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Volcanic lakes are complex natural systems and their chemical composition is
related to a myriad of processes. The chemical composition of major, minor, Rare
Earth Elements (REE) and physico-chemical parameters at the hyperacid crater
lake of Rincón de la Vieja volcano (Costa Rica) are here investigated during
February 2013–August 2014. The study of the lake chemical composition
allows to identify the main geochemical processes occurring in the lake and to
track the changes in the volcanic activity, both important for active volcanoes
monitoring. The total REE concentration (∑REE) dissolved in the crater lake varies
from 2.7 to 3.6 mg kg−1 during the period of observation. REE in the water lake
samples normalized to the average volcanic local rock (REEN-local rock) are
depleted in light REE (LREE). On the contrary REEN-local rock in the solids
precipitated (mainly gypsum/anhydrite), from lake water samples in laboratory
at 22°C, are enriched in LREE. The low variability of (La/Pr)N-local rock and (LREE/
HREE)N-local rock ratios (0.92–1.07 and 0.66–0.81, respectively) in crater lake
waters is consistent with the low phreatic activity (less than 10 phreatic
eruptions in 2 years) observed during the period of observation. This period of
low activity precedes the unrest started in 2015, thus, it could be considered as a
pre-unrest, characterized by infrequent phreatic eruptions. No clear changes in
the REE chemistry are associated with the phreatic eruption occurred at mid-
2013. The results obtained investigating water-rock interaction processes at the
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Rincón de la Vieja crater lake show that rock dissolution and mineral precipitation/
dissolution are the main processes that control the variability of cations
composition over time. In particular, precipitation and dissolution of gypsum
and alunite are responsible for the variations of REE in the waters. Despite the
low variations of (La/Pr)N-local rock and (LREE/HREE)N-local rock ratios, this study
allows to suggest that REE can be used, together with major elements, as
practical tracers of water-rock interaction processes and mineral precipitation/
dissolution at active hyperacid crater lakes over time, also during periods of
quiescence and low phreatic activity.

KEYWORDS

rare earth elements (REE), hyperacid crater lake, geochemicalmonitoring, sulfateminerals,
water-rock interaction

1 Introduction

In the past decades it has been largely demonstrated that the
studies of the chemical composition of volcanic lakes, as well as
the physico-chemical parameters, provide useful information
about the variation of volcanic activity (Rowe et al., 1992;
Christenson, 2000; Varekamp et al., 2000; Takano et al., 2004;
Tassi et al., 2005; Tassi et al., 2009; Varekamp et al., 2009; Rouwet
et al., 2017; Rouwet et al., 2019; Pappaterra et al., 2022). Volcanic
lakes are intricated systems and their chemical composition can
vary depending on the intertwining of natural processes that
occur in these peculiar environments. Deep volcanic fluid input
and water-rock interaction are the primary sources of anions and
cations dissolved in the water, respectively (Henley and Ellis,
1983; Delmelle and Bernard, 1994; Varekamp, 2015; van
Hinsberg et al., 2017). The different composition of lake
waters and their variations over time depend on the type of
gases and the variety of deposits and rocks that interact with the
lake waters (Deocampo and Jones, 2014). Moreover, processes
such as mineral precipitation, element vapor phase transport,
variations in the input of meteoric waters, infiltration of lake
water, sulfate reduction, induce changes in the lake volume and
its chemical composition (Komor, 1992; Komor, 1994;
Deocampo and Jones, 2014; Varekamp, 2015). Major and trace
element variations over time allow to identify the main processes
responsible for these changes as premonitory signals, and, in
some cases, also to quantify their contribution.

Despite the fact that many studies deal with volcanic lake
monitoring, most of these focus on the variations of major
elements and of physico-chemical parameters. Some previous
studies suggest that trace elements can also be used as
geochemical tracers of water-rock interaction processes that
occur at volcanic crater lakes. REE, for example, are sensitive
tracers of rock dissolution and mineral precipitation processes.
REE fractionation likely associated with the precipitation of
gypsum/anhydrite and alunite was found in several volcanic-
hydrothermal systems (Martínez, 2008; Varekamp, 2015;
Inguaggiato et al., 2017; Inguaggiato et al., 2018; Inguaggiato
et al., 2020a; Inguaggiato et al., 2020b; van Hinbserg et al., 2020;
Pappaterra et al., 2022). Studying the geochemical behavior of
REE at Poás’s Laguna Caliente, it was observed that the
differences in the ionic radii of REE lead to a differential
incorporation during gypsum/anhydrite precipitation, that

induce variations in their relative proportions over time and
are related to varying activity of the underlying volcano-
hydrothermal system (Inguaggiato et al., 2018; Pappaterra
et al., 2022). Moreover, it was found that REE variations over
time can reflect changes in volcanic activity of different volcanic-
hydrothermal systems (Wood, 2006; Morton-Bermea et al., 2010;
Varekamp, 2015; Pappaterra et al., 2022). Wood. (2006) found
that the concentrations of REE in the crater lake of Mount
Ruapehu (New Zealand) vary during 1993–1998 and these
changes seem to be related to the phreatomagmatic eruption
occurred in September 1995. Varekamp. (2015) found a relation
with the decrease of La/Pr ratio in the thermal spring fluids of
Copahue volcano (Argentina-Chile) and the occurrence of a
volcanic eruption in 2000. The results obtained by Morton-
Bermea et al. (2010) at El Chichón volcano (México), on the
contrary, show that there were not important variations in the
concentrations of REE during the period of observation,
probably due to the steady conditions in the volcanic activity
and the absence of volcanic eruptions. Recently, Pappaterra et al.
(2022) found that the variations of REE dissolved in the active
crater lake (Laguna Caliente) of Poás volcano (Costa Rica) are
sensitive to the changes in the phreatic activity during a period of
unrest occurred between 2009 and 2016. In particular, the
highest values of ∑REE and La/Pr ratio and the lowest values
of Light REE/Heavy REE (LREE/HREE; normalized to the
average local rock) are associated with the period of most
intense phreatic activity.

All these findings allow to propose that REE can be
considered not only as tracers of the geochemical processes
that usually occur at active crater lakes, but also as secondary
geochemical tool used together with major elements and physico-
chemical parameters, to detect the changes in the volcanic/
phreatic activity. However, it is important to investigate more
on the REE variations overtime in hyperacid crater lakes
worldwide, in order to better understand the sensitivity of
REE variations during the volcanic activity changes.

The present study investigates the major, minor, and REE
elements as well as physico-chemical parameters in the active
crater lake of Rincón de la Vieja volcano (Costa Rica) during the
pre-unrest stage (February 2013 to August 2014) in order to: 1)
investigate the response of major, minor and REE variations in
relation to the phreatic activity, 2) define the REE geochemical
behavior, 3) define themain water-rock interaction processes, and 4)
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compare the REE variations and their fractionation in the Rincón de
la Vieja crater lake, with those recently found in the Poás crater lake
where more dynamic changes in volcanic activity occurred. This
study contributes to increase the knowledge about the geochemical
behavior of REE in hyperacid crater lakes, and their sensitivity to
changes in volcanic activity.

2 Background information

2.1 Previous studies on geology and
geochemistry of Rincón de la Vieja volcano

Rincón de la Vieja volcano (10.83°N 85.324°W; 1916 m above sea
level) is one of the most active volcanoes in Costa Rica (Figure 1;
Fung, 2008; Alvarado and Cárdenes, 2017; González et al., 2021).
The area is characterized by the active subduction of the Cocos plate
beneath the Caribbean plate (Alvarado and Cárdenes, 2017). Rincón
de la Vieja is located in the NW of Costa Rica and it is part of the
Guanacaste Volcanic Range (GVR), in the North-western part of the
country (Kempter and Rower, 2000; Chavarria and Rodríguez, 2010;
Alvarado and Cárdenes, 2017; Tassi et al., 2018). The chemical
composition of the erupted products varies from basaltic andesite to
dacitic; however, most of them have an andesitic composition (Soto
et al., 2004).

