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One of the major challenges in the understanding of the crater lakes dynamics and their
connection with magmatic/hydrothermal processes is the continuous tracking of the
physical behavior of lakes, especially in cases of remote and poorly accessible volcanoes.
Peteroa volcano (Chile–Argentina border) is part of the Planchón–Peteroa–Azufre Volcanic
Complex, one of the three volcanoes in the Southern Volcanic Zone of the Andes with
crater lakes. Peteroa volcano is formed by a ∼5 km diameter caldera-type crater, which
hosts four crater lakes and several fumarolic fields. Peteroa volcano has a large history of
eruptive activity including phreatic-and-phreatomagmatic explosions and several episodes
of strong degassing from its crater lakes. Here, we used TIR and SWIR bands from
Landsat TM, ETM+, and OLI images available from October 1984 to December 2020 to
obtain thermal parameters such as thermal radiance, brightness temperature, and heat
fluxes, and Planet Labs Inc. images (RapidEye and PlanetScope) available between May
2009 and December 2020 to obtain physical parameters such as area, color, and state
(liquid or frozen) of the crater lakes. We reviewed the historical eruptive activity and
compared it with thermal and physical data obtained from satellite images. We determined
the occurrence of two eruptive/thermal cycles: 1) Cycle 1 includes the formation of a new
fumarolic field and two active craters during a short eruptive period, which includes thermal
activity in three of the four crater lakes, and a strong degassing process between October
1998 and February 2001, coincident with a peak of volcanic heat flux (Qvolc) in two craters.
The cycle finished with an eruptive episode (September 2010–July 2011). 2) Cycle 2 is
represented by the thermal reactivation of two crater lakes, formation and detection of
thermal activity in a new nested crater, and occurrence of a new eruptive episode (October
2018–April 2019). We observed a migration of the thermal and eruptive activity between
the crater lakes and the interconnection of the pathways that feed the lakes, in both cases,
partially related to the presence of two deep magma bodies. The Qvolc in Peteroa volcano
crater lakes is primarily controlled by volcanic activity, and seasonal effects affect it at short-
term, whilst at long-term, seasonal effects do not show clear influences in the volcanic heat
fluxes. The maximum Qvolc measured between all crater lakes during quiescent periods
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was 59MW, whereas during unrest episodes Qvolc in single crater lakes varied from 7.1 to
38 MW, with Peteroa volcano being classified as a low volcanic heat flux system. The
detection of new thermal activity and increase of Qvolc in Peteroa volcano previous to
explosive unrest can be considered as a good example of how thermal information from
satellite images can be used to detect possible precursors to eruptive activity in volcanoes
which host crater lakes.

Keywords: Southern Volcanic Zone of the Andes, eruptive activity, RapidEye, PlanetScope, VIPS, VOLCANOMS,
energy balance

INTRODUCTION

A crater lake is one of the several superficial expressions of
volcanic activity which consist of a water body confined in a
crater. Crater lakes are a consequence of a complex interaction
between deep/shallow volcanic, hydrothermal, and degassing
processes, superficial factors like climate conditions, and
morphological elements such as crater geometry (Pasternack
and Varekamp, 1997; Christenson et al., 2015). Several
disciplines and methods have been applied to understand the
processes involved in the formation and evolution of crater lakes,
including fluid geochemistry (Dmitri Rouwet and Franco Tassi,
2011; Rouwet et al., 2017), geophysics (Caudron et al., 2012),
hydrogeology (Mazza et al., 2015), biology (Mapelli et al., 2015),
and limnology (Kling et al., 2015), among others. In the case of
some high latitude and high altitude volcanoes, the applicability
and frequency of the field methods is restricted to the dry season,
impeding the study of the characteristics and dynamics of their
crater lakes in a continuous manner. One technique that allows
the study of crater lakes independently of seasonal restrictions is
the use of satellite images, which have been widely used to
monitor changes in lake temperature (Oppenheimer, 1993;
Trunk and Bernard, 2008), determine heat fluxes and heat
budget (Oppenheimer, 1996; Oppenheimer, 1997a; Lewicki
et al., 2016), detect changes in the crater lake color
(Oppenheimer, 1997b; Murphy et al., 2018), and investigate
the thermal evolution of volcanic lakes through time
(Candela-Becerra et al., 2020), among other applications. The
combination of satellite images with accurate in situ and/or other
remote measurements, such as lake temperature, air temperature,
humidity, windspeed, and others, has allowed us to improve the
calculations of energy balance and to better understand the
dynamics of crater lakes (Lewicki et al., 2016). Additionally,
the availability of improved satellite technology provides new
tools and more accurate data, which have been recently
incorporated into volcanological research. One example is the
use of satellite data provided by Planet Labs Inc., a constellation of
CubeSats with high temporal (<1–72 h) and spatial (from 0.8 to
5 m) resolutions, which have been recently used to map ash
clouds, pyroclastic density currents (PDCs), lava flows, to track
ash plumes, and to identify morphological changes in eruptive
craters (Aldeghi et al., 2019; Romero et al., 2020).

Along the Southern Volcanic Zone of the Andes, where at least
60 volcanes have been considered as active/potentially active
(Stern, 2004), only three volcanes host volcanic lakes on their

craters, corresponding from north to south to Tupungatito,
Peteroa, and Copahue volcanoes (Figure 1). Tupungatito hosts
one lake and has sporadic low magnitude historical eruptive
activity (Benavente et al., 2013), whereas Copahue and Peteroa
volcanoes host one and four volcanic lakes, respectively, in both
cases with frequent records of low-to-moderate eruptive activity
(Naranjo and Polanco, 2004; Caselli et al., 2016; Aguilera et al.,
2016; Romero et al., 2020).

Peteroa volcano (35.240oS, 70.570oW, 3,603 m a. s. l.) is a
composite stratovolcano located in the Transitional Southern
Volcanic Zone (TSVZ; López-Escobar et al., 1995; Sellés et al.,
2004), on the border between Chile and Argentina, and it is
formed by a ∼5 km diameter caldera-type crater, which includes
four nested craters (150–500 m diameter; all hosting lakes) and a
scoria cone (Figure 1). Fumarolic activity is present in Craters 1,
2, and 3, and in the zone between Craters 2 and 4 (Figure 1).
Several glaciers are located in the caldera area and in the highest
parts of the flank valleys. Peteroa volcano is part of a major north-
to-south trending volcanic complex named the
Planchón–Peteroa–Azufre Volcanic Complex. It constitutes
three overlapping volcanic edifices, which have formed from
basaltic andesites to rhyodacitic lava and pyroclastic flows and
lahars. The Planchón–Peteroa–Azufre Volcanic Complex evolved
in at least four eruptive stages, Azufre (<219 ± 14 ka), Planchón I
(∼72 ± 11 to ∼11 ka), Planchón II (∼11–∼7 ka), and Peteroa
(<7 ka) (Tormey et al., 1989; Tormey et al., 1995; Naranjo et al.,
1999; Naranjo and Haller, 2002; Tormey, 2010; Klug et al., 2018).
A total of 18 eruptions have been recorded at Peteroa volcano
during the period between 1660 and 2020, mostly corresponding
to phreatic-to-phreatomagmatic eruptions (VEI ≤ 2), although
some major eruptions (VEI � 4) have been also recorded (Haller
et al., 1994; Gonzalez-Ferrán, 1995; Naranjo et al., 1999; Haller
and Risso, 2011). The greatest historical eruption occurred in
1762 (VEI � 4), when the explosive and effusive activity was
followed by the partial collapse of the volcanic edifice, producing
debris, avalanches, and lahars, and damming the Río Teno for
several days (González-Ferrán, 1995; Haller and Risso, 2011).
Explosive and/or effusive activity was recorded in 1660, 1835,
1837, 1860, 1869, 1878, 1889 (lasting 5 years), 1937 (a scoria cone
was formed, and a short lava flow was emitted; Figure 1), 1938,
1959, 1960, 1962, 1967, 1991, 1998, 2010–2011, and 2018–2020.

