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Transitions from effusive to explosive activity can increase hazards making it
crucial to define early indicators such as changes in the magnetic signals. After
more than 80 cycles of crater-dome extrusion and destruction from 1996
on, Popocatépetl volcano (Mexico) experienced changes in its behavior from
March 15 to 18 July 2019, when no lava domes were observed. Some of the
domes behaved as contained lava flows within the crater floor (pancakes) while
others were more irreqular-shaped. Activity decreased considerably over this
2019 interval except for the unexpected explosions in March and June, that
produced ash plumes reaching up to 14,000 m a.s.l. In order to investigate
the causes of the transition from effusive to explosive behavior in March and
June, we analyzed the time series from the magnetic monitoring network at
Popocatépetl volcano between October 2018 and December 2019. The raw
signals were analyzed by weighted differences (WD) based on the elimination
of non-local changes from the total intensity values of the geomagnetic field
and the discrete-time continuous wavelet transform was used to evaluate the
local variations of energy within the time series. The high energy periods (linked
to negative magnetic anomalies) are induced by magma ascent associated
with movement within the conduit. They indicate that the sudden explosions
were due to the ascent of several magma batches that were slowed during
ascent and were not able to reach the surface. Changes in the rheology of
the lava are linked to the influx of several batches of magma with different
compositions as well as to compaction by gas loss when ascending andesitic
magma pushed out overlying more viscous degassed magma clearing the
conduit, which can explain why these sudden explosions were more energetic.
Several geophysical data sets as well as tephra compositions were integrated
to support this conclusion. The correlated multiparameters also confirm that
geomagnetic volcano monitoring has been essential in understanding the
processes that drive the observed changes in eruptive behavior. We present new
evidence for the detection of transient events produced by magma ascent and
changes in the feeding system of Popocatépetl volcano with wavelet analysis.
Detailed vulcanomagnetic processing, especially when it is correlated with other
monitoring parameters, provides information on ascending magma and several
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conduit processes that would otherwise be camouflaged. Ascending batches
may precede an eruption but they can also ascend in several pulses indicating
how dome growth occurs.
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1 Introduction

Changes in eruptive behavior of a volcano are influenced
by complex volcanic processes such as magma ascent, changes
in conduit conditions and variation in magma composition
(Martin-Del-Pozzo et al., 2003; Preece et al., 2016; Nakada et al.,
2019). Popocatépetl volcano (5,452 m a.s.]) is a large andesitic
stratovolcano in central Mexico that after its reawakening in
December 1994 entered a phase of repetitive crater-dome building
and destruction episodes. From 1996 to 2018, 80 successive crater
domes were formed. Some of the crater domes were pancake-type
domes that filled the crater floor but others had steeper fronts and
irregular topography associated with more viscous flow. However,
from March 15 to 18 July 2019, the eruptive style changed from these
more effusive domes to only intermittent degassing with periods of
quiescence which were interrupted by sudden explosive eruptions.
During reconnaissance flights over the crater carried out on April 8
and 26, May eight and 11 June 2019, no lava domes were observed
in the crater.

The transition from effusive to explosive activity at Popocatépetl
volcano has also been observed in other open volcanic systems
such as at Colima volcano, Mexico (Varley etal., 2010), Merapi,
Indonesia (Preece et al., 2016) and in closed systems such as at
Sinabung, Indonesia (Nakada et al., 2019). In the case of Sinabung,
the explosive behaviour at a time when growth of the lava dome/flow
had almost stopped was explained by limited degassing of the
magma within the upper conduit. A semi-permeable dome system
seems to be a more appropriate term for Popocatépetl’s behavior
during these last decades. To understand the driving forces behind
the eruptive style and the factors influencing changes in activity,
textural and compositional analyses of ash have also been carried
out (e.g., Miwa et al., 2013; Preece etal., 2016). At Popocatépetl,
compositional and textural analysis of ash and other ejecta
accompanying explosive eruptions has focused on investigating the
compositional variations and textural characteristics associated with
the eruptive activity (Straub and Martin-Del-Pozzo, 2001; Martin-
Del-Pozzo et al., 2008a). They reported that the Popocatépetl, mafic
end member is a magnesian andesite. Ash has variable, but high SiO,
contents of =55-62 wt% leading the authors to infer that the volcano
was fed by batches of mafic magma that during their repeated ascent
over periods of days, crystallized and mixed with more evolved
magma during ascent.

Previous studies have shown that by analyzing the variations of
the local magnetic field, which can be small or even reach tens of
nanoteslas depending on rock magnetization, it is possible to obtain
information about different volcanic process (e.g., Yukutake et al.,
1990; Zlotnicki et al., 1993; Zlotnicki and Bof, 1998; Currenti et al.,
2005). For example, a positive change of 9 nT that occurred during
the 18 May 1980, eruption at Mount St. Helens was explained as
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an elastic strain release (Johnston etal., 1981). Large geomagnetic
changes (both positive and negative) of more than 80 nT during
the early stages of a new dike intrusion and dome extrusion at the
Unzen volcano were associated with thermal demagnetization and
electrokinetic effects caused by strain/stress, rotation, displacement
and removal of magnetic materials (Tanaka, 1995).

Yukutake et al. (1990) observed a significant decrease in the
total geomagnetic intensity 5 years (—5.3 nT/year) and 6 months
(about —2.2 nT/month) before the eruption of Oshima volcano in
1986. They considered that these decreases in total intensity were
associated with thermal demagnetization caused by the intrusion
of magma through the vent of the central cone. Sasai et al. (2002)
also carried out magnetic field observations during the 2000 activity
of Miyake-jima volcano, and reported a decrease in the local
total geomagnetic intensity of tens of nT, caused by the thermal
demagnetization at a shallow depth by the temperature rise within
the volcano during the formation of a new caldera.

At Etna, Del Negro and Currenti (2003) recognized total
geomagnetic intensity changes related to different volcanic events
during the 2001 flank eruption. Among them, they observed that
the total intensity decreased by about 7 nT during the propagation
of eruptive fissures in the southern flank, which was attributed
to piezomagnetic effects caused by stress redistribution due to
magmatic intrusions at different depths. In the 2002-2003 eruption
of Mt Etna, decreases from 1 to 5nT in the local magnetic field
were interpreted as magma injection to a depth of 3-4 km below the
summit craters (Del Negro et al., 2004).

The magnetic monitoring results from Merapi volcano during
1995 that ended with the growth of a dome in July 1996,
showed that the magnetic changes of short, medium-and long-term
lasting months to years (1.5-15 nT) correlated well with seismic
activity and piezomagnetic and thermomagnetic effects, respectively
(Zlotnicki et al., 2000). At Etna, negative anomalies lasting one to 5 h
preceded the 2008 eruption (Napoli et al., 2008). The amplitudes of
these magnetic changes are similar to those reported at Popocatépetl
volcano in 2006 (Martin-Del-Pozzo et al., 2008b).

Volcanomagnetic anomalies at Popocatépetl are caused by
magma injection and gas pressure build up which is sensitive
to vent morphology and clearing during eruption (Martin-Del-
Pozzo et al., 2002). Most are short time duration negative anomalies
that precede eruptions by 1-8 days. According to their duration
and characteristics, Martin-Del-Pozzo et al. (2002) associated sharp
increases in the processed magnetic signal with piezomagnetic
effects (stress release) caused by explosions. Other types of
anomalies were linked to seismicity and longer step-like increases to
magma cooling and dome oxidation (weeks to months). Explosions
disrupt this trend (Martin-Del-Pozzo et al., 2002).

