
1.  Introduction
Volcanoes in high rainfall environments may host crater lakes of varying permanence (e.g., Hurst et al., 1991; 
Rowe et al., 1992). If the lake covers the active vent or degassing pathways, then the lake's physiochemical charac-
teristics provide a window into the volcanoes' activity (B. W. Christenson et al., 2010; Delmelle & Bernard, 1994; 
Montanaro et al., 2022; B. J. Scott, 2013; Varekamp et al., 2001). The lake may also provide a source of water for 
explosive magma-water interactions during phreatic or phreato-magmatic eruptions (Barberi et al., 1992; B. W. 
Christenson et al., 2010; Kilgour et al., 2019). Crater lakes represent a challenge for volcano monitoring (Heikens 
et al., 2005; Sigurdsson, 1988; Strehlow et al., 2017), either because they limit direct observation of fluid released 
through the vent (outgassing) and/or because they suppress precursory signals of eruptions of these fluid release 
events.

Abstract  Volcano crater lakes, while picturesque, can sometimes mask the occurrence of small eruptions 
or hydrothermal fluid release events. However, these seemingly hidden events hold a wealth of valuable 
information about the underlying volcanic conduit and may pose risks to those near the volcano’s summit. This 
study presents a novel method for identifying these hard-to-detect fluid release events by examining seismic 
data from Ruapehu volcano in New Zealand. We undertake a multi-timescale template-matching analysis 
that uses a newly discovered seismic eruption precursor, to identify patterns related to the rapid consolidation 
of hydrothermal seals, pressurization processes, and the subsequent release of hydrothermal fluids. As a 
result, we identified a potential instance of sudden fluid-release events that were previously unnoticed due 
to the presence of the crater lake. Our findings support a conceptual model of cyclic pressure variation 
within the conduit beneath an active crater lake. This model involves the formation and disruption of seals, 
followed by depressurization through hydrothermal fluid release events. Fluid discharge recession recorded 
as seismic amplitude decay, provides information about the properties of the reservoir, conduit, and the fluid 
being discharged. We also applied this technique to Kawah-Ijen (Indonesia) and Copahue (Chile-Argentina), 
identifying multiple potential events at these volcanoes. These findings enhance our understanding of the 
conditions leading to explosive eruptions, including those that could breach the crater lake.

Plain Language Summary  We analyzed seismic data from Ruapehu volcano (New Zealand) to 
improve volcanic event catalogs by locating signatures of rapid hydrothermal seal formation and failure. Events 
are detected temporally within the seismic record using an empirical model of sealing/pressurization/eruption 
proposed for Whakaari volcano in New Zealand. The approach allows us to identify fluid release events that 
might have been obscured by Ruapehu’s crater lake or have been too small to be noticed by standard monitoring 
techniques. Our analysis has revealed several fluid release episodes, including reported eruptions, where a 
peak in displacement seismic amplitude ratio is followed by a sharp increase in real-time seismic amplitude 
measurement and an exponential decay in the hours and days following the events. We model this decay using 
a linear dependence on the degassing rate, and exponential relaxation from a discharging linear reservoir. These 
findings can help us conceptualize the conditions leading to explosive, potentially lake breaching eruptions.
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Phreatic eruptions or geysering that breach a crater lake can usually be detected by visual or acoustic observations 
(Edwards et al., 2017; B. J. Scott, 2013). However, smaller hydrothermal fluid-jetting events may go unnoticed 
(Montanaro et al., 2022). As active crater lakes indicate the presence of a hydrothermal system, we hypothesize 
that such elusive fluid release might be preceded by seismic indications of hydrothermal sealing and pressuriza-
tion. Here, we are interested in whether the seismic eruption precursor named “medDSAR” (see Section 2) clas-
sified at Whakaari volcano (Ardid et al., 2022) recurs at other volcanoes and can be used to detect eruptive events 
or other abrupt increases in degassing. Rather than analyzing isolated signals, our approach has been to search for 
seismic precursors common to multiple events and to link these with complementary data like lake temperature.

In this study, we focused specifically on New Zealand's Ruapehu volcano and the dynamics of its active crater lake Te 
Wai ā-moe (Figure 1). The sulfur dominant chemistry of this lake and the physical mechanisms of sealing are similar 
to Whakaari (B. W. Christenson et al., 2010), which makes it a good first choice for this kind of comparison. Our goal 
was to identify seismic signatures of hydrothermal seal consolidation that are followed by fluid release—observed 
or inferred—into the base of the lake. In expanding the catalog of volcanic events to include smaller magnitude 
episodes, we have more opportunities to understand the rate, magnitude and signatures of sealing, pressurization, 
and fluid release at lake-capped volcano-hydrothermal systems. From a hazard perspective, we hope this can assist 
pre-emptive identification of conditions that lead to small-scale, sub-lake releases or larger, lake-breaching eruptions.

Our methodology is as follows (Figure 2). First, we conducted a high-level screening of potential fluid sealing 
events by searching the seismic records of Ruapehu for close matches to a template signal, in this case, the 

Figure 1.  (a) Template medDSAR signal from the Whakaari 2019 eruption. The 3-week pre-eruptive time series shows 2-day rolling medians of displacement seismic 
amplitude ratio (DSAR) (blue), HF (high frequency; green) and MF (medium frequency; red), and raw real-time seismic amplitude measurement (RSAM) (cyan). (b) 
Location of Ruapehu and Whakaari volcanoes in New Zealand (TVZ: Taupō Volcanic Zone). All seismic data have been normalized following a z-score procedure (see 
Section 3 for more detail). (c, d) Four-week pre-eruptive time series showing DSAR, HF, and MF 2-day rolling medians, along with RSAM, and registered and detected 
eruptions for: (c) Ruapehu 2006 and (d) 2007 eruptions. Note: The precise eruption time in (a), (b), and (d) corresponds to the peak in the RSAM (cyan) signal. To 
visually indicate this without affecting the data plot, a red dashed thick line is employed. In panels (b) and (c), the auto picker eruption time (black dash line) is slightly 
shifted to the right, but it aligns with the RSAM peak. This representation is chosen to avoid interference with the data plot.
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Whakaari medDSAR precursor (Ardid et al., 2022). Our hypothesis is that indicators of sealing and pressurization 
that recur before eruptions may also be associated with smaller-volume non-explosive fluid discharges. Then, 
for each potential event, we checked the RSAM record for indications of impulsive, sustained disturbance that 

Figure 2.  Methodology workflow. (a) Computing datastreams: real seismic amplitude measurement (RSAM), median 
frequencies (MF), high frequencies (HF), and displacement seismic amplitude ratio (DSAR). (b) Normalizing the datastreams 
using z-score standardization. (c) Computing the medDSAR as a 2-day rolling median of the raw DSAR signal. (d) 
Performing template matching by using a template derived from the 1-month pre-eruptive medDSAR prior to the Whakaari 
2019 eruption (dI). This template is convolved over a 14-year DSAR median record of Ruapehu (dII). Dates that exceed 
a threshold on the correlation coefficient time series are filtered out (dIII). (e) Looking for RSAM peaks: by examining a 
1-week window around the proposed dates (from the previous step), peaks that are higher than 3 standard deviations of the 
entire series are retained. If a peak is found, it replaces the proposed date from the previous step. If not, it is removed from the 
list of potential events. (f) Three days prior to the proposed dates, the median records of MF and HF are checked for a split, as 
observed before the Whakaari 2019 eruption. If a split is present, the date is kept. Otherwise, it is removed from the list. (g) 
Finally, the RSAM record 24 hr after the proposed dates from the previous step is checked to identify an exponential decay. If 
the decay is observed, the date is retained. If not, it is removed from the list.
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may indicate abrupt onset of a fluid release event. From this subset of events, we developed a conceptual model 
of fluid sealing and release in volcano hydrothermal systems. Finally, we applied this method to test its abil-
ity to identify fluid release events at two other volcanoes with crater lakes: Kawah-Ijen in Indonesia (Caudron 
et al., 2015), and Copahue in Chile/Argentina (Agusto & Varekamp, 2016).

