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Decades of geochemical monitoring at active crater lakes worldwide have confirmed that
variations in major elements and physico-chemical parameters are useful to detect
changes in volcanic activity. However, it is still arduous to identify precursors of single
phreatic eruptions. During the unrest phase of 2009-2016, at least 679 phreatic eruptions
occurred at the hyperacid and hypersaline crater lake Laguna Caliente of Poas volcano
(Costa Rica). In this study, we investigate the temporal variations of Rare Earth Elements
(REE) dissolved in Laguna Caliente in order to 1) scrutinize if they can be used as a new
geochemical tool to monitor changes of phreatic activity at hyperacid crater lakes and 2)
identify the geochemical processes responsible for the variations of REE concentrations in
the lake. The total concentration of REE varies from 950 to 2,773 ug kg™ . (La/Pn-iocal rock
ratios range from 0.93 to 1.35, and Light REE over Heavy REE (LREE/HREE)N.iocal rock
ratios vary from 0.71 to 0.95. These same parameters vary in relation to significant changes
in phreatic activity; in particular, the (La/Pr)n-iocal rock ratio increases as phreatic activity
increases, while that of (LREE/HREE)n.i0cal rock deCreases when phreatic activity increases.
REE concentrations and their ratios were compared with the variations of major elements
and physico-chemical parameters of the lake. Calcium versus (La/Pr)N-iocal rock @Nd Versus
(LREE/HREE)N-10cal rock ratios show different trends compared to the other major elements
(Na, K, Mg, Al, Fe, SO4, and Cl). Moreover, a higher loss of Ca (up to 2,835 ppm) in lake
water was found with respect to the loss of Al, K, and Na. This loss of Ca is argued to be
due to gypsum precipitation, a process corroborated by the mass balance calculation
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simulating the precipitation of gypsum and the contemporaneous removal of REE from the
lake water. The observed relations between REE, changes in phreatic activity, and the
parameters commonly used for the monitoring of hyperacid volcanic lakes encourage
investigating more on the temporal and cause-effect relationship between REE dynamics
and changes in phreatic activity at crater lake-bearing volcanoes.

Keywords: Rare Earth Elements (REE), Poas volcano, phreatic eruptions, geochemical monitoring, hyperacid

volcanic lakes

1 INTRODUCTION

Volcanic areas are often characterized by the presence of lakes
that fill the summit crater area (Manville, 2015). The chemical
composition of volcanic lakes mainly depends on 1) the fluid
input from the underlying magmatic-hydrothermal system, 2)
evaporation, meteoric precipitation, and infiltration, 3)
dissolution of volcanic rocks, and 4) the precipitation of
secondary minerals (Delmelle and Bernard, 1994; van
Hinsberg et al., 2010; Varekamp, 2015). The combination of
these factors leads to the genesis of fluids that span from dilute
meteoric waters to hyperacid and hypersaline waters (Varekamp
etal., 2000). Following Pasternack and Varekamp (1997), neutral-
dilute volcanic waters are commonly associated with “no activity
lakes,” while hot hyperacid brines with high Total Dissolved
Solids (TDS) are associated with “peak activity lakes”.

The major hazards commonly associated with active crater
lakes are 1) limnic gas bursts (Rouwet, 2021 and references
therein) and 2) phreatic and phreatomagmatic eruptions
(Barberi et al., 1992; Christenson, 2000; Christenson et al.,
2010; de Moor et al., 2016; Rouwet et al., 2017; Stix and de
Moor, 2018); the latter is also often responsible for the explosive
ejection of the lake water to create 3) lahars on the volcano flanks
(Kilgour et al., 2010; Manville, 2015). Stix and de Moor (2018)
investigated the role of the magmatic contribution to phreatic
eruptions, analyzing data from six different volcanic
hydrothermal systems where phreatic activity is reported. They
propose a model that includes two end-member types of phreatic
eruptions named “phreato-vulcanian” and “phreato-surtseyan”;
their variability is mainly related to the different depths and the
different sealing characteristics of the hydrothermal system. The
phreato-vulcanian type is more vigorous because of the features
of the hydrothermal system, which is deeper and sealed and fed
by magmatic gases that generate overpressure. The phreato-
surtseyan type, on its turn, is characteristic of systems with
open vents and a hydrothermal system close to the surface
where the water is vaporized by the magmatic gases. In some
conditions, a volcano can exhibit both types of phreatic eruptions,
as in the case of Pods (Costa Rica) and Ruapehu (New Zealand)
volcanoes (Stix and de Moor, 2018).

Since volcanic lakes represent the intersection of the
magmatic-hydrothermal system of a volcano and the surface
(Rowe et al., 1992b; Christenson and Tassi, 2015), they offer a
“touchable object” and hence a unique opportunity to scrutinize
the state of volcanic activity (Rouwet et al., 2017). For various
decades, researchers have been looking for a useful tool to identify
signals that precede phreatic eruptions at crater lakes; hence, the

importance of volcanic lake monitoring is related to the possibility
of recognizing short- and long-term signals, likely associated with
volcanic hazards, to mitigate the risk (Rymer et al., 2009). The
combination of various geophysical and geochemical methods, like
microgravity, seismicity, electromagnetism, and gas monitoring,
represents a useful approach for the study of sub-surface processes
at active volcanoes (Brown et al., 1991; Rymer et al., 2009; Zlotnicki
etal,, 2009; de Moor et al., 2019). A common monitoring approach
tracks the variations over the time of major elements and physico-
chemical parameters of crater lake waters (Rowe et al.,, 1992b;
Varekamp et al,, 2000; Christenson, 2000; Ohba et al., 2008;
Varekamp et al., 2009; Agusto and Varekamp, 2016; Rouwet
et al, 2017, 2019). The results obtained investigating the
geochemistry of various hyperacid volcanic lakes worldwide are
consistent and show that mainly pH, temperature, and some
anions and cations concentrations such as SO, Cl, and Mg,
and their ratios (SO4/Cl, and Mg/Cl) may be good indicators to
monitor chemical changes of crater lake waters likely related to the
degree of volcanic unrest (Giggenbach and Glover, 1975; Rowe
et al., 1992b; Rouwet et al., 2019).

Since hyperacid volcanic fluids are more aggressive with
respect to near-neutral and alkaline fluids during water-rock
interaction, a higher amount of rock-derived elements,
including Rare Earth Elements (lanthanides + yttrium; REE),
is leached and mobilized (Michard, 1989; Lewis et al., 1997;
Takano et al, 2004; Varekamp et al, 2009; van Hinsberg
et al,, 2010; Peiffer et al., 2011; Hikov, 2015; Inguaggiato et al.,
2015; Varekamp, 2015; Inguaggiato et al., 2017; van Hinsberg
et al,, 2017; Woitischek et al., 2017; Inguaggiato et al., 2018;
Inguaggiato et al, 2020a; Inguaggiato et al, 2020b). The
geochemical and economic importance of REE prompted to
study them in a wide variety of environments, among which
the fluids associated with volcanic areas, and especially volcanic
crater lakes (Kikawada et al., 2004; Takano et al., 2004; Varekamp,
2015; van Hinsberg et al., 2017; Inguaggiato et al., 2018;
Inguaggiato et al, 2020a; Inguaggiato et al, 2020b; van
Hinsberg et al, 2020). Consequently to the increasing
knowledge of the geochemical behavior of REE, it is possible
to develop several applications using REE as geochemical tracers
of fluid-rock interaction in active volcanic systems.

Inguaggiato et al. (2018) investigated the geochemical
processes that affect the pattern of REE at Laguna Caliente
(2006-2009), the active hyperacid and hypersaline crater lake
of Pods volcano in Costa Rica, the study object of this
investigation. Mainly, water-rock interaction processes,
congruent dissolution of the andesitic rocks and the
precipitation of secondary minerals like gypsum, seem to
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control the amount of REE dissolved in crater lake water
(Inguaggiato et al., 2018). These processes induce changes in
the REE concentrations and control the relative proportion
among them over time.