Rincón de la Vieja, Miravalles and Tenorio volcanoes are part of
the Guanacaste Geothermal Province (GTP; Giggenbach and Soto,
1992). In the three volcanoes there are acid sulfate hot springs,
neutral chloride hot springs and fumaroles (Giggenbach and Soto,
1992; Kempter and Rower, 2000; Chavarria and Rodríguez, 2010;
Tassi et al., 2018). A thermal reservoir identified on the south flank
of Miravalles volcano allowed the construction of a geothermal

powerplant, built and completed during the 90s (Giggenbach and
Soto, 1992; Kempter and Rower, 2000).

The summit of Rincón de la Vieja volcano is characterized by the
presence of numerous coalescent cones, one of them, the only active
crater, hosts a hot hyperacid and hypersaline lake (Kempter and
Rower, 2000) that has a chemical composition similar to Poás’
Laguna Caliente (Rowe et al., 1992; Kempter and Rower, 2000; Tassi
et al., 2005; Tassi et al., 2009; Delmelle et al., 2015; Rouwet et al.,
2017; Rouwet et al., 2019). As previously found for similar volcanic
hydrothermal systems, the major cations and anions chemical
composition depend on gas input at the bottom of the lake from
the magma body and the consequent dissolution of the andesitic
rocks due to the high acidity of the waters (Kempter and Rower,
2000). Acid chloride-sulfate springs are located at the Northern
flank of the volcano (Kempter and Rower, 2000; Tassi et al., 2005).
Their chemical composition is coherent with the dilution of the
brine by meteoric waters; these springs are supposed to be seeps
from the crater lake (Kempter and Rower, 2000). Nevertheless,
cation concentrations are higher with respect to those expected
after dilution, which suggests an enrichment deriving from rock
dissolution by the seeped brines. The dissolution of the volcanic
deposits in the northern flank caused by the brines seeped from the
crater lake is the primary cause of flank instability and the
consequent collapse (Kempter and Rower, 2000; Delmelle et al.,
2015).

The last large eruption occurred around 3.6 ky ago. The deposits
associated, known as Río Blanco tephra, include a sub-plinian layer,
with pumice and scoria (Kempter et al., 1996; Soto et al., 2004).

The eruptive mechanism was identified studying the chemical
composition of these products, which can be explained with the
involvement of a dacitic magma (Soto et al., 2004). The latter authors
suggest that the intrusion of a new magma in the magma chamber,

FIGURE 1
Map of Central America and location of Rincón de la Vieja volcano (black triangle). Detail of the active crater lake and location of the sampling point
(red circle).
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with andesitic composition, could have been the trigger of the
pyroclastic flow erupted 1.5 ka (Kempter et al., 1996; Soto et al.,
2004). This andesitic magma is probably the one involved in the
most recent and present volcanic activity (Soto et al., 2004).

2.2 Activity of Rincón de la Vieja volcano
from 2013 to 2022

The information about the phreatic activity of Rincón de la Vieja
during 2013–2022 here presented has been compiled using data
from public sources (Red Sismológica Nacional, Universidad de
Costa Rica, RSN:UCR-ICE, 2023; Observatorio Vulcanológico y
Sismológico de Costa Rica, OVSICORI, 2022). The volcanic
activity of Rincón de la Vieja volcano was stable and low during
the period of observation of the current study, from February
2013 to August 2014. The period of unrest, which signed the
start of the current phreatic activity (and also phreatomagmatic
events) at the crater lake, began in 2015. The volcanic activity since
2015 counts more than 150 phreatic eruptions (2015–2022). Many
of these events have been characterized by eruption columns with
heights up to 2,000 m. Four phreatomagmatic eruptions occurred
after 2015, often generating lahars on the north flank of the volcano
that reached the Pénjamo river, affecting the local fauna. González
et al. (2021) suggest that the large earthquake sequence of Central
America in 2012 could have promoted an increase in the number of
volcanic eruptions in the Central American Volcanic Arc (CAVA),
including Rincón de la Vieja volcano.

During 2013, just one phreatic eruption has been observed and
confirmed, on July 10th. The eruptive column of this phreatic
eruption was only ~10 m high. White plumes rising from the
active crater are reported on 26 February 2013. However, there
were no seismic signals associated with a phreatic eruption. An
important lake level drop was observed during February 2013
(−2.5 m with respect to the level measured in December 2012),
coincident with a decrease in lake temperature. An intensification
of the seismic signal has been recorded during August and November
2013, likely associated with fluids circulation. Moreover, sulfur
spherules floating at the surface of the lake, proving the presence
of a molten sulfur pool at the lake bottom, could probably be related
with increased volcanic activity. Nevertheless, there are no phreatic
events confirmed for the periodAugust–November 2013. Considering
that only one phreatic eruption was reported during the period of
observation (February 2013–August 2014), we arbitrarily named this
period as “low phreatic activity.” Four phreatic eruptions are reported
for 2014: three in September (17-19-20th) and another one at the end
of October (24th). Unfortunately, in this study the crater lake was
sampled until August 2014 thus it was not possible to compare the
data about the chemistry of the crater lake with the activity occurred at
the end of 2014.

3 Sampling and methods

3.1 Sampling

The crater lake of Rincón de la Vieja (Figure 1) was sampled
eight times between February 2013 and August 2014. In each field

trip, two samples of water were collected at the same sampling point,
by throwing in a 1L sample bottle with a fishing rod from a ridge,
30 m above the lake surface. The samples were filtered in situ using
Millipore filters with diameter of the pores of 0.45 µm and stored in
50 mL HDPE bottles. The samples were not acidified; acidification,
in fact, is not necessary for hyperacid waters (pH ~ 0) like the ones
hosted at Rincón de la Vieja crater lake. The temperature of the lake
was measured with a digital thermometer immediately after
retrieving the sample bottle, and pH was determined in the
laboratory by titration using a NaOH solution (1M).

Variations in lake level were estimated from a scaled picture for
each sampling campaign, except for November 2013, when the
scaled picture was taken almost a month and a half later (December
12th). The changes in the lake level are here reported as the
difference of the level (in m) with respect to reference level of
April 2012.

3.2 Samples treatment

The water samples collected for chemical analyses, and stored in
the HDPE bottles, were left in laboratory at a room temperature of
~22°C. The natural precipitation of secondary minerals occurred in
four out of eight water samples (RVW4, RVW5, RVW6, and
RVW8). The precipitated solid phases were separated by filtering
the water sample using filters with a pore diameter size of 0.45 µm. A
small part of all the solids was separated to carry out the chemical/
mineralogical characterization with SEM-EDS. The remnants of the
minerals precipitated were dried at 40°C for 24 h, grounded and
dissolved using different amounts of HCl, HNO3 and ultrapure
H2O, depending on the weight of the solid phase.

All the water samples and solid dissolved in the solution were
diluted to reach a final salinity of ~0.6 g L−1.

3.3 Analytical procedure and laboratory
equipment

Crater lake waters and dissolved solid phases were analyzed for
their major elements (Na, K, Ca, Mg, Si) at INGV-Palermo using an
ICP-OES Ultima 2 (Horiba Jobin-Yvon): the concentrations of the
elements are determined with quantitative methods using the
calibration solutions in an opportune range for each element and
calculating the weighted regression curve constructed with
10 calibration points. The concentrations of the elements in the
analyzed samples are calculated with the spectrometer software (ICP
Analyst, version 5.4). The accuracy of the analysis is validated
analyzing different CRM solutions (NIST 1643e, SPS-SW1 and
SPS-SW2) for each analytical session and never exceeds 10%.
The precision (RSD) of analysis is calculated by three repetitions
for each sample. Anion concentrations (Cl, SO4, F) were determined
by ionic chromatography (Dionex ICS 1100) previous opportune
calibration performed on six levels in different ranges for each anion.
Charge balance was calculated by PRHEEQC interactive software
using THERMODDEM database and it is below 3%.

The concentrations of REE, Fe, Al, Ba and Sr were analyzed by
ICP-MS Agilent 8,800 at “Sistema de Laboratorio Especializado de
Ciencias de la Tierra” (SLE-CT) in the Centro de Investigación

Frontiers in Earth Science frontiersin.org04

Pappaterra et al. 10.3389/feart.2023.1197568

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1197568


Científica y de Educación Superior de Ensenada, Baja California
(CICESE). The ICP-MS was calibrated with a calibration curve of
14 points ranging in concentration from 2.5 ppt to 2,000 ppb. A
solution with 103Rh, 115In and 185Re (internal standards) was used to
monitor the sensitivity variation. The internal standard solution was
added inline by a T piece that mixes the sample solution with the
internal standard solution. The SPS-SW1 reference material was
analyzed to evaluate the accuracy of the analysis. The accuracy of the
REE is mostly <5%, while the accuracy of Fe, Al, Ba and Sr is <8%.