2.  Background
2.1.  Volcanic Seismic Data

Seismic data analysis is standard practice at volcano observatories to track the state of a volcano, the migration 
of magmatic fluids, and to forecast future eruptions (Caudron et al., 2021; Chardot et al., 2015; Chouet, 1996; 
Christophersen et al., 2022; Fee et al., 2017; Jellinek & Bercovici, 2011; Konstantinou & Schlindwein, 2003). 
Physical models have been developed that link subsurface gas-vent dynamics to seismic signals produced in a 
volcano's edifice (Coppess et al., 2022; Girona et al., 2019; Kennedy et al., 2020). Such models are useful for 
linking degassing dynamics with induced elastic excitations that may be detected as seismic tremor.

Seismic data can be analyzed in particular frequency bands. For example, real-time seismic amplitude measure-
ment at Ruapehu (RSAM; Endo & Murray, 1991) uses the 2–5 Hz band. Another data product is the Displace-
ment Seismic Amplitude Ratio (DSAR; Caudron et al., 2019), which is the ratio of medium (MF, 4.5–8 Hz) and 
high (HF, 8–16 Hz) frequency band-filtered seismic displacement (Caudron et al., 2019). High values of DSAR 
have been inferred to correlate with high gas levels in the edifice, suggesting either reduced fluid motion and/or 
trapping that has led to a gas-accumulation. With recent advances in seismic data processing, we have been able 
to leverage these large, continuous data streams for latent patterns that may be precursors to eruptions (Ardid 
et al., 2022; Dempsey et al., 2020, 2022).

Fluid flow in the volcanic edifice, whether of magmatic or hydrothermal origin, can generate volcanic tremor. 
The origin of the tremor is sometimes interpreted as the flow of pressurized low viscosity fluids through a crack 
or conduit (Clarke et al., 2019). This causes the wall of the constriction to vibrate and the seismic waves emit-
ted and detected are called tremor (e.g., Chouet & Matoza, 2013), the measurement of which is RSAM. Girona 
et al.  (2019) recently introduced a physical model that links subsurface gas-vent dynamics to seismic signals 
produced within, and propagating through, the volcanic edifice. They show that fluid flux dynamics can induce 
excitations that manifest as seismic tremor. Furthermore, the amplitude of this tremor is proportional to the rate 
of the fluid flow, Q (kg/s) (e.g., Figure 7d in Girona et al., 2019).

2.2.  Eruption Precursors

An eruption precursor is an observable signal produced by a volcano that precedes an eruption and may indicate 
that the likelihood of an eruption has increased. Pre-eruptive signals have been identified using seismic networks 
(e.g., Chastin & Main, 2003; Pesicek et al., 2018; Roman & Cashman, 2018), gas measurements (e.g., Aiuppa 
et al., 2007; Burton et al., 2021; de Moor et al., 2016; Stix and de Moor, 2018), satellite observations of geodetic 
or thermal anomalies (e.g., Biggs et al., 2014; Girona et al., 2021; Oppenheimer et al., 1993), or from combina-
tions of data using Bayesian Networks (Christophersen et al., 2022) or event trees (E. Scott et al., 2022). Precur-
sors have been detected over timescales of years (Caudron et al., 2019, 2022; Girona et al., 2021) to weeks (Ardid 
et al., 2022; Pesicek et al., 2018; Roman & Cashman, 2018) to hours (Dempsey et al., 2020; Larsen et al., 2009).

However, not all signals that precede an eruption should be classified as a precursor. Ardid et al. (2022) introduced 
several criteria to define an eruption precursor: (a) the signal should reliably recur before multiple eruptions, and 
(b) the signal should be differentiable from non-eruptive unrest or repose by recurring at a reduced frequency 
during these periods. The second criterion of differentiability is essential to associate the pre-eruptive signal with 
the eruption. Examples of statistics that test for differentiability can be found in Chastin and Main (2003), Pesicek 
et al. (2018), Dempsey et al. (2020), and Ardid et al. (2022).

2.3.  medDSAR Seismic Eruption Precursor

Broadband seismic station data and derived products like RSAM (Endo & Murray, 1991; Lavigne et al., 2000; 
Chardot et al., 2015) and Displacement Seismic Amplitude Ratio (DSAR; Caudron et al., 2019) are useful moni-
toring tools for volcano observatories. Eruption precursors have been identified in the DSAR signal at Whakaari, 
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Ruapehu and Tongariro volcanoes in New Zealand (Ardid et al., 2022; Caudron et al., 2019), and Kawah-Ijen in 
Indonesia (Caudron et al., 2019). The “medDSAR” precursor, identified at several New Zealand volcanoes, is 
most clearly visible in a 2-day rolling median transformation of the normalized DSAR (Ardid et al., 2022). Over 
a period of one or 2 weeks, medDSAR would systematically rise, usually peaking in the week before an eruption 
(e.g., Figure 1a on date 6 and 7 December 2019). The eruption itself frequently occurred following a reversal and 
decline of the signal, which Ardid et al. (2022) interpreted to reflect stalled, pressurized fluids at shallow depth 
beneath a transient seal (i.e., Figure 1a).

The above-described medDSAR “cycle” was used to develop a conceptual model of conditions leading up to 
a phreatic eruption at Whakaari/White Island in 2019 (Ardid et  al.,  2022). Those precursory conditions are 
interpreted as appropriate to form a low permeability mineralogical seal over the active hydrothermal system. 
Although the precise sealing mechanism is unknown, possibilities include consolidation of compressible 
clay-altered rocks (Heap et al., 2017; Kanakiya et al., 2021), thermal changes in sulfur viscosity (B. W. Christen-
son et al., 2010; Scolamacchia & Cronin, 2016), or vein or breccia filling mineralization (B. W. Christenson 
& Wood, 1993; Kennedy et al., 2020). Continued gas input into the base of the sealed hydrothermal system is 
presumed to have pressurized the shallow aquifer, eventually leading to cascading failure of the seal and gas 
emission in the ∼10–20 hr preceding the eruption (Ardid et al., 2022; Burton et al., 2021). At 1:11 a.m. on 9 
December (all times in UTC), the sequence at Whakaari culminated with explosive decompression and a surface 
eruption. Although this conceptual model fits seismic observations at Whakaari, it is not clear whether similar 
precursors correlate with episodes of fluid pressurization and release (either explosively or passively) at other 
volcanoes.

2.4.  Crater Lakes

A volcanic crater lake is a body of water, often warm, acidic and saline, formed in the crater of an active volcano 
(e.g., Hernández et al., 2017; Yamada et al., 2021). The temperature, level and geochemical composition of the 
lake may be affected by magma degassing and dynamic fluid circulation (B. Christenson et al., 2015; Filonov 
et al., 2022; Fournier et al., 2009; Jolly et al., 2010; Stix and de Moor, 2018). Active crater lakes are of particu-
lar interest as they preserve physical and chemical markers of the underlying magmatic-hydrothermal system 
(Rouwet et al., 2014; Varekamp, 2015). These markers can include various measurements and observations, such 
as changes in temperature, gas composition, water chemistry (including dissolved elements and isotopes), seismic 
activity, ground deformation, and other geophysical and geochemical parameters. By studying and analyzing 
these markers, researchers can gain valuable insights into the state and characteristics of the volcanic system, 
which aids in monitoring and hazard assessment efforts.

Even though crater lakes may obscure primary gas release compared to fumaroles that vent to the atmosphere, 
they can still provide insights into volcanic degassing and hydrothermal processes (B. Christenson et al., 2015). 
Dissolved gases and their chemistry, lake temperature and level properties present an indirect means of examining 
changes in fluid release from a volcanic system. Crater lake behavior can thus potentially inform our expectation 
of future eruption.

Although several active crater lakes are extensively monitored and their dynamics have been studied at length 
(e.g., Behr et al., 2023; B. Christenson et al., 2015; Fournier et al., 2009), explosions through them remain diffi-
cult to anticipate. This may be due to the inherent complexity (and uncertainty) of crater lake systems, as well as 
challenges of signal diffusivity due to a high fluid circulation rate that may exceed the rate of observations (B. 
W. Christenson et al., 2007; Jolly et al., 2010; Stix and de Moor, 2018). High fluid circulation rate in the context 
of crater lake systems highlights the rapid movement of fluids within the volcanic system, and it signifies the 
dynamic nature of the hydrothermal processes occurring beneath the surface.

