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a b s t r a c t
Fumaroles are hydrothermal manifestations commonly associated with active volcanoes. The dynamics of fumaroles are affected by interactions with internal and external factors, however, hazardous access and corrosive
gases have so far limited successful case studies. In this study we report and discuss the results of continuous
thermal monitoring carried out on three high temperature (N 250 °C) fumaroles at the Lastarria volcano Chile, together with simultaneously measured meteorological parameters from December 2013 to March 2016. In addition, the dynamic pressure and the CO2 concentration were recorded in a fourth vent. The investigated sites are
located in the largest and most dominant fumarole ﬁeld which developed in a fracture system on the north-west
ﬂank of the volcanic ediﬁce.
We detect external factors controlling the fumarole temperature and the dynamic gas pressure, for a better
understanding of changes in these parameters and, consequently, to improve the evaluation of volcanic and
hydrothermal activity.
Selected fumaroles showed a continuous decrease in temperature, or remained unbiased from this trend showing that the inﬂuence of external effects on outlet temperature is strongly site dependent. But generally, signiﬁcant decreases in all vent temperatures can be observed in response to intensive precipitation. Diurnal variations
occur only in the coolest fourth fumarole, where gas temperature, gas pressure and CO2 concentration are
inversely correlated with atmospheric pressure. Small barometric pressure reductions account for an increase
in mass ﬂow subsequently resulting in a higher temperature and CO2 concentration.
The temperatures and thermodynamic properties of the fumarolic gas and inﬁltrated precipitation water were
used to calculate the amount of discharging gas from the investigated ﬁeld with about 67 × 106 m3 per day
which is equivalent to 3545 tons.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
One approach to accurately evaluate the activity status of a volcanic
and hydrothermal system is the systematic and continuous monitoring
of the temperature, ﬂow rate and chemical composition of volcanic
gases discharging at vents. These parameters can indicate changes in
the thermal and chemical regime inside the volcano such as conduit
geometry, changes in the source gas temperature and variation in the
depth of the magma. In literature, many examples are reported, where
fumarole temperatures rose prior to volcanic eruptions due to variations in the ﬂuxes of deep hot gases (Tedesco et al., 1991), where the
temperature in ground waters increased in advance of an eruption
⁎ Corresponding author.
E-mail address: weihei@gfz-potsdam.de (M. Zimmer).

(Badrudin, 1994) or where a coupling with high levels of seismicity
around a volcano (Ohba et al., 1994, Milluzzo et al., 2010, Cannata et
al., 2012) or at larger distance was shown (Harris and Ripepe, 2007).
But also several exogenous factors, including atmospheric pressure,
wind speed and direction (Connor et al., 1993, Granieri et al., 2003,
Liotta et al., 2010, De Gregorio et al., 2013) might inﬂuence a fumarole's
temperature and gas ﬂux. Furthermore, substantial decreases in fumarole temperatures can occur in response to intensive rainfall (Zimmer
and Erzinger, 2003, Friedel et al., 2004, Richter et al., 2004; Madonia et
al., 2008). To distinguish between meteorologically initiated variations
and endogenously induced volcanic and hydrothermal processes on
the fumarole temperature, long term and continuous temperature
data and simultaneously recorded weather conditions are needed.
Up to now, only a few studies have concentrated on a long term temperature monitoring on volcanoes and most of these investigations
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were performed in low temperature fumaroles (e.g. Aubert et al., 2008,
Pecoraino and Giammancol, 2005, Madonia et al., 2008), whereas
continuous high temperature fumarole records remain seldom (e.g.
Connor et al., 1993, Zimmer and Erzinger, 2003, Faber et al., 2003, Liotta
et al., 2010, Diliberto, 2011, 2013).
In this work we present the results obtained from monitoring some
high temperature fumaroles at the Lastarria volcano, Chile. Data cover
27 months and reveal the inﬂuence of rainfall and atmospheric pressure
on the temperature and the dynamic pressure of the discharging gas.
The amount of venting gas using the thermodynamic properties of the
volcanic gas and the measured amount of inﬁltrated precipitation was
calculated.
Lastarria is a Holocene ~ 5700 m high strato volcano situated at
the border of Chile and Argentina in the Central Andean Volcanic
Zone. The region received intense scientiﬁc and public attention after
a satellite radar data study revealed a N1000 km2 large upﬂift zone
(Pritchard and Simons, 2002). The uplift rates and inferred magma
volumes are comparable to those at Yellowstone caldera (Ruch et al.,
2008). Lastarria is located on the northern perimeter of this uplifted
area, and hosts shallow expanding reservoirs (Froger et al., 2007,
Spica et al., 2015).
The Lastarria volcanic ediﬁce is younger than 0.3 Ma and petrographically composed of hornblende-plagioclase andesites to dacites
(Trumbull et al., 1999). The underlying formations are composed
of Upper Miocene-Lower Pleistocene andesitic to dacitic lava ﬂows,
domes and dacitic ignimbrites (Aguilera et al., 2012).
Although no historical eruptions are known, Lastarria is characterized by an intense fumarolic activity. Three distinct fumarolic ﬁelds
are located in the summit craters and one on the north-west ﬂank
along a fractured permeable zone at 5000 m asl. The largest fumarole
ﬁeld at the north-west ﬂank, with a length of approx. 500 m and a
width of about 50 m, covers an area of about 0,23 km2 (Fig. 1). In this
ﬁeld, fumarolic gases percolate to the surface through random cracks
and ﬁssures (Naranjo, 1985). They are considered to originate from
magma degassing at depths between 7 and 15 km (Froger et al.,
2007). Two different fumarole types have been speciﬁed by Aguilera
et al. (2012), (i) fumaroles showing temperatures b96 °C consisting of
water saturated vapors separated from a liquid phase and (ii) high temperature fumaroles N 120 °C with superheated vapor and an equilibrium

