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1. Abstract 
The rare earth elements are widely used to study processes in many different 

geological environments. Although their behaviour is particularly suitable for research on 
water-rock interactions, volcanic lakes have received little attention so far. This thesis 
documents the results of a study on rare earth elements (REE) in active, crater-lake 
hosting volcanic-hydrothermal systems worldwide. Particular attention has been paid to 
Poás and Rincón de la Vieja, two Costa Rican volcanoes for which new analytical data 
are presented. A literature survey covers geochemical information available for volcanic 
lakes in Indonesia, Argentina, the Philippines, New Zealand, Japan, USA and Russia. 
Most of these lakes are highly acidic. 

The main objective of this research was to explore how REE that are dissolved in 
crater lake water can be used to gain insights into water-rock interaction processes and 
to monitor activity in the underlying hydrothermal system. For this purpose, the newly 
acquired data and those from the literature compilation were evaluated to discern 
systematics in the behaviour of the REE and other elements, whereby the compositions 
of local rocks were taken in account as well.  

The REE concentrations and their normalized trends show significant variations 
for the investigated lakes. There is a rough correlation between REE patterns of the lake 
waters and the local rocks, testifying that lavas and other solid volcanic products are the 
principal source of the REE. In general, the correspondence is best for highly acidic 
lakes. The observed systematics indicate that rock dissolution plays an important role 
but fractionation among the REE shows that complete, congruent dissolution is rare and 
only occurs under extreme conditions. In general, water-rock interaction in these 
volcanic-hydrothermal settings affects individual igneous minerals in different ways, 
some being more resistant than others. The collected data indicate that the REE 
signatures in lake waters are controlled by preferential retention or release from REE 
hosting phases, either primary igneous minerals or glass in volcanic materials, or 
secondary phases formed as alteration product. 

An important discovery is the apparent role of alunite in regulating the signatures 
of dissolved REE in lake waters. This is surprising because this mineral is an alteration 
product that is commonly not stable in acidic volcanic lakes. However, as could be 
confirmed in PHREEQC models, the saturation state of alunite in these waters is 
inversely correlated with temperature. This implies that alunite can be present in hotter 
parts of the hydrothermal system below the lake, and that the REE signatures in the 
lake may be inherited from inflow of water that had interacted with alunite present at 
depth. Changes in REE patterns in lakes that have been monitored over longer times 
indicate that the influence of alunite may vary with time. This suggests that a lake may 
signal the stability of the mineral, and its formation or dissolution in response to 
changing conditions. Apart from the REE data, the potential role of alunite can be 
confirmed by comparing the concentrations of its main cation constituents with other 
dissolved cations in the lake.     

Time-series results on REE concentrations in the highly dynamic crater lake of 
Poás provide evidence for an intermittent role of alunite in the subsurface system. 
Strong fluctuations in LREE/HREE ratios, observed over decades of monitoring, probably 
reflect variations in the stability of the mineral, induced by changing hydrothermal 
conditions. Changes in the REE concentrations sometimes coincided with phreatic 
eruptive events. Since alunite is a secondary, non-magmatic mineral, its presence or 
absence may affect the porosity and permeability of volcanic rocks and conduits that act 
as pathways for upflowing fluids. Evidence for Poás suggests that the formation of 
alunite has a sealing effect that reduces the influx of fluid and heat into its lake.    

It is concluded that REE in volcanic lakes are a promising new instrument to 
study water-rock interaction and alteration processes that are active at the very present. 
Monitoring the REE provides a valuable parameter in assessing changes in the state of 
activity for volcanic-hydrothermal systems. 
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2. Introduction 
 This introduction describes the rationale for investigating the behaviour of rare 
earth elements (REE) volcanic areas that host magmatic-hydrothermal systems and the 
structure of this thesis. 

2.1 REE as geochemical tracer for magmatic-hydrothermal systems 

 The REE in rocks, minerals and water have long been used as a 
geochemical indicator of geological processes and the provenance of geological 
materials. Their coherent behaviour makes them an excellent natural tracer, with an 
almost unlimited number of applications in the Earth sciences. In the past, only an 
incomplete set of the REE group could be measured because of analytical limitations, but 
recent advances have made it possible to collect accurate data for almost the complete 
set of elements. Despite this progress, volcanic crater lakes and hydrothermal waters 
(both submarine and terrestrial) have received relatively little attention so far. 
Exceptions are, for example, studies by Michard et al. (1986), Michard (1989), 
Gammons et al. (2005), and Lewis et al. (1997 and 1998).  

More comprehensive studies are required to discover how the behaviour of REE 
can be used to explore the controls and conditions of water-rock interaction and 
alteration in volcanic-hydrothermal areas. Key questions that must be addressed are:  

- What are the main factors that determine the REE concentrations in volcanic 
lakes and hydrothermal waters? 

- What are the principal factors that regulate fractionation among the REE 
- How do REE record water-rock interactions in the subsurface? 
- Are REE data useful to monitor volcanic-hydrothermal activity? 
 
This thesis attempts to shed light on these issues by focusing on crater lakes, the 

majority of which are strongly acidic. The objective of this study is to find systematics in 
the behaviour of the REE by compiling and interpreting literature data, supplemented by 
new analytical results obtained from well studied volcanoes.   

The emphasis is of this research will be on Poás (Costa Rica), because is hosts 
one of the World’s best studied crater lake. Many of its samples, covering more than 30 
years of monitoring, were already analysed and interpreted by Martínez (2008). These 
data are supplemented by analytical results obtained on new sets of samples. 
 

2.2 This thesis 

 This thesis presents a compilation of REE data from different volcanoes in 
different parts of the World, with emphasis on Poás and Rincón de la Vieja volcanoes in 
Costa Rica, for which new data were collected as well.  
 Chapter 3 summarizes general information on REE behaviour, anomalies and 
other features that might be relevant for interpreting data from water and rock samples. 
Brief introductions are given for the selected areas. 
 Chapter 4 introduces the geological setting, activities and lake properties for Poás 
and Rincón de la Vieja. 
 Chapter 5 describes the research strategy and the methods used to analyse the 
collected water and rock samples.  
 Chapter 6 describes the results with the help of time-series tends and various 
diagrams that are suitable to explore relationships between water, rocks and minerals, 
using the REE as well as major elements.  
 Chapter 7 presents modelling results for mineral saturation and REE species 
behaviour for selected samples of Poás, based on PHREEQC. 
 Chapter 8 discusses water-rock relationships combining REE data with major 
element data, time-series trends and modelling results for the investigated areas.  

Chapter 9 presents a synthesis of the results and main conclusions of the study.  
 Analytical data of analysed water samples are given in an Appendix.  
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3. Background 
This chapter provides background information as an aid in understanding the 

behaviour of the rare earth elements during water-rock interaction and alteration, with a 
main focus on volcano-hosted lake systems. Brief introductions will be given on volcanic 
lakes and associated hydrothermal systems, the behaviour of the REE in fresh and 
altered volcanic rocks, the main primary and secondary REE-hosting minerals and the 
investigated volcanic areas. Because special attention will be paid to Poás and Rincón de 
la Vieja, these volcanoes will be introduced separately in chapter 4.   
 

3.1 Volcanic lake systems and hydrothermal areas  

Volcanic lakes are surface expressions of subsurface hydrothermal systems that 
are often fed by a body of cooling magma. General properties and behaviour of volcanic 
lakes have been described by Pasternack and Varekamp (1997) and Varekamp et al. 
(2000). A crater lake can only exist if there is a balance between input and output fluxes 
of water. Input fluxes include volcanic fluids (liquid water and/or gas), meteoric water 
and possibly streams entering from nearby springs. Output fluxes are evaporation from 
the lake surface, potentially accompanied by an overflow out of the crater area or a 
subsurface seepage flux.   

Varekamp et al. (2000) distinguished CO2-dominated, quiescent and active crater 
lakes. Active crater lakes receive considerable input from volcanic gases and act as 
condenser vessels. Their composition is determined by the nature of the primary gas 
escaping from an underlying cooling volume of magma, as well as by water-gas-rock 
interaction processes, dilution, evaporation, precipitation of saturated minerals and the 
formation of secondary alteration minerals. The occurrences to be discussed belong 
mainly to this group of active lakes. Many are highly acidic, due to the input of gas 
species such as SO2, HCl and HF.  

The high acidity of the water facilitates the extraction and dissolution of elements 
during interaction with the surrounding volcanic rocks. This water-rock interaction 
usually leaves a residue of altered rock with an assemblage of indestructible igneous 
minerals as well as minerals that formed newly when the interaction took place. In 
extreme cases, complete dissolution of a rock will occur.  

The interaction may take place at the interface between the lake and the 
surrounding rocks or in the system below the lake. Because the rocks in the lake basin 
have usually been altered most severely due to the long exposure to the aggressive 
water, their effect on the solute concentrations is rather limited. Therefore, fluctuations 
in the lake composition will mostly reflect changes in the composition of hydrothermal 
water that interacted with subsurface rocks and enters the lake at bottom vents. This 
water is derived from a zone immediately below the lake where two fluid phases can 
coexist (liquid and vapour), thus sufficiently far from the intrusive body where vapour 
will be dominant.       

The architecture, processes and mass fluxes predict that the signatures of REE 
that are dissolved in the lake water largely reflect properties of inflowing water derived 
from the interior of the volcano, and thus record the conditions and nature of water-rock 
interaction processes in the subsurface.  

For the study of REE in crater lakes it is therefore relevant to have a conceptual 
understanding of the nature and distribution of rocks and minerals present between the 
lake bottom and the inferred magma body. Such insights can be derived from studies 
investigating the distribution of alteration assemblages as observed in eroded, formerly 
lake-hosting volcanic edifices. 

Figure 3.1 presents a schematic cross section through a lake-hosting magmatic-
hydrothermal system, indicating the main features and the distribution of a number of 
key alteration minerals. Several of these have an important control in regulating the 
behaviour of the REE. 
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Figure 3.1: Schematic cross section indicating main features and the distribution of alteration minerals in a 
volcanic magmatic-hydrothermal system with an active crater lake. 
 

3.2 Behaviour of the rare earth elements (REE) 

This section introduces the behaviour of REE in volcanic rocks, minerals and 
waters, the main REE anomalies that have been defined and the tetrad effect. These 
systematics form the basis in understanding the REE distribution during water-rock 
interaction processes.  

3.2.1 General behaviour of REE  

Volcanic rocks and minerals 
The REE signatures of volcanic rocks are highly variable and depend on the 

source of the magma, the melting process and the degree of magma evolution. Figure 
3.2 shows chondrite-normalized REE trends for an average basalt, andesite, dacite and 
rhyolite, representative for magmas at convergent plate boundaries. This is the most 
relevant setting in view of the volcanoes studies here. In all cases, the rocks show an 
enrichment of the LREE relative to the heavy REE. The LREE part is clearly steeper than 
the HREE part.    

The REE contents of a rock are made up of different contributions of the minerals 
present, each having its own REE distribution. Because water-rock interaction will not 
affect all minerals to the same extent and at the same time, it is relevant to explore the 
REE concentration and distribution in the individual minerals. Figure 3.3 shows the 
chondrite-normalized patterns of primary and accessory minerals in magmatic rocks. 
There are obvious difference in the concentrations and distribution of the REE between 
the minerals. Of the primary minerals, amphibole (LREE enriched), clinopyroxene (HREE 
enriched) and orthoclase (LREE enriched) have the highest REE contents. Plagioclase 
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shows a strong positive Eu anomaly. The REE contents of several accessory minerals are 
much higher. Minerals with highest abundances include monazite, allanite, titanite and 
apatite. 
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Figure 3.2: REE patterns of common volcanic rock types. The basalt is of a calc-alkaline type. Each trend 
represents an average of rock data from the Georoc (2010). 
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Primary minerals
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Figure 3.3: REE carrying phases grouped as primary and accessory minerals. Data from Aubert et al. (2001) 
(orthoclase), Ayres and Harris (1997) (monazite), Bea et al. (1994) (zircon (turquoise trend)), Bonyadi et al. 
(2011) (magnetite), Fujimaki et al. (1984) (amphibole, clinopyroxene, ilmenite, olivine, orthopyroxene, 
plagioclase), Gromet and Silver (1983) (allanite, apatite, biotite, titanite (dark pink), zircon), Heaman (2009) 
(titanite (blue)), Klemme et al. (2005) (rutile), Luhr et al. (1984) (titanomagnetite).  
 
Alteration minerals 
 Figure 3.4 shows chondrite-normalized REE plots for a number of secondary 
alteration minerals that could play a role in REE distributions during water-rock 
interaction. They may take up dissolved REE from fluid when they form, or may add to 
the budget of REE in the water when they dissolve when stability conditions change. 
Most of the minerals as well as the alunitic rock shows a clear enrichment of the LREE 
compared to the HREE. An exception is calcite, which has a flat pattern with a strong 
negative Eu anomaly.    

Accessory minerals
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Secondary minerals
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Figure 3.4: The important minerals grouped as secondary minerals. Data from Baioumy and Gharaie (2008) 
(illitic clay), Gromet and Silver (1983) (epidote), Guichard et al. (1979) (barite), Karakaya (2009) (alunitic and 
kaolinitic rock), Luhr et al. (1984) (anhydrite (magma)), Ogawa et al. (2007) (anhydrite (hydrothermal)), 
Schönenberger et al. (2008) (calcite).  

3.2.2 Primary and secondary REE-carrying minerals  

Some minerals are a more probable source of REE than others and only the most 
relevant minerals are described here. Figure 3.1 shows their REE plots. 
 
Pyroxenes [(Mg,Fe)2Si2O6 or Ca(Mg,Fe)Si2O6] 

Clinopyroxene is a main REE source in fresh dolerite, basalt and gabbro (Bach 
and Irber, 1998). In andesite, pyroxene is one of the important REE3+ carriers (Bau et 
al., 1998), showing a negative Eu anomaly (Sanada et al., 2006 referring to McKay et 
al., 1994). The extent of this negative Eu anomaly is approximately the same as the 
positive anomaly for plagioclase (Hanson, 1980). Leaching experiments by Sanada et al. 
(2006) suggest that plagioclase will break down faster than pyroxene in acid solution of 
an andesitic rock.  
 
Plagioclase: albite (NaAlSi3O8) – anorthite (CaAl2Si2O8) 

The REE pattern of plagioclase is convex down with a positive Eu anomaly in a 
chondrite normalized plot (Taylor and McLennan, 1985). When plagioclase weathers, a 
positive Eu anomaly and LREE enrichment in the fluid is expected (Philpotts and 
Schnetzler, 1968; Taylor and McLennan, 1985). The reason is that Eu can occur in a 
divalent state, next to a trivalent state, in which case it is more easily incorporated, 
since it can replace Ca2+ (Protano and Riccobono, 2002 referring to Henderson, 1984 
and Krauskopf and Bird, 1995). During weathering plagioclase is usually replaced by 
kaolinite and silica (Risacher et al., 2002, referring to Arriba, 1995). 
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Magnetite (Fe3O4) 
Magnetite is another common mineral in basalt and andesite that prefers LREE 

instead of HREE (Bau et al., 1998).  
 
Titanite (CaTiSiO5) 

Titanite is HREE enriched in albitites (Biddau et al., 2002). In general, there is 
slight enrichment in the LREE, a negative Eu anomaly, and a flat pattern for HREE in 
titanites from pegmatites (Heaman, 2009). Titanite in granodiorite contains relatively 
high REE concentrations. This is mainly important for the MREE and the HREE, since 
allanite is an important host of LREE. These accessory minerals may contain almost the 
entire budget of the MREE and HREE in granitoid rocks (Gromet and Silver, 1983).  
 
Alunite [KAl3(SO4)2(OH)6] 

The general formula of alunite is XAl3(SO4)2(OH)6, where X can be K, Na, Ca. The 
mineral can be a weathering product of feldspar. Members of the group are alunite 
[KAl3(SO4)2(OH)6], natroalunite [NaAl3(SO4)2(OH)6], and minamiite [(Na, Ca, 
K)Al3(SO4)2(OH)6]. There is a good positive relation between K and La, Ce, Nd, but the 
relation between Na and La and between Ca and La is poor. Volcanic areas where 
sulphur-bearing gas or acidic water is released are favourable for alunite formation, 
because kaolinite reacts with sulphuric acid to produce alunite. Alunite, jarosite and 
crandallite are interchangeable by substituting components, but they form under 
different conditions (Kikawada et al., 2004 and referring to Abe and Takeuchi, 1967).  
 
(Potassium-) jarosite [KFe3(SO4)2(OH)6] 

The general formula of the alunite-jarosite group is [AB3(XO4)2(OH)6] where 
A=K,Na,Ca,Ba,S,Ag,Pb,NH4,U, B=Al,Fe,Cu,Zn and X=S,P (Parsapoor et al., 2009 
referring to Scott, 1987). Jarosite is a secondary mineral like alunite and forms under 
comparable conditions. Potassium can be substituted by LREE implying that jarosite is a 
LREE enriched mineral (Fulignati et al., 1999 and Kikawada et al., 2004). REE3+ do not 
substitute for Fe3+ since their ions have a larger size, but they can substitute for K+ like 
in alunite (Welch et al., 2007 referring to Dutrizac, 2004).  
 
Gibbsite [Al(OH)3] 

Clay minerals show LREE enrichments when normalized to PAAS (Bao and Zhao, 
2008). Gibbsite is a secondary clay mineral.  
 
Other clay minerals 

Clay minerals that are residual products of strong weathering are more enriched 
in LREE than in HREE. On the other hand, moderately weathered granodiorite shows 
HREE enrichment (Taylor and McLennan, 1985). LREE are also more weakly sorbed onto 
the surfaces of clay minerals than HREE (Coppin et al., 2002). Eu3+ can be adsorbed to 
some clay minerals like montmorillonite (Okada et al., 2007 and references therein). 
REE sorption of kaolinite is more pH dependent than the REE sorption of smectite. 
Kaolinite and smectite surfaces sorb HREE more strongly than LREE at high ionic 
strength (Coppin et al., 2002).  
 
Kaolinite [Al2Si2O5(OH)4] 

During advanced stages of weathering, cerium is fixed on kaolinite and cerianite, 
causing a positive Ce anomaly in altered subalkaline granite. Kaolinite often replaces 
plagioclase (Risacher et al., 2002): 2NaAlSi3O8 + H2O + 2H

+ � Al2Si2O5(OH)4 + 2Na
+ + 

4SiO2 (Karimzadeh Somarin and Lentz, 2008).   
 
Barite (BaSO4) 

Deep-sea barites show a V-shape sea water normalized REE pattern, with a 
negative Eu anomaly but no negative Ce anomaly (Guichard et al., 1979). Barite 
generally favours Eu3+at low temperatures and Eu2+ at high temperatures. This implies 
that hydrothermal and metamorphic barite has a positive Eu anomaly (Sverjensky, 
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1984). Since Ba and Eu are both divalent there is no charge compensation needed. The 
large ionic radius of Ba2+ (1.50 Å) allows the uptake of Eu2+ (1.33 Å) which is bigger 
than REE3+. Under strongly acidic hydrothermal conditions (pH lower than 2) barite can 
be dissolved (Parsapoor et al., 2009).  
 
Fe-hydroxides 

At pH < 5 REE do not adsorb significantly on Fe-oxyhydroxides (Verplanck et al., 
2004 and Bau, 1999). Because HREE starts to sorb at a lower pH, it is preferentially 
sorbed to the Fe-oxyhydroxide surfaces (Welch et al., 2009)  
 
The description of the minerals summarized 

Minerals with a positive Eu anomaly are plagioclase, hydrothermal and 
metamorphic barite, and some clay minerals. Negative anomalies can be found in 
pyroxene, titanite, and deep-sea barite. The Eu anomaly of plagioclase and pyroxene are 
opposite and of the same order of magnitude. Plagioclase, magnetite, jarosite and 
gibbsite may show LREE enrichment. HREE enrichment is found in pyroxene, Fe-
hydroxides, and clay minerals.  

3.2.3 REE Anomalies 

Eu  
Eu occurs in two valency states: Eu2+ and Eu3+. Hydrothermal and metamorphic 

conditions will favour Eu2+ if temperatures are high (> 250°C). Eu2+ is present in 
unaltered igneous rocks, where plagioclase is commonly the main host. Eu3+ will be 
dominant under near-surface conditions where temperatures are low (Sverjensky, 
1984). 

However, low temperatures do not necessarily imply that Eu3+ is always present, 
because it will not be stable under highly reducing conditions Eu3+:  
Eu2+ (aq) + H

+ 
(aq) + ¼ O2 (aq) � Eu3+ (aq) + ½ H2O (l) 

Another reaction may also be important near mid-oceanic ridges: 
Eu3+ + Fe2+ � Eu2+ + Fe3+ (Sverjensky, 1984) 

Eu anomalies in minerals can either be positive or negative. The formula used in 
this thesis to calculate the Eu anomaly is: Eu/Eu*=2EuN/(SmN+GdN), following Martínez 
(2008). Hydrothermal and metamorphic K-feldspar, plagioclase and barite show a 
positive anomaly (Hanson, 1980; Sverjensky, 1984; Lewis et al., 1997; Fulignati et al., 
1999). Olivine does not show an anomaly, whereas clinopyroxene, hornblende, apatite 
and sphene usually show negative anomalies (Hanson, 1980). A negative Eu anomaly in 
natural water can result from the dissolution of minerals, but it can also be explained by 
removal via oxides and carbonates (Négrel et al., 2000).  

Positive Eu anomalies are characteristic for high-temperature and Cl-dominated 
hydrothermal fluids, but no or negative Eu anomalies are found for hydrothermal fluids 
from alkaline and sulphate dominated rocks (Michard and Albarède, 1986; Michard, 
1989). An explanation could be that plagioclase dissolves slower than the source of the 
other REE (Bach and Irber, 1998). The nature of water-rock interaction is important, 
given the fact that an Eu anomaly will be larger when the permeability and porosity of a 
rock increases (Whitford et al., 1988). 
 
La 

The anomaly is positive in shale-normalized REE patterns of seawater and marine 
precipitates (Bau and Dulski, 1996; Bau, 1996 and references therein). Bolhar et al. 
(2004) used this feature to infer a seawater signature for banded iron formations (BIF).  
 
Ce 

The existence of Ce anomalies is due to the different oxidation states in which the 
element can occur. Under oxidising conditions Ce4+ may form instead of Ce3+.  Because 
of the poor solubility of Ce4+, its behaviour is different from the other REE. Fe and Mn 
oxides can remove Ce4+ (Négrel et al., 2000). In hydrothermal conditions it is not likely 
to have Ce4+ because of the high temperature (Bau et al., 2003 referring to Bilal and 
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Müller, 1992). Ce oxidation is preferred at high pH, which means that a Ce anomaly will 
be pH dependent (Biddau et al., 2002 referring to Goldstein and Jacobsen, 1988 and 
Elderfield et al., 1990). No significant anomalies are seen in felsic or mafic volcanics and 
sedimentary rocks (Leybourne et al., 2000). Positive anomalies are seen for weathered 
subalkaline granite samples like weathered dolerite, intermediate and felsic rocks. This 
anomaly is due to adsorption on kaolinite or cerianite (Scheepers and Rozendaal, 1993). 
Silicic alteration will also create a positive Ce anomaly (Parsapoor et al., 2009). It should 
be noted that there are different ways to calculate a Ce anomaly (see Ohta and Kawabe, 
2001; Leybourne et al., 2000; Bao and Zhao, 2008; Smedley, 1991; Meen, 1990; 
Leybourne and Johannesson, 2008; Sholkovitz, 1995).  
 
Pr 

Friend et al. (2008 and references therein) explained how the presence of La 
enrichment can be deduced by combining a possible Ce anomaly with a possible Pr 
anomaly. Bau and Dulski (1996) proposed to calculate the Pr anomaly as: 
Pr/Pr*=PrSN/(0.5Ce+0.5Nd)SN  
 
Gd 

A negative Gd anomaly is sometimes found in near-neutral to slightly alkaline 
environments, for example seawater (Bau et al., 1998 references therein) and mangrove 
sediment (Prasad and Ramanathan, 2008). A positive anomaly may appear when land-
use is changed or by human activities (Prasad and Ramanathan, 2008). However, many 
references in Bau (1996) also report a positive anomaly for marine precipitates. Also, 
shale normalized seawater shows a positive anomaly (Fee et al., 1992 referring to de 
Baar et al., 1985b). Positive anomalies in groundwater in basalt aquifers and some in 
sedimentary aquifers may be attributable to sorption and co-precipitation (Tweed et al., 
2006). The anomaly is calculated using the formula: Gd/Gd* = 
Gdcn/[0.33Smcn+0.67Tbcn] (Bau and Dulski, 1996). The presence of a Gd anomaly 
means that any inferred Eu anomaly will depend on a calculated Gd value (Tweed et al., 
2006). Because Gd is used in nuclear medicine, fresh water in densely populated areas 
shows a positive anomaly (Naya and Lahiri, 1999 referring in Merten and Büchel, 2004). 
There is generally a small positive anomaly in oceans, but this is still under discussion 
because measurement techniques may have questionable accuracies (Mayanovic et al., 
2007; see also Fee et al., 1992).  
 
