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Abstract  24	

This article presents findings from two episodes of seismicity and gas emission that occurred on 25	

October 7, 2015 and December 6, 2019 in Campi Flegrei caldera. This caldera has been affected by 26	

long-term unrest since 2004. The December 6, 2019 episode, consisting of a swarm of 38 27	

earthquakes (maximum duration magnitude 3.1, the largest between 1984 and March 2020), 28	

occurred at the end of a one month period characterized by an increase in the ground uplift rate 29	

from 0.19 +/- 0.01 to 0.72 +/- 0.05 mm/day. A sudden increase in the fumarolic tremor amplitude, 30	

which is a proxy of gas emission related parameters recorded at Solfatara-Pisciarelli hydrothermal 31	

area (e.g. CO2 air concentration), was observed during the seismicity episode. The uplift rate 32	

decreased immediately after the swarm (0.10 +/- 0.01 mm/day), whereas the fumarolic tremor 33	

amplitude remained higher than that observed prior to the swarm. Through analyzing the time series 34	

of uplift recorded in Pozzuoli (central area of the caldera) from differential measurements on tide 35	

gauges we were able to identify the 2015 episode. This episode was characterized by increasing 36	

uplift rates that culminating in a seismic swarm of 33 earthquakes on October 7, which was 37	

followed by decreasing uplift rates. We computed double-difference locations of earthquakes from 38	

the	two	swarms and found that they located along a conduit-like path, coinciding with a high 39	

resistivity contrast zone, previously identified by audiomagnetotelluric measurements. The focal 40	

mechanisms of the major earthquakes of both swarms indicate fault planes radial with respect to the 41	

maximum uplift area. These phenomena can be interpreted as episodes of the 42	

volcanic/hydrothermal system pressurization that culminate in an injection of fluids along the 43	

conduit-like path, which behaves as a valve that allows fluid discharge and the temporary 44	

depressurization of the source region.  45	

 46	

Introduction 47	

Campi Flegrei is a caldera that originated in the Campanian Volcanic Zone (Pappalardo and 48	

Mastrolorenzo, 2012) about 39 ka b.p., following the great eruption of the Campanian Ignimbrite. 49	
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About 15 ka b.p a further caldera forming eruption produced the so-called Neapolitan Yellow Tuff. 50	

Before the Monte Nuovo eruption took place in 1538 (Di Vito et al 2016; Liedl et a. 2019), that is 51	

the youngest eruption affecting this very active volcanic area, many others had occurred (Smith et 52	

al., 2011). Campi Flegrei is a high-risk volcanic district due to its intense urbanization, that includes 53	

cities such as Naples and Pozzuoli, now constituting one extended urbanized zone along the 54	

Tyrrhenian coastline where more than 2 million people live. (Fig.1). 55	

In general, calderas are very hazardous volcanoes. In comparison to other volcanoes, forecasting 56	

calderas evolution is even more puzzling, because they often show prolonged periods of unrest, 57	

which are difficult to interpret (Newhall and Dzurisin, 1988; Macedonio et al. 2014; Acocella et 58	

al.2015; Chiodini	et	al.,	2016;	Giudicepietro et al. 2016; Giudicepietro et al. 2017; Sandri et al. 59	

2017). The current state of Campi Flegrei is a typical example of this behavior as it has been 60	

experiencing a long-lasting unrest since 2004, characterized by seismicity, geochemical variations 61	

and ground deformation (Chiodini	et	al.,	2017a). Within the general volcanic unrest, the Solfatara-62	

Pisciarelli hydrothermal area, in particular, is showing an increase in its activity, with an escalation 63	

in the last decade (Chiodini	et	al.	2011;	2012;	2015;	2016;	2017b;	Cardellini	et	al.,	2017; 64	

Giudicepietro et al. 2019, Tamburello et al. 2019). The alert level of Campi Flegrei has been raised 65	

from green (base level) to yellow (attention level) by the civil protection authorities since December 66	

2012, because the changes have been interpreted as possibly due to magmatic intrusion (D’Auria et 67	

al. 2015a; Trasatti et al. 2015). 68	

The Campi Flegrei’s seismicity is intrinsically linked to the dynamics of the caldera and varies over 69	

time becoming more frequent in periods when significant ground deformation occurs (D’Auria et 70	

al. 2011). Historical research revealed that local earthquakes have affected the Phlegrean area in the 71	

past. An intense period of seismic activity began around 1470, several decades before the Monte 72	