temperature ranging from 249 °C to 309 °C. The degree to which these
fumaroles respond to meteorological changes remained to be studied.
Lastarria lies in the hyperaride transition zone between summer and
winter precipitation regimes (Arroyo et al., 1998). The annual precipitation is estimated to vary between 20 and 50 mm with about 50% in
winter time (Messerli et al., 1993). Vuille (1996) suggests that the
amount of precipitation is highly underestimated. Nevertheless, the
amount of water deriving from local groundwater in the emitted fumarole gas is small (Chaffaut et al., 1998) and the δ18O and δD values
reported by Aguilera et al. (2012) are in the range of andesitic water
deﬁned by Taran et al. (1989). Lastarria is an ideal place to study the inﬂuence of precipitation on fumarole temperature.
2. Data and methods: location of installation, instruments and
techniques
Fig. 1 illustrates a drone photo of the fumarole ﬁeld on the northwest ﬂank and the locations of the technical set-up. The fumaroles monitored for temperature from 1st December 2013 to 31st March 2016 are
denoted as F1, F2 and F3. The dynamic gas pressure was recorded inside
F4 from 29th March 9:00 h to 30th March 21:00 h (local time), until the
device was destroyed due to corrosion whereas the CO2 concentration
was measured in the soil at a depth of 60 cm and a distance of 2 m
from F4 from 1st December 2013 to 31st March 2016. All data were
recorded at one-minute intervals.
The temperatures of the volcanic fumaroles were monitored
throughout the experiment using Pt 100 industrial platinum resistance
temperature sensors, which were inserted 40 cm deep into the fumaroles. The maximum application temperature is 850 °C with an accuracy
of ±0.7%. The temperature sensors were coated with 60 cm long gastight ceramic protective tubes consisting of Rubalit C 799, manufactured
by CeramTec GmbH, Germany. The dynamic gas pressure in a fumarole
was measured with a custom-made pitot tube (Fig. 2).
The pitot tube consists of a 30 cm long ceramic tube connected to a
50 cm long Teﬂon tube, both with an inner diameter of 8 mm. The
ceramic end of the tube system was placed into F4 whereas a differential
pressure sensor (SCX01 DNC, Honeywell US) was connected to the
Teﬂon end of the tube outside the fumarole. The sensor automatically
measured the difference between the dynamic pressure in the interior

