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Foreword

By Dr. Eduardo Malavassi Rojas

Costa Rica has 5 active volcanoes and some of them present
(permanent or episodic) magmatic degassing that affects severely
the surrounding environment. Therefore, the challenges are to
learn how volcanic processes operate in order to attempt the
prediction of volcanic eruptions using a combination of volcano
geophysical and geochemical techniques, but also to learn
how to reduce the impact of volcanic emissions over human
settlements and their economic activities that develop around
the emission centers. As an example of volcanic impact, losses
to crops caused by the period of enhanced acidic deposition in
1994 at the surroundings of Pods volcano approached 1.5 million
dollars based on estimates made by the Costa Rican Agricultural
Extension Agency. About two thirds of the economic loss came
from lower productivity in coffee plantations.

These challenges were accepted by Universidad Nacional
(UNA) in 1974, when only a few months after its foundation,
the School of Geographical Sciences hosted a Latin American
meeting to discuss about national seismographic networks. In
addition, the Volcanology Section of the School of Geographical
Sciences of UNA started to work under the leadership of a
Chilean geographer, Juan Cevo, who only a few years before
participated in the documentation of the eruption of Villa Rica
Volcano in Chile. The Volcanology Section organized visits to
the active volcanoes of Costa Rica and purchased furniture and
reagents to organize a very basic chemistry laboratory. Visits to
the volcanoes were made periodically after 1978 with a clear
aim of initiating volcano monitoring. Nevertheless, systematic
monitoring of Costa Rican volcanoes started in 1980 when
a faculty member from UNA returned to Costa Rica after
finishing graduate work at the University of Hawaii and
an internship period at the Hawaiian Volcano Observatory
(HVO). In addition, start-up funds were made available to
Dr. Eduardo Malavassi to organize a volcano observatory by
the Costa Rican Council for Scientific and Technological
Research of the Ministry of Science and Technology of Costa
Rica at Universidad Nacional. In 1980, the Volcanological
and Seismological Observatory of Costa Rica at UNA
(OVSICORI-UNA) became the first volcano observatory in
Spanish speaking Latin America with permanent full time
personnel. During twenty-six years OVSICORI-UNA has
developed the monitoring of five active volcanoes in Costa Rica
using four methodologies: seismology, ground deformation,
description of external changes associated with volcanic activity
and geochemistry. Additionally, there has been a process of
training of human resources, accumulation of expertise and
baselines of active volcanism in Costa Rica. Ten members of
OVSICORI have devoted their time to volcano monitoring and
research over the last 15 years.

Interaction with foreign scientists produced important
exchanges that sponsored the initiation of volcano geochemistry
in Costa Rica in 1982-83. For example, Dr. Jean Louis

Chemineé and collaborators from France in association
with OVSICORI personnel sampled high-temperature
fumaroles using Giggenbach evacuated bottles at Arenal and
Pods volcanoes. Also, Dr. Richard Stoiber from Darthmouth
College and his senior graduate student, Dr. Stanley Williams,
in association with OVSICORI personnel made the first
COSPEC measurements at Pods and Arenal volcanoes, and
started acid rain studies at Pods volcano. An initiative of Dr.
Stoiber provided Costa Rica and Nicaragua, in 1983, with basic
classic analytical equipment to measure sulphate, chloride and
fluoride from fumarole condensates, acid rain, lake, and spring
waters collected from the active volcanoes. The grant provided
to Dr. Richard Stoiber by the Arthur L. Day Fund of the
American Endowment for the Arts, permitted OVSICORI’s
primary chemistry laboratory to grow into a volcanic waters and
condensates geochemistry laboratory, which was in operation for
over a decade. OVSICORT’s personnel were trained in sampling
and analytical techniques by Dr. Stoiber and Dr. Williams.

In 1984, OVSICORI-UNA received through the University
of California in Santa Cruz an AID grant to Dr. Karen
McNally to install a permanent seismographic network and a
programme to reduce earthquake hazards in Costa Rica. The
new seismographic network expanded the volcano-monitoring
programme by establishing one station near the summit of
each active volcano in Costa Rica to monitor both volcanic and
tectonic seismicity.

In 1992, the Laboratory of Atmospheric Chemistry of the
School of Chemistry of UNA (LAQAT) was founded and
started joint activities with OVSICORI-UNA in the topics
of volcanic emissions and geochemistry of volcanic lake
systems. The new arrangement with LAQAT allowed for the
introduction of HPLC instrumentation for the analysis of
volcanic fluids, the supervision of Dr. Juan Valdés Gonzilez, an
analytical chemist graduated from the Max Plank Institute in
Germany and the appointment of a chemist, Maria Martinez,
devoted to the analytical process. Thus, over the following
decade the group (OVSICORI-LAQAT) acquired more data
and basic understanding of the geochemistry of volcanic lake
systems and volcanic emissions (for instance, Martinez ef al.,
2000), but it became obvious that, in order to get better insights
of geochemical processes, the group needed to send at least one
of its faculty members to work under the leadership of scientists
that were undertaking major studies on the geochemistry
of active volcanoes. The opportunity was obtained thanks to
Dr. Manfred J. van Bergen from University of Utrecht in the
Netherlands, the Scholarship Programmes of Utrecht University
and Universidad Nacional, the Petrology Group of the Faculty
of Geosciences of Utrecht University, the OVSICORI-UNA,
and the Commission of Incentives of the Costa Rican Council
for Scientific and Technological Research (CONICIT) of the
Ministry of Science and Technology of Costa Rica (MICIT)
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which together made it possible for Maria Martinez to carry
out studies on the geochemistry of volcanic fluids at Utrecht
University.

In 2002, thanks to the support provided by the Government
of Costa Rica to the public universities and the support of
the authorities of Universidad Nacional, OVSICORI-UNA
obtained resources to construct a modern building with a large
area devoted to the Volcano Geochemistry Laboratory. In
parallel, the Costa Rican Congress approved special funding for
OVSICORI-UNA that financed state-of-the-art sampling and
analytical instrumentation for both field and laboratory routine
work, essential tools for systematic monitoring and research
on volcanic processes and associated environmental impact.
The Volcano Geochemistry Laboratory was equipped with
new instrumentation and became operational in the middle of
2006.

The research on the geochemistry of the crater lake-
hydrothermal system of Pods volcano that is being carried out at
OVSICORI-UNA has been supported since 1999 until present
by the Japanese Government through the Japanese International
Cooperation Agency (JICA) that sponsored the visits of Dr.
Bokuichiro Takano (Graduate School of Arts and Sciences
of Tokyo University, Japan) and Dr. Takeshi Ohba (Volcanic
Fluid Research Center of Tokyo Institute of Technology,
Japan) in 1999 and 2004, respectively. In addition, from 2004
to present Dr. Yasuyuki Miura (Department of Chemistry of
Faculty of Science of Tokai University, Japan) has been also
supporting our research on sulphur speciation in volcanic fluids.
This cooperation has improved significantly the knowledge on
sampling and analytical techniques that OVSICORI-UNA

is using to monitor the chemistry of crater lake systems and
fumarolic gases, as well as to improve the understanding of
volcanic processes.

OVSICORI-UNA is the only volcano monitoring
programme in Central America that has been able to investigate
for more than twenty five years the geochemistry of volcanic
systems for volcano monitoring purposes, despite of often having
to face a lack of funding and training limitations during that
period of time. The success in volcano geochemistry and other
volcano monitoring areas makes an obligation to have academic
exchange with other research centres and to provide assistance
to other volcano monitoring projects in Latin America during
volcanic crises or by organizing training opportunities for their
staff members. A good example of these training opportunities
is the UNESCO funded workshop on volcano monitoring that
has been organized by OVSICORI-UNA every two years for
two decades, graduating around 160 scientists from Latin-
America’s volcano monitoring programmes.

In the context of OVSICORI-UNA long-term goals,
Maria Martinez’s Ph.D. thesis represents the culmination of
a period when broad baselines of the active volcanoes in Costa
Rica were acquired, as well as basic understanding of volcano
geochemistry for each volcano. In fact, Maria Martinez’s Ph.D.
thesis represents the initiation of a new period for volcano
geochemistry in Costa Rica, as more detailed geochemical
data and comprehensive knowledge on volcanic processes and
geochemistry of volcanic fluids are being obtained through her
research with multiple applications to volcano monitoring and
research.



CHAPTER 1

General introduction

1.1 The significance of volcanic lakes

Volcanic lakes emplaced in active craters are of considerable
interest from a volcano research and monitoring point of view,
since they are usually the external expression of subsurface
hydrothermal systems, which form the link with deeper-seated
magma bodies. Changes in the conditions of a cooling magma
reservoir or intrusion of fresh magma will be accompanied by
heat effects, transport of mobile materials and perturbation
of the hydrothermal system, the transmission of which to the
surface will generate detectable changes in the properties of
a lake. Hence, investigating the physico-chemical status and
evolution of an active volcanic lake provides insights into
magmatic-hydrothermal processes in the interior of the volcanic
edifice, including those that might create hazards.

Because magmatic-hydrothermal systems are usually complex
and dynamic, a set of different parameters should preferably be
measured and combined with systematic field observations to
arrive at meaningful interpretations. For the same reason, it is
of fundamental importance that data are obtained at regular
intervals over long periods of time. The results of such efforts
will contribute to successful disaster prevention of volcanic
hazards such as lahars and flooding, releases of harmful gas
and eruptive events, particularly if they are integrated with
geophysical methods of volcano surveillance.

Despite the fact that a considerable number of the
World’s active volcanoes host lakes, relatively few have been
systematically studied till date. Time-series data covering
longer periods of time are only available for a small minority.
Volcanoes with lakes on which substantial data sets have been
published include Ruapehu, New Zealand (Giggenbach and
Glover, 1975; Christenson and Wood, 1993; Takano ez al.,
1994b; Christenson, 2000), Kawah Ijen, Indonesia (Delmelle
and Bernard, 1994; 2000; Takano ez a/., 2004); Kusatsu-Shirane,
Japan (Takano and Watanuki, 1990; Ohba ez a/., 1994; 2000;
2008; Takano ef a/., 2008), Kawah Putih, Indonesia (Sriwana
et al., 2000), Pinatubo, Philippines (Stimac ez a/., 2003), Santa
Ana, El Salvador (Bernard ez 4/., 2004), E1 Chichén, Mexico
(Casadevall e al., 1984b; Taran ef al., 1998; Armienta ez al.,
2000; Rouwet ez al., 2008) and Copahue, Argentina (Varekamp
et al., 2001 and references therein). Most of these lakes are
characterised by higher-than-ambient temperatures, low pH,

Figure 1.1 Colour version and full caption on page 133.

high concentrations of dissolved elements, colour changes and
sulphur-rich sediments, properties that are largely derived from
the influx of gas and hydrothermal water.

The stable existence of active volcanic lakes depends on
a balance between supplies and losses of water and heat
(Pasternack and Varekamp, 1997). Two major processes control
their chemical properties: (1) input and dissolution-hydrolysis
of magmatic volatiles in water bodies forming highly acid brines,
and (2) partial or wholesale dissolution of rock, enriching the
waters in rock-forming elements (Giggenbach, 1974; Delmelle
and Bernard, 1994; Varekamp ez a/, 2001; Takano ez al., 2004).
This combined uptake of magmatic volatiles and water-rocks
interaction make acid volcanic lakes among the chemically most
extreme aqueous environments on Earth.

1.2 Monitoring magmatic-hydrothermal processes
at Poas volcano through study of its acid crater
lake

The acid lake of Poas (Laguna Caliente) is one of the very few
lakes at active and potentially dangerous volcanoes that have
been continuously monitored since decades (this thesis; Rowe
et al., 1992a,b; Martinez et al., 2000; Venzke et al., 2002-; see
further in this thesis for other references). Within the broad
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spectrum of volcano-hosted lakes, it ranks among the high-
activity lakes, occasionally reaching peak-activity status when
it becomes too hot to exist in steady state (Pasternack and
Varekamp, 1997). The lake is part of one of the most dynamic
magmatic-hydrothermal systems known, as is reflected by
persistent drastic fluctuations in temperature, volume and
chemical composition, and by periods of eruptive activity.
This physico-chemical evolution, together with varying gas
emission rates from fumarolic vents and changing properties
of associated thermal springs, is driven by heat and mass fluxes
that are intercepted by the lake-hydrothermal system but are
ultimately derived from magma at shallow depth. Degassing
and eruptions from Pods have been confined to the currently
active crater since historical times (Figs 1.1 and 1.2). All of
these aspects make Laguna Caliente a highly attractive object
for study, both from a hazard mitigation point of view, and for
gaining fundamental insight into internal processes of a volcano-
hosted lake-hydrothermal system. Relatively easy access to the
volcano is a practical advantage for frequent sampling and field
measurements. Pods is one of the very few active volcanoes in
Costa Rica that has been frequently visited by scientists since
the late 1960s. OVSICORI-UNA personnel have regularly

monitored it since 1978.

1.3 This thesis

This thesis presents a comprehensive overview of the chemical
evolution of Laguna Caliente, covering three decades of activity
since monitoring began. Based on extensive sets of analytical
data, newly generated and compiled from published and

Figure 1.2. Colour version and full caption on page 133.

unpublished sources, its continuously changing characteristics
are documented as completely as possible. Together with field
observations and chemical data on other, equally dynamic
hydrothermal manifestations in the active crater, the variations
in the lake’s properties over different time scales are used to
explore the deeper-rooted controls in the underlying magmatic-
hydrothermal system. The results shed new light on the origin
of the behaviour of Pois in recent times, and set a baseline for
future monitoring strategies and hazard prediction.

Chapter 2 introduces the setting of Pods volcano as part of the
Central American Volcanic Arc, and examines its historical
activity, which has been characterised by almost continuous
degassing through subaerial fumarolic vents and the lake area,
alternating with periods of phreatic eruptions and rare phreato-
magmatic events. Background information is provided on
climate conditions in the summit region and on acid seepage
springs at the NW flank of the volcano, which have a chemical
impact on the Agrio River basin. A brief comparison is made
with other acid crater lakes in Costa Rica.

Chapter 3 discusses changes in the chemistry of the crater
lake and acid rain at Cerro Pelén over the period 1993-1997,
when the lake volume was extremely low and sometimes
reduced to isolated mud pools. It discusses trends in seismicity
and fumarole activity at the summit, which accompanied
a significant increase in heat and gas fluxes through the lake
bottom in 1994 when it completely dried out. The height of
eruption plumes and downwind environmental impact of the
gas emissions is evaluated. From this time on, a new lake began
to form, reaching a record level by 1997. It is considered that
the drastic changes observed in 1994 were the consequence of a
preceding hydrofracturing event or the ascent of a small magma
body beneath the crater.

Chapter 4 concentrates on subaqueous fumarolic input and
presents time-series trends of polythionate concentrations in
the lake. It is shown that different polythionate species, which
are formed in the lake by reaction with inflowing SO, and H.S,
provide a sensitive record of changing compositions and flow
rates of gas released into the lake. Results are compared with
observed variations in the composition of subaerial fumaroles.
Together with other chemical parameters, the observed rises,
changing proportions and disappearances of polythionate
species are interpreted in terms of fluctuations in the state
of activity of the magmatic hydrothermal system. A close
relationship between the behaviour of polythionates and seismic
phenomena is discussed.

Chapter 5 discusses the long-term geochemical evolution
of the lake, springs, and fumaroles in the active crater. A
comprehensive set of analytical results is presented, covering
three decades (1978-early 2008) and including data for thermal
springs, fumarolic gases and condensates. Various approaches
to data interpretation are applied to unravelling multiple
processes that regulate the properties of the lake system. Trends
in major-anion concentrations and proportions serve to assess
the rate and composition of magma-derived volatile and the
modulating effects of the hydrothermal system. The behaviour
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of major cations and signatures of rare earth elements are used
to explore the nature and extent of water-rock interaction.
SOLVEQ_modelling is employed to assess the saturation state
of minerals in the lake and to predict the stability of minerals
in the subsurface that potentially control cation budgets. Time-
series trends in the composition and temperature of thermal
springs and fumaroles are used to corroborate the evidence
for changing conditions in the summit system, as inferred
from the lake properties. Implications for the causes of long-
term periodic variations in the state of volcanic activity and
recurrence of phreatic eruptions are discussed.

Chapter 6 presents an overview of estimated minimum fluxes
of volatiles emitted by Pods volcano. Special attention is paid

to a substantial discharge via acid-chloride-sulphate springs on
the northwest flank, which form the headwaters of the Agrio
River, a tributary of Rio Toro Amarillo. Evidence of a presumed
connection with the summit hydrothermal reservoir is tested,
using chemical time-series for the lake and the springs. Output
rates via spring discharge and fumarolic emissions are compared
for different monitoring intervals. Implications of contrasting
stabilities of these sources in time are discussed.

Appendices to various chapters are added to provide relevant
background information, including a photo documentation of
the changing appearances of the lake and surrounding crater
area, as observed in the field.
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CHAPTER 2

Background, setting and historical activity of Poas

Volcano

2.1 Geological setting

Costa Rica is located at the western margin of the Caribbean
Plate. Offshore the Middle American Trench (MAT) marks
the boundary were the Cocos Plate begins subducting beneath
the Caribbean Plate and Panam4 Block (Protti ef a/, 1995;
Husen ez al., 2003; Marshall ez a/., 2003). Here the direction
of convergence is 025°-030° and the subduction rate varies
between 8.6 cm/yr in north-western Costa Rica to 9.2 cm/yr
in the southeast (De Mets, 2001; Protti ¢ a/, 2001). Numerous
seismic events have been registered within the national territory
associated with the subduction process, and moreover with
internal deformation in the Central Costa Rica Deformed Belt
(a diffuse zone of active faulting across central Costa Rica) and
with magmatic activity along the volcano-plutonic arc (Husen
et al., 2003) (Figs. 2.1 and 2.2).

The subduction of the Cocos plate under Central America,
on the western margin of the Caribbean plate, is the main
process controlling Tertiary and Quaternary tectonic activity
in the region. Costa Rica is located at the southern terminus
of this collision zone (Fig. 2.1), where the interaction of these
plates with the Nazca plate and with the Panama block creates
a complicated tectonic setting. Subduction of the Cocos plate
under Costa Rica occurs at rates from 86 to 95 mm/yr from
northern to southern Costa Rica, respectively (computed from
De Mets et al., 1990). As a consequence of this subduction
process, an active volcanic chain runs from Guatemala to
central Costa Rica. Remnants of late Tertiary volcanism of
basic composition are widely exposed trenchward from this
arc in northern and central Costa Rica and mainly toward
the back-arc in the south. Along the western margin of Costa
Rica, this subduction process has also uplifted and exposed
ultramafic ophiolitic units of late Jurassic to early Tertiary
age. In southern Costa Rica, the shallow subduction of young
oceanic lithosphere (Protti and Schwartz, 1994) hinders active
volcanism, and a batholith of intermediate composition (the
Talamanca Cordillera) constitutes the inner arc. The Talamanca
Cordillera lies on the Panama block. The western boundary of
the Panama block with the Caribbean plate is a wide fan-shaped
transcurrent shear zone that runs from the Caribbean Sea to the
Pacific Ocean, across central Costa Rica (Fig. 2.1). Suggestions
and evidence in favour of the existence of this developing plate

boundary have been given by Ponce and Case (1987), Jacob
and Pacheco (1991), Giiendel and Pacheco (1992), Goes e al.
(1993), Fan ez al. (1993), Fisher ez al. (1994), and Protti and
Schwartz (1994). Incipient subduction of the Caribbean plate
under the northern margin of the Panama block seems to be
ongoing along the north Panama deformed belt (Silver e al.,
1990), where the 1991 Valle de la Estrella earthquake occurred
(Goes et al., 1993; Fan ef al., 1993; Protti and Schwartz, 1994).

The multiplate interaction in Costa Rica explains the higher
seismic activity of this country with respect to the rest of Central
America, with seismic sources of different genesis and depths
(Fig. 2.2). Events less than 30-km deep occur (a) associated
with the subduction of the Cocos plate under the Caribbean
plate and Panama block; (b) along the Panama fracture zone,
the plate boundary between the Cocos and Nazca plates (Fig.
2.1); (¢) as interplate activity between the Caribbean plate
and the Panama block; (d) as intraplate deformation of these
tectonic units; and (e) associated with the active volcanic arc.
Intermediate-depth earthquakes (down to 200 km) occur as
internal deformation of the subducted Cocos plate.

The intermediate-depth seismicity under central Costa Rica
reveals a tear on the subducted Cocos Plate (the Quesada Sharp
Contortion, Protti e al., 1995), which is recognizable below 70
km (Fig. 2.1 and 2.2). To the northwest the Cocos Plate dips at
80 degrees, and seismicity reaches depths of 220 km beneath
the Nicaragua border to 135 km at the tear. To the southeast
the Cocos Plate dips at 60 degrees, and the seismicity does not
exceed below 125 km behind the volcanic arc, nor below 60 km
below the Talamanca Range (Protti e al., 1995). The projection
of the tear to the trench coincides with an abrupt change in
the bathymetry of the Cocos Plate along a northeast alignment
(the rough/smooth boundary of Hey [1977]). This bathymetry
change marks the boundary between lithosphere of the Cocos
Plate created along the East Pacific Rise and that created along
the Galapagos spreading centre. The northeast extension of the
rough/smooth boundary, which becomes the Quesada Sharp
Contortion (QSC) after subducting (Fig. 2.1), was interpreted
as a relic of the original transform fault along which the Farallon
Plate broke into Cocos and Nazca Plates. It is the contrast in
age, and therefore in density of the Cocos plate what produces
the QSC slab tear at this boundary separating steeper slab dips
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to the northeast from shallower slab dips to the southwest
(Protti ez al., 1995).

A number of geochemical studies have assessed the role of
subducted material in generating arc lavas by comparing the
concentration of fluid-mobile elements (e.g., B, Ba) to the
concentration of immobile elements (e.g., La, Zr) in arc basalts.
Volcanic front lavas contain up to 0.5% subducted sediment,
or a fluid derived from the subducted sediment (Carr ef a/.,
1990). Ratios such as B/La, Ba/La, and ’Be/Be indicate that
the subducted slab signal is greatest in the Nicaragua arc where
the slab dips steeply and is at a minimum in the Costa Rica
arc (Carr et al., 1990; Morris et al., 1990; Leeman ef al., 1994).
The rapid along-strike change in arc geochemistry occurs close
to the border between Nicaragua and Costa Rica where the
position of the volcanic front shifts, some 150 km northwest of

the major change in slab geometry represented by the Quesada
Sharp Contortion (Fig. 2.1) (Peacock ez al., 2005).

The subduction zone that lies beneath most of Central
America gave rise to many volcanoes that have contributed
significantly to the geographical and biological evolution of
Central American countries. In Costa Rica at least 290 volcanic
centres or apparatuses have been recognized (Alvarado, 2000),
however only eight of the volcanoes are under monitoring
or geothermal exploitation due to volcanic manifestations.
Subduction has produced intense volcanic activity since the
Middle Tertiary, consisting of andesitic-rhyolitic ignimbrites,
lavas, domes, dykes, lahars and pyroclastic deposits (Pichler and
Weyl, 1975; Castillo ez al., 1988; Kussmaul, 1987; Malavassi,
1991; Alvarado et al., 1992; Vogel et al., 2004; MacMillan ez al.,
2004; and references therein).
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The Central America Volcanic Arc (CAVA) in Costa Rica
extends from Orosi volcano in the northwest (near the border
with Nicaragua) to Turrialba volcano in central Costa Rica,
while south-eastern Costa Rica shows a gap in the volcanic arc.
The Costa Rica Volcanic Arc (CRVA) can be divided into two
mountain ranges (cordilleras): Cordillera de Guanacaste and
Cordillera Central. The Cordillera de Guanacaste is a chain
of volcanoes in NW Costa Rica which contains from NW to
SE Quaternary volcanoes such as Orosi, Rincén de la Vieja,
Miravalles, Tenorio and Arenal (Fig. 2.3). These volcanoes have
transitional geochemical signatures between the Cordillera
Central volcanoes and the Nicaraguan volcanoes, which have
a depleted mantle source and a high subduction signal (Carr
et al., 1990; Morris ef al., 1990; Leeman ef al., 1994; Husen ez
al., 2003; Peacock ez a/., 2005). The Cordillera Central consists
of Quaternary volcanoes from NW to SE such as Pods, Barva,

Iraza and Turrialba. The volcanic activity in Costa Rica in the
last 25000 years has mainly been characterized by phreatic and
phreato-magmatic eruptions with rare plinian eruptive events

(Alvarado, 1992).

2.1.1 Poas Volcano

According to historical documentation, Pods (10°11°26”N-
84013’56”W, data from World Geodetic System 1984), one
of the most active volcanoes of Costa Rica, has shown nearly
constant fumarolic degassing for ca. 175 years. It is located NW
of the Central Valley within the Cordillera Central, about 35
km NW of San José, where half of the population of Costa Rica
(~2.3 million people) is settled (Fig. 2.3). It is a broad basaltic-
andesite stratovolcano with maximum elevation of 2708 m.a.s.L.
that formed during the Quaternary after the migration of
the volcanic front, from the SW to its present location of the
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Figure 2.2. Seismicity along horizontal and vertical sections for the northern, central and southern parts of Costa Rica recorded by OVSICORIs Seismic
Network between 1984 and 1999. Each symbol represents a single quake. Map constructed by Victor Gonzilez (OVSICORI-UNA).
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Figure 2.3. Distribution of main Quaternary volcanoes. Filled triangle: Pods volcano; open triangles: other active volcanoes.

Central volcanic range. In this region, Quaternary volcanic
rocks overlay Tertiary Sedimentary rocks of Miocene age that
are exposed in the Central Valley and along the Aguas Zarcas
river gorge, north of Platanar volcano (Malavassi, E., pers.
comm. 2006). The current active crater of Pods volcano is about
1130 m in diameter (along its N-S axis) and 252 m deep (Van
der Laat, R. pers. comm. 2006), and its floor lies at an elevation
of about 2300 m.a.s.l. (Rowe ez a/., 1992a).

The Pods massif consists of two volcanic clusters. The western
volcanic cluster includes the Platanar, Pelén, Porvenir, Palmira,
and Viejo stratovolcanoes. The eastern volcanic cluster located
along the Pods rift zone, a north-south lineation of volcanic
edifices and maars of 30 kilometres long, includes the Sabana
Redonda, Pois, Botos, Von Frantzius and Cerro Congo cones
as well as the Bosque Alegre caldera and the Rio Cuarto maar
Figure 2.4. Colour version and full caption on page 133. (Malavassi ef al., 1993). Despite that some of the volcanoes on
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Figure 2.5. Topographic map of the summit area of Pods Volcano. The active crater with the acid crater lake (Laguna Caliente) is situated between the Von
Frantzius and Botos cones. Inset shows the location of Pods Volcano in the Central Mountain Range (map adapted from Pods sheet 3346 I (1:50,000) of
the Instituto Geogréfico Nacional de Costa Rica, Edition 1-IGNCR 1967).

the west cluster are geomorphologically very young, Volcin
Viejo is the only cone where mild fumarolic activity was
reported during the 19% century, which disappeared during
the 20™ century (Alvarado, 2000). Pods volcano, located in the

eastern cluster, is the only cone that has been active in historical
times in the Pods massif.

The currently active crater of Pods Volcano lies between
the Von Frantzius cone to the north and Botos cone to the
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southeast. The latter cone contains a cold freshwater lake (Figs.
2.4 and 2.5). The active crater contains a shallow hydrothermal
system and frequently a hot, hyper-acidic crater lake (Rymer e#
al., 2000). However, in several occasions during enhanced flux
of heat and volatiles through the active crater, the crater lake has
dried out (e.g. Rowe ez a/., 1992b; Rymer e# al., 2000; Martinez
et al., 2000).

2.1.2 The acidic crater lake

The waters of the acidic crater lake of Pods, locally known as
“Laguna Caliente” (Figs. 2.4 and 2.5), are extremely rich in
chemical compounds which are derived from magma degassing
and fluid-rock interaction in a predominantly igneous arc-crust
environment. The physico-chemical parameters of the lake have
been subjected to an on-going monitoring programme for ca.
30 years by the Observatorio Vulcanolégico y Sismolégico de
Costa Rica at Universidad Nacional (OVSICORI-UNA), so
that geochemical data of the acidic crater lake are available since
1978 until present.

The acidic crater lake is among the most active ones in the
world, since more than 60 subaqueous eruptions have been
documented during the last 175 years (Mastin and Witter,
2000; Martinez ef al., 2000; Venzke ez al., 2002-; OVSICORI
open reports). The physico-chemical properties of the lake
have shown frequent fluctuations in a relatively short period of
time of only three decades. These fluctuations are influenced by
rainfall, thermal power output, changes in the flux of chemicals,
and summit seismic activity (see Chapters 3,4 and 5). Thus the
acidic crater lake of Pods is a highly dynamic site compared
to other highly active acid crater lakes such as Kawah Ijen in
Indonesia (Sumarti, 1998; Delmelle e# a/., 2000) or Ruapehu in
New Zealand (Christenson 1994, 2000).

The lake volume is variable with a diameter and depth up to
320 m and 55 m, respectively, when full (Van der Laat, R., pers.
comm. 2006). Nevertheless, the lake has dried out four times
in the course of ca. 30 years. Its pH has ranged between -0.87
and 1.75, while temperature has varied between 22 and 94°C.
Moreover, the concentrations of chemical species have shown
very large fluctuations (for instance, total sulphate and chloride
concentrations have ranged in the orders of 3300-285,000 and
2500-115,000 ppm, respectively). The lake colour has varied
from bluish, to greenish, to grey. The changes experienced by
the acid crater lake of Pods volcano are described in detail
throughout several of the chapters of this manuscript (see
Chapters 3,4, and 5).

2.1.3 Acid seepage at Poas volcano

Seepage of acid chloride-sulphate brines (pH and temperature
ranging between 0.9-2.8 and 54-14°C, see Chapter 6 Table 6.1)
occurs in a confined region on the northwestern flank of Pods
volcano, within 2-5 km from the acid crater lake. This seepage
emerges as acid springs, which together with nearly neutral
streams form the Agrio River (Fig. 2.5).

A hydraulic connection between the Agrio River acid springs
and the crater lake brine has been proposed by Alexander von
Frantzius in 1861 (Vargas, 1979), Rowe e al. (1992a,b; 1995)
and Sandford e# a/. (1995). The two latter authors have proposed
that the acid seepage represents lake brine diluted with meteoric
water in the subsurface during travelling from the crater lake

to the Agrio River watershed. This is based upon geologic,
structural and hydro-geologic features, chemical and isotope
data on the lake, the springs and the river, as well as numerical
simulations of heat and mass-balance and solute transport for
the period 1987-1989.

Transport modelling calculations yield an estimated travel
time of 1-30 years for the acid crater lake brine to reach the
seepage points on the NW flank (Sandford ez a/, 1995). This
agrees with the estimated age of the acid spring waters, which
ranges between 3 and 17 years according to tritium data (Rowe
et al., 1995). Furthermore, we found that the acid crater lake
showed an enrichment in major anions after 1989 (till present),
but this change has not been observed in the Agrio acid springs
collected since then (at least until 2002), implying that if the
acid seepage were largely diluted acid lake water, the travel time
should be at least 13 years (see Chapter 4, Fig. 4.12).

2.2 Poas Volcano historical activity

Formal reports on the activity of Pods volcano exist since 1828
when small eruptions were described (Vargas, 1979; Salguero,
1980), however, the oldest eruption mentioned in historical
records dates back to 1747. Since then, the activity has been
nearly continuous but with large fluctuations. It includes
(1) persistent degassing with occasional intervals of intense
fumarolic emissions such as in 1980-85,1986-1991, 1994, 1999
and 2005-2008; (2) periods of phreatic explosions in the lake
like those of the 1960°s and mid 1980°s, 1987-1991, 1994 and
2006-2008; and (3) rare phreato-magmatic eruptions such as
occurred in 1953-1954 (Rowe ef al., 1992b, Martinez ef al.,
2000, Malavassi, E., pers. comm. 2008; see also Chapters 3, 4
and 5). The largest reported eruption occurred in 1910 with a
large steam and ash cloud reaching 4-8 km above the summit
(Martinez et al., 2000). Several phases with enhanced phreatic
activity have occurred since then, as is described in the following
sections (Martinez ef al., 2000).

The creation of the Po4s Volcano National Park in 1971
(Boza and Mendoza, 1981) promoted interest about its
natural history and activity, so that Pods volcano started
being systematically monitored since the end of the seventies.
Reports from various naturalists who visited the volcano during
the XIX and early XX centuries, such as the Danish Andres
Sandoe Oersted in 1863, were compiled by Vargas (1979).
Boza and Mendoza (1981) prepared a summary of the natural
history of the new national park which included reports of
activity from the previous decades. Scientific accounts about
the activity of Pods volcano became numerous since the late
1960s (Krushensky and Escalante, 1967; Raccichini and
Bennett, 1977). Systematic volcano monitoring started around
1978 by the group at Universidad Nacional, presently known
as OVSICORI-UNA. Since then, a number of authors have
written about the volcanic processes, e.g., Boza and Mendoza,
1981; Malavassi and Barquero, 1982; Brantley ez a/., 1987;
Prosser, 1983, 1985; Prosser and Carr, 1987; Oppenheimer and
Stevenson, 1989; Rymer and Brown, 1989; Ferndndez, 1990;
Rowe, 1991, Rowe ez al., 1989, 1992a,b, 1995; Malavassi ef al.,
1993; Rowe, 1994; Rowe et al., 1995; Martinez ez al., 2000,
2003; Rymer e al., 2000, 2004, 2005; Vaselli ez a/., 2003, 2004;
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Fournier, 2003; Fournier e# al., 2004; Mora et al., 2004; Mora
and Ramirez, 2004. In addition, the Smithsonian Institution,
through Global Volcanism Program Information Series (Venzke
et al., 2002-) has been systematically compiling and informing
the volcanological community worldwide about the evolution of
Pois activity, as reported by the local volcanologists and sporadic
visitors of the volcano.

The locus of main fumarolic degassing has been shifting
within a confined region that comprises the acid lake and the
CPC. However, between 1995 and mid 2000, fumarole opening
events occurred at the south-western inner crater walls and later
on, between 1999 and 2007, a new fumarolic developed at the
eastern terrace (Fig. 2.20) (Martinez e a/, 2000; Rymer e al.,
2000; Venzke et al., 2002-; Vaselli ef al., 2003; Fournier ef al.,
2004; see also Chapters 3 and 4). The shifts in the location and
vigour of fumarolic emissions have been an important factor in
the nature and degree of activity observed since the late 1970s.
Based upon the trends shown by a number of geochemical and
geophysical parameters regularly monitored by OVSICORI
since the late 1970s, five distinct successive main stages of
activity are defined. Four of these were characterized by a
moderate to strong input of magmatic-hydrothermal fluids and
heat into the lake area, and one by relative quiescence. Many
of the observed changes appeared to be related to the location
of main fumarolic degassing within the active crater. The most
salient events and features of these stages are described in the
following sections.

2.2.1 Activity between 1830 and 1970: before Stage |

In 1834 a strong eruption of ash was reported. In the following
years, i.e. 1838, 1860, 1879-1880, 1884, 1889-1890, 1895,
1899-91, 1903, 1905, 1908, 1910 numerous phreatic eruptions
occurred. These eruptions were typically geyser-like explosions,
similar to shallow submarine volcanic eruptions, occurring
within the lake area and forming muddy water columns that
reached altitudes of 100 m or more above the crater floor.

The largest phreatic eruption reported over the last two
centuries occurred on 25 January 1910. The column of steam,
mud, gases, blocks and ashes from this eruption reached heights
of 4 to 8 km above the crater floor, and the ashes were dispersed
towards the Central Valley (hosting ~60% of Costa Rica’s
population), also reaching parts of Cartago, the former capital
city. During this eruption, most of the crater lake waters were
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Figure 2.6. Before the 1950s a hot lake (39-64°C) covered the entire floor
of the main crater, and minor phreatic eruptions were often observed near
the centre of the lake. Note that the composite pyroclastic cone (CPC) did
not exist at that time. Photograph (looking west) taken on 14 March 1940,

courtesy of Enrique Valverde Sanabria.

ejected, but the lake did not completely disappear (Calvert and
Calvert, 1917). After this eruptive period, Pods activity slowed
down, and there were only some small to moderate intermittent
geyser-like explosions over the following ca. 40 years (1910,
1914-1916, 1925, 1929, 1941-46, and 1948-52 and nearly
continuous fumarolic activity in the active crater.

