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Resumen
Esta investigación puede considerarse como un estudio piloto en el volcán El Chichón para determinar si 

la distribución de los patrones normados de tierras raras (TR) pueden utilizarse como trazadores rutinarios en el 
sistema geotérmico del volcán. Dieciocho muestras de agua del lago alrededor del cráter fueron tomadas durante 
tres campañas de campo de marzo de 2006 a mayo de 2008. Los datos químicos han documentado cambios en 
la evolución del sistema hidrotermal, sin embargo, estas muestras no evidencian variaciones significativas en 
la geoquímica de tierras raras que corresponde a la estabilidad de la actividad volcánica observada durante el 
periodo de estudio. Las concentraciones de TR son altas y alcanzan valores entre 5.58 ppb (Ce) y 0.01 ppb (Lu). 
Los patrones normados de TR de muestras de agua de lago del Volcán El Chichón presentan enriquecimiento de 
TR pesadas con respecto a muestras pomez de la erupción de 1982 (representativas de la roca encajonante). La 
pequeña anomalía de Eu observada en muestras recientes puede haberse originado por el aumento de agentes 
acomplejantes tales como sulfatos solubles, cloruros y fluoruros. Cambios significantes en el comportamiento de 
las TR pueden estar asociados con cambios mayores de la actividad magmática, que no se han presentado durante 
el tiempo de estudio.
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Abstract
This research can be regarded as a pilot study at El Chichón Volcano to assess whether REE distributions 

can be used as routinely geochemical tracers in the Crater Lake geothermal system. Eighteen lake water samples 
were collected during 3 field campaigns (Group 1, Group 2, and Group 3) from March 2006 to May 2008 at the 
same sites around the lake. The chemical data has documented the temporal evolution of the hydrothermal system 
as changes in major element chemistry. However, these samples do not evidence significant variations in the REE 
geochemistry corresponding to the observed volcanic stability during this period. The concentrations of the REE 
ranged between 5.58 ppb (Ce) and 0.01 ppb (Lu). Lake water from El Chichón Volcano show HREE enriched 
patterns with respect to the 1982 pumice samples (as representative of the host rock). The small Eu anomaly 
observed in recent samples may be due to the increase of complexing agents such as soluble sulfates, chlorides 
and fluorides. 
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Introduction

Rare Earth Elements (REEs) are a suite of 14 metals 
from atomic number 57 (La) to 71 (Lu). Due to their similar 
configuration of valence electrons and ionic ratios, they 
are expected to show comparable chemical and physical 
behavior. In general, REEs are present in the natural 
environment as trivalent cations, however, some of them 
have an anomalous behavior, as Cerium that occurs in the 
+IV oxidation state under oxidizing conditions, and Eu 
that may occur in the +II state, due to the relative stability 
of this chemical form. The REEs behavior has allowed 
their use in geological environments as a powerful tool 

to identify geochemical processes (Henderson, 1984; 
Brookins, 1989).

During the last decade, the study of the geochemical 
behavior of REE have attracted much attention in 
hidrogeochemical research (Lewis et al., 1997; van 
Middlesworth and Wood, 1998; Johannesson et al., 
1996a, 1996b, 2000), because it provides information 
concerning the thermodynamic conditions controlling 
water-rock interaction processes. The REEs are relatively 
immobile during water-rock reactions, but they can be 
mobilized during some hydrothermal and metasomatic 
processes (Hopf, 1993; Worral and Pearson, 2001). Their 
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concentration in waters is a function of many parameters. 
Most relevant are: REE concentration in the host rock, 
REE distribution in mineral phases and chemistry of fluids 
like pH and presence and concentrations of complexing 
ligands (Johannesson et al. 1996a; Johannesson et al. 
1996b; Johannesson and Zhou 1999; Johannesson et 
al. 2000). Those influences determine REE patterns in 
fluids respect to the host rock to be depleted in HREEs or 
LREEs and to exhibit Eu or Ce anomalies. Johannesson 
et al. (1999) demonstrated that REEs may be particularly 
useful for investigating groundwater-rock interactions, 
groundwater recharge regions and groundwater mixing, 
because these elements are thought to be derived chiefly 
from the aquifer rock matrix. Banks et al. (1999) used 
REEs in groundwaters to identify reservoir lithology at 
depth in a heavily glaciated landscape. In this study they 
showed that water samples from different aquifers have 
distinct REE signatures. REE distribution in groundwater, 
being directly related to the REE distribution in the host 
rock, may be of importance from the point of view of both, 
mineral prospecting, and geochemical and geological 
mapping. Because El Chichón volcano has erupted 
very homogenus andesitic magmas during the Holocene 
(Espíndola et al., 2000) and ever during the Pleistocene 
(Layer et al., 2009) we used the composition of the 1982 
pumice sample as a host rock.

