
eruption at Sierra Negra volcano in Galápagos. We infer the source 
process by studying the spectro-temporal evolution and the pre-
cise location of the tremor starting from about 2.5 h before the 
eruption onset. We see a clear “binary change” in the spectral char-
acter of tremor across the transition from pre- to co-eruption. This 
change is in harmony with changes in tremor depth over the same 
time window. Furthermore, through a spectral template matching 
analysis we determine that the pre-eruptive tremor is most likely 
associated with fracturing of rock in the hours before the erup-
tion, opening pathways for subsequent silent magma flow to the 
surface.

2. The 2018 eruption at Sierra Negra volcano

Sierra Negra volcano is one of the most active volcanoes on 
the Galápagos Islands and the recent eruption in 2018 provides us 
with a first-time opportunity to study the tremor source process 
due to the deployment of a dense seismic network two months 
before the eruption (Bell et al., 2021a). Sierra Negra is a 1100 m 
high basaltic shield volcano with an elliptical summit caldera on 
the island of Isabela, west Galápagos (Munro and Rowland, 1996; 
Harpp and Geist, 2018) (Fig. 1). Since the previous eruption in 
2005 (Geist et al., 2008), the volcano had been inflating at a vary-
ing rate throughout the 13-yr period leading to the 2018 eruption 
(Bell et al., 2021a,b). Seismicity rates increased progressively from 
2015 until the start of the eruption with higher rates observed 
from mid 2017. The number of earthquakes with magnitude >1.4 
also increased since late 2017. Most of the earthquakes occurred 
on a trapdoor fault system (Reynolds et al., 1995; Jónsson et al., 
2005) inside and at the rim of the caldera (Bell et al., 2021a).

The eruption started on 26 June 2018 and lasted for about two 
months. On 26 June 2018 at 09:15 UTC, a moment magnitude Mw
5.4 earthquake occurred at the southern rim of the caldera. An af-
tershock sequence lasting approximately one hour followed. After 
8 h of relative seismic quiescence, at about 17:15 UTC, an intense 
earthquake swarm commenced. The epicenters of the earthquake 
swarm started in the northwest of the caldera, and later spread 
2

in two directions, one towards the east along the northern limb 
of the trapdoor fault, and the other towards the south. During 
the same period, a relatively weak tremor signal was also ob-
served. This tremor is characterized by a few narrow frequency 
bands, ranging from 2.5 Hz to 15 Hz. At 19:34 UTC, the tremor 
started to dominate the seismograms and its “spectral structure” 
(that is, both the spectral content and the relative amplitudes of 
its constituent frequencies) changed. This change coincided with 
the onset of the eruption and is consistent with infrasound records 
(Bell et al., 2021a). The eruption started at eruptive fissure F1 just 
outside the northern caldera rim (Fig. 1). From around 20:00 UTC 
onward, other eruptive fissures were also observed at the north-
western and northern flank of the volcano. Throughout the two 
month eruption period, there were several eruption sites. How-
ever, our focus in this paper is to understand the nature of tremor 
and what it tells us, as we approach the onset of the eruption. In 
late August 2018, all activity fell back to pre-eruptive levels, which 
marked the end of the eruption. For an overview of the eruption 
history and a detailed description of the 2018 eruption at Sierra 
Negra volcano, the reader is referred to Bell et al. (2021a).

3. Data

A temporary seismic network was installed at the volcano in 
April 2018, two months before the eruption (Bell et al., 2021a). The 
network consisted of 14 broadband seismometers during the initial 
installation (SN01 to SN14). Later, the network was augmented by 
the deployment of two extra stations (SN15 and SN16) and the 
addition of tiltmeters and accelerometers at some of the existing 
stations. Together with three nearby permanent broadband stations 
from Instituto Geofísico, Escuela Politécnica Nacional (IGEPN), on 
the day of the eruption onset, 11 seismic stations were operational 
and are used in this study (Fig. 1).