Tb 

Lottermoser (1990) claims that Tb anomalies reflect poor analytical accuracy. Fee 
et al. (1992, referring to de Baar et al., 1985ab) found a negative anomaly in seawater 
relative to shale, but emphasized that there is still an ongoing debate about the 
behaviour of Gd and Tb.  
 
Dy 

Gammons et al. (2005) reported a negative anomaly for Lake Caviahue near 
Copahue volcano, Argentina, which they considered to be an analytical artifact. The lake 
is acidic and oxic. Fee et al. (1992) found a positive anomaly in some waters and 
sediment samples (e.g. saline to hypersaline and acidic Lake Tyrrell, Australia), but 
could not verify this.  
 
Ho 

A Ho anomaly was detected in shale-normalised data obtained from a flattened 
W-shape pattern with Ho anomalies in groundwaters from a sand aquifer (Texas, USA) 
probably reflects analytical errors according to Tang and Johannesson (2005). Fee et al. 
(1992) found a positive anomaly for seawater. 
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Yb 
The dissolution of organic and sulphide phases may produce a pronounced 

positive Yb anomaly (Yan et al., 1999). Below pH 6, there is an anomalous behaviour of 
Yb, but the reason is not known (Piasecki and Sverjensky, 2008).  
 
Lu 

There is a negative Lu anomaly in seawater and other near-neutral/slightly 
alkaline environments (Bau et al., 1998). The positive anomaly found in groundwater 
aquifers of basalt and some sediments may be due to sorption or co-precipitation effects 
(Tweed et al., 2006).  
 
The REE anomalies summarized 

The only important anomaly relevant for this research on REE behaviour in crater 
lake settings is the europium anomaly. The other anomalies are important for near-
neutral to slightly acidic seawater (La), weathered subalkaline igneous rocks (Ce), 
oxidation, temperature and pH change in (near-)surface waters (Ce), near-neutral to 
slightly alkaline environments such as seawater (Gd, Lu), dissolution of organic and 
sulphate phases (Yb). 
 
Tetrad effects in REE patterns 

A tetrad effect is visible in a REE plot if a subdivision into the following four 
groups appears: 
I La-Nd  
II Pm-Gd 
III Gd-Ho 
IV Er-Lu 
The first and second tetrad groups have some problems. The possible presence of Ce4+ 
or Eu2+ creates anomalies, and Pm is not stable in nature. There are two different tetrad 
shapes: M (convex) and W (concave) (Bau, 1996; Monecke et al., 2002 referring to 
Masuda et al., 1987; Veksler et al., 2005; Bortnikov et al., 2008; Schönenberger et al., 
2008). How much of a 4f-subshell is filled determines this appearance: I: ¼, II: ½, III: 
¾, and IV: completely filled. The repulsion of the electrons is responsible for the tetrad 
pattern. The ratio with the neighbouring element is more important than the absolute 
concentration (Bau, 1996; Veksler et al 2005).  

Igneous rocks like Li-F granites and their hydrothermally altered equivalents like 
greisens and pegmatites show very clear tetrad patterns. This can be explained by 
fractionation of F-rich fluids from the igneous rock, but also by aluminofluoride 
complexes. The tetrad patterns in some sedimentary rocks and seawater are weak 
(Veksler et al 2005 and referring to Masuda and Ikeuchi, 1978; and Monecke et al., 
2002).  

A tetrad pattern is visible for synthetic cryolite (Na3AlF6), but there is no 
explanation for its occurrence in this rare mineral (Veksler et al., 2005). High 
temperature tourmalines from aplite, granite and pegmatite show the most pronounced 
M- and W-type of tetrads. The tourmalines demonstrate the importance of pH, because 
their REE contents are higher in a quartz-feldspar vein than in a tourmaline-quartz vein, 
which is explained by a more elevated alkalinity (Bortnikov et al., 2008). Veksler et al. 
(2005) stated that only silicate melts have M-type patterns. They have also been found 
in granites with their accessory fluorite (Monecke et al., 2002). Most chlorites show M- 
or W-type of tetrads, which can be explained by complexation during the hydrothermal 
stage. The mobility of REE is aqueous media depends on temperature, pH, eH and the 
mineral (Bortnikov et al., 2008).   

The theory of tetrad patterns is not universally accepted. Supporters (e.g. 
Masuda and co-workers) support their existence, while others (e.g., McLennan, 1994) 
believe that tetrad patterns reflect analytical errors. 
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3.3 Crater lakes and hydrothermal alteration areas  

 The lakes and hydrothermal areas studied here were selected on the basis of 
available REE data. The areas are briefly introduced below. Main characteristics of the 
lakes are summarized in table 3.1. Poás and Rincón de la Vieja are treated in more 
detail in chapter 4. 
 
Volcano Name Volume 

(m3) 
Depth 
(m) 

Diameter 
(m) 

pH Temperature 
(°C) 

References 

Poás  3.7 x 
103 – 
1.7 x 
106 
(1993-
1997) 

Up to 55 Up to 320 -0.87 
– 
1.75 

22 - 94 Martínez 
(2008) 

Rincón de 
la Vieja 

 Not 
found 

Not 
found 

Not found 0.35 
– 
0.53 

36 - 45 Appendix A 

El Chichón El 
Chichón 
Crater 
Lake 

Max 3.5 
x 104-6 
x 105  

1-3.3  November 
1982: 
650 
length, 
200-450 
width 

0.56-
2.7 

26 (2006) -58 
(1983) 

Rouwet et 
al. (2009); 
Casadevall 
et al. 
(1984); 
Armienta et 
al. (2000); 
Taran et al. 
(2008); 
Morton-
Bermea et 
al. (2010) 

Copahue  Not 
found 

Not 
found 

300 width 0.2-
1.1 

21-54 Varekamp 
et al. 
(2009) and 
references 
therein; 
Venzke et 
al. (2002-) 

Yellowstone Norris 
Geyser 
Basin 

Not 
found 

0-
unknown 

Not found 2.8-
3.5 

81-90 Morgan et 
al. (2009); 
Lewis et al. 
(1997) 

 Gibbon 
Geyser 
Basin 

Not 
found 

Not 
found 

Not found 2.0-
3.0 

73-93 Lewis et al. 
(1997) 

 Upper 
Geyser 
Basin 

Not 
found 

0-
unknown 

Not found 3.0 75 Morgan et 
al. (2009); 
Lewis et al. 
(1997) 

Ruapehu  9.0 x 
106 
(1991, 
depth 
about 
134 m) 

300  oval 
shaped, 
average 
500  

0.63-
1.78 

10-60 Christenson 
and Wood 
(1993); 
Christenson 
et al. 
(2010) 

Keli Mutu TAP 5.3 x 
106  

64  400 x 330  1.7-
1.9 

20.4-22.4 Pasternack 
and 
Varekamp 
(1994) 
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Volcano Name Volume 
(m3) 

Depth 
(m) 

Diameter 
(m) 

pH Temperature 
(°C) 

References 

Keli Mutu TiN 6.4 x 
106  

127  430 x 306 0.3-
0.5 

29.3-32.7 Pasternack 
and 
Varekamp 
(1994) 

 TAM 4.2 x 
106 

67  357 x 260 2.9-4 18-20.45 Pasternack 
and 
Varekamp 
(1994) 

Patuha Kawah 
Putih 

Not 
found 

8-17 Not found <0.5-
1.3 

26-35 Sriwana et 
al. (2000) 
and 
references 
therein 

Kawah Ijen  3.0 x 
107 
(2004)– 
4.35 x 
106 
(1922) 

182-200 Not found 0.09-
0.39 

33.8-44 Takano et 
al. (2004) 
and 
references 
therein; 
Delmelle et 
al. (2000) 

Kelut  2.5 x 
106 - 40 
x 106 

34 Not found 5.9-
6.5 

30.7-42.8 Bernard and 
Mazot 
(2004); 
Thouret et 
al. (1998); 
Badrudin 
(1994) 

Telaga 
Bodas 

 Not 
found 

Not 
found 

Not found 0.40 Not found Moore et al. 
(2008) 

Telaga 
Warna 

 Not 
found 

Not 
found 

Not found Not 
found 

Not found  

Pinatubo  6.5 x 
107 - 
2.5 x 
108 

Not 
found 

Not found 3 -
5.5 

26-40 Stimac et 
al. (2004) 
and 
references 
therein 

Kusatsu-
Shirane 

Yugama Not 
found 

Not 
found 

120 x 200 
– 270 x 
350 

0 -
1.84 

-0.5 – 26.7 Ohba et al. 
(2008) and 
references 
therein 

Maly 
Semiachik 

 Not 
found 

117 550 0.7 – 
1.4 

30-34 Takano et 
al. (2000) 
and 
references 
therein 

Table 3.1: Abbreviations TAP, TiN, and TAM: see below Keli Mutu, Indonesia. 
 
El Chichón Volcano Crater Lake, Mexico (1 = Taran et al., 1998; 2 = Morton-Bermea et 
al., 2010)  

This volcano is part of the small Chiapanecan Volcanic Arc between the Trans-
Mexican volcanic belt and the Central American volcanic arc (CAVA). Because both 
volcanic chains consist of calc-alkaline rocks, it is expected that El Chichón produced 
calc-alkaline rocks. In reality, its products are trachyandesitic. The pyroclastic material 
ejected during the 1982 eruption was anhydrite-bearing trachyandesite. The occurrence 
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of K-alkaline rock has been explained by the location near the triple junction between 
the North American, Caribbean and Cocos plates. According to others, of the rock 
composition is related to the subduction of the Cocos plate under the North American 
plate 1, 2 and referring to Damon and Montesinos (1978). The lake has been sampled irregularly. The data 
base includes REE analyses of 25 lake-water samples (including six samples from three 
different dates).  
 
Copahue, Argentina (1 = Varekamp et al., 2001; 2 = Venzke et al., 2002-) 

Prior to 2000 the lake waters of Copahue had compositions suggesting near-
congruent rock dissolution. Between 1992 and 1995 hydrothermally altered rock debris 
was ejected, as well as siliceous dust, pyroclastic sulphur, and rare juvenile fragments1, 
2. Magmatic eruptions occurred between July and October 2000 and changed the 
properties of the lake since then. A detailed study has been done on the behaviour of 
REE in an acid stream originating in the summit area near the lake 1. 
The lake has been sampled irregularly. The data base includes REE analyses of 12 lake 
water samples. 
 
Yellowstone, USA (Morgan et al., 2009 summarized)  

Yellowstone has at least 20 large (> 100m in diameter) hydrothermal craters. 
Comparison of the crater sizes of Yellowstone with those of active geyser basins and 
thermal areas indicate that the events creating this hydrothermal activity occur at a 
much bigger scale than elsewhere. The explosive hydrothermal systems require 
hydrothermal fluids around boiling temperature to flow along interconnected, well-
developed joints and fractures in a water-saturated system. In Yellowstone, active 
deformation of the caldera, active faulting and moderate local seismicity are among the 
processes that influence the hydrothermal system. Due to their low permeabilities, the 
hydrothermal fluids flow along the edges of rhyolitic lava flows. The Lava Creek Tuff 
consists of high-silica rhyolite ignimbrites. The caldera was formed by the catastrophic 
eruptions at 2.05, 1.3, and 0.64 Ma. There are more than 10000 active hot springs, 
geysers, fumaroles, and mud pots in the Yellowstone caldera, which is is 45 by 85 km in 
size.  

The hydrothermal waters have been sampled frequently but the data base 
includes REE analyses of only 14 water samples. 
 
Ruapehu, New Zealand  

Rhyolite is the main lithology in this zone, and frequently displays hydrothermal 
alteration. The length of the thermal cycle varies between 4 and 16 months (Christenson 
et al., 2010). Between the disappearance of the lake in 1945 and its re-establishment in 
1946, numerous phreatic and phreatomagmatic eruptions had occurred. In the 1960s 
and 1970s fresh pumiceous andesite was ejected and the activity was lower in the 
1980s. The pH of the crater lake was higher during 1971-1973 period (1.18-1.78), than 
1988-1990 period (0.63-0.87) (Christenson and Wood, 1993). The big eruption occurred 
on 23 September 1995, and a synopsis of events between November 1994 and August 
1996 is given by Christenson (2000). In the sampling period of 1994-1996 the pH 
changed between 0.63 and 1.2 (Christenson, 2000).There have been other eruptions 
afterwards: March 1996 (uncertain), June - September 1996, October 1997, October 
2006 and September 2007. The eruption of 25 September 2007 was a phreatic eruption 
without warning. The lake was relatively cool (13 °C) and the seismicity was low 
(Venzke et al., 2002-). 
 The lake has been sampled regularly but the data base includes REE 
analyses of only three lake water samples. 
 
Keli Mutu, Indonesia (Pasternack and Varekamp, 1994 summarized) 

Keli Mutu is a stratovolcano on Flores. It produced hydrothermal eruptions 
between 1860 and 1870. The phreatic eruptions probably deposited the bedded ashes 
and lapilli on the walls.  
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There are three lakes in the summit area, situated in steep craters: Tiwu Ata Polo (TAP), 
the southeastern lake, Tiwu Nua Muri Koohi Fah (TiN), the central lake, and Tiwu Ata 
Mbupu (TAM), which fills a pit crater inside a large crater. The lakes have been sampled 
irregularly. The data base includes only one REE analysis of lake water from unknown. 
 
Kawah Putih, Indonesia (Sriwana et al., 2000 summarized) 
Kawah Putih lake is situated in the summit of Patuha volcano in West Java. Lavas 
produced by this volcano are medium-K basaltic andesite with 54-58 wt% SiO2 and 5-6 
wt% MgO. Although there have not been magmatic or phreatic activity since 1600 AD 
Sriwana et al., 2000 referring to Neumann van Padang, 1951, the volcano should is categorized as potentially 
active.  

The lake has been sampled irregularly. The data base includes REE analyses of 
four lake water samples. 
 
Kawah Ijen, Indonesia  

Kawah Ijen is an active stratovolcano with a basaltic to andesitic composition, 
situated in East Java (e.g. Palmer et al., 2011; Van Hinsberg et al., 2010; Delmelle et 
al., 2000 and references therein). Its crater lake is part of a caldera complex. According 
to their SiO2 and K2O contents, the erupted products belong to the calc-alkaline island 
arc series (Delmelle and Bernard, 1994). This crater lake is the largest natural body of 
hot hyperacid brine. It formed 50,000 years ago when the Ijen volcano collapsed, 
producing a 20 km wide caldera (Van Hinsberg et al., 2010 referring to Kemmerling, 
1921 and Sitorus, 1990). Kawah Ijen is the only active crater of the caldera.  

During the last major magmatic eruption in 1817 the lake was completely 
expulsed (Van Hinsberg et al., 2010 and referring to Bosch, 1858 and Kemmerling, 
1921; Delmelle et al., 2000, referring to Newhall and Dzurisin, 1988). The last two 
eruptions in early August 2002 and early September 2000 are uncertain (Venzke et al., 
2002-). Preceding eruptions were in June 1999, February 1994, and July 1993. Since 
1817 the activity has been phreatic and geyser-like (Delmelle et al., 2000 referring to 
Newhall and Dzurisin, 1988). Over at least 50 years the lake is generally marked by 
quiet conditions suggesting a dynamic equilibrium (Delmelle and Bernard, 2000).  

The crater wall exposes layered pyroclasts and lava flows covered by sulphur-
bearing mud from the recent activity. On the outside close to the rim, altered phreatic 
and phreato-magmatic material discordant on magmatic deposits is found. On the 
outside, scoria layers and small lava flows are exposed. In general, all rocks show some 
degree of alteration when in contact with the acid fluid, for example along the Banyu 
Pahit stream that originates on the Western flank of the crater (e.g. Delmelle and 
Bernard, 2000; Van Hinsberg et al., 2010).  
 The lake has been sampled frequently. The data base includes REE analyses of 3 
lake water samples. 
 
Other volcanoes Indonesia  

Kelut volcano (East Java) is highly active and erupted in the last century in 1901, 
1919, 1920, 1951, 1966 and 1990. The latest eruption was in 2007. Lahars, nueés 
ardentes, and pyroclastic falls are associated with its eruptions (Venzke et al., 2002-; 
Badrudin, 1994). Eruption products are mostly basaltic andesite (Bourdier et al., 1997; 
Badrudin, 1994). In contrast to most of the other lakes studied here, the lake water of 
Kelut is not acidic but has a near-neutral pH (Bernard and Mazot, 2004). The lake area 
is marked by extensive CO2 emissions (Caudron et al., 2012). Since late 2007, there is 
no lake anymore due to the extrusion of a lava dome in the central part of the crater. 

The Telaga Bodas crater lake is situated on the flank of the Galunggung Volcano 
(West Java), ca. 15 km east of the city of Garut. The volcano erupted five times since 
1822 and the eruption in 1984 is the most recent (Moore et al., 2008). Rocks of the 
volcano include basalt to basaltic andesite. However, older lavas are dominantly 
andesite to dacite (Moore et al., 2008). 
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Telaga Warna is a multicoloured lake in the area of the Dieng Plateau (Central 
Java). It occurs in volcanic terrain but is not associated with an obvious volcanic edifice. 
Escaping bubbles demonstrate the underlying activity. Little is known about its particular 
features.  

Whereas Kelut has been extensively monitored, sampling of Telaga Bodas, and 
Telaga Warna has been erratic till date. For each lake, only one sample with REE data is 
included in the data base.  
 
Pinatubo, Philippines (1 = Di Muro et al., 2008; 2 = Luhr, 2008; 3 = Venzke et al., 2002-; 
4 = Stimac et al., 2004) 

The Pinatubo volcanic complex is the northernmost of the volcanic system related 
to subduction at the Manila Trench 4. Seismic activities were recorded before the 1991 
phreatic explosions 4. The large 1991 eruption can be divided into three phases: 1) 
phreatic explosions, 2) extrusion of an andesite dome alternating with short-lived 
explosions, 3) dacite plinian eruption which formed a small summit caldera 1, 2, 4. The 
phreatic explosions created a 1.5 km long line of craters on the upper slope of the 
volcano 4. The eruptions ended in 1992 with the extrusion of the second andesite dome 
on the caldera floor. The main type of magma was medium-K dacite. Other Pinatubo 
eruptions and the Buag period (500kyr) have indistinguishable andesite and dacite 
compositions. Hence, the Buag rocks are used in this thesis for interpretation purposes 
1,4. There has also been an eruption in 1993 3, but the data from rocks of the two other 
eruptions are taken here.  

The lake has been sampled irregularly. The data base includes an REE analysis of 
only one lake water samples. 
 
Kusatsu-Shirane, Honshu, Japan and Nishiki-numa iron-spring, Hokkaido, Japan 
Kusatsu-Shirane: (Ohba et al., 2008 summarized) and Nishiki-numa: (Bau et al., 1998 
summarized)  

Kusatsu-Shirane is an andesite volcano at the volcanic front on Honshu Island in 
Japan. In 1882 the first historical eruption occurred and there were steam-driven 
explosions in 1982 and 1983. The largest eruption was in 1932 and a small eruption 
occurred in 1989. The crater lakes are Yugama, Mizugama, Karagama, and Yumiike.  

The Nishiki-numa iron-spring is included to understand the REE behaviour, 
because there is no clear description concerning the REE for the Kusatsu-Shirane water.  
 
Maly Semiachik, Russia (1 = Kersting and Arculus, 1995; 2 = Takano et al., 2000; 3 = 
Takano et al, 2004; 4 = Venzke et al., 2002-) 

Not much is known about this volcano. The geology is not extensively described 
and, to my knowledge, there is only one set of REE data published3. The last known 
eruption was in 1952 4. The Maly Semiachik volcano is situated on the Kamchatka 
peninsula in the central part of the Eastern Volcanic Front 1,2. 
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4. Geological setting, activity and lake properties of Poás and 
Rincón de la Vieja 

Volcanism in Costa Rica is associated with a convergent plate boundary where 
the Cocos plate is subducting below the Carribbean plate (Carr et al., 2007a). 
 

The volcanoes in Costa Rica are not all the same. There are three main types based 
on the morphology (Van Wijk de Vries et al., 2007):  

1) Shield-like volcanoes, for example Rincón de la Vieja and Tenorio. 
2) Small, steep stratocones, for example Arenal and Chato. 
3) Volcanoes with low slope angles and broad tops, for example Poás, Irazú and 

Platanar. 
Three petrographic types have been distinguished (Alvarado, 1985):  

1) Sub-alkaline lavas. Volcanoes of this type are for example calc-alkaline Rincón de 
la Vieja and Irazú. 

2) Andesite to high alumna basaltic-andesite lavas. Volcanoes of this group are for 
example Arenal and Chato. 

3) Tholeiitic lavas. Volcanoes of this type are Poás and Platanar. 

4.1 Poás and Rincón de la Vieja - volcanic setting, rocks and minerals 

Poás 
Poás is located at 10°12’N, 84°14’W. The height of the volcano is 2704 m above 

sea level. It is composite stratovolcano with collapse craters (Weyl, 1980: summary of 
different references). The volcano is part of the Central Cordillera, which can be divided 
into two groups with Poás and Platanar on one side and Irazú on the other. Poás and 
other volcanoes are trending from west-northwest to east-southeast. The group of Irazú 
show a fissure east-northeast to the Poás group. On the southern slopes of Poás is the 
Alajuela fault (Weyl, 1980; Van Wijk de Vries et al., 2007 and referring to Borgia et al., 
1990). Rock compositions of the volcano point to an enriched mantle source (Carr et al., 
2007a). 

The rocks of Poás are basalt, dacite, and andesite. The main phenocryst in the 
basalts is plagioclase, but magnetite and augite are also present. In some basalts there 
is orthopyroxene and in some there is olivine. Removal of clinopyroxene and plagioclase 
of less silicic basaltic andesite forms dacite. The andesites contain pyroxenes, 
plagioclase, and magnetite. Pyroxene mantels olivine in glomeroporphyritic clusters of 
the phenocrysts where olivine is rarely found. Hornblende is sometimes found and on 
the south flank of Poás are pigeonite rims in the most siliceous samples (Prosser and 
Carr, 1987 and referring to Prosser, 1983; Cigolini et al., 1991). 
 
Rincón de la Vieja 

Rincón de la Vieja volcano is located at 10°49’N, 85°20’W. The height of the 
volcano is 1806 m above sea level. Rincón is a composite stratovolcano with six craters. 
It is part of the Guanacaste Cordillera which trends northwest-southeast. The important 
volcanoes of this volcanic chain are Rincón de la Vieja and Orosí. Weyl (1980) described 
the activity of Rincón as occasionally occurring steam and ash eruptions. Kempter et al. 
(1996) stated that magma mixing is the possible trigger of the oldest group of eruptions 
involving pyroclastic flows and tephra. The groups are described in table 4.2.  

The rocks are generally dacite, labradorite rhyodacite, hypersthene-augite-
andesite (Weyl, 1980, with summary of other references). The recently erupted rocks 
are andesitic. Pumice of the volcano is dacitic. The andesite of the youngest group 
contains plagioclase, augite, and magnetite as phenocrysts. Plagioclase, augite, 
hypersthene, and Fe-Ti oxides are commonly present in the lavas (Carr et al., 1985 and 
referring to Kussmaul et al., 1982; Kempter et al., 1996). Secondary minerals are 
anhydrite, alunite, and kaolinite and, further away from the active crater, iron-sulphate 
and oxy-hydroxide minerals like jarosite and goethite (Kempter and Rowe, 2000 
referring to Hayba et al., 1985 and Rowe et al., 1995).  
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Alvarado (1985) compared the mineralogical composition of Poás and Rincón de 
la Vieja as follows: 
 Phenocrysts Plagioclase Of which 

Anorthite 
Olivine Clino-

pyroxene 
Ortho-
pyroxene 

Poás 0 - 42 0 - 27 38 - 79 0 – 2.5 0 - 5 0 - 10 
Rincón de 
la Vieja 

30 - 60 17 - 50 45 - 65 0 – 3.5 2 - 7 0.5 - 5 

Table 4.1: Mineralogical comparison of Poás and Rincón de la Vieja (Alvarado, 1985). All values in wt.%.  
 