Before 1951 a grey hot crater lake (39-64°C) covered the
entire floor of the main crater (i.e. its diameter was considerably
greater than that of the current lake, Fig. 2.6). Activity at the
volcano changed markedly in 1952 when geyser-like phreatic
eruptions through the lake turned more energetic, thus the
crater was filled with vapours and gases, and the bottom and
walls became covered with a layer of mud and rock fragments
ejected by the eruptions. This enhancement in activity marked
the onset of a transitional period from phreatic in 1952 to
magmatic activity in 1953-1955 (Fig. 2.7). Two vents were active
at the main crater during this eruption cycle: one that formed a
small composite pyroclastic cone (CPC) 40 m height, referred
by many authors as the “dome” or “crypto-dome” in the central
part of the crater (Fig. 2.9 and Fig. 2.20 site 1), and another
unnamed vent, that had formed about 150 metres to the north
of the cone. This northern vent collapsed and was later filled
with water to form the hyper-acid crater lake (Martinez ez a/.,
2000).

On May 17,1953 there was a violent explosion eruption with
a high column of water, mud and rock fragments, accompanied
by large water vapour-plumes and lightening. Local residents
living near the summit of the volcano felt earthquakes and heard
roars. During the night, inhabitants of San Rafael de Varablanca
(ca. 11 km SE of the volcano) and La Colonia de la Virgen del
Socorro (ca. 9 km NE of the volcano) observed incandescent
rock fragments being ejected from the active crater (Molina
Carlos, pers. comm. 2004).

In mid-July, 1953 eruptions of ash, accompanied by electrical
activity (twilights) and a reddish brilliance, due to diffraction
of sunlight by volcanic particles suspended in the air, succeeded
the phreatic eruptions. Ashes were deposited all around the
active crater, being dispersed to the east (e.g. Vara Blanca), to
the west and to the north (Malavassi Enrique, pers. comm. to
Eduardo Malavassi 1990). Pastures were covered by the ashes,
creating health problems in livestock. The emission of ashes also
affected some of the watersheds. Large amounts of ashes fell
around Botos Lake and in the valley of the Angel River (Fig.
2.5). The ashes gave a milky aspect to the waters of the Angel

Figure 2.7. View of Pods crater looking north in 1953 during the last
phreato-magmatic period. Unknown photographer.
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River and the Sarapiqui River, into which it discharges, killing a
large amount of fish. Coffee crops and metallic structures (iron-
zinc galvanized roofs) at Isla Bonita and Cinchona, about 7 km
NE of the active crater, suffered some damage (Molina Carlos,
pers. comm. 2004). The crater lake dried out completely, and the
CPC was formed in the centre of the area previously occupied
by the lake. This cone continued growing, up to 45 m, mainly
by accumulation of pyroclastic material emitted during the
1953-55 eruptions. Lava flows were issued from the base of the
CPC, and flowed 200 m north of the cone, forming a terrace
NE of the CPC.

In 1965, after the phreato- and magmatic activity of
1953-1955, a new lake formed in the crater left by the explosions
to the north of the CPC. It maintained a depth of about 50 m,
circulating mildly acidic brines at about 40°C. The CPC was the
main locus of fumarolic activity until 1968 when phreatic activity
and strong exhalations resumed in the crater lake. The phreatic
activity was characterized by columns of vapour, gases, water,
mud and fragments ejected up to 2500 m above the bottom
of the crater. The CPC was eroded by the waves produced by
collapse of geyser-like eruptions and by partial failure of the
cone due to fumarolic alteration, acquiring a dome-like shape,
which explains why several investigators referred to this cone
(actually a crypto-dome) as “the dome”.

In March 1964, the temperature of the CPC fumaroles
ranged between 195-250°C (Casertano ez al., 1983). In 1968
phreatic activity resumed again in the lake area, which was
accompanied by intense fumarolic degassing. A series of small
geyser-like phreatic eruptions were recorded in 1969. These
phreatic eruptions carried small amounts of materials to heights
of approximately 30 m. Material did not spread out when
falling, either because they were too coarse or too wet (Boza and
Mendoza, 1981). These phreatic eruptions were characterized
by columns of vapour, gases, water, mud and fragments ejected
up to 2500 m above the bottom of the crater, as in 1968. One
precursory signal of phreatic activity at Pods was the appearance
of grey-yellowish spots of 25-50 m diameter near the centre of
the acid crater lake. This change was followed by increments in
the lake water temperature and by a change in the lake’s colour
from greenish turquoise to greyish turquoise, produced by the
enhanced vigour of the subaqueous fumarolic discharges. In
1970, the temperature of fumaroles at the CPC was below 60°C
(Malavassi, E., pers. comm. 2005).

Figure 2.8. Colour version and full caption on page 133.

2.2.2 Activity between 1972 and August 1980: Stage |

In the seventies, more specifically between 1972 and August
1980 (Stage I), fumarolic degassing and intermittent geyser-like
phreatic eruptions occurred within the lake area although there
was also weak fumarolic activity around the CPC (Fig. 2.20,
site 1). The geyser-like phreatic eruptions produced in the grey-
coloured lake in late 1977 ejected columns of steam, and muddy
lake water above the lake surface to heights that ranged from
several metres up to 2 km. Phreatic explosions in 1978 expelled
through the crater lake greenish-yellow kidney-shaped droplets
of molten sulphur with diameters 0.5-1 mm and lengths of 2
cm (called by OVSICORT’s staff “cacarrutas”), and fragments
of highly altered rocks encrusted with native sulphur (Bennett
and Raccichini, 1978a,b; Bennett, 1979; Francis ez a/., 1980;
Casertano et al., 1987). There was also convective bubbling in
the lake that sometimes brought sediment to the surface as well
as a yellowish froth (sulphur globules).

During the first half of 1980 there was a nearly continuous
large plume of vapours and gases rising above the CPC.The lake
showed a greyish-turquoise colouration (Fig. 2.8). There was a
permanent sulphur odour at the vicinities of the active crater. By
mid-June 1980 the conditions remained similar except that the
typical HLS odour was not perceived anymore. A grey-yellowish
slick was observed floating on the surface of the lake, near its
centre.

Intense swarms of A-type earthquakes (Casertano ef al.,
1987) started being recorded beneath the active crater on
July 27, 1980. The A-type quakes numbered in the order of
the thousands within a two-week period (see Chapter 4 Fig.
4.6) (Casertano ez al., 1985). These swarms are believed to
represent hydrofracturing of the chilled, brittle margin of the
shallow magma body beneath the crater (Casertano ef al.,
1987). On August 8, 1980 the lake turned to a grey colour but
between September and December phreatic activity ceased and
quiescence prevailed in the lake.

2.2.3 Activity between September 1980 and April 1986:
Stagell

Between September and December 1980, while the lake turned
relatively quiescent, moderate hydrothermal explosions occurred
at the interface between the lake and the northern side of the
CPC ejecting small blocks and muddy lake water up to 320
m above the lake surface. Following these events, enhanced
degassing started around the CPC, marking the beginning
of Stage II (September 1980-April 1986). Between January
1981 and November 1988 intense high-temperature fumarolic
activity was centred around the CPC. Peaks in temperature
were attained between March and October 1981 after a rising
from 92°C up to 1020°C (Figs. 2.9 and 2.11) (Barquero and
Malavassi, 1981a,b; 1982; 1983). On April 8, 1981 at 8:00 p.m.
incandescence was observed at the northern side of the CPC
from the visitor’s lookout (Mirador) and by the end of that
month fumaroles around the cone reached 1020°C, the highest
fumarolic temperatures recorded at Pods volcano over the last
three decades (Casertano e al., 1987). A vigorous volcanic
plume rose above the CPC reaching heights higher than 200
m. on May 4, 1981 at 5:30 a.m. a strong release of vapour and
gases occurred at the CPC and a plume of ~2000 m height
was observed from the Central Valley and Iraza volcano. Large
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Figure 2.9. Colour version and full caption on page 134.

amounts of native sulphur were deposited on the CPC and
some of the sulphur melted, turning yellow-orange suggesting
minima temperatures around 180°C.

The temperature of fumaroles on the CPC gradually
decreased from 1020°C in mid-1981 to 420°C in May 1985
(Fig. 2.11) (Cheminée ef al., 1981; Barquero and Malavassi,
1983), and was reduced to boiling point by late 1988. The only
anomaly was a second increment in temperature between July
1986 and September 1988, when it increased from 290 to
612°C, as can be seen in Fig. 2.11. This may be related to the
renewal of phreatic activity in the lake, which started in June
1987 and continued until 1990. Boiling point temperatures
have been observed at the CPC from 1989 on, with occasional
exceptions (September 1998, October 1999, March 2000) when
temperatures at fumaroles on the northern side of the CPC
registered between 110-190°C (Fig. 2.11).

A remarkable observation is that despite of the incandescence
at the CPC, the temperature of the lake was around 50°C,
similar to temperatures registered at the end of 1980 (Fig. 2.11).
Thus, the lake itself was not strongly affected by the very high
temperatures and gas flux at the CPC, suggesting that the release
of heat and volatiles through the CPC occurred throughout a
very confined region. Casertano ez al. (1987) suggested that in
1981-1983, during maximum heating of the CPC, the crater
lake was still in continuous hydraulic connection (not necessarily
equilibrium) with the rising hot fluids, consistent with a steady
increase in lake temperature during those years (Fig. 2.11). In the
beginning of 1983, the lake was consistently warmer than 60°C,
had a greyish-turquoise colour and showed strong evaporation
and streaks of floating sulphur spherules at its surface. By the
end of October 1983 the lake water level had descended about
10 metres. On the other hand, fumarolic activity continued
vigorously and with a strong sulphur odour around the CPC.
COSPEC measurements of SO, flux indicated levels of about
800 tons per day in February 1982 (Casadevall ez al., 1984a).

In view of the drastic changes in the level of seismicity
observed in mid 1980 followed afterwards by a sharp rise in
temperature of the fumaroles around the CPC in early 1981,
a portable seismometer was installed at the summit of Pods on
March 19, 1981. Through May, this instrument recorded: (a)
harmonic tremor at frequencies of 3-4 Hz for a few minutes
to a few hours daily; (b) discrete events caused by internal
rupturing; (c) signals produced by degassing; (d) explosion

Figure 2.10. Colour version and full caption on page 134.

events accompanying vapour eruptions; (e) very shallow (~1 km
deep) B-type earthquakes; and (f) very few A-type earthquakes
from depths of 1-10 km. An inverse relationship between the
daily duration of harmonic tremor and the daily number of
discrete earthquakes was evident, a feature that had also been
observed at Arenal Volcano in 1975 by T. Matsumoto (Sdenz,
R., pers. comm. 2005). Generally, recording of total hours of
tremor increased significantly in 1981-1982 (1250-1800 hours)
when high-temperature degassing was concentrated at the
CPC. The annual number of B-type earthquakes was 12000 in
1983 (Fernandez, 1990).

The events observed around the CPC between late 1980 and
late 1983 probably heralded the start of a new magmatic cycle
that has lasted till today. The new cycle has been explained as
the result of several shallow magmatic intrusions beneath the
CPC (sometime in the first half of 1980) and beneath the
acidic crater lake (sometime in 1985, 1994, 2002), as indicated
by gravity increases at crater-bottom stations, and increases in
seismicity and power output through the active crater (Rymer
and Brown, 1989; Martinez ef al., 2000; Rymer ez al., 2000).

2.2.4 Activity between May 1986 and August 1995: Stage 1]
Apart from moderate fluctuations in water level and
temperature, and a period of mild to moderate phreatic activity
between the 70s and late 1980, the lake system appeared
relatively stable whereas the CPC remained the site of main
fumarolic activity until early 1986, when a long-term decrease
in lake level commenced (Fig. 2.11).

During the first half of year 1987, fumarole temperatures
averaged 540°C at the top of the CPC and 800°C on its W
side. However, fumaroles were less vigorous than in the previous
year. Crater lake temperature increased from 58°C in January
1987 to 70°C in June 1987. Since January 1987, the lake level
continued to fall markedly (Fig. 2.11), exposing three terraces of
grey, water-saturated sediment. Concentric fractures developed
along the lakeshore, particularly on the E and NE sides.
Rockslides occurred on the eastern inner wall of the crater and
on the CPC.

A swarm of A-Type earthquakes, representing either a small
episode of renewed magma ascent or another, less extensive
hydrofracturing event that increased heat transfer to the
lake, occurred between February and May, 1986 (Rymer and
Brown, 1989; Rowe ez al., 1992b), marking the onset of Stage
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— Figure 2.11. Time-series trends of lake pH, temperature and volume,
together with fumarole temperatures (CPC and Fumarola Norte), plume
height and rainfall. Note that lake data in the period between late 1988
and mid 1994 refer to a situation when the lake was reduced to a number
of isolated mud pools. Rainfall is expressed as cumulative monthly totals in
cycles of calendar years. Very high temperatures at the CPC in 1981-1983
correspond to observed incandescence (Fig. 2.9), and the smaller peak
between mid 1986 and late 1988 is presumably related with the onset

of phreatic activity that lasted until early 1994. The crater lake showed
relatively high temperatures in 1978-1979 and 2005-2008, and reached
maxima in 1987-1994. All data are from the OVSICORI-UNA database.

IIT (May 1986-August 1995) which was characterized by
frequent phreatic activity and strong emission of steam and
gases through the area were the lake is emplaced. This new cycle
of phreatic activity started in June 1987 with a series of minor
explosions that were observed throughout the following months
(Fig. 2.12). Phreatic activity continued for several years with
most of the phreatic eruptions occurring between mid 1987
and early 1990. Phreatic eruption columns reached elevations
of 1-2 km in April 1988 as steam jets lifted lake sediments into
the air that fell 0.5 km south of the crater rim. Strong phreatic
explosions continued in May-June 1988, ejecting sulphur-rich
sediments that fell at locations as far as 5 km SE of the crater
(e.g. Poasito town which is about 4 km SE), covering vegetation
and infrastructure. B-Type earthquakes increased from 12,000
per year in 1983 to over 100,000 per year in 1988 and periods of
harmonic tremors reappeared.

Throughout Stage III the lake maintained a very low volume
and dried out in several occasions (Rowe ez al., 1992a,b;
Martinez et al., 2000; Rymer e# a/ 2000; Venzke, ez al., 2002-).
As the lake shrunk, lake-bottom fumaroles that were previously
degassing into the water column began to degas directly into the
atmosphere. In July 1988 the lake was very small with a diameter
of about 20 m, and had a bright yellow colour. This condition
triggered acidic rain that severely affected areas located as far
as 15 km southwest of the crater in the direction of prevailing
winds. In contrast, acidic deposition is typically restricted
to areas 3 km or less downwind in periods when the lake is
present (Barquero and Ferndndez, 1990; Ferndndez ez al., 1994).
Because of the emission of volcanic gases and particles around
the crater, tourists and the Pods Volcano National Park rangers
suffered from itching of eyes and skin, respiratory discomfort,
persistent headaches and stomach problems. Severe impact on
vegetation and infrastructure was observed as far as 8 km SW
of the active crater. These effects may have been caused by CO,
CO,, and H,S, as suggested by some gas measurements that
were carried out in September 1988 by OVSICORI personnel
using Dragger gas detecting tubes. High concentrations of H,S
and water and moderate concentrations of CO,, H,, and HCl
were measured.

By February 1989, fumarolic activity on the CPC declined,
with only a few vents remaining on the top and most of them
on the north side facing the acidic lake. Temperatures of the
fumaroles were near boiling point, i.e. approximately 95°C. The
level of the crater lake dropped drastically throughout 1988,
and the lake eventually was reduced to isolated mud pools in
April 1989 (Fig. 2.11). The drastic lowering in the lake level

allowed to formally document for the first time the observation
in April 1989 of liquid sulphur pools at the dried bottom of the
lake (Figs. 2.13A and 2.13B) (cf., Oppenheimer and Stevenson,
1989). On 1 May 1989, unusually powerful steam jets lifted
lake sediments 1-2 km up into the air; these sediments later
produced ash fall on populated areas 18 km southwest of the
volcano. Dry ash and steam eruptions continued intermittently
for several weeks with plume heights ranging between 1.5 and 2
km. The lake returned in May 1989 (at the start of rainy season)
but disappeared again during the dry seasons of 1990 and 1991
(Fig.2.14).

Between January-August 1989, 1-3m high cones, composed
of a mixture of mud and elemental sulphur and venting vapour
with a mean temperature of 98°C, formed on the exposed
bottom of the dried crater lake (Figs. 2.13A and 2.13B). These
sulphur-mud cones, so called “Sulphur volcanoes”, ejected
particles carpeting the surrounding area with bright yellow
pyroclastic sulphur. Some of the sulphur cones were topped
by ca. 1 m high chimney-like structures made of sulphur and
sediments (Fig. 2.13B). Apart from the “Sulphur Volcanoes”
there were also sporadic brilliant yellow flows of molten sulphur,
up to 30 m long, a few centimetres thick, and a few metres wide
that showed temperatures up to 140°C (Oppenheimer and
Stevenson, 1989). A bluish haze (probably H 5O, aerosols;
Taran, Y., pers. comm. 2006) was observed rising from the dried
lake bottom from time to time (see Fig. 2.10 for a previous
example in 1985). In 1989 small boiling brine ponds and mud
pots formed at the dried lake bottom during the rainy season.
The water from these ponds, yellowish-green in filtered samples,
consisted of meteoric water highly concentrated in sulphuric
and hydrochloric acids.

In early 1989, when the dry season was at its peak, there
were reports of sulphur odours and fine sulphur particles
precipitating over a large area downwind of the plume. Volcanic
materials reached towns on the NW, W and SW-flanks such
as Toro Amarillo (7.6 km NW), San Luis (8 km SW), Trojas
and San Miguel (12 km SW), San Pedro de Poids (14 km S),
Cajén (14 SW), Grecia (17 km SW), Palmira (17 km W),
Sarchi (18 km SW), Zarcero (19 km W), and Naranjo (20 km
W), damaging and killing vegetation. Plantations of cypress,
jaul, and eucalyptus trees, as well as grassland and crops were
severely damaged, whereas coffee plantations and other annual
crops were the most affected, with approximate losses reaching
several hundred thousands to a million US dollars for the year
1990 (Ferndndez, E. pers. comm., 2006). Furthermore, the
enhanced emissions of gas and particles caused health problems
in inhabitants of these towns who suftered from eye, skin, and
throat irritation and skin allergies. As a consequence, local
health clinics received an increased number of patients. During
windy days particles expulsed from the lake bottom travelled as
far as Atenas (about 32 km SW). Some volcanic particle matter
also fell around the ENE and S flanks of the volcano.

Phreatic eruptions resumed in March 1990, emptying the very
shallow crater lake that had formed in the rainy season of 1989.
Strong steam eruptions within the lake area, similar to those
of May 1989, followed a swarm of A-Type earthquakes that
occurred at Pods six hours after the 25 March 1990 subduction-
zone earthquake (Mw=7.0, Protti e a/., 1995). This earthquake,
with an epicentre offshore in the Nicoya Gulf, 170 km southwest
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Figure 2.12. Colour version and full caption on page 134.

of Pods, apparently triggered the swarm of A-Type quakes. Some
of these seismic events had epicentre locations aligned along
various N-S and E-W lineaments on the flanks of the volcano
(Rowe e al.,1992a). During the second half of May and in July
1990, A-Type seismicity increased again. Low- and medium-
frequency harmonic tremor of volcanic origin observed on May
28 was related to vigorous degassing. Inhabitants of Poasito (4
km SE), Fraijanes (6 km SE), and San Pedro de Pois (14 km
S) felt some of the earthquakes. On March 28, 1990 reddish
flames believed to represent the auto-ignition of elemental
sulphur were observed at the dry bottom of the lake, suggesting
that the temperature of the intensive subaerial fumaroles was
at least 250°C (i.e. the approximate ignition temperature of
sulphur in air). The strong activity forced the rangers of the
National Park of Pods Volcano to evacuate the tourists and
close the park. The Costa Rican government declared a local
state of emergency. Between 1989 and 1990 fumarolic activity
around the CPC, located on its top and N side, was weak with
maximum temperatures of 95°C. B-type earthquakes that had
peaked at >100,000 per year in 1988, continued to show similar
yearly totals during 1989-1991.

Desiccation and subsequent refilling of the lake occurred
during each dry season from 1989 to 1992 (Fig. 2.11), so that
the lake maintained a very shallow level in these years. The
maximum depth during the rainy season of 1991 and 1992 was
about three metres (Fig. 2.14). It increased to ca. six metres by
the end of 1993, which corresponds to a lake volume of 7.5x10*
m® (Martinez e¢ al., 2000). Lake-water temperatures during

Figure 2.14. Colour version and full caption on page 134.

the rainy months (May-December) averaged around 70°C in
1991, 1992 and 62°C in 1993. No further significant phreatic
eruptions occurred until April-August 1994 (Martinez ef al.,
2000; Rymer ez al., 2000).

In March 1994 the shallow crater lake experienced a rapid
drop, and by April it was reduced to scattered small mud pools.
Between April and early August 1994 only isolated mud pools
remained on the dried bottom due to renewal of phreatic activity.
On April 25 and 30, 1994, two phreatic eruptions vented from
the lake sediments; fine particles travelled 1.6 km south and
southwest of the crater. On June 2, 1994, a phreatic eruption
produced a column that rose ca. 1.2 km above the crater floor;
part of the fine non-juvenile ashes were transported about 6 km
downwind from the crater. The peak of phreatic activity occurred
between July 24 and 31, and on August 4, 1994 when a series of
large phreatic eruptions lifted lake sediment and gas-rich water
columns up to 2 km above the crater floor. The largest of these
eruptions occurred on July 31, and non-juvenile ashes were
distributed 12 km southwest of the summit. During the second
half of July 1994, vigorous subaerial fumaroles, with estimated
temperatures of 515°C, based upon measurements performed
with an optical pyrometer, were issued from the dried bottom
of the acid crater lake (Martinez e# al., 2000).

This period of strong fumarolic degassing and phreatic
activity that led to the disappearance of the crater lake was also
characterized by a significant increase in seismicity. Increases
in the numbers of A-Type and B-Type earthquakes as well as
polychromatic tremor were recorded prior to and during the

Figure 2.13a. Colour version and full caption on page 134.

Figure 2.13b. Colour version and full caption on page 134.
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Figure 2.16. Colour version and full caption on page 135.

eruptions (Martinez ez a/., 2000; Rymer ez al., 2000). Although
phreatic activity ceased in early August 1994, several fumaroles,
located along the northern side of the dried lake bottom,
continued degassing strongly until late 1994 (Fig. 2.15). By
mid-August 1994, a new lake started to emerge and filled up
gradually. It showed strong convective circulation and a grey
appearance due to vigorous subaqueous venting. The lake was
more stable at the very end of 1994 and in early 1995. By May
1995, only very weak subaqueous fumarolic activity was left.
The lake continued growing throughout 1995 and 1996 due to
accumulation of meteoric water and relatively low subaqueous
heat input (Fig. 2.16) (Barquero, 1998).

In April 1995 new fumaroles at boiling-point temperatures
were observed for the first time in the lower part of the
southern crater area where the trail ascending to the Mirador
(lookout point for visitors) begins. The fumarole field spread out
gradually to the S-SW along the lowest parts of inner crater
wall during April 1995 — May 1996. Temperatures of the new
fumaroles ranged between 57-97°C. They produced low-volume
gas columns of ~50-100 m height, and sublimating sulphur was
deposited around the vents. This small fumarole field remained
active for almost five years until it disappeared in February 2000

(Fig. 2.20, site 2).

2.2.5 Activity between September 1995 and February 2005:
Stage IV
Between September 1995 and February 2005 (Stage IV)
subaerial fumarolic activity outside the lake developed further,
although the lake itself continued receiving an important influx
of volatiles and heat.

In late 1995-early 1996, moderate to strong degassing
resumed at the CPC although temperatures remained around
boiling point. More fumaroles appeared along the southern

crater area and at the western shore of the acid lake (Fig. 2.20,
site 3, Fig. 2.17). In 1996-1999 the fumarolic field along the
southern crater border extended towards the western part
(see Chapter 2, Fig. 2.20 sites 2 and 3), producing alteration
of the inner crater wall and generating landslides. These low-
temperature fumaroles disappeared around June 2000.

These weak boiling-temperature fumaroles at the western and
southern inner flanks of the crater were active until mid 2000.
This enhanced fumarolic activity triggered landslides towards
the lake.

By November 1997, the crater lake reached one of the highest
levels since 1986, with an estimated depth of ~50 m (Martinez
et al., 2000). However, the lake level descended a total of about
8 metres through 1998 due to enhanced influx of heat and
volatiles, as indicated by increase in lake temperature (Fig. 2.11)
and concentrations of magmatic anions. These changes were
accompanied by an increase in seismicity (see Chapters 3 and
4).

Between late 1998 and mid 1999, a series of concentric cracks
oriented N-§, through which vapours escaped, started opening
along the eastern shore of the lake and the eastern terrace.
Contemporarily, a new fumarolic field started developing along
the lowest part of the eastern terrace. By mid 1999, for the first
time in history, springs started appearing at the inner eastern
crater wall, at the contact between the eastern crater wall
(eastern terrace) and the crater floor (Fig. 2.20 site 4).

Between February and April 1999, a period of enhanced
fumarolic activity started around the CPC. A series of vent-
opening events remain for several months (Chapter 2, Fig.
2.18). Fumarolic degassing around the CPC peaked between
September and November 1999, when a large water vapour-
rich plume rose 2 km above the CPC on September 28, 1999.
This plume was observed from the Campus of Universidad
Nacional in Heredia (~25 km SE) and the town of Chagiites
(~15 km SE). Degassing around the CPC slowed down by the

Figure 2.17. Colour version and full caption on page 135.

Figure 2.18. Colour version and full caption on page 135.
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Figure 2.19. Colour version and full caption on page 135.

end of 1999, but still remained fairly vigorous until July 2000
(Fig.2.18).

This increase in the rate of degassing through the CPC
was preceded by a large increment in the number of B-Type
earthquakes (only 458 events were recorded in February 1999,
against 5264 events in September 1999). The number of
intermediate-frequency earthquakes also increased significantly
between May 1999 and December 1999 (a total of 8 AB-type
events registered in May, against 405 events in December 1999).
This also coincided with a peak in A-type seismicity and with
an increment in the total hours of recorded tremor (42.5 hours
of which 0.8 hours corresponded to monochromatic tremor)
between August and November 1999.

The impact of environmental acidification extended about
4.5 km downwind to the southwest of the volcano in 1999,
as a result of strong subaerial degassing through the CPC. A
large decrease in fumarolic activity at the cone was reported in
December 1999. Nevertheless, the CPS and the fumarole field
at the eastern inner crater wall have remained the main sites of
fumarolic degassing within the active crater since then.

Between late December 1999 and February 2000, tremor
increased, with a total of 28.75 hours recorded. Twenty-four
hours of tremor were recorded on a single day in February
2000, 11 hours of which corresponded to monochromatic
tremor. A fracture appeared in the eastern terrace, and new
fumaroles (94°C), depositing sulphur and emitting minor
amounts of vapour-gas, were noticed on the eastern crater
floor and in the eastern crater wall. Vents continued to open
at these locations throughout 2000 and 2001. For instance, in
May 2000 a substantial increase in seismicity coincided with
the appearance of new vigorous fumaroles in the eastern inner
crater wall. Again in March 2001, in a matter of only 3 days,
volcanic polychromatic tremor was registered during 35 hours.
The enhancement in seismic activity was followed by stronger
fumarolic degassing through the CPC and the appearance of
more new fumaroles in the eastern crater area in May-August
2001. Furthermore, an 8-m drop of the lake level was observed
in the course of 2001. In 2000 and 2001 the fumaroles and

thermal springs of the eastern crater wall had temperatures of
88°-95°C and 66°-89°C, respectively.

From October-November 2001 till today, the flux of gases
released through the CPC has remained relatively low. In
contrast, fumarolic activity at the eastern inner crater wall
has remained vigorous. A conspicuous fumarole at the north-
eastern side of the active crater (Fumarole Norte) registered a
temperature of 116°C in March 2003, and 124°C in April 2005.
The inner crater wall became unstable and has experienced
several slumps and rock falls from 2000 till present. Like the
CPC, the crater lake remained relatively quiet throughout
stage 1V, except for some significant heating events in June
2002-September 2003 and March 2005-September 2006 (Figs.
2.11 and 2.19).

Between mid 2002 and October 2003 vigorous upwelling
and abundant floating sulphur spherules were observed. This
came after a period of quiescence between November 2001
and May 2002, during which the lake had an unusual bluish
colour. Upwelling activity was particularly strong in September-
October 2003 when some small unusual blackish spherules,
together with the more common yellow globules and pieces of
molten sulphur with a ‘plastic’ texture, emerged from the lake
bottom, suggesting an intensification of subaqueous fumarolic
discharges (cf. Takano ez al., 1994a). Also between September
2002 and December 2003, a persistent emanation of corrosive
fumes (HCI evaporation?), causing respiratory problems and
irritation of eyes and skin near the lake edge, formed a white
acid fog over the lake surface, covering all of it at times. The
fog was even denser, ~5 m thick, in November 2002 (Fig. 2.19).
Constant bubbling was observed at the interface between the
lake and the northern slope of the CPC, and 1-5 m high water
fountains were sporadically ejected here between August 2002
and September 2003. Between mid-2002 and late 2003, a large
increase in B-Type seismicity was observed, which might be
related to the enhanced degassing through the lake.

From late 2003 on, the lake volume increased significantly,
reaching record volumes between late 2004 and early 2005. A
tropical storm on the Caribbean side of Costa Rica that flooded
some of the Atlantic lowlands between December 2004 and
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Figure 2.20. The active crater of Pods volcano viewed from the lookout point (E1 Mirador) at the southern crater rim. Note the green colour of the lake.

Numbers refer to main sites of subaerial fumarolic degassing within the active crater, which have shown shifts from the end of the 1970s till present. (1)

CPC; (2) southern fumarolic field; (3) western fumarolic field; (4-6) eastern terrace/eastern inner crater wall fumaroles. Photograph taken by Manfred van

Bergen in February 2003.

January 2005 caused strong precipitations over the central
mountain range, upon which the crater lake acquired a volume
of approximately 2 million cubic metres (Pods summit rainfall
data of ICE; Aguilar e al., 2005). Part of the eastern crater floor
was flooded, leaving some subaerial fumaroles in this sector
submerged for several weeks early in 2005 (Fig. 2.20, site 4; Fig.
2.21, Fig. 2.22) (Venzke et al., 2002-). The lake level was the
highest registered since the late 70s, and its temperature was as
low as 22°C (Fig. 2.11). The volume increase was accompanied
by a subtle colour change towards the end of 2003, while it
turned from bluish green to light green at the end of April 2004.
After decades of monitoring, this was the only time that this
colour has been seen (see Chapter 4, Figs. 4.10A and 4.10B).
Throughout stage IV there were several periods of relative
quiescence in the lake when temperatures were low: throughout
1995, November 2001-April 2002 and October 2003-February
2005. These quiet periods have been interpreted as a result
of reduced fumarolic input. In contrast, heating events in
1998-2001, mid 2002-late 2003 and 2005- present, were marked

by sharp rises in lake temperature (Fig. 2.11) and concentrations
of dissolved chemical species (see Chapter 4 Figs. 4.5 and 4.7).
Fumarolic outgassing was also fairly weak at the CPC from the
end of 2003 until early 2005.

By February 2005, the Fumarole Norte and other fumaroles
along the eastern inner crater wall started to issue large amounts
of sulphur particles. Since then, these particles have been
deposited mostly on the northern-northeastern inner crater
wall, giving it a yellowish colour that is visible from the lookout
point (Fig. 2.21 and 2.22). Also, a few small pools and flows of
molten sulphur have been observed in the eastern fumarole field

(OVSICOR], open reports).

2.2.6 Activity since March 2005: Stage V

In March 2005, a new period of strong convective activity and
evaporation commenced after a 10-years period of relative
quiescence of the lake (Stage ¥; March 2005-to early 2008).
The lake showed the first signs of more vigorous discharge
from subaqueous fumaroles by conspicuous change of its

Figure 2.21. Colour version and full caption on page 136.

Figure 2.22. Colour version and full caption on page 136.
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Figure 2.23. Colour version and full caption on page 136. Figure 2.24. Colour version and full caption on page 137.
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Figure 2.25. Seismograms from Pods volcano. (A) High-amplitude tremors (June 2005), some with a monochromatic character that is rarely seen at Pods;
(B) Close-up of tremor signals shown in (A); (C) Monochromatic harmonic tremor with a dominant frequency of 1.5 Hz (24 March 2006). This type

of volcanic tremor started on 23 March 2006 at 03:43 hrs GMT (i.e. 9:43 p.m. local time) and continued uninterruptedly until 25 March 2006 at 06:25
hrs GMT, with a total duration of 26:42 hrs (see also Fig. 2.29B); (D) High-frequency seismic event (top) and bands of polychromatic volcanic tremors
(below) associated to the phreatic eruption of 25 September 2006. All of the seismograms were registered by the POA2 seismic station of OVSICORI-

UNA.
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Figure 2.26. Colour version and full caption on page 137.

colour, first from greenish to milky turquoise (Figs. 2.21 and
2.22, see Chapter 4, Figs. 4.10A and 4.10B), and then to grey
in May (Figs. 2.23 and 2.24). Enhanced subaqueous fumarolic
discharge induced a large rise in lake temperature, conductivity
and concentrations of dissolved chemical species as well as a
steady drop in pH throughout 2005 (Fig. 2.11, see Chapter 4,
Figs. 4.3 and 4.7).

The pH of the lake water decreased to <1.0 after April
2005 and has remained fairly low until present. Within a year
(February 2005-February 2006), the pH changed from 1.25
to 0.59 and the temperature from 22°C to 51°C (Fig. 2.11).
Between May and November 2005, the lake surface showed
strong evaporation, upwelling and floating sulphur spherules
(Figs. 2.23,2.24, and 2.27). Between June and November 2005
yellowish sulphur spherules with “tails”, as well as large (0.5-cm
diameter) hollow greyish spherules with a metallic lustre (Fig.
2.26) were observed for the very first time at Pods.

Simultaneously with the changes in the crater lake, the
Fumarole Norte showed a significant increase in temperature
(105°C in March 2005, rising to 203°C between May and June)
and in flow rate (OVSICORI, 2006b; Chapters 2 and 4) (Fig.
5.2). The Fumarole Sur-Este showed an increase from 101°C
to 113°C as well. Furthermore, fumarolic activity around the
CPC has also increased since April 2005 till present. Between
early 2005 and early 2006 the lake level descended by 10 metres
despite an anomalously large amount of rainfall in 2005. This
clearly points to an increase in the input of heat and volatiles
through subaqueous fumarolic vents.

Unusually high seismic activity paralleled these drastic
changes. Between January and February 2005 seismicity
increased substantially. About 25 volcano-tectonic earthquakes
(A-Type) were recorded within two months. Between April
and October 2005 tremor reached record values (for instance,
245 hours in May, of which 34.5 hours corresponded to
monochromatic tremor, and 740 hours in August, of which 168
monochromatic tremor). The last time such a level of volcanic
tremor was observed at Pods was in the early 80s when magma
intruded below the CPC and almost reached the crater floor
(Casertano ez al., 1983, 1985; Ferndndez, 1990). In June 2005
the POA2 seismometer recorded bands of tremor signals with
an amplitude higher than usual and with a predominantly
monochromatic character, rarely seen at Pods and remarkably

Figure 2.27. Colour version and full caption on page 137.

similar to the high-amplitude tremors commonly observed at
Arenal Volcano (Barboza, V., pers. comm. 2006) (Figs. 2.25A
and 2.25B). The conspicuous amount of volcanic monochromatic
tremor suggests the possible intrusion of a magma body up to
shallow levels beneath the crater lake. From April 2005 till
present, tremor has been recorded uninterruptedly (Figs. 2.25C
and 2.25D).