Precursory negative magnetic anomalies of up to —5nT at
Popocatépetl volcano were associated with ascent of the several
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batches of magma before the subPlinian eruption in December-
January 2000-2001 (Martin-Del-Pozzo, 2012). Multiparameter
monitoring showed negative magnetic anomalies occurred
2 months before, preceding increases in seismicity by several days
(Martin-Del-Pozzo et al., 2003).

During the 2006 activity at Popocatépetl, decreasing magnetic
signals between —1.1 and -15 nT, accompanied by harmonic
tremor were associated with magma ascent and dome emplacement
(Martin-Del-Pozzo et al., 2008b). The authors reported that these
negative anomalies were followed by increasing magnetic signals
lasting one to more than 3 months indicating cooling and
magnetization of the lava domes.

In this paper we present the study of the time series recorded by
the Popocatépet]l magnetic monitoring network from October 2018
to December 2019 during which, in addition to the change from
effusive to explosive behavior, the activity was also characterized
by the extrusion of lava domes 81, 82, 83, 84 and 85 (Figures 1, 2).
To investigate the cause of the transition from effusive to explosive
activity, we processed the magnetic data of the entire period of
study using the weighted difference technique (WD) that eliminates
most of the external field. The resulting volcanomagnetic signal
(or WD signal) was divided into 3 periods of 5 months with the
goal of obtaining more detailed information about the local time
variation of energy before, during and after the eruptive transition
in the spring of 2019. The local variations of energy within the
magnetic signal were analyzed by means of a wavelet transform
using the Morlet basis function in order to investigate the causes
of the transition from effusive to explosive activity that occurred in
summer 2019 at Popocatépetl volcano.

2 Methodology

The magnetic time series used in this paper were collected from
the permanent Popocatépetl magnetic network from October 2018
to December 2019 (Figure 1). This network consists of three stations,
two placed on the volcano (CHI y TLA) and a reference station
(TEO) installed about 91 km NNW from the volcano, away from
the influence of the volcano’s field. The CHI and TLA stations
are located at 3,990 and 4,029 m a.s.l, respectively. The reference
station (TEO) is located at 2,280 m a.s.l. The magnetometer at
the CHI station (Overhauser POS1 N129) at ~3 km from crater
has a + 0.1 nT accuracy and a 0.01 nT resolution while the TLA
station (Geometrics G856) is located 5 km from the crater and has
an accuracy of 0.4 nT and a 0.1 nT resolution. The TEO station
(Overhauser POS1 N129) operates with a + 0.1 nT accuracy and
0.01 nT resolution. The total field data from the three stations are
sampled synchronously every 30s and sent by telemetry to the
Geophysics Institute of the Universidad Nacional Auténoma de
México (UNAM) in Mexico City. For this work, TEO and CHI data
were used because both have the same precision and resolution, thus
allowing the detection of small anomalies.

The raw magnetic data were processed with the weighted
difference method proposed by Rikitake (1966) to reduce the
effects of the variations of the non-local external geomagnetic field
(magnetic storms, micropulsations, etc.) and point out the magnetic
changes associated with the volcanic activity.
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The weighted differences value (WD) was averaged over 1-
min periods to reduce noise in the differential data. The WD is
considered in terms of peak to peak amplitude and descending
and ascending signals are termed anomalies that are relative to
each other. The anomalies are not modeled quantitatively but are
correlated with geochemical and geophysical parameters (Martin-
Del-Pozzo et al., 2002). The negative anomalies (and also positive
anomalies) are defined as variations or changes in the volcanic
geomagnetic field that in most cases can reach amplitudes between
one and ~10nT (Del Negro et al., 2004). We focused mainly on
identifying the negative magnetic anomalies of the WD signal
at Popocatépet]l because they have been previously associated
with magma movement (Martin-Del-Pozzo et al., 2003). The term
negative anomaly is given here when the value of the weighted
differences decreases gradually or sharply based on its shape and
amplitude. The magnetic field drifts over time. For this reason, we
consider the baseline directly in relation to the previous points.
The negative anomaly is measured from where the signal begins to
descend to the lowest point and the positive anomaly from where it
begins to increase to the highest point (Supplementary Figure S1).
The anomaly begins when the processed signal shows a descending
trend that is statistically significant. The morphology of the signal
and duration has been reported previously (Martin-Del-Pozzo et al.,
2002). The geomagnetic signals are monitored continuously and
compared with other monitoring parameters. The signal is processed
atleast twice a week and when possible in real time depending on the
volcanic activity.

The data were divided into three, 5-month periods in order to
study the magnetic signal, before, during and after the period of no
dome growth in 2019 and the eftusive to explosive transition. Once
the magnetic anomalies were identified, we evaluated the energy of
the WD signal during these periods based on the wavelet transform
and the Morlet wavelet function, the latter because it provides a
good balance between accurate time localization and high frequency
resolution (Grinsted et al., 2004; Tamburello et al., 2013). Details
of the Morlet function are in Soon et al. (2014). To carry out the
wavelet analyses we used the method proposed by Torrence and
Compo (1998) because it allows studying the local variations of
energy within the time series by means of a similar process to the
short-time Fourier transform (Beecham and Chowdhury, 2010). A
detailed description of wavelet analysis can be found in Lapins et al.
(2020). Following Torrence and Compo (1998), we obtained the
time-frequency distribution of energy or wavelet power spectrum
(WPS) for the three periods: from October 2018 to February 2019,
from March to July and from August to December 2019.

We also performed a scale-averaged wavelet power spectrum
(SAWP) in order to further examine fluctuations in power over
specific ranges of wavelet periods (bands) (Coulibaly and Burn,
2004). In other words, the SAWP represents the average variance (0?)
over a desired band, in this case, of the WPS. In order to implement
this average variance analysis, it was necessary to define a confidence
or significance level for the SAWP. A common parameter is the
95% confidence level, which is equivalent to the 5% significance
level. More information on the computation and application of
such significance level for the SAWP can be found in Fedi et al.
(2003). Thus, the SAWP computation allows the examination of the
changes in power over a selected range of scales, with respect to
the 95% confidence level and at the same time provides an efficient
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way to evaluate the significant zones of the volcanomagnetic signal,
specifically the WD values of the negative magnetic anomalies (nT).
The power spectra computed so far comprise a large variety of
signal structures and not all of them encode significant changes
(Janicke et al., 2009). To distinguish between significant and random
structures, a significance test was performed using a red spectrum
as the background to determine the 95% significance level and the
corresponding cone of influence, as recommended by Torrence and
Compo (1998). Thus, if a peak in the WPS is above this background
noise spectrum, then it is assumed to be a true feature with a certain
level of confidence (95% confidence interval). A much more detailed
description of all procedural details used to compute the significance
of the spectrum can be found in Torrence and Compo (1998). The
significant zones of the WD signal were identified above this SAWP
threshold.

To enhance the anomalies, we also reprocessed with a smaller
time frame (less than the 5-month periods). We tried several
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different scales in order to better show the results of both the
magnetic processing and the correlation with the volcanic activity
and other monitoring parameters shown in the subplots that
correspond to the SAWP (scale-averaged wavelet power spectrum).
This allows one to examine the energy changes over the selected
range of scales, with respect to the 95% confidence level. The scale
ranges were selected based on time-frequency distribution of the
high energy areas shown in the wavelet power spectrum (WPS).
The resulting wavelet spectrum were compared in time with the
date of observation and destruction of lava domes, height of eruptive
columns and with other geophysical data such as minutes of volcanic
tremor, number of long-period (LP) earthquakes, number of
volcano-tectonic (VT) earthquakes, SO, emission rates and volcanic
heat flux values. The dome observations were made mainly from
overflights. Column heights were obtained by direct observation,
cameras and from satellite data, seismic data from the CENAPRED
(Centro Nacional de Prevencion de Desastres) reports, SO, emission
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FIGURE 2

27 September 2019. Courtesy of Angel Gomez and Robin Campion.

Popocatépetl s crater-domes. (A) Early crater-dome 82 on 21 February 2019, (B, C) Crater-dome 82 on 28 February 2019, and (D) Small dome 84 on

data from the MOUNTS website (http://www.mounts-project.
com) and heat flux data from the MODVOLC website (http://
modis.higp.hawaii.edu/contents.html). A detailed description of
the MOUNTS volcano monitoring platform (Monitoring Unrest
from Space) can be found in Valadeetal. (2019). Ash and
ejecta are sampled with the Popocatépetl ash monitoring network
and are analyzed and correlated weekly (daily during periods
of increased activity) with the geophysical and geochemical
parameters mentioned above (e.g., Martin-Del-Pozzo et al., 2003;
Martin-Del-Pozzo et al., 2008a).

