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Signature of magmatic processes in strainmeter
records at Campi Flegrei (Italy)
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Abstract Volcanic unrest at Campi Flegrei caldera, Southern Italy, is characterized by episodes of ground
deformation, seismicity, and enhanced fumarolic activity; whether its origin is purely hydrothermal or
magmatic is highly debated. We have identified ground deformation patterns in strainmeter records from
a heightened unrest period in late 2006, closely resembling synthetic signals from numerical simulations of
shallow magma chamber replenishment and mixing. Together with other recent findings, our results depict
a situation whereby periodic arrivals of deep magma feed a shallow intrusion at 3–4 km depth. These results
suggest that the analysis of strainmeter records, coupled with advanced numerical simulations of magma
dynamics, could lead to new approaches in imaging subsurface dynamic processes in volcanic areas.

1. Introduction

Campi Flegrei is a restless caldera that with Mount Vesuvius and Ischia constitutes the Neapolitan active
volcanic district, one of the highest volcanic risk areas in the world with 3 millions of people and very high
values in terms of properties and infrastructures exposed to volcanic hazards. Within a radius of around 7 km
there are numerous intracalderic craters and volcanic edifices that testify the postcollapse eruptive history of
the volcano (Figure 1), whose last eruption occurred in 1538 A.D. [Di Vito et al., 1999; D’Oriano et al., 2005; Di Vito
et al., 2016]. Nowadays, the system is characterized by intense hydrothermal circulation and seismicity,
abundant fumaroles, and episodes of ground deformation [Chiodini et al., 2015].

Although the Campi Flegrei caldera is undergoing general subsidence, two main episodes of increased defor-
mation during 1970–1972 and 1982–1984 led to about 4 m of maximum ground uplift followed by about 1 m
of subsidence [Amoruso et al., 2014]. From 1985 onward, the caldera experienced several mini-uplift episodes
marked by low levels of seismicity, each one amounting to a few centimeters [Pingue et al., 2006], and then
followed by dominant aseismic subsidence. From about 2005 the pattern has changed, with continuous uplift
at increasing rate summing up to nearly 40 cm in the last 10 years, diffused seismicity, and expansion of the
fumarolic areas continuing today [Chiodini et al., 2015].

Geochemical [Arienzo et al., 2009; Di Renzo et al., 2011] and geophysical [Judenherc and Zollo, 2004; Zollo et al.,
2008; De Siena et al., 2010] evidence suggest that the plumbing system at Campi Flegrei is composed of a large
deep reservoir, whose top is at about 8 km depth, that hosts dominantly shoshonitic magmas [Mangiacapra
et al., 2008] and shallower, smaller (less than 1 km3) reservoirs that discontinuously occur in a depth range of
3 km to 6 km and host small pockets of trachytic-phonolitic magma [Arienzo et al., 2010].

Arrival of primitive, volatile-rich magma into shallow reservoirs hosting more evolved, partially degassed
magma has been identified as the trigger of past eruptions at Campi Flegrei [Tonarini et al., 2009]. Numerical
simulations of this process highlight the convective patterns leading to efficient mixing/mingling [Montagna
et al., 2015], resulting in pressure oscillations which generate ground deformation patterns in the ultralong
period (ULP, 10−4 Hz to 10−2 Hz) band [Longo et al., 2012a]. This frequency range is far less investigated in
volcano monitoring than both the higher frequencies of volcano-tectonic earthquakes and LP-VLP events
(102 Hz to 10−1 Hz) and the lower frequencies associated with ground deformation patterns occurring over a
time span of several days to years. Instruments increasingly employed in volcano monitoring and that cover
such intermediate frequency range include tiltmeters and strainmeters [Dzurisin, 2003], a network of which is
installed at Campi Flegrei (Figure 1) and produces continuous data since 2004 [Amoruso et al., 2015].