Our data set consists of the vertical component of the seis-
mic recordings from the 11 stations. The raw seismograms are 
instrument corrected and detrended. Fig. 2a and b show the seis-
mograms and their spectrograms from stations SN04 and SN07, 
respectively (for other stations, see Figs. S2 to S6). The spectro-
grams are generated using a 20 s long moving window with 20 % 
overlap. Both the seismogram and the spectrogram of SN07 show 
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Fig. 2. Spectral template matching analysis of tremor signals. (a): Velocity seismograms of stations SN04 (left) and SN07 (right) from about 2.5 h before the eruption onset. 
(b): Spectrograms of the seismograms in (a). The spectrograms are generated using a 20 s long moving window with 20 % overlap. The red boxes indicate the time window 
that we use to obtain a template amplitude spectrum for the pre-eruptive tremor. (c): Cross correlation of the template amplitude spectrum with the spectrograms in (b) 
after directional filtering, i.e. removing signals with infinite slopes in (b). These temporal spectral correlograms show the similarity in spectral structure between the template 
amplitude spectrum and the filtered spectrograms in (b). The template amplitude spectrum is obtained by averaging the directionally filtered spectrograms in (b) over the 
pre-eruptive phase (17:40 - 19:34 UTC). (d): Hybrid spectrograms generated by adding the pre-eruptive tremor at the co-eruptive times. (e): Cross correlation of the template 
amplitude spectrum with the spectrograms in (d) after directional filtering.
a higher amplitude than those of SN04 since SN07 is closer to both 
the initial locations of the earthquake swarm and the tremor. The 
earthquake swarm beginning from 17:15 UTC is clearly visible on 
both the seismograms and the spectrograms. Coincident with the 
earthquake swarm is a relatively weaker tremor signal at about 
2.5 - 4 Hz and 9 - 11 Hz. Note that the lowest band is visible at all 
stations while the higher bands are absent at some of the stations 
further from the tremor source, possibly due to stronger scatter-
ing attenuation at higher frequencies (see Figs. S2 to S6). At about 
19:34 UTC, the tremor evolves into a signal with different spec-
tral structure and becomes weaker at SN04 and SN07. However, 
at stations closer to the northern rim of the caldera (SN11, SN12 
and VCH1), tremor becomes stronger. This may imply a change 
in locations of the tremor sources. The timing of the change in 
spectral structure coincides with visual evidence of the eruption 
onset.

Since the tremor that occurred before the start of the erup-
tion (at 19:34 UTC) has a different strength and spectral structure 
to that which occurred during the eruption, we, therefore, distin-
guish between tremor from these two periods and call the tremor 
starting from 17:15 UTC to 19:34 UTC the pre-eruptive tremor and 
the tremor that occurred after 19:34 UTC the co-eruptive tremor. 
In this paper, we focus on the source processes underlying the 
pre-eruptive tremor. Analysis of co-eruptive tremor is undertaken 
merely to contrast the differences in spectral structure and loca-
tion from the pre-eruptive tremor and to help precisely identify 
the time of the eruption, based solely on tremor signals. In the 
following sections we study the spectral characteristics and the lo-
cation of the tremor, in more detail.
3