3 Results

Two new lava domes grew in the crater from October 2018 to
February 2019 (domes 81 and 82) but from March to July 2019 no
visible domes were detected. The activity that preceded dome 83 was
characterized by a period of low activity with sudden unexpected
explosive eruptions, the first of which occurred in March 2019.
Explosive eruptions at Popocatépetl normally are preceded by a
marked increase in seismicity and sometimes gas emission that did
not occur during this period. This marked a transition from the
previous behavior with dome formation to the explosive eruptions
with no evident precursory seismic activity and then back to the
formation of the next lava dome. From August to December 2019,
effusive activity resumed with the formation of two new domes, 84
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and 85. After the formation of these domes, each was destroyed
by an explosive eruption preceding the next dome constructive
phase. Wavelet power spectrum (WPS) results show components
with high power values for three successive 5-month periods that are
include negative magnetic anomalies that preceded the formation
of domes 81-85 by approximately six to 30 days (and possibly even
45) but also occurred in the transition period when domes were not
visually detected.

3.1 The first period

The first 5-month period began on 1 October 2018 and ended
on 28 February 2019 (Figure 3). At the beginning of this period,
Popocatépetl volcano had explosions with small to moderate-sized
ash plumes (0.2-3.5 km above the crater, Figure 3A). Most of the
ash was made up of blocky particles of glassy dome lithics with
plagioclase and pyroxene crystals. From October 8 to 10, 2018, the
WD signal had a —2.54 nT negative anomaly (anomaly 1, Figure 3B;
Table 1). There was also a positive anomaly associated with an
increase in column height between October 3 and 9, 2018, that
probably was caused by the clearing away of the remnants of a
previous dome (Figure 3). The wavelet power spectrum (WPS)
shows that the energy within the WD signal centered in the
256-16384 min band. The SAWP indicates that the areas of high
energy were statistically significant during most of this period

frontiersin.org
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Period from October 2018 through February 2019 showing crater-domes 81 and 82 (top, solid and hyphenated line), (A) column heights and (B)
numbered negative magnetic anomalies (WD). Arrows indicate increasing signal correlated with explosions. (C) Wavelet power spectrum (WPS) with
color coded intensity. The white dashed line is the cone of influence. (D) Statistical significance (SAWP) of the WD signal for the period is shown in the
lower graph. The red horizontal line indicates the 95% confidence level. Peaks above the confidence level are significant zones of the WD signal. Yellow
shadowing indicates proposed periods of magma injection. (E) Close up of the WPS from October 1 to 30 November 2018, shown in green dotted line.
(F) Close up of the SAWP from October 1 to 30 November 2018, shown in green dotted line. (G) Close up of the WPS from 1 December2,018 to 28
February 2019, shown in pink dotted line. (H) Close up of the SAWP from 1 December2,018 to 28 February 2019, shown in pink dotted line.
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TABLE 1 Popocatépetl negative magnetic anomalies from October 2018 to December 2019. Magnetic Anomaly (MA), Weighted Differences (WD),
Relative changes (AWD) and Duration (D).

08/10/18 1.47 29 10/04/19 2.34

1
10/10/18 -1.07 -2.54 52 11/04/19 -1.30 -3.64 26
17/10/18 0.26 30 19/04/19 0.92

2
18/10/18 -1.13 -1.40 14 21/04/19 -1.52 -2.44 45
24/10/18 0.58 31 22/04/19 0.99

3
25/10/18 -1.22 -1.80 33 26/04/19 -1.56 —-2.54 89
01/11/18 0.66 32 30/04/19 0.69

4
03/11/18 -0.98 -1.65 64 02/05/19 -1.60 -2.29 39
05/11/18 2.25 33 05/05/19 1.04

5
10/11/18 -1.23 —-3.48 109 07/05/19 -1.96 -3.00 43
16/11/18 0.82 34 09/05/19 0.74

6
19/11/18 -1.00 -1.82 84 11/05/19 -1.64 -2.38 48
20/11/18 0.69 35 16/05/19 0.78

7
23/11/18 —-0.82 -1.51 78 25/05/19 -1.46 -2.25 201
23/11/18 0.62 36 29/05/19 2.75

8
25/11/18 -1.20 -1.82 79 01/06/19 -1.30 -4.05 39
02/12/18 0.83 37 02/06/19 1.27

9
05/12/18 —-0.74 -1.56 82 04/06/19 -0.71 -1.98 37
06/12/18 1.16 38 24/06/19 2.71

10
09/12/18 —-0.54 -1.70 61 26/06/19 -1.73 —4.44 53
17/12/18 0.87 39 22/07/19 1.73

11
17/12/18 -0.56 —-1.43 5 24/07/19 -0.47 -2.20 46
19/12/18 1.00 40 04/08/19 0.83

12
20/12/18 -1.20 -2.20 19 05/08/19 -2.05 -2.88 16
21/12/18 0.87 41 14/08/19 0.88

13
26/12/18 -1.03 -1.89 111 16/08/19 -1.24 -2.12 50
30/12/18 1.44 42 17/08/19 1.09

14
31/12/18 —-0.48 -1.93 38 21/08/19 -1.37 -2.46 92
09/01/18 0.84 43 21/08/19 1.34

15
13/01/18 -0.60 —-1.44 87 24/08/19 -1.55 -2.89 66

(Continued on the following page)
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TABLE 1 (Continued) Popocatépetl negative magnetic anomalies from October 2018 to December 2019. Magnetic Anomaly (MA), Weighted Differences
(WD), Relative changes (AWD) and Duration (D).

17/01/19 1.11 44 05/09/19 1.17

16
18/01/19 -0.36 —-1.47 15 06/09/19 -1.81 -2.98 13
24/01/19 1.58 45 08/09/19 0.89

17
27/01/19 -0.76 -2.34 67 09/09/19 -0.93 -1.82 19
29/01/19 0.80 46 30/09/19 1.44

18
02/02/19 -1.30 -2.10 87 03/10/19 —-0.46 -1.90 62
03/02/19 0.54 47 04/10/19 1.31

19
04/02/19 -0.65 -1.20 33 05/10/19 -2.04 -3.35 45
05/02/19 0.89 48 12/10/19 3.08

20
08/02/19 -0.57 -1.46 66 13/10/19 -1.24 -4.33 15
12/02/19 0.91 49 20/10/19 2.28

21
13/02/19 -0.94 -1.86 12 21/10/19 -1.71 -3.98 20
15/02/19 0.76 50 30/10/19 3.33

22
17/02/19 -1.01 -1.77 51 01/11/19 -2.29 -5.62 61
19/02/19 0.83 51 17/11/19 1.28

23
20/02/19 -0.22 -1.05 19 19/11/19 -1.67 -2.95 48
24/02/19 1.04 52 02/12/19 1.42

24
27/02/19 —-0.64 -1.68 62 03/12/19 -4.96 —6.38 9
01/03/19 1.20 53 16/12/19 1.31