In this article, we present a temporal analysis of Peteroa
volcano crater lakes, by using two large databases based on
Landsat imagery (1984–2020) including Landsat TM, ETM+,
and OLI-TIRS and Planet Labs Inc. imagery (2009–2020)
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including RapidEye and PlanetScope images, with the objectives
1) to determine the temporal evolution of the Peteroa volcano
crater lakes, 2) to assess the energy balance of those lakes, and
3) to correlate the temporal evolution of the lakes with the
seasonal variations of the climate and eruptive activity. We
have selected Peteroa volcano as a priority to be studied using
a long-term remote-based monitoring system between the three
volcanoes with crater lakes due to its extent and frequent eruptive
historical record, which includes a VEI 4 eruption, partial flank
collapse, lahars, and creation of new craters. Additionally, Peteroa
has been categorized as the second most hazardous volcano for
Argentina, and 23rd for Chile, being a priority for volcanic
monitoring in both countries.

HISTORICAL ERUPTIVE ACTIVITY IN THE
PERIOD 1984–2020

In the period 1984–1990 Peteroa volcano was still in a quiescence
state, although in January 1987 a new fumarolic field was reported
close to the 1937 cinder cone, covering an area of ∼100 m2

(Global Volcanism Program, 1987; Figure 2). On February 9,
1991, a new eruptive period started, characterized by the
occurrence of phreatomagmatic explosions and emitting
eruptive columns of 400–700 m over the main caldera, and
occasionally over 1,000 m (Gardeweg, 1991; Global Volcanism
Program, 1991). The eruption lasted until February 15, 1991, and
generated two new craters, both hosting volcanic lakes,
corresponding to Craters 3 and 4 (Figures 1, 3; Gardeweg,
1991; Global Volcanism Program, 1991). After 7 years of
quiescence period, a short unrest occurred between October
and November 1998, when steam and tephra plumes were
produced and transported up to 8 km NW from the volcano

(Global Volcanism Program, 1999). Increases in gas emissions
were reported during February–March 1999 and December
2000–February 2001, producing a gas plume up to 500 m over
the caldera and transported up to 1 km to the east (Global
Volcanism Program, 2001). No eruptive activity was recorded
between March 2001 and December 2009. The February 1991
eruptive period was characterized by the presence of juvenile
eruptive products and by the low magnitude of the eruptions
(VEI 1; Naranjo et al., 1999), whereas the later eruptions emitted
exclusively non-juvenile products.

On January 4, 2010, an increase in degassing activity started
in Crater 3, producing frequent and rhythmical phreatic
explosions, and generating a 200 m high gas plume over the
crater rim, which lasted up to August 7, 2010 (Aguilera et al.,
2016). On 8th August, scarce ash was observed in the gas plume
(Aguilera et al., 2016). On September 4, 2010 a new eruptive
activity started in Crater 3, characterized by the occurrence of
phreatic explosions and the emission of tephra plumes (up to
3 km height over the crater rim; Aguilera et al., 2016). Between
November 2, 2010, and February 16, 2011, only gas/steam
plumes were emitted (up to 1.5 km height over the crater
rim), and at least during November 2010 no lake was present
in Crater 3, which was completely vaporized after previous
eruptive activity (Aguilera et al., 2016). New eruptive activity
was observed during 17th February–20th May 2011 and 17th
June–13th July 2011, characterized by the emission of tephra
plumes with maximum heights of 1.5 and 0.5 km over the crater
rim, respectively (Aguilera et al., 2016). Since July 14, 2011, and
at least in March 2012, the activity was restricted to the emission
of low altitude gas plume (50–100 m; Aguilera et al., 2016). This
eruptive period was characterized by the absence of juvenile
eruptive products and by the low magnitude of the eruptions
(VEI 0-2; Aguilera et al., 2016).

FIGURE 1 | (A) Location map of Peteroa volcano. NSVZ: Northern Southern Volcanic Zone of the Andes; TSVZ: Transitional Southern Volcanic Zone of the Andes.
(B) PlanetScope image (natural color) showing the location of the crater lakes and fumarolic fields of Peteroa volcano. The location of the new nested crater is also
indicated.
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The last eruptive cycle started probably in January 2018, when
a crater with a small lake was formed in the southwestern wall of
Crater 1, accompanied with very diffuse degassing in the upper
part of the wall. In March 2018, the degassing activity in the main
lake of Crater 1 increased substantially. By May 2018, the nested
crater increased its size and fumarolic activity. On October 13,
2018, tephra started to be emitted from the nested crater, followed
by almost 7 months of intermittent emission of tephra and gas
plumes, varying from 0.6 to 2 km over the crater rim (Global
Volcanism Program, 2019; Romero et al., 2020). By the end of this
eruptive cycle, the nested crater grew up to ∼75 m diameter. This
eruptive period was characterized by the presence of abundant
juvenile eruptive products (Romero et al., 2020) and by the low
magnitude of the eruptions (VEI 0-2).

METHODOLOGIES

Landsat TM, ETM+, and OLI Imagery
Acquisition and Processing
We used 1,208 Landsat images available from the period 1984–2020,
corresponding to TM (600 images), ETM+ (302 images), and
OLI-TIRS (306 images) sensors. Landsat TM sensor was mounted
on two satellites (Landsat 4 and 5), whereas Landsat ETM+ and
OLI-TIRS on one satellite each (Landsat 7 and 8, respectively).
Landsat satellites include 7, 8, and 11 bands (TM, ETM+, and
OLI-TIRS, respectively) between blue and thermal infrared,
spatial resolution variable between 15 and 120 m, and the
revisit time is 16 days for each satellite. The images were
downloaded in a GeoTIFF format from the site http://

FIGURE 2 | (A) Landsat TM (combination 754 in RGB) showing Crater Lakes 1 and 2 (August 17, 1986). (B) Landsat TM (TIR band) showing Crater Lakes 1 and 2
(August 17, 1986). (C) Landsat TM (combination 754 in RGB) showing the new fumarolic field, Crater Lakes 1 and 2 (August 18, 1986). (D) Landsat TM (TIR band)
showing the new fumarolic field, Crater Lakes 1 and 2 (September 18, 1986). (E) Landsat TM (combination 754 in RGB) showing an extended fumarolic field, Crater
Lakes 1 and 2 (January 10, 1991). (F) Landsat TM (TIR band) showing an extended fumarolic field, Crater Lakes 1 and 2 (January 10, 1991).
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FIGURE 3 | (A) Landsat TM (combination 754 in RGB) showing Crater Lakes 1 and 2 (February 4, 1991). (B) Landsat TM (combination 754 in RGB) showing the
eruptive plume (February 11, 1991). (C) Landsat TM (combination 754 in RGB) showing Crater Lakes 1, 2, and the new Craters 3 and 4. Ash fall deposit is also shown
(February 27, 1991).
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earthexplorer.usgs.gov, and visually revised using natural color
combination in RGB, with the objective to separate pixels
corresponding exclusively to crater lakes, fumaroles, and the
surrounding area. Additionally, the images were visually
revised using natural color combination with the objective to
determine the presence or absence of crater lakes. Thermal bands
(TIR) were processed using the VIPS software included in the
VOLCANOMS platform (Layana et al., 2020) to obtain the
thermal radiance, brightness temperature, and radiant heat
flux from the crater lakes and fumarolic fields separately.
Short wave infrared bands (SWIR) were also processed to
obtain thermal radiance from fumarolic fields. 400 images
were discarded because of the presence of clouds covering the
four craters; three images were discarded due to tephra plumes
covering the four craters, and 113 images were partially processed
due to the presence of black stripes (caused by the failure of the
ETM + sensor), which covered between Craters 1 and 3.