Nuovo’s eruption (1538) and continued after this eruption, culminating with the 1582 earthquake, 73	

one of the major events in this area, which probably caused damage in Naples. After that period no 74	

noticeable seismicity was reported until the mid-20th century, with the exception of an isolated 75	
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seismic event felt in Pozzuoli in 1832, which caused some local damage (Guidoboni and 76	

Ciuccarelli, 2011). 77	

Starting in the mid-20th century, repeated bradyseism crises, consisting of ground uplift and 78	

typically accompanied by seismicity. These crises occurred around 1950, in 1969-72, and in 1982-79	

85 (Del Gaudio et al. 2010). The latest of these crises produced ground uplift of about 1.8 m and 80	

was accompanied by more than 16,000 earthquakes of moderate magnitude (maximum duration 81	

magnitude 4.1). These earthquakes seriously damaged the city of Pozzuoli and led to the evacuation 82	

of its oldest part. 83	

After the 1982-85 crisis, Campi Flegrei experienced a period of subsidence and stasis of seismicity 84	

for about 20 years, interrupted only by a few exceptions (minor uplift in 1989, 1994, 1997, see Orsi 85	

et al. 1999, D’Auria et al. 2012). The first signs of unrest appeared in 2000, when the seismicity 86	

resumed with VT and LP swarms (Saccorotti et al. 2001), and later in 2004, when a new uplift 87	

phase slowly started. Since that time, the vertical displacement has reached a maximum value of ~ 88	

70 cm. 89	

Both the local stress field associated with the ground deformation and the increasing temperature-90	

pressure conditions of the hydrothermal system are thought to control the current seismicity of 91	

Campi Flegrei. These concentrations of seismicity are at shallow depths and close to the Solfatara 92	

and Pisciarelli fumarolic fields (D’Auria et al. 2015b, Chiodini et al., 2017a, Giudicepietro et al. 93	

2019).  94	

Our analysis is aimed at interpreting two episodes of seismicity and degassing in Campi Flegrei. 95	

These occurred on October 7, 2015 and December 6, 2019 and were accompanied by clear evidence 96	

of an increase in the hydrothermal activity at the Pisciarelli fumarolic field and by a decrease in the 97	

uplift rate. In accordance with recent studies (Chiodini et al., 2017b; Giudicepietro et al., 2019) the 98	

fumarolic tremor recorded at Pisciarelli was used as a proxy of the gas flux of the main fumarole  99	

and of the intensity of the hydrothermal activity. In addition, seismic (telemetered and stand-alone 100	
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stations), geochemical and tide gauge data from the Osservatorio Vesuviano (INGV) monitoring 101	

networks (Fig. 1) were used for our analysis. 102	

 103	

Fumarolic tremor amplitude as a proxy of the hydrothermal activity 104	

We define the fumarolic tremor amplitude as the RSAM (Endo and Murray, 1991) of the seismic 105	

signal (30-minute-long windows of the 5-15 Hz bandpass-filtered vertical component) at the CPIS 106	

station located a few meters from the Pisciarelli main vent, which currently represents the main 107	

fumarolic emission of the Campi Flegrei caldera (Chiodini et al. 2017b; Giudicepietro et al. 2019). 108	

The strict relationship between the RSAM of the CPIS signal and the estimated T-P conditions of 109	

the hydrothermal system as inferred by gas-geoindicators has already been highlighted in previous 110	

studies (Chiodini et al., 2017b). Here we focus on the variation of the RSAM signal in comparison 111	

to the shallow (< 2 km) seismic activity and the air CO2 concentration close to Pisciarelli emission. 112	

Both the shallow seismicity and the air CO2 concentrations are mainly controlled by hydrothermal 113	

processes. Earthquake hypocenters delineate the paths of the fluids moving from a depth of 1–2 km 114	

towards the Pisciarelli-Solfatara manifestations (Giudicepietro et al., 2019) and air CO2 115	

concentrations are linked to the Pisciarelli gas emission. The gas concentration is measured at 40 116	

cm height by an automatic station that measures soil temperatures and CO2 fluxes (Chiodini et al. 117	

(2017b). The station is close to the Pisciarelli vents whose daily CO2 discharge rate, in recent times, 118	

is on the order of hundreds of tons (e.g. 256 ± 85 t d-1 and 218 ± 71 t d-1 in October 2014, Aiuppa et 119	

al., 2015; 578 ± 246 t d-1 in May 2017, Queißer et al., 2017; > 600 t d-1 in February 2019, 120	