25
02/03/19 -0.78 -1.98 21 19/12/19 -2.03 -3.34 67
07/03/19 0.81 54 22/12/19 1.13

26
10/03/19 -1.21 -2.02 67 24/12/19 -1.30 -2.44 64
17/03/19 1.02 55 29/12/19 2.87

27
20/03/19 -0.76 -1.78 74 31/12/19 -1.76 —-4.63 43
27/03/19 1.51

28
04/04/19 —-1.55 -3.06 188

(Figures 3C-F). The energy increased from October 17 to 12
November 2018, 1 month prior to the growth of dome 81 while
the WD signal had four negative anomalies (anomalies 2-5) with
amplitudes from —1.40 to —3.48 nT. From November 16 to 23, 2018
preceding this same dome 81, activity was characterized by pre-
extrusion explosions. They produced column heights between 0.6
and 2.1 km represented by small positive peaks in WD as well as
two negative anomalies with amplitudes of —1.82 and —1.51 nT and

Frontiers in Earth Science

durations from 84 to 78 h (anomalies 6 and 7, Table 1; Figure 3B,
Supplementary Table S1; Supplementary Figure S2). Therefore, the
magma that fed the dome had probably risen to fairly shallow depths
about a month before the observation of dome 81 on 22 November
2018 (Figure 3).

From the observation date of dome 81 on November 22 to 21
December 2018, the volcano produced ash plumes varying from 0.35
to 2 km high. Also, during this first stage of the growth of dome 81,
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the WD signal between November 23 and 20 December 2018, had at
least five small negative anomalies (anomalies 8-12), which reached
amplitudes from —1.43 to —2.20 nT with durations between 5 and 82
(Figure 3B; Table 1).

Ejecta was mostly made up of dense juvenile dome
rocks. In mid-December fresh ballistics showed two different
degassed components in sharp contact (no vesicles nor streaking
that would indicate mixing between them) with 62 and
66 Wt% SiO,.

During the last phase of dome 81, explosions with column
heights of 0.34-4km partially destroyed the dome. The WD
signal from 21 December 2018 to 18 January 2019, showed
at least four negative anomalies (anomalies 13-16) with
amplitudes from —1.44 to —-1.93 nT lasting 15-111 h (Figure 3B;
Table 1). Positive anomalies correlated with the explosions up
to 22 January 2019, which destroyed dome 81 (Figure 3A;
Table 1).

The Wavelet Power Spectrum (WPS) began to increase from
the last stages of dome 81 to the precursory activity of dome
82, that is, from 21 December 2018 to 8 February 2019. The
SAWP indicates it is also statistically significant when this shorter
period is considered (Figures 3G, H). This increase in the energy
of signal formed a horizontal periodic component in the 256
16,384 min band that coincided with eight negative anomalies.
The first four anomalies (-1.44 to —-1.93 nT) lasting 15-111h,
occurred during the last phase of dome 81 and the other four
before the extrusion of dome 82, with amplitudes from -1.20
to —2.34nT lasting 33-87 h (Figure 3B; Table 1). Despite low
wavelet power values from February 12 to 17, 2019 when the
signal is reprocessed at a smaller time scale the wavelets become
significant. Two more negative anomalies (—1.86 to —1.77 nT) were
identified (Figure 3B; Table 1). Low-level pre-dome 82 extrusion
explosions resulted in column heights between 0.4 and 1.1 km

(Figure 3A).
During the early stages of dome 82 growth, from
February 19 to 27, 2019, small intermittent explosions

continued (Figure 3A). During this time span the WPS did
not show areas of high energy although reprocessing at
shorter time spans shows two areas of significance (SAWP)
as well as the WD signal had two small negative anomalies
(anomalies 23 and 24, -1.05 and -1.68) (Figures 3B-D, G, H;
Table 1).

3.2 The transition period

The second 5-month period from March 1 to 31 July 2019,
began with the last stages and partial destruction of dome
82 that lasted from March 1 to 14, 2019. From mid-February
to mid-March 2019, the ash contained a lower percentage of
dome lithics. The March explosions that destroyed dome 82
produced ash plumes reaching up to 5km above the crater
that were recorded as positive anomalies (Figures 4A, B). During
the last stages of dome 82, negative anomalies 25 and 26 with
amplitudes of —1.98 and —2.02 nT and duration of 21 and 67 h
occurred (Table 1).

The WPS also shows a region of high energy in the last stages of
dome 82 that continued through June, although it was concentrated
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mostly from March 17 to April 10, from April 30 to June 4 and from
June 18 to 26 June 2019 (256-23988 min band) (Figures 4C-F).
Positive anomalies lead up to the explosions associated with partial
destruction of dome 82 especially on March 14 and 17, 2019
while most positive anomalies peak with the explosions as in June
(Figures 4A, B). We infer that they are related here with how the
stress is released.

After the destruction of dome 82, from March 15 to 18 July
2019, the volcano experienced a change in its usual behavior,
when no evident crater domes were observed and with very low
seismic activity and few emissions, that was eventually interrupted
by sudden explosions apparently without lava extrusion. During this
period of transition from effusive domes to explosive activity, there
were at least 12 negative anomalies (anomalies 27-38) which reached
amplitudes of —1.78 to —4.44 nT with durations ranging between 26
and 201 h (Figure 4B; Table 1).

Negative magnetic anomaly 27 (-1.78 nT) in mid-March
occurred during the first stage of the eruptive style change when
the first sudden explosions occurred, generating ash plumes from
3 to 4 km high on March 18, 22, 26 and 28, 2019 (Figure 4). This
change in the behavior of the volcano prompted the Popocatépetl
Scientific Committee to raise the alert level on 28 March 2019.
Unfortunately, from June 5 to 16 and from June 28 until 22 July 2019,
part of the signal was lost because of voltage problems but most of
the gaps lasted only hours. However, the magnetic data recorded
during the transition period were sufficient to recognize negative
magnetic anomalies occurring before the first sudden explosions
and the largest explosion of the study period since the (9 km above
the crater). For example, negative magnetic anomaly 27 (17-20
March) which began to form on 17 March 2019 preceded the first
sudden explosions by 1 day. The positive anomalies on the other
hand, coincide with the explosions of March 14 and 17 and the
explosions of June 2019, the largest of the entire study period
(Figure 5).

Negative anomalies 28, 29, 30 and 31 with amplitudes of —2.44
to —3.64 nT and durations between 26 and 188 h were observed
in the WD signal in April 2019 (Figure 4B). They occurred when
the volcano was in an apparent quiescent stage characterized by
only-fumarolic activity with little ash but we consider that they
are linked to magma ascent that would otherwise have passed
unnoticed if it were not for the reprocessing of the shorter time
series with more detail (Figures 4A-F). The SAWP indicated that
the WD signal was significant, between April 1 and 10, 2019
(Figure 4F). Negative anomalies (32-38) with amplitudes from
-1.98 to —4.44 nT and durations from 37 to 201 h occurred in
May and June 2019, during which the SAWP shows four areas of
significance (Figures 4B-D, G, H). At that time, Popocatépetl again
had sudden explosions that were more energetic than those at the
end of March. These sudden or unexpected explosions occurred on
June 3, 14 and 17, 2019, producing ash plumes up to 9 km above the
crater (Figure 4A). From June 18 to 18 July 2019, the volcano had
frequent small explosions.