PlanetScope Imagery Acquisition and
Processing
A total of 551 RapidEye and PlanetScope images were acquired from
the Planet Labs Inc. site (www.planet.com) for the period between
May 27, 2009, andDecember 31, 2020. RapidEye is a constellation of
five satellites which collected five bands (between blue and near
infrared) images characterized by a spatial resolution of 5m and a
temporal resolution variable from 5.5 days to daily, being available
between 2009 and 2020 (www.planet.com). PlanetScope is a
constellation of ∼120 CubeSat (called doves) which collected four
bands (between blue and near infrared) images with a 3–4m pixel
size and a daily or several images per day revisit time (www.planet.
com). We acquired 117 RapidEye and 434 PlanetScope images,
which were downloaded in the GeoTIFF format, and processed to
obtain physical parameters including area, color, and state (liquid or
frozen) of the crater lakes, presence or absence of crater lakes, and
presence of clouds, gas/steam plumes, or tephra plumes.

Areas of lakes were calculated using a GIS-based analysis, with
the lakes being mapped individually and their areas then
obtained. The color and state of the crater lakes were obtained
by a visual inspection, using natural color combination in RGB.
Subsequently, color and the state of the crater lakes (liquid,
frozen, liquid + ice, and no lake) classifications were done,
with both parameters being expressed as frequency.

Heat Flux Calculations
According to Pasternack and Varekamp, (1997), the energy
balance of a crater lake can be expressed as follows (Figure 4):

Qsun + Qatm + Qvolc−cond + Qvolc � Qrad + Qevap + Qcond + Qrain,

(1)

where Q expresses the heat flux from the sun (Qsun), atmosphere
(Qatm), conductive heat from a shallow magma body (Qvolc-cond),
and volcanic/hydrothermal contribution from the bottom of the
lake (Qvolc). Heat fluxes related to a crater lake correspond to
radiative (Qrad), evaporative (Qevap), conductive (Qcond), and rain
water input (Qrain).

According to Linacre (1992), heat fluxes from the sun (Qsun in
MW) and atmosphere (Qatm in MW) are calculated as follows:

Qsun � (185 + 5.9∅ − 0.22∅2 + 0.00267∅3)A, (2)

Qatm � (208 + 6Ta)(1 + 0.0034C2)A, (3)

where∅ is the latitude in decimal degrees,A is the area of the lake
(in m2), Ta the atmospheric temperature (in °C), and C (average
cloud cover) is calculated as follows:

C � 5.1946 − 0.23227∅ + 6.7727 × 10−3∅2 − 4.9495 × 10−5∅3.

(4)

The atmospheric temperature was obtained for each month
from Liaudat et al., 2014, corresponding to the atmospheric
temperature at the Peteroa volcano caldera rim. Conductive
heat flux has been considered negligible as the shallow magma
source is located at depth > 1 km (Lewicki et al., 2016), whereas
Qvolc is the parameter to be calculated. Radiative heat flux has
been calculated using the procedure proposed by Layana et al.
(2020), where the thermal radiance (RTIR, thermal) is initially
calculated as follows:

RTIR, thermal � (RTIR − RTIR,U)/(ετ), (5)

where RTIR,U is the upwelling radiance, τ the transmissivity, and
ε the emissivity. In order to isolate the thermal anomaly from
non-thermal pixels, we used a digital number threshold
(DNthreshold) which can be calculated using the mean
(μnon thermal) and standard deviation (σ) from non-thermal
pixels using the following equation:

DNthreshold � μnon thermal + 2σnon thermal. (6)

Before applying Eq. 6, thermal and non-thermal pixels are
separated by visual inspection of the satellite image, where
thermal pixels are recognized by their higher brightness (high
DN) than non-thermal pixels (very low brightness and DN).
Brightness temperature (T), which is directly dependent of the
spectral radiance (Lλ), and consequently, dependent on the
wavelength (λ), can be calculated after thermal pixels are
isolated using the following equation:

T � K2

ln (K1
Lλ
+ 1)

, (7)

where K1 and K2 are the thermal conversion constants (or
calibration constants) 607.76 W/m2μmsr and 1,260.56 K,
respectively. Radiative heat flux (Qrad in W/pixel) is calculated
from each thermal pixel as follows:

Qrad � σε∑
ı
T4
ıAı, (8)

where σ is the Stefan–Boltzmann constant (5.67 × 10−8 W/m2K4),
ε is emissivity (emissivity for the lake surface was variable
depending on the seasons, being 0.94 for summer, 0.93 for
winter and spring, and 0.95 for autumn, whereas for
the ground surface was 0.98 for all season), T is brightness
temperature at each pixel ı (K), and Aı is the pixel area
(m2/pixel). In order to obtain a radiative heat flux attributable
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only to the crater lake, the average of non-thermal heat flux is
subtracted from Qrad (background correction). Considering
that other thermal features can coexist with crater lakes
(e.g., fumarolic fields), those features can be thermally
correlated and compared with crater lakes by using Qrad,
where T can be calculated directly from the pixel DN and/or
field measurements of the temperature (e.g., fumaroles
temperature) and the area from the pixel size. Evaporative
heat flux (Qevap in MW) was obtained by the following
(Ryan et al., 1974):

Qevap � [2.7(Twv − Tav)13 + 3.2v](ew − ea)∑ı
Aı, (9)

where Aı is the pixel area (m2/pixel), and v is the wind speed
(ms−1), which was obtained from the National Oceanic and
Atmospheric Administration (NOAA) atmospheric models for
an altitude of 3,460 m a.s.l, corresponding to the average altitude
of the Peteroa caldera, where the four crater lakes are hosted. An
average value (8 ms−1) was used after a revision of data from 1984
to 2020. The parameter e can be calculated using an absolute
temperature (T in K) as follows (Haar et al., 1984):

e � 9.667 × 10−6T4 − 1.091 × 10−2T3 + 4.648 × T2 − 8.856 × 102T

+ 6.360.