Despite the increasing investigation and the improvement of
modern and sophisticated monitoring techniques, it is still
difficult to identify precursors for single phreatic eruptions.
Moreover, sampling the crater lake of an active volcano is
arduous and dangerous, especially during periods of increased
activity (i.e., phreatic eruptions). In this study, we had the chance
to collect numerous water samples at Poas’s Laguna Caliente
when hundreds of phreatic eruptions occurred and to experience
the potential effectiveness of REE in hyperacid volcanic lakes as a
new possible geochemical indicator of changes in phreatic
activity. We investigated if the variations of REE in Laguna
Caliente could be connected to the main changes of phreatic
activity, here represented by the occurrence of 679 phreatic
eruptions during the period 2009-2016, and if they could be
connected with the temporal variations of the geochemical
indicators previously used to monitor Laguna Caliente
volcanic activity (Rouwet et al, 2017; Rouwet et al, 2019).
Our investigation aims to 1) improve the knowledge on the
processes that control the REE variations in hyperacid crater
lakes over time and their relations with the changes in volcanic
activity, 2) compare the REE variations with the more classic
geochemical parameters used to monitor volcanic activity, and 3)
prove the usefulness of REE as a possible geochemical tool
sensitive to changes in volcanic activity. Laguna Caliente was
sampled with an average sampling frequency of 40 days from
June 2009 to February 2016. This period is included within the
2006-2016 phreatic eruption cycle but is before the
phreatomagmatic activity in 2017 (Mora-Amador et al,
2019a). Here, we compare the variations of REE dissolved in
the Laguna Caliente water with the 1) evolution of the volcanic
activity of Poas, manifested by 679 phreatic eruptions, 2)
variations of physico-chemical parameters, and 3) variations of
major elements chemical composition and their ratios in lake
water. A key focus will be to describe the REE behavior in the Poas
hyperacid crater lake during the phreatic activity and test it as a
potential volcanic monitoring tool, in addition to the already
proven and well-known geochemical pre-eruption indicators in
both Podas lake and other volcanic hydrothermal systems
worldwide (i.e., physico-chemical parameters and major
elements).

2 BACKGROUND INFORMATION

2.1 Geological Setting

Poas (10°11'26"N 84°13'56"W) is a stratovolcano in Costa Rica
that belongs to the Central Volcanic Range (CVR; Ruiz et al,
2019). It is composed of various volcanic structures, such as the
composite cones at its top, Von Frantzius, Botos, and the Main
Crater, that represents the spot of the historical activity (Prosser
and Carr, 1987; Mora-Amador et al, 2019a). The main
hydrological features at Pods volcano include 1) a hyperacid
crater lake, named Laguna Caliente, that fills the active Main

REE Variations at Poas Volcano

Crater, 2) a freshwater lake hosted at Botos cone, called Laguna
Botos, and 3) acid springs and streams at the north-western flank
of the volcano, which are part of the Rio Agrio drainage basin and
that arguably represent the seepage out of Laguna Caliente (Rowe
et al., 1995; Sanford et al., 1995).

Pods is one of the most active volcanoes of the Central
American Volcanic Arc. Its activity is mostly characterized by
phreatic and phreatomagmatic eruption cycles at the Main Crater
during the last 200 years (Alvarado, 2009; Ruiz et al., 2010; Mora-
Amador et al., 2019a; Rouwet et al., 2019; Vannucchi and
Morgan, 2019). The maximum age of the deposits that
compose Pods volcano is about 600ka. The lavas have a
geochemical composition resulting from a fractional
crystallization that generated products ranging from basalts to
dacites; andesites and basaltic andesites are the most common
products (Ruiz et al.,, 2010, 2019).

The chemical composition of Laguna Caliente is typical of
“gas-dominated” crater lakes, characterized by an extremely low
(hyperacid) pH and very high TDS values, with SOy, Cl, and F as
the most dominant gas-derived anion solutes and Al and Fe as the
most abundant cations (Rowe et al., 1992b, 1995; Martinez et al.,
2000; Varekamp et al., 2000; Rouwet et al., 2014, 2017, 2019).
Lake volume changed dynamically through time and these
changes largely result from the input of meteoric precipitation
and fluids at the lake bottom and the water loss caused by seepage
and evaporation (Brown et al., 1989; Rowe et al., 1992a; Rouwet
et al,, 2017). Laguna Caliente has dried out various times during
the last decades (1989-1994, 2017), inducing subaerial degassing
of the fumaroles located at the bottom of the crater (Rowe et al.,
1992a; Martinez et al., 2000; Rymer et al., 2009) and peculiar
sulfur volcanism (Oppenheimer, 1992; Mora-Amador et al,
2019b).

2.2 Historical Activity at Poas Volcano
At the present day, Pods represents one of the most active
volcanoes on Earth. Due to the dense vegetation, very few
outcrops exist to reveal the deposits of the eruptions that
occurred prior to the 19th century. A recent report about the
historical eruptions at Pods volcano is available (Mora-Amador
et al, 2019a). von Frantzius (1861) reported intense volcanic
activity at Pods volcano in 1828 and in February 1834. Recent
studies of the deposits enabled reconstructing the phreatic nature
of the 1834 event, which involved blocks and bombs thrown out
and pyroclastic flows (Mora-Amador et al., 2019a). The
subsequent eruption was reported almost 80 years after, in
1910. It was a phreatomagmatic eruption characterized by fine
ashfall. Phreatic activity is reported for the period between 1953
and 1955. In May 1953, a phreatomagmatic eruption, with some
strombolian phases, took place, causing the expulsion of the
crater lake and the extrusion of a lava dome characterized by
fumarolic activity. The eruptive period extended until 1955
(Mora-Amador et al, 2019a) and produced an important
change in morphology of the crater area (Brantley et al., 1987;
Brown et al., 1989; Vaselli et al., 2003; Hilton et al., 2010; Fischer
et al., 2015; Rouwet et al., 2019).

An earthquake swarm in 1986 signaled the start of an unrest
phase. A powerful phreatic eruption in 1988 caused a lake level
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FIGURE 1 | Map of the Cordillera Volcanica Central and location of Pods volcano, Costa Rica (black triangle) (Rouwet et al., 2017). Aerial photograph of Laguna
Caliente (Pods volcano) and location of the sampling point “LD” at the dome (yellow dot). The photo was taken by Raul Mora-Amador on 17/04/2012.

500 m

drop and full lake disappearance in 1989 (Rowe et al., 1992a;
Oppenheimer, 1993). The phreatic activity continued until 1994,
after which a decade of quiescence took over (Mora-Amador
et al., 2019a). Since 1998, various changes have been observed in
fumarolic activity: new fumarolic vents were formed and
fumarolic activity migrated inside the Main Crater; changes in
lake level and color were observed (Vaselli et al., 2003, 2019;
Rouwet et al., 2017; Mora-Amador et al.,, 2019a). In December
2005, floating sulfur spherules with tails were present at the lake,
an early-warning indicator of oncoming phreatic eruptions
(Takano et al., 1994; Mora Amador et al., 2019b).

After more than a decade of quiescence, on March 24, 2006,
the first phreatic eruption marked the beginning of 10 years of
nearly continuous volcanic activity. During the period 2006-2016
(including the period of observation of the current study), more
than 700 phreatic eruptions breached Laguna Caliente, peaking in
frequency between 2010 and 2011 (de Moor et al., 2016; Rouwet
etal,, 2017; Rouwet et al., 2019). Prior to 2009, the activity was less
intense; however, the first major phreatic event of the period
occurred in September 2009. The frequency of eruptions had
declined since 2014 to wane towards 2016 when an apparent stage
of quiescence took over. Nevertheless, Pods culminated into
explosive phreatomagmatic activity on April 14, 2017,
following a few days of intense geysering from new vents
southwest outside Laguna Caliente (Mora-Amador et al,
2019a). The April 2017 phreatomagmatic eruption destroyed
the 1955 lava dome to enlarge the crater lake basin that filled
up after a period of sulfur volcanism at the dried-out lake bottom.
On the day of writing (April 2021), Laguna Caliente is in a stage of
medium activity (46°C); a new fumarolic field called “planicie de

azufre” (sulfur plain) is located at the eastern shore of the lake.
However, eruptive activity has not been reported since 2017.

3 SAMPLING AND ANALYTICAL METHODS

3.1 Sampling Methods, Data Provenance,

and Their Analysis

Fifty-one aliquots of water were sampled at Laguna Caliente
during the period between June 5, 2009, and February 23, 2016
(Figure 1). The sampling procedure and physico-chemical
parameters are from Rouwet et al. (2017, 2019; Table 1). All
the samples were filtered in situ using 0.45 um Millipore filters
and stored in HDPE bottles. Because of the extremely low pH
values (~0), the samples were not acidified.