The mineralogical characterization of the solids precipitated was
performed at the Università della Calabria (UniCal) through Energy
Dispersion Microanalysis by Scanning Electron Microscope (SEM-
EDS), using an Ultra High-Resolution SEM (UHR-SEM) - ZEISS
CrossBeam 350, equipped with an EDS - EDAXOCTANE Elite Plus,
Silicon drift type spectrometer (instrumental acquisition conditions:
HV: 15 keV; Probe current: 100 pA; Working Distance: 11 mm,
Take off: 40°, Time: 30 s).

3.4 Data treatment

The REE were subdivided in two sub-groups: 1) the sub-group
of the Light Rare Earth Elements (LREE) including the elements
from La to Gd, and 2) the sub-group of the Heavy Rare Earth
Elements (HREE) including the elements from Tb to Lu, plus Y.
REEN-local rock refers to the REE concentrations in the samples
normalized to the REE average composition of the local volcanic
rocks, mainly basaltic andesite and andesite rocks (Carr et al.,
2013).

The two subgroups of REE can be differently affected by the
processes that usually occur in hyper-acidic-hypersaline
environments, like leaching from the volcanic rocks and the
incorporation during mineral precipitation. The (LREE/
HREE)N-local rock ratio is calculated using the following formula:

LREE/HREE( )N−local rock � ∑ LREEN−local rock/∑HREEN−local rock
(1)

where ∑LREEN-local rock is the sum of the LREE concentrations
in the samples, each element normalized to the LREE of the local
volcanic rocks and ∑HREEN-local rock is the sum of the HREE
concentrations in the samples, each element normalized to the
HREE of the local volcanic rocks. The (LREE/HREE)N-local rock was
used to identify water-rock interaction processes, as well as the
dissolution of the primary rocks and precipitation/dissolution of
secondary minerals. LREE, in fact, are preferentially incorporated
during the precipitation of secondary minerals (gypsum/
anhydrite, alunite, jarosite, barite) with respect to the HREE
(Guichard et al., 1979; Deyell et al., 2005; Inguaggiato et al.,
2018; Inguaggiato et al., 2020a; Inguaggiato et al., 2020b; van
Hinsberg et al., 2020; Pappaterra et al., 2022; Cuadros et al.,
2023). In particular, the results obtained studying the
incorporation of REE in gypsum show a preferential
incorporation of Pr with respect to the other LREE (Dutrizac,
2017; Inguaggiato et al., 2018; Inguaggiato et al., 2020a). This
preferential incorporation is due to the similarity between Pr and
Ca ionic radii in eightfold coordination in gypsum respect to the
other LREE ionic radii (Dutrizac, 2017). Cuadros et al. (2023)

studied the REE incorporation in alunite and jarosite minerals,
finding that LREE are preferentially incorporated in both minerals
with respect to HREE. In particular, the authors found a REE
pattern decreasing from La to Lu for jarosite mineral and a
preferential incorporation of Nd and Sm for alunite. This
differential incorporation is due to the different size of the
K-site in 12-fold coordination, larger for jarosite (Cuadros
et al., 2023).

The (LREE/HREE)N-local rock and (La/Pr)N-local rock ratios here
used to investigate about the variations of REE in the crater lake over
time, allow to consider the effect of mineral precipitation and the
consequent changes of REE at the crater lake during 2013–2014. In
particular, the use of (La/Pr)N-local rock ratio allows to evaluate
specifically the role of gypsum/anhydrite and its impact on REE
behavior.

The correlation between all the variables (temperature, pH,
major and minor elements, major elements ratios, TDS, ∑REE,
and (La/Pr)N-local rock (LREE/HREE)N-local rock ratios in the lake
waters) was tested with the Pearson’s coefficient, using the following
formula:

r � ∑[(Xi − �X)(yi − �y)]/
���������������������∑ (Xi − �X)2 *∑ yi − �y( )2√

(2)

The value of r spans between −1 and +1 where r=|1| indicates a
perfect (positive or negative) correlation while r=0 indicates that
there is no relationship between the variables considered. The
significance of the correlations was tested calculating the p-value.
The correlation is considered significant if p-value <0.05.

4 Results

4.1 Physico-chemical parameters, major and
minor elements of lake water

The major element composition and physico-chemical
parameters of Rincón de la Vieja crater lake waters during the
period 2013-2014 are reported in Table 1. The temperature varies from
28°C to 35°C, all the samples have pH < 0 that varies
between −0.22 and −0.11. The Total Dissolved Solids (TDS)
concentrations span from 82 to 115 g kg−1. Supplementary Figure S1
shows the major element composition of the waters and their changes
during the period of observation. It is noted that the major element
composition varies during the period of observation. However, the
variability of some major elements, particularly Ca, is slighter with
respect to the variability found during long period of observation in
similar active crater lakes (Rouwet et al., 2017; Pappaterra et al., 2022). Al
is the cation with the highest concentrations that span from 5,920 to
8,415mg kg−1, followed by Fe and Na that varies from 2,286 to 3,668 and
1,403 to 2,221 mg kg−1, respectively. Mg, K and Ca concentrations range
from 953 to 1,533, 833 to 1,253, and from 863 to 1,037 mg kg−1,
respectively. Considering only the major and minor cations, Ba
represents the one with the lowest concentrations that range between
0.08 and 0.13 mg kg−1.

The anion composition is dominated by Cl and SO4 with
concentrations up to 34,694 and 59,013 mg kg−1, respectively.
The SO4/Cl weight ratio varies in a narrow range from 1.7 to 1.9.
Fluoride concentrations are one order of magnitude lower than
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sulfate and chloride concentrations, from 2,269 to
3,467 mg kg−1.

4.2 Chemical composition and mineralogy
of the solid phase

The relative proportions of the major elements in the solid
phase are reported in Table 1 and expressed as the weight percent
of the corresponding oxide (wt%), calculated using the
concentrations determined by ICP-OES in the solid phases
dissolved in laboratory and analyzed by ICP-OES. The results
show that all the samples are mainly composed of CaO (29%–

37%) and SO3 (46%–58%). The sum of all the other oxides is
always minor than 5%. SEM-EDS analysis provided high-
definition images and the chemical composition of the surface
of the solids precipitated (Figures 2, 3). The main minerals
precipitated, gypsum and anhydrite (CaSO4·2H2O/CaSO4),
have elongated prismatic habit with uniform, smooth and
homogeneous surfaces (Figures 2A, B). Gypsum/anhydrite
crystals are also present as small aggregates (Figure 2C). The
CaO and SO3 wt%measured in several gypsum/anhydrite crystals
with SEM-EDS are similar between the samples (~45% and ~55%,
respectively). However, since SEM-EDS analysis does not allow
to quantify the amount of water, it is not possible to discern if the
mineral identified is gypsum or anhydrite. More likely all the
samples are composed by variable amounts of both minerals as
previously observed by Inguaggiato et al. (2020a) for the solids
precipitated at Kawah Ijen crater lake (Java, Indonesia). The
authors show in fact that the XRD analysis carried out on the

solids precipitated at the crater lake of Kawah Ijen volcano
confirms that various of the solid samples are mainly
composed by gypsum (≥90%) and minor amounts of
anhydrite (≤10%). The samples RVS4 and RVS6 show
extended coating with bright to dark color on gypsum crystals
(Figure 2D). The analysis of the coatings reveals that they are
mainly composed by Al2O3 and SO3, with minor amounts of
Fe2O3, Na2O, K2O, CaO.