(10)

The parameters ew and ea (mbar) correspond to saturated
water and atmospheric vapor pressures at the temperature of
water from the lake (Tw) and air temperature (Ta), respectively.
In our case, we used Tw as the brightness temperature for each
single thermal pixel in every crater lake, whereas Ta is the same

used for the Eq. 3. Twv (K) and Tav (K) correspond to the virtual
air temperatures derived from Tw and Ta, respectively. Using an
absolute temperature (T in K) and vapor pressure (e), the virtual
temperature Tv can be calculated as follows (Pasternack and
Varekamp, 1997):

Tv � T

1 − 0.378
Pa

, (11)

where Pa is the atmospheric pressure in mbar. We calculated the
Pa (670 mbar) from the NOAA atmospheric models for an
altitude of 3,460 m a.s.l. Twv and Tav were calculated using Tw

and Ta, respectively. Conductive heat flux (Qcond in MW) can be
calculated by the following (Brown et al., 1991):

Qcond � 0.61[(Tw − Ta)/(ew − ea)]Qevap. (12)

The rain water input heat flux (Qrain in MW) is calculated as
follows (Pasternack and Varekamp, 1997):

Qrain � fAcI(Tw − Tr)Cpwater, (13)

where f is a conversion factor (55,555.6 mol/m3), Ac is the
catchment area (m2), I is the precipitation rate (md−1), Tr is
the rain temperature (K), and Cpwater is the average heat capacity
of water (75.42 J/molK; Robie et al., 1979). In our case, we used a
standard Tr of 283 K, whereas the average precipitation rate used
was 0.0029 md−1, calculated on the basis of the NOAA data
available for the period 1981 and 2010, for an altitude of 3,460 m
a.s.l. The catchment area for each crater was calculated
considering the highest points (the highest-level curve) around
each crater rim, which are mostly located tens of meters from the

FIGURE 4 | Heat fluxes involved in the energy balance of a crater lake. Heat flux from the sun (Qsun), atmosphere (Qatm), radiative (Qrad), evaporative (Qevap),
conductive (Qcond), rain water input (Qrain), conductive heat from a shallow magma body (Qvolc-cond), and volcanic/hydrothermal contribution from the bottom of the lake
(Qvolc).
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crater border. The catchment areas calculated correspond to
262,000, 110,000, 76,000, and 91000 m2 for Craters 1, 2, 3, and
4, respectively.

Uncertainties Related to Atmospheric
Parameters
Uncertainties linked to atmospheric parameters are related to the
estimation of wind speed, atmospheric pressure, precipitation
rate, and atmospheric temperature. The wind speed can vary
largely if measurements are carried out 1) in free air conditions
(tens/hundreds of meters over the surface) or 2) close to the
surface. In the last case, some small variations could be related to
topographic effects. In order to reduce the uncertainties related to
wind speed, we used atmospheric models considering the closest
altitude to the Peteroa caldera floor (3,460 m a.s.l.), which has
small topographic variations. Although wind speed variability in
the period 1984–2020 was reduced, we used a fixed average in
order to avoid uncertainties related to wind speed variations
possibly linked to seasonal effects. The relative “high” wind speed
average (8 ms−1) used in this study is a consequence of the high
latitude and high altitude where Peteroa volcano is located.
Similarly, atmospheric pressure (assuming 100% of relative
humidity) and precipitation rates were obtained at the same
altitude of wind speed, in order to reduce the uncertainties
due to variabilities in the atmospheric conditions. The use of
fixed atmospheric pressure and precipitation rate removes strong
variations of those parameters related to seasonal effects. The
atmospheric temperature obtained from Liaudat et al., 2014 was
measured in the inner rim of the caldera, at similar altitudes to
other atmospheric parameters, with small uncertainties expected.

Uncertainties Related to Satellite Images
Uncertainties related to catchment and lake areas have a direct
relation to the pixel size of RapidEye and PlanetScope images,
with the uncertainties of the calculated area variable from ±2 to
±6 m2. In the case of Landsat imagery, one of the most critical
uncertainties corresponds to the lake surface temperature. Lake
temperature measured remotely has a strong dependence on the
temperature distribution through the lake water body. This non-
uniform distribution of the temperature can also affect the
temperature calculation in a single pixel. Based on in situ
measurements, we have estimated discrepancies of ±1 and
±4 K between satellite-based and in situ temperatures. These
discrepancies can be attributed to several processes including
differential absorption of thermal radiation by vapor and liquid
phases present over the lake surface, especially in cases when
intense evaporation occurs. Additionally, discrepancies can occur
due to the location of in situmeasurements, where differences can
be observed between near and offshore measurements. However,
the observed discrepancies imply small differences in the
radiative heat flux if we consider only a single pixel (after
background correction), varying between 0.003 and 0.006 MW.
Average temperature difference between thermal and non-
thermal pixels for our database was 8 K, whereas minimum
difference was only 2 K. If we consider the minimum
difference between thermal temperature threshold and non-

thermal temperature (2 K), the minimum thermal radiative
heat flux able to be measure in a single pixel, after background
correction, is 0.007 MW.

RESULTS

General Results From the Landsat and
PlanetScope Imagery Database
The results from Landsat images are presented in detail in the
Supplementary Table S1. The measured maximum radiative
heat fluxes (Qrad) measured were 1.2, 1.5, 2.3, and 1.4 MW for
Crater Lake 1, 2, 3, and 4, respectively, whereas the measured
maximum volcanic heat fluxes (Qvolc) measured were 7.1, 38, 31,
and 23 MW, respectively (Figure 5). The highest brightness
temperature measured in each crater lake was 323, 328, 334,
and 326 K for Lake 1, 2, 3, and 4, respectively, corresponding to
the value of the single pixel with the highest temperature. The
fumarolic fields detectable by TIR bands from Landsat images
were those located in the western side of the Crater 1 (Figure 1),
and the fumarolic field emerged previous to the formation of the
Crater 3 during the eruptive process in February 1991. The
maximum thermal radiance and radiative heat flux (Qrad)
measured in the fumarolic field of Crater 1 were 13.3 W/
m2μmsr and 1.1 MW, respectively, and in the case of
fumarolic field pre-Crater 3 maximum thermal radiance and
Qrad were 12.1 W/m2μmsr and 2.1 MW, respectively
(Figure 5). Thermal anomalies in SWIR bands were observed
exclusively in the nested Crater 1, being detected for the first time
on December 6, 2018, exclusively in band 7 (Landsat OLI), with a
thermal radiance of 0.4 W/m2μmsr (Table 2). On August 22,
2020, the maximum thermal radiance (17.4W/m2μmsr) was
recorded in band 7 (for Landsat ETM+ and OLI), whilst,
simultaneously, for the first time an anomaly was recorded in
band 5 (Landsat ETM+), with a radiance of 7.3 W/m2μmsr
(Table 1). Thermal anomaly in band 5/6 (for Landsat ETM+/
OLI, respectively) was newly detected on 14th September and
November 1, 2020, with thermal radiance of 1 and 3.2W/
m2μmsr, respectively (Table 1).

The results from Planet Lab Inc. images are presented in detail
in the Supplementary Table S2, and the summary of the most
relevant data is presented in Table 2. The maximum area
measured of Crater Lakes 1, 2, 3, and 4 corresponds to 31,514,
10,575, 20,344, and 15171 m2, respectively (Figure 6). In all
craters the lakes changed from liquid to frozen, and
occasionally a transition corresponding to a liquid lake with
ice patches (Figure 7). Craters 1, 2, and 4 present similar
behaviors, dominated by presence of liquid water
(between 47 and 67% of the total images processed), and
frozen lakes between 24 and 35%. In the case of Crater Lake
3, liquid water appears in 78% of the images, whereas frozen lakes
only in 3% of the images. Liquid water + ice was observed only
between 1 and 7% of the images in all craters. Absence of crater
lakes was observed in all cases, varying between 2% in the case of
Crater 4 and 23% of the images in Crater 1. A wide range of colors
were observed between all crater lakes, including turquoise, blue,
brown-to-dark brown, green-to-dark green, and white, with
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Crater Lake 1 displaying the most variability of colors. The
turquoise color is dominant in the case of Crater 2 and 3 (65
and 68%, respectively), blue in Crater 1 (72%), and brown in
Crater 4 (68%).