Although being a widespread occurrence and critical for short-medium term hazard forecasts, shallow
magma chamber replenishment is rarely detected in monitoring signals and observations [Wadge et al., 2006;
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Figure 1. Map of the Campi Flegrei caldera area. The strainmeter network and the Campi Flegrei caldera boundaries are
indicated. Strainmeter QUAR corresponds to QU and ARCO corresponds to RT in Amoruso et al. [2015]. Digital elevation
model was obtained with TINITALY (Triangular Irregular Network - ITALY) [Tarquini et al., 2007].

Aiuppa et al., 2009]. Analysis of records from volcano monitoring networks can in principle reveal such
dynamics, but to date there is no established method that leads to confident identification: for example,
surface evidence such as fumarolic composition changes are supposed to be related to magma arrival at shal-
low depths [Chiodini et al., 2015]. This work suggests a new approach to identify meaningful transients in
ground deformation time series based on the comparison with synthetic signals derived from a numerical
model of magma chamber replenishment.

2. Synthetic Data Set

The synthetic data set was obtained from numerical simulations of magma chamber replenishment at Campi
Flegrei [Longo et al., 2012a]. The GALES code [Longo et al., 2012b] was employed to solve the transient, 2-D,
multicomponent dynamics associated with the arrival of gas-rich shoshonitic magma from a large reservoir
at 8 km depth into a shallow (3 km depth) chamber initially hosting partially degassed phonolitic magma. The
simulations performed are described in detail in Montagna et al. [2015]; the overall dynamics is similar to those
described in Longo et al. [2012a]. Plumes of light magma rise into the shallow chamber and originate convec-
tive patterns enhancing magma mixing, while a portion of the degassed phonolitic magma initially hosted
in the chamber sinks inside the feeding dyke, and a density-stratified magma chamber develops. Different
geometries and volatile contents of the shallow chamber were considered in order to account for a range of
possible conditions at Campi Flegrei. Figure 2 shows the simulated domain and summarizes the conditions
for the numerical simulations; the deep chamber contains a shoshonitic magma with 2 wt % H2O and 1 wt %
CO2. Figure S1 in the supporting information shows the simulated patterns of convection and mixing and the
resulting pressure time series. Results of the fluid dynamics simulations show that while convective patterns
are very similar for the different settings, the dynamics is faster and more efficient when the upper chamber
is more degassed; and mingling is favored by sill-like over dike-like geometries [Montagna et al., 2015].

Computed pressure time series along the boundaries of the magmatic system (Figure S1 in the supporting
information) represent the driving force used to simulate ground deformation through integration of the
Green’s functions in a homogeneous, infinite medium [Aki and Richards, 2002].

The synthetic data set has necessarily been obtained under some assumptions, for both the magmatic system
dynamics [Montagna et al., 2015] and the rock response. The fluid domain boundary is fixed in the simulations;
one-way coupling to the host rock is assumed. Full coupling could cause resonance effects [e.g., Chouet, 1986]
that are expected to be less energetic than the modes related to the dynamics. The assumption of homoge-
neous and infinite rock medium is justified a posteriori by the extremely long wavelengths, of the order of
thousands of kilometers, associated with pressure oscillations in the ULP frequency band. The assumption
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Figure 2. Summary of the five simulated settings. The upper chamber is either elliptical, with semiaxes of 200 m and
400 m, or circular, with radius of 283 m to keep the same surface area. The dyke, which at time 0 hosts shoshonite
like the deep chamber, is 20 m wide. The deep reservoir is elliptical, with semiaxes of 8 km and 1 km.

of elastic, instantaneous response of the host rock can also be justified given the extremely long wave-
lengths (order of kilometer) characterizing ULP oscillations. A viscoelastic response could be the consequence
of heated (above the brittle-ductile transition) rock around the reservoir; nevertheless, its thickness is not
expected to exceed hundreds of meters, given the small chamber size [Newman et al., 2006]. Moreover, vis-
coelastic effects are expected to play an important role on much longer timescales than those analyzed here
(days to years [Newman et al., 2001]).