2.5.  Ruapehu Volcano: Crater Lake, Eruptive History, and Monitoring

Mt Ruapehu is an active stratovolcano located at the southern end of the Taupo Volcanic Zone (TVZ) in the North 
Island of New Zealand (Figure 1). Geophysical and petrophysical studies have suggested that magma is likely to 
be stored at multiple levels between 2 and 10 km below the crater (Leonard et al., 2021) and is connected to the 
shallow volcanic cone by a narrow vertical conduit (Ingham et al., 2009; Jones et al., 2008). Below the crater lies 
a hydrothermal system that interacts with a convecting magma column below and the crater lake above (B. W. 
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Christenson et al., 2010). The frequency and duration of these interactions can vary significantly depending on 
the activity level and height of the magma column within the edifice.

Ruapehu volcano is characterized by a crater lake (Te Wai ā-Moe) with a diameter of approximately 400 m 
(Behr et al., 2023; B. W. Christenson et al., 2010; Hurst et al., 1991). The thermodynamics of the crater lake are 
influenced by the volcano's heat flux activity and weather conditions (Behr et al., 2023). The lake, which holds 
approximately 10 million cubic meters of water, is situated above the vent of the volcano. The temperature of 
the lake, measured at a depth of 1–2 m, is affected by the inflow of cold water from rainfall and snow melting, 
as well as the input of hot fluids from the bottom of the lake. The level of the lake is controlled by an outflow 
to the Whangaehu River, which restricts the upper limit of lake level measurements. Heat transfer between the 
hydrothermal system and the lake primarily occurs through the flow of hot magmatic gases, which is regulated 
by low permeability seals within the system (Behr et al., 2023).

Ruapehu's regular monitoring data, including temperature, lake level, outflow rates, water chemistry, and gas 
emissions (SO2 and CO2), are readily available through GeoNet (B. W. Christenson et al., 2010; Christophersen 
et al., 2022; Werner et al., 2006). These data have been previously used to develop models of lake dynamics, such 
as heating-cooling cycles, and to estimate the energy, mass, and fluid composition of volcanic fluids entering the 
volcano and reaching the lake (Behr et al., 2023; Hurst et al., 1991; B. J. Scott, 1994).

Temperatures in the lake vary cyclically over periods of 6–18 months, typically oscillating between ∼15 and 
∼45°C (See Figure S4 in Supporting Information S1; Werner et al., 2006; B. W. Christenson et al., 2010; Behr 
et al., 2023). Eruptions have occurred during both hot and cold lake conditions. For example, the 1995 eruption 
occurred when temperatures >45°C whereas the 2007 eruption occurred when the lake was cooler (<15°C). It 
has been proposed that in cold lake conditions, eruptions reflect over pressurization within the conduit that is 
driven by hydrothermal sealing mechanisms, whereas hot conditions may reflect magmatic processes (Strehlow 
et al., 2017).

The historical eruption record at Ruapehu is extensive. More than 500 events, ranging from small lake distur-
bances to explosive eruptions have been reported in the last 170  years (B. J. Scott,  2013). The most recent 
eruptions were in 2006 and 2007 (B. W. Christenson et al., 2010; Kilgour et al., 2010) and were small (Volcano 
Explosivity Index—VEI 1) compared to the prior eruptive sequence in 1995 and 1996 (VEI 3). B. W. Christenson 
et al. (2010) proposed that the triggering mechanism of the 2006 and 2007 eruptions involve sealing that lead to 
fluid overpressure. The same mechanism has been suggested for eruptions at New Zealand's Raoul Island (B. W. 
Christenson et al., 2007) and Whakaari (Ardid et al., 2022; Steinke et al., 2023) volcanoes.

An extensive network of sensors is used to monitor Mt Ruapehu, including a seismic network, Global Navi-
gation Satellite System (GNSS), and sensors to track air pressure, gas levels, and crater lake levels (Miller & 
Jolly, 2014). The seismic network has 10 seismometers including short and broadband instruments. The network 
is maintained by GeoNet and data are publicly available through web services (see Acknowledgments section). 
There are four present-day broadband seismic stations close to the crater of Ruapehu (<5 km) (see station map in 
Figure S11 in Supporting Information S1). Of these four, only station FWVZ was operational during the 2006 and 
2007 eruptions and is still operating in 2023. Crater lake temperature and level have been continuously monitored 
(hourly samples) since 2009, so there are no continuous records available during the last two eruptions. Manual 
temperature measurements at approximately monthly intervals extend back to 1950 (temperature measurements 
taken by human operators or observers rather than using automated or electronic monitoring systems).

3.  Methods: Identifying Hidden Fluid Sealing-And-Release Episodes
3.1.  Seismic Data Processing (Computing and Normalizing RSAM, MF, HF, and DSAR)

Continuous seismic waveform data from Ruapehu were downloaded using ObsPy (Beyreuther et al., 2010). Our 
study used data from only the FWVZ station, which is located ∼3  km  NW from the crater and is the only 
present-day station to have recorded the 2006 and 2007 eruptions. We only used the vertical component of 
velocity consistent with the prior study of DSAR that indicated sealing at Whakaari (Ardid et  al.,  2022). In 
total, 16 years of data were used (2006–2021). Our processing involved removing the instrument response from 
the daily waveform data and computing four different time-series (data streams; Figure 2a): RSAM, a 10-min 
average of the absolute velocity bandpass filtered between 2 and 5 Hz; MF (medium frequency) and HF (high 
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frequency), computed the same as RSAM but using the 4.5–8, and 8–16 Hz frequency bands; and displacement 
seismic amplitude ratio (DSAR), the ratio between MF and HF bands recalculated for absolute vertical displace-
ment (Dempsey et al., 2020). DSAR is computed by integrating the MF and HF signals, computing the average 
absolute signals over 10-min windows, and then taking the ratio of the two quantities (Ardid et al., 2022). The 
4.5 Hz threshold between RSAM and MF reflects an assumption that tremor mostly radiates energy below 4.5 Hz 
(Caudron et al., 2019). To exclude this effect and explore attenuation related to permeability change (such as 
sealing), this frequency value is used as a threshold.

To isolate a continuous tremor signal, we needed to remove signatures from regional and volcano-tectonic (VT) 
earthquakes. To do this, we applied an outlier detection algorithm to the raw waveform data prior to calculating 
RSAM, MF, and HF (Dempsey et al., 2022). Wave trains from earthquakes perturb the average velocity record at 
stations above the background. After averaging, this introduces an outlier that adds noise and confuses algorithms 
that don't have the context of human operators. To identify and remove earthquake effects, our outlier detection 
algorithm excised a 2 min envelope from the raw velocity trace whenever its value exceeded three standard devi-
ations above the mean of the data in the 10-min window. We found this was sufficient to remove signal contam-
ination by most short duration events. However, contamination from tele seismic waves from large-magnitude 
long-duration subduction earthquakes still occurred. To remove these, we applied a two-window (20  min), 
moving minimum (Dempsey et al., 2022).

After calculating RSAM, MF, HF, and DSAR time series over the 16-year study period, we normalized the 
values to unit log-normal distributions (Figure 2b). This is called z-score normalization and it has been shown to 
improve classification modeling (Singh & Singh, 2020). A normalized time series value of 1 (=10 0) indicates the 
mean signal strength whereas a value of 100 (=10 2) indicates a strong signal that is two standard deviations above 
the mean. Dempsey et al. (2022) have shown that such normalization improves the discrimination of precursors 
and accuracy when forecasting eruptions. Alternative normalization techniques based on station distance could 
be implemented (e.g., Aki & Koyanagi, 1981; Thompson & West, 2010) but were not tested here.