Thermal and Temporal Evolution of Crater
Lakes and Their Relation With Unrest
Episodes
October 1984–January 1991
In late 1984, Peteroa volcano was in a long period of quiescence
period since at least 1968 (González-Ferrán, 1995; Haller and
Risso, 2011), with only two active craters (Crater 1 and 2; Figures

1, 2), both hosting lakes and fumarolic activity. Particularly in the
case of Crater 1, the fumarolic activity was located in the western
side of the crater (Figure 1). In the first image available from
Landsat satellite (October 14, 1984; Landsat TM), a thermal
anomaly was observed only in the Crater 1 fumarolic field, the
lake in Crater 1 was absent, and the lake in Crater 2 produced no
thermal anomaly. Up to September 1986, thermal activity was
observed intermittently in the Crater 1 fumarolic field (Qrad

0.09–0.44 MW) and continuously in the lake of Crater 2 at
least since January 1986, with Qvolc between 0.71 and 19 MW.
On September 18, 1986, for the first time a thermal anomaly was
observed in the same position as where Crater 3 is currently
located, with a Qrad of 0.12 MW (Figures 2, 5). According to the

FIGURE 5 |Qvolc and Qrad in MW vs. date (YYYY-MM) is shown for Crater Lakes 1, 2, 3, and 4, and for the new fumarolic field in the current position of Crater 3 and
Crater 1 fumarolic field, respectively. Themajor evolutive cycles and eruptive activity are shown in the upper part. Red lines accompanied by red volcano indicate volcanic
unrest periods, yellow line the presence of a new fumarolic field, and orange line the strong degassing process. The secondary graphics at the base of Qvolc and Qrad

graphics showed the state of the satellite images, corresponding to free clouds images (white area), presence of clouds (light blue area), gas plume (yellow area),
and ash (green area) over crater lakes. Vertical grey lines correspond to an annual timescale.
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Global Volcanism Program (1987), a new fumarolic field was
created in the current position of Crater 3, constituted by
40–50 vents, covering an area of ∼100 m2, and producing a
small plume (up to 300 m over the Peteroa caldera rim). The
thermal activity related to the fumarolic field was continuous for
4 years and 5 months, being relatively stable for almost 3 years
with Qrad between 0.1 and 1.1 MW (Figure 5). However, since
October 1989 the Qrad began to increase up to 2.1 MW on
February 1, 1990, returning to the normal values in April 1990
until November 1990, and increased between January and
February 1991, with a peak of 2.1 MW on January 19, 1991

(Figure 5). In the period October 1986–January 1991, the thermal
anomaly in the Crater 1 fumarolic field appeared very
sporadically with relatively low Qrad (0.11–0.44 MW), whereas
the Qvolc related to the Crater Lake 2 decreased quickly down to
zero in December 1990, despite the occurrence of two peaks of
thermal activity on February 28, 1988, and January 29, 1989 (10
and 15 MW, respectively; Figure 5).

February 1991–August 2010
Eruptive activity was recorded between 9th and February 15,
1991, when Craters 3 and 4 were formed (Figure 3; Gardeweg,
1991; Global Volcanism Program, 1991). No thermal anomalies
were observed immediately after the end of the eruption in Crater
lakes 1, 3, and 4, whereas in Crater Lake 2, the Qvolc measured was
0.3 MW. On April 25, 1991, thermal anomalies were detected for
the first-time in Lakes 3 and 4, with Qvolc reaching up to 1.5 and
0.2 MW, respectively (Figure 5). After 1.5 years with very low
Qvolc in Lakes 2, 3, and 4, the thermal activity of the Crater Lakes 2
and 3 started to increase on October 20, 1992 (Qvolc 4.5 and
9.5 MW, respectively; Figure 5), remaining relatively high in
Crater Lake 3, whereas in the case of Lake 2, the thermal activity
returned to a very low values after February 3, 1994 (Qvolc

6.6 MW). The lake in Crater 4 remained without detectable
thermal activity up to May 3, 1994, when Qvolc measured was
0.12 MW (Figure 5).

In the following years, the activity of Crater Lake 3 remained
relatively high, whilst in the case of lake 4, the thermal activity
increased since December 1, 1997 (Qvolc 2.7 MW), and the Crater
Lake 2 from January 25, 1999 (Qvolc 18 MW; Figure 5). The
highest Qvolc for lakes 2 and 4 was detected on March 2, 2001,
corresponding to 38 and 23 MW, respectively. The increase in the
thermal activity in lakes 2 and 4 was coincident with the gas and
tephra emissions between October and November 1998, and the

TABLE 1 |Date, image type, and thermal radiance of SWIR bands 1 (band 5 and 6
for Landsat ETM+ and OLI, respectively) and 2 (band 7 for Landsat ETM+ and
OLI) in W/m2μmsr for the nested crater of Peteroa volcano.

Date Image type SWIR 2 SWIR 1

06_12_2018 OLI 0.4 0
07_12_2018 ETM+ 2.2 0
21_08_2020 OLI 6 0
22_08_2020 ETM+ 17.4 7.3
30_08_2020 OLI 1.8 0
06_09_2020 OLI 2.9 0
07_09_2020 ETM+ 3.9 0
14_09_2020 ETM+ 5.3 1
22_09_2020 OLI 5.2 0
08_10_2020 OLI 0.7 0
24_10_2020 OLI 0 0
01_11_2020 ETM+ 6.8 3.2
09_11_2020 OLI 0.8 0
18_11_2020 OLI 0 0
25_11_2020 OLI 0 0
04_12_2020 OLI 0.9 0
11_12_2020 OLI 0 0
20_12_2020 OLI 0 0

TABLE 2 | Color and state of crater lakes of Peteroa Volcano. The frequency and percentage (%) of color and state of the lake is indicated. Maximum area (m2) of the lakes is
also indicated.

Frequency Percentage (%)

Color Crater
1

Crater
2

Crater
3

Crater
4

Crater
1

Crater
2

Crater
3

Crater
4

Turquoise 17 170 223 42 7 65 68 12
Blue 186 16 62 74 72 6 19 21
Brown 13 67 0 243 5 26 0 68
Dark brown 37 0 0 0 14 0 0 0
Green 0 9 0 0 0 3 0 0
Dark green 3 0 0 0 1 0 0 0
White 4 0 43 0 2 0 13 0
Total 260 262 328 359 100 100 100 100
STATUS
No Lake 111 84 46 11 23 16 12 2
Liquid 252 250 300 332 52 47 78 67
Frozen 114 183 12 130 24 35 3 26
Liquid + ice 7 12 25 26 1 2 7 5
Total 484 529 383 499 100 100 100 100
Maximum

area (m2)
31,514 10,575 20,344 15,171

Frontiers in Earth Science | www.frontiersin.org October 2021 | Volume 9 | Article 72205610

Aguilera et al. Peteroa Volcano Crater Lakes Evolution

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


increase in the gas emission in February–March 1999 and
December 2000–February 2001 (Figure 5; Global Volcanism
Program, 1999; Global Volcanism Program, 2001).

After February 2001, the thermal activity in Crater Lakes 2 and
4 remained relatively high, although a progressive decreasing was
observed in both lakes, with the last thermal anomaly being
recorded on April 26, 2009 (Qvolc 0.49 MW), and on August 2,
2010 (Qvolc 0.14 MW), for Crater 2 and 4, respectively (Figure 5).
In the case of Crater Lake 3, a high and stable thermal activity was
measured, and the highest Qvolc was detected on February 10,
2005 (31 MW; Figure 5). Subsequently, a decreasing thermal
activity was observed, especially after March 2010, when Qvolc

regularly was > 2 MW, with the lowest Qvolc detected on July 17,
2010 (0.28 MW; Figure 5). Since January 2010, an increase in the
gas emission was observed in Crater Lake 3, with emissions
continuing for several months up to August 8, 2010, when ash
emission was observed for the first time (Aguilera et al., 2016).