Group Products Minerals 
1 (< 3500 yr B.P.) Lapilli pumice Plagioclase, 

orthopyroxene, and rare 
hornblende 

2 (3500 – 27000 yr B.P.) Tephra Plagioclase, augite, 
hypersthene, opaques 

3 Tephra and andesite lava Hyperstene, augite, rare 
hornblende, plagioclase 

4 Andesite lava Plagioclase, augite, 
hypersthene, Fe-Ti oxides 

Table 4.2: The eruption history of Rincón de la Vieja, subdivided into four groups (Kempter et al., 1996 
summarized and referring to Kempter and Benner, 1989). 

4.2 Properties and behaviour of the crater lakes of Poás and Rincón de la Vieja 

The crater lake of Poás 
The crater lake of Poás is highly acidic (pH<2) and among the most active ones 

in the world. Its highly dynamic behaviour and numerous eruptions have been 
extensively documented (Martínez, 2008 and referring to Martínez et al., 2000; Venzke 
et al., 2002-; OVSICORI open reports, and many references therein). The activity 
included persistent fumarolic degassing and periods of enhanced phreatic activity in the 
lake. The latest phreato-magmatic eruption occurred in 1953-1954. The activity changes 
are expressed in the chemical and physical properties of the lake, such as volume, 
depth, pH, temperature and concentrations of dissolved components. Martínez (2008) 
distinguished five different periods (stages) in the lake’s activity since the late 1970s. 
They are illustrated by time-series trends for relevant parameters until early 2008 in 
Figures 4.1 and 4.2, while Figure 4.3 extends the trends for selected parameters 
monitored between 2006 and 2009. Martínez (2008) inferred that the Poás system has a 
6–10 years cycles of alternating quiet and active intervals. 

Tables 4.3 and 4.4 present historic overviews of the activity of Poás and main 
observations in the crater and the lake. 
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Figure 4.1: Time series plots of major parameters illustrating the evolution of Poás lake over 30 years (1978-
2008). Figure from Martínez (2008). 
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Figure 4.2: Time series plots of major parameters illustrating details in the recent evolution of Poás lake 
(1995-2008). Figure from Martínez (2008). 
 



 23 

Poás

Sampling date (dd/mm/yy)

01/01/06  01/07/06  01/01/07  01/07/07  01/01/08  01/07/08  01/01/09  01/07/09  

D
e

p
th

 (
m

)

0

10

20

30

40

50

V
o

lu
m

e
 (

m
3
 x

 1
0

0
0

)

0

200

400

600

800

1000

1200

1400

1600

Depth

Volume

Poás

Sampling date (dd/mm/yy)

01/01/06  01/07/06  01/01/07  01/07/07  01/01/08  01/07/08  01/01/09  01/07/09  

D
e
p
th

 (
m

)

0

10

20

30

40

50

T
e
m

p
e
ra

tu
re

 (
o
C

)

0

10

20

30

40

50

60

70

Depth

Temperature

 
Poás

Sampling date (dd/mm/yy)

01/01/06  01/07/06  01/01/07  01/07/07  01/01/08  01/07/08  01/01/09  01/07/09  

p
H

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

T
e

m
p

e
ra

tu
re

 (
o
C

)

0

10

20

30

40

50

60

70

pH

Temperature

 
Figure 4.3: Time-series trends for depth, volume, temperature and pH for the lake of Poás for the period 2006-
2009 (data collected by OVSICORI). Note the gradual decrease in depth, volume and pH, and the strong 
fluctuations in temperature. In all 3 graphs: red corresponds to the left y-axis and blue for the right y-axis.  
 

Figure 4.3A shows that between April 2006 and March 2007 the lake volume did 
not change, but a significant decrease can be seen between March 2007 and May 2008. 
Following a minor increase, there was a further reduction until February 2009.  

After a period of low temperatures (about 20-30ºC) in 2004-2005, the 
temperature had risen to more than 40ºC by early 2006, reaching more than 50 ºC in 
October-November and in large parts of 2007. In 2008 and 2009 the temperatures 
dropped in the 40s. The temperature trend (April 2006 - February 2009) is shown in 
figure 4.3B. 

The pH of the lake decreased from April 2006 to February 2009, with an 
exception in May 2006 (figure 4.3C). 

A phreatic eruption occurred in April 2006 and again in September and December 
of 2006. In 2007 no major activity was recorded and the only event in 2008 was an 
eruption in January. Early 2009 was more active with an earthquake in early January 
followed with an eruptions a few days later, while in March there was another eruption 
again.  

Martínez (2008) already discussed some systematics in the REE signatures of the 
lake. The REE content is generally high and varied between 340 and 5000 ppb. Highest 
concentrations were observed during stage III when temperatures and acidity were 
highest as well. Chondrite-normalized REE patterns for this stage were close to those of 
the lavas, suggesting that REE abundances are created by interaction with the rocks of 
Poás and can be explained by (near-) congruent dissolution. The correspondence was 
less during the other periods, indicating that water-rock interaction must have been 
more complex when the lake properties were less extreme and the activity was lower. 
Martínez (2008) further observed that negative Eu anomalies are virtually absent in the 
lake waters (except for some of the analysed Stage III samples), despite their presence 

A B 

C 
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in the lavas. This suggests that specific conditions and mineralogical controls may 
regulate the behaviour of individual REEs.  
 
Table 4.3: Historic overview of main features in the lake-hosting active crater of  Poás, subdivided into five 
stages according to Martínez (2008) 

Stage Period Remarks 
Before I 1830 - 1970 Single sample of lake water 

with incomplete data. 
I 1972 – August 1980 Moderate to strong 

fumarolic discharge and 
occasional phreatic 
explosions within the lake. 

II September 1980 – April 
1986 

Relative quiescence in the 
lake, no phreatic activity 
despite strong discharge of 
high temperature fumaroles 
through the CPC (composite 
pyroclastic cone). 

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

IV September 1995 – February 
2005 

Relative quiescence in the 
lake, opening of subaerial 
fumaroles and springs 
around the lake. 

V March 2005 – early 2008 
(end of research) 

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

 
Stage Eruption and other important events 
Before I 1834 strong eruption, other eruptions for 

example: 1838, 1860, 1879-1880, 1884, 
1889-1890, 1895, 1899-1901, 1903, 
1905, 1908, 1910 
Largest phreatic eruption reported over 
the last 2 centuries: 25 January 1910. 
Small to moderate intermittent geyser-
like explosions over following ca. 40 
years: 1910, 1914-1916, 1925, 1929, 
1941-1946, and 1948-52 
Magmatic activity 1953-1955 
1969: phreatic eruptions 

I Period with phreatic eruptions 1972-1980: fumarolic degassing and 
intermittent geyser-like phreatic 
eruptions 
late 1977 
1978 

II Shallow magmatic intrusions beneath 
acidic crater lake: sometime in 1985 
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Stage Eruption and other important events 
III Period with phreatic eruptions April 1988 

May-June 1988 
Lake dried out several occasions 
1 May 1989: Unusual powerful steam 
jets. Dry ash and steam eruptions 
continued intermittently for several 
weeks  
Dry lake: April 1989-May 1989, but 
disappeared again during the dry seasons 
(rain: May-December) of 1990 and 1991 
Phreatic eruption resumed in March 1990 
Shallow magmatic intrusions beneath 
acidic crater: 1994 
Phreatic eruption 25 April 1994 
30 April 1994 
2 June 1994 
Between 24 & 31 July 1994 peak phreatic 
activity (largest: 31-7) 
4 August 1994 
mid-August 1994: new lake started up, 
more stable at very end 1994, early 1995 

IV Shallow magmatic intrusions beneath 
acidic crater: 2002 

V Period with phreatic eruptions minor phreatic eruptions between end 
March and April 26 
26 April 2006: small explosion 
25 September 2006 
December 2006: small phreatic eruption 

Table 4.4: The eruptive history, main events and other features during the different stages in the evolution of 
the crater lake of Poás, summarized from the compilation in Martínez (2008)  
 
The crater lake of Rincón de la Vieja 

The acid lake of Rincón de la Vieja is chemically similar to that of Poás, but less is 
known in detail because monitoring has been infrequent. Recorded pH values are 
extremely low pH (<1.2) and concentrations of dissolved elements are equally high 
(Kempter and Rowe, 2000; Tassi et al., 2005; OVSICORI, unpublished data). 

The lake size did not change much between 1996 and January 2010. The size 
decreased noticeably only after the phreatic activity of November 1996. In July 2001 it 
was lower again, but without an obvious explanation. The lake size decrease of April 
2002 is caused by a dry period. There was also a decrease in April 2007. 

Between 1993 and January 2010 the lake temperature was 30-50°C, whereas a 
maximum of 58°C was recorded in July 2001.  

The most recent eruption occurred in early November 1995. There is still seismic 
activity in the area.  
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5. Strategy and methods 
This thesis focuses on the REE behaviour of acid crater lakes. New data are 

presented for the Costa Rican volcanoes Poás and Rincón de la Vieja. Together with 
previous results, the available data sets for these two volcanic lakes are the most 
extensive, allowing to evaluate temporal changes in detail. The crater lakes of El 
Chichón (Mexico), Copahue (Argentina), Ruapehu (New Zealand), Kawah Ijen, Kawah 
Putih, Keli Mutu, Kelut, Telaga Bodas, Telaga Warna (all in Indonesia), Pinatubo 
(Philippines), Kusatsu-Shirane (Japan) and Maly Semiachik (Russia) were selected for 
this study, because of the availability of REE data and their (predominantly) acidic 
nature. In addition, Yellowstone (USA) was selected to obtain a contrasting view on the 
REE behaviour from a hydrothermal area. Vulcano (Italy) does not host a crater lake, 
but presents an interesting case because here the behaviour of REE during alteration 
processes has been studied previously in rocks. With few exceptions, the properties of 
the selected areas are well documented in the literature. 

 To gain insight into the effects of water-rock interaction, literature data on 
water and rock compositions were compiled in a database. This contains the main 
properties of the lake waters as well as the major element concentrations together with 
the REE. Because publications sometimes use different units, all concentration data in 
the database were converted into the same unit. Because eruptive events might 
influence the element concentrations, these events were also included in the database. 
For each area, water and rock compositions were compared and evaluated in a set of 
diagrams (e.g., ternary diagrams, normalized REE plots, time-series trends). The 
PHREEQC routine (version 2.17) was used to explore the mineral saturation states and 
REE speciation. For evaluating differences between the LREE and HREE, La and Yb have 
been taken to represent the former and latter group, respectively. Furthermore, Eu 
anomalies were used to investigate differences in behaviour between bivalent and 
trivalent europium.   

In addition to the literature compilation, new data were obtained by analyzing 
lake waters from Poás and Rincón de la Vieja. The 48 newly analyzed samples from Poás 
were collected between 28 February 2006 and 3 April 2009 at approximately monthly 
intervals by OVSICORI (Martínez, pers. comm.). These samples extend the results 
discussed in Martínez (2008) that cover a ca. 30-year period up to November 2005 and 
include REE data. The seven new samples from Rincón de la Vieja were collected 
between 2004 and 2008 at approximately 0.5-1 year time intervals, and were treated 
following the same methods as adopted for the Poás samples. Earlier major-element 
data from Rincón de la Vieja were taken from the literature but concentration data on 
the REE are lacking for this period. 

A lava block expelled from the lake area during a phreatic eruption at Poás was 
studied to explore potential mineralogical effects of the interaction between the volcanic 
rocks and acidic water as far as they are relevant for the behaviour of the REE. 

5.1 Samples of an ejected lava block from Poás 

This sample of altered rock was collected inside the Poás crater on one of the 
terraces bordering the lake. It is presumably derived from a vent near the centre of the 
lake from which it was expelled during one of the phreatic eruptions.  
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Figure 5.1: Thin section of sample PV-102.   Figure 5.2: Thin section of sample PV-202. 
 

Because colour differences in the several-decimeter-sized block suggested the 
presence of different minerals, light and dark parts were separated for individual 
analysis. They have been labelled as PV-102 and PV-202, respectively. Both sub-
samples were crushed with a mortar for XRD (X-ray diffraction) analysis, which was 
carried out at room temperature using a Bruker-AXS D8 Advance powder X-ray 
diffractometer in Bragg-Brentano mode, a divergence slit and a PSD Våntec-1 detector. 
Because not all minerals could be determined by XRD, electron probe micro-analysis 
(EPMA) was used to identify minerals in thin sections (figures 5.1 and 5.2) from their 
chemical composition. Resin is used to fix the rock, since the minerals are very loose in 
the rock. The analyses were performed with a JXA-8600 superprobe using EDS 
techniques.  

5.2 Water samples of Poás and Rincón de la Vieja 

The samples were generally treated in the same way as the samples previously 
analyzed by Martínez (2008). The ICP and ICP-MS analyses were also performed in the 
laboratory at the Department of Earth Sciences of Utrecht University. Prior to analysis, 
the water samples were filtered with a 0.45 µ filter and diluted 100 or 200x by weight 
for ICP analysis. For ICP-MS analysis, the samples were diluted 50 and 100x by weight. 
Because the Poás and Rincón de la Vieja samples have different compositions, dilutions 
of the two sets of samples were not necessarily the same. A few samples were analyzed 
in duplicate to test the accuracy of the methods used. The IC, pH and temperature data 
were collected by OVSICORI (Martínez, pers. comm.). 
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6. Results  
This chapter presents the results of the analysis of waters, rocks and minerals 

from Poás and Rincón de la Vieja volcanoes, as well as an overview of relevant data on 
other crater lakes and associated rocks, assembled from the literature. 

6.1 Mineralogy of an ejected block collected in the crater of Poás 

Explosive phreatic eruptions centered at the Poás lake have occasionally expelled 
rock fragments from the sub-lake vent area. Because they could provide insight into the 
mineralogical changes induced by water-rock interaction, the results of a mineralogical 
investigation of one of these ejecta are presented here first. Two different parts of the 
same rock have been studied separately: a brighter part (labelled PV-102) and a darker 
part (labelled PV-202). 

6.1.1 X-ray diffraction results 

The XRD spectra of Figures 6.1 and 6.2 indentify the main minerals present in 
the two different parts of the block. Cristobalite, tridymite, sulphur and alunite were 
detected. Minerals associated with some minor peaks could not be identified. 
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Figure 6.1: X-ray diffraction pattern for a bright part of an ejected block from Poás (PV-102) showing 
cristobalite (C), sulphur (S), tridymite (T), and an unspecified mineral. 
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Figure 6.2: X-ray diffraction pattern for a dark part of an ejected block from Poás (PV-202) showing the 
presence of at least cristobalite (C), sulphur (S), tridymite (T), and alunite (A). 

6.1.2 Electron microprobe results 

Figures 6.3-6.6 show electron back-scatter images of PV-102 and PV-202 
obtained by the electron microprobe. Different gray-scale intensities, combined with EDS 
surveys, provide a good impression of textures and allow mineral identification based on 
chemistry.   

 
  
 

Except for the bright grains and patches, virtually all grey parts are almost silica, 
independent of the shape, size or texture of the particle. Some grains show the texture 
of pumice. One of the overviews shows that TiO2 is found in minerals (figure 6.5). Barite 
is found outside the minerals (figure 6.6).  

PV-102 contains pyrite, barite, titanium oxide, sulphur. PV-202 contains: a KCl 
mineral, barite, titanoxide with sometimes considerably Sr in the mineral, probably 
pyroxene, K-silicate, pyrite, volcanic glass, chrome-bearing spinel, Na-Ca silicate. 
PV-102 contains probably more barite than PV-202. Possibly more sulphur is in this 
sample, which does not mean that there is more sulphur found in the lighter parts. 
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Figure 6.3: PV-102 
overview. 

Figure 6.4: PV-202 
overview. 

Figure 6.6: PV-202: 
barite grain.  

Figure 6.5: PV-102 
TiO2 in mineral. 



 30 

   
 
 
 
 
  

Alunite has also been detected in a white part of a white and black layered rock 
found on the eastern terrace of the crater (Rodríguez, 2011, pers. comm.). Figure 6.7 
shows a SEM image of the alunite, and figure 6.8 an EMP backscatter image. This finding 
further confirms the presence of the mineral in the Poás crater as identified 
independently by XRD, SEM, and EMP methods. 

6.2 Changing compositional variations at Poás and Rincón de la Vieja 

 Time series trends indicate that the compositions of Poás and Rincón de la Vieja 
water samples are highly variable. Figure 6.2.9 illustrates this for Al and Mg as 
representative cations and Cl as major anion. For Poás, the subdivision into stages up to 
stage V is based on the properties and activity of the lake since the late 1970s 
(Martínez, 2008). The new samples from 2006 on are grouped by year, because a 
subdivision in terms of recent changes in activity is still unclear. Overall, the 
concentrations of the selected elements show strong fluctuations with time. Peak 
concentrations were observed during stage III, but relatively high, variable values also 
mark intervals around 1999-2001 (stage IV B), 2003-2004 (stage IV D) and 2007. 
Interestingly, Al and Cl follow roughly similar trends, but in detail their relative 
proportions do not remain constant. The Mg contents largely follow the same pattern, 
although the fluctuations of this element seem less strong. But this might be due to the 
scale.   

The monitoring data for the Rincón de la Vieja lake water, collected since 1998, 
show clear change around 2001. The Cl concentration started to increase strongly and 
remained very high in the following years. In 2004 it dropped but remained at relatively 
high levels compared to the period before 2001. The Al concentration has also remained 
high since 2004. It is unknown if peak levels were reached in 2001-2004, since data are 
lacking for this interval. The time series for Mg shows roughly the same trend but 
contrasts before and after 2001 are small. The highest concentration was found in 2002, 
thus in the interval when peak values for Cl were observed.  

 
 
  

Figure 6.7: SEM image of 
alunite. (Rodríguez, 2011 
personal communication) 
Scalebar represents 2 µm. 

Figure 6.8: alunite grains 
in voids. (Rodríguez, 
2011 personal 
communication) Width: 
13.2 x 13.2 cm  
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6.3 Compositional variations in ternary diagrams for Poás, Rincón de la Vieja 
and selected volcanoes worldwide, illustrated in ternary diagrams 

The investigated lake water compositions are plotted in Mg-Al-F, Mg-K-Na, Mg-
K+Na-Al ternary diagrams, together with representative rock compositions and 
hypothetical compositions of minerals that potentially played a role in determining the 
water chemistry, such as alunite and feldspars 

 
Poás and Rincón de la Vieja 

Compositional variations of the crater lake waters from Poás and Rincón de la 
Vieja are illustrated in the ternary diagrams of figures 6.10 and 6.11. Poás stage II-V 
data are from Martínez (2008). The 2006-2008 data are new (this work, appendix A). 
Figures 6.10A and 6.11A are Mg-Al-F ternary diagrams, wherein the Poás data show two 
connected trends. One represents mainly stage IV and V and the other (part of) stage 
III and 2006-2008 samples. The new data (2006-2008) are comparable to stage III, but 
plot closer to the average rock composition. These samples and some of stage III follow 
a trend between gas (F) and the average rock composition. Substages IV A, C, and E 
plot furthest away from the line connecting gas and rock, while substage IV B, D, and 
stage V are closer. None of the samples follow a trend towards or away from alunite. 
The three samples of Tassi et al. (2009) are the only data points in the Rincón de la 
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Figure 6.9: Time series trends for major element 
concentrations (Cl, Al, Mg) in the lake waters of 
Poás and Rincón de la Vieja. A: trends for Poás, 
covering the period 1979-2010, illustrate strong 
fluctuations, consistent with the various stages of 
activity (cf. Martínez, 2008); B: trends for Rincón 
de la Vieja, covering the period 1998-2009 show 
a significant change in 2000-2001. Data from 
appendix A; Martínez (2008); and Tassi et al. 
(2009). 
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Vieja diagram. These samples deviate from the line between the gas and host rock 
composition. There is no indication of an alunite control. 

The Mg-K-Na ternary diagrams are shown in figures 6.10B and 6.11B. The Poás 
data show two trends. One represents a more recent period ((part of) stage IV E, V, 
2006-2009), and runs towards the average rock composition, while the other represents 
an earlier period (I, III, IV A-(part of) E) and runs away from it. The combined water 
(both groups) and rock samples define a trend that runs towards natro-alunite and K-
feldspar. The Rincón de la Vieja data show a single trend. There is a compositional gap 
between the data of Tassi et al. (2009) and the new data (2004-2008). The combined 
water and rock samples are on a trend with natro-alunite. 

The Mg-K+Na-Al ternary diagrams are given in figures 6.10C and 6.11C. The 
Poás data follow a single trend. There is a small gap between the data for stage IV A 
(and some of stage IV B) and the rest of the data. The compositions for Stage I and for 
the most recent period (2006-2009) plot near the average rock composition. Stage III 
compositions fall on both sides of the rock and sometimes close to it. The combined 
water and rock samples follow a trend that runs towards alunite. Two trends are visible 
in the Rincón de la Vieja data. The most recent interval (2004-2008) represents new 
data (appendix A) which show different behaviour relative to the data of Tassi et al. 
(2009) that cover an earlier period. These samples follow a trend towards alunite, 
whereas the data of Tassi et al. (2009) plot much further away. The new compositions 
presented in this study (2004-2008) plot close to the rock samples. 
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Figure 6.10: Ternary diagrams showing compositions of lake waters from Poás, 
together with compositions of local rocks and potentially relevant minerals. A) Water 
samples of part of stage III and the most recent period (2006-2008) fall on a trend line 
between F (representing the gas phase) and the average local rock, suggesting whole-
rock dissolution during these periods. B) Many of the water samples form a trend line 
suggesting that alunite had an important control on their compositions. C) Trend 
indicating that alunite was not the only Al-bearing phase controlling water compositions 
or that its composition was relatively close to the hydronium endmember. Data from 
appendix A, Martínez (2008) and Prosser and Carr (1987) and appendix B. 
 

Figure 6.11: Ternary diagrams showing compositions of lake waters from Rincón de la 
Vieja, together with compositions of local rocks and potentially relevant minerals. Note 
that data sets are incomplete. B) and C) point to similar behaviour as inferred for Poás in 
figure 6.10, suggesting alunite precipitation controlling the older samples (1999-2001) 
and whole-rock or alunite dissolution the younger samples (2004-2008). Data from 
appendix A, Tassi et al. (2009), and Soto et al. (2003 and reference to Tomadas de 
Kempter (1997). 
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Other volcanoes 
 Ternary diagrams for El Chichón are given in figure 6.12. In the Mg-Al-F 

ternary diagram the data follow a single trend at relatively low Al concentrations. The 
compositions do not trend towards or away from alunite. In the Mg-K-Na and the Mg-
K+Na-Al diagrams no clear trend towards or away from the rock samples is visible. 

Figure 6.13 presents ternary diagrams for Copahue. The Mg-Al-F diagram shows 
two trends. The earlier samples (6 January 1999 and 26 November 1999) plot on the 
trend between F and the average rock composition. The other, more recent data fall on 
a different trend that does not seem to be controlled by alunite. Both in the Mg-K-Na 
diagram and in the Mg-K+Na-Al only a single trend is visible. The earlier water samples 
(15 March 1997 – 16 July 2000) plot close to the rock samples.  

The data for Yellowstone show mainly scatter in the ternary diagrams (figure 
6.14). In the Mg-Al-F diagram they fall in four different areas. The rock samples are 
relatively rich in Al, whereas almost all water and rock samples contain little or no Mg. 

The three ternary diagrams for Ruapehu (figure 6.15) show a gap between two 
monitoring periods (1988-1995 and 1995-1996). The gap represents 2.5 months in 
1995. In all cases the compositions follow a single trend. The data for the earlier period 
tend to fall on a line connecting the gas phase and the rock composition in the Mg-Al-F 
diagram, and they plot close to the rocks in the Mg-K-Na and Mg-K+Na-Al diagrams. 
The combined samples follow trends away from (natro-)alunite.  

The Kawah Ijen ternary diagrams are presented in figure 6.16. The Mg-Al-F 
ternary diagram shows a single trend. The water samples fall on a whole-rock 
dissolution trend. Water samples are partly surrounded by rock samples in the Mg-K-Na 
ternary diagram. Some of the plotted water samples contain relatively less Na than the 
rock samples. The Mg-K+Na-Al ternary diagram shows water samples close to the rock 
samples. 