Tamburello et al. 2019). The air CO2 concentration depends on the fumarolic gas flux as well as on 121	

other factors, including the distance from the emission, the ground morphology and the local 122	

meteorological conditions (Granieri et al., 2013). In our case, the distance from the emission and the 123	

ground morphology did not change during the observation period and the meteorologically-124	

controlled variability is attenuated (or eliminated) by averaging the data over long periods (weekly 125	
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in Fig. 2a and annually in Fig. 3b thus obtaining a signal is mainly dependent on the discharge rate 126	

of the fumaroles. 127	

Fig. 2 depicts the strict temporal relation linking the RSAM with both the weekly mean of air CO2 128	

concentrations (Fig. 2a) and the cumulative number of shallow earthquakes (Fig. 2b). Similar, but 129	

possibly stronger, indications about the unique origin of the three signals is given by the binary 130	

plots of Fig. 3, where the annual mean of RSAM (in a log scale) is plotted against the annual mean 131	

of the CO2 air concentration. As it can be noticed in both figures, the amplitude of the different 132	

signals increases with time, in conformity with the fast evolution of the Campi Flegrei unrest. 133	

In the analysis that follows, the RSAM have been used as a proxy of the variations occurring within 134	

the hydrothermal system. With respect to the other variables, RSAM has the advantage of being 135	

continuously recorded and is less affected by meteorological conditions, which strongly affect the 136	

singular air CO2 measurements.  137	

 138	

Tide gauge data analysis 139	

Currently, Campi Flegrei is characterized by ground uplift in the central area (about 70 cm in the 140	

last 15 years), which rapidly decreases towards the edges of the caldera. A red circle in Figure 1 141	

marks the area of maximum uplift (Iannaccone et al., 2018) that is located in the marine sector of 142	

the Campi Flogrei caldera. To show the temporal evolution of the uplift in the central area of the 143	

Campi Flegrei caldera, differential measurements from the MISE and POPT tide gauge stations 144	

(Fig. 1), which have a sampling frequency of one sample per minute, were used. MISE is located at 145	

the caldera border and is subject to an almost negligible uplift, so the MISE-POPT difference is 146	

approximately equal to the uplift of the central caldera area. The difference of moving averages of 147	

the two time series (MISE-POPT), is useful to eliminate the effects due to the tides, seiches and 148	

rough sea, and provides a picture of the uplift temporal evolution. The present study is based on 149	

daily averages, selected to obtain one value per day. The period under analysis starts from January 150	
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1, 2015 until March 30, 2020 and includes two short-duration increases in uplift rate that preceded 151	

two seismic swarms, characterized by relatively high seismic energy (Fig. 4). 152	

Based on the tide gauge data curve (Fig. 4), we calculated the uplift rate before, during and after the 153	

two short-duration episodes of increased uplift associated with the two seismic swarms that 154	

occurred on October 7, 2015 (Fig. 4a) and December 6, 2019 (Fig. 4b). For the period prior to 155	

episode a), from June 15 to August 14, 2015, we found an uplift rate of 0.15 +/- 0.01 mm/day; 156	

during episode a), from August 14 to October 7, 2015, the uplift rate was 0.42 +/- 0.01 mm/day, 157	

finally, after the episode a), from November 12 to December 31, 2015, the uplift rate decreased to 158	

0.13 +/- 0.01 mm/day.  The same analysis was performed for episode b), obtaining an uplift rate of 159	

0.19 +/- 0.01 mm/day for the period prior to the increase in the uplift rate (from August 23 to 160	

November 1, 2019), an uplift rate of 0.72 +/- 0.05 mm/day during the phase of increased rate (from 161	

November 10 to December 6, 2019), and an uplift rate of 0.10 +/- 0.01 mm/day after the event b) 162	

(from December 26, 2019 to February 12, 2020). In 2016, an even longer increase in uplift rate was 163	

observed (Fig. 4). As well as the others, this episode was accompanied by seismicity, as shown in 164	

Figures 2 and 4; however it did not culminate in a swarm with appreciable seismic energy. The 165	

uplift rates for this episode were calculated too, for which a summary is shown in Table 2. It is 166	

possible to notice that the highest uplift rate occurred in the 2019 episode, whereas the smallest 167	

increase in the uplift rate took place in the 2016 episode and was not accompanied by any swarm 168	

with significant cumulative seismic energy. In fact, no sudden step-like increase in the amplitude of 169	

the fumarolic tremorwas reported. Hence, we have decided for the present study to focus our 170	

attention on episodes a) and b), whose seismic swarms, on the contrary, were characterized by a 171	

major seismic energy and were accompanied by a step-like fumarolic tremor amplitude increase, 172	

allowing us to recognize a link between seismicity and gas transport in Campi Flegrei caldera. 173	