The geochemistry of rare earth elements (REE) in 
acid waters (natural acid springs and mine water samples) 
was studied by Verplanck et al. (2004), to determine 
the dominant control on REE in acid waters either 
source-related or post-dissolution process-related. This 
knowledge may be used to determinate contributions 
of metals from ores to the streams. Since REE patterns 
of acid waters seem to reflect those of the host rocks, a 
contrast in the REE composition between the host rock 
and the acid mine water is needed to use REE patterns of 
acid waters as a source signature.

In the last years, several processes that are responsible 
for controlling dissolved REE concentrations, specially 
the negative Eu anomaly have been discussed (Haas et 
al., 1995; Wood, 1990a, 1990b; Brookins, 1989). Lewis et 
al. (1997) reported that REE speciation in hydrothermal 
solutions is controlled by temperature, pH, salinity, and 
relative abundances of suitable ligands. Based on the 
relation among those processes and volcanic dissolved 
gases, REE behavior in geothermal and volcanic systems 
and its relation with volcanic activity has been investigated 
(Lewis et al. 1997, Gammouns et al 2005, Wood 2006; 
Varekamp et al. 2009).

The chondrite-normalized REE behavior in 
hydrothermal waters of theYellowstone National Park 
showed LREE-enrichment and negative Eu anomalies 

similar to the rhyolite rocks in the area, indicating that 
little or no fractionation had occurred across the REE 
series during water-rock interaction, although there was a 
general tendency for slight enrichment in the LREE in the 
fluid and a marked Eu anomaly (Lewis et al., 1997). This 
behavior was consistent with the abundances of potential 
complexing agents such as sulphate or chloride at low 
pH. Gammons et al. (2005) reported a slight negative Eu 
anomaly in the REE trends of samples from the Lower 
Rio Agrio (northern Patagonia, Argentina). Based on 
the magnitude of these anomalies they concluded that 
its appearance could be explained in part by analytical 
error. Wood (2006) evaluated REE behavior in acidic 
geothermal waters from the Taupo Volcanic Zone, New 
Zealand. Results showed that acid-sulfate waters (pH 
ranging between 1.5 and 2.8) have a distinctive “gull-
wing” chondrite-normalized pattern with a negative Eu 
anomaly and heavy and light REE “wings”. The heavy 
REE wings are more or less parallel to the patterns of the 
host rocks, but the light REE wings exhibit depletion of 
the lightest REE (La–Nd) compared to host rocks. In this 
case, the negative Eu anomaly in the waters appears to 
simply reflect a negative Eu anomaly in the host rocks. On 
the other hand, waters from hyperacidic volcanic crater 
lakes do not exhibit these “gull-wing” REE patterns. 
The higher acidity of the crater-lake waters may result in 
host-rock REE fractionation, at least during pre-eruptive 
periods. Based on these results it is concluded that below 
a certain critical pH (below 0.5–2), waters acquire REE 
from rock or magma with little fractionation across the 
entire series whereas waters with pH in the range 2–4 tend 
to fractionate the light REE.

Varekamp et al. (2009) established that the chemistry 
of acid waters from Copahue volcano, Argentina, results 
from changes in water rock interaction. Most fluids have 
LREE enrichments relative to the rock matrix, but during 
periods of new magma intrusion the LREE enrichment 
decreases as does the magnitude of the negative Eu anomaly 
in the fluids. This behavior is ascribed to dissolution of 
plagioclase, olivine and volcanic glass that occurs during 
intrusion of new magma into the hydrothermal system. 
At El Chichón during our observation period, pH ranged 
from 2.35 to 2.70, and sulfate, chloride, and fluoride 
concentrations showed important variations. Samples 
collected in 2004 with a pH around 2 had a parallel pattern 
of REE to that of host rocks.