A comprehensive database of the 679 phreatic eruptions,
which took place from June 2008 to June 2016, has been
compiled based on data from scientific publications and public
sources (Universidad de Costa Rica https://rsn.ucr.ac.cr;
Observatorio Vulcanoldgico y Sismoldgico de Costa Rica,
OVSICORI, 2021; Rouwet et al., 2017, Rouwet et al., 2019).

Phreatic eruptions are subdivided into three categories based
on the column height: A) 2-50 m, B) 51-250 m, and C) >250 m
(Mora-Amador, 2010; Rouwet et al., 2019). Moreover, a fourth
category is here discriminated for all the eruptions without
information about the column height (“N.D.”: Not Defined).

3.2 Analytical and Laboratory Procedures
Major elements and physico-chemical parameters data are from
Rouwet et al. (2017, 2019). REE analyses were carried out at
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FIGURE 2 | Cumulative number of phreatic eruptions vs. time. Four stages of activity are identified: 1) low frequency of phreatic eruptions, 2) high frequency of
phreatic eruptions, 3) decline of phreatic eruptions, and 4) a period of quiescence.

INGV-Palermo using a Q-ICP-MS Agilent 7500 calibrated with a
REE multi-element standard solution with 11 calibration points.
The sample waters were diluted up to reach salinity around
0.6gL".

The sensitivity variation was monitored by three internal

standards (*°*Rh, °In, and '®Re) to reach a final
concentration of 8 ug L™".
Memory interferences between consecutive samples

were reduced with a 60s rinse using a 0.5% HCI and 2%
HNOj; solution plus a 60s rinse using 2% HNOj; solution.
The analyses of three reference materials, SPS-SW1, SPS-
SW2, and SLRS-4, were carried out to evaluate data
accuracy. Each analysis is obtained by calculating the
mean value of five replicates. The accuracy was usually
better than 5%, and the average relative standard deviation
(RSD) was calculated on five replicates and was mostly better
than 7%.

4 RESULTS
4.1. Stages of Phreatic Eruptive Activity

Almost 700 phreatic eruptions were observed and reported at
Laguna Caliente between June 2008 and June 2016; however, it is
likely that the real number of phreatic eruptions that occurred
during this period is even higher. Our database counts 679
phreatic events (Figure 2; Supplementary Table 1).
Approximately about ~62% of the total eruptions are “A” type
eruptions, ~ 11% are “B” type eruptions, and only ~ 2% are “C”
type eruptions, while the remaining ~ 25% are classified as “not
determined” (ND).

Phreatic eruption intensity varies significantly during the
time of observation. For the period between June 2008 and June
2016, the phreatic eruption cycle was subdivided into four

stages characterized by 1) low phreatic activity, when only
three “A” and one “C” type single eruptions occurred (June
2008-December 2009), 2) high frequency of phreatic eruptions
(January 2010-August 2011, 535 phreatic eruptions), 3)

declining number of phreatic events (September
2011-October 2014), and 4) a period of quiescence
(November 2014-May 2016) that finished with the

occurrence of 18 phreatic eruptions between May and June
2016. After a quiescent period following June 2016, Pods
culminated in phreatomagmatic activity in April 2017 (the
eruption is not included in the database of this
investigation). These four distinct stages are better marked
in Figure 2, where the cumulative number of phreatic
eruptions is reported versus time. Almost all the multiple-
eruptions days, which include at least a B or C eruption type,
are between September 2009 and May 2012. After that, multiple
eruptions B and C types were absent until mid-2014, when two
multiple events, including B-type eruptions, took place and
mid-2016, when a multiple event, including a B-type eruption,
occurred.

4.2 Temporal Variations of REE

The REE were subdivided into two sub-groups, Light Rare Earth
Elements (LREE; from La to Gd) and Heavy Rare Earth Elements
(HREE; from Tb to Lu and Y). The concentrations of REE were
normalized to the composition of the average local rock to easily
compare the REE distribution with the andesitic rocks interacting
with the fluids (Carr et al., 2013; Supplementary Figures 1A,B)
and were subdivided into two groups: 1) samples belonging to
stages 2 and 3 characterized by a more intense phreatic activity; 2)
samples belonging to stages 1 and 4, characteristic of low phreatic
activity. During the intense activity (stages 2 and 3), the patterns
of REE are often characterized by different degrees of LREE
depletion with respect to the HREE (Supplementary Figure 1A).
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On the contrary, during low phreatic activity (stages 1 and 4), the
patterns of REE do not show a pronounced LREE depletion and
almost all the samples have similar trends that only differ for their
absolute REE concentrations.

Total REE concentrations () REE) dissolved in the lake water
change over time from 950 to 2,773 ug kg' (Table 2). YREE
starts to increase prior to the high-frequency eruptive period
starting in December 2009 and progressively increases
throughout this high-frequency stage in 2010 and 2011
(Figure 3). Towards the end of 2011, the Y REE started to
decrease to reach the lowest values in 2016.

Previous studies have already identified that in the hyperacid
crater lakes of Poas (Costa Rica) and Kawah Ijen (Indonesia),
gypsum precipitation can be responsible for the fractionation of
REE dissolved in waters (Inguaggiato et al., 2018; Inguaggiato
et al., 2020a; van Hinsberg et al, 2020). The distribution
coefficients of REE, calculated between the REE in gypsum
precipitated in the laboratory from the lake water and the REE

REE Variations at Poas Volcano

dissolved in the lake water of Pods and Kawah Ijen crater lakes,
demonstrate that LREE are preferentially scavenged by gypsum
with respect to the HREE. Cerium, Pr, and Nd show higher
distribution coefficients not only with respect to the HREE but
also with respect to the other LREE, including the neighboring
elements La and Sm. This result shows that REE incorporation in
gypsum decreases progressively from Nd to Lu, with La
distribution coefficients that are mostly lower with respect to
Ce, Pr, and Nd. Praseodymium often has the highest distribution
coefficient and hence suggests preferential incorporation in the
gypsum crystals during the precipitation process (Inguaggiato
et al., 2018). Here, these previous findings (La/Pr)N_jocal rock and
the (LREE/HREE)\ 1ocal rock atios were considered to investigate
the possible causes of temporal variations of REE in Pods crater lake
water. Inguaggiato et al. (2018) suggested that the variations
between LREE and HREE in the lake water can be affected by
gypsum precipitation; we focused on the possibility that this process
could also induce the variation of REE concentrations over time.
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FIGURE 3 | (A) (La/Pr)n-iocal rock @nd Y. REE vs. time. (B) (LREE/HREE)N-iocal rock @nd Y. REE vs. time.
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During the period of observation, (La/Pr)yiocal rock and
(LREE/HREE)N.1ocal rock Showed significant variations from
0.93 to 1.35 and from 0.71 to 0.95, respectively (Figure 4).
The (La/Pr)N-ocal rock ratio was lower in mid-2009, when only
a few eruptions have occurred (stage 1), and started to increase in
early 2010 when eruptive activity was more intense and of higher
frequency, to peak in September 2011 (stage 2). Afterward (early
stage 3), (La/Pr)N_1ocal rock decreased to remain stable between late
2011 and mid-2013 when the number of phreatic eruptions was
considerably lower than that in the previous years. After the data
gap between mid-2013 and late 2014, the (La/Pr)n jocal rock ratio
progressively decreased, starting from mid-2013 ratio values until
the end of the time series (2016, stage 4), reaching similarly low
values as those during stage 1 (2008-2009).

The (LREE/HREE)N._jocal rock ratio shows a trend over time that
is nearly opposite to the (La/Pr)N-iocal rock trend (Figure 4). The
decreasing trend in stage 1 (2008-mid-2009) accelerates during
the period of high-frequency phreatic activity (stage 2,
2010-2011). From late 2011 until 2013, the (LREE/HREE)n iocal
rock ratio progressively increased, concurrently to the decrease in the
frequency of phreatic eruptions. The ratio does not vary
significantly from 2014 to 2016, with values comparable to the
ones of 2009. Moreover, looking at mid-2009, we observed that the
(LREE/HREE)Nocal rock Tatio started to decrease before the
occurrence of the first multiple phreatic eruptions (stage 1,
September 2009). The variations of (La/Pr)N.iocal rock and (LREE/

HREE)\ 1ocal rock Tatios are related to the major changes of volcanic
activity, reaching the higher and the lower values, respectively, when
the activity reaches a climax (stage 2, September 2011).