4. Temporal evolution of tremor spectra

A key objective of this work is to determine if pre-eruptive 
tremor contains information that can be linked to a specific sub-
surface process, and if so, try to determine that process. We start 
by looking at the temporal evolution of tremor spectra, especially 
in the transition from pre- to co-eruptive time periods. During 
the pre-eruptive period, the earthquake rate is so high that earth-
quakes and tremor cannot be separated in time (in effect, there 
are always earthquakes, as seen in Fig. 2b). Since these earthquake 
signals are not of direct interest in this study and will affect our 
analysis, we first remove the earthquake signals by applying a di-
rectional filter to the spectral data in Fig. 2b. The directional filter 
removes signals with certain slopes (or linear trends). In this case, 
we remove signals with infinite slopes. This is achieved by first 
applying a two dimensional Fourier transform to the spectral data 
in Fig. 2b. The Fourier transformed data are then multiplied by 
a frequency-wavenumber filter that is designed to suppress sig-
nals with infinite slopes (Craig et al., 2016). Finally, an inverse 
two dimensional Fourier transform is applied to the filtered data 
to obtain the filtered spectrograms. We test the directional filter 
with synthetic data which mimic the coexistence of both earth-
quakes and tremor. Earthquakes are effectively removed from the 
synthetic signal. For details about the test, see Supplementary Text 
Section 1. After filtering, we extract the spectral data between 
17:40 UTC and 19:34 UTC (red box in Fig. 2b) from the filtered 
spectrograms, and average them over time to obtain a template 
amplitude spectrum for each station. Since a spectrogram can be 
viewed as a collection of amplitude spectra at different points in 
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time, an averaging over a time period produces a single ampli-
tude spectrum representing the mean spectral structure of a signal 
during that particular period. This single amplitude spectrum is 
used as a template to represent the average spectral structure of 
the pre-eruptive tremor. To determine the similarity in spectral 
structure between this representative template and at all points in 
time, we cross correlate the template amplitude spectrum with the 
directionally filtered spectrograms (spectrograms from which the 
earthquakes have been removed) at every timestamp. The result-
ing temporal spectral correlogram is a collection of correlograms at 
every point in time. A high amplitude at the zero lag implies that 
the amplitude spectrum at a given time is similar to the average 
pre-eruptive spectrum template.

Fig. 2c shows the temporal spectral correlograms for stations 
SN04 and SN07. High amplitudes are observed around the zero fre-
quency lag throughout the whole pre-eruptive phase. This demon-
strates that the spectral structures of tremor signals, with earth-
quakes removed, are similar over the pre-eruptive phase. The tem-
poral spectral correlogram amplitudes decrease sharply from 19:34 
UTC, which implies that the spectral structure present in the pre-
eruptive phase no longer exist in the co-eruptive phase. Similar 
results are observed for the other stations. Note that correlogram 
amplitudes at frequency shifts other than zero are also small dur-
ing the co-eruptive phase. This implies that the spectral structures 
of the tremor signals change completely across the eruption onset.

One may argue that the decrease in amplitude of the tem-
poral spectral correlograms is not because of the disappearance 
of the pre-eruptive tremor, but due to the pre-eruptive tremor 
being hidden behind the co-eruptive tremor once the eruption 
starts. To confirm that our analysis is capable of detecting the 
pre-eruptive tremor even in such a scenario, we perform a syn-
thetic test, following exactly the same analysis as before, but with 
a hybrid spectrogram. To generate the hybrid spectrogram we add 
the later part of the pre-eruptive tremor (18:08 UTC - 19:34 UTC) 
into the spectrogram of the co-eruptive phase (19:34 UTC - 21:00 
UTC), as shown in Fig. 2d. The temporal spectral correlograms pro-
duced from the hybrid spectrograms (Fig. 2e) confirm that if the 
pre-eruptive tremor is hidden behind the co-eruptive tremor, the 
temporal spectral correlograms would detect it with the high am-
plitude at zero frequency lag continuing into the co-eruptive times. 
The analysis gives the same results when the pre-eruptive tremor 
spectrum is halved in amplitude before it is added at co-eruptive 
times.

The above analysis shows that the pre- and co-eruptive tremor 
are separate in time, which is consistent with earlier observations 
at, e.g., Krafla in Iceland (Brandsdóttir and Einarsson, 1992). From 
this, we can further infer that whatever physical processes gener-
ate the specific amplitude spectrum during pre-eruptive times stop 
when the eruption starts. This is a key observation in terms of un-
derstanding pre-eruptive tremor, that we further address below.

5. Location of tremor source

Location of tremor sources requires methods different from 
those for earthquake locations since tremor signals do not ex-
hibit an impulsive onset which is necessary for traditional earth-
quake location methods. Alternatively, numerous methods, e.g., 
amplitude-based methods (Battaglia and Aki, 2003; Taisne et al., 
2011; De Barros et al., 2013; Kumagai et al., 2015), array methods 
(Capon, 1973; Di Lieto et al., 2007; Eibl et al., 2017, 2020) and cor-
relation methods (Li et al., 2017a,b; Soubestre et al., 2019; Li and 
Gudmundsson, 2020) were proposed to locate tremor sources.