The high-definition images obtained with SEM-EDS reveal the
presence of other minerals on the surface of gypsum/anhydrite
crystals (Figure 3). These appear like minute isolated crystals
(1–2 µm) or small aggregates (~5–20 µm) of sulfate minerals: 1)
Al-sulfate often with low percentage of F (Figure 3A), 2) Fe,
K-sulfate minerals (Figure 3B) 3) Ba, Sr-sulfate minerals
(Figure 3C) and 4) Al-sulfate with significative amount of Mg
around 10% (Figure 3D). Dark grey cubic or bipyramidal crystals
of Al sulphate are particularly abundant in the sample RVS4
(Figure 3A). Fe, K-sulfate minerals were found in all the samples
although they show a unique rosette pattern only in the sample
RVS4 (Figure 3B). Isolated crystals of Ba, Sr-sulfate with acicular
habit that sometimes form small aggregates were found in all the
samples (Figure 3C). Al, Mg-sulfate minerals that show a peculiar
fibrous habit were identified only in the samples RVS5 and RVS6
(Figure 3D). On the basis of the chemical composition and the habit
of all the minerals identified, it is likely that they correspond to the
following minerals: alunogen (Al2(SO4)3·17(H2O)) or another
hydrated Al sulfate, jarosite (K, Fe3(SO4)2(OH)6) and barite/
celestine (BaSO4/SrSO4).

The results obtained with the SEM-EDS are coherent with the
chemical composition of the dissolved solid phases analyzed by ICP-

TABLE 1 Chemical composition of lake waters (mg kg−1), TDS (g kg−1) physico-chemical parameters and chemical composition of solid phases precipitated (wt%).

Chemical composition of the lake waters

Sample Date T (°C) pH Na K Ca Mg Si Al Fe Sr Ba F Cl SO4 TDS

RVW4 13/02/2013 32.1 −0.22 2,221 1,254 959 1,533 53 8,416 3,538 28 0.076 3,467 34,694 59,013 115

RVW5 10/04/2013 30 −0.22 1,991 1,149 982 1,398 53 7,144 3,668 26 0.098 3,117 30,384 54,292 104

RVW6 16/07/2013 31.4 −0.11 1,451 833 1,037 1,059 66 5,940 2,486 23 0.083 2,366 23,773 43,031 82

RVW7 03/10/2013 35 −0.1 1,476 864 888 1,082 42 6,100 2,674 22 0.110 2,318 23,805 43,300 83

RVW8 12/12/2013 29 −0.11 1,403 833 1,009 1,041 52 5,920 2,940 22 0.085 2,269 23,300 43,317 82

RVW9 16/01/2014 29 −0.17 1,641 1,010 863 1,124 42 7,309 2,738 24 0.107 2,654 26,911 48,786 93

RVW10 24/04/2014 33 −0.21 1,796 1,085 870 1,255 40 7,188 3,031 23 0.079 2,804 29,202 54,668 102

RVW11 05/08/2014 28.4 −0.16 1,432 867 880 953 46 6,697 2,499 24 0.131 2,453 25,776 49,010 91

Chemical composition of the solid phase precipitated

Sample CaO K2O MgO Na2O SiO2 Al2O3 Fe2O3 SrO BaO SO3 Tot

RVS4 37.0 1.00 0.105 0.90 0.50 1.12 0.511 0.119 0.0045 58.0 99.3

RVS5 30.3 0.77 0.053 0.65 0.50 0.53 0.234 0.097 0.0062 45.8 79.0

RVS6 29.1 0.72 0.009 0.51 0.43 0.09 0.032 0.093 0.0015 46.1 77.1

RVS8 32.7 0.90 0.009 0.60 0.50 0.06 0.025 0.098 0.0017 51.2 86.1
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OES and ICP-MS, corroborating that the solid phases are mainly
composed of Ca sulfate minerals (gypsum/anhydrite) and minor
amounts (<5%) of other sulfates (Al, Fe andK, Ba, Sr sulfateminerals).

4.3 REE in waters and the solids precipitated

The total concentration of REE in water (∑REE) varies over time
from 2.7 to 3.6 mg kg-1 (Table 2). REE concentrations normalized to
the average composition of the local volcanic rocks (basaltic andesite
and andesite rocks; Carr et al., 2013) show non-flat patterns, but
LREE depleted patterns (Figure 4A). The ∑REE in the solids
precipitated varies from 38 to 49 mg kg−1. All the patterns of
REE in the solid phases normalized to the local volcanic rock
show, instead, LREE enriched patterns (Figure 4B).

The concentrations of the REE in the waters and the solids
precipitated were used to calculate the distribution coefficient (KD)
for each element belonging to the REE, using the following
formula:

KD � REEi[ ]s/ REEi[ ]aq (3)

where [REEi]s is the concentration of a selected REE in the
minerals precipitated and [REEi]aq represents the concentration

of the same REE in the lake water from which the minerals
precipitated. The results (Table 2; Figure 4C) show that the
values of KD are higher for LREE than HREE for all the
samples. In particular, the values of the KD increase from La to
Nd. The latter and Pr have similar KD values and are the REE with
the highest KD calculated. The values of KD then drastically
decrease from Sm to Lu.

4.3.1 Comparison of REE variations with major,
minor elements and physico-chemical parameters
over time

The (La/Pr)N-local rock and (LREE/HREE)N-local rock ratios were
used to study the variations of REE patterns in crater lake water over
time (Figure 5A) and to look at the processes that may have caused
these variations, like leaching from the local volcanic rocks,
dissolution and precipitation of secondary minerals. The (La/
Pr)N-local rock ratio shows a low variability over time that ranges
from 0.92 to 1.07 (Table 2; Figure 5A). The ratio decreases at the end
of 2013 and then it rises at the beginning of 2014. The (LREE/
HREE)N-local rock ratio varies between 0.66 and 0.81 and steadily
increases throughout the considered period. The variations of the
two ratios are compared with the variations of ∑REE over time
(Figures 5B, C). It is observed that ∑REE decreases during the first

FIGURE 2
Gypsum/anhydrite crystals identified through SEM-EDS analysis. (A) isolated crystal of gypsum/anhydrite; (B) gypsum/anhydrite crystals and the
relative chemical composition; (C) aggregates of gypsum/anhydrite crystals; (D) gypsum/anhydrite with extended coatings on the surface of the crystals
and the relative chemical composition.
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half of the period considered until 2.8 mg kg−1 in July 2013, then it
slightly increases until 2.9 mg kg−1 in October 2013 and then
decreases again and reaches the lowest value (2.7 mg kg−1) at the
end of the year. On the contrary, the ∑REE increases during the
second half of the period of observation and reaches 3.2 mg kg−1 at
the end of August 2014.

The correlations calculated between (La/Pr)N-local rock, (LREE/
HREE)N-local rock and ∑REE are not significant, and they are equal
to −0.17 and −0.37 respectively (Figure 5; Supplementary Table S1).
The correlation between (La/Pr)N-local rock and (LREE/HREE)N-local
rock ratios is equal to 0.16. However, it can be observed that ∑REE
show values of the correlation coefficient >0.67 with all the major
elements, except Ca, Si and Ba.

The correlation between the variations of (La/Pr)N-local rock and
(LREE/HREE)N-local rock and the variations of major and minor
elements (Na, K, Mg, Ca, Al, Fe, Si, Ba, Sr, S, Cl, F), Mg/Cl and
SO4/Cl ratios and physico-chemical parameters over time were
calculated (Supplementary Table S1). The results show that the
correlation between (La/Pr)N-local rock ratio over time, the
variations of major elements, their ratios and physico-chemical
parameters vary from ǀ0.03ǀ and ǀ0.43ǀ. The correlation is higher
for (LREE/HREE)N-local rock ratio with values that span from ǀ0.38ǀ

and ǀ0.81ǀ (Supplementary Table S1). The correlations calculated
between the cations, anions and (LREE/HREE)N-local rock

variations show the highest values for K (−0.64), Na (−0.73), Fe
(−0.75) andMg (−0.81). Moreover, all the correlations are negative
except for Ba (0.52). However, it is important to specify that the
only significant values of the Pearson’s coefficient are those
calculated between (La/Pr)N-local rock and temperature, and
between (LREE/HREE)N-local rock and Na, Mg, Fe, Mg/Cl and
SO4/Cl. Regarding the behavior of the major elements it is
noted that almost all the major anions and cations behave
similarly except Ca, Ba and Si. Their variations over time are in
fact different with respect to the variations of all the other elements
considered. For this reason, the variations of all the major elements
over time, except Ca, Ba and Si, are here represented by the pattern
of TDS over time (Figures 6A, B). The different behavior of Ca, Si
and Ba (and their patterns over time; Figures 7A–F) is also
congruent with the values of their correlation coefficients
(Supplementary Table S1). Looking at the results obtained, in
fact, the correlation coefficients calculated between all the major
elements (except Ca, Si and Ba) vary between ǀ0.66ǀ and ǀ0.98ǀ
while the correlation coefficients calculated between Ca, Si, and Ba
and the other major elements are always lower than ǀ0.4ǀ. Ca and Si