The period of transition from effusive to explosive activity
concluded after the large June eruptions and was confirmed on 19
July 2019, with the growth of dome 83 indicating that Popocatépetl’s
usual activity had resumed. During the construction stage of dome
83, from July 19 to 27, no high energy areas were observed in the
WPS and only one —2.20 nT negative magnetic anomaly (39) was
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FIGURE 4

Transition period from March to July 2019 showing crater-domes 82, the period of sudden large explosions with no visible domes (possibly small
plugs), crater-dome 83 (top, solid and hyphenated line), (A) column heights and (B) numbered negative magnetic anomalies (WD). Arrows indicate
increasing signal correlated with explosions. (C) Wavelet power spectrum (WPS), color code intensity same as in Figure 3. The white dashed line is the
cone of influence. (D) Statistical significance (SAWP) of the WD signal for the period is shown in the lower graph. The red horizontal line indicates the
95% confidence level. Peaks above the confidence level are significant zones of the WD signal. Yellow shadowing indicates proposed periods of
magma injection. (E) Close up of the WPS from March 1 to 30 April2019, shown in green dotted line. (F) Close up of the SAWP from March 1 to 30 April
2019, shown in green dotted line. (G) Close up of the WPS from 1 May 2019 to 31 July 2019, shown in pink dotted line. (H) Close up of the SAWP from 1
May 2019 to 31 July 2019 shown in pink dotted line
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Period from August 2019 to December 2019. Crater-domes 84 and 85 (top, solid line), (A) column heights and (B) numbered negative magnetic
anomalies (WD). Arrows indicate increasing signal correlated with explosions. (C) Wavelet power spectrum (WPS), color code intensity same as

in Figure 3. The white dashed line is the cone of influence. (D) Statistical significance (SAWP) of the WD signal for the period is shown in the lower
graph. The red horizontal line indicates the 95% confidence level. Peaks above the confidence level are significant zones of the WD signal. Yellow
shadowing indicates proposed periods of magma injection. (E) Close up of the WPS from August 1 to 30 September 2019, shown in green dotted line
(F) Close up of the SAWP from August 1 to 30 September 2019, shown in green dotted line. (G) Close up of the WPS from 1 October 2019 to 31
December 2019, shown in pink dotted line. (H) Close up of the SAWP from 1 October 2019 to 31 December 2019, shown in pink dotted line
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detected. The positive magnetic anomaly was associated with the
destruction of dome 83 (Figure 4; Table 1).

3.3 The last period

The third 5-month period lasted from August 1 to 31 December
2019. The first part of this period precedes dome 84, from August
1 to 26 September 2019 during which Popocatépetl volcano had
frequent small-moderate explosions with ash plumes up to 3 km
high (Figure 5A). During this period of low explosive activity, the
WD signal had at least six negative anomalies (anomalies 40-45)
with amplitudes of —1.82 to —2.98 nT, lasting from 13 to 92 h (about
4 days) (Figures 5A, B). The WPS and SAWP 256-16384 min band
shows that from August 1 to 26 September 2019, there were
several zones of statistical significance (on August 7, from August
16 to 18, from August 18 to 21 and on 6 September 2019), in
which the negative anomalies occurred (Figures 5C, D; Table 1).
When the data are reprocessed over the shorter time scale, the
significance (SAWP) increases just before the appearance of dome
84 (Figures 5E, F). This preceded crater-dome 84 by 21-51 days.

During the growth and destruction of dome 84 from September
27 to October 15-20, 2019, the volcano continued with explosive
activity producing ash plumes reaching altitudes of 0.5-3 km above
the crater. The WD signal from September 30 to 13 October 2019 had
at least three negative anomalies (46-48 anomalies) with amplitudes
from —1.90 to —4.33 nT that lasted 15-62 h (Table 1). The WPS and
SAWP in the 256-16384 min band showed that these high-power
values were statistically significant in three zones of the WD signal
(from September 28 to 30, from October 1 to six and from October
7 to 13, 2019) which coincided with the time intervals in which
negative anomalies 46-48 were observed (Figures 5B—H; Table 1).

During the activity that preceded dome 85, from October 16 to 4
November 2019, the volcano produced small to moderate explosions
with column heights between 0.3 and 3 km above the crater. During
this activity, anomalies 49 and 50 occurred (-3.98 and —5.62 nT)
lasting 20 and 61 h, respectively (Table 1). The WPS shows an area
of high-energy centered on the period 1,024-16384 min band from
October 16-23, 2019 (Figure 5C). The SAWP 256-16384 min band
indicates that an area of high energy was significant in two zones
that correlate with the intervals when anomalies 49 and 50 were
observed (Figures 5B-D, G and 5H; Table 1). The energy within
the WD signal started to increase between 6-18 days before the
observation of dome 85, on 5 November 2019.

Dome 85 lasted from November 5 to 23 December 2019.
From November 5 to 28, 2019, the volcano continued to have
small to moderate explosions with ash plumes ranging from 0.3
to 2.2 km height. Due to the gaps in the magnetic records from
November 5 to 28, 2019, only one negative magnetic anomaly
could be identified (51) with an amplitude of -2.95nT and
duration of 48 h. From November 29 to 23 December 2019 the
column heights again began to decrease, from 0.3 to 1.3 km. From
December 2 to 24, 2019, three negative anomalies (anomalies
52-54 with amplitudes from —2.44 nT to —6.38 nT and durations
between 9 and 67 h) were identified (Figure 5B; Table 1). The WPS
increased in the 1,024-16384 min band from late November to late
December 2019 (Figures 5C, D). The SAWP graph that the high-
power values indicate in the 256-16384 min band that were detected
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in the last stages of dome 85 were statistically significant from
December 2 to 3, 2019, during the period in which 52 was detected
(Figures 5B-D, G, H; Table 1).

From December 29 to 31,2019, the volcano had small explosions
between 0.5 and 0.8 km high (Figure 5A). During this period,
negative anomaly 55 occurred with an amplitude of —4.63 nT and
duration of 43 h (Figure 5B; Table 1). The WPS showed an area of
high energy centered on the 1,024-16384 min band from December
24 to 31, 2019 (Figures 5C, G). The SAWP shows it was significant
from December 27 to 30, 2019 in the period in which the negative
anomaly 55 was identified (Figures 5B, D, H; Table 1).

4 Discussion

Volcanomagnetic signals are the sum of a series of superimposed
thermomagnetic and piezomagnetic processes that indicate what
is occurring at the volcano. Processing of the signal has enhanced
the negative anomalies that are related to ascent of different
magma batches of varying compositions accompanied by hot
gases. Positive anomalies here are mostly associated with pressure
release leading up to explosions. In previous studies these types
of anomalies have been associated with magma ascent through
the conduit system (e.g., Del Negro and Ferrucci, 2000; Martin-
Del-Pozzo et al., 2002; Martin-Del-Pozzo et al., 2003; Martin-Del-
Pozzo et al., 2008a). This interpretation is supported by the increase
in long period seismic events and volcanic tremor. Arciniega-
Ceballos et al. (2003) and Ardmbula-Mendoza et al. (2016) have
previously discussed these types of seismic events at Popocatépetl
volcano. There are positive anomaly peaks associated with the
explosions and some leading up to them, indicating that this more
detailed processing shows increases in the stress before some of the
explosions. Some of the explosions do not release all the pressure
and seldomly other smaller explosions follow.

4.1 The period before the change in
eruptive behavior

The wavelet analysis of the first 5-month period (October 2018
to February 2019) indicates that the first area of high energy
detected during magnetic precursory activity to dome 81 (between
October 20 and 12 November 2018) was related to the influx of new
magma (Figure 3C). The WD signal recorded two zones of statistical
significance between October 17 and 10 November 2018, which
coincided with four negative magnetic anomalies with amplitudes
from —1.40 to —-3.48 nT but influx probably continued through
December 2018, as suggested by the negative anomalies (Figure 3B).
Of these four anomalies (anomalies 2-5) negative anomaly five was
the longest in duration at 109 h (about 5 days), suggesting that in the
span of November 5-10, 2018, the upward movement of another,
perhaps larger volume of magma occurred or that it paused in the
conduit because of the obstruction of a more degassed previous
batch of magma (Table 1).