Fig. 1. Location of the investigated fumarole ﬁeld on the north-west ﬂank of Lastarria volcano with measuring sites and technique setup.
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thus, primarily blown in the opposite direction. Electric power for the
station was provided using 2 solar panels with 30 W maximum output,
each.
All data were transferred once a day via a Wireless-G Broadband
Router (LINKSYS, Cisco Systems, Inc., US) to a relay station at the basis
of the volcano at a distance of about 2 km where a Weather Transmitter
(WXT520 Vaisala) was also setup. The relevant meteorological parameters, such as atmospheric pressure and temperature, wind direction and
speed, humidity, precipitation intensity and the accumulated amount of
precipitation in liquid equivalents were acquired from 1st December to
31st March 2016 at this location. As the weather station is located at the
basis of the volcano (4500 m), the precipitation is mostly rain whereas
at the fumarole area due to the higher altitude (5000 m) and low air
temperatures snowfall is predominant, but snow immediately melts
on the ground of the fumarole ﬁelds. The station quantiﬁed the temporal weather variability from minute to minute.
From the relay station, the data were transmitted with a SABRE
RangerCA satellite terminal, Addvalue Communications Pte Ltd., Singapore and Inmarsat's Broadband Global Area Network (BGAN) to the
GFZ in Potsdam.
As the volcano is located in a very remote area at a high altitude with
difﬁcult accessibility, the system was optimized, to be a robust standalone, low-maintenance and reliable device.
3. Results
3.1. Atmospheric pressure at the north-west ﬂank of Lastarria

Fig. 2. Pt 100 temperature sensor (A) and pitot tube system for gas velocity measurements
(B).

of the tube and the surrounding atmosphere. The maximum range
of the sensor is 70 hPa with a resolution of 0.2 hPa. As the dynamic
pressure inside the tube directly depends on the gas ﬂux velocity, it
can be used to measure the speed of the discharging fumarole gas
according:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2  ΔP
ρ

The mean air pressure over the monitoring period amounts to
566.5 hPa with a maximum of 601.6 hPa and a minimum value of
558 hPa. The relative low air pressure at Lastarria's north-west slope is
due to its high altitude. It can be calculated with a simpliﬁed barometric
formula, where, as reference pressure, the conditions of the international standard atmosphere (288.15 K, 1013.15 hPa,) and a constant temperature gradient of 0.65 K/100 m are inserted (Roedel, 2000). For an
altitude of 5000 m a.s.l. a barometric pressure of 540.2 hPa is calculated,
which is about 5% lower than the measured pressure. The difference can
be accounted for due to (i) the simpliﬁcations used in the formula and
(ii) the local climate and weather conditions. On a daily basis, the pressure starts rising in the late morning, reaches a daily maximum from
noon till evening and drops to the daily minimum in the night (Fig. 4).
The trend corresponds to typical atmospheric conditions generated by
daily air and temperature variations.

ð1Þ

3.2. Gas temperature and precipitation between December 2013 and April
2016

v = velocity (m/s)p = gas density (kg/m3)ΔP = differential pressure
(Pa)c = coefﬁcient of the pitot tube.
The gas density was calculated for 105 °C and 567 hPa at a composition of 86 vol% H2O, 13 vol% CO2 and 1 vol% SO2, which reﬂects approximately the average main gas composition of the fumarole ﬁeld
investigated by Aguilera et al. (2012) and the ambient atmospheric
pressure. The coefﬁcient of the pitot tube is a dimensionless number
depending on the speciﬁc gas drag forces and normally slightly below
one. As we have no information on this number for our custom made instrument it was set to one which might lead to a small but systematic
velocity overestimation. The CO2 concentration was determined using
a Vaisala CARBOCAP® Carbon Dioxide Probe (GMP 343 Vaisala Oyj,
Finland). Its measuring range is 0–20,000 ppm with an accuracy of
±5 ppm.
All sensor signals were transmitted via 150 m to 500 m long screened
four-wire cables to a data logger (ADL-MX MEIER-NT, Germany) in a
water tight box, westwards outside the fumarole ﬁeld. As at this location
continuous westerly winds prevail for most time, the acid gases were,