In this study the sources of the tremor signals are located us-
ing an amplitude-based method. To prepare data for the location 
analysis, we first detrend and correct the 11 available continu-
ous seismograms for instrument responses and site effects using 
4

the coda normalization method (Mayeda et al., 1991). Since most 
of the energy from the pre-eruptive tremor is at low frequen-
cies, we filter the seismograms between 2.75 and 3.75 Hz using 
a fourth order Butterworth filter. We calculate the envelopes of fil-
tered seismograms and decimate them to a sampling rate of 5 Hz 
to eliminate spikes or glitches. To reduce the effects due to the 
amplitudes from the earthquakes that occurred during the same 
period, we apply a median filter using a 10 minute long sliding 
window to the decimated envelopes. The resulting signals consti-
tute the seismic amplitudes that we use for the tremor location.

The amplitude-based method utilizes the seismic amplitude ra-
tios from pairs of seismic stations, to invert for a location, assum-
ing simple seismic radiation pattern and amplitude decay with dis-
tance from the source (Taisne et al., 2011; De Barros et al., 2013). 
Following Battaglia and Aki (2003), the seismic amplitude Ai at a 
seismic station i is defined as

Ai = A0
e−Bri

rn
i

, (1)

where B = π f
Q v , A0 is the source amplitude, ri is the distance be-

tween the source and station i, n is a geometrical spreading fac-
tor which accounts for the decay rate for different wave types. 
For body waves, n = 1 and for surface waves, n = 0.5. In this 
study we assume body waves. f and v are the frequency and the 
wave speed, respectively. Q is the quality factor which defines the 
strength of the attenuation in the medium. In our study, we use f
= 3.25 Hz, v = 2.2 km/s and Q = 30. These values are consistent to 
those in a volcanic setting (Petrosino et al., 2002) and a previous 
tomographic study at Sierra Negra volcano (Tepp et al., 2014).

To avoid estimation of the source amplitude, we use the ratios 
of the seismic amplitudes for pairs of stations i and j, instead of 
the absolute amplitudes from individual stations, i.e.,

Ai

A j
=

(
r j

ri

)n

e−B(ri−r j). (2)

The location is undertaken using a grid-search approach. First, we 
construct a three-dimensional grid of possible source locations for 
our study area. The grid has a resolution of 0.1 km horizontally and 
0.05 km vertically. For each hypothetical source location, we then 
calculate the theoretical amplitude ratios for all station pairs using 
equation (2). Next, we calculate the misfit E between the observed 
and the theoretical amplitude ratios using

E =

√√√√√∑
i

∑
j>i

(
Ai

A j

∣∣∣∣∣
theoretical

− Ai

A j

∣∣∣∣∣
observed )2

. (3)

Finally, we choose the source location to be the location where the 
misfit is minimized. The above procedures are repeated for every 
20 s to obtain a spatio-temporal evolution of the tremor source 
location.

5.1. Location of pre-eruptive tremor

We apply the method to signals between 17:00 UTC and 20:30 
UTC on 26 June. Fig. 3a shows the evolution of the tremor loca-
tion during this period. The onset of the tremor (at 17:15 UTC) is 
located to the west of the caldera, close to station SN07. The lat-
eral location is relatively stable over the next two hours, compared 
to the depth. The initial depth at the onset is about 4 km below 
sea level, and gradually decreases to about 2.5 km at 19:00 UTC. 
At about 19:10 UTC, the tremor source appears to move south-
westward by about 3 km while its depth continues to reduce, but 
at a faster rate compared to the previous hours (see also Fig. 4a). 
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Fig. 3. The temporal evolution of tremor location. (a): The location of the tremor source from 17:00 to 20:30 UTC assuming a single source solution. The black solid lines 
in the upper, middle and lower frames show the longitude, latitude and depth of the tremor location, respectively. (b): The locations of the two tremor sources during the 
co-eruptive period (19:42 - 21:30 UTC). The black solid and red dashed lines show the locations of the tremor sources near SN07 and VCH1, respectively. In both (a) and (b), 
the blue open circles indicate locations of earthquakes that occurred during the same period. Note that the earthquakes are located using the standard picked-arrival method.
At about 19:33 UTC, the tremor reaches the surface and remains 
there for about one minute. The location is about 2 km away from 
one of eruptive fissures observed during the eruption (Vasconez et 
al., 2018). At 19:35 UTC, the source starts moving towards north-
east and goes deeper. Note that this is the time when the tremor 
changes its spectral structure. At 19:53 UTC, it appears to rapidly 
shallow and moves to northern flank.