4.3 REE Versus Physico-Chemical

Parameters and Chemical Composition

The (La/Pr)n.ocal roco (LREE/HREE)Nocal rock ratios and
eruptions data were compared to major element
concentrations (Na, K, Mg, Ca, Al, Fe, SO, Cl), major
element ratios (SO4/Cl, Mg/Cl), physico-chemical parameters
of the lake (pH, T), TDS values (Table 1), and the REE total
amount (ZREE; Table 2; Figures 3, 5-9, Supplementary
Figures 2, 3).

The graph (La/Pr)Niocal rok and temperature (T) versus time
(Figure 5A) shows that the temperature of the lake water has a
similar, though less marked trend, than the (La/Pr)x joca rock pattern.
Unfortunately, the temperature data are not available for all
the water samples. Instead, (La/Pr)n_1ocal rock @and pH versus
time (Figure 6A) exhibit opposite trends, with pH decreasing
when the volcanic activity increases. TDS and (La/Pr)yn.jocal
rock versus time (Figure 7A) and ZREE and (La/Pr)y_jocal rock
versus time (Figure 3A) show similar patterns from stages 1 to
4, with TDS, (La/Pr)niocal rocko and ZREE increasing with
increasing phreatic activity. SO, concentrations vary
identically to the (La/Pr)n.jocal rock pattern (Figure 8A). On
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TABLE 1 | Major elements concentrations (mg L"), physico-chemical parameters, TDS (g L™') and major elements ratios (Rouwet et al., 2017, 2019).

Sample Sample Date T(°C) pH Na K

number ID

1 22¢ 05/06/2009 53.6 -0.07 365 189
2 23c 16/06/2009 53.2 -0.09 350 154
3 24¢ 24/06/2009 52.5 -0.10 300 130
4 25¢ 01/07/2009 55.4 -0.11 314 134
5 26¢ 07/07/2009 52.4 -0.09 322 135
6 29c 31/07/2009 52.1 -0.15 321 140
7 30c 19/08/2009 57.0 -0.17 331 144
8 31c 08/09/2009 53.0 -0.15 332 140
9 32¢c 17/09/2009 57.0 -0.23 372 167
10 33c 25/11/2009 49.2 -0.24 382 172
11 34c 09/12/2009 48.7 -0.22 397 164
12 36¢ 13/05/2010 53.0 -0.28 430 219
13 37¢c 03/06/2010 48.0 -0.27 454 233
14 38c 19/01/2011 — -0.39 479 252
15 39c 22/02/2011 — -0.40 487 286
16 41c 30/06/2011 — -0.52 617 304
17 42¢ 06/07/2011 — -0.52 746 322
18 43c 30/07/2011 — -0.27 923 192
19 44¢ 10/08/2011 — -0.55 642 379
20 45¢c 22/09/2011 61 -0.55 697 355
21 46¢ 13/10/2011 53 -0.49 566 307
22 47c 27/10/2011 60 -0.51 597 349
23 48c 27/12/2011 53 -0.34 426 277
24 49c 15/02/2012 56 -0.36 460 283
25 50c 21/03/2012 54 -0.35 524 277
26 51c 05/04/2012 49 -0.40 423 330
27 52¢ 26/04/2012 — -0.36 340 345
28 53c 30/04/2012 — -0.37 317 229
29 54c 29/08/2012 — -0.37 323 331
30 55¢ 12/09/2012 — -0.37 294 211
31 56¢ 26/09/2012 — -0.37 316 287
32 57¢c 11/10/2012 — -0.36 337 304
33 58¢c 10/01/2013 — -0.24 265 181
34 59¢c 27/02/2013 — -0.27 304 206
35 60c 20/03/2013 — -0.27 291 198
36 61c 03/05/2013 461 -0.23 348 184
37 62c 08/05/2013 44.6 -0.29 318 232
38 63c 27/06/2013 47.4 -0.28 296 200
39 64c 04/09/2014 451 -0.26 234 149
40 65¢ 17/09/2014 47.7 -0.23 240 1561
41 66¢c 24/09/2014 48.3 -0.22 228 147
42 67¢c 27/11/2014 34.6 -0.16 236 114
43 68c 13/04/2015 — -0.03 216 89
44 69c 21/05/2015 34.6 -0.02 215 87

45 70c 14/07/2015 39.5 0.15 226 61

46 71c 26/08/2015 — 0.20 214 96
47 72¢ 07/10/2015 — 0.23 140 51

48 73c 18/11/2015 — 0.22 143 59
49 74c 03/12/2015 — 0.18 163 57

50 75¢c 14/01/2016 — 0.16 172 54
51 76c 23/02/2016 — 0.26 118 35

the contrary, Ca concentrations decrease with increasing (La/
Pr)Nocal rock and hence increasing phreatic activity (Figure 9A)
and vice versa. The SO4/Cl ratio (Supplementary Figure 2A)
increases from 2008 to 2011, similar to the (La/Pr)N.jocal rock Iatio.
However, SO,/CI did not decrease back in 2016 with values similar
to 2009, as recognized for all other described parameters. The Mg/
Cl ratio (Supplementary Figure 3A) varies basically in the
opposite way compared to (La/Pr)yocal rock» decreasing during
stage 2 of high-frequency activity.

Ca Mg Al Fe cl SO,  TDS SO./Cl Mg/Cl
1,168 33 990 790 15400 44200 63 287 002
1,222 340 1,260 630 15700 46,700 66 297 002
1,056 308 1,270 660 15900 47,200 67 297 002
983 316 1,340 700 16300 48500 69 298 0.2
1,145 315 1,180 620 15400 46,600 66  3.03  0.02
1,134 322 1270 650 17,000 52,800 74 311 002
1,160 327 1,310 680 17,700 56,000 78  3.16  0.02
1,191 337 1,260 670 17,000 54,100 75 318 002
1,206 365 1,470 760 20,700 63500 89  3.07 002
1,124 373 1,840 1000 20,700 67,100 93 324 002
865 899 1,700 950 19500 63,800 88 327 002
7156 891 1,780 1,023 22100 70900 98 821 002
743 415 1,770 1,033 21,600 70,700 97 3.27 0.02
834 298 1,649 890 18700 68000 91 364 002
687 269 1428 764 19000 70,200 93 869 0.0
650 445 1,806 957 24,8300 92,800 122 382 0.02
569 458 2286 1,802 24500 92,900 123 379  0.02
722 262 1,376 2,079 18,400 56,100 75 419 0.02
543 435 2,138 1,284 20900 122,300 158  4.09 0.1
505 391 2643 1483 28600 118000 158 413 0.1
687 847 2074 1,08 26400 106,900 188  4.05 0.1
746 419 20233 1,204 28800 118500 148 394 001
920 276 1,704 900 18800 79,800 103 422 0.1
817 805 1,679 858 18700 84,400 108 451  0.02
706 241 1680 87 18700 81,500 104 436 001
748 280 1,717 881 19,800 82,800 106 416 001
884 304 1920 840 18800 80,800 104 427 0.2
781 295 1900 850 19,300 82,500 106 427  0.02
765 281 1,840 840 19000 84500 108 445 001
779 269 1,710 780 18400 83600 106 454 001
726 266 1,760 800 17,900 81,700 104 456 001
760 250 1,700 790 18400 83600 106 454 001
785 236 1450 690 14300 64,400 82 450 002
888 285 1500 730 15000 66,800 85 442 002
854 277 1520 740 16600 67,800 88 408  0.02
843 289 1500 790 15000 63800 83 425 002
810 286 1,560 780 16400 70,600 91 480 0.2
818 273 1370 740 16900 69,000 90 408 0.2
857 217 1,240 710 25500 70,500 99 276 0.1
864 217 1,150 640 14600 86,00 104 590 0.1
966 220 1,180 630 13,700 64,900 82 474 002
903 198 1,040 560 12000 62600 78 522 002
788 178 890 500 9,200 44300 56 482 002
989 179 900 490 9400 43400 56 462 0.2
908 174 720 390 6300 30000 39 476 003
895 133 690 370 5700 26800 3 470 002
912 120 590 310 5800 24,300 82 458  0.02
866 117 600 320 5800 24900 33 429 002
907 125 650 490 9900 28200 40 285 001
979 182 630 350 6400 28600 37 447 002
495 102 530 280 5100 22400 29 489  0.02

As the (LREE/HREE)N jocal rock Fatio essentially behaves in the
opposite way with respect to the (La/Pr)Njocal rock ratio
(i.e., decreasing when the phreatic activity increases and
increasing when the phreatic activity decreases), this implies
that the trends obtained comparing (LREE/HREE)N jocal rock
ratios with major element concentrations and their ratios,
physico-chemical parameters of the waters, TDS and ZREE
values (Figures 3B, 5B-9B, Supplementary Figures 2B, 3B)
are inverse to the ones obtained for (La/Pr)n_jocal rock ratio. The
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TABLE 2 | Rare Earth Elements concentrations (ug kg ™). La/Pr and LREE/HREE ratios are normalized to the average volcanic local rock (Carr et al., 2013).