FIGURE 3
Sulfateminerals on gypsum/anhydrite crystals identifiedwith SEM-EDS analysis and the relative chemical composition: (A) Al-sulfate; (B) jarosite; (C)
baryte; (D) Al, Mg-sulfate.
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are well correlated (0.92) also shown with similar temporal
variations (Figure 7 a, 7b, 7c, 7d). Analyzing in detail all the
patterns (Figures 6 and 7) we can observe that the major elements
(represented by TDS pattern), except Ca, Si and Ba (Figures 6, 7)
are characterized by high concentrations in March 2013, which
then decrease abruptly and successively remain quite constant
during the year.

No clear correlation is observed between themajor, minor elements
and physico-chemical parameters and (La/Pr)N-local rock, (LREE/
HREE)N-local rock and ∑REE (Supplementary Table S1). However,
the ∑REE is highly correlated with TDS (Supplementary Figure S2),
almost all the major cations (except Ca, Fe, Si and Ba) and the major
anions variations over time (r ≥ 0.77). Finally, there is no relation
between the values of∑REE, (La/Pr)N-local rock and (LREE/HREE)N-local
rock ratios and the phreatic eruption occurred on July 10th.

4.4 Rainfall versus lake level fluctuations

In terms of climate, northwest Costa Rica is affected by a dry
season, from January to April, and awet season, fromMay toDecember
(Alvarado and Cárdenes, 2017; Instituto Meteorológico Nacional,
2022).

Supplementary Figures S3A, B shows the monthly rainfall (in
mm) and variations in crater lake level for the period April
2012–September 2014 (reports, Instituto Meteorológico Nacional,
2022). An anomalous amount of rain was reported during April 2012
(125 mm), compared with April 2013 (0 mm) and April 2014
(4.9 mm). During the wet season of 2012, the quantity of rain
varied from 1 mm (December) to 235 mm (September). No
anomalous data of rainfall are reported during the dry season of
2013 compared to the previous year. The total amount per month of
mm during the wet season is higher in 2013 (1,741 mm) with respect
to the wet season of 2012 (1,360 mm). According to the amount of
rain reported during the preceding years, also in 2014, the quantity of
rain during the dry season is low (4.9 mm from January to April).
The wet season of 2014 is characterized by lower rainfall with respect
to the previous years during the period from May to August.
However, in September 2014 the highest amount of rain
(425 mm) is recorded.

The variations of the lake volume are reported as the relative
variation of the lake level over time (m) compared to point “0”,
which corresponds to the level measured in April 2012.
Supplementary Figure S3 shows that the lake level decreases
throughout the entire period of observation. In particular, it
decreases during the wet season of 2012 and remains stable

TABLE 2 REE concentrations in waters and solid phases precipitated (µg kg-1), and the REE distribution coefficients calculated.

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu Tot (La/
Pr)N-
local

rock

(LREE/
HREE)N-
local rock

REE concentrations in waters

RVW4 456 1,160 136 532 109 31 127 19 111 686 25 81 13 95 16 3,596 1.00 0.66

RVW5 437 1,119 130 507 103 30 122 18 106 619 24 77 12 89 15 3,406 1.00 0.67

RVW6 385 933 112 435 86 25 97 14 83 490 18 60 9 69 12 2,830 1.02 0.72

RVW7 363 998 118 456 90 27 104 15 88 484 19 63 10 72 12 2,917 0.92 0.73

RVS8 385 928 108 418 81 23 92 13 78 460 17 56 9 65 11 2,745 1.07 0.75

RVW9 429 1,081 124 477 92 27 107 15 90 516 20 67 11 75 13 3,143 1.03 0.74

RVW10 428 1,132 131 516 105 29 115 16 96 536 21 67 10 77 13 3,292 0.97 0.77

RVW11 452 1,130 132 514 101 28 110 16 91 510 20 63 10 71 12 3,258 1.02 0.81

REE concentrations in solids precipitated

RVS4 6,281 21,260 2,916 11,866 1,850 397 1,225 134 564 1,988 93 250 23 148 17 49,012

RVS5 5,258 16,797 2,250 8,964 1,357 286 900 90 382 1,274 60 168 17 93 11 37,905

RVS6 4,731 16,965 2,291 8,938 1,348 287 895 96 386 1,261 64 161 15 72 10 37,520

RVS8 6,127 22,302 3,023 11,866 1,748 354 1,082 106 412 1,266 65 180 16 89 10 48,645

REE distribution coefficients KD

RVS4 13.85 18.44 21.61 22.52 17.12 12.72 9.71 7.21 5.11 2.90 3.74 3.08 1.80 1.55 1.10

RVS5 12.17 15.23 17.60 17.99 13.34 9.78 7.44 5.13 3.63 2.06 2.55 2.19 1.37 1.04 0.77

RVS6 12.43 18.48 20.73 20.91 15.85 11.78 9.26 6.85 4.65 2.58 3.53 2.70 1.54 1.04 0.82

RVS8 16.09 24.47 28.62 29.00 21.86 15.50 11.91 8.34 5.31 2.76 3.79 3.21 1.85 1.36 0.93
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at −0.5 m during September and December 2012. The
decreasing trend continued during the dry season of 2013, to
reach −3.5 m in late-April 2013. Due to the lack of data between
May and September 2013 it is not possible to quantify the
fluctuations of the lake level. However, the observed lake level is
higher in October 2013 compared the previous measurement
(−2.5 m). The only data available for the 2014 dry season are at
the end of April, when the level drops, to reach the lowest level
during the entire period of observation corresponding
to −4.25 m. Afterwards, the lake level rises again during the
wet season, up to −3.5 m.

5 Discussion

5.1 Major and minor elements variations in
lake water and geochemical processes over
time

The chemical composition and physico-chemical parameters of
active crater lakes can provide important information about the
volcanic activity (Christenson, 2000; Varekamp et al., 2000;
Varekamp et al., 2009; Rouwet et al., 2017; Rouwet et al., 2019).
The low variability of the water temperature (28.4°C—35°C; Table 1)
at Rincón de la Vieja crater lake suggests that during the period of

FIGURE 4
(A) REE patterns of the lake waters normalized to the local
volcanic rocks; (B) REE patterns of the solids precipitated (mainly
gypsum/anhydrite) normalized to the local volcanic rocks; (C) REE
distribution coefficients (KD) calculated between solids
precipitated (mainly gypsum/anhydrite) and the lake waters of Rincon
de la Vieja.

FIGURE 5
(A) (La/Pr)N-local rock and (LREE/HREE)N-local rock variations in
crater lake waters vs. time; (B) (La/Pr)N-local rock and ∑REE variations in
crater lake waters vs. time; (C) (LREE/HREE)N-local rock and ∑REE
variations in crater lake waters vs. time.
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observation the volcano was characterized by relatively stable and
low phreatic activity, as confirmed by the negligible number of
phreatic eruptions. The occurrence of a phreatic eruption on 10 July
2013, is not preceded by an increase in anion concentrations, neither
by an increase of the lake temperature, parameters that can generally
reflect an increase in the gas input. On the contrary, the
concentrations of SO4, Cl and F in the lake started to decrease at
the beginning of 2013 and dropped just after the occurrence of the
phreatic eruption of 10 July 2013. The concentrations increased
during 2014 and then decreased again before the phreatic eruptions
of September 2014 (Table 1).