El Chichón is the northernmost volcano of a small 
volcanic system known as the Chiapanecan Volcanic Arc 
(Damon and Montesinos, 1978). El Chichón volcano is a 
complex structure composed of craters and domes with 
an approximate volume of 26 km3. El Chichón Crater 
Lake was formed after the 1982 eruptions of E1 Chichón 
Volcano, Mexico within a a 1-km wide crater with a 
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maximum rim elevation of 1100 masl, having steep inner 
walls with an average height of 160 m (Casadevall, et al., 
1984; Macias et al., 2008). The lake covers the central 
area within the crater; therefore, changes in the chemistry 
of lake waters can be expected to reflect variations in 
the activity of the volcano. El Chichón Lake water pH 
increased from 1983 (0.56) to ~2.5 since 1986 (Armienta 
et al., 2000). Its chemical composition has shown strong 
variations along the years as a result of differences on 
environmental and volcanic factors. The fluid from the 
crater-lake was acid, calcium chloride type in 1983, and 
has varied in the relative proportions of cations and anions 
(sulfate and chloride) since then (Armienta and De la 
Cruz 1994; Taran et al. 1998; Armienta et al., 2000; Tassi 
et al. 2003; Taran et al. 2008; Rouwet et al. 2008). The 
significant hydro-geochemical fluctuations (Armienta and 
De la Cruz, 1994; Taran et al., 1998; Tassi et al., 2003) 
observed after the Chichón volcanic disaster (Tilling, 
2009) have provided a detailed chemical characterization 
of fluid manifestations of the volcano. Tarán et al., (1998) 
ascribed the changes in the crater-lake chemistry to the 
activity of near-neutral geyser-like springs in the crater 
(Soap Pool). These Soap Pool springs represented the 
interaction between condensed magmatic vapor with 
volcanic rocks. Armienta et al. (2000) presented a chemical 
characterization of the El Chichón lake in relation with 
other Mexican crater-lakes. These authors recorded a 
concentration decrease with time (from 1983 to 2000) of 
volcanic-related species like sulfate, chloride, boron and 
fluoride at El Chichón suggesting a concomitant lowering 
of the magmatic contribution to the crater-lake. Tassi et al. 
(2003) interpreted that the chemical and physical changes 
recorded in 1998-2000 were possibly due to variations in 
the permeability of the conduit system feeding the fluid 
discharges at the surface. They also reported that the 
magmatic-hydrothermal system of El Chichón is probably 
related to interaction processes between a deep magmatic 
source and a surficial cold aquifer. Taran et al. (2008) used 
major and trace element composition of water to develop a 
geochemical model for the volcano–hydrothermal system 
of El Chichón with recommendations for monitoring 
chemical changes in hot springs as precursors of volcanic 
unrest. Rouwet et al. (2008) and Taran et al. (2008) 
related the hydrochemical dynamics of the El Chichón 
volcanic system to the geyser-like springs in the crater 
and stated that a future dome growth, not observed yet, 
may be anticipated by changes in the lake and springs 
chemistry. They also reported the absence of a relevant 
volcanic activity during the studied period.

The objective of the present study is to investigate 
the REE concentrations in the acid waters of El Chichón 
Volcano Lake (Mexico) and their correlation with changes 
in the concentration of main ions to evaluate their use as 
routinely tracers of the magmatic activity, which may 
contribute to the information available for the assessment 

of the volcano hazards.