Sample Sample Date La Ce Pr Nd Sm Eu
number ID

1 22¢ 05/06/2009 242 493 61 248 55 16
2 23c 16/06/2009 272 554 69 279 62 19
3 24c¢ 24/06/2009 287 585 72 294 66 20
4 25¢ 01/07/2009 259 528 65 265 59 18
5 26¢ 07/07/2009 266 550 68 279 62 19
6 29¢c 31/07/2009 241 490 61 249 56 17
7 30c 19/08/2009 309 635 79 322 72 22
8 31c 08/09/2009 290 604 76 311 71 21
9 32c 17/09/2009 403 825 102 415 95 28
10 33c 25/11/2009 257 515 64 255 58 18
1 34c 09/12/2009 327 675 83 337 75 28
12 36¢ 13/05/2010 383 704 83 332 74 23
13 37¢c 03/06/2010 375 684 81 332 72 28
14 38c 19/01/2011 367 669 79 320 70 22
15 39¢ 22/02/2011 398 734 88 359 79 25
16 41c 30/06/2011 477 835 96 379 82 26
17 42¢ 06/07/2011 438 770 89 354 76 25
18 43c 30/07/2011 361 685 84 341 77 24
19 44c 10/08/2011 513 859 96 374 81 26
20 45¢ 22/09/2011 437 769 86 345 73 28
21 46¢ 13/10/2011 402 699 78 308 65 20
22 47¢c 27/10/2011 455 790 89 346 73 28
23 48c 27/12/2011 367 656 75 297 63 19
24 49c 15/02/2012 383 709 84 343 74 23
25 50c 21/03/2012 363 699 84 343 74 22
26 51c 05/04/2012 391 740 89 359 78 28
27 52¢ 26/04/2012 384 719 86 348 75 28
28 53¢ 30/04/2012 388 719 86 349 76 28
29 54c 29/08/2012 396 729 87 357 78 28
30 55¢ 12/09/2012 384 705 84 340 74 22
31 56¢ 26/09/2012 384 723 87 353 77 28
32 57¢c 11/10/2012 399 746 89 360 80 24
33 58¢c 10/01/2013 351 641 77 312 67 20
34 59¢ 27/02/2013 420 744 89 361 77 23
35 60c 20/03/2013 385 707 84 345 75 22
36 61c 03/05/2013 374 707 86 351 78 28
37 62¢c 08/05/2013 390 730 87 358 79 28
38 63c 27/06/2013 376 708 85 349 75 22
39 64c 04/09/2014 340 662 81 331 73 22
40 65¢ 17/09/2014 305 594 73 299 66 20
41 66¢ 24/09/2014 324 638 78 322 70 21
42 67c 27/11/2014 326 596 74 302 66 20
43 68¢c 13/04/2015 249 502 63 260 58 17
44 69c 21/05/2015 275 535 67 278 61 18
45 70c 14/07/2015 209 421 53 2283 49 15
46 71c 26/08/2015 167 353 45 191 43 13
47 72¢c 07/10/2015 146 305 39 164 37 11
48 73c 18/11/2015 157 330 42 177 40 12
49 74c 03/12/2015 186 392 50 209 47 14
50 75¢c 14/01/2016 189 398 51 210 47 14
51 76c 23/02/2016 169 359 46 192 44 13

Gd Tb Dy Y Ho Er Tm Yb Lu }YREE La/Pr LREE/
HREE
56 8 43 2156 8 24 3 21 3 1,49 1.01 0.95
61 9 49 246 10 28 4 24 3 1,690 0.99 0.93
66 9 53 268 10 29 4 256 4 1,783 1.00 0.93
58 8 47 2383 9 26 4 283 3 1,606 1.00 0.93
62 9 50 246 10 28 4 24 4 1679 0.98 0.92
57 8 45 212 9 25 3 22 3 1497 1.00 0.93
73 10 60 278 11 383 &5 29 4 1943 0.98 0.91
71 10 689 271 11 33 4 28 4 1,864 0.97 0.89
98 14 80 366 15 44 6 39 6 2,534 1.00 0.89
59 9 48 224 10 28 4 28 4 1574 1.02 0.89
78 11 62 200 12 36 5 31 5 20561 0.99 0.89
75 11 64 3568 13 37 &5 32 5 2200 1.17 0.87
74 11 63 347 13 36 5 32 5 2,154 1.17 0.86
72 11 60 326 12 3 &5 30 &5 2082 1.17 0.87
82 12 74 341 14 4 6 36 5 229% 1.14 0.84
94 15 90 446 18 52 7 48 7 2673 1.25 0.72
87 14 83 425 17 50 7 45 7 2,486 1.25 0.71
80 12 70 337 14 39 5 33 5 2,166 1.09 0.84
94 15 88 490 18 54 8 48 7 2,773 1.35 0.72
82 183 74 413 15 44 6 40 6 2426 1.28 0.76
70 11 64 353 13 38 &5 3 5 2167 1.30 0.79
82 183 73 411 15 45 6 41 6 2,469 1.30 0.77
64 10 &7 300 11 33 5 29 4 1,991 1.24 0.86
79 12 67 349 14 39 6 36 6 2222 1.16 0.82
76 11 62 334 13 37 5 35 5 2162 1.10 0.84
80 12 69 357 14 39 6 36 6 2300 1.12 0.83
77 12 68 349 14 39 5 36 5 2241 1.13 0.82
78 12 66 349 14 38 6 36 6 27246 1.14 0.83
79 12 69 356 14 40 6 36 6 2,287 1.15 0.82
75 12 65 338 13 38 5 34 5 2,19 1.15 0.83
81 12 67 348 14 39 6 36 6 2255 1.1 0.82
81 12 68 351 14 39 6 36 6 2309 1.14 0.85
66 10 55 281 11 31 4 29 4 1,959 1.16 0.90
7r 12 65 327 13 37 5 34 5 2290 1.20 0.89
74 11 61 311 13 3 &5 33 5 2,166 1.16 0.89
78 12 66 341 14 38 5 35 5 2215 1.10 0.84
77 12 64 328 13 37 &5 3 5 2243 1.13 0.88
73 11 61 312 13 36 5 33 5 2164 1.12 0.88
71 11 59 296 12 383 &5 30 5 2028 1.07 0.89
64 10 53 264 11 30 4 26 4 1824 1.06 0.89
68 10 55 280 11 32 4 28 4 1946 1.0 0.91
64 10 52 260 10 29 4 25 4 1,841 1.12 0.94
56 8 46 229 9 26 4 283 4 1,652 1.00 0.89
59 9 49 240 10 27 4 256 4 1,660 1.03 0.90
47 7 39 192 8 22 3 20 3 1311 0.99 0.91
43 6 36 174 7 20 3 18 3 1,120 0.95 0.86
3% 5 29 141 6 16 2 14 2 951 0.95 0.90
39 6 32 156 6 18 2 16 2 1,034 0.94 0.88
46 7 36 179 7 20 3 18 3 1215 0.94 0.90
45 7 36 179 7 21 3 18 3 1,227 0.95 0.91
41 6 34 167 7 19 3 16 2 1,118 0.93 0.91

pattern of (LREE/HREE) jocal rock ratio shows a trend similar to
the pH, Ca, and Mg/Cl patterns, while the trend is opposite with
respect to the patterns of the remaining parameters and elements
considered (T, TDS, ZREE, SO,4, and SO,/Cl).