Based on the time of occurrence of the WPS zones of
significance (between October 17 and 10 November 2018), as
well as increasing VT earthquakes and LP events, the influx of
new magma probably started around 20 days to 1 month before
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dome 81 appeared (Figure 6A, 6B, 6C, 6D, 6E and 6F). The
second area of high energy observed in WPS occurred during
the late growth of dome 81 (December 21 to 27 January 2019),
but negative magnetic anomalies suggest that influx continued
as a precursor to dome 82 (January 28 to 15 February 2019).
This was possibly produced by thermomagnetic effects caused
by another magma batch, which began to rise during the last
growth phase of dome 81 and reached the uppermost part of the
conduit during the precursor activity to dome 82, even before the
increase in tremor. It appears that there were several periods of
magma ascent that fed dome 82 also seen in the SO, fluxes in
December (Figure 6G). Fresh ballistics from mid-December 2018,
showing two distinct degassed components (62 and 66 wt% SiO,)
were associated with different magma batches extruded during
growth of dome 81. Increases in LP events from December 2018
to 28 January 2019, seem to confirm this interpretation since
the numerical modelling of gas slugs accompanying ascent and
degassing of new batches has shown that this process is capable
of generating LP signals (O'Brien and Bean, 2008). The explosion
associated with the destruction of dome 81 could have resulted
from the gas overpressure generated by rise of gas. Nadeau et al.
(2011) investigated the degassing and eruption dynamics of
Fuego volcano, Guatemala, and reported progressive decreases in
emissions prior to explosions, which was attributed to gas collected
beneath the stiffened layer resulting in ash-rich explosions and
release of accumulated gas pressurization of the upper conduit
beneath a lava plug that quickly sealed after releasing its pressure
by explosive degassing. Campion etal. (2018) investigated the
conduit processes at Popocatépetl volcano and concluded that the
vulcanian explosions are caused by the gas accumulation below
a dome that is cooling until it plugs the conduit. The degassing
occurring from ascending magma may produce explosive events,
varying from gas puffs to strong explosions (Tamburello et al., 2011;
Zobin et al., 2020).

The high energy observed during precursory activity to dome
82 (January 28 to 15 February 2019) could have been caused by
magma ascent to the upper parts of the conduit at the end of
December 2018. This interpretation is supported by five negative
anomalies (from —1.20 to —1.86 nT) from January 28 to 15 February
2019, and by observation of tremor 15 days later, on 18 February
2019 (Figure 6D). The increases in LP events in early to mid-
February and in tremor between February 17 and 22, 2019, are
other indicators of fluids and gas movement within the volcanic
edifice (Figure 6E).

4.2 The transition of dome construction to
unexpected sudden large explosions

This was a period of unusual behavior for Popocatépetl volcano
since it changed from forming crater domes, to unexpected explosive
events. The results of the wavelet analysis for this second 5 months
period (from March to July 2019) revealed that the transition from
the pause in lava effusion and punctuated by explosive activity
was marked by a continuous concentration of energy distributed
from March 15 to 27 June 2019 (Figure 6B). We suggest that this
high concentration of energy had a thermomagnetic origin as
a direct consequence of the multiple ascent periods of separate
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magma batches of which some degassed near the surface and others
degassed within the conduit at greater depth. We consider that
the more degassed viscous magma was emplaced since December
and partially plugged the conduit from March to June 2019, until
the less degassed magma displaced and cleared away the plug in
the June eruptions. From mid-February to mid-March 2019, the
ash contained fewer dome lithics, as also mentioned previously,
which could be related to the inefficient clearing of the conduit
during explosions.

From the middle to the end of March 2019, the WD signal
presented at least two negative anomalies (anomalies 27 and 28)
with amplitudes of —1.78 and —3.06 nT which were relatively similar
to the amplitudes of the four negative anomalies that preceded the
extrusion of dome 81 (—1.40 to —3.48 nT). In fact, the shape of
anomaly 28, which had a duration of 188 h (about 8 days), was
slightly similar to anomaly 5 (Table 1).

The high energy detected in the early stages of the eruptive style
change period (i.e., March 15-31, 2019) probably was caused by the
ascent of magma batches that degassed near the surface acting as
a shallow impermeable cap that allowed pressure to accumulate in
between the sudden explosions recorded at Popocatépetl volcano
on March 18, 22, 26 and 28, 2019. They were preceded by a
progressive decrease in the rate of effusion. Ejecta were mostly
glassy non-vesicular particles which suggest rapid cooling and lower
permeability. The subsequent absence of effusive activity and the
variable permeability of the shallow conduit system of Popocatépetl
volcano could promote rheological stiffening of magma (e.g.,
Nadeau et al., 2011; Campion et al., 2018; Valade et al., 2023). The
interpretation of pressurization beneath a shallow cap is also
supported by the fact that between March 15and 31, 2019, there were
slight increases in seismic precursors (tremor and LPs). The SO,
emission rates (from 500 to 2,500 t/day) and heat flux are indicators
of degassing near the surface (Figures 6C, D, G, H, respectively). The
higher flux was related to clearing of dome 82. Deeper magma is
generally more gas rich and pushes out the overlying plug.

In April 2019, eruptive activity was very low but the WD
signal had four negative anomalies (anomalies 28-31) (Figure 4B).
Negative anomalies 28 and 29 (-3.06 and —3.64 nT) coincided with
a statistically significant zone of the WD signal recorded between
April 1 and 9, consistent with an interpretation that magma ascent
resumed. Some of the Popocatépetl magma batches have higher gas
content and other batches are more degassed by stalling which is also
complicated by the semi-permeable behavior of the conduit system
(Figure 6G; Table 1). At Mount Etna volcano, sudden increase of
CO,/SO, ratios occurred paralleling the resumption of effusive
activity in August 2006 (Aiuppa et al., 2007).

SO, flux and number of LP events were lower in April 2019
than those observed during the sudden explosions at the end
of March 2019, and thermal anomalies were absent suggesting
that magma ascent was slower, smaller in size or less gas rich
than the magma ascent associated with the sudden explosions of
late March 2019 (Figure 6A). Anomalies 30 and 31 (-2.44 and
-2.54 nT, respectively) seem to confirm that the area of high
energy detected in April caused by the slow movement of more
viscous magma. These negative changes correlate with a slight
increase in the number of LPs recorded in mid to late April,
which could be indicating degassing accompanying from ascending
magma pulses. Varley et al. (2010) investigated the LP seismicity
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Integrated multiparameters from October 2018 to December 2019 (including periods before during and after the eruptive transition). Crater-domes
81-85 (upper lines). (A) Column heights, (B) WPS colors and curves are the same as those in Figure 3, (C) Number of emissions/day, (D) Minutes of
tremor/day, (E) Number of LP events/day, (F) Number of VT events/day, (G) SO, flux and (H) Heat flux.