Synthetic tests are undertaken to assess the accuracy of the 
source location (see Supplementary Text Section 3). Results show 
that the true locations can be recovered to within 1.5 km laterally. 
Depth deviations from true depths are greater and are, on aver-
age, around 2 - 3 km. However, the errors in depth are systematic, 
i.e., sources are systematically located shallower by 2 - 3 km. Al-
though the absolute depth of the source could be off by 2 - 3 km, 
the relative change in depth is reliable.

Apart from the tremor location, Fig. 3 also includes the loca-
tions of earthquakes that occurred during the same time period. 
These earthquakes are located using the traditional picked-arrival 
method where the arrival phases are picked using an automatic 
tool with manual verification. Note that the locations of the earth-
quakes (blue open circles in Fig. 3) deviate significantly from that 
of the tremor. Most of them are distributed along the northern 
and western rim of the caldera (on a trapdoor fault system), while 
the tremor is further out at the western flank, coinciding with an 
extensive area of ground deformation detected using Interferomet-
ric Synthetic Aperture Radar (InSAR) observations between 18 May 
2018 and 29 June 2018 (Fig. 4).

5.2. Location of co-eruptive tremor

From 19:35 UTC to 19:54 UTC, the tremor location changes 
rapidly. In particular, during the few minutes before 19:54 UTC, 
the shift in location is almost instantaneous. We, therefore, suggest 
that this apparent shift is not due to a single source travelling fast, 
5

but instead the presence of a second source associated with the 
onset of the eruption. Since the result shown in Fig. 3a is based on 
an analysis assuming only a single source, if two sources are actu-
ally present, the single estimated location will be biased depending 
on the station geometry and the actual locations and the relative 
strength of the two sources. If the rate of change of the relative 
strength of the two sources is high, the location may appear to 
shift rapidly in a short time period. This will give a false impres-
sion that the source moves fast. Given the change in the spectral 
structure of the tremor within this 20 minute window, it is pos-
sible that additional sources have become active, especially as the 
timing coincides with the onset of the eruption. For this reason, 
we redo the location of the tremor using the location method as-
suming two active sources.

Traditional amplitude-based location method assumes only one 
active source, to incorporate an additional source into the location 
method, we modify equation (1) such that it becomes

Ai = A01
e−Br1i

rn
1i

+ A02
e−Br2i

rn
2i

, (4)

where A01 and A02 are the amplitude of source 1 and 2, respec-
tively. r1i and r2i are the distances between station i and source 
1 and 2, respectively. Equation (4) can then be used to construct 
a new equation for the theoretical seismic amplitude ratios, which 
is used in the grid search for source locations. For the case with 
two active sources, we need to search for seven model parame-
ters, corresponding to the locations of the two sources and their 
relative amplitude.

The temporal evolution of the two sources during the co-
eruptive period is shown in Fig. 3b. One source locates to the 
northwest of the caldera, about 6 km north of the location of the 
pre-eruptive tremor source at the time of the eruption onset (see 
also Fig. 4b). The other source is very stable in time at a location 
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Fig. 4. A map and cross-sectional view of the locations of the tremor sources for 
every 3 minutes (a) from 18:00 to 19:34 UTC (pre-eruptive period) and (b) from 
20:05 to 21:05 UTC (co-eruptive period). For pre-eruptive period, a single source 
solution is assumed while for co-eruptive period, two source solution is used for 
every time window. In both frames, the locations are colour coded by their time 
of occurrence. The green inverted triangles indicate the stations used in the loca-
tion. The red areas and the blue dashed lines show the lava flow and the eruptive 
fissures for the whole eruption period, respectively. The background image is an in-
terferogram formed from SAR data acquired by ALOS-2 satellite on 18 May 2018 
and 29 June 2018. Each colour cycle represents ∼11.5 cm of displacement in the 
line-of-sight direction. Since the interferogram shows the cumulative deformation 
within a time window of more than a month, it should not be directly compared to 
the time evolution of the tremor, which is on a much shorter time scale.