Methodology

For this work, 18 lake water samples were collected 
during three field campaigns (Group 1, Group 2 and 
Group 3) from March 2006 to May 2008 at the same 
sites around the lake. Sampling sites and respective 
coordinates are indicated in Fig. 1. Rare earth element 
(REE) concentrations were determined by Inductively 
Coupled Plasma-Mass Spectrometry (ICP-MS) using a 
PQ3 VGElemental at the Instituto de Geofísica, UNAM. 
The instrument was optimized using a standard tuning 
solution of 10 mu/l Be, Co, In, Tb, Bi and Ba. The 
isobaric oxide interferences were reduced below 3% 
BaO/Ba. Mass interferences were considered negligible. 
The instrument detection limits were calculated as the 
concentration equivalent to three times the standard 
deviation of five replicated analysis of a blank solution 
(measured on nonconsecutive days). They varied across 
the entire series from 0.001 ppb (Tm) to 0.03 ppb (Sm). 
In addition, two 1982 pumice samples (CHI92123 and 
CHI9366) were analyzed by an acid digestion method 
with a mixture of HClO4 and HF, followed by ICP-MS 
analysis for REEs. The data are show in Table 2. These 
two samples have REE concentrations within the average 
composition of rocks erupted during the Holocene (Luhr 
et al., 1984; Espíndola et al., 2000) and Pleistocene (Layer 
et al., 2009), for which they can be used as representative 
of the El Chichón host rock.

The precision and accuracy of the analytical method 
was assessed by comparison of measured and reference 
values with an international standard reference material 
(JA-2). The precision was calculated in terms of standard 
deviation among 10 replicates and for all reported values 
it was better than 1.3 % RSD. The estimation of the 
accuracy was assessed in terms of % deviation between 
reported and experimental results. The results show a 
good agreement with the reported values and varied 
between 0.05- 0.51 %.

Chemical analyses of main ions were performed at the 
Laboratorio de Química Analítica, Instituto de Geofísica, 
UNAM. Sodium and potassium were measured by 
atomic emission spectroscopy using a Perkin Elmer 
2380. Magnesium and calcium concentrations were 
obtained by complexometric titration with EDTA. 
Sulfates were determined by turbidimetry. Chloride was 
potentiometrically determined with an ion-selective 
electrode, adding a 5 M solution of NaNO3 as ionic strength 
adjuster. Fluoride concentrations were determined also 
with an ion selective electrode, adding a TISAB solution 
for decomplexing and adjusting the ionic strength. The 
pH values were measured in the laboratory.
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Results and discussion

Chemical analyses results of samples collected from 
the El Chichón Lake are shown in Tables 1 and 2. The pH of 
water during the studied period did not show a significant 
change, it ranged from 2.35 to 2.64. The chemical 
composition of the main ions has shown variations along 
the studied period. Sulphate, chloride and fluoride as well 
as Ca2+, Na+ and Mg2+ content increased from October 
2006 to April 2008 (Group 1 to Group 3). Sulphate and 
fluoride levels varied slightly from 345.1 to 470.5 mg/L, 
and from 0.12 a 0.23 mg/L respectively. However, chloride 
concentration increased noticeable from 8.1 to 240.8 mg/
L. These data are in accordance to the variability of major 
ions composition reported (Tassi et al., 2003; Taran et 
al., 2008), related to a very dynamic geothermal activity 
inside the crater, and not linked to seasonal variations as 
previously stated by Rowet et al. (2008). Figs. 2, 3 and 4 
show a concentration change of main ions ratios with time 

(SO4
2-, Cl-, Na+, Ca2+, Mg2+)This variation disregards the 

possibility that rain dilution effects might have produced 
the concentration changes and might be attributed to 
mixing between different groundwater reservoirs.

Concentrations of REE in the analyzed water samples 
ranged from 55.8 ppb (Ce) to 0.01 ppb (Lu). These 
concentrations fall within the ranges reported for lake 
waters, acidic groundwaters, and volcanically acidified 
watershed springs (Wood, 2006; Gammons et al., 2005; 
Johannesson and Zhou, 1999;  Worrall and Pearson 2001.) 
Fig. 5 shows chondrite-normalized REE of the analyzed 
fluids samples (Group 1 to Group 3). Groups 1 and 2 
show similar REE distribution patterns although Group 
2 samples are enriched in all REE. Besides, chondrite-
normalized REE from Group 3 show similar REE 
abundances as Groups 1 and 2, however, these samples 
present a widest range in concentrations.