Between May and November 2005, AB-type seismicity also
increased up to more than a thousand events per month, the
highest amount ever recorded at Pods since 1986 (see Chapter
4, Fig. 4.6). The AB-type quakes are closely related to opening
of fumarolic vents.

Finally, some time between the night of March 23 and early
morning of March 24, 2006, phreatic activity resumed within
the crater lake after a twelve year period of relative quiescence
(Figs. 2.28,2.30, and 2.31). This new episode of phreatic activity
was preceded by a dramatic increase in seismicity. On March
21,2006 (at 22:39 hrs GMT) two long lasting (8 minutes and
5 minutes) high-frequency seismic signals (up to 7.5 Hz) were
recorded. This has been attributed to breaking of a sealed system,
possibly the fracturing of the brittle envelope of a shallow
magma body beneath the volcano (Fig. 2.29A). After this had
occurred, the numbers of AB- and B-Type quakes reduced
substantially. Later, on March 23,2006 at 12:17 hrs GMT (6:17
a.m. local time), a band of monochromatic tremor that lasted for

Figure 2.28. Colour version and full caption on page 138.
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Figure 2.29. A and B. Colour version and full caption on page 139.

3.18 hours was recorded. This tremor had dominant frequencies
of 1.5 Hz. A second band with similar dominant frequencies
was recorded 5.14 hrs later and lasted for 4.15 hrs. Between
the first and the second tremor bands 3 intermediate frequency
(AB-type) events occurred with maximum frequencies of 2.8
Hz. After the second band 7 similar AB-type events were
recorded. In the course of this period the AB-type earthquakes
showed higher frequencies and intensity than usual, i.e. up to 3
Hz and with durations up to 50 seconds. Banded tremors were
also observed at Pods between September 2002 and October
2003, and might be related to the water fountains observed at
the north side of the CPC in the same period (see Chapter 4).
On March 23, 2006 at 03:43 hrs GMT (9:43 p.m. local
time) monochromatic harmonic tremor started and continued
uninterruptedly until March 25, 2006 at 06:25 hrs GMT, with
a total duration of 26.42 hrs (Figs. 2.25C and 2.29B). The
dominant frequency was 1.5 Hz. In the same period 6 AB-type
events were recorded as well. This seismicity is related to the
renewal of phreatic activity on March 23 and 24. A moderate

uTc

L L
1

phreatic eruption, which was witnessed by park rangers and
tourists from the lookout point, ejected materials that fell
into the lake and on its shores around midday of March 24.
Later that day, at 01:51 hrs GMT (19:51 hrs local time) a
stronger phreatic eruption occurred (Fig. 2.29B). According to
information provided by personnel of the Pods Volcano National
Park and the Red Cross, some other minor phreatic eruptions
occurred within the crater lake between the end of March and
April 26. In general, muddy lake water as well as rock fragments
ejected by the explosions fell within the crater area, and only the
energetic nightly eruption of March 24 dispersed non-juvenile
fine lake sediments as far as 5 km southwest of the volcano.
Between late March and July 2006 the seismic activity
declined significantly. However, it was high again throughout
the second half of 2006. A small explosion witnessed by the
park rangers and some visitors on April 26 was the last of this
eruptive period. A subsequent quiet interval lasted until the
night of the 25-26 September. On September 25™ at 21:48 hrs.
local time, a high-frequency seismic signal, associated to seal
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Figure 2.30. Colour version and full caption on page 138.

rupture, was recorded by the POA2 seismic station, similar to the
precursory signals of March 21, a few days before the renewal
of phreatic activity. This signal was followed by polychromatic
tremor, related with movement of fluids through fractures or
conduits, leading to the September 25 eruption (Fig. 2.25D).
According to field observations carried out by personnel of
the OVSICOR], it dispersed fine lake sediments as far as 12
km SW from the crater. The lake’s colour changed again from
milky turquoise to grey, due to strong fumarolic input. From
September till December 2006, strong subaqueous discharges
remained, as evidenced by a vigorous mud plume (ca. 80 m
diameter) (Fig. 2.31).

A few minor phreatic explosions as well as strong convective
activity were observed between September and December
2006, coinciding with a steady increase in temperature, acidity,
and concentration of solutes in the lake water. For instance, in
November 2006, pH, temperature, and conductivity of the lake
were 0.43, 58°C, and 180 mS/cm, respectively. In December
2006, a visitor of the national park witnessed another small
phreatic eruption.

No phreatic explosions were observed throughout year 2007
although strong degassing and convective activity prevailed in
the lake, producing a significant lowering of its level and keeping
it greyish-green and at an average temperature of ~55°C (min
48°C-max 58°C). More recently, in January 2008, at least two
minor phreatic explosions in the lake were witnessed by tourists
and park rangers (OVSICORI, 2008a,b). These eruptions
ejected muddy water columns that rose up to about 200 metres
above the lake surface and leaving rock fragments dispersed
on the crater floor (OVSICORI, 2008a,b). By February 2008,
lake temperature and pH were 45°C and 0.21, respectively and
the lake remained greyish (see Chapter 5). Moreover, seismic
stations POA2 and POAS (the latter set up in mid 2006 at the
Von Frantzius volcano, ~0.5 km N of Pods lake) recorded a large
number of seismic events in 2007-2008, mainly polychromatic
tremor, B and AB-type quakes. From 2005 on, the lake has been
shrinking, so that in March 2008 its maximum depth was only
around 26 m and its volume about 9.1x10°m?. If the current
conditions in the crater lake will continue, more phreatic
explosions could occur anytime in the near future.

The occurrence of over 60 registered eruptions in the last 175
years, the presence of a warm acidic crater lake and persistent
subaerial fumarolic discharges with fluctuating intensity

Figure 2.31. Colour version and full caption on page 138.

highlight the active status of Pods volcano. Monitoring and
study of the dynamics of the Pods crater lake-hydrothermal
system provide insights of the internal volcanic/hydrothermal
processes that control the physico-chemical conditions of
the lake and fumaroles which is crucial for forecasting future
eruptive events (see Chapters 3,4, and 5).

2.3 Climatic conditions at Poas Volcano

The climate in Costa Rica is controlled by: (a) its geographical
position, from 8°02’ to 11°14’ N, fairly close to the equator, (b)
its narrow extension between the Caribbean Sea and the Pacific
Ocean (about 300 km maximum), and (c) its topographic
diversity (average 1539 m.a.s.1.) characterized by coastal plains
and mountain ranges along the length of the country that are
separated by a central valley. Variations in altitude and local
topography result in a diversity of microclimates that sustain
the magnificent ecosystems of the country.

There are two major seasons in a year: dry (from January to
mid-May) and rainy (from mid-May to December). Rainfall
patterns, although seasonal, vary greatly in intensity across
geographical areas. A few locations in Costa Rica receive more
than 9000 mm of precipitation per year (Thomas, 1990), while
others receive less than 1500 mm. The winds, loaded with high
amounts of water, travel from the coasts to the central part of the
country. When air masses rise and get cold, water precipitates
over the mountain ranges, running from the north-west to the
south-east and dividing the country into a Caribbean slope and
a Pacific slope. On the Caribbean slope the rainy season begins
from mid to late April and continues through December and
sometimes January. The wettest months are July and November,
with a dry spell that occurs around August or September. Major
storms, locally called “temporales del Atldntico” occasionally
buffet this slope between September and February, when it
rains continuously for several days, as happened in the rainy
seasons of 2003 to 2005. That event was apparently due to an
increase in surface temperatures of the northern and equatorial
Atlantic and Pacific Ocean (data from Instituto Costarricense
de Electricidad, ICE; Aguilar e# a/., 2005). On the Pacific slope
the rainy season begins in May and runs until November. This
is a period in which the north-eastern trade winds (“vientos
alisios”) are much reduced in intensity, so that storms often
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come in from the Pacific Ocean in September and October.
From December to April, the velocity of the “vientos alisios”
is maximal, and this period corresponds with the dry season.
Although temperatures are much colder above 2000 metres
in the mountains, the average annual temperature for most of
the country lies between 21.7°C (71°F) and 27°C (81°F). The
coolest months are from November through January, and the
warmest from March through May (Eggar, 2007).

Pois volcano, with its summit of approximately 2708 metres
altitude (Fig. 2.5), is located within a cold, very humid zone
of the Cordillera Volcdnica Central according to Képpen's
terminology (Strahler, 1974). Here the temperature ranges from
-5 to 20°C, whilst the relative humidity ranges between 80 to
nearly 100% throughout the year (Calderén, 2005).

Weather conditions at Pods volcano are subject to the
influence of both the Caribbean and Pacific climatic regimes.
The prevailing wind direction is from the NE throughout the
year, with influences of the Pacific winds coming from the west
between May and January. The period with much less rainfall
extends from February to April. The total average precipitation
measured at the Pods Rainfall Station 84063, located at the
summit of the volcano at 2564 m.a.s.l., reaches over 3000 mm
annually (data from the Instituto Costarricense de Electricidad,
ICE; Calderén, 2005). In fact, the total annual rainfall has
shown extreme values of 2694 mm and 5095 mm in 1985 and
2003, respectively. In 2003, 2004 and 2005 the total annual
precipitation at the summit was 5095, 4696, and 4884 mm,
respectively. The annual rainfall registered in 2003 and 2005
was the highest since 1972 (data from ICE). The crater lake
reached record levels between the end of 2004 and early 2005,
which resulted in overflow and flooding of otherwise dry parts
of the crater floor.

2.4 Other acidic volcanic lakes in Costa Rica

Only two of the volcanoes in Costa Rica host hyperacid lakes
(pH<2): Poés and Rincén de la Vieja. The acid lake of Rincén
de la Vieja is chemically similar to that of Pods. The waters of
Rincén de la Vieja lake have extremely low pH (ranging from
below zero to 1.2), high concentrations of dissolved elements
(TDS=~24,000-154,000 mg/kg; Kempter and Rowe, 2000;
Tassi et al., 2005; OVSICORI, unpublished data), as well as

large fluctuating concentrations of polythionates (from below
detection limits to 3900 ppm; Takano, B., written comm. 2006).
The chemistry of the Rincén acid lake is controlled by the
input of magmatic-hydrothermal fluids and intense leaching
of andesitic rock (Kempter and Rowe, 2000; Tassi ez a/., 2006;
OVSICORI unpublished data). The lake of Rincén de la Vieja is
not being monitored on a regular basis as the acid lake of Pois,
and only a few isolated studies of its geochemistry are available
(Kempter and Rowe 2000; Tassi e a/., 2005), partly due to the
fact that the lake is not as easily accessible. Sampling is difficult
because of steep crater walls, weather conditions and a high
flux of acidic volatiles within the crater. However, OVSICORI
has been measuring temperature and concentrations of solutes
in lake-water samples, collected as frequently as weather
conditions permitted. Rincén volcano has presented at least six
periods of eruptive activity over the last 150 years according to
records that date back to 1851: 1854-63, 1912, 1922, 1966-70,
1983-87,1991-98 (OVSICORI, 1995, 1998; Soto ef al., 2003).
The most recent phreatomagmatic activity seems to have
occurred in February 1983 and in March 1984, according to the
reports of juvenile volcanics found among the erupted materials
by Barquero and Segura (1983) and Soto ez a/. (2003).

The Botos Cone, which is part of the Pods volcanic complex,
hosts the slightly acidic Botos Lake. From 1998 till present, its
pH and temperature have shown ranges of 3.7-6.3 and 15°-19°C,
respectively (see Chapter 5 Table 5.1). The composition of Botos
Lake is influenced by meteoric input of acid gases and particles
from the volcanic plume emitted by the active crater of Pods,
about 1 km to the north (Figs. 2.4 and 2.5).

Finally, the lake within the currently active crater of Irazu
Volcano has shown changes in chemical properties ranging
from acid to slightly alkaline between 1992 and 2007. The lake
waters were fairly acidic in the recent past. In June 1992 the
water at the northern edge of the lake had a pH of 3.7 and a
temperature of 48°C. The lake showed an earthy colour at that
time. However, over the last years the lake had a greenish colour
(OVSICORI, unpublished data). Between 1999 and 2007,
pH and temperature of the lake ranged between 5.8-8.0 and
14-24.5°C, respectively, although temperatures at the northern
edge were occasionally higher (OVSICORI, unpublished data).
Geochemical data indicate that the crater lake of Irazu is fairly
homogeneous.



CHAPTER 3

Chemical evolution and volcanic activity of the active
crater lake of Poas volcano, Costa Rica, 1993-1997"

Summary

Concentrations of chloride and sulphate and pH in the hot
crater lake (Laguna Caliente) at Pods volcano and in acid rain
varied over the period 1993-1997. These parameters are related
to changes in lake volume and temperature, and changes in
summit seismicity and fumarole activity beneath the active
crater. During this period, lake level increased from near zero
to its highest level since 1953, lake temperature declined from
a maximum value of 70°C to a minimum value of 25°C, and
pH of the lake water increased from near zero to 1.8. In May
1993 when the lake was nearly dry, chloride and sulphate
concentrations in the lake water reached 85400 and 91000
mg/L, respectively. Minimum concentrations of chloride and
sulphate after the lake refilled to its maximum volume were
2630 and 4060 mg/L, respectively. Between January 1993
and May 1995, most fumarolic activity was focused through
the bottom of the lake. After May 1995, fumarolic discharge
through the bottom of the lake declined and reappeared outside
the lake within the main crater area. The appearance of new
fumaroles on the CPC coincided with a dramatic decrease in
type B seismicity after January 1996. Between May 1995 and
December 1997, enhanced periods of type A seismicity and
episodes of harmonic tremor were associated with an increase in
the number of fumaroles and the intensity of degassing on the
CPC adjacent to the crater lake. Increases in summit seismic
activity (type A, B and harmonic tremor) and in the height of
eruption plumes through the lake bottom are associated with a
period of enhanced volcanic activity during April-September
1994. At this time, visual observations and remote fumarole
temperature measurements suggest an increase in the flux of
heat and gases discharged through the bottom of the crater
lake, possibly related to renewed magma ascent beneath the
active crater. A similar period of enhanced seismic activity that
occurred between August 1995 and January 1996, apparently
caused fracturing of sealed fumarole conduits beneath the CPC
allowing the focus of fumarolic degassing to migrate from
beneath the lake back to the 1953-1955 cone. Changes in the

chemistry of summit acid rain are correlated changes in volcanic
activity regardless of whether fumaroles are discharging into the
lake or are discharging directly into the atmosphere.

3.1 Introduction

Crater lakes in active volcanoes are dynamic systems. They
interact with cooling shallow magma bodies and/or magmatic-
hydrothermal systems beneath them. Changes in heat flow
and degassing rates induce variations in the chemical and
physical properties of crater lakes. Changes in these properties
provide the basis for volcano monitoring programs assuming
that external influences (e.g. rainfall and lake-sediment
interaction) can be isolated. Crater-lake geochemistry related
to volcanic activity can be an important tool to predict and
monitor volcanic events, especially when combined with other
geophysical techniques such as seismic or deformation studies.
In addition, crater lakes can be the source of increased volcanic
hazards (i.e. lahars, atmospheric pollution, seepage of toxic
fluids, e.g., Pasternack and Varekamp, 1997), so their activity
needs to be carefully studied through volcano monitoring
programs. Fortunately, reports from several well-studied crater
lakes on active volcanoes are available, e.g.: Kusatsu-Shirane
volcano, Japan (Takano, 1987; Takano and Watanuki, 1990;
Takano e# al., 1994a); Ruapehu volcano, New Zealand (Takano
et al., 1994b); Kelut volcano, Java (Badrudin, 1994) and Laguna
Caliente, Pods. The latter crater lake has been studied by
Raccichini and Bennett (1977); Brantley ez a/l. (1987); Brown e#
al. (1989, 1991); Rowe ez al. (1992a,b; 1995); Rowe (1994); and
Rymer ez a/. (2000).

3.2 Poas Volcano

Pods Volcano is one of the most active volcanoes of Costa
Rica and is approximately 35 km northwest of San José, in the
Central Cordillera of Costa Rica (10°12’00”N and 84°13’58"W,
2708 m above sea level). It is a broad well-vegetated basaltic-

1 'This chapter has been published as Martinez, M., Fernandez, E., Valdés, ., Barboza, V., van der Laat, R., Duarte, E., Malavassi, E., Sandoval, L.,

Barquero, J., Marino, T. 2000. Chemical evolution and volcanic activity of the active crater lake of Pods volcano, Costa Rica, 1993-1997. Journal of

Volcanology and Geothermal Research 97: 127-141.
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Figure 3.1. Map of the main crater of Pods Volcano, indicating the location
of the areas with intense fumarolic discharge observed from 1993 to

1997: From January 1993 to May 1995, subaqueous fumarolic activity
predominated at Laguna Caliente (a); then the main fumarolic activity
migrated to the southern wall of the crater in May 1995 (b); finally, after
January 1996, the locus of most fumarolic activity was centred on the CPC
(c) formed between 1953-1955 and at the western (). Low temperature
fumaroles formed on the 80-m- long, NE-trending fracture that appeared
on the northern terrace in April 1997 (d). Cerro Pelén, the acid rain
sampling site, is located about 2.4 km southwest from Laguna Caliente.
Map adapted from Rymer et al. (2000).

andesite stratovolcano, with a summit area that contains three
cones and the eroded remnants of two elongate calderas (Prosser
and Carr, 1987). The active cone contains a crater lake, Laguna
Caliente (Fig. 3.1), which is located between the two older
cones: the Von Frantzius cone to the north and the Botos cone
to the south, which contains a freshwater lake at its summit
(Fig. 3.6). Radiocarbon dating of pyroclastic deposits associated
with the last lava flow eruption by the Botos cone gives an age
of 7540 + 100 years old (Prosser, 1985).

Laguna Caliente is a hot, extremely acidic, crater lake, filled
with a concentrated chloride-sulphate brine rich in rock-
forming elements, and fine native sulphur particles. According to
the physico-chemical classification scheme for volcanic lakes of
Pasternack and Varekamp (1997) Laguna Caliente was a hot acid
hyperbrine volcanic lake from 1984 to 1990. During this period,
lake temperature ranged from 38 to 96°C, pH ranged from -0.87
to 0.26 and total dissolved solids (TDS) ranged from 60 to 360
g/kg (Rowe et al., 1992a). Maximum concentrations of chloride

and sulphate in samples of lake brine collected prior to the lake’s
initial disappearance in early 1989 were 120000 and 286000
mg/kg, respectively (Rowe e al., 1992a). The temperature and
extreme fluid chemistry observed in the crater lake were caused
by the combined effects of subaqueous fumaroles discharging
steam and magmatic gases into the bottom of the lake and
intense evaporation at the surface of the hot lake.

The active crater hosts an active hydrothermal system
(Casertano et al., 1987) supplied with heat and volatiles by a
small, shallow magma body whose upper surface is believed
to be within 500 m of the crater floor (Rymer and Brown,
1989). Annual rainfall in the vicinity of the active crater is
approximately 3.5 metres per year (Liao, 1997) with the dry
season from January to mid-May. The volume, temperature,
and water chemistry of Laguna Caliente vary considerably,
responding to changes in rainfall, thermal power output, and
summit seismic activity (Brown ez a/., 1989; 1991; Rowe ez al,

1992a,b).

3.2.1 Summary of Historical Activity
Historical activity at Pods with reports of fumarolic activity,
vapour eruptions and phreatic explosions since 1828 are
summarised by Krushensky and Escalante (1967), Raccichini
and Bennett (1977), Vargas (1979), Boza and Mendoza (1981),
Malavassi and Barquero (1982) and Malavassi ef a/. (1993). The
largest reported eruption occurred on 25 January 1910, when a
large steam and ash cloud reached 4-8 km above the summit.
During this eruption most of the crater lake was ejected, but the
lake did not completely disappear (Calvert and Calvert, 1917).
From 1910 to 1952, the crater lake was present and nearly
continuous fumarolic activity was observed in the active crater.
Activity at the volcano changed markedly in 1952 when
geyser-like phreatic eruptions through the crater lake returned,
marking the onset of a period of phreato-magmatic activity
that would continue for several years. Two vents were active at
Pods’ main crater during this eruption cycle: one that formed
a small CPC 40 m high in the central part of the active crater,
and another unnamed vent that formed about 150 m to the
north of the CPC. The northern vent collapsed and later filled
with water to form Laguna Caliente. By 1961, the crater lake
had reformed with intermittent geyser-like phreatic eruptions,
e.g. in 1977-1980, phreatic eruptions occurred with column
heights from several metres to 2 km and a phreatic explosion
in 1978 erupted large sulphur-encrusted blocks (Bennett and
Raccichini, 1978 a,b; Bennett, 1979; Francis ef a/., 1980).
Intense swarms of type A earthquakes were recorded beneath
the active crater in July 1980. These swarms are believed to
represent hydrofracturing of the chilled, brittle margin of the
shallow magma body beneath the crater (Casertano ez al.,
1987). Following the type A swarms, a very dramatic change
occurred in January 1981 when high temperature fumaroles (up
to 925°C) appeared on the CPC and gas columns rose up to 2
km high. At the same time, phreatic eruptions ceased to occur
at Laguna Caliente (Barquero and Malavassi, 1981a,b, 1982,
1983). The temperature of fumaroles on the CPC gradually
decreased from 960°C in mid-1981 to 441°C in 1987 (Barquero
and Fernindez, 1988) and were reduced to boiling and sub-
boiling point temperatures by 1989 (Smithsonian Institution,
1989). The annual number of type B earthquakes was 12000 in
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1983 (Fernandez, 1990). Tremor hours were high (1250-1800
h) during 1981-1982 when high-temperature degassing was
concentrated on the CPC. The CPC remained the site of
obvious fumarolic activity until June 1987 when geyser-like
eruptions returned to Laguna Caliente.

A swarm of type A earthquakes, representing either a small
episode of renewed magma ascent or another less extensive
hydrofracturing event, occurred between February and May,
1986 (Rymer and Brown, 1989; Rowe ez al., 1992b). Phreatic
eruption columns reached 1 km in elevation on 9 April 1988
and expelled lake sediments fell 0.5 km south of the crater
rim. Water temperatures of Laguna Caliente increased from
58 to 70 °C in 1988. Type B earthquakes gradually increased
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from 12000 per year in 1983 to over 100 000 per year in 1988.
As the lake disappeared, lake-bottom fumaroles began to
degas directly into the atmosphere so that direct emissions of
the acid gases SO2, H2S, HCI and HF began to affect large
areas west and southwest of the active crater. Areas affected by
acid deposition extended up to 15 km southwest of the active
crater; when the lake is present, acid deposition is typically
restricted to areas 3 km or less downwind of the active crater
(Barquero and Ferndndez, 1990; Fernindez e a/., 1994). The
level of Laguna Caliente dropped drastically during 1988 and
the lake disappeared completely in April 1989. After the lake
disappeared, steam jets lifted lake sediments into the air and
periods of harmonic tremors reappeared. On 1 May 1989,
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Figure 3.2. Monthly variation of physical parameters related to Laguna Caliente (1993-1997) including: (A) rainfall at the summit of Pods Volcano; (B)
crater lake volume; (C) crater lake water temperature; (D,E,F) summit seismicity recorded at POA2 seismographic station: (D) tremor hours, (E) type A
seismicity, and (F) Type B seismicity. On Fig. 3.2E, small letters a, b, ¢ and d, refer to the location of fumaroles and their opening events shown in Fig. 3.1.
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unusually powerful steam jets ejected lake sediments 1-2 km
into the air; these sediments later fell on populated areas 18
km southwest of the volcano. Dry ash and steam eruptions
continued intermittently for three weeks with plume heights
ranging between 1.5-2 km (Smithsonian Institution, 1989).

Boiling brine pools, mud pots, and sulphur volcanoes up
to three metres high were formed on the crater’s floor. Pits
filled with molten sulphur at temperatures of 140°C were also
observed on the lake bottom at this time (Oppenheimer and
Stevenson, 1989). Reddish flames believed to represent the
combustion of native sulphur were observed around the vents
of high-temperature fumaroles on the lake floor suggesting
temperatures >400°C. Lake desiccation and subsequent refilling
occurred during each dry season between 1989 and 1992.

Phreatic eruptions resumed in March 1990 and a strong
eruption in April 1990 followed a swarm of type A earthquakes
that occurred at Pods six hours after the 25 March 1990
subduction zone earthquake (M_ = 7.0, Protti ez al., 1995), with
an epicentre offshore of the Nicoya Gulf, 170 km southwest
of Pods volcano. Dry steam and ash eruptions, similar to those
that occurred in May 1989, resumed in May 1990 when the
lake again disappeared (Smithsonian Institution, 1990). Type B
earthquakes that had peaked at greater than 100 000 per year in
1988, continued to show similar yearly totals during 1989-1991.
Lake-water temperatures during the rainy months (May-
December) varied between 63 and 71° C in 1991, and then
averaged around 70 °C in 1992 and 55 °C in 1993. Estimated
maximum depth of the lake during the rainy season of 1991 was
about three metres. This depth was attained again during the
rainy season of 1992 and increased to an estimated six metres in
1993 (Smithsonian Institution, 1991, 1992, 1993).

3.3 Methods

3.3.1 Lake volume and depth

Volume and depth of Laguna Caliente were calculated from 30
sets of measurements of the dry lake basin geometry made with
a precision theodolite and a distance-meter between August
1994 and September 1997 (Fig. 3.2B). Prior to August 1994, the
depth and volume were estimated using field documentation.
Changes in the diameter and volume of the lake were calculated
using consecutive differences in water level (depth) and a
geometric model of the lake that assumes an inverted, flat-
bottomed cone [V= 1 5 (R? + 7 + Rr)/3 where R is the large
radius, r the small radius, 4 the differential water level]. The
error introduced by the difference between the geometric model
and the curved shape of the actual lake bottom is estimated to
be less than 5%.

3.3.2 Seismic data

Seismic data for the summit region of Pods Volcano were
recorded from the POA2 seismographic station which is
about 2.8 km southwest of Laguna Caliente at an elevation
of 2500 m above sea level. The POA2 station is a telemetric
station equipped with a Ranger SS-1 vertical, short-period
seismometer (1 Hz). Seismic activity at Pods has traditionally
been classified following the categories defined by Minakami
(1969): (1) type A events are high-frequency events (¥ > 3.0

Hz); (2) type B earthquakes are low-frequency events (f'< 3.0
Hz) and (3) periods of harmonic tremor (f'= 2.0-3.0 Hz). The
latter are reported as the number of hours of tremor recorded
per month.

3.3.3 Sampling and analytical methods

Lake temperature was measured using a thermocouple. Water
samples were collected at two sites (north and south) twice a
month along the lake-shore using dark high-density polyethylene
bottles that were stored at room temperature. Subsequent
analysis of the sample collected from the north and south sides
of the lake revealed pH, chloride and sulphate concentrations
that were identical within analytical error indicating that the
lake was well-mixed at the time of sampling because of thermal
convection (Brantley e# al., 1987). Lake-water samples were
not filtered or diluted in the field. Data reported for the period
late April to mid-August 1994 are based on samples collected
from small temporal pools that formed after heavy rains on the
dry lake bottom. The chemistry of these pools has been shown
to be highly variable (Rowe, 1994), however, data for samples
collected from these pools are included here for completeness.
Rainwater samples were collected at Cerro Pelén twice a month
at a site approximately 2.4 km southwest (i.e. down-wind) of
the active crater (Figs. 3.1 and 3.6). Rainwater samples were
collected in high-density polyethylene bottles and were stored
at 5°C to minimise the growth of bacteria or algae.

All the samples were analysed for pH, chloride and sulphate.
Determinations of pH were done on unfiltered samples in the
laboratory using a Corning potentiometer Model 10 with a
relative precision of + 0.1 pH units. To determine the chloride
and sulphate, samples were filtered with 0.2 um pore diameter
polycarbonate filters and analysed by ion chromatography on
a Shimadzu HIC6A ion chromatograph that had a Shimpak
ICA1 anionic exchange resin column and a Shimadzu CDD6A
conductivity detector. A 2.5 mM phthalic acid and 2.4 mM
Tris-(hydroxi-methyl) amino-methane (pH 4.0) solution was
used as mobile phase. The chromatograph operated at 40°C with
a flow-rate of 2.0 mL/min, in a range of measure of 0.1 mS/cm.
Concentrations of chloride and sulphate were calculated by peak
heights calibrated against a set of known standards. Analytical
errors of the ion chromatography analyses are estimated to be +
5% for sulphate and + 10% for chloride.

3.4 Results

From 1993 to 1997, annual rainfall in the vicinity of the crater
ranged from 3.8 to 4.6 m per year, which is 9-33% above the
long-term average of 3.5 m per year (Fig. 3.2A). The only
exception was during 1994 when total annual rainfall in the
summit area was just below the long-term average (~3.4 m).
Volume of Laguna Caliente varied from an estimated 3.7 x
103 to 1.7 x 106m3 between 1993 and 1997 (Fig. 3.2A). The
volume decreased abruptly during the dry seasons of 1993
and 1994 but no significant volume changes were observed
during the dry seasons of 1995-1997. The mild increase in the
slope of the volume curve recorded from June 1995 to August
1996 (Smithsonian Institution, 1996a) is associated with a
period of above-average rainfall at that time (Fig. 3.2A,B). The
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Figure 3.3. Variation of chemical parameters in water from Laguna Caliente (1993-1997) including: Lake pH; SO4/Cl ratios; chloride and sulphate

concentrations.

temperature of the crater lake ranged from 25 to 70°C between
1993 and 1997 (Fig. 3.2C).

From January 1993 to January 1996, type B seismicity was
extremely high in comparison with the seismicity recorded from
February 1996 to December 1997. Monthly totals of type B
earthquakes ranged from 1100 to 9839 during this period. An
increase in the number of type B earthquakes in March-April
1994 is related to an increase in the lake-water temperature
(Fig. 3.2 C,F), with increases in the concentration of sulphate
and chloride in lake water (Fig. 3.3B,C,D), and with the return
of harmonic tremor and type A seismic events (Fig. 3.2D,E).
Note that neither harmonic tremor nor A-type seismic events
were observed at this time in 1993.

A minimum in the total number of B type earthquakes occurred
in September 1994 after the enhanced period of volcanic activity
and the lake began to reform (Fig. 3.2 B,F). Increases in monthly
total type B events (5960-9149) and harmonic tremor hours
(12-370 hours) occurred between September and December
1995. An increase in the number of type A earthquakes was also
observed in November 1995 (44 events, Fig. 3.2 E). However,
sulphate and chloride concentration and lake-water temperature
did not change in response to the increased seismicity recorded
over this time period. Similarly, increases in the frequency of type
B events were noted in October-November 1993 (6360 events),
and in March-April 1995 (6995 events) without any obvious
changes in lake temperature, lake volume, or concentrations of
chloride or sulphate.

During October-November 1993, type A and tremor
earthquakes were absent, whereas in March-April 1995 only
minor amounts of harmonic tremor were recorded (Fig. 3.2D,E).
A dramatic decrease in the total number of type B earthquakes
(range 511-2192) occurred in February 1996 (Fig. 3.2F) and
continued through December 1997.This change coincided with
the apparent migration of the locus of fumarolic activity from
beneath the lake to the adjacent CPC (Fig. 3.1).

Plume height estimates come from field observations that
were calibrated with geodetic equipment. The highest plumes
were observed during the period of enhanced volcanic activity
from April to September 1994. Plume heights increased steadily
from 80 m to 1500 m suggesting increases in the amount of
energy and gas being released by the volcano (Fig. 3.5a). On 25
and 30 April 1994, two phreatic eruptions vented grey to clear
coloured ash containing old lake-floor sediments that reached
1.6 km south and southwest of the lake. On 2 June, a phreatic
eruption column 1.2 km in elevation, vented dry steam and non-
juvenile ash up to 1.6 km downwind from the lake. Thirteen
moderate size phreatic eruptions occurred between 24-31 July
and 4 August 1994. The largest eruption occurred on 31 July
and non-juvenile ash was distributed up to 12 km southwest
of the summit. Significant increases in the number of type A
and B events were recorded prior to and during these eruptions.
After the lake reformed in September 1994, the height of the
steam plume was greatly reduced (e.g. 80 m, Fig. 3.5a). Similar
periods of elevated plume height were observed during the dry
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season of 1993 (plume heights upwards of 500 m) and from
February 1996 to December 1997, when the locus of most
fumarolic activity continued to shift from Laguna Caliente to
the CPC south of the lake. During 1997 only small changes in
plume height were recorded.

3.4.1 Trends in the chemistry of Laguna Caliente with
volcanic activity

Concentrations of chloride and sulphate in Laguna Caliente
ranged between 2630 and 85600 mg/L and between 4640
and 91000 mg/L, respectively for the period of 1993-1997.
Lake-water pH ranged from near zero to 1.85 (Table 1, Fig.
3.3b-d). Sulphate and chloride concentrations were higher,

and lake-water pH values lower in 1993-1994, relative to the
period 1995-1997 (Martinez et al., 1997). Maximum sulphate
and chloride concentrations were recorded near the end of the
1993 dry season. After the dry season of 1994, concentrations of
chloride and sulphate declined in a more or less steady manner
until mid-1997 when slight increases took place (Fig. 3.3b,c).
During the dry season of 1993, the lake ranged from small
pools to a lake with a volume of nearly 4.7x10*m? (Fig. 3.2B).
Later that year, during the rainy season (May-December 1993),
a minor increase in the lake-water pH was observed (~0.3)
possibly caused by dilution associated with refilling of the lake
by rainwater (Figs. 3.2a,b, 3.3d). From April 1993 to March
1994, the sulphate/chloride concentration ratio of the lake

Tuble 3.1. Analytical results and physical parameters of Laguna Caliente. Volcan Pods

Date of sampling Temperature (°C) pH (23+2°C) Cl (mg/L) SO, (mg/L) Lake volume (m?) Lake depth (m)
09-Jan-93 65 0° 49100 54000 4.7x10* 2.5
06-Feb-93 70 0° 56100 58000 2.8x10* 1.5
20-Feb-93 60 0° 75900 84000 - -
04-Mar-93 60 0° 75500 65000 1.9x10* 1
14-Apr-93 60 0° 61200 55000 1.9x10* 1
16-Apr-93 60 0° 24500 47000 - -
14-May-93 63 0° 85600 91000 7.5x103 0.4
11-Jun-93 65 0.30 36400 35700 1.9x10* 1
09-Sep-93 64 0.35 29600 50400 6.5x10* 3.5
22-Oct-93 60 0.30 27600 45900 7.1x10* 3.8
10-Dec-93 60 0.30 25300 40700 7.5x10* 4
04-Feb-94 60 0° 32800 62100 7.7x10* 4.1
12-Mar-94 55 0° 56500 83100 2.8x10* 1.5
11-May-94 65 0° 12700 19000 9.0x10° 0.5
19-May-94 65 0° 17700 17500 - -
04-Jun-94 70 1.00 25500 19400 7.5x10° 0.4
10-Jun-94 65 0.80 24000 9630 - -
08-Jul-94 65 0.70 16500 24900 3.7x10° 0.2
30-Aug-94 60 0.54 10100 19200 2.8x10* 1.5
09-Sep-94 65 0.60 15600 15300 9.3x10* 5
23-Sep-94 65 0.30 24000 27000 - -
21-Oct-94 60 0.14 8470 17000 - -
15-Nov-94 55 0.38 7640 11000 2.8x10° 121
06-Jan-95 50 0.22 10200 16000 - -
03-Feb-95 47 0.18 10100 16600 4.0x10° 16.3
10-Mar-95 42 0.20 7780 20400 - -
28-Apr-95 41 0.35 8000 21900 - -
19-May-95 43 0.46 5240 10800 4.2x10° 16.9
02-Jun-95 39 0.35 5180 9970 4.3x10° 173
30-Jun-95 39 1.30 4740 9510 - -
26-Aug-95 36 1.15 5010 9510 - -
22-Sep-95 34 1.15 4390 8870 - -
20-Oct-95 30 1.25 3800 6220 7.4x10° 255
17-Nov-95 26 1.20 3710 7050 - -
15-Dec-95 30 1.30 3632 6860 7.9x10° 26.5
05-Jan-96 30 1.35 3590 9060 - -
26-Jan-96 30 1.45 3370 7310 - -
30-Jan-96 26 1.45 3370 6680 - -
23-Feb-96 27 1.55 2630 4480 - -
22-Mar-96 30 1.50 3370 6270 9.9x10° 30.6
12-Apr-96 34 1.85 4230 5970 - -
26-Apr-96 36 1.50 3910 5290 - -
10-May-96 36 1.45 4010 5180 - -
18-May-96 39 1.45 4280 5410 - -
31-May-96 42 1.30 4330 5060 - -
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Date of sampling Temperature (°C) pH (23+2°C) Cl (mg/L) SO, (mg/L) Lake volume (m3) Lake depth (m)
14-Jun-96 45 1.35 4390 7000 - -
24-Jul-96 36 1.80 4460 7520 - -
08-Aug-96 34 1.45 4510 6970 1.4x10° 38.5
30-Aug-96 36 1.50 4370 7020 - -
27-Sep-96 40 1.65 4320 6780 1.5x10° 38.7
05-Nov-96 35 1.50 5350 7170 - -
28-Nov-96 31 1.55 5110 6790 - -
18-Dec-96 29 1.50 3650 4870 1.5x10° 393
07-Jan-97 32 1.40 5750 6880 1.5x10° 40.4
04-Feb-97 31 1.40 3850 5110 - -
03-Mar-97 29 1.55 3260 4410 1.5x10° 40.5
04-Apr-97 29 1.40 4330 4870 - -
17-Apr-97 28 1.30 4230 4640 - -
21-Apr-97 25 1.30 4570 4990 - -
14-May-97 29 1.45 4420 4640 - -
04-Jun-97 35 1.50 4280 4750 1.6x10° 41.3
02-Jul-97 32 1.50 4620 4870 - -
28-Jul-97 31 1.60 4735 5120 - -
05-Sep-97 33 1.03 5290 4640 1.7x10° 42.6
05-Sep-97 33 1.35 4330 4060 - -
19-Sep-97 35 1.45 5750 5320 - -
03-Oct-97 35 1.41 7580 6340 - -
17-Oct-97 35 1.30 5980 6220 - -
17-Oct-97 35 1.30 6520 7840 - -
04-Nov-97 34 1.40 7800 6460 - -
25-Nov-97 35 1.25 7660 6850 - -
28-Nov-97 35 135 6900 6400 - -

a: the analogue pH-meter indicated pH zero (it means that the pH was below or near zero).

water increased, possibly in response to a decrease in lake water
chloride due to volatilisation of HCI (Rowe ef al., 1992a).