The significance of the relation between all the variables was
tested with a correlation matrix (Table 3). The result of the
correlation coefficient calculated between two variables is a value
between +1 and —1, where a correlation of +1 and a correlation of
-1 show a perfectly positive and a perfectly negative correlation,

respectively, while a correlation equal to 0 means that the
relations between the two variables are not linear. The
correlation coefficient calculated between (La/Pr)niocal rock and
(LREE/HREE)N 1ocal rock Tatios is equal to —0.64, indicating a
moderate negative correlation. The results in Table 3 show that
the values of the correlation coefficient calculated for (La/
Pr)Niocal rock are in most cases higher with respect to the
values of (LREE/HREE)N jocal rock When they are compared to
major elements, their ratios, and physico-chemical parameters.
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The pH, TDS, ZREE, and SO, are the variables that are better
correlated with (La/Pr)n.jocal rock and (LREE/HREE)\ jocal rock
compared to the other parameters considered and display the
highest values of the correlation coefficient, up to 10.90l for (La/
Pr)Nilocal rock- The absolute values of the correlation coefficients
calculated between pH and (La/Pr)y_jocal rock and between pH and
(LREE/HREE)N jocal rock are higher than the correlation
coefficients calculated for the temperature; however, the
incompleteness of the temperature data set makes it difficult
to compare them. For comparison, we also report the correlation
coefficients of various major elements that are not presented in
the graphs (Figures 3, 5-9; Na, K, Mg, Al, Fe, and Cl). All the
major elements considered show a positive value of the
correlation coefficient when compared to (La/Pr)Niocal rocks
except Ca, which is the only major element with a negative
value of the correlation coefficient. On the contrary, Ca is the
only positively correlated to (LREE/HREE)N.iocal rock-
Furthermore, the correlation coefficient of all the major
elements (except Ca) with TDS is positive, with values that
span from 0.69 to 0.99. Ca is the only major element that
exhibits a negative value of the coefficient when compared to
TDS, the only one with a correlation value < 10.501. Mg/Cl ratio
displays higher values of the correlation coefficient for both (La/
Pr)nocal rock and (LREE/HREE)\ jocal rock Telations compared to
SO,/Cl ratio. The latter is also the variable with the lowest
correlation coefficients calculated.

5 DISCUSSION

5.1 Temporal Variations in Major Elements,

REE, and Physico-Chemical Parameters
The first interesting result from our dataset is that the behavior of
REE, especially (La/Pr)N ocal rock and (LREE/HREE)N jocal rock Fatios,
varies with time following the main variations of volcanic activity,
represented by the occurrence of hundreds of phreatic eruptions
(679). Despite the impossibility of identifying an unequivocal cause-
effect relation between (La/Pr)n_jocal rock and (LREE/HREE) N jocal rock
ratios variations with the occurrence of a single phreatic eruption, the
general trend of both ratios seems to be related to the frequency of
phreatic eruptions, here expressed in stages 1 to 4 throughout
2008-2016. Consequently, it is not possible to discern how the
different types of eruptions (A, B, and C) affected the trend of (La/
Pr)Nuocal rock and (LREE/HREE)N jocal rock ratios over time.

Rouwet et al. (2017, 2019) describe in detail how physico-
chemical parameters, concentrations of major elements, and
major element ratios vary at Laguna Caliente for the period
2005-2010 and 1978-2016, respectively. They suggest that pH
is one of the most effective parameters to detect changes in
volcanic activity, indicative of the general degassing state of the
volcano caused by SO,, H,S, HCI, and HF input. They did not
deem an increased temperature a strong indicator for enhanced
phreatic activity, as, on the contrary, a temperature decrease is
often an indication of conduit sealing, causing pressure build-up
beneath a lake before phreatic eruptions.

Rouwet et al. (2019) also found that concentrations of SO, >
60,000 mg L' are associated with the most intense eruptive

REE Variations at Poas Volcano

phases (e.g., stage 2, 2010-2011), while SO,/Cl does not work
as a strong indicator, probably because of the loss of HCI by
evaporative degassing (Capaccioni et al., 2017; Rouwet et al,
2017). Supplementary Figures 2A,B display that the SO,/Cl ratio
steadily increases from 2012 to 2016 despite the number of
phreatic eruptions in decline. This trend coincides with the
steady lake level drop throughout the entire 2006-2016
phreatic eruption cycle, eventually leading to full lake dry out
in 2017. The smaller Laguna Caliente becomes hence more
sensitive to HCl degassing through time, imposing inertia on
the parameter SO,/Cl, making it less sensitive and adapted for
monitoring purposes (Rouwet et al., 2017).

Since pH and SO, seem to represent the most sensitive
parameters to monitor the volcanic activity at Laguna Caliente
during the eruptive cycle of 2006-2016 (Rouwet et al., 2017;
Rouwet et al., 2019), their strong correlation with (La/Pr)N.iocal
rock and the correlation with (LREE/HREE)yn jocal rock (€ven if
lower compared with (La/Pr)N_jocal rock 1atio) suggest that they are
good indicators of changes in volcanic activity, especially the case
for (La/Pr)n.1ocal rock (Table 3; Figures 6, 8).

Comparing the variations of Na, K, Mg, Ca, Al, and Fe with the
volcanic activity over time, we notice that the concentrations of all
the major elements, except Ca, rise when the frequency of the
eruptions is higher and decline consequently with a lower
frequency of phreatic eruptions. The opposite behavior of Ca
compared with the other cations can be explained by secondary
processes such as the precipitation of gypsum/anhydrite at the
surface of the lake or at depth (Rouwet et al., 2017; Inguaggiato
et al., 2018 and references therein). The loss of cations at Laguna
Caliente mainly depends, in fact, on minerals precipitation
(Rouwet et al., 2019). Since TDS is representative of the
variations of all the major elements, except Ca, only the latter
was compared with (La/Pr)n_jocal rock and (LREE/HREE)\ jocal
rock ratios (Figures 9A,B).

Trends in major elements and physico-chemical parameters
suggest that the increase in phreatic activity is related to a higher
input of volcanic gases (SO,, HCI, and HF), in agreement with the
gas-driven mechanism of phreatic eruptions (de Moor et al., 2016;
Stix and de Moor, 2018). The pH values decrease consequently when
gas input is higher. A lower pH renders the water more aggressive
during water-rock interaction and hence favors the leaching of rock-
forming elements (ie., cations), resulting in higher TDS values.
Despite the greater leaching of rock-derived elements, the opposite
trend of Ca is probably due to the gypsum/anhydrite precipitation, a
process that mainly affects Ca concentration over time.

Considering the high amount of SO, (2-3 orders of magnitude
higher with respect to Ca due to massive SO, input), the
precipitation of gypsum/anhydrite did not induce significant
variations in the SO, temporal pattern. This could be
explained regarding the abundance of SO, compared to Ca,
which represents, in fact, the limiting reagent for the gypsum/
anhydrite precipitation process.