The synthetic ground deformation signals obtained for the different simulations are shown in Figure 3. They
are very similar in terms of their spectral content (Figure 3b); runs CF4 and CF5, characterized by a smaller
amount of volatiles in the shallow chamber (Figure 2), show a more efficient, faster dynamics; therefore, the
corresponding spectra have a larger high-frequency component. Notwithstanding the different specific con-
ditions in runs CF1 to CF5, the main process, magma chamber replenishment, is the same, and its space-time
evolution is very similar in all the scenarios. The similarities that emerge are indicative of distinctive features

Figure 3. Synthetic ground deformation signals computed for
a hypothetic station atop the center of the magmatic system.
(a) High-pass filtered at 3 ⋅ 10−5 Hz. (b) Corresponding Fourier
spectra. For Figures 3a and 3b, colored lines refer to different
simulations in Figure 2, while the black line represents the
template signal used for comparison with the real strain data
set from the Campi Flegrei network.

of the Campi Flegrei magmatic system, the details
of which do not appear to drastically modify
our numerical results. Therefore, analysis of more
subtle differences among the different runs is
beyond the scope of this work; conversely, a sin-
gle waveform is used in the following for compar-
ison with the real data. Different spectral features,
characterized by a shift to higher frequencies,
have been observed in synthetic ground defor-
mation time series obtained from simulations of
smaller magmatic systems [Longo et al., 2012a].
The template synthetic waveform pertains to one
of the longest simulations performed (CF2 in
Figures 2 and 3) and displays the common fea-
tures of the different traces to first order. The syn-
thetic time series contain information pertaining
to the initial stages, which are affected by the
specific initial conditions. In order to remove this
misleading information, we correlate the CF2 sig-
nal with every other; the high-correlation portion
removes the initial, spurious time lag (Figure 3b)).

The synthetic data sets last at most 7.5 h, result-
ing in poor spectral resolution with respect to
the years-long strainmeters time series. However,
the simulated dynamic processes turn out to
be asymptotically less efficient after some hours
[Montagna et al., 2015], and a dynamic equilib-
rium is reached within the simulated time frame,
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Figure 4. Processed and high-pass filtered (3.7 ⋅ 10−5 Hz) strain time
series at the three monitoring stations. Red dots indicate that the
major earthquakes occurred in that period.

resulting in the decaying ground defor-
mation amplitudes in Figure 3a. Therefore,
the accessible time window contains most
of the information related to the feeding,
convection, and mixing processes that are
under investigation.

3. Monitoring Data Set

Ordinary broadband seismometers can
only register between roughly 10−2 Hz and
102 Hz. The need for a broader frequency
range is covered by borehole strainmeters,
which detect the volumetric strain varia-
tions and have a high signal-to-noise ratio
[Sacks et al., 1971]. During 2004–2005
three Sacks–Evertson dilatometers were

installed at Campi Flegrei (Figure 1). Data from this network are ideal candidates for comparison with the syn-
thetic data set in Figure 3, therefore to identify markers of ongoing magmatic activity at depth, as they include
the frequency ranges emerging from the numerical simulations.

We analyzed 3 months worth of monitoring data (Figure S2 in the supporting information); we then focused
on the period between 20 October and 5 November 2006, when a seismic swarm accompanied by ground
uplift hit the Campi Flegrei area [Saccorotti et al., 2007]. This period of heightened unrest was characterized
by the largest release of seismic energy since 1985; a large number of LP events was recorded [Ciaramella
et al., 2011]. The work presented here does not take into account the tiltmeter data as those instruments were
deployed in the area starting from 2008.

The original raw data are sampled at 1 Hz. They need to be polished from external influences before they can
provide useful information. All the outliers, valve resets, and instrumental errors that typically create huge
transients in the time series have been removed. The main preprocessing then consisted of the removal of the
tidal and atmospheric effects from the signal [Amoruso et al., 2000] using the cleanstrain+ software package
[Langbein, 2010]. More information on raw data processing can be found in the supporting information Figure
S3. The polished signal used for comparison at all three stations is plotted in Figure 4.

The data presented above could be used to localize the source of the magmatic recharge event, after instru-
ment calibration. Given the very complex structure of the shallow subsurface at Campi Flegrei and the paucity
of stations, we refrain from modeling it. Instead, we assume the source is within those already hypothesized
for the Phlegraean magmatic system [e.g., Amoruso et al., 2015].