We further processed the datastreams by extracting time series features (Christ et al., 2018; Dempsey et al., 2020; 
Ren et al., 2020; Rouet-Leduc et al., 2017), which are transformations of the data that minimize noise and empha-
size specific characteristics of the signal. Here, we are mainly concerned with the medDSAR time series feature 
(Figure 2c), calculated as follows: (a) for every −10-min data-point in the normalized DSAR time series, we 
construct a backwards looking window that is 48 hr in duration. (b) For each 48-hr window, we compute the 
median value of the normalized DSAR in that window. (c) We construct the medDSAR time series as the consec-
utive set of medians, calculated from rolling, overlapping 48 hr windows (Dempsey et al., 2020). For detailed 
procedures for calculating this and other time series used in our analysis, refer to the section “Quick recipes” in 
Supporting Information S1.

We chose a 48-hr window because we want to study short-term changes in volcano state that may be relevant to 
changes in hazard over similar time scales. For example, abrupt changes in fluid pressurization that may preface 
an eruption or fluid release in hours to days. This responds to a need for conceptual models that support respon-
sive volcanic monitoring, that is, watching for and responding to changes at the volcano. Of course, shorter and 
longer time windows may also have value. Dempsey et al. (2020) explored a range of window lengths between 
12 hr and 5 days at Whakaari and found the choice did not greatly impact the identification of eruption precursors. 
Caudron et al. (2019) used 90-day DSAR windows to track long-term gas accumulation at Ruapehu. In this study, 
we integrate a second, longer time scale that stretches back several weeks, through a template matching approach 
described in the next section.

3.2.  Template Matching and Screening Criteria

Template matching is a technique in which a reference signal or pattern (the template) is searched for within a 
larger data set to locate occurrences of the template (matches) within the larger data set. The template pattern is 
presumed to reflect some physical event or state and that the pattern recurs, allowing for noise or natural variabil-
ity, as the event or state recurs. Hence, by searching the data for instances of the template, we potentially identify 
recurrences of the physical event or state. To be effective, we need to be able to measure similarity between the 
template and segments within the data, and then define a threshold above which a match is confirmed.

The first template pattern we used is the 4-week time series of medDSAR that immediately preceded the 2019 
phreatic eruption at Whakaari volcano (Figures 1a and 2dI). The inferred physical process corresponds to the 
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sealing of the hydrothermal system and the pressurization of fluids beneath this seal. We used this pattern as a 
template because we found evidence of its recurrence prior to four other phreatic eruptions at Whakaari, as well 
as some eruptions at Ruapehu (Figure 1) and Tongariro (Ardid et al., 2022).

Prior to the 2019 Whakaari eruption (Figure 1a), medDSAR increased over several weeks, primarily due to a 
decoupling between the MF and HF signals. Ardid et al. (2022) suggested this reflected formation of a low perme-
ability mineralogical seal over the active hydrothermal system. The seal dampens shallow or surface fluid transfer 
processes that generate a proportionally larger HF signal component. After medDSAR peaks, it exhibits a decline 
for several days before the eruption. This reflected a proportionally larger drop of the MF signal (Figure 1a), the 
“quieting” of which was hypothesized to reflect slowing gas flow and over pressurization in the reservoir/aquifer 
below the seal. Hence, the decoupling of MF and HF signals is hypothesized to reflect consolidation of the low 
permeability seal that suppresses fluid escape from the shallow hydrothermal system (Ardid et al., 2022).

We used a template matching approach to initially screen for possible sealing events at Ruapehu. This involved 
cross-correlating the medDSAR template (1 month) over the 16-year continuous medDSAR time series at 
Ruapehu (Figure 2dII). Cross-correlation involves sliding one signal over another and calculating the integral of 
their product at each point of overlap. After cross-correlating the template with the extended signal, the output 
is a time series of the correlation coefficient showing, at a given time, how similar the prior 4 weeks at Ruapehu 
were to the pre-eruptive Whakaari template (Figure 2dIII). When the correlation coefficient exceeded a thresh-
old, we classified this 4-week period as a possible sealing event for further investigation. We set this threshold 
as 0.3, which corresponded to the top 5% of all correlations obtained over the Ruapehu record (the calibration of 
this value was performed based on the previous study conducted by Ardid et al., 2022. In that study, a correlation 
coefficient analysis was conducted using an equivalent template matching approach on the medDSAR from the 
Ruapehu; Figure 4 “Testing differentiability of potential precursors” in Ardid et al., 2022).

We applied three further screening criteria to reduce the number of potential events. First, we checked 2 weeks either 
side of the medDSAR template match for a large peak in the RSAM time series (Figure 2e). We defined a large peak 
as a signal that exceeded three standard deviations above the 4-week signal mean. These peaks potentially represent 
an abrupt and noisy disruption of the seal that allows rapid escape of the pressurized fluids. Thus, this second crite-
rion helps us to identify which of the potential sealing events were associated with an indication of failure and fluid 
release. Note, signal peaks due to regional earthquakes were already excluded using an automatic filtering algorithm.

Second, we checked that the proposed increase in medDSAR was due to a split in the MF and HF signals, as was 
the case for the template (Figure 2f). This eliminated medDSAR patterns caused by very strong HF increases due 
to surface noise such as ski field activities, rain or strong winds. This criterion was applied by checking whether, 
3–5 days before the proposed episode, the MF signal remained higher than the HF. This increased the likelihood 
that we were isolating medDSAR cycles with a common physical origin (details on the filtered events are given 
in Table S2 in Supporting Information S1).

The third criterion was an inspection of the RSAM signal for a second template, a characteristic shape indicative 
of fluid release. We looked for a signature common with the two known phreatic eruptions, which had explosive 
fluid release. We argue that the characteristic that is diagnostic of fluid release is an exponential decay of the 
RSAM amplitude following its initial peak, eventually stabilizing at a background level (Figure 2g). This pattern 
occurs after the eruptions in 2006 and 2007 (B. J. Scott, 2013; Figure 3), with characteristic decay time on the 
order of 10–40 hr (Figure 4). Therefore, this final criterion searches for exponential decay of the RSAM signal 
in the 24 hr following the proposed sealing and located RSAM peak (criterion 2). As a metric, we used the linear 
fit of log RSAM (Figure 4). We computed the inverse of the slope, denoted τd (a time decay constant derived in 
Section 6), and accepted the event if the value exceeded 2 hr. This threshold was calibrated by manually checking 
the selected events with values of τd in the range of 1–10 hr, and noticing that using 1 hr as a threshold selected 
events with poor decay shapes. Later, we show that the smallest value obtained for all fluid release events at 
Ruapehu was 12 hr (Figure 4).

We also explored whether acoustic data at Ruapehu could be used as a separate cross-check of these fluid release 
events. However, the acoustic pressure sensors did not record consistent or discernible patterns across either 
the eruptions or the possible hydrothermal-fluid release events (Figure S9 in Supporting Information S1). This 
may be because of their small size, distance to the nearest acoustic sensor, or because some events may not have 
generated a surface perturbation.
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4.  Results: Hydrothermal Fluid Release Events
4.1.  Fluid Release Events on Ruapehu

At Ruapehu, over a period of ∼16 years, our screening algorithm identified six events with high similarity to 
pre-eruptive DSAR at Whakaari, an impulsive RSAM signature, an MF-HF data split, and an apparent RSAM 
decay. Among these six events, two are previously known eruptions that broke the lake surface in 2006 and 2007 
(Figure 3), and one event in 2009 described as phreatic activity by GeoNET (B. J. Scott, 2013). The other three 
(in 2010, 2016, and 2021) are, to the best of our knowledge, unreported (Table S2 in Supporting Information S1). 
However, they coincide with three regional earthquakes in New Zealand (Darfield earthquake on the 3 September 
2010; Kaikoura earthquake on the 13 November 2016; and the ‘Trinami’ day, or Kermadec Islands sequence 4 
March 2021). Figure 5 shows the seismic data for the 2009 non-eruptive events alongside their respective crater 
lake temperature and level data. Figure 6 shows the exponential decay in the RSAM and the corresponding fitted 
τd for the event. Here, we classified the 2009 episode as a fluid release event, as it is likely too small to be catego-
rized as eruptions as well as leaving no surface trace. However, we suggest they are still an opportunity to under-
stand eruptive processes as the tipping point between a rapid fluid release and explosive eruption may be small.