Fig. 3 shows the continuous record of the temperatures of fumaroles
F1, F2 and F3 as well as the actual amount of precipitation. Gaps in data
are due to technical problems (broken equipment or interruption in the
data transmission).
Apart from a distinct temperature drop in May 2014, the temperature of F2 gradually decreased from 310 °C in December 2013 to 160
°C in December 2014. After repairing the thermometer and the successful restart of the measurement in March 2016 the temperature showed
the same level as in December 2013.
In contrast, and disregarding the abrupt temperature drops in May
2014 and March and August 2015, the temperature of F1 was relative
constant throughout the documented time period revealing an average
value of 354.5 °C with a variation of only ±2.5 °C. The recorded temperature of F3 in December 2013 was on average 277 °C, followed by a relative long data gap. Except for the sudden temperature drops, T3 varies
by ± 13 °C. The courses of the temperatures in F1 and F3 are hence
relative conform and maxima and minima of both data sets overlap.
The power spectra of the gas temperature time series reveals a 24 h
cycle as main periodicity. This excludes a preliminary inﬂuence of the

v¼c
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Fig. 3. Continuous temperature and precipitation record from December 2013 to April 2016 at Lastarria volcano.

strongest lunar-solar tidal force occurring about every 12 h and 25 min.
Furthermore, there is no evidence for a correlation with LP and VT
seismic events detected by Sernageomin. These events are not localized
as only two seismic stations were operated at Lastarria.
The observed abrupt decreases in temperature correlate with heavy
precipitation events. The cooling lasts for hours to weeks, depending on
the amount of precipitation. In general, rainfall in the area of the
Atacama Desert is very rare, but three periods of precipitation can
be identiﬁed as follows: 3.1 mm in May 2014 within 2 h, 50 mm in
March 2015 during 32 h and 2.5 mm in August 2015 for a total of 2 h.
In all cases, the different fumarole temperatures show a high temporal
correlation and similar cooling rates (Fig. 3). The decrease in temperature commenced 2 h after the precipitation started and reached its minimum in F1, F2 and F3 8 h afterwards.
In May 2014 F1 cooled by 57 °C and F2 by 62 °C after 3.1 mm precipitation. In August 2015 the temperature sank only merely by 44 °C and
by 45 °C in F1 and F3 respectively at only 2.5 mm precipitation. On these
two occasions the recorded variations suggest a direct correlation
between temperature variations and rainfall amount. Moreover the
inﬁltration rate of the precipitation water into the ground is similar all
over the fumarole ﬁeld.
Immediately after the lowest temperature values were reached in
May 2014 and August 2015, the temperatures started to rise simultaneously but at different rates. The previous temperatures in F1 and F2
were reached after 15 h and 36 h in May 2014 and 10 and 20 h in August
2015 at F1 and F3, respectively.

In contrast to the above described precipitation events, in March
2015 the temperature in F1 and F3 sank to the same value of 84.5 °C
and remained constantly low before it increased simultaneously again
after three days. The initial temperature was achieved in F1 and F3
after 7 days and 16 days, respectively. As the energy for heating is mainly transported by the fumarolic gas, the different rates of reheating can
be explained by different heat ﬂows associated to the steam release of
the speciﬁc fumaroles.
3.3. Dynamic gas pressure and temperature, atmospheric pressure and CO2
concentration
Fig. 4 shows the calculated gas velocity in F4, the CO2 concentration,
the air pressure and the temperatures of the fumaroles F1–F3. A diurnal
variation of the recorded parameters is evident in the F4 fumarole,
moreover an inverse correlation can be observed between air pressure
and the other parameters. At the same time the effect of external variations appears negligible in the temperature records from the other
fumaroles (F1, F2 and F3).
On the ﬁrst day, at 9:00 h the highest temperature and gas velocity were registered in F4 with about 105.3 °C and 39 km/h. At
the same time the maximum CO2 concentration was registered with
16,500 ppmv while the barometric pressure was at its lowest value,
(about 568 hPa). Until afternoon 17:00 h, the air pressure increased
by 3 hPa and the opposite trend was observed for the gas velocity
which sank by 3 km/h. The F4 temperature dropped by about 3 °C and
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Fig. 4. Atmospheric pressure, gas velocity, fumarole temperatures and CO2 concentration
for a 36 h period.