4. Comparative Analysis

In order to avoid spurious boundary effects due to the short length of the synthetic signal, both the latter
and the monitoring strain time series were high-pass filtered at 3.7 ⋅ 10−5 Hz before performing a compari-
son among the two. The first scan for similarity was carried out by match filtering [Turin, 1960] the strainmeter
time series with the synthetic template waveform shown in Figure 3. The matched filter is obtained by cor-
relating the synthetic template with the monitoring data: the higher the correlation value, the more similar
the two waveforms are. We detected two peaks where correlation exceeds a 10% threshold at all three sta-
tions (Figure 5). The peaks are most evident at the QUARTO station (Figure 5), where the noise turns out to be
smaller throughout the selected period. The first peak appears during the seismic swarm on 21 October; the
second in time is aseismic, occurring 4 days after the end of the swarm, on 1 November.

In order to compare the distribution of frequencies of the two transients in strainmeter data matching the
synthetic ground deformation signals, we employ both Fourier and wavelet transform analysis [Chouet, 2003;
Lara-Cueva et al., 2016]. The latter allows to overcome some limitations of Fourier analysis and leads to bet-
ter retrieval of information in both time and frequency domains. In particular, Fourier analysis is unable to
describe the evolution in time of the frequency content of the signal. On the other hand, wavelet transform
provides a trade-off between time and pseudofrequency; its resolution in both domains depends on the type
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Figure 5. Match-filtering results at the different stations. Red dots
indicate the major earthquakes occurred in that period.

of wavelet used [Torrence and Compo, 1998].
We used a Morlet wavelet, which repre-
sents a best compromise for the case under
consideration. Because the synthetic time
series is much shorter than the monitor-
ing data set, the synthetic traces have been
zero padded to reach a 24 h duration in
order to obtain comparably long time win-
dows and limit boundary artifacts [Li and
Thurber, 1988].

The Fourier spectra of the monitoring data
set refer to a time window with the same
length of the synthetic template. This redu-
ces the spectral resolution but avoids con-
tamination by high-frequency noise and
low-frequency dominant modes.

The spectra of the monitoring strain data recorded at Quarto for the two selected transients (Figures 6a and
6b) are very similar to the spectra of synthetic ground deformations (Figures 6c and 6d), especially at lower
frequencies (smaller than 10−3 Hz) where most energy is concentrated. A plateau around 3 ⋅ 10−4 Hz and a
peak at 6 ⋅10−4 Hz can be clearly identified as common features of the strain and synthetic spectra. Similar cor-
respondence is found in the continuous wavelet transforms (Figures 6e and 6g, and 6f and 6h). The wavelet

Figure 6. Comparison in time and frequency domains between the transient signals on 21 October and 1 November 2006 recorded at Quarto station and the
synthetic template from the numerical simulations. (a, c, e, g, i) The 21 October event. (b, d, f, h, j) The 1 November event. Fourier spectra of synthetic (blue)
and real (black) traces (Figures 6a and 6b); synthetic template superimposed on the raw and processed strain time series (Figures 6c and 6d); continuous wavelet
transform spectrogram of the monitoring data (Figures 6e and 6f); continuous wavelet transform spectrogram of the synthetic data (Figures 6g and 6h); wavelet
coherence between the two time series (Figures 6i and 6j). In Figures 6i–6j, red color corresponds to high coherence. The 5% significance level against red noise
is shown as a thick black contour line. Figure S6 in the supporting information shows the same results for the other two stations of Arco and Monterusciello.
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analysis shows the same dominant frequency at around 6 ⋅ 10−4 Hz, decaying by the same amplitude and
over the same timescale for the real and synthetic signals. Analogies between the two time series are further
highlighted by the wavelet coherence spectrograms (Figures 6i and j), obtained by correlating the two con-
tinuous wavelet spectra [Grinsted et al., 2004]. The 5% significance level of the wavelet coherence (drawn in
black in Figures 6i and 6j) is estimated using Monte Carlo methods against red noise [Grinsted et al., 2004]. The
spectral peak at 6 ⋅ 10−4 Hz can be identified as a high-coherence, well-defined spot corresponding, in the
time domain, to the first, larger peak of the two recorded transients. That peak is clearer for the 1 November
event, but it is also present in the signal recorded on 21 October. The broader high-coherence area around
3 ⋅ 10−4 Hz highlights the spectral similarities at smaller frequencies. This frequency region emerges as the
most relevant in terms of correlation and corresponds to the ULP band highlighted in Longo et al. [2012a] as
diagnostic of ongoing magma convection and mixing processes.