Seismic data analysis 174	

The seismic catalog of Campi Flegrei in the last ten years shows a gradual increase in the 175	

earthquake occurrence (Fig. 2). Considering the temporal evolution of the cumulative seismic 176	
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energy from January 1, 2015 to March 30, 2020 (Fig. 4) we found two steps at the end of the two 177	

short-duration episodes of uplift recognized in the tide gauge data associated to the October 7, 2015 178	

and the December 6, 2019 seismic swarms. These sequences were characterized by earthquakes 179	

with relatively high duration magnitude (Table 1) compared to the average magnitude (M average = 180	

-0.3) of the entire catalog, starting from 2007 (www.ov.ingv.it). The October 7, 2015 swarm 181	

includes 33 earthquakes (13 located events; maximum duration magnitude 2.5) whereas the 182	

December 6, 2019 swarm consists of 38 earthquakes (16 located events; maximum duration 183	

magnitude 3.1, the largest since 1984 until March 2020).  184	

We computed double-difference earthquake locations for the two swarms, using the program 185	

HypoDD (Waldhauser and Ellsworth, 2000), and found that in both cases the hypocentres were 186	

distributed along a conduit-like path (Fig. 5). 187	

The	focal	mechanism	of	the	major	earthquakes	was	also	computed	for	both	swarms	using	188	

FPFIT	program	(Reasenberg and Oppenheimer, 1985)	and	results	are	shown	in	Fig.	5. 189	

The fault plane parameters of the October 7, 2015 09:10 earthquake (duration magnitude 2.5) and 190	

the December 6, 2019 00:17 earthquake (duration magnitude 3.1) are reported in Table 3. The two 191	

locations and fault plane orientations are similar. The focal mechanisms of the major earthquakes 192	

recorded in the two sequences are almost the same, with 90º difference in rake. Both are consistent 193	

with normal faults moving mostly on the vertical direction, with the strike radial with respect to the 194	

maximum uplift area. This indicates that the same structure could reactivate when the largest 195	

earthquakes of the two swarms generated. Mapping the earthquake locations of the two swarms on 196	

a resistivity profile (Siniscalchi et al. 2019) that crosses the hydrothermal areas of Solfatara (Gresse 197	

et al. 2017) and Pisciarelli (Fig. 6), the hypocenters were found to fall in a zone with significant 198	

resistivity contrast, that marks a discontinuity in the physical characteristics of rocks at depth. This 199	

observation is consistent with the existence of a conduit-like path characterized by small 200	

seismogenic faults, oriented towards the maximum uplift area (red point in Figures 1 and 5), which 201	

developed on the structural edge of the Agnano nested caldera (red dotted line in figure 6b).  202	
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The two seismic swarms were compared through a cross-correlation analysis (Fig. 7) of all pairs of 203	

earthquake onsets (0.8 s) recorded by the vertical component of the CAAM station, installed at 204	

Accademia Aeronautica of Pozzuoli (Fig. 1). The events of the October 7, 2015 swarm (0 to 19 in 205	

Figure 7) generally show great similarity, whereas the events of the December 6, 2019 swarm (20 to 206	

34 in Figure 7) appear to be more diverse. We decide to focus on the swarms whose events closely 207	

resemble each other (black circles in Figure 7). In particular, our analysis revealed great similarity 208	

between the events 5, 7, 15 and 18 of the October 7, 2015 swarm and the M3.1 event (number 23) 209	

of December 6, 2019 swarm (Fig. 7).  210	

The temporal variations of the fumarolic tremor amplitude at Pisciarelli (CPIS station) around 211	

December 6, 2019, show a clear upward march from about 1.0 x10-5 to about 1.2 x 10-5 m/s (offset 212	

≈ 2.0 x 10-6 m/s) at the moment of the swarm, followed by a persistent offset which indicates an 213	

increase starting on December 6 and lasting several days after the swarm (Fig. 8b). The persistent 214	

offset in correspondence of the swarm indicates an increase in gas emission that begins on 215	

December 6 and lasts for several days after the swarm. In conjunction with the persistent offset in 216	

the fumarolic tremor amplitude, the uplift rate decreased from 0.72 +/- 0.05 mm/day (in the period 217	

November 10 - December 6, 2019) to 0.10 +/- 0.01 mm/day after the swarm, and this value 218	

remained approximately unaltered until the end of February 2020. A similar temporal evolution of 219	

the uplift rate in relation to the swarm occurrence was also observed on October 7, 2015 (Fig. 8a). 220	

During the swarm an offset occurred of about 1.9 x 10-6 m/s (from about 1.49 x10-5 to about 1.68 x 221	