associated with the vulcanian explosions at Colima volcano, and
reported that the formation of LP events was related to the
magma movement, crystallization and fracturing, associated with
enhanced strain rates close to the conduit (or fracture) margin.
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They established this relationship based on a model of the 2005
activity that showed how the onset of the LP swarms occurs once
a certain threshold level of the effusion or magma ascent rate
is exceeded.
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From May to June 2019, the volcano again resumed explosive
activity with sudden eruptions in late May and early to mid-
June, where the most powerful explosion (on 17 June 2019)
generated an ash plume 9km-high, (Figure 6A). During this
renewed explosive activity, the WD signal presented seven negative
anomalies (anomalies 33-39) with amplitudes of —1.98 to —4.44
nT, which correlate with areas of significance distributed between
May 1 and 21 June 2019. This correlation between the observed
negative anomalies and the significance zones of the WD signal
suggests that a second period of magma ascent occurred between
May and June 2019. In June, another more mafic magma batch
made its way through the plugs by clearing the conduit during
the large June explosions as shown by ash compositions that are
less evolved (59-60 wt% SiO,) compared with the more dacitic
compositions of the December 2018 ejecta. Ash composition
during July and August 2019, was also andesitic (59-60 wt%
SiO,) and was associated with the more mafic magma in dome
83. We infer that small plugs obstructed rising magma batches
from March to July 2019, until the more gas-rich and mafic
batch displaced the plugs and formed dome 83 (Figure 7). This
argument is consistent with the hypothesis that the eruptions may
develop by fragmentation of multiple ascending magma batches
(Scandone et al., 2007). The lower LPs and SO, fluxes than those
observed in April 2019 together with the absence of volcanic
tremor and thermal anomalies at Popocatépetl, seem to confirm
our interpretation that the area of high energy detected from
May to June 2019 was related to the ascent of more volatile rich
magma that pushed out the degassed viscous magmatic batches,
which were not able to reach the surface or formed only small
plugs (Figures 6, 7).

The transition back to effusive activity occurred on 19 July
2019, when a new crater dome (dome 83) was seen, although
after the June 2019 eruptions that cleared the conduit, it returned
to a semi-permeable condition again. During the construction
phases of dome 83 (from July 19 to 27, 2019), a negative anomaly
in the WD signal (anomaly 39) occurred with an amplitude
of —2.20 nT. This marked decrease in weighted difference values
observed between July 22 and 24 was followed by a positive
anomaly that grew until 31 July 2019 (Figure 4). The positive
anomalies or increasing signals that are marked as arrows are
explained as increasing stress accompanying or directly before
the explosions.

4.3 The return to usual activity at
popocatépetl

Explosive activity became intermittent after dome 83, producing
ash emissions reaching from 0.5 to 3 km height from August
1 to 15 September 2019 (Figure 5A). During this period of
explosive activity, the WD signal had negative anomalies with
amplitudes between of —-2.12 and -2.89 nT, that coincided
with zones of statistical significance in the WD signal between
August 6 and 5 September 2019 (Figures 5B, F). This could
also be related with the frequent ascent of magma batches with
slightly different compositions (Straub and Martin-Del-Pozzo,
2001; Martin-Del-Pozzo et al., 2008a). The increases in minutes
of tremor and number of LP events also are indicative of the
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movement of magma. Thus, we consider that the area of high
energy is related to thermomagnetic effects caused by the input
of numerous successive batches magma into the feeding system
(Figure 6).

As mentioned above, explosive activity continued from
September 16 to 23 October 2019, that is, before, during
and after the construction phase of dome 84. During this
period the WD signal also recorded four negative anomalies
(anomalies 46-49) with amplitudes from —1.9 to —3.35 nT, which
coincided with zones of the WD signal above the 95% confidence
level distributed between September and October 2019. The
correlation between the four negative anomalies and the zones
of statistical significance of WD signal could indicate that the
magma supply continued during the precursory activity to dome
84, the construction phase and days after the destruction of
this dome.

Gaps of several weeks recorded during the precursor activity of
dome 85 and in the first phases of construction of this dome between
October 24 and 24 November 2019, prevented evaluation of the WPS
(Figure 5C). However, in the last phases of construction of dome
85 during which the volcano had low magnitude explosions, the
WPS showed high energy from November 25 to 23 December 2019.
This occurred when the WD signal presented a decrease of —6.38 nT
(anomalies 52-54) and a zone of significance between December 1
and 6, 2019 (Figures 5B, D).

The simultaneous occurrence of a zone of significance and
two negative anomalies with amplitudes relatively similar to those
recorded during the last construction phases of previous dome 84,
suggest that the area of high energy detected between November 25
and 23 December 2019, could be related again to thermomagnetic
effects caused by the ascent of another new magma batch (e.g.,
Martin-Del-Pozzo et al., 2003; Martin-Del-Pozzo et al., 2008b). As
with during the construction phase of dome 84, increases in LPs
and a gradual increase in tremor in November 2019 occurred during
the last construction phases of dome 85. This would confirm that
the period of high energy detected from late November to late
December 2019 is the result of thermomagnetic effects caused by the
ascent of magma pulses that fed dome 85. After the destruction of
dome 85 from December 24 to 31, 2019, activity was characterized
by sporadic explosions (Figure 6A). During this low-magnitude
explosive activity, a negative anomaly with amplitude —4.63 nT
was observed, which coincided with a significance zone between
December 26 and 29, 2019 (Figures 5B, D, H). This correlation
between the negative anomalies and the signal significance zone
(Figure 6E) could be related to thermomagnetic effects caused by the
ascent of magma with high-temperature gases released by a slowly
ascending magma (e.g., Sasai et al., 1990; Kanda et al., 2010). This
interpretation is supported by an increase in the number of LP events
that could be signaling degassing of still another magma batch from
December 24 to 31, 2019 (Figure 6E).

Different studies have shed some light on the processes involved
during the changes of eruptive style from effusive to explosive
and vice versa. Most have been associated with magma ascent
and shallow conduit degassing. Varleyetal. (2010) argued that
gas accumulation was involved in the transition between effusive
and explosive during the 2005 activity at Colima volcano. This
conclusion was deduced from the low gas fluxes during the extrusion
of degassed magma and from the large volumes of gas that had
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FIGURE 7

1111
111

Simplified model of the eruptive behavior from October 2018 until December 2019: (A) Period from October 2018 to February 2019 with dacitic (yellow)
and high silica andesites (orange) (B) that eventually partially plug the crater until more gas-rich mafic andesitic magma during transitional period from
March to July 2019, (red) pushes the plugs out and resumes building domes from July to December 2019. (C) Shading in grey indicates it is inactive.

|

to accumulate to generate the large vulcanian explosions in May
and June 2005 that produced pyroclastic flows of variable size.
Zobin et al. (2021) on the other hand, considered that the transition
from passive degassing to slow dome growth in January-February
2016 at Colima volcano resulted from magma ascent responsible for
the explosions that cleared the vent and allowed dome growth to
resume. Preece et al. (2016) also concluded that transitions between
explosive and effusive phases during the eruption of Merapi volcano
in 2010 were driven primarily by the dynamics of magma ascent
in the conduit, with degassing and crystallization responsible for
the changes in eruptive style. They suggested that the explosive
behaviour was triggered by a plug in the conduit that closed the
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system and lead to explosions which in turn temporarily opened
the system. Nakada et al. (2019) also suggested that the explosive
behavior of Sinabung volcano was controlled by degassing which
became more restricted because of the reduced diameter of the
upper conduit.

5 The processes

During the first 5-month period from October 2018 to February
2019, activity at Popocatépetl was characterized by crater-dome
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formation associated with the ascent of degassed dacites and high-
silica andesites (Figures 6, 7A). The transition from effusion to the
cessation of effusive activity punctuated by explosive eruptions was
caused by the formation of shallow plugs that blocked the ascent
of deeper more mafic magmas (Figure 7B) until explosions cleared
the conduit sufficiently to reset the crater-dome building phase
again (Figure 7C).

The eruption has been fairly on going for 30 years and several
magma batches have clogged and been cleared away explosively in
the conduit. Some batches are more silicic and others more degassed,
making the resulting conduit system semi permeable. This is further
complicated by the complex feeding system under the conduit that
appears to be made up of a series of interconnected dikes and sills
(Martin-Del-Pozzo et al., 2008a; Berger et al., 2011).