The ISOSOL plot (Inguaggiato et al., 2015; Varekamp, 2015;
Inguaggiato et al., 2020a; Inguaggiato et al., 2020b) was used to
investigate the processes that affect the variations of major and
minor elements over time in the crater lake of Rincón de la Vieja
(Figures 8A–H). The ISOSOL plot allows to compare the chemical
composition of the lake waters with that of the rocks which they are
interacting with. This plot allows to identify the main water-rock
interaction processes that could be responsible for the fluid
chemistry. However, since the congruent rock dissolution line is
graphically estimated, it implies that the method is characterized by
a certain grade of arbitrariness. The chemical composition of the local
volcanic rocks used for the ISOSOL plot is the average chemical
composition of andesitic rocks and andesitic scoria deposits forming
the crater wall (Alvarado and Cardenes, 1985; Soto et al., 2004; Carr
et al., 2013; Supplementary Table S2). Plotting the chemical
composition of each water vs. the average composition of the local

volcanic rocks, it was possible to estimate the amount of rock dissolved
for each sample, element by element (Figure 8). The ISOSOL plots show
that most of themajor elements lie on or near the congruent dissolution
line for all the samples (Figures 8A–H). Al and Na, instead, are always
slightly enriched in the water with respect to the rock (Al and Na
excess), whereas Ca, Ba, and Si are always depleted (Ca, Ba, Si loss).
Considering only the aligned elements, it is possible to estimate the
quantity of local volcanic rock dissolved in the crater lake water, ranging
from 160 g kg–1 in early-February 2013 to 110 g kg–1 in late-2014
(Figure 8; Table 3). The Al excess can be explained by the re-dissolution
of Al-bearing minerals, like alunite, probably precipitated at the bottom
of the lake or in the underlying hydrothermal system. The concomitant
excess of Na could be related to the type of alunite mineral, mainly
natro-alunite. The K/Na and Al/Fe ratios in waters were compared with
those in the average local volcanic rocks (0.70 and 1.64, respectively).
The K/Na ratio in the waters spans from 0.56 to 0.61 (the ratio slightly
increases throughout the period of observation), while Al/Fe in the
waters varies from 1.95 to 2.68. The finding of different values of the K/
Na and Al/Fe ratios in the waters respect to the same ratios in the
average local rock allows to propose that additional processes, more
than the iso-chemical dissolution of the local volcanic rocks, control the
concentrations of these cations in the waters. Specifically, the lower K/
Na ratio and the higher Al/Fe ratio in the waters with respect to the
same ratios in the average local volcanic rock, could support the
redissolution of natro-alunite suggested with the ISOSOL plot.
Beyond the redissolution of natro-alunite, these findings could also
coincide with jarosite precipitation. The precipitation of jarosite in the
crater lake is supported, in fact, by the SEM-EDS analysis that allow to
identify various sulfates on gypsum/anhydrite crystals, jarosite among
them (Figure 3B). Looking at the cations that show a depletion with
respect to the near congruent rock dissolution line, the lower
concentrations of Ba and Si in the waters suggest the precipitation
of barite and silica, respectively. The depletion in Ca (Ca loss) is
consistent with the precipitation of Ca-bearing minerals like
gypsum/anhydrite, as found in the analysis of the solid phase
precipitated in laboratory in some of the water samples (Figure 2;
Table 1), and at other craters lakes like those of Poás (Inguaggiato et al.,
2018; Pappaterra et al., 2022) and Kawah Ijen (Java, Indonesia;
Inguaggiato et al., 2020a; van Hinsberg et al., 2020). In particular,
XRD analysis of the solid precipitated in laboratory from the water
sampled at Poás crater lake (Inguaggiato et al., 2018) shows that gypsum
is the main mineral. Similarly, the XRD and SEM-EDS analysis carried
out on the solids precipitated in laboratory from the Kawah Ijen
hyperacid crater lake (Inguaggiato et al., 2020a) shows that gypsum
and minor amounts of anhydrite are the main minerals precipitated.
Minor amounts of Al-sulfate, jarosite, barite and celestite are identified
on the surface of the main crystals, as also identified in this study. These
results fit the experimental data on the precipitation of secondary
minerals due to the evaporation of hyperacid brines (Gamazo et al.,
2011; Toner et al., 2015; Rodríguez et al., 2018), showing that gypsum/
anhydrite are the first minerals to precipitate followed by sulfates
composed of Al, Fe, Na, and K, like the minerals identified at
Kawah Ijen crater lake (Inguaggiato et al., 2020a) and in this
investigation. Despite the slight variation of pH during 2013–2014,
the role of pH, as well as temperature, cannot be excluded in controlling
the mineral assemblage at the crater lake. The existence of a relation
between the acidic conditions of the waters and the mineral assemblage
has been well documented in the past (Miller et al., 2014; Rodríguez and

FIGURE 6
(A) (La/Pr)N-local rock and TDS variations vs. time; (B) (LREE/
HREE)N-local rock and TDS variations vs. time.
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van Bergen, 2017; Rodríguez et al., 2018). In particular, Rodríguez et al.
(2018) found that some sulfate minerals like alunite and jarosite only
precipitate under specific pH conditions (pH < 4). The changes in some
lake parameters, for example, the increase of temperature and pressure
at depth could lead to the precipitation of other sulfate minerals
(Rodríguez and van Bergen, 2017), or even the precipitation of
major amounts of alunite and jarosite, as proposed for Poás and
Rincón de la Vieja volcanoes (Martínez, 2008; Ayres, 2012). The
existence of a mineral assemblage in the hydrothermal system
beneath the lake, including natro-alunite, gypsum and anhydrite,
was proposed to explain the crater lake dynamics and the evolution
of the volcanic activity at Ruapehu (New Zealand; Christenson et al.,
2010). This type of minerals assemblage can act as a seal, that generates
high pore pressure and accumulation of gases, leading to important gas
driven phreatic eruptions, as experienced at Ruapehu crater lake in
September 2007 (Christenson et al., 2010). Mineral accumulation and
dissolution could have led to the creation of a similar mineral
assemblage in the hydrothermal system of Rincón de la Vieja
volcano, inducing changes in the underlying system, probably

accountable of the phreatic activity changes of the unrest period
subsequent to the period of observation of this investigation.

5.2 REE variations and their relation with
major elements and physico-chemical
parameters over time

The results presented in paragraph 4.3 show that the total
amount of REE in waters varies over time (2.7–3.6 mg kg–1).
However, all the water samples show similar (REE)N-local rock

patterns (Figure 4A) characterized by (LREE/HREE)N-local rock

ratios ranging from 0.66 to 0.81. The (REE)N-local rock patterns
of the solids precipitated in laboratory from the lake waters exhibit
an enrichment in LREE with respect to HREE (Figure 4B). The
LREE enrichment indicates that LREE are preferentially
incorporated in secondary minerals that precipitate in the crater
lake, probably the same identified through SEM-EDS analysis in
the solids precipitated in laboratory from the lake waters (gypsum/

FIGURE 7
(A) (La/Pr)N-local rock and Ca vs. time; (B) (LREE/HREE)N-local rock and Ca vs. time; (C) (La/Pr)N-local rock and Si vs. time; (D) (LREE/HREE)N-local rock and Si
vs. time; (E) (La/Pr)N-local rock and Ba vs. time; (F) (LREE/HREE)N-local rock and Ba vs. time.
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anhydrite and minor amounts of Al-sulfate, jarosite, barite and
celestine).