A sharp increase in acidity, sulphate, and chloride is noted
in February-March 1994, prior to the disappearance of the
lake and before the onset of the period of enhanced volcanic
activity (Figs. 3.3b-d). Despite this, no significant changes in
lake temperature (which remained near 60°C) were observed
at this time. In April 1994, the lake volume was reduced to
scattered small mud pools of highly variable temperature and
composition (Smithsonian Institution, 1994a). From March
to July 1994, an increase in type B seismicity was recorded at
POA?2 station suggesting an increased level of volcanic activity
beneath the crater lake. Type A seismicity and the number of
harmonic tremor hours also increased, but only after the lake
had disappeared in April 1994. The numerous low-frequency
events are believed to reflect shallow seismic signatures of
degassing from the magma, whereas the origin of the tremors
may relate to magma movement (IMcNutt and Harlow, 1983;
Ferruci, 1995). Elevated seismic activity, low pH, and high
concentrations of chloride and sulphate strongly suggest
vigorous degassing of subaqueous fumaroles into the lake at this
time. The cause of the intense fumarolic discharge and associated
increase in seismic activity beneath the active crater could be
either a hydrofracturing event or the ascent of a small volume of
fresh magma. Support for the above hypotheses is provided by
remote temperature measurements of the most intense fumarole
vents exposed after the lake dried up completely in April 1994.
Fumaroles on the dry lake bottom registered 515°C with an
optical pyrometer on 21 July 1994 when plume heights were
1500 m (Fig. 3.5a).

Lake temperature, acidity, sulphate, and chloride
concentrations continued to decrease steadily with some
minor fluctuations through mid-1995 after the lake reformed
and eruptive activity waned in August-September 1994.
By mid-1995, declines in the concentration of chloride had
levelled out whereas sulphate concentrations continued to
decline steadily through early 1996 (Fig. 3.3b,c). Although
some variation in the sulphate/chloride concentration ratio
is observed after the lake reforms in September 1994, the
rather narrow range of sulphate/chloride values suggests that
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the observed declines in sulphate and chloride largely reflect
a dilution trend caused by the addition of meteoric water that
refilled the lake (Figs. 3.3a-c, 3.2b).

From October 1995 to January 1996, a new increase in type
A, type B and tremor seismicity was recorded at Pods volcano.
The number of type A events and the amount of harmonic
tremor hours were slightly higher than those recorded during
period of enhanced activity in mid-1994 (Fig. 3.2 D,E). Despite
this period of enhanced seismicity, lake temperature declined
further reaching the minimum recorded value for the period
1993-1997 (25°C) and lake volume continued to increase
(Fig. 3.2 B,C). Elevated levels of seismic activity suggest
changes in the subsurface hydrothermal-magmatic system that
were not reflected by changes in the crater lake. Instead, field
observations made during December 1995 indicate an increase
in the size and relative intensity of fumarolic discharge from the
CPC including renewed deposition of native sulphur at several
of the newly formed fumaroles. Although not as impressive
as the increase in fumarolic activity recorded after the intense
seismic swarm of July 1980, these observations suggest a similar
migration of fumarolic activity from beneath the crater lake
back to the CPC. The migration of most fumaroles to the CPC
near the end of 1995 coincides well with a gradual reduction

in lake acidity and the steady increase in lake volume that was
recorded in 1996 (Smithsonian Institution, 1996b).

From March 1996 to December 1997, there were several
months where more than 10 type A seismic events were
recorded. Periods in which notable increases in the number
of type A events were recorded include August-September
1996 and January-February 1997 when more than 50 events
were recorded each month. However, periods of harmonic
tremor were less common, with minor periods of harmonic
tremor recorded over the period February-June 1996, October
1996, and following a year of no harmonic tremor, again in
November-December 1997 (Fig. 3.2D). The peaks of type A
seismicity and periods of harmonic tremor are not related to
any significant changes in lake temperature or chemistry, but
instead appear to coincide with new fumarole opening events
within the main crater of Pods or with areal expansion of the
pre-existent fumaroles (Fig. 3.1).

Finally, despite the overall dilutional trend that accompanied
the refilling of the lake, estimates of the total mass of chloride
and sulphate in the crater lake show overall increases in the
amount of chloride and sulphate stored in the lake between
1994 and 1997. This indicates that subaqueous fumaroles
continued to discharge magmatic gas-bearing steam into the
crater lake. The trend for sulphate in the lake shows a general
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increase through mid-1996 and then it levels off and remains
nearly constant through November 1997 (Fig. 3.4).

3.4.2 Trends in the chemistry of rain water with volcanic
activity

The distribution of acid rain is largely controlled by the
interaction of prevailing winds, that blow southwest across
the summit area, with the morphology of the area near and
downwind of the active crater. The chemistry of rainwater
samples collected at the Cerro Pelén site, 2.4 km downwind of
the active crater, is quite variable (Fig. 3.5). Composite monthly
samples of both wet and dry acid deposition collected between
1993 and 1997 had pH values between 2.9 and 5.8. Sulphate
and chloride concentrations in the rainwater samples range
from 0.8 to 376 mg/kg sulphate and 0.6 to 85 mg/kg chloride.
These values are similar to those reported by Rowe ez al. (1995)
for acid rain samples collected during the period 1988-1990 at
various locations on the southwest flank of Pods (1.7-46 ppm
sulphate; 3.1-49 ppm chloride).

Higher chloride concentrations were recorded in January-
June 1993 (85 mg/kg), in March-August 1994 (81 mg/kg) and
in April-July 1996 (41 mg/kg). The first two periods of high
chloride concentration in acid rain occur within the dry season
(Fig. 3.2A, Fig. 3.5d) and correlate with periods of low lake
volume and elevated lake temperature, whereas the second and
third periods are correlated with periods of enhanced type A
and harmonic tremor activity. The latter period in April-July
1996 also was correlated with a short-lived six-degree increase
in lake temperature (Fig. 3.2C). High chloride concentrations in
acid rain waters may reflect enhanced volatilisation of HCI from
the crater-lake surface caused by increases in lake temperature
and acidity. Such episodes should be reflected by declines in
the sulphate/chloride ratios of acid-rain samples (Fig. 3.5b) as
observed prior to the first disappearance of the lake in early 1989
(Rowe et al., 1992a). Higher sulphate concentrations in acid
rain were recorded twice during the period under consideration
(March-September 1994 and April 1997). Elevated sulphate
concentrations appear to be related to an increase in the release
of sulphate-rich particles during steam eruptions or by the
release of hydrogen sulphide gas from new, low-temperature
fumaroles that reappeared on the CPC in late 1995.

The area affected by volcanic emissions had elliptical shape
with its major axis oriented to the southwest of the summit
area (Fig. 3.6). In January 1994, the approximate area affected
was a 3-km ellipse with a total area approaching 4 km?. In May
1994, the area affected had increased to ca. 50 km? (ellipse axis:
12 km) and by July-August 1994, the area reached an estimated
maximum of 74 km? (ellipse axis: 15 km, Fig. 3.6). On basis of
the estimates made by the Costa Rican Agricultural Extension
Agency, losses to crops caused by the period of enhanced acid
deposition in 1994 approached 1.5 million dollars (N. Kopper,
Costa Rican Agricultural Extension Agency, pers. comm.,
1995). About two thirds of the economic loss came from lower
productivity in coffee plantations. Other areas affected by the
acid emissions included timber, crops, machinery, grazing
land, native vegetation (Sandoval, 1996), livestock, housing,
and human and animal health (Baxter e a/, 1997). Health
complaints included nausea, coughing, and irritated throat, eyes
and skin (Smithsonian Institution, 1994a,b).

3.5 Conclusions

The classification scheme for volcanic lakes proposed by
Pasternack and Varekamp (1997) divides volcanic lakes in five
categories based on physical and chemical properties of the lake.
During the period 1993-1997, three of their categories can be
used to describe the evolution of Laguna Caliente. Using the
sum of chloride and sulphate as a proxy for TDS, the general
physico-chemical evolution of Pods crater lake can be described
as follows: (1) a period of peak activity from January 1993 to
approximately February 1995 when lake pH was consistently
near zero, lake temperature usually exceeded 45°C, and the
combined concentration of chloride and sulphate ranged from
17.7% to 1.8%; (2) a short transitional period from March 1995
to September 1995 corresponding to the high activity period
when the lake typically had pH values between 0.3 and 1.0,
temperatures between 35 and 45°C, and chloride plus sulphate
concentrations of 1.3-2.8%; and (3) a period of medium activity
from October 1995 to December 1997 during which lake pH
was between 1.0 and 2.0, lake temperature was generally less
than 35°C and the combined concentration of chloride and
sulphate was generally less than 1% (10000 mg/L).

The geochemical properties of Laguna Caliente, as well as
variations in its temperature, volume and depth, reflect both
climatic effects and interactions with a shallow subsurface
magma body and associated magmatic-hydrothermal system.
Therefore, changes in parameters normally associated with
volcanic activity such as increased seismicity, plume height
or fumarole temperature will tend to be related to changes
in crater-lake chemistry, particularly for species derived from
magmatic gases (e.g. acidity, chloride and sulphate). The relation
between these parameters will be more evident when fumarolic
discharge from the underlying magmatic-hydrothermal system
is focused beneath the lake, as was the case between 1993 and
January 1996.

During April-August 1994, plume heights (1500 m) and
fumarole temperatures (515°C) recorded on the lake bottom
increased dramatically suggesting a large increase in the flux of
heat from the shallow magma body. Between September 1995
and January 1996 renewed magmatic-hydrothermal activity
opened a new path for the ascending gases to the surface as
the fumaroles beneath the lake became gradually sealed after
September 1994. As a result, fumarolic activity appeared
to migrate from beneath the crater lake to the CPC on the
southern rim of the crater lake.

After the fumarolic activity migrated to the CPC, intensive
fumarolic outgassing started to interact directly with the
atmosphere decreasing the direct contribution of chemical
species to the crater lake. Under the new conditions, the
concentration of anions in the lake and its physical parameters
(i.e. temperature) did not respond directly to changes in seismic
activity. Type B events which are normally considered indicators
of hydrothermal activity decreased dramatically suggesting
smaller interaction of ascending gases with the volcano’s
hydrothermal system.

In general terms, the physico-chemical properties of Laguna
Caliente evolved from those characteristic of a hot acidic
hyperbrine to those of an acid-saline brine between 1993-1997.
'The hot acid hyperbrine corresponds to the period in which the
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focus of subsurface magmatic-hydrothermal activity was beneath
the crater lake whereas the acid-saline brine corresponds to the
period in which the activity migrated back to the CPC (i.e. after
January 1996). Migration of activity from one vent to the other
has been a common feature at Pods and the return of the crater
lake to a more quiescent state may mark the end of the period
of lake instability that began in mid-1986 (Brown ez a/., 1991;
Rowe ¢f al.,1992a,b).

Decreases in the sulphate/chloride ratio of acid rain were
caused by volatilisation of chloride from the lake as temperature,
acidity and anions concentration increased as the volcano
activity increased. However, the ratio observed in acid deposition
samples is affected by the efficiency of HCI absorption by
rainwater and also by the form in which sulphur species are
emitted by the volcano. The observations presented here suggest
that the crater lake has a significant role in determining the type
and intensity of acid deposition, with periods of enhanced acid
deposition and increased economic damage occurring when the
lake declines or disappears.
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CHAPTER 4

A long-term record of polythionates in the acid crater
lake of Poas volcano: Insights into the subaqueous

input of fumarolic gases

4.1 Introduction

A variety of chemical constituents of volcanic crater lakes
and associated fluids is classically employed to monitor
volcanic activity, to assess the flow rate and nature of volcanic
gases expelled from cooling magma, and to study water-rock
interaction in shallow magmatic-hydrothermal systems (e.g.
Giggenbach, 1974; Sigurdsson, 1977; Casadevall ez a/., 1984b;
Rowe e al., 1992a,b; Christenson and Wood, 1993; Takano
et al., 1994b; Delmelle and Bernard, 1994; Delmelle, 1995;
Pasternack and Varekamp, 1994, 1997; Armienta ef al., 2000;
Christenson, 2000; Delmelle and Bernard, 2000; Delmelle ef al.,
2000; Giolito, 2000; Martinez ef a/., 2000; Sriwana ef a/., 2000;
Varekamp e# al., 2001; Tassi e al., 2003; Bernard ef al., 2004;
Takano ez al., 2004).

Among the more exotic geochemical parameters with
monitoring potential are the natural polymeric sulphur
compounds known as polythionates, which have the general
formula (O,SS SO,)*, where 3<n<20 (Shriver and Atkins, 1999;
Steudel and Holdt, 1986). They are named according to the total
number of sulphur atoms: trithionate (S,0,%*), tetrathionate
(5,07, pentathionate (5,0,*), etc. Polythionates were found
in waters of volcanic origin for the first time in New Zealand.
Mac Laurin (1911) detected pentathionate in the crater lake
of White Island Volcano, while Day and Wilson (1937) and
Wilson (1941, 1953, 1959) reported the presence of various
polythionates in waters from the Black Pool near Rotorua and
the Black Geyser at Ketetahi thermal springs.

Polythionates can be present among the anions in acid volcanic
lakes in concentrations ranging from minor or trace amounts to
several hundreds or thousands of ppm. They are transient sulphur
compounds formed in acid aqueous environments by reaction
between SO, and H,S gases (Takano and Watanuki, 1990;
Takano et al., 1994b). They have been detected in acid volcanic
lakes (pH<3) such as the Yugama Lake at Kusatsu-Shirane in
Japan (Takano, 1987; Takano and Watanuki, 1990); Ruapehu in
New Zealand (Takano ef a/., 1994b); Pois (Rowe ez al., 1992b;
Martinez ef al., 2004b) and Rincén de la Vieja in Costa Rica
(OVSICORI, unpublished data); Patuha in West Java (Sriwana
et al., 2000); Kawah Ijen in East Java (Delmelle and Bernard,
1994; Takano ef al.,2004); Santa Ana in El Salvador (Bernard
et al., 2004); Copahue in Argentina (Varekamp, J., pers. comm.

2007) and Maly Semiachik in Russia (Takano e# al., 1995).
Tetra-, penta-, and hexathionate have been also detected in
acid condensates collected from the fumaroles that were active
at the eastern terrace of the active crater or Pods volcano and
fumaroles sampled in 2002 and 2007 at the Central and West
craters of Turrialba volcano (OVSICORI, unpublished).

Despite these reports of polythionate presence in a number
of crater lakes, their long-term behaviour has been studied only
in a few cases so far: Yugama Lake at Kusatsu-Shirane (Takano,
1987; Takano and Watanuki, 1990), Crater Lake at Ruapehu
(Takano ef al., 1994b) and Laguna Caliente at Pods (Rowe ez
al., 1992b).

Rowe et al. (1992b) reported the first polythionate data for
Pois, covering the period 1984-early 1990 when the lake evolved
from relative quiescence to an interval of high activity (for a
summary of the historic activity of Pods, see Chapter 2). The
authors noticed a sharp decrease in polythionate concentrations
three months prior to the recurrence of phreatic eruptions in
1987 (which would persist in the following years), and suggested
that rapidly changing polythionate levels could be a precursor
signal of changes in the magmatic-hydrothermal system that
affect subaqueous fumarolic input and trigger phreatic activity.
Since then, several other periods of phreatic eruptions have
occurred (the latest in 2005-2008), and frequent, sometimes
drastic fluctuations in the physico-chemical properties of the
crater lake have been registered (Mastin and Witter, 2000;
Martinez et al., 2000; Venzke e# al., 2002-; OVSICORI open
reports). This unstable behaviour of the volcano provides a
unique opportunity to evaluate the response of polythionates to
marked changes in the input of magmatic volatiles and heat, and
to test their value in predicting upcoming phreatic events. This
chapter presents new polythionate results, which together with
the previous data of Rowe ez al., (1992b) constitute a monitoring
record of about 25 years. It will be shown that the polythionate
budget in Laguna Caliente is characterized by a remarkable
variability, which is directly linked to changes in the flow rate,
composition and location of fumarolic emissions in the crater
area. In combination with regularly monitored geochemical
signatures, geophysical parameters and field observations,
the findings provide new insights into the conditions of the
subsurface magmatic-hydrothermal system, and in the way they
control eruptive events.
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Figure 4.1. Overview of the summit area of Pods and sampling sites. Cross section (A) and bathymetric contours (B) are from a survey carried out in early
2001 (adapted from Tassi ez al., 2003; Duarte ez al., 2003c¢). Black star in diagram B is the location where lake waters were regularly collected. Black-grey
star labelled ‘9’ in the upper left of the map is the sampling site of the Agrio hot spring #9.
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4.2 Sampling strategy and analytical procedures

4.2.1 Sampling

Samples selected for polythionate analysis were routinely
collected by OVSICORI-UNA at a location on the NE side
of the acidic crater lake (Fig. 4.1). Temperatures were measured
at the sampling sites using thermocouple. Most of the samples
were stored in dark high-density polyethylene bottles at
room temperature without filtration, dilution or addition of
preservatives before the polythionate analyses were conducted.
From June 1990 till 1995 the average sampling intervals
were 3-4 months because of the high activity of the volcano.
From 1996 till November 2006, the data represent a monthly
sampling frequency. A single sample from 1980 was analysed
to provide the earliest polythionate signal. Previously published
polythionate data (Rowe ez al., 1992b) cover the period from
November 1984 until March 1990 and represent an approximate
sampling frequency of once every two months. Collectively, the
currently available polythionate record thus covers the period
1980-2006. Some samples collected in 1988-1994 that contain
grey muddy material were presumably from mud pools, which
formed during episodes when the lake volume was strongly
reduced. As these pools had a highly variable chemistry and were
largely mixtures between meteoric water and low-temperature
fumarolic steam (Rowe, 1994) their results are not considered to
be representative for the long-term evolution of the lake system
and are not further considered here.

4.2.2 Physico-chemical data

4.2.2.1 Polythionate analysis

About 190 lake water samples were analysed for tetra-, penta-,
and hexathionate ions at the Department of Chemistry of Tokyo
University and at the Laboratory of Atmospheric Chemistry
(LAQAT) of the Universidad Nacional in Costa Rica using
similar ion-pair chromatographic techniques. This method is
convenient because no sample preparation other than filtration
and dilution is required.

Samples collected in October 1980, June 1990-November
1992, September 1993, September and November 1994,
January and February 1995, April 1999-September 2002 were
analysed at LAQAT in August-October 2002. Samples from
(a) January-April and October 1993, (b) March and October
1994 and March 1995-March 1999, (c) December 2002-June
2005, and (d) July 2005-November 2006 were analysed at
Tokyo University in November 1996, February 1999, February-
August 2005 and April 2007, respectively. Although some
samples were analysed within a few weeks after collection,
the majority was stored for several years at room temperature
without preservation measures.

At Tokyo University tetra-, penta-, and hexathionate ions
were determined following a high-performance microbore ion-
pair chromatographic separation technique with ultraviolet
absorption detection, and an ion-pair chromatographic
separation technique with conductivity detection (Takano,
1987; Takano and Watanuki, 1988, 1990; Table APP-4.1.1,
Appendix 4.1). The first technique allows the determination
of tetra-, penta-, and hexathionate in excess of 0.2 ppm, and
the second that of tetra-, and pentathionate in excess of 10

ppm. Standard solutions for penta- and hexathionate were
prepared from synthesized salts (Takano and Watanuki, 1988)
following Goehring and Feldmann (1948). A commercially
available potassium tetrathionate salt was recrystallised for the
preparation of tetrathionate standard solutions.

At LAQAT separation and quantification of main
polythionate species were performed using an ion-pair
chromatographic technique with UV absorption detection
following Miura and Kawaoi (2000) with minor modifications
(Table APP-4.1.1, Appendix 4.1). A Shimadzu Model
LC-10AS chromatographic system, equipped with a LC-10AS
liquid delivery isocratic pump set at a flow rate of 0.6 mL/min,
an automatic SIL-10A auto-injector with a 100 pl sampling
loop, a SPD-10AV UV-VIS spectrophotometric detector set
at 230 nm, and a SCL-10A System controller were employed.
Chromatographic signals were obtained with the following
settings: an Alltech/Allsphere ODS-2 analytical column 5 pm
particle size (150 x 4.6 mm i.d.) coupled to a Brownlee guard
column (50x3 mm i.d.); an acetonitrile-water (20:80 v/v) mobile
phase [6 mM in tetrapropylammonium hydroxide, TPA, and
buffered at a pH=5.0 by dropwise addition of glacial acetic acid
100%], filtered through a 0.45 pm membrane filter and degassed
by vacuum. All of the reagents used for the mobile phase were
analytical-grade; the acetonitrile was 99.93% HPLC grade, the
'TPA ion pair reagent used was an aqueous solution 20% (~1M).
Mobile phase, samples and standard solutions were diluted
with distilled and deionised water. Samples were filtered and
diluted immediately before injection into the chromatographic
system. Chromatographic separations were carried out at room
temperature (23+2°C). Chromatograms were displayed on a
pen-recorder, and peak heights were measured by hand.

A potassium tetrathionate calibration solution was injected
several times during a 6 hours sequence to monitor the response,
the reproducibility of peak heights and retention times.
Precision of retention times for standards and unknowns was
+0.9% within one day (n=12) and +1% within one week (n=10)
for the ion-pair UV chromatographic technique. This enabled
unequivocal identification of the polythionates by retention time
only. Repeated analysis (n=6) of the 21 June 2002 sample to
determine the reproducibility of the procedure yielded a mean
value of 190 mg/kg for tetrathionate, with a relative standard
deviation (RSD) of 5%, 57 mg/kg for pentathionate (RSD=4%),
and 25 mg/kg for hexathionate (RSD=4%). Reproducibility
for the entire set of samples, analysed in Costa Rica within a
three-month period, was tested on randomly selected samples
with a range of concentrations. Results showed an average
RSD of 10%, 7% and 8% for tetra-, penta-, and hexathionate,
respectively. Samples were analysed in duplicate and the results
were averaged. Concentration differences between duplicates
were usually <5%. Detection limits were 5 mg/kg for tetra-, 1.6
mg/kg for penta-, and 0.5 mg/kg for hexathionate.

One litre of lake water (original T=32°C, pH=1.1,
density=1.02 g/mL), collected on 17 March 1999, was stored at
5°C and used as a reference standard solution for polythionate
calibration curves at LAQAT. This sample was periodically
analysed at Tokyo University in order to determine the
reliability in the use of this sample as a standard solution due
to the chemical lability of polythionates (Stamm ez a/., 1942).
For instance, the analysis carried out at Tokyo University on 28
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July 2002, 3 years and 4 months after collection, yielded 462 + 8
mg/kg S,0.%, 182 + 3 mg/kg S,O.* and 118 + 2 mg/kg SO >
(Table APP-4.1.2, Appendix 4.1). This use of natural crater-lake
water as a reference has the advantage of eliminating potential
problems related to matrix differences between standards and
samples, and those associated with chemical instability during
preparation and storage of synthetic polythionate standard salts
and solutions. Polythionate concentrations in this reference
sample remained at an acceptable stable level at least until
August-October 2002 when analyses were run at LAQAT
(Table APP-4.1.2, Appendix 4.1).

Although it has been demonstrated for natural and synthetic
highly acid solutions (pH<2), free from sulphur-oxidizing
bacteria, that no significant decomposition of polythionates
occurs at concentrations of >100 ppm over at least eight years
(Takano, 1987; Takano and Watanuki, 1988, 1990; Takano et
al., 1994b), the stability of polythionates was verified in some
lake water samples at LAQAT. As earlier analysed samples from
the 1984-1990 period (Rowe ez al., 1992b) were not available
for re-analysis, a polythionate-rich mud pool sample and the
reference sample (10 June 1994, 17 March 1999), were analysed
for tetrathionate on 16 October 2002 using a fresh synthetic
aqueous solution of a 98% sodium tetrathionate dihydrate salt,
Na,S,0,2H,0, to prepare a calibration curve. Results were
even somewhat higher than data obtained in Tokyo in 1999 and
2002 (RSD = 14 and 12%), indicating that there is no evidence
for significant instability of this species over a period of at least
three years. On the same date, all major polythionates were also
re-analysed in the 10 June 1994 sample, using the 17 March
1999 reference solution. Original and newly measured values
were in reasonable agreement with 2825 and 3185 mg/kg for
tetra-, 2067 and 2600 mg/kg for penta-, and 725 and 880 mg/
kg for hexathionate, respectively (Table APP-4.1.2, Appendix
4.1). Repeated analyses of aliquots of the reference solution in
Tokyo in 1999 and 2002 confirmed that it had maintained its
quality after three years.

Comparison of concentration data obtained on aliquots
of 8 samples (June 1994-September 2001) showed random
differences between results from the two laboratories. Overall
deviations from the mean values were better than 20% RSD
(3-20% for tetra-; 2-15% for penta-, and 1-20% for hexathionate
(Table APP-4.1.2, Appendix 4.1). As most analyses in Tokyo
and Costa Rica were carried out with time differences of about
3 years, it is concluded that the long-term polythionate trends
presented here are largely unaffected by potential interlaboratory
differences or chemical instability. Re-analysis of sulphate
and chloride suggests that some of the oldest samples may
have experienced a certain degree of evaporation or mineral
precipitation during storage. According to enrichments of both
anions found, this may have raised polythionate concentrations
in these cases by 15-20% at most.

4.2.2.2 Determination of major anions, dissolved gases and
pH

Most of the samples collected between 1990 and June 2004
were analysed for sulphate, chloride and fluoride at the
Department of Earth Sciences of Utrecht University by
suppressed ion chromatography, using a fully automated Dionex

Model DX-120 system (see Chapter 5). Samples were filtered

in the laboratory with 0.45 pm polycarbonate membrane filters
prior to analysis. Repeated analysis (n=14) of a lake water
sample yielded relative standard deviations better than 4% for
all of the anions. Precision was about 0.1%, 0.3% and 4% for
sulphate, chloride, fluoride, respectively, based on analysis of a
synthetic solution. Detection limits were 0.3, 0.1 and 0.05 mg/
kg, respectively. Some samples collected in 2000 were filtered
with 0.45 pm polycarbonate filters and diluted in the field to
prevent precipitation of gypsum. From comparison with results
of samples that were untreated in the field, it was inferred that
precipitation of gypsum during storage might have resulted in
lowering of the measured sulphate concentrations by about 7%.
Results of four untreated samples were on average 6% lower
than those of filtered and diluted equivalents (Vaselli ez al.,
2003) that had been taken on the same dates in 1998-2001.
Similar effects from storage of untreated samples were also
attributed to gypsum precipitation by Rowe ez al., 1992b.

The samples collected between July 2004 and November
2006 were analysed for sulphate, chloride and fluoride at the
Laboratory of Volcano Geochemistry of OVSICORI-UNA
between June and December 2006, using a fully automated
microbore ion suppressed chromatographic system Dionex
ICS-3000 (see Chapter 5).

The pH measurements were carried out at the Department
of Geosciences of Utrecht University and the Laboratory of
Volcano Geochemistry of OVSICORI-UNA on untreated
samples at room temperature (20£2°C) using a WTW-brand
Multi 3401 multimeter.

The combination of the data generated at Utrecht University,
Tokyo University, and OVSICORI-UNA with previously
available results (Casertano ez a/., 1985; Rowe ez al., 1992a,b;
OVSICORI, unpublished data; Nicholson ez a/., 1992, 1993,
LAQAT, Martinez et al., 2000) constitutes a record for major
anion concentrations, pH and temperature that covers the
period 1980-2006.

Dissolved unreacted SO, and H.,S gases in the lake water
were measured iz sifu on an irregular basis during 1999-2006,
using an adapted version (Takano, B., pers. comm., 2005) of the
gas detection tube method developed by Togano and Ochiai
(1987). A description of the procedure is given in Appendix
4.3. Detection limits for SO, and H,S are 1 and 0.2 ppm,
respectively.

4.2.3 Seismic and other data
Four main types of seismic events have been distinguished at
Pods, based on categories defined by Minakami (1969): (1)
A-type (volcanic-tectonic), (2) B-type (long-period) quakes,
(3) AB-type events (long period medium-frequency, /=2.1-3.0
Hz), and (4) T-type or volcanic tremor (cf., Martinez et al.,
2000). Different kinds of tremors have been registered at Pods:
Low-frequency polychromatic tremor (f<2.0 Hz); medium-
frequency polychromatic tremor (f=2.0-3.0 Hz); high-frequency
polychromatic tremor (3.0 Hz); and spasmodic tremor (/53.0
Hz). Monochromatic tremors of different frequencies are rare
(Barboza, V., pers. comm., 2005; Martinez ef a/., 2000).
Seismic records are available for Pods since 1980. The
data considered here are from two seismic stations equipped
with short period (1 Hz) vertical seismometers, operated by
OVSICORI since 1984 (Rowe e al., 1992a; Martinez ef al.,
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2000; Rymer e# a/, 2000; OVSICORI, unpublished data). The
POA station was operational in 1984-1985 and was located
at the Poasito quarry, 4.3 km SE from Pods active crater. This
station was moved in 1986 to a closer location to the summit to
improve its resolution of volcanic events. Subsequent data come
from the POA2 station, which was installed in a site located
2.9 km SW of the active crater (10°10’63”N-84°1505"W) and
an elevation of 2500 m above sea level. Another seismic station,
POAS, was installed in mid 2006 on the southern flank of the
Von Frantzius cone, about 0.5 km from the northern rim of
the active crater of Pods volcano (Fig. 4.1). In mid 2007, a third
seismic station was also set up at the SE flank of the volcano.
For the period 1980-1983, data from a station operated by the
Red Sismolégica Nacional of the Instituto Costarricense de
Electricidad and Universidad de Costa Rica have been used
(Fernandez, 1990; Rowe ef al., 1992a; Rymer e al., 2000).
Between 1980 and 1985 the coverage fluctuated (37-58%),
mainly due to instrumental problems (Ferndndez, 1990; Rowe
et al., 1992a), whereas the records available from 1986 on
represent a nearly continuous coverage (>90%).

The T-type quakes of 1980-1983 were originally reported as
annual number of individual events (Fernindez, 1990; Rowe
et al., 1992a; Rymer et al., 2000). Because OVSICORI reports
data on T-type quakes in hours per day or month, it is difficult
to include this early period in a complete time series. In March
1981 an extremely large number of tremors were recorded by the
station of the Red Sismolégica Nacional (Fernindez, 1990). In
view of the accompanying strong release of hot gases through the
composite pyroclastic cone (CPC) in 1981-1983 (Fig. 4.6, sce
also Chapter 2 Fig. 2.9), the total duration of these tremors was
probably much longer than during any later interval, including
the peak activity in 2005-present (Stage V). To visualize this
anomalous record in the time series plots, an arbitrary total of
1000 hours of tremor was adopted for March 1981, and the
recorded declined through 1984 was taken into account (Fig.
4.6). The discontinuous 1980-1983 record of A- and B-type
data was converted to monthly events by recalculating annual
numbers of events (Ferndndez, 1990; Rowe ez a/.,1992a) to 100%
coverage and dividing the result over equal monthly intervals.
Because the number of A-type events during a series of swarms
registered in a two-week period in mid July 1980 presumably
numbered in the thousands (Casertano ez a/., 1983, 1985), and
counting from the seismogram was disabled, this peak activity is
indicated with an arrow in plots (Fig. 4.6). AB-type seismic data
are not available for Stage I and for most of Stage II because
the Red Sismolégica Nacional did not distinguish between A-
and AB-type seismicity. Thus, AB-type data are only available
from March 1984, when a country-wide seismographic network
started operating as a joint project between the University of
California at Santa Cruz and OVSICORI-UNA.

All field-related data (lake volume, temperature, etc.) are
from the database of OVSICORI (Venzke ef al., 2002-;
OVSICORI, unpublished, see Chapter 5). Monthly rainfall data
were provided by the Centro de Servicios y Estudios Basicos de
Ingenieria of the Instituto Costarricense de Electricidad (ICE).
Most of the rainfall data come from the summit rain gauge
located a few meters from the Visitor’s Centre of Pods Volcano
National Park, which is operated and maintained by ICE
through collaboration with the park rangers of Pods Volcano

National Park (gauge identification: ICE Hydromet station
084063 Grande Tarcoles watershed, latitude 10°11°N longitude
84°14'W, at 2564 m.a.s.l.). The data for 1981-1983, December
1985 and September 2000 were taken from an ICE rain-
gauge station located at Vara Blanca, 8 km SE of the summit
gauge (gauge identification: ICE Hydromet station 69505, at
1804 m.a.s.l.). Comparison of rainfall recorded at both ICE
stations over the period 1977-2004 (ICE, written comm., 2004)
indicates that monthly trends are reasonably consistent.

4.3 Results and discussion

4.3.1 Polythionate results

Analytical results of tetra-, penta-, and hexathionate are given
in Table 4.1, together with concentration data for sulphate,
chloride and fluoride and other relevant parameters. For
completeness, published data of Rowe ez a/. (1992b) have been
included, so that Table 4.1 lists a polythionate record for the
period October 1980-November 2006.