10-5 m/s) in the amplitude of the fumarolic tremor. The correlation between the fumarolic tremor 222	

temporal evolution and the uplift rate for the swarm of October 7, 2015 is less evident than for the 223	

December 6, 2019 swarm (Fig. 8). 224	

In 2018, an acoustic sensor from the ISTerre laboratory was installed at about 20 m from the 225	

Pisciarelli fumarole. This sensor, whose functionalities are described in Grangeon and Lesage 226	

(2019), allows for the measurement of acoustic signals in two frequency bands, one in infrasound 227	

and the other at higher frequency (MEMS), with a flat frequency response up to 500 Hz. This last 228	
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band is used to monitor the acoustic signal emitted by the fumarole, which has a peak at 150Hz. 229	

The acoustic energy is averaged over 1 second by an integrator chip, then the rms maximum and 230	

average values per minute are recorded on a datalogger.  231	

During the seismic swarm of Dec. 6, 2019, the infrasound band of this sensor did detect earthquakes 232	

of magnitude greater than 1, but did not show any noticeable long-term variations, and	neither	did	233	

the	MEMS	sensor,	although	the	signal	variability	following	the	December	6	earthquake	series	234	

was	higher	than	usual. The averaged standard deviation stepped from 1.5 to about 3.5 (a. u.) after 235	

the swarm, so the signal variability increased by a factor of about 2.5, indicating the gas flow to be 236	

much more variable than normal. 237	

At the end of December 6, the amplitude of the acoustic signal showed a strong periodic 238	

component, with a period of about 40 minutes (Fig.9). Such a periodic transient suggests that the 239	

degassing regime becomes pulsatile. This fluid flow instability had been likely produced by the 240	

seismic swarm. 241	

Conclusions 242	

The temporal evolution of the fumarolic tremor amplitude compared to the ground uplift before and 243	

after the two swarms that occurred on October 7, 2015 and December 6, 2019 (Fig. 8) allowed us to 244	

highlight a relationship between changes in the uplift rate, swarm seismicity and hydrothermal 245	

activity. The uplift rate increased ahead of both swarms, which were characterized by relatively 246	

high magnitude earthquakes, thus revealing a link between the rate of deformation and the release 247	

of seismic energy (Fig. 4). The fumarolic tremor, as discussed above (Figs 2 and 3), is a very 248	

sensitive indicator of changes in the Solfatara-Pisciarelli hydrothermal system (Chiodini et al. 249	

2017b; Giudicepietro et al. 2019), therefore its sudden increase during the swarms indicates a 250	

sudden intensification of the fluid emission in the hydrothermal area of Pisciarelli, which persists 251	

after the swarms have ended. In	essence,	the	two	seismic	sequences	under	analysis	showed	a	252	

similar	progression	of	events,	which	can	be	described	as	follows: 1) an increase in the uplift rate 253	

before the sequence; 2) a swarm with relatively large magnitude earthquakes; 3) an increase in the 254	
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fumarolic tremor amplitude, and, therefore, in the hydrothermal activity, followed by a decrease in 255	

the uplift rate (Figs 4 and 8). This sequence can be interpreted as the effect of the 256	

hydrothermal/volcanic system pressurization, which contributes to generate the increase in the 257	

uplift rate and the activation of seismogenic structures, located along a conduit-like path (Fig. 5) 258	

crossing an area with significant variation of the rock physical properties, as revealed by the 259	

resistivity profile carried out by Siniscalchi et al. (2019) (Fig. 6). This is also the region that likely 260	

separates a hot gas plume (resistive vertical structure in Fig. 6) from the colder peripheral liquid 261	

bearing zone  (Siniscalchi et al., 2019). The sudden step in the fumarolic tremor amplitude, 262	

particularly evident in the December 6, 2019 swarm, suggests a valve-like mechanism that favors 263	

the abrupt increase in the transport of fluids to the surface, through the path where seismicity is 264	

concentrated. Tuffs,	altered	to	clays	because	of	the	hydrothermal	activity,	controls this 265	

mechanism. The presence of a cap-rock on the top of a vapor-dominated reservoir is well depicted 266	

by the shallow low resistivity layer in the Solfatara-Pisciarelli district (Siniscalchi et al., 2019), 267	

which overtops a high resistivity plume; furthermore, it is supported by a 3D seismic tomographic 268	

reconstruction (Vanorio and Kanitpanyacharoen, 2015). Within this layer, fluid circulation takes 269	

place mainly by fracture permeability. In fact, the temporal succession of the earthquakes of the 270	

December 6, 2019 swarm shows a propagation of the hypocenters from the bottom to the surface 271	