the CO2 concentration by 1345 ppmv. Afterwards, and inversely correlated with the dropping air pressure during the night from 4:00 h
until 8:00 h the next day, the temperature, CO2 concentration and gas
velocity increased again to values similar to the day before.
4. Discussion
High temperature fumaroles are prominent ﬂuid exhalations that
are found on numerous volcanic and geothermal sites. It was well
known that low temperature geothermal sites respond to external
triggers, but high temperature systems where thought to be relatively
stable. Here we present the results of a long-term data series generated
on high temperature fumaroles revealing clear and repeated coupling to
precipitation. The four studied fumaroles (F1–F4) are located in
the largest fumarolic area at the north-west ﬂank of Lastarria volcano
(Fig. 1).
During the experimental period a signiﬁcant decrease in the temperature of F2 was registered over several months whereas the temperature in F3 and F1 did not follow this trend. Therefore, we assume that
the time variations recorded in the fumaroles of Lastarria volcano do
not depend on a decrease in magmatic or hydrothermal activity. Such
local temperature changes and the migration of fumaroles have also
been observed at other locations, e.g. at Volcano Island (Diliberto, 2013).
More likely the successive break down of the sensor or processes
such as sealing of the local conduit and dislocation of the gas pathway
could account for the observed variations. Three major temperature
drops in F1 and simultaneously also in F3 and F2 due to precipitation
were registered. Except for March 2015, the fumarole cooling rate was

5

similar and correlated to the amount of precipitation on all occasions,
which indicates similar ground conditions and an equal water inﬁltration rate in the whole fumarole ﬁeld. The inﬁltration depth of water in
soil containing rock fragments and cracks as is the case at Lastarria
can be in the range of meters per hour (Brakensiek and Rawls, 1994,
Brown, 1968).
In contrast to the cooling phase, the reheating rate and the time
required to achieve the primary temperatures differed at the speciﬁc
fumaroles with the shortest time in the hottest vent. As the necessary
energy for heating is mainly transported via the fumarolic gas, the different rates of reheating can be explained by different gas ﬂuxes and
subsequent heat ﬂows. F3 required approximately twice the time for
reheating as compared to F1. Under the assumption of similar conduit
geometry, the heat energy transported by the gas in F1 might, thus, be
about 2 times that of F3. Accordingly the heat emission at F1 is 2.4
times that of F2.
A different situation was given in March 2015 with a 16 to 20 times
higher precipitation rate due to the El Nino effect in 2015 (Editorial
board, 2015). Here an equal minimum temperature of 84.5 °C in both
fumaroles was measured, which corresponds to the boiling point of
water at the ambient pressure (567.5 hPa). Furthermore, the reheating
did not start immediately as the temperature stayed constantly low for
three days in both fumaroles. Due to these observations, we assume that
a porous layer saturated with liquid water formed below the fumarole
ﬁeld due to the heavy precipitation. The temperature in the fumaroles
stayed constant until all liquid water vaporized from this layer. The vaporization enthalpy of water at 84.5 °C (Hv) was estimated with the
Watson equation to be 2306.7 kJ Kg−1 and the amount of water was calculated by the surface area of the fumarole ﬁeld (A) and the amount of
rain (B) to be 1150 m3. The range of fumarole ﬁeld was deﬁned as area
with soil temperatures above 0 °C determined with an infra-red camera
at night. The rain intensity at the fumarole ﬁeld at 5000 m altitude was
deduced from data of the meteorological station at 4500 m. As the
amount of precipitation at higher topographic altitudes is generally
higher (Basist et al., 1994) the amount of precipitation at the fumarole
ﬁeld may be underestimated. Liotta et al. (2006) found in Sicily about
20% variation of rainfall at altitudes differing to about 900 m.
The necessary energy to vaporize this water was provided by the
discharging volcanic gas composed of 86 vol% H2O, 13 vol% CO2 and
1 vol% SO2 with a heat capacity (Cpgas) of 1.81 kJ/kg K (Handbook of
Chemistry and Physics, 1976). The gas cools from 222.3 °C (T1), which
is the average temperature of all vents in the fumarole ﬁeld measured
by Aguilera et al. (2012) to 84.5 °C (T2). The required amount of gas
(G) was calculated with formula (2) to be 202 × 106 m3, which is
equivalent to 10.636 tons.
ðA  BÞ  H v
¼G
ðT 1 −T 2 Þ  Cpgas