The ternary diagrams for Kawah Putih (figure 6.17) show a single trend, which 
does not run towards or away from alunite. The Mg-K-Na ternary diagram only shows a 
single spot. The water samples plot close to a line connecting rock and natro-alunite. A 
single spot is also shown in the Mg-K+Na-Al ternary diagram. The water samples plot 
between the rock samples and (hydronium) alunite. 

The ternary diagrams (Mg-Al-F, Mg-K-Na, Mg-K+Na-Al) for Keli Mutu are shown 
in figure 6.18. The samples show mainly scatter. There is no clear trend.  
 The Mg-K-Na ternary diagram for Kelut (figure 6.19) shows one trend. The water 
samples do not point to alunite and K-feldspar as controlling minerals. 
 The single trend of the Mg-K-Na ternary diagram for Pinatubo (figure 6.20) does 
not suggest an important role for alunite or K-feldspar. 
 Figure 6.21 displays two ternary diagrams for Kusatsu-Shirane. The periods are 
described in Ohba et al. (2008). Period I is from 1966 to 1981, period II is 1982-1989, 
period III covers 1990-1995, and period IV is from 1996 to 2005. The Mg-K-Na ternary 
diagram shows one trend. The earlier samples (period I) fall on one side close to the 
rock. There is a gap between period I and the other periods. The more recent periods 
(II, III, IV) fall on the other side of the rock. All water samples follow a trend suggesting 
a natro-alunite relation. Period II samples plot furthest away from the mineral, whereas 
period IV compositions are closer to the rock (and thus closer to the mineral as well). 
Like the Mg-K-Na diagram, the Mg-K+Na-Al diagram indicates a single trend. Period II 
compositions fall closest to the rock samples. There is a gap between period I data and 
those from the more recent periods (II-IV). The water samples follow a trend that runs 
towards (hydronium) alunite. 
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Figure 6.12: Ternary diagrams showing compositions of lake waters from El Chichón, 
together with compositions of local rocks. There is no clear relationship between the 
water and rock compositions. Data from Peiffer et al. (2011); Morton-Bermea et al. 
(2010); Rouwet et al (2009), Andrews et al. (2008) Taran et al. (2008), Tassi et al. 
(2003) and Luhr et al. (1984). 

Figure 6.13: Ternary diagrams showing compositions of lake waters from Copahue, 
together with compositions of local rocks and potentially relevant minerals. A) The pre-
eruption samples (eruption July-October 2000) are consistent with complete rock 
dissolution. B) and C) suggest alunite precipitation after the eruption and complete rock 
dissolution before the eruption. Data from Venzke et al. (2002-) and Varekamp et al. 
(2006 and 2009). 
 

Figure 6.14: Ternary diagrams showing compositions of waters from Yellowstone, 
together with compositions of local rocks. For each of the three areas (Norris Geyser 
Basin, Gibbon Geyser Basin, and Upper Geyser Basin) there is no obvious 
relationship between water and rock compositions. Data from Lewis et al. (1997) and 
Beeson and Bargar (1984). 
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Figure 6.15: Ternary diagrams showing compositions of lake waters from 
Ruapehu, together with compositions of local rocks and potentially relevant 
minerals. A) suggests no relevant relation. B) and C) suggest an alunite 
control. The set of earliest samples (before the September 1995 eruption) 
plots close to the rocks suggesting whole rock dissolution; the samples from 
later periods are consistent with alunite precipitation. Data from Christenson 
et al. (2010); Christenson (2000); and Christenson and Wood (1993). 

Figure 6.16: Ternary diagrams showing compositions of lake waters from Kawah Ijen, 
together with compositions of local rocks and potentially relevant minerals. A) The water 
samples of 1999 and 2007 indicate whole rock dissolution. B) and C) are not very clear in 
supporting a possible alunite control. Data from Van Hinsberg et al. (2010); Handley et 
al. (2007) and referring to Sitorus (1990); Delmelle et al. (2000 and 1994). 

Figure 6.17: Ternary diagrams showing compositions of lake waters from Kawah Putih, 
together with compositions of local rocks and potentially relevant minerals. B) and C) 
are consistent with a possible alunite control. Data from Sriwana et al. (2000). 
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Figure 6.18: Ternary diagrams showing compositions of waters from the three lakes of Keli 
Mutu, together with compositions of local pyroclastic rocks and potentially relevant minerals. 
There are no clear relationships between water and rock compositions, but alunite might 
(partly) control the TAP and TiN waters. Data from Pasternack and Varekamp (1994). 

Figure 6.19: Ternary diagrams showing compositions of lake 
waters from Kelut, together with compositions of local rocks and 
potentially relevant minerals. There is no evidence for a control 
by alunite. Data from Bourdier et al. (1997) and Badrudin 
(1994). 

Figure 6.20: Ternary diagrams showing compositions of lake 
waters from Pinatubo, together with compositions of local rocks 
and potentially relevant minerals. No alunite relation is 
suggested. Data from Castillo (1999) and Stimac et al. (2004). 

Figure 6.21: Ternary diagrams showing compositions of lake waters from 
Kusatsu-Shirane, together with compositions of an average andesite and 
potentially relevant minerals. Both diagrams point to an alunite control. Not that 
compositions from Period I (1966-1981) plot closer to alunite than those from 
the other periods. Data from Ohba et al. (2008) and references therein. 
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6.4 REE patterns  

REE diagrams were constructed to illustrate properties of the lake waters, to 
explore differences in the behaviour of the individual rare earth elements and to 
compare the chemical signatures of the investigated lakes. Chondritic values from Sun 
and McDonough 1989 were used to normalize the measured REE concentrations for 
diagrams shown on the left, whereas values from local volcanic rocks or from average 
andesite were taken to normalize the concentrations in the lake waters for diagrams 
shown on the right. The latter allow a direct comparison between rocks and waters in 
terms of REE signatures.  
 
Poás and Rincón de la Vieja 

REE patterns for waters and rocks from Poás (figure 6.22) and Rincón de la Vieja 
(figure 6.23) show overall similarities but differences exist in details. Chondrite-
normalized trends for the Poás waters show enrichment of the LREE over the HREE. The 
LREE part of the trends is relatively steep, while the HREE part is close to flat. The 
trends for all analyzed samples available are generally parallel, with some exceptions, 
notably for the samples taken in 2006, 2007, and 2008 that show minor deviations in 
the HREE. Highest concentrations were observed in Stage III and the lowest in Stage IV 
(see Martínez, 2008). The new data, representing samples taken since 2006, fall 
between these extremes. There are no obvious anomalies in the patterns.   

Chondrite-normalized trends for the rocks of Poás (data from appendix B) are 
comparable to those of the waters as far as enrichment of LREE over HREE concerns. 
The difference is that the rock patterns are not entirely parallel, since the LREE show 
more variation than the HREE.  

The rock-normalized REE abundances in the lake water samples show a clear 
depletion of the LREE relative to the HREE, and a positive Eu anomaly. The trends are 
parallel, again with the exception for HREE parts in samples from 2006, 2007, and 2008 
that tend to be steeper.  

Chondrite-normalized trends for the Rincón de la Vieja waters (appendix A) show 
LREE enrichment over HREE. The LREE part is relatively steep and the HREE part close 
to flat. Highest concentrations are from the May 2004 sample and lowest from the 
October 2008 sample. There are no obvious anomalies in the trends.  
Chondrite-normalized trends for the rocks (data from Soto et al., 2003) also show 
relatively steep LREE and close to flat HREE parts in addition to a negative Eu anomaly. 
The rock-normalized trends for the waters are close to flat with a slight depletion in the 
lightest REE, particularly La. 
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patterns of lake water and volcanic rock 
samples from Poás and REE patterns of 
lake waters normalized to representative 
rocks. Only averages for the different 
stages are plotted. Note that the rock 
normalized plot shows a positive Eu 
anomaly. Data from Martínez (2008) and 
Appendices A and B. 

 

 A  B 



 39 
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Other volcanoes 
 The other volcanoes can be divided into groups of different behaviour. One 
group consists of El Chichón (figure 6.24) and Yellowstone (figure 6.26). Another 
groups shows the normalized REE patterns of Copahue (figure 6.25) and Ruapehu 
(figure 6.27). The Indonesian volcanoes (figure 6.28) and the NW Pacific 
volcanoes (figure 6.29) have only one sample of every lake, except for Kawah 
Ijen and Kawah Putih. These different groups are made on basis of the rock 
normalized plots. Copahue and Ruapehu are more or less flat, El Chichón and 
Yellowstone are more scattered. The Indonesian group and NW Pacific volcanoes 
are groups on basis of geography. 

Chondrite-normalized trends for El Chichón waters (data from Peiffer et 
al., 2011; Morton-Bermea et al., 2010; and Taran et al., 2008) show a decreasing 
trend from La to Lu. April 1998 is the highest observed concentration, some 
samples of April 2008 show the lowest plotted concentration. There are no 
obvious anomalies in the trends. The rocks in the same chondrite-normalized 
plots for El Chichón (data from Morton-Bermea et al., 2010; Andrews et al., 
2008; and Luhr et al., 1984) show a steep LREE trend and a close to flat HREE.  

Rock-normalized REE trend for Rincón de la Vieja have close to flat trend, 
but there is a broad range of the different trends.  

Copahue waters (data from Varekamp et al., 2009; Gammons et al., 
2005; and Takano et al., 2004) when normalized to chondrite show a relatively 
steep LREE and a close to flat HREE. Three of the plotted trends show a different 
pattern. Two samples, 18 January 2003 and 14 March 2004, have almost the 
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Figure 6.23: Chondrite-normalized REE 
patterns of lake water and volcanic rock 
samples from Rincón de la Vieja (A) and REE 
patterns of lake waters normalized to 
representative rocks (B). Note that the rock-
normalized plot highlights a depletion in La and 
Ce relative to the other REE. Data from 
appendix A and Soto et al. (2003). 
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same values. The LREE trend is also steep, but HREE increases instead of a close 
to flat pattern. Sample 23 November 2004 show a lower value than the general 
trend and there is a more decreasing trend from La to Lu. The general trend 
shows a negative Eu anomaly. The rocks (data from Gammons et al., 2005) in 
the same plot show a steep LREE trend and a close to flat HREE. Sample c shows 
in general the same trend, but lower and has a negative Eu anomaly. The rock-
normalized REE show a close to flat pattern, except for 18 January 2003 and 14 
March 2004 show a dip in the LREE trend and an increasing HREE trend. Sample 
23 November 2004 show a lower value than the general trend and has a lower 
LREE trend.  

Chondrite-normalized trends for Yellowstone waters (data from Lewis et 
al., 1997) show a decreasing trend from La to Lu, and a negative Eu anomaly. 
The trend of the water is very broad. Chondrite-normalized trend for Yellowstone 
rocks (data from Lewis et al., 1997) are comparable to the Yellowstone water 
samples as far as the shape of the REE trend. Rock-normalized waters for 
Yellowstone show a relatively low LREE and a close to flat HREE.  

The Ruapehu waters (data from Takano et al., 2004) when chondrite-
normalized trends for show a steep LREE and close to flat HREE (10 February 
1989 and 2 March 1995) and a close to flat REE trend for 27 March 1998. The 
rocks (data from Hannigan, 2005; Gamble et al., 1999; and Gamble et al., 1993) 
in the same figure are comparable to the older water samples (10 February 1989 
and 2 March 1995). Some samples show however a small negative Eu anomaly. 
Sample TVZ-16 shows a slightly different trend. This sample does not have a 
complete data set. Old rock-normalized waters (10 February 1989 and 2 March 
1995) show close to flat LREE and a slightly steep HREE. The sample of 27 March 
1998 shows an increasing trend of LREE and a close to flat HREE trend.  

Chondrite-normalized trends for Indonesian volcanoes waters (data from 
Van Hinsberg et al., 2010; Takano et al., 2004 and references therein; Sriwana et 
al., 2000) show steep LREE and close to flat HREE for Kawah Ijen (KI), Keli Mutu, 
Kelut, and Telaga Warna and a decreasing trend from La to Lu for Kawah Putih 
(KP). The Telaga Bodas trend is not very clear with a low La. There is a small 
negative Eu anomaly for KI and Keli Mutu has a low La and Ce. Chondrite-
normalized trends for Indonesian volcanoes rocks (data from Geochemical Earth 
Reference Model (2011); Van Hinsberg et al., 2010; Sriwana et al., 2000) show 
steep LREE and close to flat HREE for Kawah Ijen (KI), Kawah Putih, and average 
andesite world. The Kawah Ijen rock samples suggest a possible small negative 
Eu anomaly. Indonesian volcanoes when rock-normalized show close to flat REE 
for Kawah Ijen, a slightly decreasing trend from La to Lu for Kawah Putih (KP), 
close to flat LREE with low La and Ce and at a higher value a higher close to flat 
HREE for Keli Mutu, a close to flat REE for Kelut, an increasing REE trend of 
Telaga Bodas and a steep LREE and a close to flat HREE for Telaga Warna.  

Chondrite-normalized trends for NW Pacific volcanoes waters (data from 
Takano et al., 2004) show decreasing trend from La to Lu for Pinatubo and the 
same trend, but less steep for Kusatsu-Shirane and a close to flat REE trend for 
Maly Semichik. The rocks in the same figure (Geochemical Earth Reference Model 
(2011); Di Muro et al. (2008); Castillo and Punongbayan (1996); and Daag 
(1996)) show decreasing trend from La to Lu for Pinatubo, except for two 
samples indicated as old lava, basement basalt. The average andesite world 
shows a similar trend. The NW Pacific volcanoes plot of rock-normalized waters 
show a close to flat pattern of Pinatubo with a small negative Eu anomaly. Maly 
Semiachik shows a slightly increasing LREE and a close to flat HREE and the 
shape of the trend of Kusatsu-Shirane is somewhere between Pinatubo and Maly 
Semiachik. 
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Figure 6.24: Chondrite-normalized REE 
patterns of lake water and volcanic rock 
samples from El Chichón (A) and REE 
patterns of lake waters normalized to 
representative rocks (B). The sample of 
April 1998 is more enriched than the 
other water samples. Note that rock-
normalized patterns tend to be fairly flat 
although some samples show a negative 
Eu anomaly or occasionally a minor 
depletion in the HREE. Data from Peiffer 
et al. (2011); Morton-Bermea et al. 
(2010); Andrews et al. (2008); Taran et 
al. (2008); and Luhr et al. (1984). 
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Copahue
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Figure 6.25: Chondrite-normalized REE 
patterns of lake water and volcanic rock 
samples from Copahue (A) and REE 
patterns of lake waters normalized to 
representative rocks (B). The rock-
normalized trends are more or less flat. 
Only the samples for 18 January 2003 and 
14 March 2004 show a LREE dip, and a 
steady increase towards HREE from Pr 
onwards. Note that a negative Eu anomaly 
is visible in the chondrite-normalized 
patterns of both the rocks and the waters. 
Data from Varekamp et al. (2009); 
Gammons et al. (2005); Takano et al. 
(2004). 
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Figure 6.26: Chondrite-normalized REE 
patterns of lake water and volcanic rock 
samples from Yellowstone (A) and REE 
patterns of lake waters normalized to 
representative rocks (B). Note the significant 
Eu anomaly in the chondrite-normalized 
patterns for both the waters and the rocks. 
The rock (YR22) normalized plots of the 
waters tend to be rather flat but irregular 
fractionation effects (including Eu anomalies) 
are visible. Data from Lewis et al. (1997). 
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Ruapehu
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Figure 6.27: Chondrite-normalized REE 
patterns of lake water and volcanic rock 
samples from Ruapehu (A) and REE 
patterns of lake waters normalized to 
representative rocks (B). Chondrite-
normalized trends for waters and rocks are 
fairly parallel with some exceptions. This 
consistency is confirmed by the flat rock-
normalized patterns, except for the 27 
March 1998 water which is LREE depleted. 
Data from Hannigan (2005); Takano et al. 
(2004); Gamble et al. (1999, 1993). 
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Indonesian volcanoes
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Figure 6.28: Chondrite-normalized REE 
patterns of lake water and volcanic rock 
samples from various volcanoes in 
Indonesia (A) and REE patterns of lake 
waters normalized to representative rocks 
(B). The REE contents of the highly acid 
Kawah Ijen, Kawah Putih and Keli Mutu 
lakes are higher than those of the other 
lakes which are less acid to near neutral. 
Concentrations of some elements in the 
latter can be close to detection limits 
which could partly explain their irregular 
patterns. The rock normalized patterns for 
Kawah Ijen are flat. The apparent LREE 
depletion for Keli Mutu could be a true 
feature or due to an inadequate choice of 
the normalizing rock. The Kawah Putih 
waters show a regular LREE over HREE 
enrichment. The rock-normalized trend for 
Kelut is rather flat, for Telaga Warna 
showing a slight LREE enrichment of 
Telaga Warna, and for Telaga Bodas a 
steep HREE enrichment, which may be 
unreliable because of the low 
concentrations and/or the use of an 
unrepresentative rock composition. The Gd 
anomaly is ignored. Data from the 
Geochemical Earth Reference Model 
(2011), Van Hinsberg et al (2010), Takano 
et al. (2004) (original Dy and Er data for 
Kawah Ijen multiplied by 10; Keli Mutu: 
Varekamp (2000, personal 
communication); Kelut and Telaga Warna: 
Apfelbeck (2000, personal 
communication)); Sriwana et al. (2000).  
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NW Pacific volcanoes
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Figure 6.29: Chondrite-normalized REE 
patterns of lake water and volcanic rock 
samples from various volcanoes along the NW 
Pacific Ocean (A) and REE patterns of lake 
waters normalized to representative rocks (B). 
The chondrite-normalized plot for Pinatubo 
waters is roughly parallel to that of the 1991 
andesite, resulting in an almost flat rock-
normalized trend with only a slight LREE 
depletion and a small negative Eu anomaly. No 
rock data are available for Kusatsu-Shirane and 
Maly Semiachik. Their rock-normalized plots 
are based on average andesite, implying that 
the apparent slight LREE depletions must be 
interpreted with care. Data from the 
Geochemical Earth Reference Model (2011), Di 
Muro et al. (2008), Takano et al. (2004), 
Castillo and Punongbayan (1996), and Daag 
(1996). 
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6.5 Time related ratios and anomaly 

  Time-series for REE ratios and Eu anomalies are described here for 
selected volcanoes for which sufficient data are available. The Eu anomalies are 
expressed as Eu/Eu* (chondrite-normalized values) whereby Eu* was calculated 
as (2xEu)/(Sm+Gd). 

Figure 6.30 shows the evolution of Eu anomalies in the lake waters of Poás 
with time, covering almost three decades. Although data for Stage II and the 
early part of Stage III are limited, there is a clear jump to lower Eu/Eu* values in 
the second half of the stage, following the eruptions of 1994. Since then, a steady 
increase is seen throughout Stages IV and V, followed by a sudden drop after 
November 2005, associated with eruptive activity in 2005. 

The Ce/Yb ratios (figure 6.31) also show significant variations but they do 
not follow the systematics of the Eu anomalies. From 1995 on, a gradual 
fluctuation is seen, with lowest values corresponding to quiet intervals of the 
lake’s activity (e.g., Substages C and E). Subsequently, following the eruptive 
activity in 2005, the Ce/Yb ratios steadily increase, reaching the highest values 
observed at Poás.  

The La/Sm and Tb/Yb ratios (figures 6.32 and 6.33) tend to show variation 
patterns similar to Ce/Yb but with a different behaviour. There is a rough gradual 
decrease in La/Sm until 2006 with superimposed fluctuations, followed first by a 
steep increase and since mid-2007 by a more gradual decreasing trend. 
Variations in Tb/Yb ratios are also significant but are partly inverse to the La/Sm 
behaviour. A rough overall decrease since 1995 is followed by strong fluctuations 
culminating in a steady increase since the eruptive activity in 2006. 

The Rincón de la Vieja samples (2004-2009) have fairly stable Eu/Eu* and 
Ce/Yb ratios. Both are relatively close to the ratios in the local rocks (figure 6.30 
and 6.31).  

The ratios for the El Chichón samples (1998 and 2006-2010) are variable, 
showing little systematic changes with time (figure 6.30 and 6.31). Values both 
higher and lower than the ratios in the rocks are observed.  

The plots for Copahue (1997-2004, figures 6.30 and 6.31) show different 
behaviour before and after the eruption in 2000. Prior to the eruption, the Ce/Yb 
ratio was higher than that of the local rocks, whereas after the eruption it was 
lower. Systematics are less clear for the Eu anomaly, but before the eruption all 
values were lower than the rocks and  several were higher after the eruption 
started 

The available Ruapehu data (1989-1998) tend to show similar behaviour 
(figures 6.30 and 6.31), although they are limited and represent infrequent 
sampling. Before the 1995 eruption, the Ce/Yb ratios were higher than the 
reference rock and after the eruption lower. Likewise, the Eu anomaly shifted 
from slightly lower to slightly higher than that of the rock. 
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Figure 6.30: Time-series trends of Eu anomalies (expressed as Eu/Eu*, chondrite normalized) for the 
lake water of Poás. Intervals represent stages as defined by Martínez (2008) and calendar years since 
2006. Thin vertical lines indicate phreatic eruptions and the red horizontal line shows a composition 
taken to represent the local rocks. Data from appendices A and B, Martínez (2008) and Prosser and 
Carr (1987). The trend of the water samples of Rincón de la Vieja changes from increase to decrease 
between 12 September 2006 and 18 April 2007. Sample 15 October 2008 suggests an increase again. 
There is no eruption during the plotted years. Data from appendix A and Soto et al. (2003). Both Poás 
and Rincón de la Vieja show water higher than rock samples. The El Chichón plot shows a lot of 
scatter even within the same dataset. Data from Peiffer et al. (2011); Morton-Bermea et al. (2010) 
and Taran et al. (2008). Both Copahue and Ruapehu show a higher than rock value after the eruption 
and a lower than rock value before the eruption. Data from Varekamp et al. (2009) and Gammons et 
al. (2005); Hannigan (2005); Takano et al. (2004) and Gamble et al. (1999). 
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Figure 6.31: Time-series trends of Ce/Yb ratios for the lake water of Poás, indicating the degree of 
enrichment of LREE over HREE. Intervals represent stages as defined by Martínez (2008) and calendar 
years since 2006. Thin vertical lines indicate phreatic eruptions and the red horizontal line shows a 
composition taken to represent the local rocks. Data from appendices A and B, Martínez (2008) and 
Prosser and Carr (1987). Rincón de la Vieja shows in general a flat pattern with a dip on 2 May 2004 
and on 8 November 2007. Like Poás, all data are below rock. Data from appendix A and Soto et al. 
(2003). The El Chichón plot shows a lot of scatter even within the same dataset. Data from Peiffer et 
al. (2011); Morton-Bermea et al. (2010) and Taran et al. (2008). Both Copahue and Ruapehu show a 
lower than rock value after the eruption and a higher than rock value before the eruption. Data from 
Varekamp et al. (2009); Gammons et al. (2005); Hannigan (2005); Takano et al. (2004) and Gamble 
et al. (1999). 
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Figure 6.32: Time-series trends of La/Sm ratios for the lake water of Poás, indicating the 
degree of enrichment of LREE over MREE. Intervals represent stages as defined by 
Martínez (2008) and calendar years since 2006. Thin vertical lines indicate phreatic 
eruptions and the red horizontal line shows a composition taken to represent the local 
rocks. Data from appendices A and B, Martínez (2008) and Prosser and Carr (1987). 
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Figure 6.33: Time-series trends of Tb/Yb ratios for the lake water of Poás, 
indicating differences in the behaviour between the MREE and HREE. Thin vertical 
lines indicate phreatic eruptions and the red horizontal line shows a composition 
taken to represent the local rocks. Data from appendices A and B, Martínez (2008) 
and Prosser and Carr (1987). 



 54 

7. Speciation modelling 
The PHREEQC routine (version 2.17) has been used to explore the 

saturation state of minerals and the nature of prevailing dissolved species. The 
scope of the modelling is the REE behaviour. The two subchapters below treat the 
minerals (7.1) and the dissolved species (7.2). Each stage of the lake evolution is 
represented by a sample that is considered to reflect the average REE behaviour 
of that period. The selection was made on the basis of the second plot in figure 
6.19 showing representative samples for each stage. Because of the internal 
scatter, two different samples were used for stage III as no useable average 
would be valid to describe the REE behaviour during this high-activity interval. 