In the case of Crater Lake 1, no thermal anomaly was observed
in this period, whilst in the Crater 1 fumarolic field, the thermal
anomaly was detected frequently, with a Qrad variable between
0.07 and 0.83 MW (Figure 5).

September 2010–December 2017
On September 4, 2010, a new eruptive cycle started in Crater 3, when
several tephra explosions were observed, accompanied by an almost
permanent strong degassing and the intermittent total evaporation
of the lake, which caused its temporary absence (Figure 8). Despite
the eruptive activity, Craters 1, 2, and 4 showed no thermal activity
during the eruptive period (September 2010–July 2011), whereas
Crater 3 presented low Qvolc values between 0.32 and 1.1MW
(Figures 5, 8). According to Aguilera et al. (2016), the
temperatures during March 2011 in Lakes 1, 2, and 4 were 7.4,
43, and 19°C, respectively, which is consistent with the absence of a
thermal anomaly in the case of Craters 1 and 4 due to their low

FIGURE 6 | Area in m2 vs. date (YYYY-MM) is shown for Crater Lakes 1, 2, 3, and 4. The secondary graphics at the base of main graphics showed the lake color,
superficial atmospheric/volcanic activity over the crater lakes (presence of gas, clouds or shadow, and ash over crater; white areas correspond to clear sky), and lake
state (liquid, frozen, or mixed liquid + ice).
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temperatures, whereas in the case of Crater 2, the absence of thermal
anomaly could be related to the very small size of lake at themoment
of the measurement. After the eruptive cycle, in the period August
2011–December 2017, no anomalies were detected in Craters 1, 2,
and 4, whilst in Crater 3, very sporadic anomalies were measured,
with Qvolc variable from 0.13 to 1MW up to May 2017 (Figure 5).
Between June and December 2017, a fast increase in Qvolc was
observed, starting with 0.34MW (18th June) up to 20MW (28th
December; Figure 5). During the September 2010–December 2017
period, the Crater 1 fumarolic field maintained its behavior,
producing sporadic thermal anomalies with Qrad variable between
0.12 and 0.7MW (Figure 5).

January 2018–December 2020
On July 8, 2018, the first thermal anomaly was identified in
Crater Lake 1 (Qvolc 1.4 MW; Figure 5), which occurred during
the autumn–winter seasons, when the lake is typically frozen.
The presence of the thermal anomaly is coincident with a short-
lived (16 days) defrosting of the lake. In the following months,
the crater was characterized by the presence of snow patches in
the crater bottom and several fumarolic vents, the last
producing thermal anomalies with Qvolc variable between
0.42 and 1.2 MW (Figure 5). In October 2018, the nested
crater in the southwestern flank of the Crater 1, which
started to be formed in January 2018 (Historical Eruptive

FIGURE 7 | A sequence of PlanetScope images in natural color showing the Peteroa volcano crater lakes during autumn (A), winter (B), spring (C), and summer (D)
seasons. Additionally, PlanetScope images in natural color show strong degassing and eruptive plume on October 25, 2010 (E) and December 14, 2018 (F),
respectively.
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Activity in the Period 1984–2020), began to emit gas and tephra
plumes (Figure 9). Between November 2018 and May 2019,
although the lake was present, it was smaller in comparison with
the previous years in the same seasons and was completely
absent for short periods. This period is coincident with the
maximum Qvolc recorded on December 22, 2018 (6.6 MW), and
April 21, 2019 (7.1 MW; Figure 5). On 6th and 7th December
2018, for the first time thermal anomalies were recorded in the
nested crater using Landsat SWIR bands (Figure 9; Table 2).
After May 2019 and up to early November 2019, no lake was
observed (only snow patches between June and early August,
and a few days in September), no thermal anomalies were
recorded, and gas plumes were constantly emitted from the
nested crater. From November 2019 up to December 2020,
Crater 1 was characterized initially by the presence of a lake
(November 2019–April 2020) and subsequently, by its total
absence (snow patches were observed during late May–early
June 2020). The activity in the nested crater for the same period
was characterized by a constant emission of gas plumes, with
very sporadic tephra explosions, and since August 2020 thermal
anomalies were recorded by the Landsat SWIR bands (thermal
radiance between 0.7 and 17 W/m2μmsr; Figure 9 and Table 2).
Along the eruptive activity of the nested crater, the Crater 1
fumarolic field (Figure 1) showed similar behavior (intermittent
thermal anomalies) and heat fluxes (0.12–0.16 MW) than
previous periods (Figure 5). However, a sustained increase of
the heat fluxes was observed since May 2020, with a peak of
1 MW on December 11, 2020.

Between January 2018 and January 2019, a renewed and strong
thermal activity was recorded in Crater Lake 3, following the
increased thermal activity observed in the previous period
(started on June 18, 2017), measuring several peaks of Qvolc

on 20th January, 21st February, 25th March, 29th November,
and December 31, 2018 (24, 20, 22, 20, and 20 MW, respectively;
Figure 5). The increase of the thermal activity is partially
coincident with the increase in the eruptive and thermal
activity in Crater Lake 1. However, in the next 2 years
(2019–2020), very low Qvolc were measured due to the
decreasing activity.

According to the Planet Labs Inc. images, in the period
reviewed here (January 2018–December 2020), Crater Lakes 1,
2, and 4 showed a regular behavior considering area of the lakes
and their states, being liquid and having their bigger areas during
summer, whereas frozen lakes were present during winter and
partially in spring and autumn. The only exception occurred in
Crater 1 during spring and the beginning of summer 2020–2021
(December 2020) when the lake was completely absent, probably
due to the intense thermal activity of both the nested crater and
Crater 1 fumarolic field. The color of the lakes was relatively
regular in the Craters 1, 2, and 4. Lake 1 was mostly blue, although
in some periods it appeared in brown, dark brown, and green
colors. Lake 2 was permanently turquoise, although in the
summer of 2019 and 2020 it changed to green and brown
color, respectively. Lake 4 is mostly brown, but at the
beginning of summer season changed to blue or turquoise
colors (Figure 6).

FIGURE 8 | (A) RapidEye image (natural color) showing the crater lakes on October 3, 2009. (B) Landsat TM Thermal Infrared Band (TIR) showing the thermal
anomaly on Crater Lake 3 (October 3, 2009). (C) RapidEye image (natural color) showing the crater lakes on November 15, 2011. A gas plume emitted from Crater 3 is
also shown. (D) Landsat TM Thermal Infrared Band (TIR) showing no thermal anomalies (November 17, 2011).
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FIGURE 9 | A sequence of PlanetScope images (natural color) showing the evolution of the nested crater in Crater 1 on January 12, 2018 (A), May 5, 2018 (B), May
12, 2018 (C), and March 22, 2019 (D). Landsat OLI images (combination 765 in RGB) showing the nested crater without [May 5, 2018; (E)] and with thermal anomaly
[December 6, 2018; (F)]. Landsat OLI images (TIR bands) showing the thermal anomaly in Crater Lake 3 [May 5, 2018; (G)], and Crater Lakes 1 and 3 [November 4,
2018; (H)]. Landsat OLI image showing the nested crater with thermal anomaly on August 21, 2018, combination 765 in RGB (I) and TIR band (J).
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At the beginning of the period, between January and
September 2018, intense evaporation was observed from
Crater Lake 3, which produced a permanent gas/steam plume.
This activity correlates with the high Qvolc measured in the same
period. In the following months, the behavior of Crater Lake 3
had no correlation with the meteorological seasons, being mostly
in liquid state (78% of the images reviewed), whereas frozen and
mixed liquid + ice lakes appear in 11% of the images, and 11%
absence of lake. Since January 2019, the Crater Lake 3 area has
decreased to 56% of the average area in the last 9 years, whilst the
color of the lake underwent changes from the regular turquoise
color to blue and white.