(Fig. 5b). 272	

The focal mechanisms of the major earthquakes in the two swarms (locations shown in Figure 5 and 273	

6), and the similarity of their waveforms, obtained through cross-correlation (Fig. 7), indicate that 274	

similar fault planes were activated in 2015 and 2019. The radiality of the fault planes of the major 275	

events with respect to the deformation source position (Iannaccone et al. 2018) and the hypocenter 276	

locations of the two studied swarms suggest the existence of seismogenic processes driven by 277	

ground deformation and hydrothermal activity. During 2016, a sudden change in fumarolic tremor 278	

amplitude associated with a specific seismic swarm was not observed. Moreover, the cumulative 279	

energy of the 2016 seismic swarms was small, when compared to the energy of the October 7, 2015 280	
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and December 6, 2019 swarms. However, the temporal evolution of the uplift and the number of 281	

earthquakes per day in 2016 (Fig. 4) confirm the relationship between the increase in deformation 282	

rate and seismicity. This relationship was clearly highlighted by the study of the episodes of 283	

seismicity and gas emission that occurred on October 7, 2015 and December 6, 2019, when the 284	

fumarolic tremor amplitude increase (Fig. 8) implied an increase in the fluid emission in the 285	

Pisciarelli area, thus demonstrating the link between seismicity and hydrothermal activity.  286	

The characteristics of the two swarms here considered, accompanied by a stepwise increase in the 287	

amplitude of the fumarolic tremor, put forward the idea that there is a valve-like mechanism 288	

capable of inducing an abrupt increase in the hydrothermal activity as well as sudden injections of 289	

hot fluids into the conduit-like structure. The described structural characteristics and the current 290	

seismicity indicate that this area is critical for monitoring the long-term unrest taking place in the 291	

Campi Flegrei caldera. 292	

 293	

Data and Resources 294	

This study is base on data provided by the Istituto Nazionale di Geofisica e Vulcanologia 295	

(Osservatorio Vesuviano, http://www.ov.ingv.it/ov/it/banche-dati/186-catalogo-sismico-del-296	

vesuvio.html; http://sismolab.ov.ingv.it/sismo/index.php?PAGE=SISMO/last&area=Flegrei). 297	

Supplemental Material has been added as a zip file, containing the following files: 298	

Flegrei-eqk-catalog.dat - The seismic catalog of Campi Flegrei, 2007 – March 31, 2020. 299	

RSAM-Pisciarelli.dat - The RSAM time series of the vertical component of the CPIS station 300	

(fumarolic tremor), from January 2010 to March 31, 2020. 301	

hypoDD.reloc - Double-Difference locations of 23 earthquakes. 302	

Flegrei-eqk-catalog.dat - The time series of the differential uplift between the POPT and MISE tide 303	

gauges. 304	
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Table 1 Earthquakes of the two examined swarms with magnitude > 1.5. The first earthquake 470	
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electronic supplement to this article. 473	
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Origin Time (UTC) Latitude°  Longitude° Depth (m) Magnitude 

2019-12-06  00:17:23.78 40.831169 14.148144 2442 3.1 

2015-10-07  09:10:50.68 40.823462 14.147877 1600 2.5 

2015-10-07  08:13:51.19 40.824683 14.145212 2365 2.3 

2015-10-07  07:54:13.49 40.825785 14.145338 2285 2.0 

2015-10-07  07:37:40.70 40.825317 14.145431 2252  2.2 

2015-10-07  07:31:33.05 40.824910 14.148073 1776 1.9 

 474	

Table 2 Uplift rate before, during and after the two uplift rate increase episodes shown in Fig.4 (a 475	

and b) and in 2016.	476	

Episode	 period	

before	

(yy/mm/dd)	

dz/dt 
before	

 (mm/day) 

period	

during	
(yy/mm/dd) 

dz/dt 
during	

 (mm/day)	

period	

after	
(yy/mm/dd) 

dz/dt 
after	

 (mm/day) 

Episode 
a)	

15-06-15	
15-08-14	

0.15 +/- 
0.01	

15-08-14	
15-10-07	

0.42 +/- 
0.01	

15-11-12	
15-12-31	

0.13 +/- 
0.01	

Episode 
2016	

16-01-01	
16-04-05	

0.19 +/- 
0.01	

16-04-05	
16-08-08	

0.32 +/- 
0.01	

16-08-08	
16-12-31	

0.17+/- 
0.01	

Episode 
b)	