The tables below list the selected samples (table 7.1). These samples are 
not the same as the samples Martínez (2008) used to model. Another difference 
is that Martínez (2008) used SOLVEQ to model and in this thesis uses PHREEQC 
2.17. 
 
Stage Sample 
II September 1985 
III (highest REE) November 1992 
III (lowest REE) March 1995 
IV A March 1997 
IV D February 2003 
2006 August 2006 
Table 7.1: Selected representative samples for the different stages 
 
 

7.1 Saturation indices 

The PHREEQC 2.17 routine has been used to construct the plots below, 
that predict if and under which conditions relevant minerals will be saturated in 
the lake or in the subsurface hydrothermal system below it. Eight minerals have 
been taken into account. They are alunite (KAl3(OH)6(SO4)2), anhydrite (CaSO4), 
diaspore (AlHO2), kaolinite (Al2Si2O5(OH)4), pyrophyllite (Al2Si4O10(OH)2), quartz 
(SiO2), amorphous silica (SiO2), and native sulphur (S). 

Figures 7.1-7.6 show plots of the saturation state (expressed as log Q/K) 
as a function of temperature (up to 300oC) for three different pH values. One is 
the measured pH, two others (pH=-0.85 and pH=1.75) were arbitrarily adopted 
to explore the influence of pH. 
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Poás stage II: Sep 1985 assumed pH -0.85
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Poás stage II: Sep 1985 measured pH 0.05

Temperature (
o
C)

0 50 100 150 200 250 300

L
o

g
 Q

/K

-35

-30

-25

-20

-15

-10

-5

0

5

10

15

20

Poás stage II: Sep 1985 assumed pH 1.75
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Figure 7.1: Saturation states for relevant mineral phases (expressed as log Q/K) as a function of 
temperature in three pH scenarios, valid for the sample of September 1985 (Stage II). At the 
measured temperature (45°C) and pH (0.05) quartz, anhydrite, amorphous silica and sulphur are 
close to saturation (panel B). Temperature has little influence on the saturation state of these 
minerals. In contrast, the Log Q/K values for alunite, diaspore, kaolinite and pyrophyllite increase with 
increasing temperature, whereas the value for sulphur decreases. Except for the latter, these minerals 
are undersaturated at the measured lake temperature but their trends indicate that alunite will be 
oversaturated from 200°C onwards and that diaspore might become saturated at the highest end of 
the investigated temperature range. The plot for lowered pH conditions (panel A) does not show much 
difference, except that alunite and diaspore do not reach saturation. 
The effect of increasing the pH is modest for quartz, anhydrite and amorphous silica (panel C), but 
oversaturation of alunite, diaspore, kaolinite, pyrophyllite is reached at much lower temperatures than 
in scenario B. At the adopted pH (1.75) and measured temperature, quartz is close to saturation. 
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Poás stage III: Nov 1992 assumed pH 1.75
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Poás stage III: Mar 1995 assumed pH -0.85
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Poás stage III: Mar 1995 measured pH 0.68
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Poás stage III: Mar 1995 assumed pH 1.75
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Figure 7.2: Saturation states for relevant mineral phases (expressed as log Q/K) as a 
function of temperature in three pH scenarios, valid for the sample of November 1992 
(Stage III). Saturation relationships are largely similar to those in Fig. 7.1. A notable 
difference is that higher temperatures are needed for alunite and diaspore to reach 
saturation at the measured (relatively low) pH conditions (panel B), and for alunite, 
diaspore, kaolinite and pyrophyllite to reach saturation in the increased pH scenario 
(panel C). 

Figure 7.3: Saturation states for relevant mineral phases (expressed as log Q/K) as a 
function of temperature in three pH scenarios, valid for the sample of March 1995 
(Stage III). Saturation relationships are largely similar to those in Fig. 7.1. 
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Poás stage IV A: Mar 1997 assumed pH -0.85
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Poás stage IV A: Mar 1997 measured pH 1.18
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Poás stage IV A: Mar 1997 assumed pH 1.75
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Poás stage IV D: Feb 2003 assumed pH -0.85
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Poás stage IV D: Feb 2003 measured pH 0.77
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Poás stage IV D: Feb 2003 assumed pH 1.75

Temperature (oC)

0 50 100 150 200 250 300

L
o

g
 Q

/K

-35

-30

-25

-20

-15

-10

-5

0

5

10

15

20

 Temperature (

Alunite

Anhydrite

Diaspore

Kaolinite

Pyrophyllite

Quartz

Amorphous silica

Sulphur

Lake temperature  
 
 

Poás stage 2006: Aug 2006 assumed pH -0.85
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Poás stage 2006: Aug 2006 measured pH 0.52
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Poás stage 2006: Aug 2006 assumed pH 1.75
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In summary, at measured temperature and pH values (B panels), the 
crater lake waters show quartz, anhydrite, amorphous silica and sulphur being 
close to saturation or slightly undersaturated. At lowered pH values (A panels) 
similar systematics are valid, but none of the minerals reaches saturation at 
higher temperatures. The saturation state of alunite steadily increases with 
temperature so that oversaturation is reached, which starts at temperatures 
varying between 125 and 300°C, being always much higher than the measured 
lake temperature. Alunite is the only mineral that reaches strong oversaturation 
(at elevated temperatures), except for the November 1992 sample (Stage III) for 
which oversaturation starts at 300°C. Anhydrite remains saturated or slightly 
undersaturated over the whole temperature range. Log Q/K values of diaspore 
steadily increase like those of alunite, but at a slower rate, so that it becomes 
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Figure 7.4: Saturation states for relevant mineral phases (expressed as log Q/K) as a 
function of temperature in three pH scenarios, valid for the sample of March 1997 
(Stage IV A). Saturation relationships are largely similar to those in Fig. 7.1. 

Figure 7.5: Saturation states for relevant mineral phases (expressed as log Q/K) as a 
function of temperature in three pH scenarios, valid for the sample of February 2003 
(Stage IV D). Saturation relationships are largely similar to those in Fig. 7.1. 

Figure 7.6: Saturation states for relevant mineral phases (expressed as log Q/K) as a 
function of temperature in three pH scenarios, valid for the sample of August 2006. 
Saturation relationships are largely similar to those in Fig. 7.1. 
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slightly oversaturated at higher temperatures (except for the November 1992 
sample). All other investigated minerals remain slightly to highly undersaturated 
at the high-temperature end of the plots. Quartz and amorphous silica are in 
general slightly undersaturated, and pyrophyllite and kaolinite highly 
undersaturated. The August 2006 sample shows a slight kaolinite oversaturation.  

The plots valid for the adopted pH values of 1.75 (C panels) show that 
minerals become oversaturated at lower temperatures than is observed for the 
measured pH conditions. Again alunite stands out because this mineral becomes 
saturated at lower temperatures than other minerals and reaches the highest 
degree of oversaturation when temperature increases. Alunite, diaspore (except 
for November 1992), kaolinite and pyrophyllite tend to show a maximum in the 
saturation curve at approximately 200°C (250°C for the November 1992 sample). 
Anhydrite (and diaspore in November 1992) is the only mineral that shows a 
continuously increasing trend. The anhydrite curve is steeper for the C than for 
the B scenarios. Quartz and amorphous silica are always slightly undersaturated 
or close to saturation, whereas the curves for sulphur indicate a strong 
undersaturation at high temperatures in the A and B scenarios, and a maximum 
that approaches saturation in the C scenarios. In general, the saturation trends 
valid for the November 1992 sample (Stage III) deviate most from the other 
curves.  

7.2 REE speciation 

The REE in the lake water will be distributed among different dissolved 
species, the presence and proportions of which depend on the water composition, 
temperature and pH. Speciation modelling using PHREEQC 2.17 was performed to 
investigate the distribution of REE species for different scenarios using the same 
selection of samples as taken for the mineral saturation calculations described 
above. The same different pH conditions were adopted to model the distribution 
of REE species as a function of temperature. In this way, the REE speciation is 
explored not only for the observed lake conditions but also at the higher 
temperatures that are more consistent with subsurface conditions in the 
hydrothermal system below the lake. Lanthanum, europium and ytterbium were 
taken to represent the light, middle and heavy REE, respectively. Figures 7.7-
7.30 illustrate the results. 

7.2.1 La species 

The species of lanthanum are taken to represent all LREE, although in 
detail differences among the LREE may exist. For example, part of the dissolved 
lanthanum is present as LaSO4

+, but this sulphate species was not detected for 
cerium. The distribution of La species shows a strong variation with temperature. 
At measured temperatures and pH conditions LaSO4

+, La3+, LaCl2
+ are usually the 

dominant species but their proportions change with changing lake conditions. This 
is illustrated by the stage II sample (T=45oC), which shows the distribution 
LaSO4

+>La3+>LaCl2+, and by the stage III sample of November 1992 (T=80oC), 
which shows LaCl2+ as the most abundant species. In general, it can be seen that 
increasing temperatures lead to a decrease in importance of LaSO4

+ and an 
increase in importance of LaCl2+. Lowering the pH (“A” scenarios) suppresses 
LaSO4

+ and increases the importance of La3+, whereas the reversed case is seen 
when increasing the pH (“C” scenarios). 
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Poás stage II: Sep 1985 assumed pH -0.85
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Poás stage II: Sep 1985 measured pH 0.05
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Poás stage II: Sep 1985 assumed pH 1.75
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Figure 7.7: La species distributions in three scenarios for the sample of September 1985 (Stage II). At 
the measured temperature (45°C) and pH (0.05) LaSO4

+, La3+, LaCl2+ are the main species (panel B). 
At lower pH (panel A) the same species are important, but their proportions are different. In both 
scenarios LaCl2+ gradually increases with temperature and becomes the main species when 
temperatures are high. At the assumed pH 1.75 (panel C) a different behaviour is seen, because 
La(SO4)2- is an important species at the measured lake temperature (in contrast to the A and B 
scenarios) and LaSO4

+ has a peak at around 150°C. The latter is replaced by LaF2+ as the main 
species when temperatures become higher than 220oC.  
 

Poás stage III: Nov 1992 assumed pH -0.85
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Poás stage III: Nov 1992 measured pH -0.5
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Poás stage III: Nov 1992 assumed pH 1.75
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Figure 7.8: La species distributions in three scenarios for the sample of November 1992 (Stage III). At 
the measured temperature (80°C) and pH (-0.5) LaCl2+ and La3+ are the main species (panel B).  At 
lower pH (panel A) the same species are important and their proportions remain roughly the same, 
with LaCl2+ being dominant. For higher temperatures (panel B) the share of LaCl2+ remains more or 
less stable. At the assumed pH value of 1.75 (panel C) this species shows a maximum around 150°C, 
but it is subordinate to LaSO4

+ and LaF2+ in importance. In all three scenarios, LaCl2+ is fairly 
significant though less abundant than other species, showing a maximum around 200°C. Panel C 
shows an increase of LaF2+ at high temperatures. 
 

Poás stage III: Mar 1995 assumed pH -0.85
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Poás stage III: Mar 1995 measured pH 0.68
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Poás stage III: Mar 1995 assumed pH 1.75
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Figure 7.9: La species distributions in three scenarios for the sample of March 1995 
(Stage III). At the measured temperature (42°C) and pH (0.68) LaSO4

+ and La3+ are 
the main species. At lowered pH values (panel A) La3+ is dominant in stead of 
LaSO4

+. Both species decrease with increasing temperature in scenarios A and B, and 
are replaced by LaCl2+ as most prominent species at high temperatures. In all three 
scenarios LaF2+ becomes significant at high temperatures. This species becomes 
even dominant at higher assumed pH values (scenario C), taking the place of LaSO4

+ 
as most abundant species when temperatures are high. 
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Poás stage IV A: Mar 1997 assumed pH -0.85
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Poás stage IV A: Mar 1997 measured pH 1.18
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Poás stage IV A: Mar 1997 assumed pH 1.75
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Poás stage IV D: Feb 2003 assumed pH -0.85
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Poás stage IV D: Feb 2003 measured pH 0.77
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Poás stage IV D: Feb 2003 assumed pH 1.75
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Poás stage 2006: Aug 2006 assumed pH -0.85
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Poás stage 2006: Aug 2006 measured pH 0.52
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Poás stage 2006: Aug 2006 assumed pH 1.75
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In summary: 

Except for the extreme conditions (September 1985 and November 1992) 
LaSO4

+ and La3+ are the most prominent species at the temperature and pH 
conditions of the lake as measured during sampling. These species may be 
accompanied by modest abundances of LaCl2

+ and/or La(SO4)2
-. Gradually 

increasing the temperatures to values higher than the measured one results in a 
distribution whereby LaCl2

+ eventually becomes the dominant species. At the 
highest temperatures, LaF2+ and LaCl2

+ appear as significant species as well.  
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Figure 7.10: La species distributions in three scenarios for the sample of March 1997 
(Stage IV A). At the measured temperature (29°C) and pH (1.18) LaSO4

+ and La3+ 
are the main species. At lowered pH conditions (panel A) only La3+ is important. Both 
species decrease with increasing temperature and become marginal from 200-225°C 
onwards when LaCl2+ takes over as dominant species and LaF2+ becomes significant 
as well. For elevated pH values (panel C) LaSO4

+ is dominant at low temperatures, 
whereas LaCl2+ and LaF2+ are most important at high temperatures. 

Figure 7.11: La species distributions in three scenarios for the sample of February 
2003 (Stage IV D). At the measured temperature (36°C) and pH (0.77) LaSO4

+ and 
La3+ are the main species. At lowered pH conditions (panel A) only La3+ is important. 
Both species decrease with increasing temperature and are replaced by LaCl2+ as 
most important species at higher temperatures, where LaCl2+ and LaF2+ tend to 
become significant as well. For the more elevated pH conditions (panel C) LaSO4

+ is 
the only relevant species at lower temperatures, while LaCl2+ and LaF2+ become 
important at higher temperatures. 

Figure 7.12: La species distributions in three scenarios for the sample of August 
2006. At the measured temperature (36°C) and pH (0.77) LaSO4

+ and La3+ are the 
main species, while La3+ and LaCl2+ are the most abundant species at lowered pH 
conditions (panel A). Again, LaCl2+ is the main species for at higher temperatures 
when it is accompanied by LaF2+ and LaCl2+. For the elevated pH conditions (panel C) 
LaSO4

+ is again prominent at low temperatures (when it is accompanied by  
La(SO4)2-), whereas LaF2+ is important at high temperatures. 
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The effect of lowering the pH relative to the measured values (pH=-0.85 
scenarios) is that La3+ will be the only dominant species and that LaSO4

+ is 
significantly reduced. This picture is valid for the measured temperatures. 
Increasing the temperature will decrease the importance of La3+ and increase the 
importance of LaCl2

+, roughly following the same pattern as seen in the scenarios 
for the measured pH values.  
The effect of increasing the pH relative to the measured values (pH=1.75 
scenarios) is that La3+ becomes significantly reduced in importance and that 
La(SO4)2

- becomes an additional species accompanying LaSO4
+. Increasing the 

temperature for these elevated pH scenarios shows that LaF2+ eventually may 
replace LaSO4

+ as most prominent species. 

7.2.2 Eu species 

The Eu species may be particularly relevant because of the possible 
presence of a Eu anomaly indicating that the behaviour of this element is different 
from the other REE. The behaviour of the Eu species was explored for the same 
samples and scenarios as mentioned above for La.   
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Poás stage II: Sep 1985 measured pH 0.05
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Poás stage II: Sep 1985 assumed pH 1.75

Temperature (
o
C)

0 50 100 150 200 250 300

%
0

10

20

30

40

50

60

70

80

90

100

 Temperature (

Eu
3+

EuCl2+

EuSO
4

+

EuCl
2

+

EuF2+

EuCl
4

2-

Eu(SO
4
)
2

-

EuCl
3

-

Lake temperature  
Figure 7.13: Eu species distributions in three scenarios for the sample of September 1985 (Stage II). 
At the measured temperature (45°C) and pH (0.05) Eu3+ and EuSO4

+ are the main species (panel B). 
At lowered pH conditions (panel A) only Eu3+ is important. In both cases the EuCl2+ species becomes 
important at increasing temperature. In the “B” scenario it reaches a peak and is the dominant 
species around 200°C, whereas at higher temperatures EuCl42- takes over. In the “A” scenario the 
EuCl2+ peak is reached at about 240°C, but it remains subordinate to Eu3+. At elevated pH conditions 
(panel C) Eu(SO4)2- is the most abundant species for the measured lake temperature, whereas EuCl42- 
is dominant at increased temperatures 
 

 

Poás stage III: Nov 1992 assumed pH -0.85
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Poás stage III: Nov 1992 measured pH -0.5
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Stage III: Nov 1992 assumed pH 1.75
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Figure 7.14: Eu species distributions in three scenarios for the sample of 
November 1992 (Stage III). At the measured temperature (80°C) and pH (-0.5) 
Eu3+ and EuCl2+ are the main species (panel B), which is also the case at lowered 
pH (panel A). In both cases EuCl2+ is the most important species at elevated 
temperatures, except for the highest temperatures in the B scenario when EuCl42- 
takes over. The latter species is also important at elevated temperatures when the 
pH is increased (C scenario), whereas Eu(SO4)2- and EuSO4

+ are dominant at the 
measured crater lake temperature. 
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Poás stage III: Mar 1995 assumed pH -0.85
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Stage III: Mar 1995 measured pH 0.68
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Poás stage III: Mar 1995 assumed pH 1.75
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Poás stage IV A: Mar 1997 assumed pH -0.85
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Stage IV A: Mar 1997 measured pH 1.18
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Poás stage IV A: Mar 1997 assumed pH 1.75
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Poás stage IV D: Feb 2003 assumed pH -0.85
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Stage IV D: Feb 2003 measured pH 0.77
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Poás stage IV D: Feb 2003 assumed pH 1.75
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Figure 7.15: Eu species distributions in three scenarios for the sample of March 
1995 (Stage III). At the measured temperature (42°C) and pH (0.68) Eu3+ and 
EuSO4

+ are the main species (panel B), occurring in approximately the same 
amounts. Both species decrease with increasing temperature and are largely 
replaced by EuCl2+ and EuF2+, which peak between 200 and 250oC. At higher 
temperatures, EuCl42- is dominant. For lower pH conditions (panel A) Eu3+ is the 
only important species over the whole temperature range. In contrast, at elevated 
pH (C panel) Eu(SO4)2- and EuSO4

+  are prominent at the measured lake 
temperature, and EuCl42- at more elevated temperatures. 

 

Figure 7.16: Eu species distributions in three scenarios for the sample of 
March 1997 (Stage IV A). At the measured temperature (29°C) and pH (1.18) 
Eu3+ and EuSO4

+ are the main species (panel B). When temperatures increase 
they show a decline and are largely replaced by other species, first by EuCl2+ 
and EuF2+, showing peaks between 200 and 250oC, and then by EuCl42- and 
EuCl3- at the highest temperatures. For the lower pH scenario (panel A) Eu3+ is 
the only important species over the whole temperature range. On the other 
hand, Eu3+, EuSO4

+ and Eu(SO4)2-  are the most significant species at the 
measured temperature in the higher pH scenario (C panel). At higher 
temperatures they are replaced by EuCl2+, EuCl42-, EuF2+ and EuCl3-. 

 

Figure 7.17: Eu species distributions in three scenarios for the sample of 
February 2003 (Stage IV D). At the measured temperature (36°C) and pH 
(0.77) Eu3+ and EuSO4

+ are the main species (panel B). In general, species 
distributions for scenarios A, B and C are largely similar to those in Fig. 7.22 
although proportions may differ.  
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Poás stage 2006: Aug 2006 assumed pH -0.85
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Stage 2006: Aug 2006 measured pH 0.52
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Poás stage 2006: Aug 2006 assumed pH 1.75
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In summary: 

Except for the extreme conditions of November 1992, Eu3+ and EuSO4
+ are 

the most prominent species at the temperature and pH conditions of the lake as 
recorded during sampling. These species may be accompanied by modest 
abundances of EuCl2

+ and/or Eu(SO4)2
-. Gradually increasing the temperatures to 

values higher than the measured one results in a distribution whereby EuCl2
+ 

eventually becomes the dominant species, usually accompanied by lesser 
amounts of EuF2+ and EuCl2

+. At the highest temperatures, EuCl4
2- appears and 

rapidly increases so that it becomes the most abundant species.  
The effect of lowering the pH relative to the measured values (pH=-0.85 

scenarios) is that Eu3+ will be the only dominant species and that EuSO4
+ is 

significantly reduced. This picture is valid for all temperatures, although Eu3+ 
tends to decrease in favour of EuSO4

+ when temperatures are higher than the 
measured values.  

The effect of increasing the pH relative to the measured values (pH=1.75 
scenarios) is that Eu3+ becomes significantly reduced in importance and that 
Eu(SO4)2

- becomes an additional species accompanying EuSO4
+. Increasing the 

temperature for these elevated pH scenarios shows that EuCl4
2- eventually 

becomes the most prominent species. 

7.2.3 Yb species 

The species of ytterbium are taken to represent the HREE. Again, the 
species distributions strongly depend on temperature. At measured temperatures 
and pH conditions Yb3+ and YbSO4

+ are usually the dominant species. Other 
species can be present as well, such as YbCl2+ and YbF2+ particularly during high 
activity (November 1992 sample). In general, it can be seen that increasing 
temperatures lead to a decrease in importance of Yb3+ and YbSO4

+ and an 
increase in importance of YbCl2+ and YbF2+. Lowering the pH (“A” scenarios) 
suppresses YbSO4

+ and favours the importance of Yb3+. The reversed case is seen 
at increased pH (“C” scenarios), when significant amounts of Yb(SO4)2

- appear as 
well. 

 
 

 C  A B 

Figure 7.18: Eu species distributions in three scenarios for the sample of August 
2006. At the measured temperature (43°C) and pH (0.52) Eu3+ and EuSO4

+ are 
the main species (panel B).  
In general, species distributions for scenarios A, B and C are largely similar to 
those in Fig. 7.22 although proportions may differ. Note that in panel C 
(increased pH) Eu(SO4)2- is more abundant than EuSO4

+ for the measured lake 
temperature and there is no EuCl2+. 
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Poás stage II: Sep 1985 assumed pH -0.85
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Poás stage II: Sep 1985 measured pH 0.05
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Poás stage II: Sep 1985 assumed pH 1.75
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Figure 7.19: Yb species distributions in three scenarios for the sample of September 1985 (Stage II). 
At the measured temperature (45°C) and pH (0.05) Yb3+ is the main species while YbSO4

+ and YbCl2+ 

occur as well (panel B). The latter is important at high temperatures, peaking at 250°C. It is 
accompanied by increasing amounts of YbF2+ which is almost equally abundant at 300°C. For lowered 
pH values (panel A) only Yb3+ is significant with somewhat lower abundances at higher temperatures 
whereby YbCl2+ and YbF2+ increase. The plot for increased pH values (panel C) shows peaks for 
Yb(SO4)2- at the lowest temperatures, for YbSO4

+ around 140oC and for YbF2+ around 250oC. 
 

Poás stage III: Nov 1992 assumed pH -0.85
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Poás stage III: Nov 1992 measured pH -0.5

Temperature (
o
C)

0 50 100 150 200 250 300

%

0

10

20

30

40

50

60

70

80

90

100

Poás stage III: Nov 1992 assumed pH 1.75
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Poás stage III: Mar 1995 assumed pH -0.85
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Poás stage III: Mar 1995 measured pH 0.68
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Poás stage III: Mar 1995 assumed pH 1.75
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Figure 7.20: Yb species distributions in three scenarios for the sample of November 
1992 (Stage III). At the measured temperature (80°C) and pH (-0.5) Yb3+ is the 
main species while YbCl2+ and YbF2+ occur as well (panel B). At increasing 
temperature, the latter two increase at the cost of the former (Yb3+). The picture is 
not much different for the lower pH scenario (panel A). For increased pH conditions 
(panel C) YbSO4

+ and YbF2+ are the main species at the measured lake temperature. 
The latter strongly dominates at higher temperatures, whereas YbSO4

+ is important 
at the lowest temperatures.  

 

Figure 7.21: Yb species distributions in three scenarios for the sample of March 1995 
(Stage III). At the measured temperature (42°C) and pH (0.68) Yb3+ and YbSO4

+ are 
the most prominent species (panel B). At higher temperatures, they are replaced by 
YbF2+. For lowered pH (panel A) Yb3+ is the only important species over the whole 
temperature range. The increased pH scenario (panel C) shows similar distribution 
peaks as in Fig. 7.19.   