ð2Þ

As the vaporization process lasted three days, 3545 tons of gas/day
was discharged. According to the gas composition reported by Aguilera
et al. (2012), this amounts to 2567 tons H2O, 945 tons CO2 and 32 tons
SO2 emitted per day from the fumarole ﬁeld at the north-west ﬂank.
The CO2 emission rate is in the range reported by Tamburello et al.
(2014) for Lastarria with a total of 973 tons day.
The daily variation of the low temperature fumarole F4 together
with the dynamic gas pressure change indicates that the temperature
is sensitive to mass ﬂow. The heat loss of the gas during its ascent to
the surface depends on the contact surface of the surrounding rocks
(length and geometry of the conduit) as well as on the gas velocity
and mass ﬂow. As the fumaroles' conduit geometry and depth of the
magmatic heat source is likely to be constant and not inﬂuenced by
the small and rapid daily atmospheric pressure changes, we assume
that only the gas ﬂow may locally ﬂuctuate. This gas ﬂow ﬂuctuations,
in turn, result in changes in gas velocity, fumarole temperature and
CO2 concentration as observed in F4. We note that the ﬂux estimation
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instrument we used was highly experimental and could not be further
tested at the other fumaroles. Moreover, missing information for the
drag coefﬁcient might lead to small but systematic bias in the velocity
measurements.
In contrast, the high temperature fumaroles F1, F2 and F3 show no
inﬂuence to atmospheric pressure changes. A similar observation is reported from other volcanoes, where fumaroles with low mean temperatures generally have greater daily variation compared to fumaroles
with higher mean temperatures (Connor et al., 1993).
At Lastarria, the different behaviour of the fumaroles with respect to
the sensitivity of pressure changes can be explained by their origin from
the two different gas types as deﬁned by Aguilera et al. (2012). The cooler F4 gas belongs to the low temperature gas group consisting of watersaturated vapor separated from a shallow boiling liquid whereas the hot
F1, F2 and F3 gas is superheated gas from a deeper source. A small pressure change at the surface can only inﬂuence the conditions in shallow
depths where an open conduit system exists. Here the small pressure
reduction leads to a decrease in the boiling point temperature, so that
more shallow water is vaporized which results in an increased gas
ﬂux in the fumarole.
Inverse correlations between barometric pressure and gas ﬂux have
also been reported from other volcanic areas e.g. Volcano Island
(De Gregorio et al., 2013), Vesuvio (Granieri et al., 2003) and Mammoth
Mountain (Rogie et al., 2001). These authors explain this relation by the
effect that rising air pressure retards the viscous gas ﬂux while decreasing pressure enhances the viscous gas ﬂux. This phenomenon can also
hold valid for Lastarria volcano.
5. Conclusion
The long term short periodic continuous temperature measurements at Lastarria volcano revealed a clear impact of meteorological
parameters, in particular precipitation and atmospheric pressure on
the fumarole temperature and the gas velocity. Essential in evaluating
volcanic and hydrothermal activity, is thus the consideration of weather
conditions. Therefore, to distinguish between variations induced by
endogenously volcanic processes on the fumarole temperature, and exogenously produced changes, all measurements must be accompanied
by simultaneously recorded meteorological parameters.
For the interpretation of fumarole temperatures in respect to estimated volcanic activity it is important to monitor several fumaroles distributed over a larger area as local processes can lead to temperature
changes at a given single spot which are not related to endogenous
volcanic or hydrothermal activity.
The high temperature fumaroles are affected signiﬁcantly by precipitation amplitude. A shallow aquifer was possibly replenished by inﬁltrating water due to heavy precipitation in March 2015, so that it
spread entirely under the fumarole ﬁeld. The gas output of the largest
fumarole ﬁeld was calculated taking into account the thermodynamic
properties of the fumarolic release, its cooling rate (monitoring data)
and the amount of inﬁltrated water (estimated value). Signiﬁcant
diurnal variations occurred predominantly in low temperature fumaroles, where small barometric pressure reductions account for an increase in mass ﬂow and subsequently for higher temperature and CO2
concentrations. Although the time span for the dynamic pressure measurement was short, it showed to be a very useful tool for continuous
volcanic and hydrothermal monitoring. Therefore, we plan to construct
a robust device which is more resistant to the harsh ﬁeld conditions at
the fumarole area over a longer time period and to then integrate it
into our temperature monitoring network.
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