The fact that REE concentrations, as well as changes of (La/
Pr)nuiocal rock and (LREE/HREE )N jocal rock Tatios in the water of
Laguna Caliente, are related to the variations of the volcanic
activity suggests that REE chemistry could provide additional
information on changes in activity and fluid-mineral dynamics to
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the “classical” monitoring parameters (major elements and their ~ curve of anhydrite at a temperature of ~40°C (Azimi et al., 2010).
ratios, physico-chemical parameters). Moreover, the variations of ~ The increase of the temperature in a volcanic hydrothermal
(La/Pr)N.1ocal rock and (LREE/HREE)N jocal rock Fatios with varying system can hence induce the precipitation of secondary
activity have often revealed a higher sensitivity than, e.g., T and  minerals: 1) at the surface when the temperature increases
SO4/Cl ratios. due to the changes of the volcanic activity or 2) in the deeper
and hotter part of the system. The processes of precipitation and
. . e dissolution of secondary minerals do not only affect the mobility
5.2 Rock Dissolution, Precipitation of of the main elements that constitute the minerals but also other
Secondary Minerals, and REE Fractionation  solutes, including REE. Data from previous studies have
Several authors presented that solubility of anhydrite and  demonstrated that minerals such as alunite and gypsum can
alunite is retrograde (Bernard et al., 2004; Taran et al., 2008;  fractionate the REE in hyperacid fluids (Varekamp, 2015;
Colvin et al,, 2013; Kalacheva et al,, 2015). Rodriguez and van  Inguaggiato et al, 2017; van Hinsberg et al, 2017;
Bergen (2017) ran thermodynamic simulations with PHREEQC  Inguaggiato et al., 2018; Inguaggiato et al., 2020a; Inguaggiato
to investigate the saturation indexes of representative minerals et al., 2020b; van Hinsberg et al., 2020).
from lake surface temperature up to 300°C. They show that the The isosol plot was used here to calculate the grams of rock
solubility of gypsum, anhydrite, and alunite decreases when the  dissolved per liter of solution, considering the congruent
temperature increases. In particular, the solubility curve of  dissolution of the average local rock (andesite), consequently
gypsum is prograde from 0 to ~40°C and retrograde for  to the water-rock interaction process (Varekamp, 2015). The
temperature higher than ~40°C and intercepts the solubility =~ average chemical composition of major elements in the local
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andesite for Pods was provided by Cigolini et al. (1991). The
amount of local rock dissolved was estimated graphically for all
the water samples and varies between ~10 and ~70 g per liter of
water; our attention is mainly focused on Ca, Al, K, and Na
depletion (constituents of gypsum, anhydrite, and alunite)
compared to the hypothetical congruent dissolution of the
local rock. Four isosol plots, one for each stage of volcanic
activity, were selected as representative of the variation of the
dissolution of the local rock and the precipitation of secondary
minerals during the activity changes (Figures 10A-D). During
stage 1 (Figure 10A; low phreatic activity), almost all the
elements considered lie on the 25g rock/L line, indicating
that gypsum/anhydrite, as well as alunite, could not
precipitate in high amounts. At stage 2 (Figure 10B; high
phreatic activity), the increase of rock dissolution occurs
during the increase of temperature and the decrease of the
pH of the lake, leading to the highest amount of rock dissolved.
Considering the congruent dissolution of the local rock, Ca

concentration is strongly depleted with respect to the Ca that
should be dissolved in lake water. Aluminum, Na, and K plots
on the line are representatives of the congruent dissolution of
the rock (50 g rock/L). The precipitation of minerals containing
Ca (such as gypsum/anhydrite) is proposed to justify the Ca
depletion. During stage 3 (Figure 10C; the decline of phreatic
activity), the amount of rock dissolved (~35 g rock/L) and the
loss of Ca dissolved (gypsum/anhydrite precipitation) are both
lower with respect to those of stage 2. Once more, Al, Na, and K
are not depleted. Rock dissolution representative of stage 4
(Figure 10D; quiescent period) is ~17 g rock/L, with Ca and Al
concentrations in lake water comparable to that of the
congruent rock dissolution line. These findings confirm that
the water-rock interaction processes have varied between 2009
and 2016.

Rock dissolution is favored by more acidic waters, especially
evident for the peak activity stages 2 and 3. Contrarily, rock
dissolution is less intense during stage 1 (very few phreatic
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eruptions) and stage 4 (no evidence of phreatic activity)
(Supplementary Figure 4).

The estimation of the amount of congruent dissolution of g
rock per liter allowed calculating the element loss (element*;
ppm) for all the water samples, using the following equation:

1

element* = element jsos01) — element(amlyzed),

where element;soso1) represents the concentration of the element
in the lake water (ppm) resulting from the congruent dissolution
of the rock calculated with the isosol plot, while element analyzeq) is
the concentration of the elements (ppm) effectively measured in
the lake water. The loss of Ca, Al, K, and Na (Ca*, Al*, K*, Na*)
was calculated to consider the potential precipitation of sulfate
minerals. The loss of Ca can be the consequence of gypsum
(CaSO42H,0) and/or anhydrite (CaSO,) precipitation; the loss
of Al, Na, and K can be due to the precipitation of alunite
minerals [(Na, K) Al; (SO,), (OH)s] (Colvin et al., 2013;

Varekamp, 2015). The results of Ca*, Al*, K*, and Na* were
plotted vs. (La/Pr)n.jocal rock and (LREE/HREE)N jocal rock ratios,
respectively (Figures 11A-H). Near-linear trends can be
observed for (La/Pr)n.jocal rock VS. Ca* and (LREE/HREE)y jocal
rock vs. Ca* (Figures 11A,B): increasing the loss of Ca interpreted
the (La/PI‘)N,loca_[

as gypsum/anhydrite precipitation, rock
increases and (LREE/HREE)n.ocal rock decreases. These
observations corroborate 1) the distribution coefficients

calculated during the precipitation of gypsum from the
hyperacid and hypersaline waters of Kawah Ijen and Laguna
Caliente crater lakes (Inguaggiato et al., 2018; Inguaggiato et al.,
2020a), 2) the REE pattern of gypsum collected from the Kawah
Jjen terrace, with the seeped-out crater lake water as source fluid
(van Hinsberg et al., 2017), and 3) the REE patterns of gypsum
precipitated in the laboratory from a synthetic solution
(Dutrizac, 2017). The lack of trends of (La/Pr)n.local rock
and (LREE/HREE)y.1ocal rock €ach one versus Al*, Na*, and
K* (Figures 11C-H) allows suggesting that the precipitation of
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alunite, as well as other Al-bearing minerals, is not the main
process fractionating the REE over time.

5.3 Processes Affecting REE Fractionation

and Their Implications Over Time

Previous studies have already focused on comparing REE
variations over time in volcanic fluids and their possible
connection with volcanic unrest. Wood (2006) analyzed the
patterns of REE in the crater lake of Mount Ruapehu
(New Zealand) between 1993 and 1998, a period including the
1995-1996 phreatomagmatic eruption. The REE chondrite
normalized patterns vary over time, specifically before and
after the eruption occurred in September 1995. The author
suggests that the concentrations of REE in the crater lake
could probably be correlated with the variation of the volcanic
activity. Varekamp (2015), comparing the REE concentrations in

the thermal spring fluids of Copahue volcano (Argentina-Chile),
found that the La/Sm ratio varied over time (1997-2005), with a
minimum in 2000, concomitant with an eruption. REE patterns
in the hyperacidic crater lake water of Santa Ana volcano (El
Salvador) during 2017 show changes in the LREE/HREE
normalized ratios (Colvin et al., 2013). The depletion of LREE
was considered as the effect of alunite precipitation (Varekamp,
2015). Morton-Bermea et al. (2010) did not notice an important
correlation between REE variations and volcanic activity at El
Chichén volcano (Mexico), probably due to the relative stability
of the volcanic activity during the period of observation and the
less extreme pH (H,S dominated degassing) and salinity of its
crater lake (Rouwet et al., 2008).

Inguaggiato et al. (2018) investigated the REE fractionation
during the in-lab precipitation of gypsum from the Laguna
Caliente lake waters and proposed that the pattern of REE in
water is also controlled by the precipitation of gypsum, a process
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that naturally occurs at the crater lake (Brantley et al., 1987). They
pointed out that gypsum preferentially incorporates LREE with
respect to HREE, affecting the relative proportion between the
two sub-groups, as also described in detail in Section 4.2.
Moreover, Ce, Pr, and Nd distribution coefficients, calculated
between gypsum and the lake waters of Pods and Kawah Ijen
volcanoes, are higher compared with the other REE, including La
that is part of the LREE (Inguaggiato et al., 2018; Inguaggiato
et al., 2020a). Hence, the preferential incorporation of LREE in
gypsum, particularly Pr, is also corroborated by 1) the opposite
trend of Ca concentration with respect to (La/Pr)n_jocal rock ratio
and 2) the same trend of Ca with respect to (LREE/HREE)y jocal
rock ratio in this study.

The maximum value of Ca* calculated (2,835 ppm) corresponds
to the precipitation of 12 g of gypsum per kg of water. Higher loss
of Ca was calculated in lake waters of stages 2 and 3 (periods of high

volcanic activity), interpreted as a higher amount of gypsum/
anhydrite precipitated than that in stages 1 and 4. A mass
balance was simulated to remove REE from lake water during
the precipitation of gypsum in a range from 2 to 12 g of gypsum per
kg of water. The average REE concentrations of the water samples
belonging to stage 1 (low volcanic activity), with (La/Pr)n.iocal rock
and (LREE/HREE)N.jocal rock Values close to 1, were considered as
the initial point when the REE ratios are not affected by strong
fractionation processes. The concentration of each REE in gypsum
([REE{]gypsum) precipitated from the lake was calculated using the
concentration of each REE in the water before considered as initial
point [REE;] e, and the average distribution coefficients of each
REE (Kp) in the gypsum precipitated in the laboratory from
Laguna Caliente lake water (Inguaggiato et al., 2018):

[REE;]

gypsum [REEI ] water™ Kp.