19-08-23	
19-11-01	

0.19 +/- 
0.01	

19-11-10	
19-12-06	

0.72 +/- 
0.05	

19-12-26	
20-02-12	

0.10 +/- 
0.01	

 477	

Table 3 Origin time, magnitude and focal mechanism parameters of the two major earthquakes of 478	

the two seismic swarms (2015 and 2019). 479	

Date M Strike° Dip° Rake° 

2015-10-07 09:10 2.5 235+/-5 85+/-5 -60+/-10 

2019-12-06 00:17 3.1 229+/-10 85+/-10 -120+/-5 

 480	

List of Figure Captions 481	

Figure 1. On the left, the map of Campi Flegrei caldera (red line indicates the caldera rim). The 482	

yellow triangles indicate the seismic network stations. The light blue stars indicate the tide gauge 483	
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used in the article. The orange circle highlights the Solfatara‐Pisciarelli hydrothermal area. The 484	

red triangle on the edge of the orange circle indicates the CAAM station used for cross-correlation 485	

analysis (see below). The red circle marks the maximum uplift area (Iannaccone et al. 2018). ). On 486	

the right, a detailed map of the Pisciarelli area with the location of CPIS seismic station and 487	

FLXOV8 geochemical station can be found. 488	

 489	

Figure 2. RSAM (gray) compared with (a) the weekly means of air CO2 concentrations at Pisciarelli 490	

site (vertical axis in ppmv) and (b) the cumulative number of earthquakes, since 2000, (vertical 491	

axis) occurring at depth < 2 km in the hydrothermal area. RSAM is expressed in counts. For the 492	

RSAM time series of the vertical component of the CPIS station, see the file named “RSAM-493	

Pisciarelli.dat” in the electronic supplement to this article. 494	

 495	

Figure 3. Binary plots of (a) the air CO2 concentration and (b) the earthquake frequency vs. the log 496	

of RSAM. Air CO2 concentration and log RSAM refer to annual mean values.   497	

 498	

Figure 4. Uplift, earthquake occurrence and seismic energy in January, 2015 – March, 2020 499	

interval. The red curve indicates the differential uplift between the POPT and MISE tide gauges 500	

(blue stars in Fig. 1). The inside tick labels of the left vertical axis indicate the differential uplift in 501	

meters. The cyan points and the black line represent the cumulative seismic energy computed 502	

through the formula: Log E  = 9.9 + 1.9 M (right axis). The histogram represents the earthquake 503	

daily frequency (left axis). The red arrows mark the October 7, 2015 swarm (detail in box a) and the 504	

December 6, 2019 swarm (detail in box b), which correspond to the main steps in the cumulative 505	

energy curve. For the differential measurements between the POPT and MISE tide gauges, see the 506	

file named “tide-gauge-popt-mise.dat” in the electronic supplement to this article. For the seismic 507	

catalog of Campi Flegrei, see the file named “Flegrei-eqk-catalog.dat” in the electronic supplement 508	

to this article. 509	
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 510	

Figure 5. Focal mechanism of the major earthquake (October 7, 2015 09:10) and Double-Difference 511	

locations of the 2015 swarm (a) and focal mechanism of the major earthquake (December 6, 2019 512	

00:17) and Double-Difference locations of the 2019 swarm (b). The red point indicates the 513	

maximum uplift area (Iannaccone et al. 2018). Note that both fault planes of the major events of the 514	

two swarms are approximately radial with respect to the maximum uplift area. 515	

 516	

Figure 6. Resistivity profile (a) and double-difference locations of the earthquakes of the 7 October 517	

2015 (yellow circles) and 6 December 2019 (black circles) swarms. Panel b shows the edge of 518	

Agnano's nested caldera (dashed red line) and the trace of the resistivity profile. The epicenters of 519	

the earthquakes of the two swarms are shown on the map. Panel c shows the distribution of the 520	

hypocenters of the swarms with depth, in a 3D view. The red line indicates the trace of the 521	

resistivity profile. 522	

 523	

Figure 7 Cross-correlation of the events of 2015 swarm (from 0 to 19) and the 2019 swarm (from 524	

20 to 34). The color scale, from blue to dark red passing through green and yellow, represents the 525	

correlation that varies between 0 (blue) and 1 (dark red). The black lines separate the events 526	

belonging to the two swarms. The black circles highlight 4 events of the 2015 swarm that have high 527	

similarity with the event of 00:17 on 6 December 2019 (M 3.1). On the right, the waveforms of the 528	

onset of these events. 529	

 530	

Figure 8 Uplift (in blue) and fumarolic tremor amplitude (in red) around the swarms of October 7, 531	

2015 (a) and December 6, 2019 (b). In both plots, the black vertical line marks the swarm 532	

occurrence time. 533	

 534	
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Figure 9 : Acoustic signal amplitude, measured 20 m away from the Pisciarelli fumarole between 535	