 C  A B 
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Poás stage IV A: Mar 1997 assumed pH -0.85
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Poás stage IV A: Mar 1997 measured pH 1.18
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Poás stage IV A: Mar 1997 assumed pH 1.75
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Poás stage IV D: Feb 2003 assumed pH -0.85
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Poás stage IV D: Feb 2003 measured pH 0.77
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Poás stage IV D: Feb 2003 assumed pH 1.75
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Poás stage 2006: Aug 2006 assumed pH -0.85
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Poás stage 2006: Aug 2006 measured pH 0.52
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Poás stage 2006: Aug 2006 assumed pH 1.75
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In summary: 

The La3+ and LaSO4
+ species are prominent at the temperature and pH as 

measured during sampling. Other species tend to be insignificant under these 
conditions. The exception is November 1992 when LaF2+ and LaCl2

+ were clearly 
more abundant than LaSO4

+. Gradually increasing the temperatures to values 
higher than the measured one results in a distribution whereby LaF2+ and LaCl2

+ 
eventually become the dominant species.  

The effect of lowering the pH relative to the measured values (pH=-0.85 
scenarios) is that Yb3+ will be the only significant species over the entire 
temperature range.  

The effect of increasing the pH relative to the measured values (pH=1.75 
scenarios) is that Yb3+ becomes significantly reduced relative to YbSO4

+ and that 
Yb(SO4)2

- becomes an additional species. Increasing the temperature for these 
elevated pH scenarios shows that YbF2+ eventually may replace YbSO4

+ as most 
prominent species. 
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Figure 7.22: Yb species distributions in three scenarios for the sample of March 
1997 (Stage IV A). All species distributions are largely similar to those of Fig. 7.21, 
except that Yb3+ is more abundant than Yb(SO4)2- at low temperatures in scenario 
C. 

Figure 7.23: Yb species distributions in three scenarios for the sample of 
February 2003 (Stage IV D). All species distributions are largely similar to those 
of Fig. 7.21. 
 

Figure 7.24: Yb species distributions in three scenarios for the sample of August 
2006. All species distributions are largely similar to those of Fig. 7.21. 
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8. Discussion 
This discussion will focus on the observed REE systematics, on their 

significance for water-rock interaction processes and for monitoring 
volcanic/hydrothermal activity. The volcanic lakes will be treated separately, with 
emphasis on those with the most abundant data.   

8.1 Poás, Costa Rica 

The comparison of major element proportions in lake water and volcanic 
rock indicates that whole-rock dissolution is largely responsible for the lake-water 
composition during part of stage III and in 2006-2008 (a complete data set for 
2009 was not available). During the other stages the composition deviates 
significantly, suggesting that rock dissolution was not congruent or that alteration 
minerals influenced the water chemistry. The ternary diagrams Mg-K-Na and Mg-
K+Na-Al indicate that (natro-)alunite is a likely candidate given the trends 
towards and away from this mineral. In detail, however, the diagrams are not 
consistent with the composition for (natro-)alunite. Either the alunite has not the 
adopted 50-50% composition for K and Na, or other (Al-bearing) minerals played 
a role as well. Because most of the data fall on a line extrapolated between the 
rock and the (natro-)alunite, it appears that the elements were retained by 
precipitation of the (natro-)alunite during water-rock interaction. Stage IV and 
especially the substages A, C, and E show the most extreme behaviour in this 
respect.  

The REE contents of the water samples confirm the systematics described 
above, as their chondrite-normalized trends are closest to those of the rocks 
during Stage III (figure 6.22A). Still, the rock normalized REE patterns of the 
water samples (figure 6.22B) show an enrichment of HREE over LREE and a 
positive Eu anomaly. An explanation could be that the LREE are preferentially 
retained in the rocks and Eu is preferentially released during rock dissolution. It is 
uncertain that a specific primary magmatic minerals is responsible. For example, 
residual plagioclase would not only retain LREE but also Eu. However, glass is a 
possible candidate. Chondrite-normalized REE plots for basalt and andesite (figure 
8.1), calculated from modal rock compositions (table 8.1), indicate that Poás 
glass will be enriched in LREE and may have a negative Eu anomaly. If, during 
water-rock interaction, glass is more stable than other phases so that dissolved 
REE in the water will obtain roughly an opposite trend.  

Alternatively, newly-formed alunite may play a role, since this mineral is 
rich in REE with a large LREE/HREE ratio and a negative Eu anomaly. Its 
formation will thus lead to an apparent enrichment in HREE and Eu in the water.  
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Figure 8.1: Calculated REE trends for glass compositions of an andesite and a basalt from Poás (data 
from Geochemical Earth Reference Model (2011) and Shaw, 1970). 
 
 plagioclase olivine cpx opx (low calcium pyroxene) 

 basalt dacite andesite basalt andesite basalt andesite basalt dacite andesite 

La 0.158 - 0.18 0.005858 0.01 0.090175 0.28 0.001167  0.26 

Ce 0.09375 0.241 0.12 0.0049 - 0.16115 0.47 0.002 0.362 0.165 

Pr 0.17   0.002  0.104  0.0034   

Nd 0.05775 0.172 0.09 0.003325 - 0.394358 0.86 0.0059 0.94 0.2595 

Sm 0.04675 0.125 0.06 0.00282 0.01 0.597833 1.6 0.0125 1.52 0.28 

Eu 0.4905 2.11 0.75 0.00363  0.481571 1.1 0.0185 1.11 0.204 

Gd 0.03425 0.1095 - 0.0041  1.083333 - 0.023 - 0.155 

Tb 0.033 - 0.15 0.004436 - 0.5575 2.7 0.03  0.69 

Dy 0.0365 0.086 - 0.003567 0.01 0.731125 - 0.022 2.63 0.225 

Ho 0.0295   0.0179  0.45  0.051   

Er 0.0305 0.084 - 0.004  0.4906 - 0.0555 2.25 0.318 

Tm 0.036   0.0045  1.09  0.08   

Yb 0.0215 0.077 0.1 0.053743 0.03 0.731727 2 0.0945 2.01 0.585 

Lu 0.031 0.062 0.1 0.02928 - 0.60925 1.0355 0.115 1.81 0.5815 

Table 8.1: To calculate modal rock compositions: phenocryst (0-42%), plagioclase (0-27%), olivine 
(0-2.5%), clinopyroxene (0-5%), orthopyroxene (0-10%). (Data from Geochemical Earth Reference 
Model (2011). 

 
The time-series ratios of the REE ratios (figure 6.30 - 6.33) show 

significant variations. In general, the Ce/Yb, La/Sm, Tb/Yb ratios fall below those 
of the rock, in agreement with the apparent depletion of the LREE. The La/Sm 
ratio is an exception, as it becomes higher than rock from 2007.  

All Eu anomalies in the water samples are higher than those of the rock, 
supporting a preferential release of bivalent Eu, presumably controlled to a large 
extent by the stability of plagioclase. Whole rock dissolution is supported for the 
2006-2009 samples by the observation that ratios in waters and the rock were 
close during that period and that temperature were high and pH low (figure 8.2 
and 8.3).  

Phreatic eruptions are probably important in controlling the dissolution 
regime, because after such event, often an immediate change in behaviour 
visible. They may create space for new batches of deep water to move to the 
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surface and enter at the bottom of crater lake. The higher temperatures during 
stage III, 2006 and 2007 are an indication of hot input from below the lake.  

It has been proposed that magmatic intrusions have occurred during the 
last 30 years of monitoring but their effect on the water composition is difficult to 
trace, apart from the alleged release of heat and volatiles. One reason is that 
subsurface water will only be exposed to fresh rock of an intrusion after sufficient 
time has passed for cooling. Also, the water may not become in contact with the 
rock at all if the volume of the intrusion is too small or if it does not reach 
sufficiently shallow levels.  

However, the Eu anomalies may provide a clue to this issue. They form a 
conspicuous trend with drops to low values (closest to the rock) during periods of 
high activity (Stage III and 2006). Figure 8.2 demonstrates the existence of an 
inverse relationship between Eu/Eu* and the measures lake-water temperature. 
The lowest Eu/Eu* values can be interpreted to indicate high-temperatures, low-
pH interaction of the water with fresh rock, possibly a cooled newly emplaced 
magma batch. Presumably, the intrusions occurred some time earlier. The 
gradual increasing Eu anomaly between 1996 and 2006 can be explained by 
interaction with increasingly altered rock, whereby plagioclase becomes gradually 
less stable. 

Poás

Temperature (oC)

10 20 30 40 50 60 70 80 90

E
u

/E
u
*

0.85

0.90

0.95

1.00

1.05

1.10

1.15

Stage II

Stage III

Stage IV A

Stage IV B

Stage IV C

Stage IV D

Stage IV E

Stage V

2006

2007

2008

2009

 
Figure 8.2: Inverse correlation between Eu/Eu* ratio and temperature. Note that values for Stage V 
do not fit in the general trend. Black bar indicates estimated error. Data from appendix A and Martínez 
(2008). 
 

Stage IV (no whole rock dissolution) and the 2006-2008 period (close to 
whole rock dissolution) were selected to discuss the significance of the REE data 
in more detail.  

Martínez (2008) proposed that Substages A, C, E of stage IV are quiet 
periods due to sealing processes in the sub-lake system that diminished the free 
supply of hot and acidic hydrothermal water to the lake. The lake geochemistry is 
consistent with retention of elements by alunite, which, according to the 
saturation models can only be stable at temperatures higher than observed in the 
lake. It is therefore reasonable to suppose that the sealing of pores and conduits 
is associated with the formation of alunite below the lake.  

The REE data support this idea because Substages A, C, E are marked by 
relatively low Ce/Yb ratios, presumably due to the preferential uptake of LREE by 
alunite. Higher ratios and the steady increase from 2006 onwards can either be 
explained by dissolution of previously formed alunite, or by conditions promoting 
congruent rock dissolution. 
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Figure 8.3: Relationships between Na/K and pH of lake-water and phreatic eruptions at Poás 
(OVSICORI) 
 

 Obvious relationships between the molar Na/K ratio and pH of the lake 
waters (Figure 8.3) further confirm the inferred role of alunite. The coinciding 
fluctuations seem independent from phreatic eruptions or magmatic intrusion. 
Relatively high Na/K ratios in Substages A, C, E of stage IV when the partial 
sealing occurred are consistent with the formation of alunite which is expected to 
retain more K than Na. Increased pH results from less input of deep, acidic water 
and a larger contribution of meteoric water in the lake. The years since 2006 are 
marked by low pH and low Na/K ratios, close to that of the rock (2.6-2.8), which 
argues again in favour of (near-)congruent rock dissolution. 
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Figure 8.4: Relationships between K/La, temperature, Ce/Yb, Na/K, K, and La for Poás lake water. 
Data from appendix A and Martínez (2008). 
 
  Figure 8.4 highlights the effects of alunite on major and rare earth 
elements dissolved in the lake. The plot shows a maximum for K, La and 
temperature in 2007, a drop in Na/K to almost constant values from 2007 on, and 
a steady increase in Ce/Yb since 2006. The drop in element concentrations since 
mid-2007 can be explained by dilution of the system with meteoric water in the 
subsurface. As this may be accompanied by cooling this may have induced the 
dissolution of alunite which resulted in a gradual decrease in K/La down to values 
corresponding with a possible composition of this mineral (just above 2000), as 
well as in an increasing Ce/Yb trend. The near constant Na/K ratio since 2007 is 
consistent with dilution, but suggests that it is relatively insensitive to alunite 
dissolution.      
 A final confirmation for the role of alunite comes from the altered rock 
sample that was studied to investigate the assemblage of secondary minerals. 
The presence of this mineral and the probably origin of the ejected rock from 
deeper parts below the lake are further evidence for the importance of alunite.  

8.2 Rincón de la Vieja, Costa Rica 

The 1999-2001 samples plot in different parts of the Mg-K-Na and Mg-
K+Na-Al diagrams (figure 6.11) than the other samples, as they are relatively 
depleted in Al and K, suggesting retention of these elements by an Al and K-
bearing phase. Because they plot on the extrapolated line between the rocks and 
(natro)alunite, this mineral is probably responsible for the depletion in the water. 
In absence of data for these samples (February 1999-2001) this interpretation 
cannot be tested with REE results. These samples, however, point to a different 
behaviour of Rincón de la Vieja in the past. This suggests that some event 
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between March 2001 and May 2004 changed the properties of the lake quite 
drastically. This was probably not an eruption, because the latest eruptive activity 
ended in September 1998 (Venzke et al. (2002-)). OVSICORI-UNA reported 
fumarolic and seismic activity from March 2000 to August 2001.  

The other samples, which are more recent, plot close to the rock samples 
in the Mg-K-Na and Mg-K+Na-Al ternary diagrams, suggesting almost complete 
rock dissolution as principal control. In the Mg-K+Na-Al diagram the water 
samples are slightly enriched in Al relative to the rock samples. If the rock data 
are representative, this may suggest an extra dissolution of an alteration mineral 
like alunite and perhaps another Al-rich phase (kaolinite, gibbsite, diaspore, or 
pyrophyllite).  

Chondrite-normalized REE trends of the water samples are comparable to 
those of the rocks (figure 6.23) except that they show less enrichment in the 
lightest REE and a less pronounced negative Eu anomaly. In the rock-normalized 
REE patterns for the water samples this expresses as a dip for La and Ce and a 
slightly positive Eu anomaly. Based on these observations complete congruent 
dissolution of fresh rock cannot explain the water compositions, again if the rock 
data are sufficiently representative. Instead, La and Ce may have been retained 
by a LREE-rich phase. Alunite or another alteration mineral is unlikely in view of 
the major element relationships in the ternary diagrams. A primary volcanic 
phase that hosts LREE may have escaped (complete) dissolution (e.g. glass). This 
retention did not affect Eu in the same way, suggesting that the minor relative 
enrichment is due to the more mobile Eu2+. 

The time-series plots of REE ratios (figure 6.30-6.33) support this 
interpretation, as the Ce/Yb ratio of the water samples is consistently lower than 
that of the rocks and Eu/Eu* consistently higher. Over the 5-years period of 
monitoring the ratios show only minor variations. Several ratios (Eu/Eu*, La/Sm, 
Tb/Yb) show a modest jump in the trend between September 2006 and April 
2007, suggesting a change in the subsurface water-rock interaction, possibly 
related to a minor modification in the behaviour of the magmatic/hydrothermal 
system. There are no obvious relationships between REE ratios and either pH or 
temperature of the lake.  

Figure 8.5 suggests a positive correlation between Na/K and pH, similar to 
what has been observed at Poás. Whether this shoud also be attributed to alunite 
is questionable, since the ternary diagrams and flat rock-normalized REE trends 
argue in favour of (near-)congruent rock dissolution.  
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Figure 8.5: The possible (time-)relation between Na/K and pH (appendix A). 
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8.3 El Chichón, Mexico 

 The water compositions plot away from the rocks in the ternary diagrams 
(Figure 6.12), which preclude a role for alunite for the chemistry of the crater 
lake of El Chichón. There is also no evidence for controls by other secondary 
minerals. The lake chemistry thus deviates from that of typical hyperacid lakes. 

Chondrite-normalized REE trends for waters and rocks tend to be similar 
and rock-normalized patterns tend to be rather flat, but because of the 
considerable scatter, the REE signatures are difficult to interpret. However, 
congruent rock dissolution is an unlikely mechanism to explain the REE, since it is 
inconsistent with the major element chemistry. 

According to Morton-Bermea et al. (2010) a relationship would exist 
between Mg and HREE, but this is difficult to verify with the available data. It can 
be speculated that mobilization of salt deposits that are presumed to be present 
below the volcano could have an influence on the speciation and behaviour of the 
REE.   

8.4 Copahue, Argentina 

The Copahue data are from hot springs close to the crater lake, because 
essential crater lake data are missing. These hot spring data are taken as 
representative for the crater lake signatures.  

Because of the eruption in 2000, a distinction can made between pre-
eruptive (old) samples and post-eruptive (young) samples. The ternary diagrams 
(figure 6.13A,B,C) indicate that the pre-eruptive samples can be explained by 
(near-)congruent rock dissolution, consistent with the lower pH at that time 
(figure 8.6). In contrast, the younger samples deviate from whole-rock 
dissolution and point to a role of natro-alunite in retaining K, Na and Al.  

Chondrite normalized REE patterns of pre-eruption waters are comparable 
to those of the rocks (figure 6.25), showing LREE enrichment and a negative Eu 
anomaly. They are thus consistent with whole-rock dissolution. The shape for the 
post-eruption samples is different, particularly in showing a steeper trend for the 
lightest REE. The overall REE concentrations in these samples are also lower and 
Eu anomalies are weak or absent. These features are in agreement with a 
deviation from whole-rock dissolution. If alunite precipitated from the same water 
that was present before the eruption as the major element relationships suggest, 
this should have resulted in a less steep LREE trend considering the strong 
enrichment in LREE in alunite (Fig 3.4). Hence, either the system hosted different 
water with a much stronger LREE enrichment before alunite precipitated, or other 
phases regulating the REE behaviour were involved.     

The time-series plot of REE ratios (figure 6.30-6.33) further highlights the 
chemical contrast before (1997-2000) and after (2000-2005) the eruption. Before 
the eruption the negative Eu anomaly was closer to that of the rock and the 
Ce/Yb ratio only somewhat higher. After the eruption the differences are stronger.  

The Na/K ratio roughly correlates with pH (Figure 8.6). Similar to the 
observations at Poás, this can be attributed to the role of alunite. Before the 
eruption, when both parameters were low, rock dissolution dominated, whereas 
after the eruption alunite formed, retaining more K and thus causing an increase 
in Na/K in the waters.  
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Figure 8.6: Relationship between Na/K and pH for Copahue waters. Note the difference before and 
after the eruption in 2000. Data from Venzke et al. (2002-) and Varekamp et al. (2006 and 2009). 

8.5 Yellowstone, USA 

 The Yellowstone water samples are from three different areas, Norris 
Geyser Basin, Gibbon Geyser Basin, and Upper Geyser Basin. The water and rock 
samples are poor in Mg, relative to the alkalies, in agreement with the rhyolitic 
composition of the volcanis of the area. In general, rock and water compositions 
do not coincide which rules out that whole-rock dissolution is a plausible 
mechanism.  

Chondrite normalized REE trends of the water samples are comparable to 
the rock samples (figure 6.26). Both water and rock show a distinct negative Eu 
anomaly, but the water samples show a small positive Eu anomaly in rock 
normalized patterns. There is relatively less LREE in the water than in the rocks, 
which means that probably a LREE-retaining mineral that preferentially rejects Eu 
precipitated. Alunite is a potential candidate, since it is commonly marked by high 
LREE/HREE ratios and a negative Eu anomaly. Inspection of more parameters is 
needed to confirm this. 

8.6 Ruapehu, New Zealand 

 The Mg-K-Na and Mg-K+Na-Al ternary diagrams (figure 6.15) point to 
(near-) congruent rock dissolution for the period 1988-1996 (prior to the 
eruptions in 1995-1997) and possible alunite precipitation for the 2006-2008 
period.  

Chondrite-normalized REE trends of the older samples are comparable to 
the rock samples (figure 6.27A). Nearly flat REE rock-normalized trend suggest 
whole-rock dissolution. The water after the eruption is LREE depleted compared 
to the rock (figure 6.27B). None of the water samples shows a Eu anomaly, 
despite a slightly negative one in some of the rock samples. 
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Figure 8.7: Relationship between Na/K and pH and indicated eruptions for Ruapehu. Data from 
Christenson et al. (2010), Christenson (2000) and Christenson and Wood (1993).  

 
Figure 8.7 demonstrates a clear correlation between Na/K and pH, 

confirming previous observations for Poás and Copahue. The change after the 
onset of eruptions in 1995 marks a transition from whole-rock dissolution to 
alunite precipitation. 

8.7 Indonesian volcanoes 

 The limited data available for the Indonesian volcanoes do not allow 
an in-depth evaluation of the REE signatures. Only some brief comments are 
given here. 

The rock-normalized REE trends indicate that the chemistry of the Kawah 
Ijen lake is largely determined by (near-)congruent rock dissolution in agreement 
with its hyperacid nature. It also tends to be confirmed by the ternary diagrams. 
The REE trend for Keli Mutu is close, but the limited amount of data precludes a 
definite assessment. The patterns for Kawah Putih show a slight enrichment of 
the REE. Considering the ternary diagrams as well, it cannot be excluded that the 
lake chemistry is influenced by alunite dissolution. Because the REE abundances 
in the other lakes are very low and rather erratic, they will not be further 
discussed here.  

8.8 NW Pacific volcanoes 

 Again, due to the limited REE data available for the waters and rocks of 
these volcanoes, they cannot be treated in detail. Slight depletions in LREE that 
are visible in rock-normalized patterns might point to an influence of precipitating 
alunite. The ternary plots tend to confirm this for Kusatsu-Shirane but the 
evidence is not clear.  
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Figure 8.8: Relationship between Na/K and pH for Kusatsu-Shirane lake. Data from Ohba et al. (2008) 
and references therein. 
 
 Figure 8.8 suggests a different behaviour between period I and the other 
periods. The Na/K ratio during period I is low, and together with observations in 
the ternary diagrams they suggest (figure 6.21) dissolution of alunite. The 
reasonably good correlation between the Na/K ratio and the pH for periods II and 
III would again point to an occasionally operating alunite control. The relatively 
low Na/K ratios during Period IV might be due to a stronger influence of rock 
dissolution. Obviously, these interpretations remain speculative. 
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9. Summary and conclusions 
This thesis documents the results of a study on rare earth elements (REE) 

in active, crater-lake hosting volcanic-hydrothermal systems worldwide. Particular 
attention has been paid to Poás and Rincón de la Vieja, two Costa Rican 
volcanoes for which new analytical data are presented. A literature survey 
covered geochemical information available for volcanic lakes across the globe. 

The main objective of this research was to explore how REE that are 
dissolved in crater lake water can be used to gain insights into water-rock 
interaction processes and to monitor activity in the underlying hydrothermal 
system. For this purpose, the newly acquired data and those from the literature 
compilation were evaluated to discern systematics in the behaviour of the REE 
and other elements, whereby the compositions of local rocks were taken in 
account as well.  

The REE concentrations and their normalized trends show significant 
variations for the investigated lakes. There is a rough correlation between REE 
patterns of the lake waters and the local rocks, testifying that lavas and other 
solid volcanic products are the principal source of the REE. In general, the 
correspondence is best for highly acidic lakes. The observed systematics indicate 
that rock dissolution plays an important role but fractionation among the REE 
shows that complete, congruent dissolution is rare and only occurs under extreme 
conditions. In general, water-rock interaction in these volcanic-hydrothermal 
settings affects individual igneous minerals in different ways, some being more 
resistant than others. The collected data indicate that the REE signatures in lake 
waters are controlled by preferential retention or release from REE hosting 
phases, either primary igneous minerals or glass in volcanic materials, or 
secondary phases formed as alteration product. 

An important discovery is the apparent role of alunite in regulating the 
signatures of dissolved REE in lake waters. This is surprising because this mineral 
is an alteration product that is commonly not stable in acidic volcanic lakes. 
However, as could be confirmed in PHREEQC models, the saturation state of 
alunite in these waters is inversely correlated with temperature. This implies that 
alunite can be present in hotter parts of the hydrothermal system below the lake, 
and that the REE signatures in the lake may be inherited from inflow of water that 
had interacted with alunite present at depth. Changes in REE patterns in lakes 
that have been monitored over longer times indicate that the influence of alunite 
may vary with time. This suggests that a lake may signal the stability of the 
mineral, and its formation or dissolution in response to changing conditions. Apart 
from the REE data, the potential role of alunite can be confirmed by comparing 
the concentrations of its main cation constituents with other dissolved cations in 
the lake.     

Time-series results on REE concentrations in the highly dynamic crater 
lake of Poás provide evidence for an intermittent role of alunite in the subsurface 
system. Strong fluctuations in LREE/HREE ratios, observed over decades of 
monitoring, probably reflect variations in the stability of the mineral, induced by 
changing hydrothermal conditions. Changes in the REE concentrations sometimes 
coincided with phreatic eruptive events. Since alunite is a secondary, non-
magmatic mineral, its presence or absence may affect the porosity and 
permeability of volcanic rocks and conduits that act as pathways for upflowing 
fluids. Evidence for Poás suggests that the formation of alunite has a sealing 
effect that reduces the influx of fluid and heat into its lake.    