2
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TABLE 3 | Correlation matrix.

0.67
0.91
0.68
-0.49
0.91
0.82
0.03
-0.56

Mg

0.81
0.67
-0.05
0.68
0.85
-0.46
-0.14

Al

0.76
-0.40
0.92
0.90
-0.10
-0.51

Fe

1
-0.38
0.68
0.70
-0.14
-0.32

1
-0.49
-0.28
-0.43
0.38
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SO,

1
0.89
0.12

-0.66

Cl

1
-0.33
-0.59

S0,/CI

1
-0.03

Mg/Cl

1

La/Pr LREE/HREE T pH TDS SREE Na
La/Pr 1
LREE/HREE  -0.64 1
T 0.21 -0.48 1
pH -0.87 0.54 -049 1
DS 0.88 -0.62 049 -096 1
SREE 0.81 -0.52 037 -094 088 1
Na 0.67 -0.70 068 -0.73 069 067 1
K 0.86 -0.67 054 -092 091 08 071
Mg 0.59 -0.47 070 -075 073 071 071
Al 0.83 -0.62 059 -093 094 08 073
Fe 0.66 -0.58 058 -073 070 068 093
Ca -0.62 0.67 006 040 -045 -041 -0.40
S0, 0.90 -0.62 042 095 099 087 066
cl 0.76 -0.55 064 -090 093 083 069
S0,/Cl 0.18 -0.07 -045 001 002 -001 -0.16
Mg/Cl -0.53 0.23 -019 062 -065 -054 -023

Once the REE concentrations in the gypsum were known,
REE concentrations for different amounts of gypsum
precipitated per kg of water (six steps: 2, 4, 6, 8, 10, and 12 ¢
of gypsum) were calculated and then subtracted from the REE
concentrations of the initial lake water considered [REE;]yater-

The results mainly show an increase of the (La/Pr)niiocal rock
ratio (1-1.12) and a decrease of the (LREE/HREE)n.iocal rock
ratio (0.92-0.77). The REE ratios of the lake water, calculated
during the simulation of gypsum precipitation, are in the range
of values found in the lake water over time; (La/Pr)n.jocal rock
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FIGURE 10 | Isosol plots show that the amount of rock dissolved per liter of lake water and the loss of elements in water, especially Ca loss, is considered the effect
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ratio ranges from 0.93 to 1.35 and (LREE/HREE)N jocal rock ratio
ranges 0.71-0.95. The highest depletion of LREE is associated with
the precipitation of 12 g of gypsum per kg of water (Figure 12),
corresponding to the loss of Ca estimated in one of the water
samples belonging to stage 2. These results allow proposing that the
amount of gypsum precipitated is adequate to justify the changes of
(LREE/HREE)N.Jocal rock Tatios over time.

Martinez (2008) studied the variations of REE at the crater
lake and thermal springs at Pods volcano during the period

1978-2007 and found that the concentrations of REE vary
over time; specifically, some REE patterns show a depletion of
LREE, as also shown in this investigation. The author suggests
that the depleted LREE patterns could result from 1) fluid
interaction with altered rocks that were already depleted in
LREE or 2) LREE incorporation in alunite. Taking into
consideration that REE patterns of alunite group minerals
in other volcanic hydrothermal systems (Kikawada et al,
2004) are also enriched in LREE, it is likely that the
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precipitation of alunite in Laguna Caliente crater lake could
also favor the decrease of (LREE/HREE)n.1ocal rock in the
water. However, both (La/Pr)n.ocal rock and (LREE/
HREE)N jocal rock ratios show trends only with Ca*, in
contrast to Al*, K*, and Na*. Furthermore, the higher loss
of Ca (Ca*) with respect to the loss of Al (Al*) indicates that
the amount of gypsum/anhydrite precipitated is greater than
the quantity of alunite precipitated. These findings confirm
that gypsum and/or anhydrite precipitation play an important
role in fractionating the REE in the hyperacid crater lake of
Laguna Caliente over time. Moreover, Martinez (2008) also
identified gypsum in lake bottom sediments and suspended
particulate in the lake water column. The findings of gypsum
in lake water corroborate that the Ca loss can be justified by
gypsum or anhydrite precipitation. We cannot exclude the
precipitation of alunite in the Pods volcanic hydrothermal
system and the participation of the alunite in the REE
fractionation in water.

The low pH values of the lake waters registered from 2008 to
2016, during the increase of the volcanic activity, reflect an
enhanced input of acidic gases (such as SO,, HCI, and HF),
causing highly effective leaching of REE and major elements
from “fresh” volcanic rock, probably also accentuated by
continuous lake evaporation. This is consistent with the
increasing concentrations of *REE over time concurrently
to an enhanced gas input and the related pH drop. The rise
of (La/Pr)n.local rock ratio and the decrease of (LREE/

HREE)N jocal rock ratio, when phreatic activity is more
intense, are consistent with the possible gypsum/anhydrite
precipitation that affects the concentrations of REE
incorporating LREE preferentially with respect to HREE
and Pr with respect to La.

Based on the highest Mg/Cl ratios before the 2006-2016
phreatic eruption cycle, Rouwet et al. (2017) argued that the
resumed phreatic unrest was caused by the intrusion of a new
magma batch in 2005 or before, also supported by geophysical
(gravity, Rymer et al., 2009) and gas geochemical surveys
(Vaselli et al., 2003; Fischer et al, 2015). These findings
highlight that the variations of REE at Laguna Caliente
during the period 2009-2016, as well as the common
parameters used in volcano monitoring here reported for
comparison, are connected to the occurrence of volcanic
activity changes observable at the surface as multiple
eruptions.

6 CONCLUSION

The crater lake of Poas volcano, Laguna Caliente, was sampled
between June 2009 and February 2016, the period concerning
the phreatic eruption cycle before the April 2017
phreatomagmatic eruption. The occurrence of hundreds of
phreatic eruptions at Laguna Caliente during our sampling
period provided a unique occasion to study the role of REE as
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possible indicators for volcano monitoring at active hyperacid
crater lakes.

The concentrations of REE dissolved in the lake water vary
from 950 to 2,773 ug kg ', increasing as the phreatic activity
increases. The temporal evolution of (La/Pr)n.jocal rock and
(LREE/HREE)N.1ocal rock ratios shows a clear relation with
changes in volcanic activity, i.e., increasing and decreasing,
respectively, when the frequency of phreatic eruptions is
higher. The similarities observed comparing the patterns of
(La/Pr)N_local rock and (LREE/HREE)N_local rock ratios with
those of physico-chemical parameters, major elements
concentrations, and major elements ratios, “classically” used
for volcanic lakes surveillance suggest that their variations
seem to occur concurrently. The isosol plot, used to calculate
the g of rock per liter of lake water dissolved during the
congruent dissolution over time (10-70 g/L), shows that the
highest values were found in stage 2. The opposite behavior of
Ca with respect to the other major elements suggests an
important depletion of this element in the water caused by
Ca-bearing mineral precipitation, like gypsum and/or
anhydrite. The different amount of Ca loss in the water
during the four stages of volcanic activity indicates that the
precipitation process is greater during the stages of high
phreatic activity. Mass balance calculation confirms that the
gypsum precipitation, estimated during the period of
observation, is a good candidate to justify the depletion of
LREE observed in the REE patterns in lake water. Our
observations on REE changes over time and their relations
with the changes of major elements, physico-chemical
parameters, and the major changes of the volcanic activity
between 2009 and 2016 at Laguna Caliente demonstrate that
REE chemistry is an interesting tool in order to study water-
rock interaction processes at Pods volcano, or elsewhere.
However, further studies on the usefulness of REE in
Laguna Caliente crater lake and in other hyperacid crater
lakes are required to generalize the findings of this
investigation about the connection of REE with volcanic
monitoring.
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