The 2009 event was accompanied by an abrupt ∼0.2 m increase in lake-level (∼2e4 m 3; Figure 5b). The other 
three events occurred during rain storms (Figures 5d, 5f, and 5h), which makes confirmation and interpretation 
with lake level data difficult. Rainfall data is referential only as it is collected ∼8 km from the crater. Therefore, 
while it is representative of regional weather, the precise rate at the crater could be different from the weather 
station. So, from the of the six identified events, three are corroborated by observation of a physical surface 
disturbance (2006, 2007, and 2009). We also checked for lake temperature variations prior to the events. We 
observed both increases and decreases in lake temperature with similar frequency prior to the sealing events (e.g., 
Figure 4). We also observed that absolute temperature changes in the 2 weeks prior to sealing events were larger 

Figure 3.  Real-time seismic amplitude measurement (RSAM) signals before and after the (a) 2006 and (b) 2007 Ruapehu 
eruptions. An RSAM peak with a subsequent exponential decay is observed. The precise event time in (a) and (b) corresponds 
to the peak in the RSAM (black line) signal. To visually indicate this without affecting the data plot, a red dashed thick line is 
employed.

Figure 4.  24 hours of logged real-time seismic amplitude measurement after eruptions in Ruapehu on 2006 (a) and 2007 (b). Linear fit is shown in green and blue. τd 
correspond to a time decay constant (detailed later) that is calculated as the inverse of the slope of the linear fit.
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than background fluctuations (see Supporting Information S1 ST3 for a statistical analysis on crater lake temper-
ature and level changes before eruptive events; Figures S5–S8 in Supporting Information S1).

4.2.  Insights Into Ruapehu 2009 Fluid Release Event

Here, we analyze the fluid release event in 2009 using seismic data complemented by lake temperature and level 
data. The event took place during the heating phase of a lake temperature cycle (Figure 7a).

Two medDSAR cycles (rise and decrease) occurred during the month before the event (Figure 7b). The first one 
started on 22 June and is preceded by oscillations in the seismic data amplitudes, which is interpreted as volcanic 
tremor. Concurrently, there was an increase in crater lake level (∼0.15 m; ∼1.5e4 m 3) and temperature (∼2°C) 
between 20 and 28 June, suggesting discharge of hot fluids into the lake. As medDSAR increases (22–26 June), 
crater lake level and temperature stabilize, consistent with a conceptual model of sealing above the hydrothermal 
system hindering hot fluid entry into the lake. The subsequent decrease of the DSAR median occurred alongside 
heavy rain, which may have produced an inflow of cold water, reducing the lake temperature. The corresponding 
surface noise from this weather caused a relative increase of high frequencies seismic noise, which in turn causes 
DSAR to decrease (DSAR ∝ MF/HF). Given this, we hypothesize that the two observed cycles (Figure 7b) are 
actually just one larger cycle recording the internal sealing activity of the volcano but (externally) overprinted by 
heavy rain noise. However, more analysis is needed on the lake heat flux dynamics induced by rainfall (e.g., Behr 
et al., 2023) to understand how the observations correlate with the seismic analysis. Similar suppression of the 
medDSAR may occur when there are strong winds.

The second section of the medDSAR cycle (∼1–11 July) occurs during rising lake temperatures. Increasing lake 
level during this period could be driven by magmatic fluid influx and/or rain. The subsequent decline of DSAR 
after 9 July corresponds with a drop in the lake temperature and level, and no cold-water influx from the rain. 
This “quieting” of the lake data suggests that the reservoir/aquifer below the seal has reached an equilibrium 

pressure with the current state of deep fluid recharge and overlying sealing. 
The episode ends on 13 July when a small fluid release event occurred, as 
indicated by a spike in RSAM (Figure 7b) and a sudden increase in the lake 
level of ∼0.2 m (∼2e4 m 3; Figure 7c).

4.3.  Fluid Release Events in Kawah Ijen and Copahue Volcanoes

In this section, we discuss the application of our method to data from two 
other volcanoes with crater lakes and a history of phreatic eruptions: Kawah-
Ijen in Indonesia (Caudron et  al.,  2015), and Copahue in Chile/Argentina 
(Agusto & Varekamp, 2016). In both cases, we have much shorter records 
compared to Ruapehu: ∼2.7 years for Kawah Ijen and ∼9 months for Copa-
hue (see Table S1 for seismic records period in Supporting Information S1). 

Figure 5.  Fluid release events detected in Ruapehu in 2009/07/13. Left panel show medDSAR and RSAM time-series around the detected fluid release event. Right 
panel show crater lake temperature and level data along with rainfall around the detected fluid release event. Rainfall data is obtained from a station located ∼8 km from 
the crater (Chateau), so they provide useful relative information, as the weather at the summit sometimes varies from the station. We are not graphing rainfall units in 
absolute terms; instead, they are used as a relative reference based on their variability. The complete time series of rainfall, along with their respective values, can be 
found in the Supplemental Material.

Figure 6.  24 hours of logged RSAM after proposed 2009 fluid release events 
in Ruapehu. Linear fit is shown in green and blue. τd is the time decay constant 
calculated as the inverse of the slope of the linear fit.
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Both seismic records are also noisier than Ruapehu, likely due to surface noise from strong winds at Copahue 
(Melchor et al., 2022) and surface geothermal activity around the lake in Kawah Ijen (Caudron et al., 2015).

Following the method described in Section 2, we first conducted a high-level screening of the medDSAR records 
at Kawah-Ijen and Copahue using template matching against the Whakaari 2019 precursor. Then, we applied a 
filter to discern impulsive RSAM peaks and followed by the second exponential decay template.

At Kawah-Ijen, over the ∼2.7 year data record, we identified three potential events. At Copahue, over a record 
of 9 months, we also identified three potential events (e.g., Figures 7 and 8; Figure S1–S3 in Supporting Infor-
mation S1 show events before and after the RSAM filter for all three volcanoes; see Table S2 for proposed event 
dates in Supporting Information S1). Characteristic fluid release times for both Kawah-Ijen and Copahue are in 
the range of 10's to 100's of hours (Figure 10) which is similar to Ruapehu (Figure 5). The one exception is an 
episode at Copahue that had a much shorter release time of 1–2 hr (Figure 10b).

At Kawah-Ijen, there was one confirmed eruption during the study period, on 20 March 2013 (Figure 8b; Caudron 
et al., 2015). This eruption has been defined as a period of increased RSAM activity (Caudron et al., 2019) but 
showed no medDSAR strong increase before (Figure 8b). During this period, our algorithm detected an event that 
took place after a medDSAR cycle with a clear divergence between MF and HF. This was followed by several 
peaks in RSAM, in which the largest was automatically selected as the event onset (Figure 8b). However, we 
cannot discount the other peaks being separate events. In addition, two potential fluid release events are suggested 
following their RSAM peak decay signature (i.e., Figure 9a).

At Copahue, four minor eruptive events (ash plumes) were reported during the 9  months that we analyzed 
(Melchor et al., 2022). Our screening identified three of these, although reported dates did not always match 
RSAM peaks that we picked, which often occurred several hours before the report. Reported eruptions on 16 
June, 16 July, and 6 August are identified, respectively, 16, 6, and 14 hr earlier than events detected by our anal-
ysis (see Tables S1 and S2 in Supporting Information S1).

Figure 7.  (a) Heating/cooling temperature cycle in Ruapehu crater lake in 2009. Fluid release event is highlighted (b) medDSAR and real-time seismic amplitude 
measurement time-series 4 weeks before the detected event on the 13 July 2009. (c) Crater lake temperature and level data along with rainfall 4 weeks before the 
detected event on the 13 July 2009. Dash square in (a) indicate the period shown in (b) and (c).
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5.  Exploring the Relationship Between Tremor Amplitude Decay and Fluid Release 
Dynamics
In this section, we suggest that the mathematical characteristics of decay of the RSAM signal (generated by 
tremor) following a potential sealing episode corroborates a conceptual model of overpressured fluid release. 
First, we consider the link between the seismic (RSAM) signal and fluid dynamics. We hypothesize that, under 
certain conditions and assumptions, the RSAM signal is directly proportional to the fluid release rate into the 
crater lake. Girona et al. (2019) showed that degassing process can lead to seismic tremors, and the amplitude of 
these tremors is directly proportional to the rate of degassing. We further suggest that this relationship is observa-
ble during periods of very high-rate fluid release such as during and following a phreatic eruption, or during less 
noticeable hydrothermal fluid release or outflow that doesn't break the lake surface. At most other times, RSAM 
is assumed to be dominated by other tremor-generating processes (e.g., moving magma) or sources of noise and 
hence not informative of fluid release (Chardot et al., 2015).