REE in volcanic lakes are a promising new instrument to study water-rock 
interaction and alteration processes that are active at the very present. 
Monitoring the REE provides a valuable new parameter in assessing changes in 
the state of activity of volcanic-hydrothermal systems. 
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A. Appendix 

A1 ICP analysis (UU) in ppm 

Poás 
Sample 

date 
Temp 
(
o
C) 

pH 
Conductivity 

(mScm
-1

) 
Volume 

(m
3
x1000) 

Depth 
(m) 

SO4 
(a) 

S 
(b) 

Cl 
(a) 

Cl 
(b) 

F 
(a) 

Br 
(a) 

28-Feb-06 51 0.591 158 - - 17680 8120 13400 13900 990 31.7 

01-Apr-06 54 0.63 120.2 1521.926 41.8 17200 6910 15700 15100 1050 32.3 

25-Apr-06 54 0.74 94.2 - - 13820 5720 13000 13800 990 26.9 

03-May-06 49 0.74 118 1496.105 41.4 17670 6900 15100 15800 1150 30.6 

25-May-06 47 0.72 123.1   19510 6870 15900 16400 1130 32.6 

22-Jun-06 46 0.59 132.5 1499.037 41.47 23150 7680 16300 16400 1090 31.7 

20-Jul-06 43 0.62 121.4 - - 21280 7450 13400 14900 890 - 

11-Aug-06 43 0.52 144 - - 25440 8210 16100 16100 1100 - 

05-Sep-06 41 0.47 159.8 - - 27540 8890 17100 16800 1100 - 

05-Sep-06 41 - - - - - 8920 - 16500 - - 

05-Oct-06 46 0.4 162.5 1489.646 41.38 28400 9410 16700 17000 1140 - 

12-Oct-06 55 0.46 158.8 - - 29000 9030 16300 15800 1170 - 

28-Oct-06 53 0.5 157.6 - - 24930 9100 13600 16000 740 31 

02-Nov-06 58 0.43 180.4 - - 29100 11000 13200 17600 950 - 

10-Nov-06 57 0.4 - - - 34330 11300 13200 18000 1030 35 

08-Dec-06 48 0.47 187 1444.519 40.6 33950 11500 14900 17900 1100 30 

02-Feb-07 49 0.4 218 1396.361 39.8 44300 14200 17500 20200 1300 45 

13-Feb-07 48 0.4 216 - - - 14000 - 19800 - - 

27-Feb-07 48 0.42 230 - - - 14300 - 20300 - - 

13-Mar-07 47 0.39 237 1385.28 39.6 - 14900 - 20600 - - 

27-Mar-07 49 0.36 246 - - - 15300 - 21200 - - 

13-Apr-07 51 0.34 260 - - 53000 16000 20400 21700 1500 42 

30-May-07 57 0.25 290 - - 50900 17900 18700 23200 1400 40 

12-Jun-07 58 0.28 302 1121.221 34.6 - 18600 - 24000 - 47 

27-Jun-07 55 0.13 313 - - 67300 19500 23900 24900 1530 - 
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Sample 
date 

Temp 
(
o
C) 

pH 
Conductivity 

(mScm
-1

) 
Volume 

(m
3
x1000) 

Depth 
(m) 

SO4 
(a) 

S 
(b) 

Cl 
(a) 

Cl 
(b) 

F 
(a) 

Br 
(a) 

29-Aug-07 58 0.21 354 - - 84400 21100 36000 26200 1500 53 

12-Sep-07 56 0.16 371 - - 98300 21700 40300 27800 1800 61 

27-Sep-07 56 0.22 311 - - 98900 21900 40800 27600 1750 64 

26-Oct-07 58 0.15 375 - - 84500 22300 30300 28100 1850 60 

06-Nov-07 57 0.16 385 - - 73000 23000 26100 28500 1700 40 

22-Nov-07 56 0.25 339 - - 72540 19600 25600 23300 1740 85 

18-Jan-08 45 0.28 313 - - 67950 18400 23870 22100 1630 55 

29-Jan-08 41 0.26 314 - - 67580 18300 23450 21400 1540 35 

12-Feb-08 45 0.21 324 - - 72000 19100 25500 22800 1700 55 

11-Mar-08 42 0.3 334 910 26 68800 19600 25200 23900 1640 47 

05-May-08 41 0.23 348 833 23 87700 20600 36300 25200 1650 45 

04-Jun-08 42 0.16 323 - - 75200 18500 31300 22500 1450 80 

15-Jul-08 45 0.2 301 919.58 24.2 65400 17300 27900 21400 1360 70 

31-Jul-08 34 0.34 229 - - 49500 13100 20700 15900 1100 20 

03-Oct-08 44 0.29 264 898 23.7 - 15900 - 19100 - - 

11-Nov-08 43 0.12 255 - - 41100 14600 18700 17600 960 - 

09-Dec-08 39 0.14 152.7 - - 23300 8320 10200 9880 540 - 

29-Jan-09 44 -0.03 176.8 - - - 9900 - 11600 - - 

11-Feb-09 38 0.15 121.9 817.72 23.8 - 6790 - 7810 - - 

25-Feb-09 40   - - - 9830 - 11500 - - 

04-Mar-09 40 -0.57 176.7 - - - 9890 - 11500 - - 

19-Mar-09 44 -0.61 185.2 - - - 10500 - 12100 - - 

25-Mar-09 44 -0.59 187.3 - - - 10700 - 12400 - - 

03-Apr-09 49 -0.62 195.7 - - - 11000 - 12800 - - 

(a): IC analysis (OVSICORI) in mg/kg 
(b): ICP analysis (UU) in ppm 
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Sample 

date 
Al Fe Ca Mg Na K Si Mn P Sc Ti Zn Sr 

28-Feb-06 1490 1120 1430 370 400 140 52 22.6 8.5 0.46 1.5 1.93 11.7 

01-Apr-06 2470 1440 1310 560 610 210 52 23.7 15 0.69 5.5 2.87 15.2 

25-Apr-06 2360 1410 1250 780 670 210 66 30.3 13 0.63 1.98 2.91 13.1 

03-May-06 2860 1530 1220 610 750 270 57 27 18 0.77 2.18 3.32 16.4 

25-May-06 2890 1520 1150 660 740 280 47 27.9 17 0.77 1.74 3.15 15.8 

22-Jun-06 2770 1500 1180 640 750 270 64 28.7 17 0.77 1.35 3.22 15.4 

20-Jul-06 2410 1340 1240 580 590 230 55 23.5 14 0.65 1.36 2.54 12.9 

11-Aug-06 2540 1390 1180 620 710 240 62 26.9 15 0.72 1.18 2.97 14.2 

05-Sep-06 2540 1330 1170 580 690 250 52 25.4 16 0.7 1.22 2.86 14 

05-Sep-06 2560 1340 1170 580 700 260 53 25.7 16 0.7 1.21 2.94 14.3 

05-Oct-06 2790 1400 1160 620 710 280 61 26.5 17 0.73 1.48 2.96 14.6 

12-Oct-06 2780 1320 1080 600 710 280 44 26.1 17 0.74 1.37 2.93 14.9 

28-Oct-06 2830 1400 1050 680 750 290 44 28.8 17 0.79 1.13 3.07 15.5 

02-Nov-06 3190 1420 1110 640 800 340 52 27.9 20 0.84 1.24 3.3 17.4 

10-Nov-06 3210 1440 1080 630 780 350 39 27.3 20 0.82 1.24 3.27 17.3 

08-Dec-06 3110 1390 1050 620 770 330 42 27 20 0.83 1.43 3.19 17 

02-Feb-07 3420 1520 1060 680 820 380 40 28.7 22 0.89 1.72 3.32 18 

13-Feb-07 3320 1480 1010 660 830 370 39 29 23 0.89 1.73 3.38 18.2 

27-Feb-07 3310 1470 1020 680 810 370 38 28.5 22 0.88 1.8 3.29 17.6 

13-Mar-07 3350 1500 1020 680 830 370 37 29.1 22 0.89 1.88 3.31 18 

27-Mar-07 3360 1510 1010 680 830 370 37 29.6 23 0.89 2.09 3.37 18.1 

13-Apr-07 3420 1530 1000 710 850 380 36 30.1 23 0.91 2.17 3.41 18.3 

30-May-07 3460 1570 980 700 850 390 34 30.1 24 0.92 2.87 3.44 18.1 

12-Jun-07 3530 1600 970 720 870 390 33 30.7 24 0.93 2.84 3.52 18.4 

27-Jun-07 3560 1630 940 740 860 400 31 30.4 23 0.93 3.09 3.49 18.2 

29-Aug-07 3430 1630 900 740 840 390 33 30.4 23 0.92 4.02 3.48 17.5 

12-Sep-07 3480 1650 920 730 820 400 31 29.8 23 0.89 4.05 3.46 17.5 

27-Sep-07 3470 1640 910 730 800 390 31 28.5 22 0.86 4.08 3.33 17 

26-Oct-07 3370 1610 890 740 760 380 29 27.6 21 0.83 4.23 3.26 15.9 
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Sample 

date 
Al Fe Ca Mg Na K Si Mn P Sc Ti Zn Sr 

06-Nov-07 3420 1610 890 730 760 390 30 28.3 22 0.84 4.37 3.26 16.1 

22-Nov-07 2860 1370 940 610 640 320 32 23.4 18 0.71 3.81 2.73 13.7 

18-Jan-08 2660 1260 960 580 650 300 36 23.9 18 0.72 3.58 2.64 14.5 

29-Jan-08 2610 1250 970 580 630 290 41 23.3 17 0.7 3.52 2.8 14.1 

12-Feb-08 2740 1300 950 590 660 310 36 24.5 18 0.74 3.82 2.71 14.8 

11-Mar-08 2800 1340 970 620 670 320 35 24.9 18 0.74 3.92 2.73 15.3 

05-May-08 2910 1390 990 650 710 330 36 26.2 20 0.8 4.67 2.88 16 

04-Jun-08 2620 1250 1020 580 630 300 38 23.5 17 0.7 4.55 2.59 14.3 

15-Jul-08 2440 1170 1050 540 580 270 39 21.5 16 0.65 4.27 2.33 13.5 

31-Jul-08 1800 900 1100 420 440 200 58 16.9 12 0.5 3.18 1.73 10.7 

03-Oct-08 2130 1020 1080 480 500 240 45 18.9 14 0.58 3.49 1.98 12.2 

11-Nov-08 1920 930 1110 440 440 210 53 16.6 12 0.5 2.97 1.76 11.1 

09-Dec-08 1100 530 1030 260 270 120 58 10.1 7.1 0.32 1.68 1.03 7.56 

29-Jan-09 1320 620 1060 300 320 150 63 12.2 8.7 0.38 1.52 1.23 9.86 

11-Feb-09 870 410 1010 200 220 94 80 8.11 5.9 0.28 1.01 0.84 7.08 

25-Feb-09 1240 590 1080 290 280 130 59 11 7.8 0.35 1.25 1.12 9.01 

04-Mar-09 1220 580 1110 280 300 130 67 11.6 8.2 0.37 1.27 1.17 9.65 

19-Mar-09 1250 590 1170 280 310 130 68 11.7 8.2 0.37 1.29 1.19 9.96 

25-Mar-09 1270 600 1200 290 310 140 65 11.6 8.3 0.37 1.35 1.19 9.96 

03-Apr-09 1290 610 1100 290 310 140 66 11.7 8.3 0.37 1.3 1.2 9.87 
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Rincón de la Vieja 
Sample 

date 
Temp 
(
o
C) 

pH S (b) Cl (b) Al Fe Ca Mg Na K Si 

15-Oct-08 37 - 8850 19700 3110 1630 1330 680 670 380 49 

08-Nov-07 43 0.53 8980 20900 4000 2200 1110 870 830 470 44 

18-Apr-07 45 - 9360 22200 4220 2210 1150 890 870 520 41 

12-Sep-06 39 0.38 9330 21500 3430 1860 1240 710 710 420 39 

22-Mar-06 36 0.47 8690 18800 3070 1670 1260 690 680 390 44 

02-Jun-05 41 0.44 10100 21900 3830 2040 1180 790 810 510 40 

02-May-04 36 0.35 11500 24800 4730 2450 1130 930 960 660 36 

 
Sample 

date 
Mn P Sc Ti Zn Sr 

15-Oct-08 28.4 26 0.94 2.33 4.25 12.8 

08-Nov-07 36.2 34 1.22 1.89 5.3 14.5 

18-Apr-07 36.3 37 1.25 2.38 5.48 16.4 

12-Sep-06 29.3 30 1.03 2.52 4.79 14.4 

22-Mar-06 28.5 27 0.94 2.53 4.33 13.6 

02-Jun-05 32 34 1.1 2.02 5.03 15.5 

02-May-04 36.8 43 1.32 1.92 5.86 17.5 
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A2 ICP-MS analysis (UU) in ppb 

Poás 
Sample 

date 
Temp 
(
o
C) 

pH Li Be B V Cr Co Ni Cu Ga As Se Rb Y Zr Nb Mo 

28-Feb-
06 

51 0.591 210 11 5660 4280 77000 880 36300 680 280 1290 110 370 270 260 27 350 

01-Apr-
06 

54 0.63 270 19 6640 6300 320 320 140 370 450 2710 160 620 300 330 0.46 15 

25-Apr-
06 

54 0.74 300 20 6040 6350 310 250 110 290 390 2240 110 590 240 190 0.38 5.7 

03-
May-06 

49 0.74 300 22 7370 7950 390 330 140 380 530 2860 130 770 300 300 0.58 9.5 

25-
May-06 

47 0.72 310 22 7740 7810 350 330 150 370 530 2760 150 800 270 310 0.54 8 

22-Jun-
06 

46 0.59 300 22 7640 7870 380 350 150 430 490 2750 180 780 300 360 0.56 9.6 

20-Jul-
06 

43 0.62 260 19 6660 6350 310 280 130 540 420 2390 87 660 210 300 0.49 10 

11-Aug-
06 

43 0.52 290 20 7200 7270 340 330 140 470 440 2890 94 700 300 360 0.57 11 

05-Sep-
06 

41 0.47 280 21 7620 7330 340 300 130 500 460 2890 170 740 270 410 0.76 11 

05-Sep-
06 

41 - 290 21 7790 7010 360 310 130 490 460 2900 93 730 280 400 0.47 11 

05-Oct-
06 

46 0.4 300 22 8040 7460 360 310 140 480 520 2990 130 780 240 450 0.56 23 

12-Oct-
06 

55 0.46 280 22 7320 7430 370 300 140 480 510 2910 210 750 280 430 0.57 13 

28-Oct-
06 

53 0.5 310 23 7340 8150 380 340 150 510 520 3150 89 760 250 440 0.7 15 
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Sample 
date 

Temp 
(
o
C) 

pH Li Be B V Cr Co Ni Cu Ga As Se Rb Y Zr Nb Mo 

02-Nov-
06 

58 0.43 320 24 8430 8240 450 330 150 560 610 3490 180 880 270 550 0.88 19 

10-Nov-
06 

57 0.4 310 24 8600 8650 420 320 140 590 600 3580 210 860 260 560 0.71 21 

08-Dec-
06 

48 0.47 320 24 8650 8510 430 350 150 1420 640 4340 120 880 250 550 1 100 

02-Feb-
07 

49 0.4 330 24 9200 8810 450 350 160 860 630 3690 240 900 270 670 0.87 18 

13-Feb-
07 

48 0.4 350 25 9370 8770 460 370 160 850 660 3760 110 930 260 730 1 11 

27-Feb-
07 

48 0.42 330 25 9300 8780 450 370 170 790 650 3370 91 910 280 750 1.3 9.2 

13-Mar-
07 

47 0.39 330 25 10100 8710 460 380 170 790 640 3660 230 910 300 780 2.6 9.6 

27-Mar-
07 

49 0.36 330 25 10300 8570 450 380 170 770 650 3440 180 900 290 810 0.85 7.7 

13-Apr-
07 

51 0.34 320 25 10100 9100 430 350 160 770 660 3680 240 900 300 880 0.83 13 

30-
May-07 

57 0.25 330 27 10900 9150 470 410 180 990 680 3910 220 930 300 1000 1 33 

12-Jun-
07 

58 0.28 330 27 11000 9340 520 420 180 1000 690 3980 290 940 310 1050 1.2 35 

27-Jun-
07 

55 0.13 340 28 11300 9690 520 440 190 1050 690 3990 220 960 310 1120 1.2 36 

29-Aug-
07 

58 0.21 330 27 11500 9130 510 460 200 1210 680 3740 280 900 320 1180 1.4 43 

12-Sep-
07 

56 0.16 320 27 11800 8940 470 470 200 1230 660 3770 320 930 310 1190 1.4 43 

27-Sep-
07 

56 0.22 310 27 11700 9170 510 460 200 1250 660 4120 140 900 350 1220 1.5 43 
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Sample 
date 

Temp 
(
o
C) 

pH Li Be B V Cr Co Ni Cu Ga As Se Rb Y Zr Nb Mo 

26-Oct-
07 

58 0.15 310 25 11600 8850 510 490 220 1330 660 4150 290 890 330 1230 2.1 46 

06-Nov-
07 

57 0.16 310 27 12700 8900 510 480 200 1310 670 4340 300 900 340 1250 1.4 46 

22-Nov-
07 

56 0.25 260 23 11000 7530 410 410 170 1160 560 3630 240 740 300 1070 1.2 40 

18-Jan-
08 

45 0.28 250 22 10700 6890 380 390 160 1150 510 3250 260 690 280 1010 1.4 24 

29-Jan-
08 

41 0.26 240 22 10400 6760 380 390 160 1110 510 2990 220 690 310 1010 0.96 15 

12-Feb-
08 

45 0.21 250 22 10700 7050 400 400 240 850 550 2610 200 720 310 1070 1.3 7.4 

11-Mar-
08 

42 0.3 260 23 11200 7350 410 420 170 500 560 1170 290 740 310 1120 1.2 5.9 

05-
May-08 

41 0.23 260 23 11800 7550 520 520 220 360 600 430 290 770 340 1160 1.6 6.5 

04-Jun-
08 

42 0.16 250 22 11000 6830 390 400 160 290 520 140 260 680 280 1040 1.6 4.9 

15-Jul-
08 

45 0.2 230 20 10500 6160 360 370 150 250 480 280 170 630 270 960 1.5 4.9 

31-Jul-
08 

34 0.34 170 15 7500 4590 270 290 120 280 350 470 220 460 220 710 1.4 4.1 

03-Oct-
08 

44 0.29 210 16 9750 5520 310 330 140 170 450 310 250 570 270 840 1.2 4 

11-Nov-
08 

43 0.12 190 14 9010 4830 290 300 130 160 370 290 170 520 270 760 0.96 3.5 

09-Dec-
08 

39 0.14 110 8.4 5470 2880 170 180 79 160 220 380 170 290 170 420 0.51 2.9 

29-Jan-
09 

44 -0.03 130 10 6490 3450 190 200 94 320 280 1240 120 360 240 490 0.7 5.5 
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Sample 
date 

Temp 
(
o
C) 

pH Li Be B V Cr Co Ni Cu Ga As Se Rb Y Zr Nb Mo 

11-Feb-
09 

38 0.15 90 6.7 4500 2260 180 150 63 300 170 840 82 230 190 320 0.49 4.8 

25-Feb-
09 

40  130 9.3 6260 3230 190 190 85 400 240 1290 130 320 210 460 0.47 8.6 

04-Mar-
09 

40 -0.57 130 9.7 6240 3180 190 190 80 430 240 1380 210 320 230 460 0.48 9.7 

19-Mar-
09 

44 -0.61 140 9.5 6340 3260 190 190 80 480 240 1400 24 320 250 470 1.3 12 

25-Mar-
09 

44 -0.59 140 9.7 6330 3210 190 190 84 490 240 1460 160 330 230 470 0.9 13 

03-Apr-
09 

49 -0.62 140 9.2 6480 3330 200 200 79 570 250 1550 250 330 250 490 1.5 16 

 
Sample 

date 
Ag Cd Sn Sb Cs Ba Bi Te Th U Hf Tl Pb 

28-Feb-
06 

2.2 35 64 9.2 7.8 90 20 0.43 53 20 5.4 260 470 

01-Apr-
06 

3.2 43 27 5.1 13 94 85 0.79 83 33 6.4 270 620 

25-Apr-
06 

1.5 36 11 5 12 100 47 0.47 67 27 3.3 220 510 

03-
May-06 

4.5 45 19 8.4 16 91 88 0.67 89 36 5.2 280 760 

25-
May-06 

2.5 41 25 11 16 65 74 0.79 90 35 5.3 240 670 

22-Jun-
06 

4.8 41 37 16 16 120 80 0.8 88 34 6.2 250 690 

20-Jul-
06 

2.2 32 32 14 13 120 61 1.5 75 29 5.3 190 520 

11-Aug-
06 

2.8 39 43 20 15 140 75 0.77 80 32 6.4 230 610 

05-Sep-
06 

3.2 40 53 26 15 120 88 1.1 82 33 6.3 250 660 
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Sample 

 date 
Ag Cd Sn Sb Cs Ba Bi Te Th U Hf Tl Pb 

05-Sep- 
06 

2.8 40 56 26 15 120 88 0.77 81 33 7.4 260 650 

05-Oct- 
06 

3.2 39 58 24 16 120 98 1.1 88 34 8.1 260 720 

12-Oct- 
06 

3.5 37 58 23 15 56 100 1.4 87 33 7.6 240 680 

28-Oct- 
06 

5.4 37 67 26 16 58 110 1.2 90 35 7.9 210 730 

02-Nov- 
06 

7.4 43 85 38 17 130 130 1.1 100 37 10 160 890 

10-Nov- 
06 

4.6 43 87 47 18 48 130 1.4 100 36 10 290 860 

08-Dec- 
06 

5.7 44 100 88 17 68 190 4.6 99 37 10 290 860 

02-Feb- 
07 

5.9 45 130 54 18 73 150 1.5 100 38 13 280 910 

13-Feb- 
07 

5.7 48 140 53 18 78 160 1.3 110 39 14 310 960 

27-Feb- 
07 

5.4 46 140 42 18 79 140 1.2 100 38 14 320 920 

13-Mar- 
07 

6.4 48 150 45 18 75 150 1.6 110 38 15 320 980 

27-Mar- 
07 

5.9 49 150 45 18 73 150 0.97 110 39 16 370 1030 

13-Apr- 
07 

6 50 160 54 18 70 170 1.1 110 40 17 370 1030 

30-May- 
07 

7.6 53 190 67 18 67 190 1.2 110 40 19 390 950 

12-Jun- 
07 

8.4 55 200 70 19 68 190 1.2 110 40 20 390 1130 

27-Jun- 
07 

8 57 210 72 19 67 200 1.3 120 41 22 400 1130 



 95 

 
Sample 

date 
Ag Cd Sn Sb Cs Ba Bi Te Th U Hf Tl Pb 

29-Aug- 
07 

8.1 58 230 80 19 67 220 1.3 110 39 24 400 1190 

12-Sep- 
07 

8 57 230 78 18 64 220 1.4 110 38 24 390 1180 

27-Sep- 
07 

8.3 57 230 81 18 62 220 1.3 110 38 24 390 1140 

26-Oct- 
07 

9.3 59 240 88 18 62 220 1.6 110 37 24 400 1170 

06-Nov- 
07 

9.6 59 250 90 18 63 230 1.1 110 38 25 460 1200 

22-Nov- 
07 

7.2 51 210 75 15 69 200 1.3 95 32 22 380 1020 

18-Jan- 
08 

6.3 47 200 75 14 88 190 1.1 88 30 20 340 950 

29-Jan- 
08 

6.5 46 200 58 14 98 190 1.2 88 29 21 330 950 

12-Feb- 
08 

6.3 48 210 38 14 93 170 1.1 92 30 22 340 990 

11-Mar- 
08 

6.3 50 210 21 15 81 130 1.1 93 31 23 340 1020 

05-May- 
08 

7 51 220 6.1 15 110 110 1.3 94 31 24 350 1080 

04-Jun- 
08 

7 47 190 2.6 13 100 81 1.7 84 29 21 310 950 

15-Jul- 
08 

6.2 43 180 4.1 12 110 84 1.6 78 26 20 290 880 

31-Jul- 
08 

4.8 32 130 6.6 9.1 120 69 2.4 58 20 14 210 650 

03-Oct- 
08 

5.2 36 150 3.5 11 130 50 1.2 69 24 18 260 800 
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Sample 

date 
Ag Cd Sn Sb Cs Ba Bi Te Th U Hf Tl Pb 

11-Nov- 
08 

5.5 33 130 3.4 9.8 140 40 1.1 63 22 16 230 720 

09-Dec- 
08 

3.8 19 70 4.6 5.5 93 27 0.92 37 13 8.9 130 400 

29-Jan- 
09 

5.2 22 77 18 6.6 120 61 0.89 46 16 11 150 500 

11-Feb- 
09 

3.4 15 49 14 4.3 120 40 0.79 31 11 6.8 100 340 

25-Feb- 
09 

3.2 21 72 23 6.1 92 61 0.78 45 15 10 150 470 

04-Mar- 
09 

3.3 21 72 24 6.2 100 61 0.77 44 15 10 160 470 

19-Mar- 
09 

3.5 21 74 25 5.3 110 62 0.96 45 15 10 160 470 

25-Mar- 
09 

3.5 21 74 25 6.2 110 67 0.96 45 15 10 170 480 

03-Apr- 
09 

3.9 22 79 29 6.4 140 70 1.2 45 16 10 180 510 
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Rincón de la Vieja 
Sample 

date 
Temp 
(
o
C) 

pH Li Be B V Cr Co Ni Cu Ga As Se Rb Y Zr Nb Mo 

15-Oct- 
08 

37 - 540 28 9990 9120 520 370 230 450 580 780 210 880 380 310 0.64 16 

08-Nov- 
07 

43 0.53 700 36 11000 11700 700 510 330 660 760 1800 160 1100 420 400 1 19 

18-Apr- 
07 

45 - 710 37 11000 12300 740 540 330 640 780 1740 150 1070 520 430 1 14 

12-Sep- 
06 

39 0.38 550 29 10600 9780 720 500 610 580 640 760 230 900 390 370 1.1 60 

22-Mar- 
06 

36 0.47 530 27 9810 8860 560 450 270 300 580 510 120 830 400 350 0.88 6.7 

02-Jun- 
05 

41 0.44 600 29 10900 10700 900 560 460 320 690 1040 170 910 450 420 0.88 4.9 

02-May- 
04 

36 0.35 690 34 13200 13200 850 680 410 1500 920 2050 230 1140 540 640 1.1 5.6 

 
Sample 

date 
Ag Cd Sn Sb Cs Ba Bi Te Th U Hf Tl Pb 

15-Oct- 
08 

2.3 62 220 5.3 19 130 64 1.8 50 30 6.2 510 940 

08-Nov 
-07 

3.8 66 330 14 24 94 160 2.1 67 40 7.7 520 940 

18-Apr- 
07 

3 68 270 16 23 89 170 2.2 69 38 8.5 530 1080 

12-Sep- 
06 

3.4 64 230 3.3 19 79 47 2 55 31 7.7 520 810 

22-Mar- 
06 

2.3 58 180 6.3 17 79 16 1.9 52 28 7.1 450 770 

02-Jun- 
05 

3.4 60 230 3.5 18 67 60 2.2 55 30 8.3 510 940 

02-May- 
04 

4.7 72 390 11 23 74 160 1.8 65 39 13 630 1100 
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A3 REE; ICP-MS analysis (UU) in ppb  