DISCUSSION

Cyclic Thermal Activity
Thermal Cycle 1 (September 1986–July 2011)
The thermal activity of Peteroa volcano has varied through time
in concordance to the eruptive activity. Since October 1984,
thermal activity was recorded exclusively in the Crater 1
fumarolic field, whilst Crater Lake 2 started with a continuous,
but decreasing, thermal activity since January 1986 (Figure 5).
We interpret the decreasing thermal activity in Crater Lake 2 as a
remnant heat related to the unrest activity between 1959 and
1967, which occurred in that crater (González-Ferrán, 1995).

In September 1986, the appearance of a new fumarolic field in
the current position of Crater 3 can be cataloged as a precursor
activity previous to the eruptive cycle recorded in February 1991,
which finished with the creation of Craters 3 and 4.
Complementary, the sustained increase of Qrad in the
fumarolic field since September 1986 up to the eruption in
February 1991 (Figure 5) supports our interpretation.

After the eruptive period in February 1991, and for the next
∼20 years, the thermal activity was continuous in Crater Lakes 2, 3,
and 4. In the case of Crater Lakes 2 and 4, both lakes showed very
similar thermal behavior, correlating very well with the increase in
degassing between October 1998 and February 2001, when an
increase in Qvolc was observed, reaching a peak inMarch 2001, and
then a progressive descending after February 2001, in coincidence
with the absence of superficial activity up to December 2009. In the
case of Crater 3, it seems that the thermal activity in the lake was
initially not completely coupled with Craters 2 and 4, especially
during the increased degassing in the period October
1998–February 2001. In fact, the highest Qvolc was measured in
February 2005. However, after February 2005 its decreasing
thermal activity is coincident with the decrease of Qvolc in
Craters 2 and 4, suggesting that thermal activity between the
three craters is linked. At the end of the ∼20 years of
continuous thermal activity in the three crater lakes, the
thermal activity disappeared in Crater Lakes 2 and 4, whereas
in Crater 3 Qvolc remained with minimum values since April 1991.

In January 2010, eruptive activity was detected in Crater 3,
characterized by phreatic explosions. This was followed by an
eruptive episode that started in September 2010 and lasted
10months (up to July 2011). We suggest that this eruptive
activity is the last event related to thermal cycle 1 of Peteroa volcano.

Transitional Period (August 2011–May 2017)
This period was characterized by occurrence of thermal activity
exclusively in Crater Lake 3, with sporadic presence of thermal
anomalies (Qvolc <1 MW; Figure 5). We interpret that this
transitional period corresponds to a residual heat after the
intense thermal activity related to cycle 1.

Thermal Cycle 2 (June 2017–December 2020)
During June 2017, the thermal activity in Crater Lake 3 increased,
and in July 2018, a thermal anomaly was recorded for the first
time in Crater Lake 1. These anomalies are coincident with the
formation of a new nested crater in the southwestern flank of
Crater 1, and an eruptive episode between October 2018 and
April 2019. Similarly to thermal cycle 1, we suggest that the
previously described thermal activity in Crater Lakes 1 and 3 is
precursor of the eruptive activity recorded since October 2018.
Since December 2018, thermal activity has also been recorded in
the nested crater, being detected in SWIR bands (for first time
along the studied period), and the Crater 1 fumarolic field showed
an increase in Qrad from May 2020, after decades of intermittent
and irregular thermal activity not correlating to previous eruptive
activity and thermal cycles. No thermal activity was observed in
Crater Lakes 2 and 4 (Figure 5).

In this period all craters presented a regular behavior, with a
liquid lake during summer and partially during late spring and
early spring, whereas frozen and liquid + ice lakes occurred
during winter, late autumn, and early spring. The only
exception corresponds to Crater Lake 3, especially during
2017, where the lake was present in liquid state also during
autumn, winter, and spring. Since March 2018, the lake area in
Crater 1 decreased progressively, disappearing completely in
April 2020, whereas Crater Lake 3 decreased in area since
January 2019 from ∼15,000 to ∼5,000 m2 (Figure 6).

The 1) detection of thermal anomalies in Crater Lake 1 and the
nested crater, 2) decreasing of the area in the Crater Lakes 1 and 3,
3) increase of thermal activity in the Crater 1 fumarolic field and
Crater 3, and 4) previous of eruptive activity in the period
December 2018–April 2019 all suggest a second thermal cycle.
In this cycle, Crater Lakes 1 and 3, Crater 1 fumarolic field, and
the nested crater are involved and directly linked.

Relationships Between Migration of
Thermal/Eruptive Activity, Fluid Pathways,
and Magma Sources
The migration of eruptive and thermal activity has been clearly
observed in Peteroa volcano. Eruptive activity during the 20th
century was concentrated mainly in Crater 2 (González-Ferrán,
1995). In fact, the first thermal activity detected with Landsat
imagery in Peteroa volcano was in Crater 2 (Figure 5). However, at
the beginning of thermal cycle 1, the activity migrated to the new
fumarolic field located in the current position of Crater 3, and after
the eruptive activity of February 1991, when Crater 3 and 4 were
formed, the thermal activity was concentrated in the Craters 2, 3,
and 4. At the end of thermal cycle 1, the thermal and eruptive
activity were concentrated exclusively in Crater 3. Subsequently, in
thermal cycle 2 the thermal activity was still active in Crater 3, with
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the thermal and eruptive activity concentrated in Crater 1. The
migration has been accompanied by simultaneous thermal activity
in at least two craters, which suggests an interconnection between
the fluid pathways that feed the crater lakes. In fact, the formation
of Craters 3 and 4 during the eruptive activity of February 1991
evidences that fluid pathways are related and/or connected to each
other. Additionally, we suggest that Crater 2 was partially
connected with Craters 3 and 4, considering the simultaneous
thermal activity early in thermal cycle 1 with the fumarolic field,
and subsequently, the coincident thermal activity of Crater Lakes 2,
3, and 4. Similarly, early in thermal cycle 2, the coincident thermal
activity of Crater Lakes 1 and 3, including the precursory activity of
October 2018–April 2019 unrest, could be a consequence of an
interconnection of fluid pathways between these crater lakes.

The migration of eruptive/thermal activity, and the possible
interconnection of crater lakes, could be partially explained by the
presence of more than one magmatic source. Romero et al. (2020)
showed that eruptive products related to the activities of the
scoria cone in 1937, February 1991, and October 2018–April
2019, had basaltic andesite, andesitic-to-dacitic, and andesitic
compositions, respectively. These three eruptions involved
juvenile products, whereas eruptive products from September
2010–July 2011 were constituted only by lithics fragments,
without juvenile products, and a wide range of compositions,
including from basaltic andesites to rhyolites. Similarly, Tassi
et al. (2016) showed that fumarolic gases from Crater 2 varied
their compositions in the period between February 2010 and
March 2015. Fumarolic fluids emitted between 2010 and 2011
were sourced from a basaltic magma body, fumarolic fluids
released during 2012 had compositions related to a more
degassed dacitic body, whereas gases sampled in 2014 and
2015 showed compositions compatible with a mixing of fluids
from both sources. Consequently, both gas and rock
geochemistry data show evidence of the existence of at least
two magmatic sources. We suggest that those magmatic sources
are feeding and connecting the crater lakes, and sourcing the
fluids released and the eruptive products, individually and/or
mixed, in different periods of time. Probably the location of the
magmatic sources, and how these sources are connected to the
craters that host the acid lakes, dictate the migration of the
thermal/eruptive activity.