The results show that polythionates formed a significant part
of the anion budget during the transitional period between
Stages II and III, and between the end of Stage III and most
part of Stages IV and V. Polythionate concentrations were
generally as high as several hundreds or thousands of milligrams
per kilogram. Corresponding peak areas in chromatograms
show a decrease with increasing number of sulphur atoms per
molecule, indicating diminishing concentrations in that order
(Fig. 4.2). By and large, the most abundant polythionate species
observed are, in decreasing order of concentration, tetra-, penta-,
and hexathionate (Table 4.1; Figs. 4.5, 4.6, 4.7). Nonetheless,
during Stage II and during the first fourteen months of Stage
IIT the polythionates were present in a different order: 5.0 >
>5,0,.7>5,0.% (Rowe ez al., 1992b). This particular distribution
has been also observed in some briefs periods of relative
quiescence in the lake: mid 1991-early 1992, mid 1995-January
1996, the first four months of 2002 and May-July 2006, when
the concentrations of polythionates tend to be rather low (Table
4.1).

Many of the chromatograms showed two or three
additional peaks that were eluted after the hexathionate ion,
corresponding to several higher homologues of polythionates
such as heptathionate (S,0,*), octathionate (5,0,*) and
nonathionate (S,0.%) (Fig. 4.2, Fig. APP-4.1A and Fig.
APP-4.1B in Appendix 4.1) (cf., Steudel and Holdt, 1986).
Qualitative inspection of all of the chromatograms suggests
that these larger polythionates are present in the lake water
during periods when the shorter polythionate homologues are
abundant (e.g., from late 1994 to late 1998, and sporadically
in 1999, 2001, 2002, and 2005-2006), and that they were
undetectable during periods when the latter were present in
low amounts or were not detected at all (e.g., 1987-1994, mid
1995-early 1996, late 2001-early 2002, late 2003 to March
2005, and late 2006). Higher polythionates, including nona- and
decathionate, have also been detected in the acid crater lakes of
Ruapehu (Takano e a/., 1994b) and Kusatsu-Shirane (Takano,
1987) volcanoes. Because long chain polythionates are more
susceptible to thermal and sulphitolytic breakdown than the
shorter polythionates (Fujiwara ez a/., 1988; Takano ez al., 2001;
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Tuble 4.1. Polythionate and major anion concentrations (mg/kg) of Pods crater lake for the period 1980-2006.

Date Temp. PH,, S0, S.0, S0, TotalSO, S,0,/50, S,0,/S0, SO, cl F PT..
(°C) 24+2°C

Stage Il

31-Oct-80 45 0.1 190 270 130 590 0.7 1.5 65500 26900 1320 (1)
28-Nov-84 48 0.07 83 410 100 593 0.2 0.9 57700 23700 1500 (2)*
24-Jan-85 44 0.14 1190 2120 770 4080 0.6 15 49500 25400 1660 (2)*
20-Mar-85 44 0.13 1120 1760 510 3390 0.6 2.2 48200 24700 1560 (2)*
06-May-85 44 0.14 450 1180 360 1990 0.4 1.3 55000 22000 1400 (2)*
22-Aug-85 45 0.17 970 1740 520 3230 0.6 1.8 54200 21100 1280 (2)*
09-Oct-85 45 0.18 600 1270 460 2330 0.5 13 52900 20700 1260 (2)*
04-Feb-86 39 0.26 1160 1420 520 3100 0.8 2.2 36900 16500 1010 (2)*
Stage lll

02-May-86 38 0.20 1730 1810 630 4170 1.0 2.7 40100 16500 970 (2)*
23-Aug-86 52 0.20 1700 1700 520 3920 1.0 33 41200 18900 1020 (2)*
31-Oct-86 54 0.14 1040 1310 420 2770 0.8 25 52000 23200 1240 (2)*
10-Jan-87 58 -0.01 1560 1370 620 3550 1.1 25 64400 30400 1590 (2)*
27-Feb-87 62 -0.03 170 630 120 920 0.3 14 78600 33700 1750 (2)*
19-Mar-87 62 0.00 53 70 b.d.l. 123 0.8 na. 82900 35900 1820 (2)*
27-Jul-87 68 -0.27 2 6 b.d.l. 8 0.3 n.a. 103000 44900 2110 (2)*
10-Sep-87 65 -0.23 b.d.l. b.d.l. b.d.l. n.a. na. na. 108000 43400 2060 (2)*
27-Nov-87 60 -0.24 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 101000 48000 1910 (2)*
16-Jan-88 64 -0.37 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 127000 59300 2250 (2)*
02-Mar-88 60 -0.31 b.d.l. b.d.l. b.d.l. n.a. na. n.a. 118000 51300 2100 (2)*
24-Jun-88 65 -0.61 b.d.l. b.d.l. b.d.l. na. n.a. n.a. 175000 73100 2970 (2)*
02-Sep-88 65 -0.53 b.d.l. b.d.l. b.d.l. na. n.a. n.a. 196000 44200 3810 (2)*
26-Oct-88 65 -0.43 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 192000 47400 4220 (2)*
07-Feb-89 75 -0.87 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 286000 28000 10400 (2)*
03-Mar-89 82 -0.55 b.d.l. b.d.l. b.d.l. na. n.a. n.a. 233000 27200 6310 (2)*
31-May-89 85 -0.09 110 6 b.d.l. 116 18 n.a. 124000 25100 6150 (2)*
22-Jun-89 80 -0.44 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 175000 40600 8420 (2)*
26-Jul-89 82 -0.55 250 90 25 365 2.9 10 175000 46500 8600 (2)*
17-Aug-89 87 -0.36 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 99300 39200 7230 (2)*
24-Oct-89 85 -0.56 b.d.l. b.d.l. b.d.l. na. na. na. 154000 64100 7910 (2)*
26-Jan-90 78 -0.29 22 20 b.d.l. 42 1.2 n.a. 109000 52000 6400 (2)*
21-Feb-90 85 -0.56 16 10 b.d.l. 26 1.5 na. 103000 95200 8460 (2)*
17-Mar-90 75 -0.60 b.d.l. b.d.l. b.d.l. n.a. na. na. 165000 63100 8730 (2)*
01-Jun-90 83 -0.46 b.d.l b.d.l b.d.l n.a. n.a. n.a. 67800 36600 9440 (1)
10-Jul-90 94 -0.44 b.d.l. b.d.l. b.d.l. n.a. na. na. 85600 79600 15400 (1)
13-Sep-90 88 -0.70 b.d.l. b.d.l. b.d.l. n.a. na. na. 90300 114000 25400 (1)
08-Dec-90 73 n.d. b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 34800 40800 4860 (1)
08-Feb-91 65 -0.40 b.d.l. b.d.l. b.d.l n.a. n.a. n.a. 32000 52400 5930 (1
19-Apr-91 78 -0.42 b.d.l. b.d.l. b.d.l. n.a. n.a. na. 43600 50700 5610 (1)
26-Jul-91 63 -0.38 90 110 20 220 0.8 45 51300 47900 4310 (1)
24-Sep-91 71 -0.44 b.d.l. b.d.l. b.d.l. n.a. na. n.a. 67800 55800 6320 (1)
21-Oct-91 74 n.d. 8 16 9 33 0.5 0.9 70000 58500 6560 (1)
01-Nov-91 70 -0.50 9 b.d.l. b.d.l. 9 n.a. n.a. 72100 61100 6790 (1)
12-Dec-91 64 -0.30 105 130 73 308 0.8 14 40700 35800 4690 (1)
17-Jan-92 67 -0.50 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 75000 58700 5750 (1)
07-Feb-92 67 -0.60 75 100 37 212 0.8 2.1 41600 32900 3700 (1)
13-Mar-92 65 -0.70 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 119000 87400 8800 (1)
03-Apr-92 75 -0.80 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 147000 102000 11000 (1)
24-Jul-92 70 -0.60 12 b.d.l. b.d.l. 12 n.a. n.a. 94200 67800 8260 (1)
21-Aug-92 75 -0.60 b.d.l. b.d.l. b.d.l. na. n.a. n.a. 78900 63300 6870 (1)
18-Sep-92 70 -0.60 b.d.l. b.d.l. b.d.l. n.a. n.a. na. 93100 74400 8390 (1)
07-Oct-92 75 -0.50 30 24 20 74 1.1 1.2 52400 71600 5060 (1)
19-Nov-92 80 -0.50 b.d.l. b.d.l. b.d.l. na. n.a. n.a. 38400 73000 5720 (1)
23-Jan-93 65 0.00 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 56100 54000 4510 (2)
25-Feb-93 65 0.00 160 196 110 466 0.8 1.4 58000 56200 n.d. (2)
02-Apr-93 60 0.00 b.d.l. b.d.l. b.d.l. na. n.a. n.a. 65000 75500 7550 (2)
09-Sep-93 64 0.35 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 50400 29600 5840 (1)
22-Oct-93 60 0.00 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 46000 27600 5330 (2)
12-Mar-94 55 0.00 b.d.l. b.d.I. b.d.l. na. na. n.a. 83100 56500 7780 (2)
23-Sep-94 65 -0.18 1020 530 850 2400 19 1.2 27000 24000 2660 (1)
21-Oct-94 60 0.14 3700 2660 990 7350 14 37 17000 8470 1220 (2)
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Date Temp. PH,, S0, S0, S0, TotalSO, S,0,/50, S,0,/S0, SO, cl F PT..
(°C) 24+2°C

15-Nov-94 55 0.38 b.d.l. b.d.l. b.d.l. na. na. na. 11000 7640 n.d. (1)
06-Jan-95 50 0.22 2700 1530 900 5130 1.7 3.0 16000 10200 1060 (1)
03-Feb-95 47 0.18 2340 1420 880 4640 1.6 2.7 16600 10100 990 (1)
10-Mar-95 42 0.68 1800 1230 500 3530 15 3.6 20500 7780 950 (2)
Stage IV

08-Sep-95 34 1.10 294 290 140 724 1.0 2.2 8710 5440 530 (2)
20-Oct-95 30 1.21 b.d.l. b.d.l. b.d.l. na. na. na. 6230 3800 190 (2)
05-Jan-96 29 1.22 40 80 36 156 0.5 1.0 9060 3590 200 )
23-Feb-96 26 1.55 244 75 40 359 33 6.4 4480 2630 140 (2)
22-Mar-96 30 1.50 290 130 66 486 23 43 6270 3370 200 (2)
26-Apr-96 36 1.50 315 110 80 505 29 3.9 5290 3910 200 )
10-May-96 42 1.45 450 170 84 704 2.7 54 5180 4020 330 2)
14-Jun-96 45 135 690 330 170 1190 2.1 4.0 7000 4390 330 (2)
24-Jul-96 36 1.75 520 290 110 920 1.8 46 7520 4460 270 (2)
08-Aug-96 35 1.45 240 180 90 510 1.3 2.8 6970 4510 360 2)
27-Sep-96 40 1.65 580 270 120 970 2.2 4.7 6780 4320 220 (2)
28-Nov-96 31 1.55 580 310 96 986 1.9 6.0 6790 5110 300 (2)
18-Dec-96 29 1.13 310 170 80 560 1.8 3.8 4870 3650 260 )
07-Jan-97 32 1.40 490 240 100 830 2.0 4.8 6880 5750 290 (2)
04-Feb-97 31 1.40 360 170 100 630 2.1 35 5110 3850 310 (2)
03-Mar-97 29 1.18 230 130 90 450 1.8 2.6 4410 3260 170 )
17-Apr-97 27 1.40 270 150 80 500 1.7 33 4640 4230 230 2)
14-May-97 29 1.45 510 200 70 780 2.5 7.2 4640 4420 310 (2)
04-Jun-97 32 1.50 610 250 60 920 25 10 4750 4280 230 (2)
02-Jul-97 32 1.50 500 200 75 775 25 6.7 4870 4620 210 )
22-Aug-97 31 1.45 700 270 60 1030 2.6 12 5770 6690 200 (2)
05-Sep-97 35 1.30 590 260 50 900 23 12 4060 4330 170 (2)
17-Oct-97 34 1.06 790 280 56 1126 29 14 7840 6520 360 )
04-Nov-97 35 1.40 810 280 64 1154 29 13 6460 7800 280 )
06-Feb-98 38 0.90 840 420 115 1375 2.0 7.3 7910 7920 420 (2)
25-Mar-98 37 0.79 990 430 110 1530 23 9.1 9120 9440 490 (2)
17-Apr-98 37 0.68 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 10900 8870 460 2)
15-May-98 36 0.64 810 370 120 1300 2.2 6.8 11500 12400 620 (2)
25-Jun-98 36 0.99 260 170 35 465 1.6 74 7500 6490 500 (2)
30-Jul-98 35 0.73 890 490 160 1540 1.8 5.7 10800 11800 600 2)
26-Aug-98 35 0.73 890 420 120 1430 2.1 73 7970 8410 390 (2)
21-Sep-98 35 0.74 850 400 110 1360 2.1 7.6 9850 10800 550 (2)
04-Nov-98 35 0.85 350 190 110 650 1.9 33 8140 8740 480 (2)
23-Dec-98 27 0.90 330 170 80 580 19 4.0 7650 7840 600 (2)
13-Jan-99 32 0.77 430 210 130 770 2.1 34 9110 9890 640 (2)
25-Feb-99 33 0.68 470 220 110 800 2.1 42 10600 11700 660 (2)
17-Mar-99 32 0.81 460 180 120 760 25 3.9 9760 10900 720 (2)
21-Apr-99 32 0.72 380 200 150 730 1.9 2.6 10400 11300 800 (1
07-May-99 34 0.71 360 200 150 710 1.8 24 10700 11600 810 (1)
18-Jun-99 34 0.68 330 130 90 550 26 3.7 8550 7510 480 (1)
07-Jul-99 32 0.68 300 170 140 610 1.7 2.1 11100 12200 720 (1)
19-Aug-99 35 0.81 290 150 110 550 2.0 26 10200 11200 720 (1)
08-Sep-99 39 0.62 290 130 90 510 2.2 3.2 8220 8120 660 (1)
22-Oct-99 38 0.61 290 190 140 620 1.5 21 12100 13300 920 (1)
05-Nov-99 39 0.80 380 140 100 620 2.7 37 9250 9130 730 (1)
27-Dec-99 34 0.72 300 200 140 640 15 2.1 10400 11400 790 (1)
21-Jan-00 38 0.76 240 100 62 402 23 3.9 9270 9850 740 (1)
10-Feb-00 44 0.69 210 100 60 370 2.0 35 10200 10800 830 (1)
13-Mar-00 36 0.71 120 65 50 235 19 25 9270 9620 700 (1)
11-Apr-00 32 0.74 230 110 66 406 2.0 34 9780 10400 830 (1)
05-May-00 31 0.67 200 100 53 353 2.0 3.8 8330 8280 810 (1)
09-Jun-00 31 0.77 210 97 87 394 2.1 24 9260 11900 710 (1)
17-Jul-00 33 0.74 110 52 30 192 2.1 37 7230 9050 510 (1
24-Aug-00 31 0.60 150 90 57 297 1.6 2.6 9240 13300 700 (1)
12-Sep-00 35 0.60 190 87 62 339 2.2 31 9410 12700 620 (1)
10-Oct-00 35 0.70 180 84 52 316 2.2 35 8900 11700 580 (1)
21-Nov-00 34 0.71 160 76 40 276 2.0 4.0 8930 11900 670 (1)
01-Dec-00 34 0.90 160 72 50 282 2.2 33 8320 10900 610 (1)
12-Jan-01 31 0.86 120 80 78 278 1.6 1.6 8700 11400 680 (1)
23-Feb-01 31 0.83 120 80 97 297 1.6 13 7870 9670 540 (1)
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Date Temp. PH,, S0, S0, S0, TotalSO, S,0,/50, S,0,/S0, SO, cl F PT..
(°Q) 24+2°C
08-Mar-01 32 0.65 130 79 38 247 17 35 9080 11600 710 (1M
26-Apr-01 35 0.75 120 66 25 211 1.8 4.7 9400 11700 660 (1)
08-May-01 34 0.70 160 80 80 320 2.0 2.0 9080 12200 690 (1)
13-Jun-01 35 0.67 150 74 84 308 2.0 1.8 9100 11700 560 (1
19-Jul-01 28 0.70 190 70 34 294 2.7 55 7270 8400 460 (M
03-Aug-01 24 0.85 160 74 72 306 2.2 2.2 8090 9760 510 (1)
07-Sep-01 27 0.39 360 110 80 550 33 4.6 8510 9590 540 (1
18-Oct-01 28 0.85 360 160 105 625 2.2 34 7800 8280 380 (M
27-Nov-01 30 1.07 b.d.l. b.d.l. b.d.l. na. n.a. n.a. 3450 2720 82 (1)
07-Dec-01 30 143 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 3310 2830 67 (1)
31-Jan-02 30 1.51 6 10 9 25 na. na. 3590 2540 52 (M
27-Feb-02 23 1.17 9 14 12 35 0.6 0.7 6050 4670 160 (1)
13-Mar-02 26 1.06 33 50 7 20 0.6 4.7 6390 5760 190 (1)
03-Apr-02 25 1.04 53 80 14 147 0.7 3.8 6830 6420 380 (1
16-May-02 29 1.08 b.d.l. b.d.l. b.d.l. na. na. na. 6060 6260 230 (M
11-Jun-02 29 0.90 67 50 37 154 1.3 1.8 5060 5780 130 (1)
30-Jul-02 32 0.99 140 52 30 222 2.7 4.8 6800 7620 320 (1
04-Sep-02 38 0.90 580 220 70 870 2.7 8.4 7660 8720 300 (M
11-Dec-02 39 0.84 620 280 63 963 2.2 9.9 8510 10700 430 (2)
17-Jan-03 34 0.83 460 300 138 898 15 33 8780 10500 480 ()
28-Feb-03 36 0.77 600 380 143 1123 1.6 4.2 8870 10900 520 ()
31-Mar-03 39 0.70 940 460 143 1543 2.1 6.6 9360 15000 580 (2)
30-Apr-03 41 0.67 910 560 170 1640 1.6 53 10500 16100 620 (2)
20-May-03 41 0.70 810 470 180 1460 17 4.5 11000 16200 620 (2)
17-Jul-03 35 0.64 400 380 184 964 1.1 2.2 11800 17100 650 ()
12-Aug-03 33 0.61 720 450 148 1318 1.6 49 8860 18200 720 (2)
30-Sep-03 33 0.62 280 240 112 632 1.2 2.5 13800 15300 560 (2)
28-0Oct-03 28 0.80 6 4 b.d.l. 10 15 na. 9290 12700 320 (2)
05-Dec-03 24 0.93 b.d.l. b.d.l. b.d.l. na. na. na. 6100 8310 240 (2)
20-Jan-04 24 117 b.d.l. b.d.l b.d.l. n.a. n.a. n.a. 5260 6670 180 2)
03-Feb-04 29 1.11 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 4550 5880 190 (2)
23-Mar-04 25 1.05 b.d.l. b.d.l. b.d.l. n.a. na. na. 5290 6530 180 (2)
27-Apr-04 28 1.12 b.d.l. b.d.l. b.d.l n.a. n.a. n.a. 5300 6330 160 2)
25-May-04 28 131 b.d.l. b.d.l. b.d.l. n.a. n.a. na. 3940 5380 26 (2)
11-Jun-04 29 1.20 b.d.l. b.d.l. b.d.l. n.a. na. na. 4540 6480 65 (2)
01-Jul-04 26 1.24 b.d.l b.d.l b.d.l na. na. na. 5680 5320 n.d. 2)
12-Aug-04 25 1.10 b.d.l. b.d.l b.d.l. na. n.a. n.a. 7690 6320 170 (2)
22-Sep-04 29 1.16 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 7170 5860 140 (2)
22-Oct-04 27 1.08 b.d.l. b.d.l. b.d.l. n.a. na. na. 7940 6920 160 (2)
2-Dec-04 23 117 b.d.l. b.d.l. b.d.l. na. na. n.a. 7750 5930 130 (2)
22-Feb-05 22 1.25 b.d.l. b.d.l. b.d.l. n.a. n.a. na. 3780 3680 92 (2)
StageV
21-Mar-05 32 1.22 b.d.l. b.d.l. b.d.l. n.a. n.a. n.a. 4670 5330 130 (2)
12-Apr-05 34 0.97 190 110 10 310 1.6 21 7340 6570 220 (2)
4-May-05 41 1.02 470 120 30 620 39 15 8120 6900 260 (2)
24-Jun-05 50 0.92 1160 360 70 1590 33 16 9310 8380 470 (2)
14-Jul-05 50 0.79 540 250 110 900 22 4.8 9900 8800 530 (2)
24-Aug-05 51 0.75 860 470 172 1502 1.9 5.0 11400 10200 690 (2)
20-Sep-05 52 0.70 1100 820 270 2190 13 41 12800 11100 750 (2)
30-Nov-05 54 0.64 1850 1390 410 3650 1.3 45 13600 11600 920 (2)
31-Jan-06 51 0.65 1620 1310 500 3430 1.2 3.2 15700 12000 870 (2)
28-Feb-06 51 0.59 760 670 280 1710 1.1 28 17700 13400 990 2)
1-Apr-06 54 0.63 710 500 275 1485 14 26 17200 15700 1050 (2)
25-May-06 47 0.72 90 100 48 238 0.9 1.8 19500 15900 1130 (2)
22-Jun-06 46 0.59 110 100 50 260 1.1 23 23100 16300 1090 (2)
20-Jul-06 43 0.62 70 70 30 170 0.9 22 21300 13400 890 (2)
11-Aug-06 43 0.52 120 95 58 273 1.2 2.0 25400 16100 1100 (2)
05-Sep-06 41 0.47 280 240 100 620 1.2 2.8 27500 17100 1100 (2)
28-0Oct-06 53 0.50 100 50 22 172 1.9 4.4 29000 16300 1170 (2)
10-Nov-06 57 0.43 85 40 25 150 2.1 34 29100 13200 950 )

PT lab refers to laboratory where polythionates were separated and analyzed: (1) LAQAT-Universidad Nacional. Heredia; (2) Tokyo University.

*: data from Rowe et al. (1992b); b.d.l.: below detection limit; n.d.: not determined; n.a.: not applicable.
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Figure 4.2. Example of a chromatogram for a lake-water sample
(collected on 21 August 1999) obtained at LAQAT, where separation
and quantification of the thionates were performed following Miura and
Kawaoi (2000) (see procedure B in Table APP-4.1.1, Appendix 4.1).
The sample was diluted 25 times. Peaks of tetrathionate, pentathionate,
hexathionate and heptathionate are labelled. The peaks that eluted before

the tetrathionate are due to unknown impurities in the sample.

Takano ef al., 2004), and because they are much less abundant
and difficult to quantify, only the concentrations of the tetra-,
penta-, and hexathionate are reported here. Throughout this
paper “total polythionates” refers to the sum of concentrations
of these three anions.

Figures 4.3, 4.5, 4.6, and 4.7 portray polythionate trends
observed during the successive stages of activity of the volcano.
To eliminate potential dilution or evaporation effects in the lake
waters, we preferred to normalize polythionate concentrations
against fluoride rather than on chloride, because the latter anion
may be influenced by significant volatilisation of HCI from the
lake water during increased fumarolic activity within the crater
lake, as it was observed between mid 1988 and early 1989 (Fig.
4.5; Rowe ef al., 1992b).

4.3.2 Behaviour of polythionates in the crater lake of Poas

As mention before, five successive main stages of volcanic
activity can be distinguished at Pods volcano since the late
1970°s until the present day, based upon the profiles of a set
of geochemical and geophysical parameters regularly monitored
by OVSICORI (Figs. 4.3, 4.5, 4.6, 4.7). Nevertheless, since
polythionate data are available for the period late 80°s till 2006,
this chapter starts the discussion on their behaviour from the
arbitrarily defined Stage II.

4.3.2.1 Stage Il (September 1980-April 1986): Period with
high polythionate concentrations, moderate convective
activity but no phreatic eruptions

During Stage II the concentrations of polythionate species
were distributed in the following order: 5.0 ,*>5,0,>5,0 >
(Rowe et al., 1992b). Single data points for October 1980

and November 1984 suggest that polythionates were initially
present in relatively low amounts (together about 600 mg/kg).
However, from early 1985 on, an irregularly increasing trend
was observed that culminated in a maximum of about 4350 mg/
kg in May 1986 (Table 4.1; Figs. 4.5, 4.6, 4.7). This strong rise
coincided with swarms of A-type seismic activity (peaking in
June-August), and also marked the start in May of a period of
elevated B-type seismicity (Fernindez, 1990; Rowe e al., 1992a),
which continued throughout Stage III (Fig. 4.6). The observed
lowering of the lake volume after 1985 was probably partly due
to relatively low rainfall in 1985, 1986, and 1987 (Fig. 4.3), but
increased heat input must have significantly contributed to a
rapid decline in early-mid 1986 (Rowe e# al., 1992a). A marked
increase in lake temperature was not observed until June 1986
when 48°C was measured, which was 10°C higher than in the
previous month (Fig. 4.3).

Trends of individual polythionate species were not entirely
parallel. A conspicuous change in relative abundances was found
in February and May 1986 when, compared to the other species,
tetrathionate apparently had formed at much higher rates than
previously. Pentathionate remained predominant throughout,
but tetrathionate was present in almost equal amount at the
peak levels of May 1986 (Figs. 4.5, 4.6). As discussed in Rowe
et al. (1992b), fluctuations in polythionate speciation and their
stability in the lake reflected changes in the SO/H,S ratio
of subaqueous fumaroles. The observed distribution of SO >
>5,0.7>5,0,% points to the predominance of H,S-enriched
subaqueous fumaroles with a molar SO,/H_S ratio of <0.07,
which would favour the formation of pentathionate over
tetrathionate (Fig. 4.8) (Takano ez al., 1994b).

Despite the termination of phreatic eruptions by the end of
1980, several thousands of A-type seismic events were recorded
between April and August 1980, which preceded an interval
of strongly increased well-defined volcanic tremors between
September 1980 and 1984 (Casertano ef al., 1985; Fernindez,
1990). This enhanced seismicity coincided with a very high flux
of high-temperatures gases (800-1020°C, Fig. 4.6) from the
CPC in January 1981-September 1983, producing a strong
sulphurous odour (Malavassi and Barquero, 1982; Barquero
and Malavassi, 1983). COSPEC measurements recorded SO,
fluxes of about 800 tons/day in February 1982 (Barquero and
Fernandez, 1983; Casadevall ez a/., 1984a).

This dramatic release of hot SO -rich gas from the CPC may
be associated with the emplacement of a small magma body
below it. If so, both the intrusion and the channelling of the
expelled volatiles must have been confined to the small area
below the CPC, because the properties of the lake were only
modestly affected, as for example shown by the distribution of
polythionate species pointing to an input of H_S rather than
SO,-rich gas.

Casertano ef al., (1987) suggested that, during maximum
heating of the CPC in 1981-1983, the lake was still in
continuous hydraulic connection with the rising hot fluids,
consistent with the steady increase in lake temperature in these
years (see Fig. 4.3). The lake had temperatures around 50°C, a
greyish-turquoise colour, and showed strong evaporation and
streaks of floating sulphur globules. By the end of October 1983
the water level has descended about 10 meters (Fig. 4.3). The
detected increase in the 5,0,>/5,0 > and §,0,>/5,0,* ratios
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Figure 4.3. Time series of total polythionate concentrations (sum of tetra-, hexa- and pentathionate), pH, temperature, conductivity and volume of the

crater lake between 1978 and 2006. Rainfall registered at the summit of Pods (ICE pluviometer) is expressed as cumulative monthly totals in cycles of

calendar years. Arrows on top of the graph indicate phreatic eruptions and a minor hydrothermal explosion at the northern side of the CPC that occurred

on 8 April 1996, presumably as a result of unclogging of fumarolic vents.
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in 1985-mid 1986 can thus be explained by an increase in the
SO,/H,S ratio of subaqueous fumaroles after October 1985
(Fig. 4.5). This change probably occurred in early 1986 when
swarms of A-Type earthquakes and elevated B-type seismicity
were recorded, possibly induced by hydrofracturing of the
magmatic carapace and subsequent release of magmatic volatiles
(Rowe ef al., 1992 a,b). Some episodes of harmonic tremor of
short duration (<1 min) and low amplitude (<1mm), which are
rare at Pods and are not well understood, were also recorded
in early 1986 (Ferndndez, 1990). This author suggested that
this particular type of tremor could represent either intruding
magma or strong degassing through rigid zones according to
the model proposed by Aki e al. (1977) for Kilauea volcano.
Shallow intrusion of fresh magma batches as source of the
enhanced SO, output is also envisaged from micro-gravity
increases in the southern part of the crater observed between
1986 and 1989 (Fig. 4.6) (Rymer e al., 2000, 2004, 2005).

4.3.2.2 Stage Il (May 1986-August 1995): Period with little or
no polythionates, frequent phreatic eruptions and intense
fumarolic discharge

After the peak levels of May 1986 polythionate concentrations
showed a strong steady decrease concomitant with an increase
in lake temperature, a decrease in pH and a reduction in lake
volume (Fig. 4.3). By mid 1987 the lake temperature had risen
above 60°C, the pH had dropped to negative values, and the
polythionate concentrations were below the detection limits.
These effects roughly coincided with the first geyser-like
phreatic eruptions from the lake in June 1987 (see Chapter
2, Fig. 2.12) (Venzke et al., 2002-; Rowe et al.,, 1992a).
Since then, polythionates remained undetected for most of
Stage III; only occasionally minor amounts were measured
(Fig. 4.3). By the end of Stage III, after cessation of phreatic
eruptions in early August 1994, a new lake started to rise,
the temperature dropped, the pH increased, and a significant
amount of polythionates were formed, as observed for the first
time in September 1994. The initial recovery of the lake was
characterised by high polythionate concentrations (XS O up
to 7360 mg/kgin October 1994), similar to those observed in
May 1986. Irregular activity variations in the lake must have
occurred in view of their temporary disappearance in November
1994 (Figs. 4.3, 4.5, 4.6, 4.7).

If the occasional presence of polythionates in the course of
Stage III is taken into account, a generalised pattern in the
species distribution can be discerned. Available data between
1989 and early 1990 show a strong dominance of tetrathionate
over the other species at very low overall concentrations. In
contrast, pentathionate was overall the most abundant species
in samples between mid 1991 and early 1993, whereas the
distribution changed in favour of tetrathionate again at the high
S O concentrations towards the end of Stage III (Table 4.1;
Figs. 4.5,4.7).

The breakdown of polythionates at the beginning of Stage
IIT was accompanied by an increase in SO,*/F ratios of
lake samples till mid 1988 (Fig. 4.5). Although polythionate
breakdown by thermal effects or otherwise will generally
produce sulphate (Takano and Watanuki, 1990; Takano ez a/.,
2001), this process alone cannot account for the rise in SO *
concentrations and SO,*/F observed between May and July

1986. Moreover, the trend of increasing SO */F" ratios in lake
samples probably started already in early 1985 (see also Chapter
5). Hence, increased input of hot SO, -rich volatiles must have
been responsible for most of the sulphate production, consistent
with an increase in the SO,/H,S ratio of subaqueous fumaroles,
as inferred from the change in the distribution of polythionate
species since August 1986 (Figs. 4.5, 4.6) (albeit with temporary
reversals in some of the late 1986 and early 1987 samples).
'The enhanced SO, input in August 1986 produced maximum
S,0.7/8, O/ ratios at low IS O* concentrations in the
first half of Stage III as a result of thermal breakdown and
sulphitolysis reactions (Takano and Watanuki, 1990; Takano e#
al.,2001), although for most part of Stage III the polythionates
were absent (Figs. 4.3, 4.5, 4.6). A plot of polythionate
concentrations versus lake temperature shows that polythionates
reached maximum concentrations when the temperature ranged
between 38°C and 65°C, and that they were not stable at >65°C
(Fig. 4.4). In Ruapehu Crater Lake complete degradation of
polythionates occurred at temperatures above 47°C (Takano ez
al., 1994b). Thus, both thermal and sulfitolytic decomposition
was probably responsible for the disappearance of polythionates
during Stage III.

Accompanied by a notable increase in B-type seismicity
(Fig. 4.6), these changes in the lake geochemistry culminated
in frequent, moderate to strong geyser-like phreatic explosions,
and strong subaqueous fumarolic discharges within the lake area,
starting in June 1987 and continuing till the beginning of 1988
(see Chapter 2, Fig. 2.12). Phreatic activity intensified in early
1988 and continued until early 1989 when the lake disappeared,
enabling for the first time the direct observation of large
pools of molten sulphur and sulphur cones on the dried lake
bottom (See Chapter 2, Figs. 2.13A and 2.13B) (Oppenheimer
and Stevenson, 1989). Since then, a series of strong phreatic
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Figure 4.4. Total polythionate concentrations versus lake temperature for
the period October 1980-November 2006. Maximum concentrations
were observed at temperatures between 38°C and 65°C, whereas higher

temperatures result in the breakdown of polythionates.
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Figure 4.5. Time series of polythionate concentrations normalised to fluorine, S,0,/5.0, and S,0,/S,O, ratios, concentrations (mg/kg) and ratios of major

anions, as well as molar SO,/H,S ratios of subaerial fumaroles. Except for the latter, all ratios are wt./wt. Arrows on top of the graph indicate phreatic

eruptions. Arrows in the F and CV/F panels indicate values that are out of scale.
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explosions that ejected mud, sulphur, and lake sediments (some
up to heights of ~2 km) occurred throughout 1989 and early
1991 (Venzke et al., 2002-; Rowe et al., 1989), coinciding
with periods of significant T-type seismic activity and A-type
seismic swarms (A-type seismic signals were recorded together
with T-type events in 1989 and 1990 but not in 1991) (Fig.
4.6). The strong phreatic activity and intense release of gases
and steam reduced the lake to scattered mud pools during the
dry seasons (April 1989, April 1990 and March 1991), and
prevented it from reaching normal levels during rainy seasons.
In addition, the yearly rainfall between 1989 and early 1991
(2950-3600 mm) was somewhat less than the average of ~4 m
year! (Fig. 4.3).

The subsequent shift towards a polythionate distribution
of 5.0.>>5,0,>5,0.% (in cases when they were detected)
and the inferred concomitant decrease in the SO,/H.S ratio
of subaqueous fumaroles marked a period of noticeable lower
activity in the lake area. Conditions of only moderate fumarolic
degassing and absence of phreatic eruptions (Venzke ef al.,
2002-; Barquero, 1998) prevailed from mid-1991 throughout
1992 and 1993. The lake level rose to a maximum of several
meters, especially during the rainy seasons of 1991 and 1993
when rainfall was relatively heavy (Fig. 4.3). Although the lake
remained shallow, recorded water levels were higher than in the
previous years (depths were ~5 m and 4 m in December 1991
and December 1993, respectively) (Barquero, 1998; Venzke e#
al., 2002-), while temperature and concentrations of dissolved
species were generally lower than in 1986-1989 (Figs. 4.5, 4.6).
Between mid 1991 and 1993 seismic activity was relatively low,
with A-type and T-type seismicity being virtually absent, and a
slight decrease in the predominant B-type seismic events (Fig.
4.6). COSPEC measurements carried out in February 1991
showed an average flux of 91 tons of SO, per day (Andres ez
al., 1992).

As a prelude to renewed activity, the shallow lake evaporated
at a rapid rate in early 1994, and was reduced once again to mud
pools by March. This desiccation was preceded by an increase in
AB-type seismicity in November 1993, and was accompanied
by increases in A-type, AB-type, and B-type seismicity.
Between June and early August 1994 numerous strong phreatic
explosions and strong discharges of gas and steam occurred
within the lake area. Occasionally, a large water-rich plume rose
to heights of more than 2000 meters above the crater floor. The
largest phreatic explosions were registered in the second half
of July (Venzke et al., 2002-; Martinez e# al., 2000). Swarms
of A-type, AB-type, and numerous T-type seismic events
preceded or accompanied this explosive activity (Fig. 4.6),
which was further marked by sulphur combustion (suggesting
temperatures 2248°C which is the auto-ignition temperature
of elemental sulphur) and high-temperature fumaroles (up to
about 700°C) at the dried lake bottom (Barquero, 1998; Venzke
et al., 2002-).