Previous studies about the incorporation of REE in different
sulfate minerals (gypsum, alunite, barite; Guichard et al., 1979;
Deyell et al., 2005; Ehya and Mazraei, 2017; van Hinsberg et al.,
2020) show that LREE are preferentially incorporated with respect to
MREE and HREE. As mentioned in paragraph 3.4, the substitution
of LREE in gypsum crystals is favored by the similarity between
LREE and Ca (1.12 Å) ionic radii in eightfold coordination, in

particular Pr (1.126 Å; Shannon and Prewitt, 1969). The main
mechanism proposed for REE incorporation in gypsum crystals
is the substitution in the crystal lattice of 2REE3+ + □ = 3Ca2+, where
“□” corresponds to a vacant Ca site (Dutrizac, 2017; Lin et al., 2019).
The preferential incorporation of LREE in sulfate minerals, in
particular gypsum crystals, is corroborated by the REE
distribution coefficients (KD) calculated between the solid phase
precipitated in laboratory and the waters from which gypsum
precipitated (Figure 4C). The results in Table 2 show that the KD

FIGURE 8
ISOSOL plots of elements in the local volcanic rock and dissolved in crater lake waters (ppm), for each sample (Figures A–H). The red line is indicative
of the amount of rock dissolved per kg of water. Almost all the cations lie near the congruent dissolution line except Ca, Ba, and Si that are always depleted
(Ca, Ba and Si loss), while Al and Na are always slightly enriched (Al, Na excess).
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values of LREE are higher compared to the HREE, with a peak in
correspondence of Pr and Nd. Similar KD patterns were also found
in Poás and Kawah Ijen crater lakes where it was found that gypsum/
anhydrite are the main minerals responsible for REE fractionation in
the hyperacid crater lake. Nevertheless, the precipitation of the other
sulfates like Al-sulfate, jarosite, barite and celestine cannot be
excluded (Inguaggiato et al., 2018; Inguaggiato et al., 2020a; van
Hinsberg et al., 2020).

As observed at similar hyperacid crater lakes (Wood, 2006;
Varekamp et al., 2009; Varekamp, 2015; Inguaggiato et al., 2018;
Pappaterra et al., 2022) the REE temporal variations in the Rincón de
la Vieja crater lake seem to be related to two main processes: 1) the
leaching of the local volcanic rocks, and 2) precipitation and
dissolution of secondary minerals.

In this study, the REE variations have been compared with the
volcanic activity of Rincón de la Vieja volcano for the period 2013-
2014 (Figure 5). During this period the volcano was mainly in a state
of quiescence, with only infrequent phreatic activity. (La/Pr)N-local rock
and (LREE/HREE)N-local rock ratios are not correlated and do not show
any relation with the changes in volcanic activity (Figure 5A;
Supplementary Table S1). The (LREE/HREE)N-local rock ratio
increases throughout the period of observation. This behavior
could be the effect of the precipitation and/or dissolution of
secondary minerals over time, as well as the variations of the
amount of volcanic rock leached by the hyperacid waters. The
increasing trend hence suggests that, beyond the precipitation of
secondary minerals (like gypsum/anhydrite and other sulfates),
probably the dissolution of alunite, mainly containing LREE with
respect to HREE, could be responsible for the increase of (LREE/
HREE)N-local rock over time. The ∑REE is highly correlated with pH,
TDS, almost all the major cations (correlation ≥0.77; except Ca, Fe, Si
and Ba) and the major anion variations over time (Supplementary
Table S1). Despite the slight variability of pH during 2013–2014, the
high correlation between ∑REE and pH (Supplementary Table S1)

suggests that the leaching of REE over time is controlled by the acidity
conditions of the lake, whose variations are induced by the mutable
gas input at the bottom of the lake.

As mentioned in Section 4.3.1, (LREE/HREE)N-local rock ratio is
highly correlated with SO4/Cl over time (0.93; Supplementary Table
S1; Supplementary Figure S4). In fact, similarly to (LREE/
HREE)N-local rock ratio, also SO4/Cl ratio increases through the
entire period considered suggesting an enhancement in the SO2

input with respect to HCl. However, the non-conservative behavior
of HCl in hyperacid waters could affect the relative proportion
between the two species over time (Rouwet et al., 2014; Rouwet et al.,
2017). The increasing SO4/Cl ratio during 2013–2014 may be
associated with an increase in the gas input prior to the unrest
started in 2015.

In relation to the activity of the volcano, the evaporation of
crater volcanic lakes as well as variations in the climatic
conditions can induce changes in the volume of the crater lake
and thus the chemistry of the waters (DeoCampo and Jones,
2014). A lake level decrease is observed from 2012 to 2014
(Supplementary Figure S3), reaching a minimum of
almost −4.5 m under the reference level (April 2012); however,
the main variations of the lake level are coherent with the
alternation of the dry and wet seasons. In Figures 9A, B,
Figures 10A–C, the variations of the lake level are compared
with the variations of TDS (g kg−1), Ca (mg kg−1), ∑REE, (La/
Pr)N-local rock and (LREE/HREE)N-local rock ratios. Values of TDS
are high during the dry season and low during the rainy season,
which reflects a dilution effect by rainfall (Figure 9A). The ∑REE
concentrations (Figure 10A) show a similar trend as TDS,
explained by the alternation of dry and rainy seasons, whereas
the (La/Pr)N-local rock ratio (Figure 10B) behaves similarly as the
variation in Ca concentration. The (LREE/HREE)N-local rock

ratios do not seem to be affected by the changes in lake level,
particularly after mid-2013 (Figure 10C).

TABLE 3 Values of Ca loss (Ca*), Al and Na excess (Al*, Na*). The amount of rock dissolved (g per kg of lake water) was estimated using the ISOSOL plots. The
amounts of gypsum precipitated and alunite dissolved were calculated using the values of Ca* and Al* respectively.

Sample Date Ca*
(ppm)

Al*
(ppm)

Na*
(ppm)

Rock dissolved (g per liter of
water)

g of gypsum
precipitated

g of alunite
redissolved

RVW4 13/02/
2013

6,757.2 −1,323.9 −461.1 160 29.1 6.7

RVW5 10/04/
2013

5,287.6 −1,382.3 −561.2 130 22.8 6.7

RVW6 16/07/
2013

4,267.6 −1,064.0 −241.6 110 18.4 5.1

RVW7 03/10/
2013

4,417.0 −1,224.4 −265.8 110 19.0 6.2

RVW8 12/12/
2013

4,296.0 −1,044.9 −193.1 110 18.5 5.1

RVW9 16/01/
2014

4,924.2 −1990.4 −321.2 120 19.1 9.8

RVW10 24/04/
2014

5,399.0 −1,426.0 −366.3 130 23.2 7.2

RVW11 05/08/
2014

4,424.3 −1,821.2 −222.1 110 19.0 9.2
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5.3 REE fractionation induced by mineral
dissolution/precipitation

The element loss (Ca*) and element excess (Al*) were calculated
to estimate the possible amount of gypsum precipitated and alunite
dissolved using the following formula (Table 3):

element* � elementisosol–elementanalyzed, (4)

where “element isosol” is the concentration of the element in the
water (ppm) calculated considering the congruent dissolution of the
amount of local volcanic rock estimated using the ISOSOL plot, while
“element analyzed” is the concentration (ppm) of the element analyzed
in the lake water. When the element is incorporated in secondary
minerals (element loss), element* is a positive value. On the contrary,
when the dissolution of secondary minerals occurs (element excess),
element* is a negative value. The results show that the loss of Ca, Ca*,
varies from 4,268 to 6,757 ppm and the excess of Al, Al*, varies
from −1,045 to −2,434 ppm. The values of Ca* and Al* obtained have
been used to estimate the amounts of gypsum precipitated and alunite
dissolved (Table 3). The results obtained show values of gypsum
precipitated up to 29.1 g per liter of lake water, and a maximum of
9.8 g of alunite dissolved per liter of lake water.

As mentioned above, both, gypsum and alunite are capable to
incorporate REE during precipitation, especially LREE (Deyell

et al., 2005; Inguaggiato et al., 2018; Inguaggiato et al., 2020a;
Inguaggiato et al., 2020b; van Hinsbserg et al., 2020; Ayora et al.,
2021; Pappaterra et al., 2022; Cuadros et al., 2023). To study the
effect of gypsum precipitation and alunite dissolution on the
chemistry of REE in the waters, REE data in gypsum here
presented and REE data in alunite from literature (Deyell
et al., 2005) were used to simulate a mass balance calculation.
Considering that there are no data in literature about the KD of
REE in alunite and that the concentrations of alunite used for the

FIGURE 9
(A) Lake level variations and TDS vs. time; (B) lake level variations
and Ca vs. time.

FIGURE 10
(A) Lake level variations and∑REE vs. time; (B) lake level variations
and (La/Pr)N-local rock vs. time; (C) lake level variations and (LREE/
HREE)N-local rock vs. time.
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calculation are associated to a different environment (Tambo
high-sulfidation deposit, El Indio Pascua belt, Chile; Deyell et al.,
2005), the mass balance calculation performed is indicative,
giving an idea about the processes ruling the REE relative
proportions between each other and it is not necessary
representative of the final REE concentrations. The mass
balance calculation was performed to estimate the effect of
gypsum precipitation and alunite dissolution on the initial
LREE depleted patterns in the lake waters (Figure 11A). The
complete procedure with all the equations used for the
calculation is listed in the Supplementary Material S1.