Poás 
Sample 

date 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

28-Feb- 
06 

270 590 75 320 66 21 65 10 56 11 33 4.5 30 4.4 

01-Apr- 
06 

290 610 74 320 67 23 72 12 67 14 41 5.9 40 6 

25-Apr- 
06 

210 460 52 220 49 17 53 9.2 54 12 36 5.2 36 5.7 

03-May- 
06 

250 520 59 250 53 18 62 9.9 58 13 38 5.6 38 6 

25-May- 
06 

250 510 58 240 51 17 57 9.6 55 12 37 5.4 38 5.9 

22-Jun- 
06 

230 500 54 230 49 16 56 9.3 55 12 37 5.4 37 5.9 

20-Jul- 
06 

210 410 45 190 44 15 48 7.9 46 10 31 4.6 31 4.9 

11-Aug- 
06 

230 470 53 220 48 16 51 8.6 50 11 34 5 34 5.4 

05-Sep- 
06 

240 490 54 220 48 16 51 8.5 50 11 32 4.9 32 4.6 

05-Sep- 
06 

250 510 54 230 48 15 50 8.7 49 11 33 4.8 34 5.3 

05-Oct- 
06 

240 500 56 230 48 17 55 8.6 50 11 33 5 34 5.3 

12-Oct- 
06 

250 490 57 240 48 16 53 8.5 49 10 32 4.8 33 5.2 

28-Oct- 
06 

260 520 61 250 51 17 56 9 52 11 34 5.1 35 5.6 

02-Nov- 
06 

280 540 61 250 49 16 54 8.8 51 11 34 5 35 5.4 

10-Nov- 
06 

290 540 63 260 51 17 53 8.7 51 11 34 5 35 5.4 
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Sample 
date 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

08-Dec- 
06 

280 550 62 250 50 16 59 8.7 50 11 33 4.9 34 5.3 

02-Feb- 
07 

320 590 67 270 53 17 56 8.9 52 11 34 5.1 36 5.5 

13-Feb- 
07 

330 620 69 280 55 18 58 9.3 53 12 35 5.3 37 5.7 

27-Feb- 
07 

330 600 68 270 54 18 59 9.2 53 11 34 5.1 36 5.6 

13-Mar- 
07 

330 620 71 290 56 18 59 9.5 55 12 35 5.3 36 5.7 

27-Mar- 
07 

340 640 71 290 56 18 60 9.5 56 12 36 5.4 37 5.8 

13-Apr- 
07 

350 650 73 290 58 19 62 9.6 57 12 37 5.5 38 5.9 

30-May- 
07 

370 670 75 300 59 20 64 9.9 59 12 38 5.6 39 6 

12-Jun- 
07 

380 690 77 310 61 20 65 10 60 13 39 5.8 40 6.1 

27-Jun- 
07 

390 720 80 320 63 20 65 11 62 13 40 6.1 41 6.3 

29-Aug- 
07 

390 720 79 330 64 21 68 11 62 13 40 5.9 41 6.3 

12-Sep- 
07 

380 710 80 320 65 21 67 11 62 13 40 6 40 6.3 

27-Sep- 
07 

400 730 82 330 65 20 67 11 63 13 40 5.9 40 6.2 

26-Oct- 
07 

390 720 80 330 65 21 71 11 63 13 40 5.9 39 6.1 

06-Nov- 
07 

400 730 82 330 66 21 70 11 65 14 41 6 41 6.3 

22-Nov- 
07 

350 650 74 300 60 19 63 9.7 57 12 35 5.1 35 5.4 
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Sample 
date 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

18-Jan- 
08 

360 660 75 310 62 20 63 9 49 9.7 34 5.2 34 5.2 

29-Jan- 
08 

360 670 77 320 63 20 64 10 58 12 35 5.1 35 5.2 

12-Feb- 
08 

370 690 79 320 66 21 65 10 60 12 36 5.3 35 5.4 

11-Mar- 
08 

400 730 84 340 69 22 71 11 62 13 37 5.4 37 5.6 

05-May- 
08 

400 740 84 340 68 24 75 11 62 13 38 5.4 37 5.6 

04-Jun- 
08 

360 670 77 320 64 20 65 10 58 12 35 5 34 5.1 

15-Jul- 
08 

340 640 73 300 61 20 62 9.8 56 11 33 4.7 32 4.8 

31-Jul- 
08 

270 520 61 260 51 16 52 8 45 9.2 27 3.8 26 3.8 

03-Oct- 
08 

330 630 74 310 64 20 60 9.8 55 11 32 4.5 31 4.5 

11-Nov- 
08 

320 610 72 300 62 20 61 9.6 53 11 30 4.3 29 4.3 

09-Dec- 
08 

200 430 50 210 45 14 44 6.6 37 7.4 21 2.9 19 2.8 
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Sample 
date 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

29-Jan- 
09 

280 540 66 280 60 18 54 9.1 50 10 28 3.8 25 3.6 

11-Feb- 
09 

190 410 51 210 46 15 45 6.7 37 7.2 20 2.7 18 2.5 

25-Feb- 
09 

270 540 65 280 59 19 57 8.8 48 9.6 26 3.6 24 3.4 

04-Mar- 
09 

270 540 65 280 59 19 57 8.8 49 9.5 27 3.6 24 3.4 

19-Mar- 
09 

280 560 68 290 60 19 59 9.1 50 9.9 27 3.7 24 3.6 

25-Mar- 
09 

280 550 68 290 61 20 60 9.1 51 10 27 3.8 25 3.6 

03-Apr- 
09 

280 560 68 290 61 20 61 9.2 51 10 28 3.8 25 3.6 

 
 
Rincón de la Vieja 
Sample 

date 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

15-Oct- 
08 

250 660 92 420 89 26 88.4 14 80 16 49 7.1 49 7.8 

08-Nov- 
07 

270 690 98 440 92.3 26 91.2 15 86 18 53 8.1 57 9 

18-Apr- 
07 

340 830 110 480 106 31 108 17 97 20 59 8.8 62 9.8 

12-Sep- 
06 

310 820 110 510 113 35 111 18 100 20 57 8.6 60 9 

22-Mar- 
06 

300 770 110 480 104 31 103 17 92 19 54 7.9 55 8.5 

02-Jun- 
05 

310 800 110 480 101 30 102 16 91 19 54 8.1 56 8.8 

02-May- 
04 

330 850 120 520 111 33 112 18 98 21 61 9.3 65 10 
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B. Appendix 
Data from http://www-rci.rutgers.edu/~carr/index.html (accessed in October 2010) and Prosser and Carr (1987). 
Country sample Data pubs Majors Traces Volcname Descript. collector/location 

CR- PO8393 5 ProsserCarr dcp 
MC 

dcp MC Poas/crater 
section 

lava prosser/ru 

CR- PO8394 5 ProsserCarr dcp 
MC 

dcp MC Poas/crater 
section 

lava prosser/ru 

CR- PO8395 5 ProsserCarr dcp 
MC 

dcp MC Poas/crater 
section 

lava prosser/ru 

CR- PO8396 5 ProsserCarr dcp 
MC 

dcp MC Poas/crater 
section 

lava prosser/ru 

CR- PO8397 10 ProsserCarr icpms LP Poas/crater 
section 

lava prosser/ru 

CR- PO8310 10 ProsserCarr icpms LP Poas/crater 
section 

lava prosser/ru 

CR- PO8340 5 ProsserCarr dcp 
MC 

dcp MC Poas/crater 
section 

lava prosser/ru 

CR- PO8317 10 ProsserCarr icpms LP Poas/crater 
section 

lava prosser/ru 

CR- PO839 5 ProsserCarr dcp 
MC 

dcp MC Poas/crater 
section 

lava prosser/ru 

CR- PO8369 5 ProsserCarr dcp 
MC 

dcp MC Poas/crater 
section 

lava prosser/ru 

CR- PO838 5 ProsserCarr dcp 
MC 

dcp MC Poas/crater 
section 

lava prosser/ru 

CR- PO8312 5 ProsserCarr dcp 
MC 

dcp MC Poas/crater 
section 

lapilli prosser/ru 

CR- PO835 5 ProsserCarr dcp 
MC 

dcp MC Poas/crater 
section 

lava prosser/ru 

CR- PO8398 5 ProsserCarr dcp 
MC 

dcp MC Poas/crater 
section 

lava prosser/ru 

CR- PO8319 5 ProsserCarr dcp 
MC 

dcp MC Poas/Botos lava prosser/ru 

CR- PO8349 5 ProsserCarr dcp 
MC 

dcp MC Poas/von 
Frantzius 

lava prosser/ru 
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Country sample Data pubs Majors Traces Volcname Descript. collector/location 

CR- PO8349 25 ProsserCarr/ tLBphd HRICPMS 
LB 

Poas/von 
Frantzius 

lava prosser/ru 

CR- PO8363 5 ProsserCarr dcp 
MC 

dcp MC Poas/Lapilli 
Tuff 

lapilli prosser/ru 

CR- PO8387 10 ProsserCarr dcp 
MC 

icpms LP Poas/Lapilli 
Tuff 

lapilli prosser/ru 

CR- PO2 10 ProsserCarr dcp 
MC 

icpms LP Poas/Laguna 
Hule 

lava carr/ru 

CR- PO3 5 ProsserCarr dcp 
MC 

dcp MC Poas lava carr/ru 

CR- PO4 10 ProsserCarr dcp 
MC 

icpms LP Poas lava carr/ru 

CR- PO1 25 ProsserCarr/ 
tLBphd 

dcp 
MC 

HRICPMS 
LB 

Poas lava carr/ru 

CR- PO6 25 ProsserCarr/ 
tLBphd 

dcp 
MC 

HRICPMS 
LB 

Poas lava carr/ru 

CR- PO7 25 ProsserCarr/ 
tLBphd 

dcp 
MC 

HRICPMS 
LB 

Poas/Sabana 
Redonda 

lava carr/ru 

CR- PO8 5 ProsserCarr dcp 
MC 

dcp MC Poas/Sabana 
Redonda 

lava carr/ru 

CR- PO9 25 ProsserCarr/ 
tLBphd 

dcp 
MC 

HRICPMS 
LB 

Poas/Sabana 
Redonda 

lava carr/ru 

CR- PO10 10 ProsserCarr dcp 
MC 

icpms LP Poas/Sabana 
Redonda 

scoria? carr/ru 

CR- RC 5 CarrRose87 dcp 
MC 

dcp MC Poas/Lavas Rio Cuarto  Alvarado/ru 

CR- PO-02-
28 

24 Carr et al 
2007 

xrf 
MSU 

HRICPMS 
LB 

Poas/Lavas 
Rio Cuarto  

lava flow, rio cuarto 
quarry 

Carr/Turrin 

CR- PO-02-
29 

24 Carr et al 
2007 

xrf 
MSU 

HRICPMS 
LB 

Poas/Lavas 
Rio Cuarto  

dike or levee beneath 
maar deposit,rio cuarto 

Carr/Turrin 
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sample SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 H2O
+
 

PO8393 57.55 0.72 16.79  7.72 0.14 3.35 6.94 3.28 1.66 0.171  

PO8394 57.98 0.7 16.44  7.12 0.13 3.21 6.63 3.22 1.75 0.179  

PO8395 54.88 0.73 16.71  7.61 0.15 3.47 6.61 2.91 1.44 0.16  

PO8396 56.18 0.74 16.8  8.03 0.155 3.63 7.13 3.15 1.55 0.185  

PO8397 51.47 0.83 18.32  10.09 0.18 5.59 10.23 2.56 0.86 0.17  

PO8310 50.48 0.77 17.41  6.8 0.18 5.01 9.98 2.25 0.85 0.13  

PO8340 52.52 1.03 16.89  9.8 0.18 4.44 9.03 2.81 1.46 0.274  

PO8317 49.1 1.05 15.52  9.47 0.15 7.11 9.44 2.46 1.52 0.42  

PO839 64.57 0.5 15.8  4.64 0.1 1.67 4.38 3.37 2.57 0.159  

PO8369 57.13 0.62 16.75  7.4 0.16 3.13 7.36 3.04 1.62 0.158  

PO838 53.98 0.75 17.38  9.21 0.14 4.2 7.99 2.75 1.2 0.165  

PO8312 61.54 0.58 16.37  5.6 0.13 2.38 5.35 2.94 2 0.18  

PO835 57.14 0.69 17.05  7.71 0.14 3.42 7.53 2.92 1.65 0.174  

PO8398 54.63 0.8 18.18  8.7 0.15 4.78 9.21 2.99 1.04 0.134  

PO8319 59.55 0.69 18.29  5.6 0.12 2.25 6.61 3.39 2.11 0.22  

PO8349 54.57 0.84 18.89  6.97 0.13 2.69 7.51 3.21 1.43 0.24  

PO8349 54.57 0.84 18.89 0 6.97 0.13 2.69 7.51 3.21 1.43 0.24  

PO8363 54.3 1 17.09  9.18 0.172 3.82 8.15 2.76 1.45 0.222  

PO8387 52.14 0.97 17.93  9.38 0.16 4.38 8.78 2.66 1.04 0.12  

PO2 51.13 0.75 19.64  8.99 0.18 5.55 9.61 2.89 0.75 0.15 0.3 

PO3 62.15 0.62 18.78  3.77 0.1 1.17 5.96 4.05 2.51 0.23 0.26 

PO4 54.21 0.79 19.35  7.71 0.16 3.84 8.61 3.09 1.06 0.19 0.24 

PO1 54.07 0.99 19.81 0 7.49 0.14 2.66 8.14 3.62 1.97 0.4 0.21 

PO6 58.43 0.9 16.85 0 7.17 0.16 2.8 6.38 3.64 2.12 0.26 0.46 

PO7 55.66 1.06 16.76 0 8.87 0.17 3.68 7.8 3.31 2.03 0.31 0.2 

PO8 58.73 0.92 17.04  7.43 0.17 2.98 6.74 3.64 2.07 0.26 0.16 

PO9 56.59 1.04 16.85 0 8.85 0.17 3.11 6.95 3.09 2.01 0.28 0.56 

PO10 52.36 1.11 18.24  9.92 0.19 3.89 8.25 3.16 1.24 0.26 0.45 

RC 55.94 1.1 17.08  9.8 0.18 4.39 8.82 3.1 1.72 0.25  

PO-02-28 53.88 1.03 16.53 10.51  0.17 4.05 8.21 2.88 1.66 0.27  

PO-02-29 53.42 1.06 16.82 10.67  0.17 4.05 8.2 2.87 1.64 0.26  
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sample Li Boron Be Sc V Cr Co Ni Cu Zn Rb Sr 

PO8393    22.7 189.7 32.2  11.6 66.5  37.2 474 

PO8394    23.3 198.5 32.1  14.7 97.6  25.6 489.7 

PO8395    22.6 191.9 32.7  9.9 83.3  13 470.8 

PO8396    26.4 227.2 45.3  21 91.4  23.5 519.4001 

PO8397   0.88 31.05 271.2 24.09  21.37 111  15.8 586.5 

PO8310   1 30.85 293.6 58.48  31.57 160.5  17.2 579.5 

PO8340    33.9 326.2 26.9  15.7 118.4  31.2 621.5 

PO8317   1.37 29.18 266.3 263.9  117.1 52.63  33.9 741.1 

PO839    10.8 90.1 32.7  10.3 79.4  70.6 428 

PO8369    19.3 179 26.9  12.2 110.9  36.7 565.6 

PO838    23.5 245.7 33.5  12.9 109.9  18.4 598.3 

PO8312    13.4 116 7  9 56  61 525 

PO835    23 212.7 27.7  14.5 99.7  50 542 

PO8398    28 269.2 26.8  13.9 121.2  27.1 564.5 

PO8319    16.1 142 12  3 67  64.4 525 

PO8349    22.5 220 25  30 102  40 584 

PO8349 7.324   26.076 199.947 125.354 28.793 52.514 103.686 77.067 30.609 804.291 

PO8363    30.3 281 12.4  14.2 155  44.2 536 

PO8387   0.96 31.72 165.1 20.86  15.03 164.6  22.3 559.3 

PO2  4.7 0.8 26.4 230 23.52  25.05 92.19  13.5 618 

PO3    12.7 73.1 8.3  2.3 31  71.7 594.6 

PO4   0.88 22.21 167 4.9  10.26 147.3  20.2 687.6 

PO1 9.54   25.546 216.841 17.827 21.816 12.375 307.102 84.322 50.549 732.555 

PO6 9.968   23.446 161.27 0.225 15.097 0.43 110.158 74.357 58.439 487.473 

PO7 9.809   30.207 256.614 1.339 21.785 4.291 155.299 82.041 61.875 558.421 

PO8    24.9 193.1 6.3  1.9 110.2  62.3 515.2 

PO9 11.771   15.329 113.072 4.815 12.42 2.335 47.247 65.549 61.843 553.797 

PO10  6.1 1.39 33.89 350.9 5.53  9.08 159  26.4 555.2 
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sample Li Boron Be Sc V Cr Co Ni Cu Zn Rb Sr 

RC    32 324 15  12 182   532 

PO-02-28 7.86   31.89 249.68 12.37 22.57 10.69 176.39 80.29 45.66 496.37 

PO-02-29 7.5   33.32 248.64 9.56 22.92 6.83 169.56 79.23 39.24 500.31 

 

sample Y Zr Nb Mo Cs Ba 

PO8393  117.9    766.5 

PO8394  144.9    828.6 

PO8395  114    727.5 

PO8396  132.9    767.6 

PO8397 16.14 74.57 4.7   455.4 

PO8310 16.83 85.29 8.4   480.3 

PO8340  101.7    618.6 

PO8317 25.09 164 13.5   702.2 

PO839  176.8    976 

PO8369  120.4    684.8 

PO838  110.1    560.9 

PO8312  126    814 

PO835  149.1    697.7 

PO8398  93.7    468.4 

PO8319  150    794 

PO8349  111    628 

PO8349 20.551 146.773 14.854  0.376 718.156 

PO8363  136    610 

PO8387 20.26 105.6 7.33   494.3 
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sample Y Zr Nb Mo Cs Ba 

PO2 16.19 78.02 6.1  0.283 374 

PO3  198.7    1058.6 

PO4 20.63 84.84 7.2  0.31 636.8 

PO1 28.654 192.573 17.923  0.812 1027.086 

PO6 26.815 159.917 13.708  0.811 853.667 

PO7 28.185 163.868 13.928  1.156 868.183 

PO8  161.1    782.2 

PO9 27.998 188.082 17.859  0.606 1591.099 

PO10 27.79 154.6 12.2   727.9 

RC  131    635 

PO-02-
28 

21.74 125.03 10.83 2.46 0.92 609.44 

PO-02-
29 

22.57 128.62 11.16 2.38 0.9 642.4 

 

sample Hf Ta W Tl Pb Th U 
87

Sr/
86

Sr 
143

Nd/
144

Nd 

PO8397        0.70379  

PO8310        0.703703  

PO8317        0.70379 0.51289 

PO8349 3.478 0.747   3.585 5.123 1.737   

PO8387        0.703715  

PO2 1.79    5.27 1.426 0.596 0.703735  

PO4 1.956    6.54 2.886 1.028   

PO1 4.749 0.933   6.033 9.504 3.284   

PO6 4.231 0.93   7.501 9.446 3.284   

PO7 4.074 0.83   6.828 9.629 3.367   

PO9 4.592 0.966   4.219 12.431 3.798   

PO10        0.70373 0.51288 

PO-02-
28 

3.23 0.73 0.61 0.05 5.79 6.1 2.31   

PO-02-
29 

3.31 0.74 0.6 0.06 5.73 6.28 2.32   
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sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

PO8397 15.44 31.07  16.08 3.4 1.06 3.41  3.72  1.69  1.4  

PO8310 15.64 31.07  14.77 3.27 0.97 3.78  3.76  1.54  1.39  

PO8317 46.14 93.32  44.99 7.77 2.26 6.77  4.99  2.4  1.98  

PO8349 32.168 64.985 8.817 31.528 6.12 1.633 5.031 0.706 3.688 0.703 1.914 0.281 1.753 0.261 

PO8387 17.47 36.77  19.55 4.26 1.18 4.09  4.23  1.99  1.85  

PO2 10.71 23.95  13.05 2.71 1.02 3.18  3.58  1.65  1.46  

PO4 19.71 36.82  18.13 4.14 1.15 3.59  3.6  1.94  1.38  

PO1 40.922 87.013 11.244 40.614 8.246 1.959 6.988 0.988 5.213 1.013 2.81 0.42 2.649 0.397 

PO6 28.712 60.162 7.705 27.812 5.931 1.474 5.502 0.816 4.647 0.941 2.687 0.412 2.653 0.407 

PO7 32.879 70.989 8.898 32.283 6.771 1.664 6.108 0.89 4.766 0.955 2.689 0.408 2.591 0.393 

PO9 50.655 102.291 12.946 43.437 7.9 1.977 6.374 0.893 4.599 0.892 2.55 0.393 2.534 0.396 

PO10 29.51 59.54  28.15 6.29 1.5 5.55  5.4  2.62  2.28  

PO-02-28 23.62 51.61 5.86 23.88 5.22 1.27 4.99 0.74 4.06 0.83 2.34 0.36 2.26 0.34 

PO-02-29 25.62 53.85 6.16 25.22 5.45 1.31 5.21 0.77 4.24 0.86 2.43 0.37 2.35 0.35 

 
 
 
 
 
 
 
 
 
 
 