near station VCH1, which is close to where the eruption is thought 
to have started (Bell et al., 2021a). Both sources are shallow and 
close to the observed eruptive fissures. Note that although the epi-
center of one of the two sources locates close to the pre-eruptive 
source epicenter, as shown above, it differs in spectral character 
demonstrating that the pre-eruptive type signal ceased coincident 
with the eruption onset. The background image of Fig. 4 gives 
an interferogram formed from the synthetic aperture radar (SAR) 
data acquired by the Japan Aerospace Exploration Agency’s ALOS-2 
satellite on 18 May 2018 and 29 June 2018 (Bagnardi and Lund-
gren, 2021). Note that the locations of the pre-eruptive tremor and 
the northwestern source of the co-eruptive tremor overlap a re-
gion with substantial deformation at the northwestern flank of the 
volcano. The deformation is likely to be related to magma flow in 
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the sub-surface which requires a fully formed dike. The tremor in-
dicates the formation of the dike.

6. Discussion and conclusions

We analyze the volcanic tremor associated with the 2018 erup-
tion at Sierra Negra volcano, Galápagos. The tremor started about 
2.5 h before the eruption onset at 19:34 UTC on 26 June 2018. 
Although the pre-eruptive tremor is coincident in time with an 
intense earthquake swarm, it is not co-located in space. The earth-
quake swarm is primarily on the trapdoor fault in the caldera, and 
the tremor is about 4 km to the west of the swarm. We study the 
spectro-temporal evolution of the tremor, and find that its spectral 
structure changes once the eruption starts. Therefore we make a 
distinction between pre-eruptive and co-eruptive tremor. By cross 
correlating a template amplitude spectrum of the pre-eruptive 
tremor with the amplitude spectra of the tremor over time, we 
conclude that the spectral structure that exists in the pre-eruptive 
tremor is absent in the co-eruptive tremor. We further locate the 
sources of the tremor for both the pre- and co-eruptive episodes 
using an amplitude-based method. The pre-eruptive tremor source 
is located to the west of the caldera, close to one of the observed 
eruptive fissures. The source drifts by about 3 km in the 2.5 h be-
fore the eruption, but vertically it migrates from about 4 km depth, 
to the surface. At the eruption onset, we see a large change in the 
tremor source location. We link this change to the emergence of 
a second source associated with the onset of the eruption. One 
source locates at the northeast of the caldera, close to station VHC1 
and the other is to the northwest, near to the pre-eruptive source. 
Both sources are shallow, and close to the observed eruptive fis-
sures.

The nature of the pre- and co-eruptive tremor is very differ-
ent in terms of its spectral structure. By cross correlating the 
template amplitude spectrum of the pre-eruptive tremor with the 
whole spectrogram, we show that frequency bands present in the 
pre-eruptive tremor are absent from the co-eruptive tremor. This 
demonstrates that whatever processes generate the pre-eruptive 
tremor, stop when the eruption starts. Given that magma is still 
being supplied to the surface after eruption initiation, this obser-
vation suggests that pre-eruptive tremor is not directly associated 
with sub-surface magma flow. This is a key observation as it chal-
lenges the widely held interpretation that tremor is a direct indi-
cator of sub-surface magma flow. Here we propose an alternative 
explanation, that tremor is generated by fracturing associated with 
dike propagation. Once the dike has opened and a pathway has 
formed, magma flows silently with no further rock fracturing, and 
therefore the pre-eruptive tremor stops. This interpretation is con-
sistent with magma flow and micro-seismicity modelling which 
supports a rock fracturing origin for sub-surface tremor associated 
with the 2014 Bárðarbunga eruption, Iceland (Eibl et al., 2017). 
That shallow rock fracturing can present as tremor is consistent 
with other observations that near surface volcanic material can 
be very weak (Bean et al., 2014; Thun et al., 2016) favouring 
the generation of continuous overlapping microseismicity over dis-
crete larger events (Dmitrieva et al., 2013). It is noteworthy that 
tremor with the pre-eruptive signal characteristic also stops when 
it reaches the surface, which we interpret as a fully formed dike 
pathway.