The concentrations of REE in gypsum were calculated using the
average values of REE KD and the REE concentration in waters
(Table 2). The REE in gypsum calculated were used to estimate
the REE concentration for the amount of gypsum precipitated in each
sample, estimated with the ISOSOL plot (up to 29.1 g per kg of water;
Table 3). The concentration of REE in gypsum estimated for each
sample represents the REE concentration supposedly subtracted from
the initial water composition by gypsum precipitation and was thus
re-added to the initial REE concentrations measured in the lake water.
The new patterns of REE normalized to the average local rock show a
concavity (Figure 11B), allowing to affirm that the gypsum
precipitation process is not enough to track back at the initial
point, i.e., to the congruent dissolution of the average local rock,
graphically represented by a flat REE pattern. The amount of REE in
the alunite redissolved estimated using the ISOSOL plot (up to 9.8 g
per kg of water; Table 3) was calculated using data of REE in alunite
from Deyell et al. (2005). The results show that only after adding the
REE incorporated from the gypsum precipitated and to subtract the
REE derived from the alunite dissolution to the REE analyzed in the
lake water, the REE pattern normalized to the average local rock is
mostly flat (except for La that is depleted respect to the other REE;
Figure 11C). The flat REE patterns normalized to the average local
rock (Figure 11C) are associated with lake water whose chemistry only
reflects the congruent dissolution of the volcanic rocks, and thus the
conditions of the water before the precipitation of gypsum and the
dissolution of alunite.

FIGURE 11
(A) Initial REE patterns of lake waters normalized to the average
volcanic local rock; (B) REE patterns of lake waters after adding the
REE concentrations in the amount of gypsum precipitated calculated
using the values of Ca loss (Ca*) estimated with the ISOSOL plots;
(C) REE final patterns of lake waters after adding REE in the gypsum
precipitated and subtracting the REE in the grams of alunite dissolved
in the lake water calculated using the values of Al excess (Al*)
estimated with the ISOSOL plots.

FIGURE 12
(A) (La/Pr)N-PAAS variations at Poás and Rincón de la Vieja (RDV)
crater lakes over time; (B) (LREE/HREE)N-PAAS variations at Poás and
Rincón de la Vieja (RDV) crater lakes over time.
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5.4 Comparison of REE variations at Poás
and Rincón de la Vieja cráter lakes over time

The interest in the chemistry of REE in active volcanic
hydrothermal systems over time and their relations with the
changes in volcanic activity has increased since the last 2 decades
(Takano et al., 2004; Wood, 2006; Morton-Bermea et al., 2010;
Varekamp, 2015; Pappaterra et al., 2022).

In the active crater lake of Poás volcano (Costa Rica) REE
concentrations were found to vary over time following the main
changes in phreatic activity (Pappaterra et al., 2022). In
particular, a clear relation exists between the changes of (La/
Pr)N-local rock and (LREE/HREE)N-local rock ratios in the Poás
crater lake water and the changes in phreatic activity during the
period 2009-2016, when more than 700 phreatic eruptions
occurred. At Poás crater lake, (La/Pr)N-local rock peaks during
a stage of intense phreatic activity (2010–2011) and drops
during a period of relative quiescence (2015 - mid-2016).
The behavior of (LREE/HREE)N-local rock ratio is opposite
with respect to (La/Pr)N-local rock ratio. The relation between
the ∑REE, (La/Pr)N-local rock (LREE/HREE)N-local rock ratios and
the changes in the phreatic activity is consistent with the
correlation between their variations and the changes of the
major elements and physico-chemical parameters commonly
used for the monitoring of volcanic lakes. (La/Pr)N-local rock ratio
shows a positive correlation with all the major elements, some
major elements ratios and physico-chemical parameters, except
for Ca, that is the only major element that shows a different
behavior. Calcium concentrations in the Laguna Caliente water
decrease when the intensity of phreatic activity increases,
during 2010–2011, similarly to (LREE/HREE)N-local rock ratio
(Pappaterra et al., 2022). This different behavior of Ca is
consistent with the precipitation of gypsum/anhydrite during
that period, making anhydrite/gypsum precipitation a proxy of
mineral sealing prior to phreatic eruptions.

In Figure 12 the variations of (La/Pr)N-PAAS and (LREE/
HREE)N-PAAS ratios during 2009–2016 of Poás crater lake
were compared with the variations of the same REE ratios at
Rincón de la Vieja crater lake during 2013–2014. The
comparison shows that the range of variation of (La/
Pr)N-PAAS and (LREE/HREE)N-PAAS ratios is higher at Laguna
Caliente (0.93–1.35 and 0.71 to 0.95, respectively) than at
Rincón de la Vieja crater lake (0.92–1.07 and 0.66 to 0.81,
respectively). The diversity in the variation of REE ratios is
probably due to the important differences in the state of activity
of the two volcanoes during the periods of observation. The
intense phreatic activity at Poás volcano induced major
variations in the chemistry of the lake (major elements,
physico-chemical parameters and REE). Rincón de la Vieja
crater lake, instead, passed a period of quiescence, prior to
the more intense phreatic activity in more recent years. The
small variability of (La/Pr)N-local rock and (LREE/HREE)N-local

rock ratios at Rincón de la Vieja crater lake during 2013–2014 is
comparable to the variations registered at Poás crater lake
during period of low phreatic activity.

6 Conclusion

The major, minor and REE variations at the hyperacid crater
lake of Rincón de la Vieja volcano (Costa Rica) have been here
investigated during a period of low phreatic activity
(2013–2014).

The ∑REE in waters varies over time from 2.7 to 3.6 mg kg−1.
The concentrations of REE in waters normalized to the average
composition of the local volcanic rocks have LREE depleted
patterns. LREE enriched patterns were found in the solids
precipitated in laboratory from four lake water samples.

There are no important changes in the chemistry of REE, (La/
Pr)N-local rock and (LREE/HREE)N-local rock ratios, associated with the
phreatic eruption occurred in mid-2013.

The ISOSOL plot was used to investigate the main processes
responsible for the variation in the chemical composition of the
lake over time. A high amount of volcanic local rock was dissolved
in the crater lake water (110–160 g kg−1). Most of the major and
minor elements lie on or near the dissolution line estimated,
besides Ca that is always depleted (Ca loss, Ca*), and Al and Na
that are always enriched (Al, Na excess; Al*, Na*). The Ca loss is
consistent with gypsum/anhydrite precipitation coherently with
the SEM-EDS analysis of the solid phase precipitated in
laboratory. The Al and Na excess can be explained by Na-
alunite dissolution, a mineral likely previously precipitated at
the bottom of the lake, or in the deeper volcanic-hydrothermal
system. The values of Ca* and Al* estimated with the ISOSOL plot
were used to calculate the amount of gypsum precipitated and
alunite dissolved. A mass balance calculation was performed to
quantify the amount of REE fractionated from the waters due to
gypsum precipitation, and the amount of REE re-added to the
water due to alunite dissolution. Based on this approach, the LREE
patterns observed in crater lake waters could have been induced
considering the amounts of gypsum precipitated and of alunite
dissolved.

This study confirms that REE are good tracers of the water-rock
interaction processes that induce changes in the chemistry of lake
waters at active volcanoes. The lack of a clear relation between the
variations of ∑REE, (La/Pr)N-local rock and (LREE/HREE)N-local rock
ratios and the usual parameters used for volcanic lakes monitoring,
as well as the changes in the phreatic activity, does not disprove the
effectiveness of these elements to track the changes in the phreatic
activity at active crater lakes. The REE slight variability is rather due
to the stability of the phreatic activity of Rincón de la Vieja during
2013–2014. Nevertheless, to confirm if REE in active crater lakes are
very sensitive to the volcanic activity changes, further studies on
similar systems during period of intense phreatic activity, low
phreatic activity and quiescence are required.
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