Figure 9.  Two fluid release events detected in Kawah Ijen (a; 23 January 2013) and in Copahue (b; 16 July 2020) volcanoes. 
real-time seismic amplitude measurement and medDSAR time-series around the detected fluid release events are shown.

Figure 8.  (a) Location of volcanoes Kawah-Ijen in Indonesia and Copahue in Chile/Argentina and crater lakes. All seismic data have been normalized following a 
z-score procedure (see Section 3 for more detail). (b, c) Four-week pre-eruptive time series showing DSAR, HF, and MF 2-day rolling medians, along with RSAM, and 
(b) Kawah-Ijen 2013 high activity period and eruption, and (c) Copahue 2020 August eruption.

 21699356, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

026729 by U
niversity of C

anterbury L
ibrary A

ccess and C
ollections, W

iley O
nline L

ibrary on [17/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

ARDID ET AL.

10.1029/2023JB026729

13 of 21

We have previously noted that characteristic medDSAR cycles at Ruapehu, Copahue and Kawah-Ijen are some-
times followed by an abrupt increase and then decay of RSAM (e.g., Figure 5). Graphing the logarithm of RSAM 
against time shows an approximately linear trend for some of these events, suggesting that recession of the tremor 
signal is approximately exponential (e.g., Figure 6). With respect to the hypothesis above, this would correspond 
to an exponential decrease of the fluid release (degassing) rate from the volcano.

An exponential decrease of flow rate is a well-known characteristic of discharging linear reservoirs (Maillet, 1905; 
Fiorillo,  2011; Figure  11). These idealized systems comprise a pressurized chamber of fluid and a pathway 
through which it can exit. As the fluid is released, pressure in the reservoir decreases, which in turn reduces the 
force that is expelling fluid. The result is that discharge rate declines.

Formally, mass conservation in a reservoir control volume requires that the decline in fluid stored in the reservoir, 
𝐴𝐴 𝐴𝐴 , is matched by the net fluid discharge rate, 𝐴𝐴 𝐴𝐴 , with solution

𝑑𝑑𝑑𝑑(𝑡𝑡)

𝑑𝑑𝑑𝑑
= −𝑄𝑄(𝑡𝑡) → 𝑀𝑀(𝑡𝑡) = 𝑀𝑀0 −

𝑡𝑡

∫
0

𝑄𝑄
(

𝑡𝑡
′
)

𝑑𝑑𝑑𝑑
′� (1)

where M0 is some initial mass of fluid accumulated in the edifice just prior 
to the release event.

Assuming the fluid is expelled by Darcy flow through a pathway of length, 
𝐴𝐴 𝐴𝐴 , cross-sectional area, 𝐴𝐴 𝐴𝐴 , permeability, 𝐴𝐴 𝐴𝐴 , with reservoir and lake-bottom 

hydrodynamic pressure (corrected for gravity effects), 𝐴𝐴 𝐴𝐴 (𝑡𝑡) and 𝐴𝐴 𝐴𝐴lake 
(Figure 11), then the mass discharge rate is

𝑄𝑄 = 𝐴𝐴
𝑘𝑘𝑘𝑘

𝜇𝜇

𝑃𝑃 (𝑡𝑡) − 𝑃𝑃lake

𝐿𝐿
� (2)

where ρ and μ are density and viscosity of the discharging fluid.

Pressure decline in the reservoir can be linked to mass loss through an 
effective compressibility, βeff, that accounts for the elastic response of the 
combined rock-fluid matrix, that is, 𝐴𝐴 1∕𝑀𝑀𝑀𝑀𝑀𝑀 = 𝛽𝛽eff𝑑𝑑𝑑𝑑  . Taking the time 
derivative of the compressibility relation, and combining with Equations 1 
and 2, we obtain the following expression for pressure evolution

Figure 10.  24 hours of logged real-time seismic amplitude measurement after eruption and proposed fluid release events for fluid release events in Kawah Ijen (a, c) and 
Copahue (b, d). Linear fit is shown in green and blue. τd correspond to a time decay constant detailed later that is calculated as the inverse of the slope of the linear fit.

Figure 11.  Sketch of a cylindrical reservoir connected to a lake through 
a pipe, which simulates a hydrothermal reservoir in a volcano discharging 
fluids to a crater lake (see Section 3). M: fluid stored in the reservoir; Q: net 
fluid discharge rate; M0 is some initial mass of fluid; Assuming the fluid 
is expelled by Darcy flow through a vent of length, L, cross-sectional area, 
A, permeability, k, and reservoir and lake-bottom pressure values, P(t) and 
Plake; ρ and μ are density and viscosity of the discharging fluid. βeff: effective 
compressibility, that accounts for the elastic response of the rock-fluid matrix.
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𝑃𝑃 = (𝑃𝑃0 − 𝑃𝑃lake)
⏟⏞⏞⏞⏟⏞⏞⏞⏟

initial

overpressure

𝑒𝑒
−𝑡𝑡∕𝜏𝜏𝑑𝑑

⏟⏟⏟

time

decay

� (3)

𝜏𝜏d = 𝑀𝑀0

⏟⏟⏟

reservoir

⋅

𝐿𝐿

𝐴𝐴𝐴𝐴
⏟⏟⏟

vent

⋅

𝜇𝜇𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒

𝜌𝜌

⏟⏟⏟

fluid

� (4)

where we have assumed that the total discharged fluid mass is small compared to the initial reservoir size, so 
M(t) ≃ M0.

The exponential recession is characterized by a discharge time, τd, that is related to properties of the reservoir, 
vent and discharging fluid. An expression for discharge rate is obtained by combining Equations 2 and 3

𝑄𝑄 = 𝛼𝛼 (𝑃𝑃0 − 𝑃𝑃lake)𝑒𝑒
−𝑡𝑡∕𝜏𝜏d� (5)

where 𝐴𝐴 𝐴𝐴 = 𝐴𝐴𝐴𝐴𝐴𝐴∕𝜇𝜇𝜇𝜇 = 𝑀𝑀0𝛽𝛽eff∕𝜏𝜏d , and P0 is the initial pressure in the reservoir.

Assuming that the degassing (fluid discharge) rate is proportional to RSAM during an observational period of 
interest, then τd can be inferred from a linear fit to its logarithm:

log(RSAM) ∝ −𝑡𝑡∕𝜏𝜏d� (6)

Applying this model to the eruptions and potential fluid release events for Ruapehu (Figure 5) yields values of 
τd that span hours to days. Furthermore, it is clear that the quality of the linear model fit is variable and that, in 
some instances, τd may be quite short but then increase with time. This might indicate a change in vent or fluid 
properties (Equation 4) such as a reduction in permeability as pressure declines or disturbed sediments settle, 
vent/crack closure under reduced pressure, or a change in liquid/vapor composition.

Dissimilar values are expected between different episodes as the degassing behavior is also related to the mass of 
trapped gas at the time of release, M0, which is likely to have natural variability between events. Conduit perme-
ability, area or length are also likely to change over time and between volcanoes.

6.  Discussion
6.1.  Conceptual Model of Seismically Observed Pressure Cycling Beneath Active Crater Lakes

We propose that our observations of DSAR cycles, RSAM peaks and exponentially declining tremor signal are 
consistent with a conceptual model of pressure cycling in an edifice below an active crater lake (Figure 12; Same 
figure without labels is provided in Figure S10 in Supporting Information S1). The seismically distinct stages 
are: (a) formation of a shallow mineralogical seal at the top of the hydrothermal system (Figure 12a). (b) Rising 
fluids are trapped, causing pressure and gas content to build-up (Figure 12b). (c) Disruption of the seal that allows 
depressurization of the conduit though a fluid release event (Figure 12c).