The temporal evolution of the tremor source locations provides 
insights on the extent of the magma transport system. The location 
of pre-eruptive tremor source coincides with the region of sub-
stantial ground deformation throughout the eruption. This area of 
deformation is linked to the largest eruptive fissure that was ac-
tive from the beginning until the end of the eruption. Therefore, 
we suggest that the onset of pre-eruptive tremor marks the initia-
tion of dike propagation. The propagating dike ultimately becomes 
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the eruptive fissure. The depth estimate of the pre-eruptive tremor 
source suggests that the tremor starts at about 4 km below sea 
level. This is deeper than the sill-like magma chamber beneath 
the caldera at about 1 km below sea level, but still within the 
uncertainty limit of the depth estimate. Taken into account the er-
ror in the source depth estimate, the dike propagation generating 
the pre-eruptive tremor could originate from the sill-like magma 
chamber. This interpretation is also consistent with the study from 
Davis et al. (2021) where they model dike propagation correspond-
ing to this eruptive fissure.

It should be noted that the locations of the earthquakes (blue 
circles in Fig. 1) deviate significantly from that of the tremor. Most 
of them are distributed along the northern and western rim of 
the caldera (on a trapdoor fault system), while the tremor is fur-
ther out at the western flank. This suggests that the tremor and 
the earthquakes may be related to two separate processes. On one 
hand, the tremor is related to dike formation in the sub-surface, 
which leads to widespread deformation at the western flank and 
a persistent eruptive fissure until the end of the eruption. On the 
other hand, the earthquakes are the mechanical response of the 
highly-stressed trapdoor fault system to the stress perturbation 
due to the dike propagation (Bell et al., 2021a).

Seismic tremor observed at volcanoes can be attributed to a va-
riety of source processes. We have demonstrated that even during 
a particular eruption, the source processes associated with it can 
vary depending on the tremor timing. Therefore, a detailed inspec-
tion of the temporal variation of the tremor signals is crucial in 
terms of understanding volcano dynamics. In the case of the 26 
June 2018 eruption at Sierra Negra, two distinct phases of tremor 
can clearly be identified across the transition from pre- to co-
eruption. Combining spectral analysis and location of the tremor 
signals allows us to infer source processes associated with these 
two tremor phases. In particular, the pre-eruptive phase is linked 
to fracture propagation forming a magma pathway. This has the 
important implication that by accurately tracking the pre-eruptive 
tremor source in real time, there is potential to forecast the fu-
ture pathway for magma migration and consequently the location 
of the future eruption site. Similar implications were made for 
the 2010 eruption at Piton de la Fournaise volcano, but with mi-
croearthquakes, instead of tremor (Taisne et al., 2011; De Barros 
et al., 2013). In addition, the distinct change in the nature of the 
tremor allows for accurate timing of the eruption onset, based 
solely on the tremor signals. Using changes in tremor to identify 
eruption onset has been used elsewhere (e.g. Iceland) but not at 
Sierra Negra, where it may be of significant importance. The vol-
cano poses a lava flow hazard for Puerto Villamil, a remote town 
located about 20 km southwest of the volcano. Identifying the on-
set and direction of magma intrusion in “real time” will be key 
for managing this hazard for future eruptions, but the lack of co-
intrusive earthquakes makes this challenging. Tremor offers the 
possibility of providing an early warning for the local community 
where evacuation within an otherwise short time period could be 
challenging.
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