Besides the degassing process, which occurs in the upper
conduit, we infer that variations in the magnetic behavior are related
to the ascent of multiple magma batches, some of which are more
mafic. Ascent of more viscous magma that stalls in the partially
obstructed conduit causes the plugs to form.

The viscosity of andesites according to the 37 experiments with
high temperature and pressure phases (<500 MPa, about 20 km)
carried out by Takeuchi (2015), ranges between 100-1,000 Pa s. This
is consistent with viscosities calculated for undegassed (10* Pa's)
and degassed magma (10° Pa s) from Popocatépetl using a model
based on exsolving water from a mixed magma melt (Valade et al.,
2023). They consider that the magma column exsolves most of
its gas in the upper part of the conduit, then drains back and
continues to degas and crystallize. Water contents measured in melt
inclusions varied from 3-5 wt% in recent more explosive eruptions
to 0.3-0.8 wt% in the more degassed ejecta (Atlasetal., 2006;
Roberge et al.,, 2009). Campion et al. (2018) distinguished two types
of explosions based on SO, flux (45 kg/s average from 2013-2016),
one associated with passive degassing and the other with stronger
explosions preceded by a sharp descent in SO, flux that were caused
by gas accumulation below a rapidly compacting permeable dome.
Variations in shallow magma viscosity are related to degassing in
the upper part of the conduit and the different silica contents of
the ascending batches. During the transition phase from 2019 when
Popocatépetl stopped forming crater domes, we believe that the
conduit became plugged with degassing crystallizing magma but
another batch of more mafic ascending magma gas accumulated
below it, cracked the plug and produced the large explosions
letting the more mafic magma out. This contrasts with the model
by Wadsworth et al. (2020) for rhyolites that proposes that explosive-
effusive transitions during silicic eruptions are a consequence of
progressive sintering of fragmented material that begins to flow after
sufficient accumulation on the surface. We see cracks filled with
magma of different compositions in the ejecta that do not have the
same tephra characteristics. The transition from explosive to effusive
eruptions at Popocatépetl are not due to progressive sintering, but to
sufficient clearing of the conduit by large explosions.

Explosions between late May and mid-June 2019, were triggered
by the ascent of less degassed, more mafic andesitic magma that
pushed up the more viscous degassed batches and explosively
reopened the conduit. In our previous work (e.g., Martin-
Del-Pozzo et al., 2002) tectonic earthquakes and other stress
related phenomena produced sharper and more abrupt signals
which we think is similar to the last phase of the positive
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anomalies that we saw ended sharply in 2019. Previous studies on
seismic precursors also are also consistent with this interpretation
(Quezada-Reyes et al., 2013). Strong degassing also affects the signal
but the volcanomagnetic signal is a result of all the processes
that coexist at the time (Martin-Del-Pozzo et al., 2002; Martin-Del-
Pozzo et al., 2003; Martin-Del-Pozzo et al., 2008b).

Understanding the timing of the different processes is crucial for
forecasting. The negative magnetic anomalies and the analyses of the
magnetic time series give insight into the ascent of magma batches
and conduit processes that are associated with the ascent of multiple
magma batches and may precede dome formation or even explosive
eruptions as occurred in 2018.

6 Conclusion

We were able to reconstruct the ascent dynamics of the shallow
conduit magma feeding system based on magnetic measurements
correlated with other geophysical and geochemical data, both
during dome extrusion and when no lava domes grew but strong
explosions occurred.

This is the first-time wavelet analyses has been applied to
geomagnetic data to study the activity transitions in volcanic
activity although fluctuations in seismic and thermal data have been
analyzed previously with wavelets at Santiaguito and Colima volcano
(Massaro et al., 2019; Lapins et al., 2020).

Monitoring the volcanomagnetic signal can give insight not only
on the ascent of magma batches but also on different processes
occurring in the conduit. The Morlet wavelet power spectrum of
the volcanomagnetic series revealed high-power regions with good
correlation with the other monitoring techniques such as chemical
composition and ash components reported during the study period.
These areas of high energy are consistent with multiple periods of
magma ascent and dome formation that helped us frame the change
in eruptive style from March through June-July 2019.

The first high-wavelet power that began to appear approximately
1 month before extrusion of dome 81 was explained as a
thermomagnetic effect caused by upward movement of magma.
A second WPS area with high power values occurred from
23 December 2018, to 15 February 2019, was also associated
thermomagnetic effects and feeding of the dome with several batches
of magma. The December 2018 ejecta from dome 81 clearly showed
two different high silica (62-66 wt% SiO,) compositions.

The ascent of the more volatile-rich rising magma from January
28 to 15 February 2019, triggered magma movement to form
dome 82. Volcanic tremor, LP seismic events, SO, concentration
and heat flux increased sharply on 18 February 2019, which
are also considered indicators of ascent of new magma batches
which probably pushed part of the previous more degassed viscous
magma upward.

During the time of the transition from effusion to quiescence
punctuated by explosive activity, which lasted from March 15 to
18 July 2019, a strong and significant wavelet power was recorded.
The correlation between the negative anomalies and the zones
of significance of the WPS from March 15 to 31, 2019 suggests
that the area of high energy detected in the early stages of the
transition period were caused by the ascent of separate magma
pulses that degassed near the surface and eventually led to closed
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system conditions until the sudden explosions occurred. The area
of high energy detected in the WPS from May to June 2019, when
the volcano resumed its explosive activity was also caused by a
new period of ascent of less degassed more mafic magma batches
generating the sudden explosions of June 3, 14 and 17, 2019. From
Mid-July to mid-October 2019, volcanic tremor and LP seismic
events increased and silica content of the ash decreased associated
with the ascent of a slightly more mafic magma (59-60 wt% SiO,).

After the partial destruction of dome 83, i.e., from August 1 to 15
September 2019, the WPS showed an area with relatively high-power
values, which showed a close relationship with thermomagnetic
and piezomagnetic effects caused by rising magma into the feeding
system. Based on the observed correlation between the negative
anomalies and the zones of significance of the WPS recorded from
September 16 to 23 October 2019, we infer that upward magma
movement continued and hence occurred before, during and after
the construction of dome 84.

Another high-energy area was detected in the WPS between
November 25 and 31 December 2019, during the last phases of
growth of dome 85 and after the partial destruction of this dome
(from December 24 to 31, 2019). The simultaneous occurrence
of a zone of significance SAWP and two negative anomalies with
amplitudes relatively similar to those recorded during the last
construction phases of dome 84, suggest that the area of high energy
detected in the last stages of growth of dome 85 was related to
thermomagnetic effects caused by the ascent of another new magma.
The correlation between a negative anomaly and a significance zone
of the WPS from December 24 to 31, 2019, was associated to
thermomagnetic effects caused by the ascent of high-temperature
gases released by a new ascending magma.

Activity at Popocatépetl volcano is controlled by a complex
feeding system that is visualized through multiparametric
monitoring. The magnetic signatures and specifically the wavelet
analyses of the WD and tephra monitoring has enhanced
the identification of different magma batches with varying
compositions. Wavelet processing allowed us to evaluate the
significant zones of the volcanomagnetic signal, specifically the WD
values of the negative magnetic anomalies (nT). The wavelet analyses
provided accurate time location and high frequency distribution
of the WD signal. This correlation has been vital in identifying
the process related with the change in activity during late 2018
and 2019. We have outlined periods of multiple feeding periods
for the domes and identified periods of ascent when extrusion
was not clear.

In conclusion, we consider that monitoring the volcanomagnetic
signal and processing with the wavelet power spectrum technique
helps visualize the influx of new magma through the conduit
system, which is of importance to study dome growth-destruction
phases and relates to a crucial problem as is the change in
eruptive style.
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