Energy Balance of Peteroa Volcano Crater
Lakes
According to our data (Supplementary Table S1), and the
previously exposed relation between Qvolc and eruptive
activity, the energy balance of four crater lakes in Peteroa
volcano is primarily controlled by volcanic activity, and
partially affected by seasonal effects. In fact, the variations of
Qvolc, Qrad, Qevap, and Qcond were directly controlled by the
eruptive activity, the increase/decrease of degassing (in both
fumarolic fields and lakes), and the activity of the crater lakes.
Qvolc from crater lakes and Qrad both from crater lakes and
fumarolic fields showed a close relation with the occurrence of
eruptive activity, changes in the crater lakes, and degassing
processes, especially in the cases previous to February 1991

eruption, with increasing degassing in the period October
1998–February 2001, and before, during, and after the eruptive
process between January 2018 and May 2019. On the contrary,
before and during the eruptive activity for the period September
2010–July 2011, a fast decrease in Qvolc and Qrad was recorded,
lasting for several years after this unrest period. Qcond and Qevap

showed similar behavior, although they are partially influenced
by seasonal effects, as it is reflected in the oscillatory behavior of
Qvolc (Figure 5). The oscillation is caused by the decrease in
evaporation and conduction during the winter season (partially in
spring and autumn), when the crater lakes are totally or partially
frozen. Despite this, we reduced the seasonal effects by use of
fixed atmospheric parameters such as wind speed, atmospheric
pressure, and precipitation rate, which could be strongly
dependent on seasonal effects (Uncertainties Related to
Atmospheric Parameters). Qevap, and consequently Qcond, are
dependent on the lake area, which is partially controlled by
seasonal effects. However, it has been observed that the
variation of lake areas is strongly influenced by the eruptive
activity, especially in the cases of Crater Lakes 1 and 3 (e.g.,
2010–2011, and 2018–2020 unrest activity; Aguilera et al., 2016;
Romero et al., 2020). Additionally, it is noteworthy that the
oscillatory behavior of Qvolc is strongly controlled by the
absence or limited data due to total or partial cloud coverage
over crater lakes, producing an underestimation of Qvolc,
especially in cases when total cloud coverage occurs, where
Qvolc � 0 (Figure 5). Although seasonal effects do not totally
mask the primary volcanic activity in a long-term assessment of
the Qvolc, they must be taken into account when short periods of
time are considered, since some climate factors (e.g., evaporation)
can cause under or overestimation of Qvolc, during winter and
summer seasons, respectively. In the case of Qsun and Qatm, they
showed a very limited influence on Qvolc, whilst Qcond-volc is
negligible as was indicated previously in the Heat Flux
Calculations.

The highest Qvolc recorded on Peteroa volcano was reached
during a quiescence period, specifically in January 2006,
corresponding to 59 MW, when three craters were thermally
active (Craters 2, 3, and 4). Individually, the peak of Crater
Lake 1 occurred at the end of October 2018–April 2019 eruptive
activity (April 2019, 7.1 MW), and in Crater Lakes 2 and 4
immediately after the increase in degassing period between
October 1998 and February 2001 finished (March 2001, 38
and 23 MW, respectively), and the peak of Crater Lake 3
occurred during a quiescence period (January 2005, 31 MW).
According to those Qvolc, Peteroa volcano can be considered at a
global scale as a low volcanic heat flux system. Similar Qvolc has
been found during quiescence periods in Copahue
(Chile–Argentina) (7–45 MW; Varekamp et al., 2001),
Ruapehu (New Zealand) (50 MW; Hurst et al., 2012), Ebeko
(Kuril Islands, Russia), and Quilotoa (Ecuador) volcanoes (69 and
72 MW; Pasternack and Varekamp, 1997), whereas moderate-to-
high Qvolc have been measured at 68–111 Kawah Ijen (Indonesia)
(Lewicki et al., 2016) and Poás (Costa Rica) volcanoes ∼200–600
(Rowe et al., 1992). As a comparison, volcanoes during unrest
periods could reach high Qvolc like the cases of Ruapehu volcano
(265 MW; Hurst et al., 2012) and Kawah Ijen volcano

Frontiers in Earth Science | www.frontiersin.org October 2021 | Volume 9 | Article 72205616

Aguilera et al. Peteroa Volcano Crater Lakes Evolution

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


FIGURE 10 | Conceptual model of Peteroa volcano evolution between 1984 and 2020. (A) Pre-Stage 1 (1984-January 1991). (B) Early Stage 1 (February
1991–August 2010). (C) Late Stage 1 (September 2010–July 2011). (D) Stage 2 (June 2017–December 2020). Presence/absence of thermal anomalies and behavior of
Qvolc and Qrad are also shown. Model not to scale.
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(289–430 MW; Lewicki et al., 2016). The low volcanic heat flux
emitted from Peteroa volcano can be explained by the small size
of the crater lakes, and probably by the limited contributions from
magmatic sources to the lakes (Aguilera et al., 2016), which
prevent higher volcanic heat fluxes. This behavior is very
similar to that observed on Copahue volcano, previous to the
eruptive activity of 2012 (Caselli et al., 2016). Consequently,
despite the frequent eruptive activity on Peteroa volcano, the
scarce magmatic inputs produce low Qvolc during unrest periods.
This is clearly observed in its thermal precursory activity, which
starts when thermal activity is very low or absent. Consequently,
the occurrence of medium-to-high Qvolc in Peteroa volcano could
be considered as an increase of the magmatic inputs, and a
precursor of major future eruptive activity.

CONCLUSION

We conclude that only two major eruptive/thermal cycles have
occurred at Peteroa volcano in the period 1984–2020; the first one
represented by the formation of a new fumarolic field and Craters
3 and 4, followed by the thermal activity of Crater Lakes 2, 3, and
4, which were directly related to strong degassing process
occurring between October 1998 and February 2001 (Figures
5, 10). This process finished with the September 2010–July 2011
eruptive episode. The second cycle is represented by the
reactivation of Crater Lake 3, detection of the thermal activity
in Crater Lake 1, formation of the nested crater in Crater 1,
occurrence of the eruptive episode between October 2018 and
April 2019, and an increase of the thermal activity in the Crater 1
fumarolic field and the nested crater (Figures 5, 10). The increase
of thermal activity in the new fumarolic field located in the
current site where Crater 3 is present (early thermal cycle 1) and
the increase of Qvolc in Crater Lakes 1 and 3 (early thermal cycle
2) can be considered as good examples of how thermal
information from satellite images can be used to detect
possible precursors to eruptive activity, even in volcanoes with
low volcanic heat fluxes, like the case of Peteroa volcano.

One of the most important findings is that we have observed
the migration of the thermal/eruptive activity, and the
interconnection of fluid pathways that feed the crater lakes
(Figure 10). Both processes seem to be partially related to the
existence of at least two deepmagmatic sources, which are feeding
the craters that host the acid lakes.

The Qvolc in the four crater lakes are primarily controlled by
volcanic activity, whereas seasonal effects can affect the Qvolc at
short-term, whilst at long-term the seasonal effects do not show
major influence. The highest Qvolc on Peteroa volcano was
measured during a quiescence period (59 MW), which
included thermal activity in three crater lakes (lakes 2, 3, and
4). During unrest periods, Qvolc in single crater lakes varied from
7.1 to 38 MW, which still corresponds to low volcanic heat flux.

Consequently, we expect that future medium-to-high Qvolc could
be considered as a possible precursor to major magmatic-
dominated eruptive activity.
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