The increase in seismicity as well as heat and volatile fluxes
that triggered the mid-1994 phreatic activity is possibly related
to (hydro)fracturing rather than to a magmatic intrusion. If a
fresh magmatic intrusion was emplaced, it must have occurred
within a restricted zone underneath the lake area (Martinez et
al., 2000), since no notable increases in temperatures have been
observed around the CPC since late 1988 (Fig. 4.6).

A new lake started to form in mid August-September 1994
when the peak of the rainy season was near, but it remained
shallow and grey due to the vigour of subaqueous discharges
(Fig. 4.3) despite the relatively heavy rainfall and the lowering
of fumarolic discharge and temperature (92°C, Barquero, 1998;
Venzke et al., 2002-). Between October 1994 and January 1995
the lake depth approached ~15-20 meters, and in April 1995 it
appeared quiet with its typical milky turquoise colour (Barquero,
1998; Martinez ez al., 2000; Venzke ez al., 2002-).

The limited data available for 1994-1995 shows that
polythionates returned in significant amounts, apparently due
to considerable input of volatiles. Large fluctuations in their
concentrations reflect strong variations in gas fluxes. The high
polythionate concentrations, particularly between September
1994 and March 1995 (except for November 1994 when
they were not detected), were marked by a dominance of the
tetrathionate ion: §,0,2>5.0 *>5,0 % (Table 4.1, Figs. 4.5,
4.6, 4.7). These observations suggest that the SO,/H_S ratio of
the subaqueous discharge still remained relatively high. After
March 1995 and around the transition between Stage III and
Stage IV, input of volatiles and heat seems to have reduced
substantially, as indicated by the sharp decrease in polythionates,
which coincides with decreasing temperature, acidity, and anion
concentrations.

Wiater samples collected from mud pools during the recession
of the crater lake show a variable chemical composition since
they are mixtures of brine left during evaporation of the lake,
fumarolic steam condensing at the bottom of the pools, and
rainwater (Rowe, 1994). Some pools contained unusual high
concentrations of polythionates (e.g. Z5 O* 6740 mg/kg in
the sample from 10 June 1994 analysed by Bokuichiro Takano).
However because of their isolated and transient nature the mud
pools will be ignored in the evaluation of long-term chemical
trends of the lake.

4.3.2.3 Stage IV (September 1995-February 2005): Period of
relative quiescence in the crater lake, significant fluctuations
in polythionate concentrations and in the input of volatiles
and heat

The three main polythionates were present in the lake
throughout most of Stage IV, but concentrations were variable
(Fig. 4.7, Table 4.1). Totals ranged between zero and 1640 ppm,
suggesting drastic changes in the subaqueous fumarolic input.
Despite this variability, overall trends shown by the individual
species were largely parallel. Their distribution was dominated
by the tetrathionate ion (S,0,>>5.0,7>5,0,%), except for some
brief intervals when pentathionate prevailed (S,0,>>5,0 >
>S5,0,%) and total polythionate concentrations dropped, like in
January 1996 and January-April 2002. An unusual distribution
of hexathionate dominance (5,0,>>5,0,*>5,0.%) in a few
samples collected in November 1984 and January-February
2002 might be due to analytical error or to degradation, since
these samples originally contained low amounts of polythionates
(cf., Takano and Watanuki, 1988). The general predominance
of the tetrathionate ion throughout Stage IV suggests that the
subaqueous fumaroles were relatively rich in SO,, with a SO,/
H,S ratio of >0.07 during most of the time (Fig. 4.8).
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During Stage IV the total influx of heat and volatiles into the
crater lake was lower than in Stages I-III and V, although in
early 2005 strong subaqueous fumarolic activity within the
lake turned it into a convective grey and hotter lake. Sites of
fumarolic degassing included more subaerial vents outside
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the lake area, extending from the CPC to the crater floor and
inner crater walls (see Chapter 2, Figs. 2.21 and 2.22). These
conditions may explain the general relative quiescence of the
lake observed during most of this stage, but field observations
and the lake’s chemical and physical properties reveal that it
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— Figure 4.6. Time series of F-normalised polythionate concentrations
compared with fumarole temperatures, seismicity and microgravity
changes monitored at Pods volcano. Seismicity is distinguished according
to A, AB, B and tremor(T)-type characteristics, and is expressed as
numbers of monthly events, except for T-type seismicity, which is given
in hours per month. Arrow in the A-type panel refers to July 1980

when recorded quakes numbered in the thousands within a two-week
period (Casertano ef a/., 1985). Peaks in volcanic tremor were registered
between March 1981 and 1983 but exact numbers of monthly hours are
unknown (question mark in T-type panel). They coincided with very high
temperatures of the CPC fumaroles (700-1020°C), which produced an
SO, flux of about 800 tons per day (Casadevall ez al., 1984; Fernindez,
1990). Microgravity data (Rymer ez a/., 2005) are shown for two stations
near the CPC and reflect changes relative to a base station 7 km from the
crater, normalised to the difference observed in 1987. Arrows on top of the

graph indicate phreatic eruptions.

continued to receive a significant input of heat and volatiles
during most part of Stage IV (see Chapter 5). The marked
fluctuations in polythionate patterns apparently reflect dynamic
changes in activity of subaqueous vents throughout this period.
Based on the mode of these variations in polythionates and in
other monitored parameters, five substages can be distinguished
(Fig.4.7), the most salient features of which are described in the
following sections.

4.3.2.3.1 Substage IVA (September 1995 - July 1997)
Following the last months of Stage III when polythionates
concentrations were high, the transition towards this sub-stage
showed first a rapid decline to values near or below detection
limits. A concomitant decrease in temperature from 42 to
26°C, increase in pH from ~0.7 to 1.6 (Fig. 4.7), and shifts
towards lower 5,0,%/5.0.* and §,0,%/5,0 > ratios (Figs.
4.5 and 4.7) argue against thermal breakdown or sulphitolysis
of polythionates in response to increased subaqueous input
of heat and volatiles (cf. Takano ef al., 1994b). Instead, these
observations are consistent with a weakening of the injection
rate and lower SO,/H_S ratios of fumarolic gases, which is
turther supported by decreasing sulphate, chloride, and fluoride
concentrations (Fig. 4.7).

Field observations confirm this interpretation. After the
new lake had started to form in mid August — September
1994, the filling rate was initially slow and the colour grey
despite heavy seasonal rainfall (Fig. 4.3), due to still persistent
vigorous fumarolic degassing in the lake area (Barquero, 1998;
Venzke et al., 2002-). However, after the lake had approached
~20 meters depth between October 1994 and January 1995,
subaqueous fumarolic activity had been weak around April 1995
when the lake was fairly quiet with a typical milky turquoise
colour (Barquero, 1998; OVSICORI, unpublished data). This
quiescence resulted in a rapid and steady increase of the lake
volume from May 1995 until 1996, which continued to grow
until reaching a record level in November 1997 (Fig. 4.3). All
these features strongly suggest that the decline in polythionate
levels was caused by a substantial decrease in the input of heat
and volatiles that might be caused by temporal partial blockage
of subaqueous vents.

Polythionates reappeared in January 1996, after which
significant amounts were produced in the course of this sub-

stage. Tetrathionate was the predominant species except during
the initial build-up when pentathionate briefly prevailed,
possibly due to relatively low SO,/H,S ratios of subaqueous
fumaroles. The rise of concentrations in early 1996 points
to renewal of fumarolic input, and the large production of
polythionates towards the end of substage IVA suggests a
sustained influx of gases with moderately high SO,/H._S ratios
(Fig. 4.7) (cf. Takano, 1987; Takano and Watanuki, 1990).
Although concentrations of the major anions, pH and lake
temperature responded to the initial increase in gas flux, a clear
correlation was obscured by dilution effects from the steady
increase of the lake volume throughout 1995-1997, partly due
to above-average rainfall in 1995-1997 (Fig. 4.3). In September-
December 1997 reached a record level of more than 1.7x10° m?
and a depth of about 45 m (Martinez ez a/., 2000).

The renewed polythionate production coincided with the
enhanced fumarolic activity at the CPC and other on-shore
locations (see Chapter 2, Fig. 2.20), and with visible upwelling
in the lake. More vigorous discharge around the CPC had
started in September 1995, marking the beginning of Stage
IV after a 7-years period of only very weak fumarolic activity
around the CPC. Fumaroles with temperatures of ~93°C
escaped from old and new fractures located mostly on its
northern face above the lake’s surface, increasing the plume
height from about 100 m to an average of ~500 m until May
1996. Other accompanying features observed at the CPC
were small flows of molten sulphur, indicating minimum
temperatures of 113-119°C (Shriver and Atkins, 1999), minor
landslides towards the lake and a constant bubbling below the
lake’s surface near the CPC, which would persist until the end
of 2001. A small phreatic explosion at the northern face of the
CPC on 8 April 1996, registered by the POA2 seismometer
of OVSICORI and witnessed by park rangers and visitors,
turned the colour of the lake from turquoise to greyish for
almost six weeks. Strong irritating sulphur smells were noticed
in the crater area around this time. Intermittently throughout
the entire substage, sulphur odours also reached villages some
6 km southwest and west of the active crater (Ferniandez, E.,
pers. comm., 2007). The explosive event possibly marked the
clearance of fumarolic vents, which might have been clogged by
sediments and solidified sulphur that had accumulated since the
previous phreatic activity in 1994. Moreover, an increase in the
relative concentration of CO, from 0.01 to 2.1% and a shifting
in the values of 8"C from -21.1 to -6.2%o values measured
at the CPC by Williams-Jones e# a/. (2000) indicate a greater
permeability around the CPC consistent with the increase in
vigour in the fumarolic degassing and the occurrence of minor
landslides around the CPC. The CPC has remained one of the
main sites of fumarolic degassing till present although degassing
rates have been variable throughout Stages IV and V.

Elsewhere near the lake shores, initially in the southern
sector, later also in the western and north-western sectors (see
Chapter 2, Fig. 2.20 sites 2 and 3), new subaerial fumaroles
giving off minor columns of gases (plume heights <100 m,
temperatures < 97°C), started manifesting as well (the first
subaerial fumaroles opened by April 1995). This opening of
subaerial vents coincided with enhanced A-, AB- and B-type
seismicity in 1995 (Fig. 4.6). H,S smells from these fumaroles
were frequently perceived at the lookout point and at the
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— Figure 4.7. Detailed time series of polythionate concentrations
(normalised to fluorine) and ratios of other major anions (wt/wt) for

part of Stage III, the Stage IV and the first years of Stage V, together

with other crater-lake parameters and molar SO,/H,S ratios of subaerial
(measured) and subaqueous (inferred, see text) fumaroles. Note the

(near) absence of polythionates in the beginning of substage IVA and in
substages IVC and IVE, periods of relative quiescence in the lake, whereas
the low concentrations of polythionates after 2006 is rather related to
enhanced fumarolic outgassing through the lake. Concentrations of anions

are given in mg/kg.

Visitor’s Building of the National Park. They remained active
for about 5 years until they ceased completely in June 2000
(Venzke et al., 2002-; Mora ef al., 2004).

During the months immediately before the reappearance
of the polythionates a remarkable increase in volcanic tremor
had been registered (on the order of several hundreds of hours
per month in October-December 1995), as well as a significant
increase in AB and B-type seismicity. A peak number of A-type
seismic events was recorded in November 1995 (Fig. 4.6). This
upsurge in seismic activity can be interpreted as being related
to build up of pressure in the magmatic/hydrothermal system,
opening of cracks or conduits and movement of fluids (McNutt,
2000). Another notable observation is the sharp ~75% drop in
B-type seismic events to a level similar to that observed before
1985-1986 (Fernandez, 1990), after the re-appearance of
strong fumarolic activity on the CPC in late 1995 — early 1996.
Substage IV A is marked by a low number of B-type events,
which is thought to reflect a lower degree of interaction between
the subsurface heat source and the shallow aquifer beneath the
crater (Barboza, V., pers. comm., 2005). This agrees with the
decrease of the lake temperature and anion concentrations, and
with the rise in pH and lake volume between late 1995 and
early 1996.

4.3.2.3.2 Substage IVB (August 1997 — October 2001)

From mid 1997 on, polythionate concentrations first increased
until reaching peak levels in early 1998, and then showed sharp
drops in April (below detection limits) and June 1998 (Table 4.1,
Fig. 4.7).'This brief interval of low concentrations ended with a
rise to values similar to those observed before April. It occurred
right after maxima in the 5,0,*/5,0,* and 5,0,*/5,0 * ratios
(Fig. 4.7), which can be attributed to influx of volatiles with
increased SO,/H_S ratios or higher discharge rates (Takano and
Watanuki, 1990). The combined trends can be interpreted to
result from the continuous injection of gas carrying increasing
amounts of SO,. First a SO/H,S ratio was reached that
favoured an optimum production of total polythionates, then
further increased ratios resulted in a more efficient production
of tetrathionate compared to the longer polythionates (cf.,
Fujiwara ez al., 1988; Fujiwara, 1989 and Maekawa, 1991, cited
in Takano ef al., 1994b; Takano ez 4/, 2001), while an excess
of SO, finally caused a temporary breakdown of polythionates
due to sulfitolysis. A shift back to lower SO,/H,S values
then allowed their formation again (Figs. 4.7 and 4.8). The
inferred increasing volatile input at the beginning of Sub-stage
IVB is supported by the increasing trend of SO,, Cl and F
concentrations in the lake (Fig. 4.7), accompanied by a drop in
pH, while relatively high levels of these anions confirm that it

received a significant influx throughout this sub-stage. Hence,
the brief disappearance of polythionates in April 1998 was the
result of their breakdown by sulphitolysis. It is of importance
to note that this absence was not followed by phreatic activity,
unlike what was observed in March-June 1987.

From November 1998 to October 2001 the polythionate
concentrations showed a steady decline, coinciding with a
period when many new fumarolic vents opened, especially along
the southern, western and eastern inner crater walls. A brief
sharp increase in the concentrations of polythionates, 5,0,/
5.0,.> and 5,0,*/5,0* ratios, major anions, and temperature
in September-October 2001, just before the polythionates
dropped to below detection limits in November, pointed to
a sudden short-lived influx of SO,-rich fumarolic gases into
the lake. This is consistent with a peak in unreacted dissolved
SO, which had been detected within a range of 20-255 ppm
between 1999 and October 2001 (Fig. 4.7, Table APP-4.2.2,
Appendix 4.2).

From August 1997 on, when the lake composition started
showing a remarkable change, the concentration of chloride had
been practically always higher than that of sulphate, except for
the interval November 2001-April 2002, whereas between July
2004 and October 2006 the lake waters switched again to a
composition richer in sulphate than in chloride which is the
typical distribution (Table 4.1, Fig. 4.7). The lake level dropped
by about 8 meters during the first half of 1998, and remained
more or less constant throughout the next two and a half years,
despite the significant amount of rainfall in 1999 and 2000,
which ultimately led to a lake-level rise in the first months of
2001 (Fig. 4.3).

Field observations and geophysical data provide evidence for
a relationship between volatile output and lake chemistry and
polythionate behaviour:

Gaseous SO,/H,S ratio
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Figure 4.8. Predicted distributions of polythionates, elemental sulphur, SO,
and H,S in an aqueous solution. The SO,/H,S ratio of entering fumarolic
gas (upper horizontal axis) controls the initial aqueous SO,/H,S ratio

in solution (lower horizontal axis), which determines the distribution of
polythionate species, elemental sulphur, and concentrations of any excess
H,S or SO, that remains in solution after polythionates and elemental
sulphur have formed (from Takano ez al., 1994b).
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4.3.2.3.2.1 Microgravity

Microgravity surveys detected a remarkable increase from 1996
to 2001 at stations near the N and NE lake shores, possibly
signalling a magma intrusion, which must have been small and
localized since most of the other stations showed continuous
decreases (Rymer ez al., 2005). Gas release from such a supposed
intrusion might be associated first with the re-appearance
of polythionates in the lake, and later with their sulfitolysis-
induced disappearance.

4.3.2.3.2.2 Seismicity

Numerous swarms of A-type earthquakes and an intensification
of AB-type seismicity between the end of 1996 and the first
months of 1997 had preceded the initial increase in volatile
concentrations, whereas remarkably sustained volcanic
tremors between October 1997 and March 1998 preceded the
disappearance of polythionates in April 1998. In addition, a
short-lived increase in A and B-type seismicity was observed
(Fig. 4.6). Whereas at Pods tremors generally occur in short
discontinuous events, a single episode on 21 February 1998
carried on for 2.5 hours, and 55 hours of tremor were recorded
during the whole month. This incidence of sustained tremor
could be related to continuous rise of magmatic/hydrothermal
fluids in conduits that on one hand reached the lake bottom and
led to more input of volatiles and heat, and on the other fuelled
the new fumaroles around the lake.

The enhancement of hydrothermal activity in the crater area
between 1999 and October 2001 coincided with increased
levels of B- and AB-type seismicity after two and a half years of
relative quiescence (Fig. 4.6), suggesting a stronger interaction
between the subsurface heat source and the shallow aquifer
beneath the crater. Tremor, which was rare in 1999, took place
for less than 30 minutes per day in September-November 1999
when the plume from the CPC reached maximum altitudes (Fig.
4.9). Several unusual low-frequency earthquakes with periods of
40-175 seconds were recorded in this period as well (Barboza,
V., pers. comm. 2005). An exceptional increase in tremor (a total
of 108 hours were recorded only in September 2001, of which
7% corresponded to monochromatic tremor) coincided with the
peak in polythionate concentrations observed in September-

October.

4.3.2.3.2.3 Upwelling

The lake showed upwelling activity during most part of
substages IVA and IVB, specifically in its central part and near
the CPC, with sulphur globules emerging from the subaqueous
vents. During September 1997-July 1998 convection was more
intense and many more sulphur globules appeared. In contrast, in
September-November 1998 upwelling activity and evaporation
were weak, although more vigorous fumaroles continued
appearing on the eastern side of the CPC. Throughout 2000
and 2001, the lake was entirely covered by an acidic whitish fog
(HCI?). In August-September 2001 large bubbles (diameter of

ca. 3m) were observed in the central part of the lake.

4.3.2.3.2.4 Fumarole activity

From December 1997 and throughout 1998 when the
polythionates reached maximum concentrations the plume
reached altitudes of nearly 600 m above the CPC. Between

Figure 4.9. Colour version and full caption on page 140.

February 1999 and June 2000 an unusually strong plume rose
0.7-2 km above the northern fractured side of the CPC (the
plume was ~2 km height in September 1999) (Fig. 4.9), and was
seen in San José at 35 km southeast of the crater.

In April 1999 the first appearance of weak low-temperature
fumaroles (40-95°C) was observed in the eastern sector of the
crater (see Chapter 2, Fig. 2.20 site 4). In July, long concentric
cracks and some springs (15-95°C) appeared here as well,
coinciding with a magnitude 3.2 earthquake (Richter scale)
that was felt at the summit of the volcano on 18 July 1999.
More fumaroles and springs continued appearing in this area
in 2000 and 2001 (Duarte ez /., 2003a), and most have existed
till today. The widening of cracks have produced instability and
collapses. On the other hand, the fumaroles in the SW sector of
the crater (see Chapter 2 Fig. 2.20 sites 2 and 3) became more
vigorous during the second half of 1999 when outgassing at the
CPC increased. In early 2000 these fumaroles weakened and
eventually disappeared in June 2000 (Venzke ez al., 2002-; Mora
et al.,2004) at the same time when degassing through the CPC
diminished and the gas-vapour plume returned to altitudes of
100-500m. Gas condensates from the CPC, collected in late
1999-early 2000, showed a significant increase in sulphate,
chloride and fluoride concentrations, as did the fumarole
temperature (188°C in March 2000 at a poorly accessible spot
on the north side of the CPC) (Fig. 4.6) (Vaselli ez al., 2003;
Fernandez ez al., 2003a).

4.3.2.3.2.5 Gas fluxes

Infrequent remote-sensing measurements carried out in
substage IVB suggest that the SO, flux was of the same order
of magnitude as the average of 90 tons per day measured in
February 1991 by Andres ef al., (1992): in February 2001
the minimum average flux of SO, was about 40 tons per day
(Fournier ef al., 2001, 2002), and in March 2002 the flux
averaged 61 tons per day (Galle, 2002). Between the second
half of 1999 and the first part of 2000 a rise in radon emission
through the crater floor has been observed (Garcia ez al., 2003).
Significant increases in soil temperature and diffuse H, and
CO, emissions in the eastern sector of the crater (see Chapter
2, Fig. 2.20 sites 4, 5, and 6), recorded in 2000-2002, have been
considered as possible precursor of pending volcanic unrest
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(Melian e al., 2001, 2003, 2004). Alternatively, the invasion of
deep hot permeable zones by meteoric water becoming enriched
in volatiles and undergoing redox reactions may explain the
strong fumarolic activity around the CPC, the opening of the
new field in the eastern sector and the H, anomalies (Vaselli ez
al., 2003, see Chapter 5). Fracturing and subsequent increase in
permeability of the volcanic edifice could have been triggered
by ground deformation due to the presence of a dense already
crystallised magma body beneath the southern side of the lake
(Fournier ef al., 2001) or by local tectonic earthquakes (Mora
et al., 2004).

4.3.2.3.2.6 Impact of gas emissions

Residents of villages located 6 km southwest and west of the
active crater reported occasional strong sulphurous odours,
especially during the dry months of 1998 (January-May)
(Venzke ez al., 2002-). Between November 1999 and June 2000,
a strong release of gases around the CPC and a dense fog over
the lake caused severe irritation of the respiratory system, eyes
and skin of OVSICORI personnel working on the crater floor.

The stronger release of toxic volcanic gases within the active
crater and their apparent accumulation in the Botos Lake
depression in September-December 1998 seems the most
probable cause of death of a number of wild birds found at the
N-NE sector of this lake (Fig. 4.1), which contains slightly
acidic (pH~3.7-6.3) (OVSICORI, unpublished) Ca-SO, waters
that are influenced by meteoric input of acid gases and particles
from the nearby volcanic plume at the active crater of Pods that
is about 1 km to the north (Figs. 2.4 and 2.5) as a result of local
wind patterns.

From mid 1999 till mid 2000, fumarolic degassing caused
severe acidification of the immediate surroundings with impacts
on vegetation, infrastructure, quality of air and water resources,
as well as human and animal health (Duarte e£ a/., 2003b;
Fernandez et al.,2003b; OVSICORI, unpublished data). Strong
sulphurous odours were reported by inhabitants of the towns of
Grecia and Naranjo at about 20 km SW from the crater, and in
the village of Poasito about 4 km SE from the crater.

4.3.2.3.3 Substage IVC (November 2001-May 2002)
A sharp decline in polythionates concentrations to below
detection limits characterized this short interval when the lake
activity was relatively calm and visible upwelling had stopped.
Only very low amounts of polythionates were sporadically
detected in November 2001-May 2002, with a distribution
that was dominated by the pentathionate ion.The §,0,*/5.0 >
and 5,0,*/5,0 ratios were lower than in the previous years
(Fig. 4.7), suggesting that during the end of this substage the
subaqueous fumaroles were significantly depleted in SO,. Thus
the SO,/H.S ratios composition of the subaqueous fumarolic
discharges shifted from SO, -excess (>0.07) to H, S-excess (Fig.
4.8) (Fujiwara 1989; Maekawa, 1991, both cited in Takano ez
al., 1994b).

The drop in the polythionate concentrations coincides with
a sharp decrease in the concentrations of other major anions, a
significant increase in pH and gradual cooling of the lake water
(Fig. 4.7). Free dissolved SO, or HLS gases were not detected.
In addition, the lake colour changed from milky turquoise
to unusual milky bluish, suggesting the presence of less

suspended particulate matter in the water column and much
less subaqueous fumarolic activity (see Chapter 5).

Because the lake level volume also decreased by about 8%
between January-June 2002 (Fig. 4.3), it is clear that these
drastic changes were not due to dilution of the lake waters
alone, but primarily signalled a substantial decrease in heat and
volatile supply, presumably because of temporary blockage of
the subaqueous fumarolic vents. Hence, the gas discharge within
the lake area was too weak to produce appreciable amounts of
polythionates.

At the same time, fumarolic activity around the CPC
decreased so much that only a very weak plume of ~50 m or
less was observed, although vigorous activity continued in the
fumarolic field on the eastern side of the crater (see Chapter 2
Fig. 2.20 sites 4 and 5). Noticeable decreases in B and AB-type
seismic events and absence of high-frequency earthquakes
and volcanic tremor were recorded as well (Fig. 4.6). All these
observations point to a significant decrease in the influx of
volatiles and heat into the lake.

4.3.2.3.4 Substage IVD (June 2002-September 2003)

This substage is marked by renewed heating of the lake and
the reappearance of polythionates in such amounts that
concentrations similar to those observed in 1997-1998 were
reached. Overall increasing trends of polythionate concentrations
as well as 5,0,>/5.0,% and 5,0,*/5,0,* ratios coincided with
substantial increases in lake-water temperatures (from 29 to
41°C) and SO,-CI-F concentrations, and with a concomitant
decrease of pH (Fig. 4.7). It is noteworthy that temperature and
polythionate concentrations showed parallel trends with peaks
around September 2002 and June 2003, whereas the SO,, Cl
and F ions continued to accumulate until July-September 2003.
Most of the cations showed a similar behaviour (see Chapter 5).
This period of high polythionate concentrations was terminated
by a sudden decline to below detection limits in October 2003.

Dominance of the tetrathionate ion throughout the substage
and presence of unreacted dissolved SO, in the lake water point
to relatively high SO,/H.S ratios of subaqueous fumarolic
discharges. Yet, the patterns of the individual polythionates
fluctuated and were not always parallel, especially during the
second half of this period (Fig. 4.7), suggesting variations in the
injection rates and proportions of SO, and H_S.

It is of interest to note that during this substage the
polythionate concentrations do not follow the steadily increasing
trends of SO,, Cl and F, but show peaks that rather tend to
correspond with peaks in the lake temperature (Fig 4.7). The
decrease of polythionate concentrations when major anions still
continued to rise may be the result of sulphitolytic breakdown
or reflect an influx of (recycled?) brine water into the lake. The
latter alternative would be supported by the corresponding
early decrease of the temperature and by a gradual increase
in C/F and CI/SO, ratios in the lake observed in the second
half of this substage. This might also fit into an overall pattern
of increasing importance of Cl relative to the other anions
observed throughout Stage IV in the lake, thermal springs, and
fumarole condensates (Chapter 5).

Simultaneous with the return of polythionates, the visible
appearance of the lake changed significantly. In late May-early
June 2002, it recovered its typical milky sky-blue colour after
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the previous months when it was clear dark blue due to the
small load of suspended particles. In late July 2002 the lake
had turned dark greenish due to convective circulation that
transported abundant sulphur globules and bottom sediment
to the surface at a spot close to its centre. Convection and
floating sulphur globules were observed practically throughout
the whole substage, but the activity was particularly strong in
September-October 2003 when some small unusual blackish
globules appeared together with the commonly observed yellow
sulphur globules and pieces of molten sulphur with a ‘plastic’
texture emerged from the bottom of the lake, suggesting an
intensification of subaqueous fumarolic discharges (cf. Takano
et al.,1994a). At the same time, especially between September
2002 and December 2003, a persistent emanation of acidic
fumes (HCI evaporation?), causing respiratory problems and
irritation of eyes and skin near the lake edge, formed a white
acidic fog that floated over the lake surface and covered all of
it at times. This fog was even denser, ~5 m thick, in November
2002 (see Chapter 2 Fig. 2.19, and Chapter 5). Constant
bubbling was observed at the interface between the lake and
the north face of the CPC, and water “spurts” of about 1-5 m
length were sporadically ejected from the same location between
August 2002 and September 2003. In spite of the large and
relatively constant volume (~1.5x10¢ m?®) the lake level showed
some fluctuations, possibly the result of lower yearly rainfall in
2002 (Fig. 4.3) in combination with stronger evaporation in
2002-2003 due to increased input of heat.

Throughout this substage, the fumarolic emissions from the
CPC remained modest and fairly constant, producing a plume
of less than 400 m high, except for a short-lived increase up
to 600 m in February 2003. New thermal springs, fumaroles
and cracks continued to appear in the eastern sector, and their
plumes reached altitudes between 50-300 m similar to the
previous substage. In December 2002 the temperature of the
Fumarola Norte (Fig. 4.6 and Table APP-4.2.1, Appendix 4.2)
rose from boiling point to 122°C. Bright reddish-orange and
white hydro-sulphosalts were observed along the Norte and
Quebrada Roja streams (Bandy, 1938). An OVSICORI field
survey in early January 2003 provided indications that a minor
hydrothermal explosion had occurred somewhere in this area
(see Chapter 2, Fig. 2.20 site 4) in the preceding month. The
concentric cracks that had appeared in July 1999 became wider,
and crater wall collapses were observed. All these manifestations
thus indicate that during this period fumarolic discharges were
centred in an area comprising the CPC, the lake and the eastern
inner crater wall.

During this substage, B-type and AB-type seismic activity
increased, reaching maximum intensity between September-
October 2002. This followed a substantial drop in the number
of events recorded near the end of the previous substage. The
increase in seismicity accompanied the appearance of new
fumaroles on the CPC and in the eastern sector of the crater.
At the end of the substage, AB-type seismicity decreased
dramatically, whereas B-type earthquakes continued to be
recorded in large quantities.

Rare types of short-duration monochromatic tremors,
which are distinct from the continuous long-duration tremors
typically recorded at Pods, as well as “banded” tremors (a rarity
for this volcano) and “intrusive” signals were registered by the

OVSICORI POA2 seismic station between mid-2002 and
the end of 2003. For instance, eight hours of unusual volcanic
tremors with monochromatic characteristics were recorded in
August 2002, and were followed later that month by several
“intrusive” earthquakes, consisting of a continuous two-phase
signal (an initial event, usually of the AB-type, that preceded
several minutes of monochromatic tremor), which could be
indications of hydrofracturing or intrusive processes. Short-
duration (<1 minute) monochromatic tremors and “intrusive”
signals were also recorded at Pods in 1986 before renewal of
geyser-like phreatic activity in the crater lake, and have been
related to the ascent of minor magmatic intrusions (Ferndndez,
1990; Rowe ez al., 1992a).

During September 2002, thirty hours of polychromatic
tremor were registered, as well as eleven hours of intermittent
or “banded” tremor with periodic bursts separated by quiescent
periods of ~3 hours. The “intrusive” signals continued
sporadically between October 2002 and October 2003,
together with polychromatic tremors. The “banded” tremor
was again registered in October 2003 but lasted then only four
hours and were alternated with periods of quiescence of ~2
hours. McNutt (1991, 1996, 2000) hypothesised that “banded”
tremor, in the case of hydrothermal processes, may be caused
by sequential refilling of cavities and boiling off, as occurs
during geyser activity, whereas in magmatic cases it may signal
flow into a shallow reservoir. At Nevado del Ruiz volcano this
phenomenon has been related to prolonged intermitted venting
of gas through conduits (Martinelli, 1990). The banded tremors
observed at Pods between September 2002 and October 2003
may be related with “water spurts” observed at the north face of
the CPC in the same period.

Microgravity surveys showed a rise in sub-surface mass in
stations to the west and south of the CPC between 2000 and
2008, which has been attributed to a highly localized dendritic
intrusion beneath the crater (Rymer e a/., 2005, Rymer, H.,
pers. comm. 2008), similar to other inferred events associated
with microgravity rises over the last 20 years (cf., Fig. 4.6). The
enhanced input of heat and SO,-rich volatiles into the lake
system, in combination with the accompanying manifestations,
might suggest that a minor intrusion of magma has occurred
during substage IVD, but without triggering phreatic explosions
at that time.

4.3.2.3.5 Substage IVE (October 2003-February 2005)
A sharp decline in polythionate concentrations to below
detection limits in October- November 2003, comparable to
that observed in substage IVC, was the start of this period
of quiescence, which was marked by much less input of heat
and volatiles into the lake. Polythionates were monitored and
remained undetected until April 2005. In a few determinations
conducted during this period only traces of dissolved SO, and
no H,S were detected between June 2004 and March 2005.
The lake temperature, which had decreased gradually from
a maximum of 41°C in April-June 2003, ranged between 35
and 23°C during the second half of 2003 and throughout 2004.
Anion concentrations decreased substantially, with fluoride
showing the lowest values ever measured at Pods, hence the
high SO /F and CI/F ratios observed in May-June 2004. The
pH increased by about 0.7 units.
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Figure 4.10. A and B. Colour version and full caption on page 140.

From late 2003 on, the lake volume increased significantly
and continued growing until at least 1.9 million m?® between
late 2004 and early 2005 reaching the highest volume recorded
since the late 70s and culminating in the flooding of part of
the eastern crater floor (see chapter 2 Figs. 2.21 and 2.22).
Subaerial fumaroles in this sector remained underwater for
several weeks (Mora and Ramirez, 2004). This expansion of the
lake was caused by extremely heavy rainfall in 2003 and 2004
(Fig. 4.3), which were the rainiest years recorded at the summit
of Pods volcano in the last 15 years (ICE, 2006; Aguilar ez a/.,
2005). The volume increase was accompanied first by a subtle
colour change towards the end of 2003, but at the end of April
2004 it turned from bluish green to light green. After decades
of monitoring, this was the only time that such a colour has
been seen (Fig. 4.10). A similar colour has also been observed in
other acid crater lakes during periods of reduced gas emission
(e.g., White Island, Venzke ez al., 2002-).

A conspicuous reduction in the vigour of fumarolic
outgassing was observed around the CPC, which had been
one of the main sites with persistent strong gas emission since
late 1995. The plume that typically reached an altitude of 500
meters or more remained particularly low (<200m) throughout
most of 2004, occasionally allowing views of some of the vents.
Temperatures remained rather constant around boiling point
(93-95°C). In contrast, vigorous subaerial fumarole discharges
(<120°C) continued in the eastern fumarolic field. The Fumarole
Norte (Fig. 4.11, Table APP-4.2.1 Appendix 4.2) showed a
temperature rise up to 116°C, and some new fumaroles opened,
which is consistent with the recorded high number of B and
AB-type earthquakes during this substage (Fig. 4.6). During
the peak of the dry season of 2005 (March-April), deposition of
bright yellow-orange and white water-soluble hydroxysulfates
was again observed along the Norte-Este and Este acid
sulphate-springs. Landslides continued to accompany the
vigorous fumarolic activity in this sector.

The large decrease in the flux of fumarolic gases and heat
within the area comprising the lake and the CPC might be
the consequence of a structural change which led to a localized
blockage of the gas conduits beneath the lake, without affecting
the fumarolic field in the eastern region that started forming in
late 1998 and 1999.

4.3.2.4 Stage V (March 2005-Present): Period characterized

by the reappearance of polythionates, renewal of intense
subaqueous fumarolic discharge and occurrence of phreatic
explosions

'This period is marked by peak activity, culminating in phreatic
explosions in March, April, September and December 2006,
and includes the most recent polythionate data available for this
study. After their absence for more than a year, the polythionates
reappeared in April-May 2005, after which their abundance
increased sharply until reaching maximum concentrations of
about 3500 ppm between November 2005 and January 2006
(Figs. 4.3 and 4.7). Subsequently, before the onset of phreatic
activity, a steep decrease was observed down to values of
150-620 ppm recorded since then (Table 4.1; Figs. 4.3 and 4.7).
Excess dissolved SO, was detected between May 2005 and late
2006, and the order of species abundance was virtually always
found to be 5,0,>5.0,>S,0,, indicating that the injected gas
was again characterized by a relatively high SO_/H,S ratio. An
exception was observed in May-July 2006 when pentathionate
was dominant, coinciding with the presence of 2 mg/L of
dissolved H,S in July, the first time that this species was detected
since 1999.The §,0,/5,0, ratios at the start of Stage V were
the highest recorded in 25 years, while the §,0,/5.0, ratios
were close to stage IV values (Figs. 4.5 and 4.7). Tetra- and
pentathionate showed fluctuating but parallel trends, whereas
hexathionate was initially produced in very small amounts and
gradually increased in the course of 2005-early 2006. The strong
decrease of polythionates that started in late 2005-early 2006
and their low concentrations in 2006 are apparently due to
sulphitolytic (and thermal?) breakdown caused by a sustained
influx of SO -rich gases, since the decline occurred during a
period of steadily increasing SO,-CI-F concentrations and
temperature as well as decreasing pH (Fig. 4.7). Starting from
22°C in February 2005, the lake temperature rose sharply in the
next months until reaching peaks of 50-54°C in the second half
0f 2005 (Fig. 4.7), similar to temperatures registered during the
latest period of phreatic eruptions in 1994.