Interactions between hydrothermal systems and magmatic fluid have previously been proposed to drive phre-
atic eruptive events (e.g., Barberi et al., 1992; Rouwet et al., 2014). Here, we link the physical steps in those 
models to a series of seismic signatures that can be used to identify the different stages. For example, a range of 
physio-chemical and hydrothermal processes have been suggested to promote seal formation, including consol-
idation of compressible clay-altered rocks (Heap et al., 2017; Kanakiya et al., 2021), thermal changes in sulfur 
viscosity (B. W. Christenson et al., 2010; Scolamacchia & Cronin, 2016), and vein-filling mineralization (B. W. 
Christenson & Wood, 1993; Kennedy et al., 2020). We hypothesize that indirect evidence for these processes may 
be inferred from a rising medDSAR signal (Figure 11a) and, in this study, we provide a range of timescales where 
the seal affectively shuts off fluid flow. However, future research will be important to test this hypothesis against 
other signs of reduced surface flux.

Stix and de Moor (2018) proposed a phreatic eruption model in which magma interaction with hydrothermal 
fluids causes pressurization within a sealed hydrothermal system (Type 1). In our model, we suggest that such 
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over pressured states may be evidenced by increasing medDSAR that peaks and then starts to decline (Figure 11b). 
Once in this state, subsequent breakdown or rupture of the seal could allow fluids to be transported through the 
conduit system to the surface. However, we suggest that the surface expression of these release events is varied 
and that many—perhaps most—do not result in a phreatic eruption.

The identified episode in Ruapehu had a less violent expression than the 2006 and 2007 eruptions may have been 
because the overpressure built beneath the seal was not large enough to expel a lake-breaching jet (e.g., Ogden 
et al., 2008; Rouwet & Morrissey, 2015). Alternatively, breakdown of the seal may not have followed a cascading 
failure pathway leading to runaway (explosive) decompression as was identified for Whakaari in 2019 (Ardid 
et al., 2022; Dempsey et al., 2020), or recently formed cracks in response to pore pressure and confining pressure 
that are easier to close (Kennedy et al., 2020).

6.2.  Magnitude of Fluid Release Events

The relative magnitudes of six fluid release events are obtained from a seismic proxy for the total fluid volume, 
D. Assuming once more that fluid discharge rate is proportional to RSAM (Section 6), we estimate total Q for 
the episode (within a constant factor, γ) by integrating the detrended RSAM signal for a 24-hr period beginning 
at episode onset, ti

1

𝛾𝛾
𝐷𝐷 = 𝐷𝐷

′ =

𝑡𝑡𝑖𝑖+24ℎ
∑

𝑡𝑡𝑖𝑖

(RSAM − RSAM0) × Δ𝑡𝑡� (7)

where RSAM0 is the 1-week average immediately prior to event onset 
(discarding a first-order estimate of seismic noise) and Δt is the time series 
time step.  As RSAM has dimensions of velocity, D′ has units of meters, 
however, it is not obviously interpretable as a distance. Calculating the abso-
lute release volume, D, would require simultaneous measurements of tremor 
and the degassing rate to calibrate the constant of proportionality, γ.

Seismic proxies for released fluid volumes corroborate with the ranked 
magnitudes of the 2006 and 2007 eruptions. The proxy volume associ-
ated with the 2006 eruption is about six times smaller than the 2007 event 
(Table 1). Consistent with this, Jolly et al. (2010) described the 2006 event as 
a small sub-aqueous eruption producing a small wave (∼3 m height) and no 

Figure 12.  Conceptual model of fluid release events. (a) Hydrothermal seal consolidation causes a drop in high frequency (HF) noise associated with near-surface 
fluid movement, relative to medium frequencies (MF), which are reflective of fluid movement beneath the seal (HF and MF do not occur at the same spot spatially). 
This causes an increase in the Displacement Seismic Amplitude Ratio (DSAR). (b) The sealed system traps fluid and builds pressure. Fluid movement in the reservoir 
and vent is reduced, and the DSAR signal may decline due to the seismic quietness. (c) A gas pulse, or some other mechanism, causes the seal to break, indicated by 
a peak in the seismic signal. The break could propagate causing pressurized fluids to migrate to the surface generating a fluid release event (or a phreatic eruption). 
In the hours and days after the event, the discharge slows and this may be evident as an exponential decay of the tremor signal (RSAM). *Horizontal scale has been 
exaggerated. Sealing in Ruapehu (and Whakaari) has been proposed to be restricted to the conduit boundaries (Christenson et al., 2010). Here we propose the sealing 
to be wider and formed around the hydrothermal systems with a typical mushroom-shaped (Ardid et al., 2021a, 2021b) not specific to any volcano (more likely in those 
with widespread hydrothermal system). **Figure without labels is presented in Figure S10 in Supporting Information S1.

Episode (UTC) D′ (m) 𝐴𝐴 𝐴𝐴
′∕𝐷𝐷′

2007
 

2006-10-04 09:20:00 2.82 0.16

2007-09-25 08:20:00 17.8 1.00

2009-04-14 02:10:00 1.32 0.07

Note. Calculation of the volume proxy, D′, is given by Equation (7). The 
righthand column gives relative volume releases scaled to the 2007 eruption.

Table 1 
Proxies of Released Fluid Volume for Two Eruptions and the 2009 Inferred 
Release Episodes at Ruapehu
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detected air-wave. In contrast, the 2007 event produced a steam column to ∼4,600 m above the lake, ballistic and 
surge deposits, and triggered lahars (Jolly et al., 2010; Kilgour et al., 2010).

Proxies for the total released fluid volume for all individual episodes do not reliably discriminate between erup-
tive and non-eruptive episodes. An obvious shortcoming of this analysis is that the constant of proportionality, γ, 
may change over time, which makes comparing absolute volumes difficult. Alternatively, if the numbers are taken 
at face value, this suggests that the size and violence of the fluid release process—from the subtle 2016 release to 
the 2007 VEI 1 event (Kilgour et al., 2010)—is not obviously related to the release volume itself. Rather, alterna-
tive models invoking conditions of the edifice, vent or lake may be needed to explain whether such episodes will 
produce a hazardous eruption.

6.3.  Implications for Operational Monitoring at Active Crater Lakes

The conceptual model we describe may be useful for volcano monitoring because its different stages are inter-
pretable through commonly available seismic data and their transforms (DSAR, and the MF and HF signals). For 
example, possible breakdown of the seal might be inferred where an RSAM peak occurs during a pressurization 
stage (indicated medDSAR decay, Figure 12b). In the aftermath of an eruption, exponential retreat of the RSAM 
could indicate a reducing fluid flux and an event that is ending. Agencies that monitor and evaluate risk during 
volcanic crises could benefit from this information as they provide insights into ongoing eruptions. More gener-
ally, understanding the connections between seismic precursors and the physical processes producing them will 
aid the volcanological community as it grapples with unheralded phreatic explosions in noisy, volcanic hydro-
thermal systems characterized by sporadic unrest. This will be particularly important if we are to understand why 
some medDSAR cycles are associated with eruptions but others are not.

Further exploration of the fluid sealing and release hypotheses described require additional observational stud-
ies. For instance, deployment of high temporal measurements of gas flux in a crater (e.g., multi-gas and scan-
ning DOAS methods) will allow direct comparison with seismic data to test whether tremor and degassing rate 
are genuinely correlated during exponentially decaying tremor events. Ideally, this would be complemented by 
automated geochemical sampling and analysis of the lake water to determine whether the events are sufficiently 
large to imprint upon its chemistry. High-resolution electrical and electromagnetic geophysical methods could 
also provide useful information regarding the location and dimensions of the conduit, hydrothermal system, and 
magma chamber (e.g., Ingham et al., 2009; Miller et al., 2020; Tseng et al., 2020) as well as fluid movement 
within the hydrothermal system (Arens et al., 2022; Miller et al., 2018).