Similar results emerge from the data sets corresponding to the two monitoring stations of Arco and
Monterusciello, shown in the supporting information (Figure S6). This results mark thus the first identification
of ongoing magmatic processes in ground deformation records at active volcanoes.

5. Discussion and Conclusion

The results presented here show a remarkable similarity in time and frequency domains between synthetic
ground deformation patterns emerging from numerical simulations of shallow magma chamber replenish-
ment, convection and mixing dynamics, and recorded transients from strainmeters installed at Campi Flegrei.
The synthetic and recorded data show very similar waveforms in the ULP frequency band 1 × 10−4 Hz to
1 × 10−3 Hz [Longo et al., 2012a].

The correspondence between simulated and observed ground deformation patterns is largely encouraging in
the search for geophysical signals that may reveal the occurrence of episodes of magma rise and rejuvenation
of shallow magmatic reservoirs, suggesting that the seismic swarm occurred at Campi Flegrei in late 2006 may
have been accompanied by magma movements within the volcano feeding system. The geochemical and
petrological history of Campi Flegrei testifies that arrival of primitive magma in shallow reservoirs is a com-
mon occurrence [e.g., Di Renzo et al., 2011; Arienzo et al., 2010], and our results contribute to confirm, together
with other recent findings [De Siena et al., 2010; D’Auria et al., 2015], that this process is still viable. Other candi-
dates to be analyzed in the near future for identification of magma chamber replenishment include aseismic
slip episodes that have been recorded in 2010 a day before a seismic swarm, and in September 2012 a few
days before the most significant seismic swarm occurred in the region after the 1982–1984 uplift [Amoruso
et al., 2015].

Other explanations remain possible for the transients in the strainmeters data sets presented here. Hydrother-
mal systems are known to generate ground deformation at a variety of timescales [e.g., Chiodini et al., 2015],
although we are not aware of any observed oscillation in the ULP frequency band. Luttrell et al. [2013] attribute
similar transients in the strain data streams at Yellowstone to seiche wave activity in a lake. At Campi Flegrei,
though, seiche waves are not observed as the only water basin is the Bay of Pozzuoli, an open sea environment
characterized by very low sea level variations on the short term [Corrado et al., 1977]. Amoruso et al. [2015]
relate similar, but less frequent, transient episodes in strain data from the same monitoring network to the
occurrence of magma withdrawal from already established reservoirs, a mechanism similar to the modeling
presented here.

In the present case the numerical simulations point to the occurrence of low-amplitude ground oscilla-
tions with periods from hundreds of seconds to hours, as a response to the mixing/convection dynamics
triggered by the arrival of deep, volatile-rich magma in a shallow reservoir at Campi Flegrei. Similar results
had been obtained by the same authors [Longo et al., 2012a], although validation with real-data streams
lacked. Strainmeters constitute the ideal source of information in this frequency range and are increasingly
improving our understanding of magmatic and volcanic processes (e.g., at Montserrat [Voight et al., 2006];
Stromboli [Bonaccorso et al., 2012]; Etna [Bonaccorso et al., 2016]; and many other active volcanoes). The
present results contribute to emphasize the relevance of extending the systematic use and analysis of data
from strainmeters at unrest volcanoes, like Campi Flegrei, not characterized by frequent eruptive activity, sug-
gesting the possibility to detect and monitor deep magmatic movements today not accessible to systematic
observations.
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