The intensification of activity was accompanied by marked
changes in the appearance of the lake. It turned from a quiet
green reservoir in 2004 (Fig. 4.10) to a grey fuming lake in early
2005 (Fig. 4.11), showing several convective cells that brought
up abundant sulphur globules (see Chapter 2 Fig. 2.26). The



68

Chapter 4

lake level lowered several meters throughout 2005 despite of
heavy rainfall at the summit of the volcano in 2004 and 2005
(Fig. 4.3). Strong evaporation of irritating acidic fumes affected
the wellbeing of volcanologists working near the lake. The sparse
vegetation within the crater died rapidly due to the impact of
gases and aerosols.

All these observations pointed to a significant new influx of
condensing magmatic gases and heat that affected the entire
lake system. From early 2005 on, the combined changes in
geochemical and seismic behaviour could be interpreted as
warning signals for pending phreatic outbreaks, possibly
associated with new gas releases provoked by fracturing of the
brittle envelope of a cooling magma body or by the intrusion
of a fresh magma batch. The latter alternative would be
supported by increases in micro-gravity in the south-western
part of the crater floor since 2001 (Rymer e# a/., 2004, 2005,
Rymer, H., pers. comm. 2008), which would imply that magma
emplacement at shallow levels must have started already about
halfway Stage IV (Fig. 4.6).

In early 2006, further changes in monitored signals, pointing
to a continued increase in the input of hot gases into the lake
and conduits of subaerial fumaroles, were the prelude of phreatic
eruptions that took place in March, after a period of almost
12 years of relative quiescence. Several mild phreatic eruptions
from the lake were observed in March-April 2006. Later that
year at least two small phreatic eruptions occurred on 25-26
September and another (about 30-50 m high) on 16 December
was reported by a visitor of Pods Volcano National Park.

It is conceivable that deep penetration of large amounts of
meteoric groundwater into the magmatic/hydrothermal system
played a role in triggering the phreatic activity, given the high
record of rainfall registered in 2003-early 2005, the flooding of
the eastern crater floor and the rate of degassing, fracturing and
wall collapses in the eastern sector (cf., Vaselli e a/., 2003 and
Section on Substage IVB for a similar mechanism to explain
the upcoming fumarolic activity in 1998-2000). However,
the strong rise in all magmatic volatiles, particularly SO, and
HF argues for new releases from a magma source as main
controlling factor. A possible relationship between subaqueous
and subaerial fumarolic degassing will be discussed in sections

4.5.3 and 4.5.4.

Figure 4.11. Colour version and full caption on page 138.

During Stage V, fumarolic degassing has been centred within
the lake area and the fumarolic field in the eastern sector. The
Fumarola Norte at the NE inner crater wall (Fig. 4.11) showed
sudden changes in temperature (from 105°C in March 2005
to 200°C in May 2005), as well as changes in gas composition,
especially between May 2005 and early 2006 (OVSICORI,
unpublished data) (Table APP-4.2.1 in Appendix 4.2). It
released large amounts of sulphur crystals that were deposited
over a large area of the north-eastern inner crater wall, and
molten sulphur ponds formed in the vents (OVSICORI, 2006a).
Emissions from the CPC remained moderately low at <95°C,
similar to the previous stage (Fig. 4.6).

In April 2006, shortly after the climax of phreatic activity, an
average SO, flux of 84 tons/day was recorded by Mini-DOAS
(OVSICORI, 2006¢). This flux did not reach the Stage-II levels
of 500-800 tons/day measured in 1981-1982 (Casadevall ez a/.,
1984a) but was higher than the 29 tons/day in March 2003 and
similar to the 90 tons/day values in early 1991 (Andres ef a.,
1992).

The onset of increased activity in the lake coincided with
a strong increase in seismicity between April and November
2005, particularly AB-Type events and polychromatic as well as
monochromatic tremors (Fig. 4.6). This was only the second time
that such an intensity of volcanic tremor was recorded at Pods
since the period of peak heating in 1981-1983 (Stage II), which
was presumably due to a magmatic intrusion beneath the CPC
(Brown ef al., 1991) where fumaroles reached temperatures of
more than 1000°C (Fig. 4.6). It was the first time for AB-Type
events, but it is unknown if they were similarly abundant in
Stage II because they were not classified as such before 1984.
Clear increases in AB-Type quakes and polychromatic tremor
were preceded and accompanied the different intervals when
phreatic eruptions occurred in 2006 (Fig. 4.6). Swarms of A-type
quakes were registered in January-February, April and June-July
2005, but their number remained relatively modest compared to
other periods with increased seismicity of this type.

By the end of 2006, dissolved volatiles in the lake reached the
highest levels of Stage V. Highest temperatures were recorded
in November (58°C) after a minor dip in the previous months.
The lake has retained its grey colour and continued to show
strong convective activity. A few minor phreatic explosions,
“mud plumes” and molten sulphur floating on the surface further
characterized its behaviour. OVSICORI’s seismic stations
POA2 and POAS5 continued recording high levels of seismicity,
particularly AB-Type quakes and tremor (Fig. 4.6).

The lake has shown strong convective activity and the seismic
stations POA2 and POA5 continued recording a high number
of seismic events, mainly polychromatic tremor and AB-type
quakes throughout 2007. Temperature of the acid crater lake
registered 57°C in July 2007 and its colour has remained
virtually greyish. If the current conditions in the acid crater lake
continue prevailing, then more phreatic explosions could be
expected to occur anytime in the near future (see Chapter 5).

4.3.3 Polythionate - sulphate relationships

Reactions between SO, and H,S that occur when subaqueous
fumaroles enter the lake system usually produce a variety of
sulphur species, including sulphate (mainly as bisulphate),
polythionates and other aqueous species, as well as native sulphur,
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depending on the SO,/H.S ratios of the fumarolic discharges,
redox conditions and flow rate. Polythionates are formed at
relatively high SO,/H.S (Goehring, 1952), reach maximum
concentrations when this ratio is around 0.13 (Fujiwara, 1989;
Maekawa, 1991), but are decomposed via sulphitolysis at higher
ratios, yielding elemental sulphur and sulphate as main products
(Takano et al., 2001) according to:

- +

802 @g) + H20 ¢ HSO3 ug) + H ag)
2- -

3 5405 @ag) T 3 HSO; (aq)

Decomposition will also occur as a result of increasing
temperature:

2.
3 5,0¢ (aq) + 2H20(1)

Hence, SO,-induced or thermal decomposition of polythionates
will contribute to an (extra) increase in the total sulphate
concentration of an acidic crater lake. For example, significant
increases in the concentration of SO, in Yugama crater lake were
accompanied by breakdown of polythionates during periods of
phreatic activity (Takano and Watanuki, 1990).

Polythionate concentrations in the Pods lake have rapidly
declined several times over the 1980-2006 period: May
1986-July 1987 (beginning of Stage III), October-November
1994 (end of Stage III), January-October 1995 (Stage I11I-1V
transition), March-April 1998, October-November 2001,
September-October 2003 (Stage IV) and November 2005-May
2006 (Stage V). These events are not obviously related to
corresponding increases in sulphate concentrations (Figs.
4.5 and 4.7) because it can be inferred that several different
mechanisms associated to either increased or decreased activity
have played a role.

The polythionate decrease at the start of the active Stage
IIT was accompanied by an increase in the SO, concentrations,
pointing to sulphitolysis and/or thermal breakdown. Still, this
can only account for about 16% of the increase in sulphate
observed between May and July 1986 (Fig. 4.5). Hence, increased
input of hot SO,-rich volatiles must have been responsible for
most of the sulphate production, consistent with an increase
in the SO,/H,S ratio of subaqueous fumaroles, as inferred
from the change in the distribution of polythionate species
since August 1986 (Figs. 4.5 and 4.6) (albeit with temporary
reversals in some of the late 1986 and early 1987 samples).

2- 3
S406 (ag) + 3 Fe +(aq) + 2.75 OZ(aq) + 4.5 Hzo(l)

On the other hand, polythionate decay alone may account for
the sulphate increase of March-April 1998 (Substage IVB),
and November 2005-May 2006 (Stage V). It is of interest to
note that precipitation of gypsum and other sulphates may
obscure the inverse relation between dissolved sulphate ions
and polythionate decomposition, since the lake water is usually
saturated with these minerals (Chapter 5).

The three other periods in Stage IV with a temporary decline
in polythionates (Fig. 4.7) require a different explanation.

(x =410 6) (a)

2- 2- ° —
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Decreased SO,, Cl, F and dissolved SO, concentrations,
increased pH and a drop in temperature during these periods
point to a reduction or complete stop of subaqueous fumarolic
venting. Marked peaks in SO,/F and CI/F ratios reflect a
stronger decline of F relative to the other anions, which is
consistent with less magmatic input, given the preferential
reaction of HF with wall-rocks at relative low temperatures
of volcanic gases (c.f., Symonds ef a/., 1990; Stimac ef al,
2003). The observations thus provide evidence for temporary
clogging of subaqueous fumarolic vents and a decrease in the
temperature of the discharges. A parallel short-lived decrease in
SO,/H,S ratios of subaqueous and subaerial fumaroles during
Substage IVC suggests that this blockage affected large parts
of the subsurface system feeding the entire crater area. During
Substage IVE, however, lower SO,/H.S ratios were only
observed in the lake water, while subaerial fumaroles showed
little change.

Furthermore, the cessation of convective activity would
promote the development of stratification in the water column,
including an aerated shallow layer. According to experiments on
Yugama lake water, polythionate concentrations are relatively
insensitive to aeration (Takano and Watanuki, 1990), but
the combination of oxygen and Fe** at low pH will oxidize
polythionates to sulphate an order of magnitude faster than
oxygen alone (Druschel ef a/., 2003). A representative reaction
describing this oxidative decomposition (cf., Takano and
Watanuki, 1988; Takano e a/., 2001; Druschel e£ al., 2003)
could be:

2- 2 +
4804 (aq) + 3 Fe +(aq) + 9H @y (d)

Because an influx of oxygen-rich fresh rainwater into the lake
will readily lead to the oxidation of Fe*" into Fe*, and because
low Fe*/Fe,  ratios (~0.01) were indeed measured in samples
of surface water during periods with stagnant fumarolic input,
it is conceivable that this mechanism has further enhanced the
polythionate breakdown.

Finally, microbial decomposition of polythionates may
have also contributed to their disappearance at the start of

Substage IVA and during Substages IVC and IVE when
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bacterial activity could have been boosted by relatively high pH
conditions, as was also observed in the ultra acid crater lake of
Maly Semiachik volcano (Takano ez al., 1995,1997). So far, the
presence of Acidothiobacillus sp. in the lake water of Pods and
some unidentified rod-shaped and spherical acidophilic bacteria
in the bottom sediments has been reported (Sugimori ef al.,
1995, 2001), but the potential effect of micro-organisms on the
polythionate budgets remains to be assessed.

4.3.4 SO,/H,S ratios of subaqueous and subaerial fumarolic
discharges

‘The molar SO,/H,S ratios of subaqueous fumarolic discharges
were estimated from the concentrations of dissolved unreacted
SO, and H,S gases measured i7 sifu between 1999 and 2006,
following an adapted version of the method of Togano and
Ochiai (1987) (see protocol in Appendix 4.3). Since SO,
is more soluble in water than H.,S, the SO,/H,S ratio of gas
species dissolved in the lake water will be larger than that
of the injected fumarolic gases (e.g., at 20°C, SO, is about
15 times more soluble than HS in pure water, Takano ez 4/,
1994b; IUPAC 1983, 1988). The calculated SO,/H,S ratios of
subaqueous fumaroles are based on the solubilities of both gas
species in pure water at 1 atmosphere for the lake temperatures
measured (IUPAC 1983, 1988; Xia ez al., 1999, 2000), assuming
that these solubilities are also valid for the acid lake waters of
Pois. To estimate SO,/H_S ratios of the subaqueous fumarolic
discharges a H,S concentration of 0.2 ppm (its detection limit)
was adopted, because this species was only once detected (about
2 ppm in July 2006) over the period when dissolved gases
were monitored (it was either completely consumed through
chemical reactions or was present at concentrations below the
detection limit). Hence, the calculated ratios reported here (Fig.
4.7) are minima. Dissolved unreacted SO, was always detected
in significant amounts, except in November-December 2001
and June 2004-March 2005, when traces were measured at most
(Table APP-4.2.2, Appendix 4.2).

The inferred SO,/H.S ratios of subaqueous and subaerial
fumaroles are similar in magnitude and, with the exception
of Substage IVE, show parallel behaviour in the time series
since 1999 (Fig. 4.7; see Table APP-4.2.2, Appendix 4.2 for
a compilation of gas data used), which indicates that the gas
that enters at the lake bottom has largely the same origin as
that emitted from the on-shore vents. The disappearance of
polythionates coincided with a parallel decrease in the SO,/
H,S ratios during Substage IVC, whereas in Substage IVE a
decrease was only seen in the subaqueous fumaroles, suggesting
a decoupling with the pathways to the subaerial vents during
this period. This may imply that in Substage IVE (partial)
blockage of rising gases was confined to relatively shallow levels
below the lake.

Common feeding controls and gas source for subaerial and
subaqueous fumaroles are further suggested by field observations.
A simultaneous increase in vigour of vapour and gas release
from the lake surface, the CPC fumaroles and Fumarola Norte
was seen in March 2006 (Fig. 4.11), and both the lake water
and the Fumarola Norte showed a simultaneous conspicuous
temperature rise in 2005 (Fig. 4.6). These observations suggest,
as already pointed out by Fournier e al., (2004) that the

fumarolic field at the eastern terrace are the result of fractures
going deep below the crater floor (see Chapter 5).

4.3.5 Relationship between polythionates and seismic
activity

Seismic activity at Pods is complex, due to the dynamics of the
magmatic and hydrothermal systems, their interactions and the
possible combination with tectonic processes (Ferndndez, 1990;
Rowe et al., 1992a; Martinez et al., 2000; Rymer ef al., 2000).
Predominant seismic signals are the B-type or low-frequency
earthquakes and the AB-type or intermediate-frequency quakes
(Fig. 4.6). The B-type earthquakes are presumably generated
within a few hundred metres from the surface, are concentrated
below the crater floor, and may reflect interaction of liquid-gas
phases within fracture conduits or bubble formation/collapse
in the hydrothermal system. The AB-type quakes have been
attributed mostly to fumarole-opening events. The A-type or
high-frequency earthquakes (volcano-tectonic quakes) and the
T-type or volcanic tremor are not as frequently observed as
the B- and AB-type quakes, confirming the shallow character
of most of Pods’ seismic activity. The A-type quakes at Pods
have been related to tectonic readjustments within the local
fault system that may or may not be triggered by regional
subduction-related earthquakes (Fernindez, 1990). They have
also been associated to fracturing of the brittle carapace of a
shallow magma body underlying the hydrothermal system
(Casertano ez al., 1987), or to mechanical fracturing of country
rock, suggesting pressure build up in the system. The T-type
seismicity has been interpreted as a result of continuous
movement of fluids or magma through a rigid medium (Aki ez
al.,1977; Fernandez, 1990).

Relationships between seismicity and polythionates are
difficult to evaluate for Stage II because of the scarcity of
data. Despite high seismic activity and a high discharge rate
of SO, from CPC fumaroles in the early 1980s, the lake was
probably characterized by low polythionate concentrations
with a dominance of pentathionate (Fig. 4.6), indicative of
H_S-enriched gaseous input and relatively modest activity. This
illustrates a particular feature at Pods, namely that the location
of major fumarolic discharge may distort a straightforward
relationship between the nature of volcanic degassing and the
behaviour of the lake.

The strong rise in polythionate concentrations and the
shift from pentathionate to tetrathionate dominance in early
1986 were associated with an initial increase in A-, AB- and
B-type earthquakes as well as short-duration harmonic tremors
after a relatively quiet period. The sharp drop in polythionate
concentrations to below detection limits in early 1987,
approximately 3 months before renewal of phreatic activity
(Rowe e al.,1992b), coincided with a more conspicuous increase
in seismicity, in particular B-type earthquakes. High levels of
B-type seismicity remained throughout Stage III when the
locus of fumarolic activity was centred within the lake area, and
polythionates remained virtually below detection limits (Fig.
4.6). The enhanced heat and volatile output could have been
the result of an ascending magma beneath the lake, sometime
between 1985 and 1986, and subsurface hydrofracturing
(Fernandez, 1990; Rowe ez a/., 1992a,b; Rymer e al., 2005).
Peaks in A-type seismicity and tremor in 1990 and 1991 have
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been interpreted in terms of this hydrofracturing, which did
promote degassing but without the intrusion of new magma at
that time (Ferndndez, 1990; Rymer ez al., 2000).

Some of the swarms of A-type quakes in 1994 coincided
with large peaks in tremor (Fig. 4.6), strong degassing and the
occurrence of phreatic explosions that may have been associated
with renewed magma ascent (Martinez e# a/, 2000) or fracturing
of the brittle envelope of the cooling magma present. Subsequent
large variations in polythionates contents in the returning lake
were accompanied by fluctuations in seismicity.

Changes in the contents and distribution of polythionates
during Stage IV, reflecting changes in the flow rate and/or in the
SO,/H,S ratios of subaqueous fumaroles, coincided with periods
of either high or low levels of seismicity. Most conspicuous is
that the transition from relatively low to much higher B- and
AB-type activity around 1999 roughly coincided with the
sulphitolytic decline of polythionates. The enhanced input
of SO,-rich volatiles may thus have been driven by stronger
interaction between the magmatic and lake-hydrothermal
systems. Following the brief quiet interval of Substage IVC,
the sudden rise of polythionates, apparently prompted by an
increase in volatile input, was accompanied by an increase in
AB- and B-type seismicity and by uncommon tremors (Fig.
4.6). Some of these had also been recorded in 1980 when
magma was intruding, but in this case, given the lack of A-type
earthquakes, the tremors have been interpreted as an indication
of fluid movement through pre-existent fractures (Barboza, V.,
2005, pers. comm.).

The reappearance of polythionates in April 2005, their
subsequent sulphitolytic or thermal breakdown and the renewal
of phreatic explosions all point to the injection of hot SO,-rich
gas promoted by the opening of conduits and the rise of fluids,
as signalled by swarms of A-type events and by a dramatic
increase in AB-type seismicity that preceded and accompanied
the large numbers of volcanic tremors registered throughout
Stage V (Fig. 4.6). The monochromatic character of some of
these tremors is usually related to movement of magma or
magmatic/hydrothermal fluids at depth.

In summary, changes in the concentrations and speciation
of the polythionates in response to fluctuations in the rate
and composition gas/volatile input are often accompanied by
changes in the activity or type of seismic signals. Increases in
seismicity often come together with enhanced input into the
lake, leading either to the production of polythionates or to
their breakdown when the flow rate of volatile and heat release
reaches maximum levels. In other cases, the disappearance of
polythionates can be caused by weakening or shutdown of
subaqueous fumarolic discharge as supported by decrease of
seismic activity as clearly observed over substage IVC.

4.3.6 Agrio River springs: seepage water from the crater lake?
A number of highly acidic chloride-sulphate springs, located
2-5 km northwest from the crater, form one of the main sources
of the Agrio River (see Chapter 6). Since the end of the 19th
century it has been speculated that a direct connection exists
with the crater lake, and that the springs represent seepage
points. Rowe (1994) and Rowe ez a/. (1995) argued that the
springs represent lake brines which are diluted by meteoric
ground water during flow through the NW crater wall, based

on geographical, hydro-geologic features, chemical and stable-
isotope data (Craig, 1961) on the lake, the springs and the
river for the period 1987-1989, as well as heat and mass-
balance considerations. However, temperature, discharge rate
as well as physico-chemical properties of the Agrio River have
shown a long-term stability compared to the fluctuating lake
properties, which may indicate that there is no direct hydraulic
connection.

Over the period 1987-2002 the Agrio main spring
showed constant properties (pH=1.1-1.5, T=51-56°C,
§0,=12000-17000 ppm, Cl=5900-6300 ppm, F=135-180
ppm), whereas considerable fluctuations were seen in the crater
lake over the same period (e.g., temperature ranging between
22°C and 94°C). The other springs (pH<2.4, T=15-30°C) have
remained fairly stable as well. Furthermore, the discharge of the
Agrio springs has remained virtually unchanged (Martinez e#
al., 2004a; see Chapter 6), even during the almost 9-year peak
activity in the crater lake (mid-1986 till late-1995, Stage III),
when the lake completely dried up several times. If a hydraulic
connection exists, this would imply that lake water needs more
than 9 years to reach the seepage springs. Although Rowe ez
al. (1995) and Sanford ef a/. (1995) estimated a travel time of
1-30 years, the above observations do not provide unequivocal
evidence in favour or against the hypothesis of a direct
connection.

The O-H isotopic compositions of the Agrio springs plot on
the meteoric water line, except for spring-9, which is shifted
towards the isotopic composition of the lake. This would
be consistent with the involvement of a seeping lake-brine
component (Rowe, 1994). In terms of major anion proportions
the Agrio-9 spring water plots close to the trend defined by the
lake water prior to 1989 (Stage II and first years of Stage III)
(Fig. 4.12). The relative enrichment in F seen in the lake water
since then has not propagated into the spring waters, at least
not until April 2002 when the latest sample was taken. This
implies that, if the spring water were largely diluted lake water,
the travel time should be at least 13 years.

The frequent presence of abundant polythionates in the lake
may provide further clues as to question if lake water is lost
through seepage (cf. Takano ef a/., 2004). Samples collected
in 1994 and 1998-2002 were analysed but polythionates were
not detected in any of the Agrio springs, which might argue
against seepage. However, a similar situation has been described
at Copahue volcano in Argentina where the acid crater lake
contained significant amounts of polythionates, while they
were absent in seepage springs emerging at a distance of not
more than 150 m from the lake (Varekamp ez a/., 2001). At Ijen
volcano in Indonesia, highly acid seepage springs, issued only
0.2 km from its lake and having almost the same temperature
and chemical composition, contain a concentration of total
polythionates that is only 36% of that in the lake. Takano ez a/.
(2004) derived a subsurface flow rate of 0.077 km/year based on
the kinetics of thermal degradation of polythionates. According
to groundwater transport modelling and tritium chronology the
flow rate at Pods would be 0.13-1.3 km/year (Sanford ez al.,
1995).

These examples serve to illustrate that absence of polythionates
in the Agrio springs provides no conclusive evidence against
a subsurface connection with the lake. A compilation of data
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Figure 4.12. Total sulphur versus fluorine concentrations in Agrio hot
spring-9 and lake samples collected throughout the five stages of activity.
Agrio spring waters sampled in June 1987 and between July 1999 and
April 2002 plot close to the pre-1989 trend line for the lake. Strongly

enriched lake samples of Stage III are not shown.

from the lake suggests that thermal decay of polythionates
occurs above about 65°C (Fig. 4.4), similar to decomposition
temperatures of 55°C-60°C observed at Ruapehu crater lake
(Takano ef al., 1994b). Given the relatively high temperature
(>50°C) of the main spring despite the apparent dilution with
meteoric water, thermal decomposition is a conceivable option
to explain the absence of polythionates. Also, enrichment in
SO, or bacterial activity in the aquifer cannot be ruled out.
Nevertheless, the chemical signatures are no unequivocal
evidence of lake seepage, since the Agrio spring waters could tap
from a high-temperature, volatile-rich hydrothermal subsurface
reservoir that also feeds the lake system.

4.4 Conclusions

Polythionates (tetra-, penta-, and hexathionate), together with
other sulphur-bearing species, are commonly present despite
the wide range of temperature, chemical composition and
volume shown by the lake. They usually constitute a significant
part of the total sulphur budget of the crater lake. However,
polythionates are only detected as long as the lake temperature
does not exceed the 60-65°C and the rate of injection of SO,
gas into the lake is not excessive. In general, large amounts (up
to 7400 mg/L) have been present during the stages in which
the strongest fumarolic discharge occurred subaerially and was
centred mainly outside the lake area (i.e. Stages Il and IV). In
contrast, polythionates have been virtually absent when strong
fumarolic activity was predominantly located within the lake

area (i.e. Stage III and part of Stage V), leading to thermal and
sulphitolytic breakdown. Polythionates have also been absent
during quiescent periods when subaqueous fumarolic discharge
was very weak, presumably due to partial sealing of feeding
conduits (i.e. beginning of substage IVA, and substages IVC
and IVE).

The prevailing distribution of polythionates is
5,0,>5,0,>5,0,. This order is predominantly observed in
periods when polythionate concentrations are highest, reflecting
substantial influx of gas into the lake with relatively high SO,/
H,S ratios, as was the case during large parts of Stages II1, IV,
and V. Relatively modest concentrations of polythionates are
usually associated with the sequence 5.0,>5,0,>5,0,, which
is associated to weakened discharge rate and/or decreased SO,/
H,S ratios of gases entering the lake, as observed during Stage
IT and some brief intervals later.

The observed strong fluctuations in the concentrations and
speciation of polythionates over the last decades reflect the
dynamic character of the magmatic-hydrothermal system of
Pods. Processes that control the responsible changes in volatile
input include shallow intrusions of fresh magma, fracturing of
the brittle envelope of cooling magma volumes, and opening,
closure or spatial shifts of conduits and fractures that determine
the degree to which the volatiles are intercepted by the lake.

Polythionates provide strong signals of renewed input of
SO,-rich gas into the lake that may be followed by phreatic
eruptions. An increase in polythionate concentrations, a change
in their speciation from penta- to tetrathionate dominance,
possibly followed by a sharp concentration drop due to
sulphitolytic breakdown are typical features that are likely to
precede eruptive events. It should be noted, however, that a
sequence of rising polythionates followed by a drop may also
occur without a subsequent phreatic eruption.

The release of sulphur-bearing gas from the magmatic-
hydrothermal system can be monitored reliably through the
time-series analysis of polythionate species in the lake. This
approach is at least complementary to traditional gas monitoring
at subaerial fumarolic vents, and has practical advantages in
terms of sampling and analytical techniques.

Changes in the flux of volatiles into the lake inferred from
monitoring polythionates and common anions are often also
reflected by changes in the level and/or nature of seismic
activity.

Absence of polythionates in the acid springs that feed
Agrio River is inadequate as argument against or in favour
of the hypothesis that the springs issue seepage water that is
directly derived from the lake. If the acid seepage carries a lake
component, then the travelling time to the NW flank should be
at least 15 years.



CHAPTER 5

Long-term geochemical evolution of the lake, springs
and fumaroles in the active crater of Poas volcano

5.1 Introduction

This chapter presents a comprehensive overview of the evolution
of Laguna Caliente during about three decades (1978-2008),
integrating an extensive set of new geochemical data with
published results. Data on thermal springs at the eastern
crater wall as well as on fumarolic emissions are included in
the discussion. Chief objective is to identify processes that
regulate the properties of the lake system and the hydrothermal
manifestations observed in the crater area. Temporal changes
in chemical parameters are used to deduce the behaviour of the
underlying magmatic/hydrothermal system.

5.2 Geological background of Poas volcano

Pois is located in central Costa Rica (10°12’00”N and
84°13’58”W) on the border of the Valle Central where about
60% of the population lives. Its summit elevation is 2708 m
a.s.l. It is part of a Quaternary volcanic range known as the
Cordillera Volcdnica Central, which extends from NW to SE
and includes Platanar-Porvenir, Pods, Barva, Iraz and Turrialba
volcanoes (Carr ef al., 2007). Volcanic activity in this region is
a result of the northeastward subduction of the Cocos Plate
beneath the Caribbean plate (see Chapter 2 Fig. 2.1).

Starting about 1 million years ago (according to a radiometric
age of an ignimbrite at its base), the eruptive activity of Pods has
built a complex stratovolcano that currently rises about 1300
m from its base and encompasses a volume of about 100 km?
(Prosser and Carr, 1987). Its rounded relatively flat shape with
gentle slopes is probably the result of several caldera forming
events. Two nested calderas, one about 6 km in diameter, the
other elliptical with a N-S longest axis of 4 km, are important
structural features in the summit area.

The currently active crater is about 1120 m in diameter along
its N-S axis and is 252 m deep (Van der Laat, pers. comm. 2006).
It lies at an elevation of about 2325 m.a.s.l. between two extinct
volcanic centres, the Von Frantzius cone to the north and the
Botos cone to the southeast. All of these structures are situated
within the smaller of the nested calderas, which probably formed
more than 40,000 years ago. According to geologic studies of
the active crater that included old lake sediments and sulphur

deposits in pyroclastic sequences, degassing through a shallow
hydrothermal system has occurred periodically over the last
10,000 years (Prosser and Carr, 1987). The Botos Cone hosts a
cold and slightly acidic crater lake of about 400 m in diameter at
an elevation of about 2600 m (Fig. 5.1). Radiocarbon dating of
pyroclastic deposits associated with the last lava eruption from
the Botos cone has yielded an age of 7540100 years (Prosser
and Carr, 1987).

The strongest historic eruption (vulcanian or phreato-
magmatic?) occurred in 1910 (Calvert and Calvert, 1917).
During a period of moderate phreatic and phreatomagmatic
eruptions in 1952-1955, the lake in the currently active summit
crater disappeared and a composite pyroclastic cone (CPC),
a minor lava flow and a pit crater formed. The CPC, often
referred to as the “dome” (Fig. 5.1; see also Figs. 2.9 and 2.20
in Chapter 2), probably grew taller (~40 m) than the present
25-27 m, as about a third of it collapsed on its northern side
into the pit crater, the location of the current lake (Krushensky
and Escalante, 1967; Bennett and Raccichini, 1978a,b).

Prosser and Carr (1987) recognized three felsic-to-
mafic sequences in the lavas and pyroclastics emplaced in a
10,000-20,000 period of the recent eruptive history that had
started with caldera formation. The lavas are calc-alkaline basalts
and andesites, with minor compositional differences depending
on their geographic position (Prosser and Carr, 1987; Malavassi,
1991). Products from a summit group, probably the most
relevant in terms of interaction with the acid lake-hydrothermal
system, have SiO, contents ranging between 51 and 67 wt%
and MgO contents between 1 and 6wt%. All rock types carry
abundant plagioclase phenocrysts, whereas basalts contain
additional augite and magnetite, and andesites two pyroxenes
and magnetite.

5.3 The crater-lake area

The active crater currently shows several types of surface
hydrothermal manifestations: the hyper-acid crater lake that
is fed by subaqueous fumaroles, subaerial fumaroles and small
acid thermal springs that drained into the acid lake until they
virtually disappeared in January 2007. Acid seepage springs on
the NW flank of the volcano contribute to the headwaters of
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Figure 5.1. Overview of the summit area of Pods and sampling sites. Cross section (A) and bathymetric contours (B) are from a survey carried out in

early 2001 (adapted from Tassi ez al., 2003; Duarte e# a/., 2003c). Black star in diagram B shows the regular sampling site; grey star refers a location where

samples were taken along a vertical profile during the 2001 survey; white star indicates a site near the CPC where some samples were taken in 1998 and

2001; numbered black dots on the right side of diagram B represent thermal springs at the foot of the eastern terrace that drain into the lake: 6a, 6b, and

6d — Este springs (6d is also known as Quebrada de Hierro spring); 6e — Algas Blancas Spring; 6f — Algas Verdes Spring; 7 — Norte-Este spring (cf,,
Vaselli ez al., 2003).
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the Agrio River. Details of the hydrologic structure of Pods,
including locations and properties of active-crater and other
flank springs, are given in Rowe e a/. (1989), Rowe e al. (1995),
Vaselli ez a/. (2003), and Chapter 6.

The hyper-acid lake, locally known as Laguna Caliente,
lies at an average elevation of 2325 m.a.s.]. When full, it has
approached a diameter of approximately 320 m and depths
between 45 and 55 m (Van der Laat, pers. comm. 2006).
Bathymetric contours and maximum depth, based on a survey
in early 2001 (Tassi ef a/., 2006) are given in Fig. 5.1. The lake
has been the site of frequent phreatic and rare phreatomagmatic
eruptions. More than 60 subaqueous eruptions have been
documented since the first historical eruption reported in 1828
(Martinez et al., 2000; Mastin and Witter, 2000; see Chapters
2,3, and 4). The most recent periods of phreatic explosions have
been observed in 1994 and 2006-2008.

5.4 Sampling, analytical procedures and data
sources

5.4.1 The acid crater lake

Compositional data for the crater-lake waters and time series
presented here are compiled from new results (this work) and
various published and unpublished sources. The great majority
of all samples were collected on a monthly basis by a team of
OVSICORI, at a designated location on the northeastern shore
(Fig.5.1). A few samples were taken near the CPC or at various
depths near the centre of the lake (Vaselli e# al., 2003), primarily
to test the chemical homogeneity of the lake. Usually, samples
were stored in high-density dark polyethylene bottles without
any preservation (see Martinez e a/., 2000; Chapters 3 and
4). The lake temperature was routinely measured in-sifu using
conventional thermocouples.

Two samples provide the earliest geochemical data on the acid
crater lake of Pods volcano known so far. The oldest one included
in this study was collected in February 1979 and analysed for
some of the major ionic species by the Instituto Costarricense
de Electricidad (ICE), using unspecified techniques (ICE,
unpublished report). The other, collected on 31 October 1980
by OVSICORI, was only recently analysed (November 2002) at
the Department of Earth Sciences of Utrecht University.

Other early data (November 1980 — August 1981) were
reported by Casertano ef al. (1985). Concentrations of major
chemical species, determined by unknown analytical techniques,
are comparable with those of the October-1980 sample. No
compositional data are available for 1982, but lake temperatures
were regularly measured by OVSICORI volcanologists
(Venzke ef al., 2002-; unpublished data OVSICORI). A set
of unpublished OVSICORI data covers the period January
1983-October 1984. Analyses for major anionic species were
performed at the laboratory of OVSICORI within a few days
or weeks after sampling, with the use of ion-selective electrodes,
complexometric titration and turbidimetric techniques
(Giggenbach, 1975; Martinez et al., 1993).

The period November 1984-January 1991 is covered by
extensive sets of major-element and other relevant geochemical
data documented in Rowe (1991) and Rowe ez a/. (1992b).
These samples were analysed in the late 1980s and early 1990s

by IC and ICP-AES. Data reported by Nicholson ez a/. (1992,
1993) cover the next interval (April 1991 — January 1993).
These samples were analysed within a few weeks after collection
by a combination of IC, classic wet-chemical techniques and
ICP-AES. Both sets of results are complemented by data
obtained by OVSICORI. Major anions for the period February
1993-November 1997 were generated through a joint project on
volcanic emissions of OVSICORI and LAQAT (Universidad
Nacional). The analyses were run at LAQAT within few
days after collection of samples, using non-suppressed ion
chromatography (Martinez e al., 2000). Major and trace-
metal concentrations in the same samples were determined
at the Department of Earth Sciences (Utrecht University), as
described below. It should be noted that some of the samples
collected between 1988 and 1994 were presumably taken at
mud pools when the lake volume was significantly reduced,
since storage bottles contained considerable amounts of muddy
material. As these mud pools have a highly variable composition
and are largely mixtures of meteoric water and low-temperature
fumarolic steam (Rowe, 1994), their results are not considered
representative for the long-term evolution of the lake system,
and will be mostly ignored.

All of the concentration data on dissolved anionic and
cationic species for the period February 1998-November
2006 were determined at Utrecht University (2002-2007).
Lake waters collected from December 2006 till March 2008
were analysed for major anions at the Laboratory of Volcano
Geochemistry of OVSICORI in Costa Rica. Procedures used
at both laboratories are described below.