20:00 and 22:30 (UTC) on 6 December 2019. 536	

 537	

Figures 538	
 539	

	Figure 1. On the left, the map of Campi Flegrei caldera (the red line indicates the caldera rim). The 540	

yellow triangles indicate the stations of the seismic network. The light blue stars indicate tide gauge 541	

used in the article. The orange circle highlights the Solfatara‐Pisciarelli hydrothermal area. The red 542	

triangle on the edge of the orange circle indicates the CAAM station used for cross-correlation analysis 543	

(see below). The red circle marks the maximum uplift area (Iannaccone et al. 2018). On the right, a 544	

detailed map of the Pisciarelli area with the location of CPIS seismic station and FLXOV8 545	

geochemical station. 546	

 547	

	 548	
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549	
Figure 2. RSAM (gray) compared with (a) the weekly means of air CO2 concentrations at Pisciarelli 550	

site (vertical axis in ppmv) and (b) the cumulative number of earthquakes, since 2000, (vertical 551	

axis) occurring at depth < 2 km in the hydrothermal area. RSAM is expressed in counts. For the 552	

RSAM time series of the vertical component of the CPIS station, see the file named “RSAM-553	

Pisciarelli.dat” in the electronic supplement to this article. 554	

 555	



	 25	

556	
Figure 3. Binary plots of (a) the air CO2 concentration and (b) the earthquake frequency vs. the log 557	

of RSAM. Air CO2 concentration and log RSAM refer to annual mean values.   558	

	 559	
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560	
Figure 4. Uplift, earthquake occurrence and seismic energy in January, 2015 – March, 2020 561	

interval. Red curve indicates the differential uplift between the POPT and MISE tide gauges (blue 562	

stars in Fig. 1). The inside tick labels of the left vertical axis indicate the differential uplift in 563	

meters. The cyan points and the black line represent the cumulative seismic energy computed 564	

through the formula: Log E  = 9.9 + 1.9 M (right axis). The histogram represents the earthquake 565	

daily frequency (left axis). The red arrows mark the October 7, 2015 swarm (detail in box a) and the 566	

December 6, 2019 swarm (detail in box b), which correspond to the main steps in the cumulative 567	

energy curve. For the differential measurements between the POPT and MISE tide gauges, see the 568	

file named “tide-gauge-popt-mise.dat” in the electronic supplement to this article. For the seismic 569	

catalog of Campi Flegrei, see the file named “Flegrei-eqk-catalog.dat” in the electronic supplement 570	

to this article. 571	
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 572	

573	
Figure 5. Focal mechanism of the major earthquake (October 7, 2015 09:10) and Double-Difference 574	

locations of the 2015 swarm (a) and focal mechanism of the major earthquake (December 6, 2019 575	

00:17) and Double-Difference locations of the 2019 swarm (b). The red point indicates the 576	

maximum uplift area (Iannaccone et al. 2018). Note that both fault planes of the major events of the 577	

two swarms are approximately radial with respect to the maximum uplift area. 578	

 579	
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580	
Figure 6. Resistivity profile (a) and double-difference locations of the earthquakes of the 7 October 581	

2015 (yellow circles) and 6 December 2019 (black circles) swarms. Panel b shows the edge of 582	

Agnano's nested caldera (dashed red line) and the trace of the resistivity profile. The epicenters of 583	

the earthquakes of the two swarms are shown on the map. Panel c shows the distribution of the 584	

hypocenters of the swarms with depth, in a 3D view. The red line indicates the trace of the 585	

resistivity profile. 586	
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587	
Figure 7 Cross-correlation of the events during the 2015 (from 0 to 19) and the 2019 (from 20 to 588	

34) swarms. The color scale, from blue to dark red passing through green and yellow, represents the 589	

correlation that varies between 0 (blue) and 1 (dark red). The black lines separate the events 590	

belonging to the two swarms. The black circles highlight 4 events of the 2015 swarm that have high 591	

similarity with the event of 00:17 on 6 December 2019 (M 3.1). On the right, the waveforms of the 592	

onset of these events. 593	
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 594	
Figure 8 Uplift (in blue) and fumarolic tremor amplitude (in red) around the swarms of October 7, 595	

2015 (a) and December 6, 2019 (b). In both plots, the black vertical line marks the swarm 596	

occurrence time. 597	
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598	
Figure 9 : Acoustic signal amplitude, measured 20 m away from the Pisciarelli fumarole between 599	

20:00 and 22:30 (UTC) on 6 December 2019. 600	