Further integration of physics-based models for tremor could corroborate or constrain aspects of the conceptual 
model we have presented. For example, the gas-driven tremor model of Girona et al. (2019) could be used to 
directly infer pre-event overpressure from the medDSAR cycle just as degassing rate is inferred from RSAM 
exponential decay. Regularly recalibrating this model to new seismic time-series data as it is collected would 
allow us to track how the system evolves, for example, the conduit radius or depth to the degassing source. If 
done in real-time, such models could be used for monitoring. The construction is effectively a digital twin of the 
volcano, tailored to a particular location and tracking state variables that influence hazard potential, for example, 
overpressure, gas content, or degassing.

6.4.  On the Method Assumptions and Limitations

Several assumptions and limitations of the proposed method for temporally locating fluid release events need to 
be considered. Although we have detected numerous small fluid release events, our method is unlikely to detect 
all events. Essentially, the methodology assumes the events to be discovered will be similar to the archetype 
used in the template matching. We used the median DSAR from the 2019 Whakaari eruption as an archetype, 
which is associated with a sealing-pressurization-fluid release process on a weekly time scale. By applying it 
to other volcanoes, we are assuming that the time scales of the eruptive events are similar. For Ruapehu, this 
is a reasonable assumption because (a) Whakaari and Ruapehu contain hydrothermal systems, as indicated by 
active crater lakes, surface sulfur dominated hydrothermal activity, and commonly recorded phreatic eruptions; 
(b) they share common eruptive precursors (Ardid et  al.,  2022). However, historically, the study of volcanic 
activity has shown that different volcanoes exhibit eruptive processes occurring at varying time scales. This 
suggests certain constraints on the robustness of the presented method. We acknowledge this, so we propose that 
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the methodology is valid for volcanic systems with hydrothermal systems and phreatic eruptions, at least if the 
precursors presented in this work are used as templates. Any applicability to volcanoes without hydrothermal 
systems or with distinctly different hydrothermal systems would need to be tested and potentially other templates 
explored. As other templates are identified our method allow them to be rapidly tested and deployed in search 
for future events.

To address volcanoes with longer time scales in their pressurization-fluid release process, an alternative approach 
is to employ a flexible template matching technique, such as dynamic time warping (DTW), which is commonly 
utilized for aligning and comparing time series data (Keogh & Ratanamahatana, 2005). DTW allows for the 
identification of similar patterns in time series data, even when they exhibit temporal distortions or variations in 
speed. By using DTW, it might be possible to capture and analyze the complex dynamics of pressurization and 
fluid release in volcanoes over extended time periods.

To test the broader applicability of our method, we applied it to two other case study volcanoes with active crater 
lakes: Kawah-Ijen in Indonesia and Copahue in Patagonia (Chile/Argentina). Our experience with these volca-
noes gives us confidence in the approach as it is was responsive to known eruptions. Because we do not have 
very extensive seismic records for these volcanoes, it is not possible to assess the potential of the method to its 
full capacity. An important aspect revealed was the sensitivity of DSAR to surface noise. This limits our ability 
to detect events in very noisy environments. In future, utilizing a stacking approach (Godano & Capuano, 1999; 
Niu & Song, 2022) to combine data from multiple stations could improve the modeling by mitigating noise, but 
careful consideration would need to be given to data normalization. Often though, only one station is available 
for monitoring. Therefore, future research endeavors could explore strategies to minimize noise on an individ-
ual station basis, perhaps by exploring alternative time series features. Nevertheless, our experience with these 
volcanoes has been positive since we detected several events despite the shortness and noisy character of the data.

Our findings revealed that, on its own, template matching yields numerous false positives: spurious matches that 
can be attributed to noisy signal oscillations. This necessitated the implementation of additional filters to distin-
guish and identify relevant episodes while excluding others. These methods we have developed are not wholly 
sufficient for monitoring and forecasting of phreatic events, as some of the filters we use are retrospective. This 
is because they rely on information recorded during the event (RSAM peak) and its aftermath (exponential decay 
of RSAM). Consequently, relying solely on template matching is insufficient for accurate forecasting. However, 
it can still serve as a valuable monitoring tool, provided that an acceptable false positive rate is considered and it 
is understood that confirmed sealing events may not necessarily lead to explosive events but can instead dissipate 
through passive outgassing and fluid release.

7.  Conclusions
We have analyzed seismic tremor data alongside crater lake temperature time series at Ruapehu volcano, and 
explored its application to Kawah-Ijen and Copahue volcanoes. Our goal was to locate signatures of hydrother-
mal seal consolidation, fluid pressurization and the release. From this study, we have identified several possible 
episodes of sudden hydrothermal fluid release that may have been obscured by the crater lakes. Had a lake not 
been present, it is unclear whether these would reach the size to be classified as eruptions, or whether they might 
have presented as geysering or jetting.

For Ruapehu, beyond the two known eruptions during our study period, we identified an extra potential sudden 
fluid-release event. This event is consistent with a conceptual model of pressure cycling in conduits below the 
active crater lake: a seal forms over the hydrothermal system that allows pressure to build; the seal is some-
times disrupted; and depressurization of the conduit through a sudden fluid-release event is characterized by a 
discharge recession time that is related to properties of the reservoir, conduit and discharging fluid.

The episode identification algorithm developed here could be used to track possible sealing events in real-time 
data. This could improve real-time assessments of volcanic state, for example, to compare with states predicted by 
multi-parameter data. In addition, we suggest this data should guide remote gas flux monitoring at New Zealand's 
volcanoes to validate potential sealing events in real time. We have developed an on-line system that monitors 
Ruapehu in real-time by the template matching scheme explained here, and updates the matching every 10 min. 
Results are made available at a private web address for the benefit of volcano stakeholders. During the next years, 
we will evaluate the performance of the monitoring tool in alignment with other sources of information.

 21699356, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

026729 by U
niversity of C

anterbury L
ibrary A

ccess and C
ollections, W

iley O
nline L

ibrary on [17/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

ARDID ET AL.

10.1029/2023JB026729

18 of 21

An interesting implication is the expansion of eruptive event catalogs. Many volcanoes have been intensively 
studied by remote sensing for the last 20–30 years, but since the period between eruptions can be on longer 
time scales (decades, centuries or millenia), a given volcano may have few, if any, seismic records of eruption. 
The identification of further small events may aid the study of eruptive processes specific to these volcanoes. 
For instance, here we have expanded the eruption catalog at Ruapehu to include four new potential fluid release 
events, during which we described post-event RSAM decay and established its recurrence. This in turn led to the 
description of a simple outgassing model characterized by a time decay constant that can in turn be interpreted 
in terms of the system properties. This contributes to the characterization of eruptive and related mechanisms at 
Ruapehu, and perhaps opens the door to future work.

In future work, we intend to integrate physics-based models that will allow us to constrain our observations on 
seismic parameters and their pre-eruptive characteristics presented in this work. For example, through shallow 
tremor physical models such as developed by Girona et al. (2019), we intend to develop inversions of the DSAR 
median cycle and RSAM peaks and decline that could help us to estimate the dynamics of physical parameters of 
the volcanic conduits and their dynamics (mean gas flux, overpressure, conduit radius, among others, and their 
evolution and correlations). This presents new opportunities to improve our knowledge of eruptive mechanisms, 
eruption monitoring and forecasting.

Data Availability Statement
The data used in this work are available a https://doi.org/10.5281/zenodo.8111558 (Ardid, 2023). We provide 
in the supplemental material the RSAM, MF, HF, and DSAR time series for Ruapehu stations FWVZ over the 
14 years explored, and for Whakaari stations WIZ over 9 years. We also provide the rainfall time series used here 
for Ruapehu. Raw waveform data for Ruapehu volcano (network NZ, station FWVZ, vertical component) can 
be  download from https://doi.org/10.21420/G19Y-9D40/ Ruapehu data is managed by GEONET (https://service.
geonet.org.nz). The data is operable as client through the FDSN webservice (https://www.fdsn.org/networks/). 
Rainfall data are available in New Zealand's National Climate Database (https://cliflo.niwa.co.nz/). The python 
codes used can be found in Supporting Information S2.
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