5.4.2 Thermal springs

Thermal springs issuing acidic water at various locations on the
eastern terrace from 1999 till 2006 (see Fig. 5.1), were repeatedly
sampled at irregular time intervals. Geochemical data reported
in Vaselli ez al. (2003) cover the period 2000-2003. Other data
are from OVSICORI (unpublished) and this work. A single
average for the period 1988-1990, given in Rowe ez al. (1995),
is available for comparison with earlier spring activity within
the crater.

Temperature measurements were carried out with a
conventional mercury thermometer or thermocouple. Filtration
was performed directly in the field by passing the waters
through 0.45-pm nylon filter membranes. Several fractions of
filtered water were stored in different bottles. One was acidified
with bi-distilled nitric acid for ICP-AES and ICP-MS
analyses. Another was not acidified and kept for IC analysis of
chloride and fluoride. A third aliquot for the analysis of Ca, Si
and sulphate was immediately diluted with ultrapure water to
prevent precipitation of gypsum or silica.

5.4.3 Fumarole condensates

Fumarole condensates were sampled at the CPC and on the
eastern terrace between 1981 and 2003 (Fig. 2.20, sites 1 and 4
in Chapter 2). Compositions of condensate samples collected at
the CPC fumarole in the 1980s come from Gemmell (1987),
Prosser, (1983) and Rowe e al., (1992a). Subsequent CPC data
(1997-2003) and those on the eastern terrace are from Vaselli
et al. (2003), OVSICORI (unpublished data) and this work.
The latter were analysed at the laboratories of OVSICORI and
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the Department of Earth Sciences (Utrecht University), using
the same procedures as applied on the crater lake samples (see
below). The condensate samples were filtered in the laboratory
prior to analysis.

5.4.4 Analytical procedures for water samples
Physico-chemical parameters in all of the aqueous samples were
determined as follows. Conductivity and pH measurements
were usually performed at room temperature (20-24+2°C)
with a WTW multi-parameter analyser, model Multi 3401
(see Chapter 4). A large number of samples were analysed
for fluoride, chloride and sulphate at the laboratories of
the Department of Earth Sciences (Utrecht University) by
suppressed ion chromatography (Weiss, 1986), using a fully
automated Dionex chromatographic system (Model DX-120)
equipped with a liquid delivery pump, a Dionex DS4-1
autosupressor-conductivity detector with a thermally controlled
conductivity cell, a Midas Spark auto-sampler, and a system
controller. An anionic exchange resin Dionex IonPac analytical
column (AS14, 9-pm particle size, 4x250mm), protected with
a Dionex guard column (AG14, 4x50mm), was used. Running
conditions were: 35°C, a 3.5 mM Na,CO,/1.0 mM NaHCO,
(pH=10.60) mobile phase, and a flow rate of 1.2 ml/min
(pressure of 1632 psi).

The IC analyses conducted at the Laboratory of Volcano
Geochemistry of OVSICORI-UNA were run with a fully
automated Dionex microbore chromatographic system (Model
ICS-3000), equipped with a quaternary liquid delivery pump,
a Dionex electrolytic autosupressor (ASRS ULTRA 1II),
coupled to a conductivity detector with a thermally controlled
conductivity cell, a Dionex AS auto-sampler, and a system
controller. A Dionex IonPac anionic high-capacity analytical
column (AS9-HC, 9 pm particle size, 2x250mm), protected
with a Dionex guard column (AG9-HC, 2x50mm), was used.
Running conditions were as follows: A 9-mM carbonate
solution with a pH of 10.88, prepared on the basis of sodium
carbonate was used as mobile phase. Each sample was run for
26 minutes with a flow rate of 0.250 ml/min (pressure of 1300
psi) at a temperature of 30°C. The used sample volume was 10
pl, and the flush volume between samples was 400 pl.

Reagents used for the mobile phases were analytical-grade.
The aqueous samples that had not been filtered in the field were
filtered in the laboratory immediately before the IC analyses,
using a Sartorius polycarbonate filter-holder receiver with
0.45-um pore-size polycarbonate membrane filters coupled
to vacuum pump. The highly saline acid-lake, spring-water,
and condensate samples were diluted (by weight), in order
to obtain concentrations fitting within calibration lines. If
necessary, samples were diluted at least twice (usually 50 and
400 times), because of disparate concentrations of analytes
(relatively low concentrations of fluoride compared to sulphate
and chloride). All solutions and dilutions were done with
ultrapure water (18.2 megaohms). The anions were identified
and quantified by comparison to certified commercial solution
standards. Detector response signals were integrated using
chromatography management systems (Dionex PeakNet 5.1
and Dionex Chromeleon 6.70SP2a). Standard solutions were
run 5 times, and a certified synthethic solution (Dionex 7 anion
certified standard solution) was injected 10 times, alternating

between batches of 20 samples during sequences of 12-hours
of continuous analysis, for quality control and to monitor the
response and reproducibility of peak areas and retention times
(see also Chapter 4).

Since the complete set of chemical data has been generated
at different laboratories with various analytical techniques over
a long time span, and since long-term storage may have affected
sample quality (e.g., by evaporation or precipitation of solid
phases), some of the still available lake-water samples that had
been analysed previously (Rowe ez al., 1992b; Nicholson ez al.,
1993; OVSICORI-LAQAT laboratories) were re-analysed at
Utrecht University in 2004. Comparison of anion concentrations
in crater-lake samples (July 1985-November 1996) showed only
random differences with the earlier results. Overall absolute
deviations were on average ~10% (ranging from 1% to 15%)
(Table APP-5.1.1, Appendix 5.1).

ICP-AES and ICP-MS analyses were performed at the
Department of Earth Sciences (Utrecht University) on a group
of selected samples. Concentrations of major and trace elements
were determined following standardised analytical procedures.
Samples were filtered in the laboratory prior to analysis, and
were diluted (by weight) down to a convenient TDS range to
minimise spectral interferences and blockage of instrumental
components. Dilutions for ICP-AES analyses were made with
a 5% v/v HNO, solution, prepared from a commercial solution
(65% ultrapur HNO,), and for ICP-MS analyses with a 2% v/v
bi-distilled HNO, solution.

Certified multi-element stock solutions were used to prepare
standard solutions for ICP-AES analysis. Certified solutions
(matrix 5% HNO,, containing about 100 mg/L of each of the
analytes of interest) were used for quality control. Standard
solutions for ICP-MS analysis were prepared from certified
multi-element stock solutions with a 5% HNO, matrix, so that
analyte concentrations fell within the calibration range (100 ppt
— 100 ppb). Standards for the ICP-AES and ICP-MS analyses
were matrix matched to minimize the effects of spectral
interferences.

Generally the relative standard deviation of the ICP-AES
analytical determinations was within 3%, and for the ICP-MS
the precision was better than 10%. In comparison, the rare earth
element (REE) concentrations we measured in the Pods acid
lake waters were better than ~20% respect to the concentrations
reported earlier in a few common samples by Rowe ez al.
(1992b) and Nicholson ef al. (1993), despite of being stored
for about 20 years. The differences can be due to several factors
like errors inherent to the techniques used for the analytical
determinations, large dilution of samples, precipitation of
mineral phases or evaporation of the samples during storage,
and so on. However, according to these estimates we consider
acceptable to combine the chemical data on major and minor
aqueous solutes measured by the different authors with our own
data sets.

5.4.5 Crater-lake volume

Crater-lake volumes have been estimated by different
approaches. The data set encompasses the entire period
1978-March 2008, the years since 1995 being covered in detail.
For 1978-1986, Rowe ef al. (1992a) reported lake volumes
from shore profiles using a detailed geological map of Prosser



Three decades of lake evolution

77

(1983), and from estimated lake-surface areas and depths
given by other workers (Barquero, 1980; Neshyba e a/., 1988).
For 1987-1990, surface areas from oblique photographs were
compared with measured or estimated lake diameters and
depths (Brantley e al., 1987; Venzke et al., 2002-). Volumes for
1991-1993 were estimated from differences in lake levels, as
measured periodically by OVSICORI personnel (OVSICOR]I,
unpublished data). Finally, the volumes for 1994-2008 were
determined from measurements of the dry lake basin geometry,
made with a precision theodolite and a distance-metre, and
using shore profiles and lake-level changes relative to a fixed
reference point. A geometric model assumed the lake as a ~45
m deep flat-bottomed cone with a constant slope (Martinez
et al., 2000). A bathymetric survey carried out in February
2001 yielded a maximum depth of 41m and a volume of about
1.2x10° (+10%) m? (Duarte ef al., 2003c; Vaselli ez al., 2003).
The most recent survey (March 2008) found a maximum depth
of 26m and a volume of 9.1x10° (+25%) m? (Duarte ef a/., 2008),
consistent with a gradual decline since 2005. Since shores, walls
and bottom surface of the lake are irregular and its morphology
may not have been constant in time, it is estimated that errors in
some of the reported volumes can be as high as 25%.

5.5 Results and discussion

5.5.1 Lake chemistry

Available compositional data on the acid crater lake of Pods
volcano cover the period from the late 1970s till early 2008.
Major-element concentrations, pH, temperatures, other relevant
parameters and data sources are listed in Table 5.1 and trace-
element contents in Table 5.2. Time series trends of major
anions, pH, temperature, and volume of the acid lake from
1978 to 2008 are shown in Figure 5.2, along with temperatures
of the subaerial fumaroles of the composite pyroclastic cone
(CPC) and the Fumarole Norte at the eastern terrace, the most
prominent venting sites in the crater area over long periods of
time. Figure 5.3 shows time series plots of concentrations of
major cations present in the acid lake. Throughout this chapter,
S.. in waters or condensates refers to total sulphur measured
by ICP-AES (without any oxidative treatment of the sample),
whereas SO, refers to free sulphate present in the original
solution measured by IC.

5.5.1.1 Homogeneity of the lake

The lake has been regularly sampled and monitored at a fixed
site at its northeastern edge because of easy access. Virtually
all of the data discussed here come from this location (Fig.
5.1). Available data from other locations and from a depth
profile allow for testing to what extent measured parameters
are laterally and vertically homogeneous. For this purpose, in
December 1998 and February 2001 additional samples were
taken at the southeastern edge of the lake, near the CPC (Fig.
5.1, diagram B).

The samples collected in the vicinity of the CPC showed
generally higher concentrations of anions (Table 5.3).
Differences in temperature, acidity and concentrations of solutes
between the two sites were particularly large in December 1998.
In contrast, differences were only modest in February 2001,

although anion concentrations were still somewhat higher near
the CPC. These results are consistent with the differences in
levels of fumarolic degassing observed in 1998 and 2001. The
CPC showed enhanced fumarolic discharge between September
1998 and early 2000 (Venzke ez al., 2002-; see Chapters 2 and
4), whereas its fumarolic activity had weakened substantially
between February and April 2001. Accompanying subaqueous
fumarolic input near the CPC may thus have been stronger in
December 1998, producing locally a more conspicuous chemical
and temperature anomaly in the lake.

Neshyba ez al. (1988) documented horizontal and vertical
temperature distributions obtained in 1984, using a radio-
controlled catamaran raft with air-screw propulsion. They
reported a surface temperature of 48°C at the northern shore,
and an increasing tendency towards the centre of the lake by
about 1.4°C. Three vertical profiles yielded temperature maxima
of 0.2-0.3°C warmer than surface and bottom temperatures,
situated at variable depths (near surface, 14 and 20m). Sediment
temperatures were up to 2.2°C higher than temperatures of
overlying bottom water. The authors interpret their findings
by either a single convecting cell occupying the entire lake
(upwelling near the south shore because of evident boiling,
advection of the hot fluid in a surface layer to the opposite shore,
downwelling of cooled fluid and return along the bottom),
or a cell of torroidal shape (upwelling along the crater walls,
downwelling near the centre).

In January 1987, about five months before phreatic activity
in the lake resumed, Brantley e a/ (1987) investigated
its homogeneity at eight sites, using a sampling raft. They
found temperatures between 58 and 64°C and densities
(measured at 60°C on unfiltered samples) of 1.0575+0.0015
g/cm®. Compositions were largely homogeneous, although
temperatures were 1.2°C warmer at mid-depths in the centre
of the lake. Slightly lower densities and temperatures along the
eastern shore were tentatively attributed to input of groundwater
associated with an ephemeral stream.

Vaselli ef al. (2003) collected five samples along a vertical
profile, down to 41 m depth, near the centre of the crater
lake (Fig. 5.1, diagram B) during a bathymetric survey on 31
January 2001. Analytical results indicate that concentrations
of major rock-forming elements and most trace elements, as
well as temperature and pH were constant (Tables 5.1 and
5.2). Nonetheless, SO, and Cl showed an anomalous vertical
distribution, while F concentrations only slightly increased
toward the lake bottom.

In general, solute abundances and temperatures are fairly
homogeneously distributed, promoted by convective action.
Some local inhomogeneity may occur, however, depending on
the vigour of convection, proximity of subaqueous discharge
points of gas and thermal waters, or efficiency of mixing with
meteoric water. Inhomogeneity of major volatile species will be
strongest near the discharge vents.

5.5.1.2 Chemical evolution of the acid lake

The geochemistry of the crater lake has shown remarkable
changes throughout the last three decades that should be
seen as surface manifestation of a highly dynamic magmatic-
hydrothermal system. The evolution of the lake has been divided
into five main stages, a detailed description of which is given in
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Figure 5.2. Time series plots (1978 — early 2008) of major anion concentrations (as measured by IC), pH, temperature and volume of the acid lake of
Pods volcano showing variations between the five main stages distinguished. Fumarole temperatures (CPC and Fumarola Norte) and plume height (m.
above the crater floor) are shown as well. Arrows on top of the figure indicate phreatic eruption events. Explosion in April 1996 may be due to a sudden

unclogging of vents at the CPC, which showed only weak degassing in the previous 7 years.
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Figure 5.3. Time series plots (1979 — 2005) of major cation concentrations in the acid lake of Pods volcano for the five main stages distinguished.
Arrows on top of the figure indicate phreatic eruption events and a small explosion at the CPC. Arrow in the silicon time series (Stage III) indicates

concentrations higher than 300 ppm. Some of the samples collected in Stage III were presumably taken at mud pools.
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Tuble 5.3. Compositional data of lake waters collected at two sampling sites the same day, the NE and SE shores of the acid lake. Concentrations are given

in mg/kg.
Date Site Sample No. Temp. pH SO, cl F Al Mg Na
(°C)

1 Dec 1998 NE lake edge 1 21 1.25 5500 6300 420 850 440 400

1 Dec 1998 SE lake edge, near 2 29 1.05 10800 12400 680 1300 540 500
CPC

23 Feb 2001 NE lake edge 1 31 0.83 7900 9700 540 1140 490 440

23 Feb 2001* SE lake edge, near 2 31 0.80 9300 10900 730 1000 460 440
CPC

Chapters 2 and 4. The main characteristics can be summarised

as follows (cf., Fig. 5.2):

Stage I (1972-August 1980) Moderate to strong fumarolic
discharge and occasional phreatic explosions within the
lake.

Stage IT (September 1980-April 1986) Relative quiescence in
the lake, no phreatic activity despite strong discharge of high-
temperature fumaroles through the CPC.

Stage III (May 1986-August 1995) Vigorous subaqueous
fumarolic discharge, strong volume decrease and drying out
of the lake, intense phreatic activity from the lake area.

Stage IV (September 1995-February 2005) Relative quiescence
in the lake, opening of subaerial fumaroles and springs
around the lake.

Stage V (March 2005-Present) Strong fumarolic discharge into
the lake, from the north-eastern inner crater wall and from
the CPC in 2005, renewal of phreatic activity and a steady
decrease of lake volume from March 2006 on.

The stages are characterised by clear differences in the lake’s
properties. The lake temperature has ranged between 22°C
and 94°C, consistently above the usual maximum daily
ambient temperature at the summit of Pods (20°C in 1984),
while pH has varied from below zero to 1.8, and TDS from
2x10* to 1.6x10° mg/kg, (i.e. 2-16wt.%). Fluctuations in many
monitored parameters are observed over short time periods
throughout the entire monitoring period (Figs. 5.2 and 5.3), but
in general, temperature, acidity, and concentrations of dissolved
solutes (TDS) were highest during the highly active Stage III,
intermediate during the moderately active Stages I, II, and V,
and lowest during the relatively quiescent Stage IV (cf., Rowe
et al., 1992b; Martinez ef al., 2000; see also Chapter 4). Stage 1
is only represented by a single sample with incomplete data and
will therefore be largely ignored in the following discussion.

5.5.1.3 Major anions and relationships with activity in the
crater area

Apart from the concentration trends shown in Figure 5.2, the
behaviour of the major anions in the lake is further illustrated
in a ternary S,-CI-F diagram (Fig. 5.4a,b) and in ratio diagrams
(Figs. 5.5 and 5.6), which eliminate the effects of dilution or
evaporation of the lake waters and visualize changes in relative
abundances among these species that usually correspond to
changes in the composition of input fluxes. The analysed SO,
concentrations shown in time series diagrams tend to be lower
than calculated concentrations from analysed total sulphur (S..),
given the presence of substantial amounts of polythionates

(Chapter 4). As these polymeric oxyanions account for only up
to 10% of the total dissolved sulphur, the SO, concentration is
sufficiently representative for evaluating general trends in the
sulphur input.

Concentrations trends of SO,, Cl and F are roughly parallel
over the entire period, and show inverse correlations with
pH. Opposite behaviour is rare and short-lived. For example,
between late 1988 and early 1989 when the lake was hottest
(80-94°C) and about to disappear, Cl concentrations decreased
whereas SO, and F continued increasing (Fig. 5.2).

The S,-CI-F ternary diagram (Fig. 5.4a) shows that relative
concentrations of the volatile elements have not remained
constant. Lake samples from the distinct stages plot in different
fields, consistent with systematic changes in the composition
of subaqueous fumaroles (possibly accompanied with additional
input of brine water of deep origin, see discussion below). Most
samples of Stage III and Stage IV tend to follow a trend near
the F-Cl join, indicating that highest input of volatiles and
heat (Stage III) is associated with relative enrichment in F, and
lowest input (Stage IV) with relative enrichment in Cl. Samples
of Stage II are shifted towards the S apex, as are a few samples
from the start of Stage III with which they overlap. A similar
shift marks the transition between Stage III and Stage IV (end
of Stage III — substage IVA), and is occasionally seen later during
Stage IV (see Fig. 5.4b for details). Finally, the starting months
of Stage V (March-November 2005) are also slightly more
enriched in S, relative to the main trend. In addition, the steady
increase in volatile and heat input is accompanied by a clear
gradual enrichment in F, suggesting a recent (and still ongoing)
build-up towards conditions comparable to the highly active
Stage III (on 3 October 2008 the lake registered pH = 0.29,
264 mS/cm, and 44°C, values similar to those at the transition
between Stages II and III (see Table 5.1). Small yellow sulphur
spherules with tails reappeared on the surface of the lake as
well). As will be further discussed below, these changes were the
prelude to the new cycle of phreatic activity that has been taken
place since early 2006. S data are not available after 2005, but
SO,-F-Cl relationships (SO, concentrations based on IC data)
continued to change until similar proportions as observed in
Stage II and the first years of Stage III were reached after mid
2006 when phreatic activity had commenced.

5.5.1.4 Time-series trends in anion ratios

Figures 5.5 and 5.6 visualise changes in the proportions of
dissolved volatile elements in time-series trends. Elements
ratios show differences between the stages, more short-lived
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fluctuations within stages and occasional spikes, confirming the
highly dynamic nature of the lake system.

Changes in the anion ratios do not necessarily coincide with
the boundaries between the main stages. Clearly, the middle
part of Stage III stands out in demonstrating highest F/Cl
and lowest SO /F ratios that coincide with peak temperatures,
although it should be noted that most of these data come from
mud pools since the lake had largely disappeared. Leaving
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Figure 5.4. Ternary diagrams illustrating variations in the relative molar
abundances of major volatiles and rock forming elements (RFE) in the
lake waters for the stages of activity distinguished. (a) S,-CI-F plot for
stages I1-V; (b) detailed S,-CI-F plot for Stage IV showing systematic
differences between the substages. (c)-(d)-(e) F-Al-Mg, Na-K-Mg

and Al-K+Na-Mg plots for the lake waters and comparison to average
composition of Pods lavas as well as alteration minerals. Note that during
Stage III the solutes in the lake are largely derived from a combination
of (near-)congruent rock dissolution (cations) and volatile input

(anions). Except for initial and final parts, the Stage III compositions
show strongest enrichment in F, and presumably are closest in anion
proportions to unmodified magmatic gas condensates. Distinct trends in
cation diagrams are consistent with preferential retention of elements by
alteration minerals formed during water-rock interaction at depth (see
text). This effect is most noticeable in the Stage IV compositions. S, refers
to total sulphur measured by ICP-AES. Stage I is not represented as no

complete chemical data are available.

short-lived changes aside, Stage II, the first years of Stage III
and the most recent years of Stage V show comparable anion
ratios, indicating similarity in input and degree of activity. Stage
IV, when element concentrations and temperatures were lowest,
is characterised by the lowest SO,/Cl ratios although it is of
interest to notice that a first marked decrease of this ratio had
already set in during the first half of Stage III (Fig. 5.5). In
the course of Stage IV, the SO /Cl ratio further decreased to
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Figure 5.5. Time-series plots (1979 — early 2008) of element ratios measured in the acid lake of Pods volcano, showing noticeable differences between the

five main stages, as well as superimposed fluctuations. Temperature variations are included for comparison. Some of the samples collected in Stage I11

were presumably taken at mud pools.
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— Figure 5.6. Expanded time-series plots (1995 — early 2008) of
temperature, pH, concentrations of major anions and their ratios for the
acid lake of Pods volcano, showing detailed variations observed during
Stage IV (subdivided into substages, IVA-IVE) and Stage V. Arrows on
top of the figure indicate phreatic eruption events, except for the explosion
at the CPC in substage IVA. Major features for the lake, springs and
fumaroles are schematically indicated. Bar thickness represents a measure

of activity.

(mostly) below unity so that Cl concentrations were generally
higher than SO, from Substage IVA on, until the ratio started
to clearly rise again in Stage V. This reversal in the SO,/Cl ratio
coincided with a decrease in the F/Cl ratio over the same time
period (Figs. 5.5 and 5.6), indicating conditions that favoured
the input of relatively more chlorine than the other major
volatile species. As will be discussed below, similar decreasing
S./Cl and F/CI trends during Stage IV can be seen in the
compositions of fumarole condensates and springs within the
active crater. Collectively, these features point to subsurface
changes that affected the chemistry of the entire shallow lake-
hydrothermal system. Unlike the SO,/Cl ratios, the F/Cl ratios
during Stage IV were not much different from those in Stage
1I (Fig. 5.5).

Taking magnesium as a proxy for contributions from rock
dissolution, Mg/Cl and Mg/F ratios serve to illustrate the
relative importance of input of rock-forming elements versus
that of volatiles. Both ratios are, on average, highest in Stage
IV, lowest in Stage III and intermediate in Stage II (Fig. 5.5).
Magnesium concentrations are incomplete for Stage V but
there is a tendency towards a lowering of these ratios in the
initial months, in line with the increasing input of volatiles and
heat into the lake. Overall, cation concentrations are lowest in
Stage IV (Fig.5.3), so that the elevated Mg/Cl and Mg/F ratios
reflect stronger reduction of volatile input compared to that of
rock-forming elements.

5.5.1.5 Relationship between anion ratios and activity
As described by Rowe e# al. (1992b), the start of Stage III
was marked by an increase in element concentrations and
temperature, and by a decrease in pH, accompanied by a
reduction of the lake volume (Fig. 5.2). This might suggest
that increasing anion concentrations should not necessary be
explained by a change in influx rates of volatiles, which would
be supported by near-constancy of the SO,/CI ratio, but
several observations argue for the contrary. An increase in the
concentrations of Cl and SO, in fumarole condensates collected
in 1986 on the CPC (Rowe e# a/., 1992a) may have coincided
with an increased input of both volatiles into the lake. Also,
SO,/F and F/Cl ratios show an increasing and decreasing trend
in the lake waters, respectively, and are indicative of a change in
the composition of subaqueous fumaroles. This might be due to
some retention of F during interaction of magmatic gas with
rock (Rowe ez al., 1992a). Since HF will react with rock more
efficiently at temperatures below 300°C (Stoiber and Rose,
1970; Symonds e# al., 1990), it is of interest to note that in 1986
temperatures of the CPC fumaroles fluctuated around 300°C
and were much lower than in 1981-1985.

Further support for changing input into the lake comes from
an increase in the SO,/H,S ratios of subaqueous fumaroles,

as deduced from a shift in the distribution of dominant
polythionates species from penta- to tetrathionate observed in
mid 1986 (Chapter 4). This was followed by a decline in the
concentrations of polythionates to levels below detection limits,
as a consequence of excess SO, injection, about three months
prior to the onset of a new cycle of phreatic activity in June
1987. Some of the increase in the SO /F can be ascribed to
this breakdown of polythionates, which is known to produce
SO, (Takano and Watanuki, 1990; Takano ez a/., 1994b), but
it is insufficient to account for the overall increase. Hence,
the combination of chemical changes indicates that an excess
of SO, was injected into the lake (see Chapter 4). Because
saturation of anhydrite/gypsum and/or native sulphur within or
just below the lake is conceivable (see discussion below), it may
have modulated lake’s sulphate content, but not to the extent
that it would obscure the increased SO, input.

Anomalous peaks or dips are superimposed on the long-
term time-series trends of all ratios including Mg/Cl and
Mg/F. The SO,/Cl, F/CI and Mg/Cl peaks between mid
1988 and mid 1989 (Stage III) can be attributed to a short-
lived decrease in Cl concentration due to volatilisation of HCl
from the acidic lake waters, rather than to further increase in
the input of SO,, F or Mg (Fig. 5.5) (Rowe ez al., 1992b). This
anomalous behaviour coincided with maximum temperatures
and lowest pH. Substages IVA, IVC and IVE are marked by
peaks in SO /F, Mg/Cl, Mg/F and dips in F/CI (Figs. 5.5 and
5.6). As these intervals are further characterised by overall
low anion concentrations and temperature, and by relatively
high pH (Figs. 5.2 and 5.6), these features are not associated
with exsolution of HCI from the lake water but reflect a
temporary very low input of volatiles and heat. The influx of
fluorine was reduced most, possibly again through preferential
retention of F, which might be due to weakened degassing and
correspondingly lower temperatures, which would enhance
HF-rock interaction (see above). Overall low input is further
consistent with sharp declines in polythionates, the SO,/
H,S ratios of subaqueous fumaroles, as well as the quiescence
observed in the lake in substages IVA, IVC and IVE (Fig. 5.6,
see also Fig. 4.7 in Chapter 4). These variations provide evidence
for changes within the magmatic-hydrothermal system, which
led to temporary blockage of fumarolic conduits that feed the
lake region (cf., Chapter 4).

5.5.1.6 Behaviour of cations: time series and control of
alteration minerals
Concentration trends of major cations (Fig. 5.3) follow the
general pattern of the anions. In detail, however, minor but
systematic differences among the cations can be observed.
For example, Al was always more abundant than Fe during
Stages I-1II, whereas concentrations were similar during Stage
IV. Also, K was more depleted relative to Na during Stage
IV than previously. The trends of Ca and Si reflect deviations
from conservative behaviour, since saturation of gypsum
and amorphous silica in the lake water have influenced the
concentration levels of these elements. This explains their
somewhat smoother patterns compared to the other cations.
Variation among the cations are further illustrated in ternary
diagrams (Fig. 5.4). Observed solute constituents are plotted
together with average composition of Pods lavas and minerals in
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Figure 5.7. SOLVEQ-calculated saturation indices (log Q/K) as a function of temperature (Reed, 1982; Reed and Spycher, 1989) for lake water samples
representative of various stages and substages of the lake history between 1985 and 2005. Models were run for an adopted concentration of dissolved H,S

of 0.2 ppm. Vertical lines indicate in-sifu measured lake temperatures. The plot for Stage I1I was constructed using lake chemical data from Rowe (1991).

order to explore the processes that control the lake’s chemistry
in the distinct stages. The Mg-Al-F diagram (Fig. 5.4¢c) shows
that compositions during Stage III are largely governed by
fumarolic input and congruent rock dissolution. Shifts away
from the Al apex during the other stages point to water-rock
interaction involving retention of this element. Near-congruent
rock dissolution during Stage III is also suggested in the
Mg-Na-K and Mg-Al-Na+K diagrams (Figs. 5.4d and 5.4e),
where the lake compositions for this stage plot around average
Pois lavas. In both diagrams the complete set of lake-water
compositions show conspicuous linear trends, indicating that
chemical signatures are controlled by secondary alteration
minerals. In the Mg-Na-K triangle a phase with an approximate
composition of 1: 1 Na-K alunite appears to have regulated the
alkali contents, demonstrating that both Na and K were not
always quantitatively dissolved during water-rock interaction.
Samples of Stage IV plot furthest away from the bulk rock,
suggesting that alunite formation was most effective in retaining
these elements in this time frame. As will be discussed below,
the inferred role of alunite is consistent with mineral saturation
modelling that predicts its presence in the hydrothermal system
below the lake. Conversely, a group of Stage-III samples were
enriched in the alkalies, presumably due to dissolution of alunite
during high activity when chemical properties of the fluids
were most extreme. A similar role of alunite in controlling
cation concentrations has been inferred from chemical trends
in the crater lake of Ruapehu volcano (Christenson and Wood,
1993).

Because Al is a major constituent of this mineral group,
this element should have been retained as well. The Mg-Al-
Na+K diagram (Fig. 5.4¢), however, suggests an additional
involvement of one or more other Al-bearing phases, since the
trend is not aligned with the alunite composition. Presumably,
kaolinite, pyrophyllite, diaspore and/or gibbsite formed part of
the alteration assemblage as well.

5.5.1.7 Element ratios as precursor signals

Sharp increases in Mg/Cl ratios of volcanic lakes have been
linked to phreatic eruptions (Kusatsu-Shirane, Ohba e# a/.,
2008), phreato-magmatic eruptions (Ruapehu, Giggenbach,
1983; Giggenbach and Glover, 1975; Christenson, 2000),
dome growth (Pinatubo, Stimac e# a/., 2003) and ash emissions
(Popocatépetl, Armienta e# al., 2000). A high Mg/Cl ratio
usually points to strong interaction between water and volcanic
material at elevated temperatures, possibly due to intrusion of
fresh magma (Giggenbach and Glover, 1975), or to invasion of
groundwater into a region of hot rock, approaching the magma
chamber (Ohba e al., 2008). An increase in the ratio may thus
signal pending eruptive activity.

However, at Pods the Mg/Cl ratio appears to be unsuitable
as monitoring parameter for upcoming eruptive events. Apart
from the above-mentioned peaks that were unrelated to eruptive
activity, the Mg/Cl ratio did not show a significant increase prior
to the period of phreatic activity of the late 1980’s (Rowe ez a/.,
1992b). Furthermore, relatively high ratios observed near the
transition between Stages I and II may also have resulted from
HCI volatilisation, favoured by the extreme acidity (pH<0.6)
and high temperature (average ~50°C) of the lake. A similar
explanation might be valid for the slight increase towards the
end of stage III (September 1993 — August 1994), when the
highly reduced lake had a pH of 0.5 and a temperature around
60°C (Fig. 5.5). Throughout the relatively quiet Stage IV, the
observed Mg/Cl ratios were substantially higher than before the
onset of eruptive activity in the late 1980’s.

During 2005, prior to the phreatic eruptions of Stage V that
started in March 2006, F/Cl and S,/ClI (the latter not shown
in Figs. 5.5 and 5.6) demonstrated a steady increase, pointing
to an enhanced influx and condensation of SO, and HF-rich
gas into the lake. This was not accompanied by a similar strong
increase in SO,/Cl or SO,/F, presumably due to the sudden
reappearance of polythionates in April 2005 (Chapter 4).
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However, from February 2006 on, accompanied with a gradual
10-fold decline of polythionates, both ratios have shown a
conspicuous increase as well. This behaviour of sulphur-bearing
species is consistent with a steady enhancement of the SO,
injected into the lake that started in early 2005. Thus, anion
pairs, polythionate concentrations and lake temperature can
be collectively regarded as clear precursors of the first phreatic
eruptions in 2006, as they started showing changes about one
year before the first event. Whether this will be applicable to
predict future eruptive activity at Pods remains to be assessed,
since precursor phenomena were not identical in the period
preceding the activity of Stage III.

5.5.1.8 Aqueous speciation and mineral saturation modelling
The equilibrium distribution of aqueous species and the
saturation state of mineral phases were explored using the
SOLVEQ_computer code version 1996 (Reed, 1982; Reed
and Spycher, 1984), aiming to elucidate variations in the
conditions in the lake water and to detect processes within the
lake-hydrothermal system responsible for the compositional
characteristics observed throughout stages II-V.

Calculations were performed for eight lake-water samples,
considered to be representative of the lake composition during
each of the stages or substages: January 1985 (Stage II, high
activity), January 1987 (Stage III, peak activity), October 1995,
April 1998, January 2002, August 2003 and May 2004 (Stage
IV, various levels of relative quiescence), and June 2005 (Stage
V, high activity) (Table 5.1, Figs. 5.2 and 5.7).

SOLVEQ_was run using the H,S-SO, redox buffer. Aqueous
H,S, measured infrequently during the last 10 years using a
gas-tube method (Togano and Ochiai, 1987; Takano, pers.
comm., 2005), remained virtually always undetected, so that
the detection limit of 0.2 ppm was adopted in the calculations.
Resulting saturation indices are therefore subject to some bias,
but most phases discussed here are virtually insensitive to redox
conditions, except for sulphides and native sulphur.

According to the SOLVEQ_calculations, most of the Cl
is dissociated and only a small portion is complexed as HCL.
Dominant S species are HSO,, as is expected at pH<2,
and SO,*, while minor amounts of S are also present in the
form of complexes with metals (e.g., KHSO, and CaSO)). In
contrast, I is mostly bonded with Al, forming AlF?* and AIF
complexes. Apart from these fluorine species, much of the
Al also occurs as a free ion. Most of the other major cations
are predominantly present as free ions, while complexes with
anionic ligands (cation-chloride and/or cation-sulphate) are
significant as well. For instance, Ca is mainly present as a free
ion but the CaCl* complex is relatively abundant. In general, the
aqueous speciation calculated for the Pods lake-water samples is
comparable to that inferred for the Kawah Ijen lake (Delmelle
and Bernard, 1994).

Figure 5.7 illustrates the saturation state of the lake at
different stages of activity for a number of relevant mineral
phases. The saturation index is expressed as log Q/K values,
where Q_is the ion activity product and K the thermodynamic
equilibrium constant at a given temperature. Values higher
than, equal to or below zero indicate oversaturation, saturation,
and undersaturation, respectively. Models were run for a range
of temperatures between the measured lake temperature and

300°C in order to explore possible influences of the subsurface
hydrothermal system on the chemical characteristics of the
lake.

At the observed lake temperatures, the waters were invariably
supersaturated with (crypto-)crystalline forms of silica (quartz,
cristobalite and chalcedony, the latter phases not shown in Fig.
5.7). Barite (not shown) is usually saturated or oversaturated,
whereas amorphous silica, gypsum/anhydrite and native
sulphur are approximately saturated or slightly undersaturated.
The aluminium-bearing phases alunite [KAL(SO,),(OH) ],
diaspore [AIO(OH)], kaolinite [ALSi O (OH),] and
pyrophyllite [ALSi,O, (OH),] were strongly undersaturated. At
the adopted H,S concentration of 0.2 ppm, pyrite and several
other sulphides are saturated as well. Although sampled lake
surface water may contain (much) less H_S, these phases were
probably stable under the more reducing conditions near the
lake bottom, e.g., close to subaqueous vents (cf., Delmelle and
Bernard, 1994). Preliminary SOLVEQ_modelling of Pods lake
water representative for the early stages yielded similar results
(Rowe, 1991).

Reconnaissance analyses of suspended particles in the lake
water column and of bottom sediments by powder X-Ray
diffraction and electron-microprobe confirme