Fig. 1 Location of El Chichón Volcano.
Location 1: 17° 21¨38¨¨ Lat N 93° 13’40’’ long W
Location 2: 17° 21¨38¨¨ Lat N 93° 13’40’’ long W
Location 3: 17° 21¨37¨¨ Lat N 93° 13’39’’ long W 
Location 4: 17° 21¨36¨¨ Lat N 93° 13’38’’ long W 
Location 5: 17° 21¨38¨¨ Lat N 93° 13’28’’ long W 
Location 6: 17° 21¨38¨¨ Lat N 93° 13’28’’ long W
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A more detailed view of water/rock interactions is 
shown in a rock-normalized REE diagram (Fig. 6), where 
horizontal fluids-REE patterns would represent that 
crater-lake waters acquire REE from rock without REE 
fractionation across the entire series. Group 1 patterns are 
very flat.  Group 2 samples are enriched in HREE with 
respect to Group 1. The same conclusions may be pursued 
from Fig. 7 showing that the slope of La/Sm versus time 
becomes more variable with time.

The similarity of REE patterns between filtered and 
unfiltered aliquots (Fig. 4) indicates that most of the 
REE load is probably present in true solution or as fine 
colloids. Lewis et al. (1997) sustain that REE exist in 
solution primarily as complexes with halides, sulphate, 
phosphate, hydroxide, carbonate, or as the free ion, being 
REE speciation controlled by temperature, pH, salinity 
and relative abundance of suitable ligands.

Table 1

Rare earth elements concentration of the analyzed water samples collected during the 3 field campaigns compared with 
REE concentrations of the local host rock. Also included are REE concentrations of an analyzed international standard 

reference material (JA-2).

		  La	 Ce	 Pr	 Nd	 Sm	 Eu	 Gd	 Tb	 Dy	 Ho	 Er	 Tm	 Yb	 Lu
	 Water samples	 	 	 	 	 	 	 μg/Kg

	 M1	 1.90	 3.79	 0.47	 2.05	 0.42	 0.13	 0.46	 0.08	 0.41	 0.09	 0.23	 0.04	 0.21	 0.03
	 M2	 2.05	 4.08	 0.52	 2.19	 0.48	 0.15	 0.50	 0.08	 0.43	 0.09	 0.25	 0.04	 0.23	 0.04
	 M3	 1.63	 3.25	 0.41	 1.75	 0.39	 0.12	 0.42	 0.07	 0.34	 0.07	 0.21	 0.03	 0.19	 0.03
	 M4	 1.84	 3.63	 0.46	 1.95	 0.43	 0.14	 0.47	 0.08	 0.39	 0.08	 0.23	 0.04	 0.21	 0.03
	 M5	 1.97	 3.85	 0.49	 2.10	 0.45	 0.15	 0.49	 0.08	 0.41	 0.08	 0.24	 0.04	 0.22	 0.04
	 M6	 1.39	 2.75	 0.35	 1.49	 0.32	 0.11	 0.34	 0.06	 0.29	 0.06	 0.17	 0.03	 0.16	 0.03
														            
	 N1	 2.82	 5.92	 0.79	 3.44	 0.78	 0.23	 0.79	 0.13	 0.70	 0.15	 0.43	 0.07	 0.40	 0.07
	 N2	 2.47	 5.12	 0.68	 2.96	 0.67	 0.19	 0.68	 0.11	 0.61	 0.13	 0.36	 0.06	 0.35	 0.06
	 N3	 2.65	 5.58	 0.74	 3.24	 0.68	 0.19	 0.73	 0.11	 0.60	 0.12	 0.35	 0.05	 0.31	 0.06
	 N4	 2.86	 5.58	 0.72	 3.06	 0.66	 0.19	 0.69	 0.11	 0.58	 0.12	 0.34	 0.06	 0.32	 0.06
	 N5	 2.40	 4.92	 0.64	 2.76	 0.61	 0.18	 0.65	 0.10	 0.55	 0.12	 0.33	 0.05	 0.31	 0.05
	 N6	 3.32	 5.99	 0.77	 3.29	 0.70	 0.20	 0.75	 0.12	 0.62	 0.13	 0.37	 0.06	 0.34	 0.06
														            
	 O1	 1.82	 3.99	 0.58	 2.68	 0.78	 0.25	 0.86	 0.15	 0.88	 0.20	 0.56	 0.08	 0.57	 0.08
	 O2	 1.84	 3.72	 0.47	 1.93	 0.43	 0.13	 0.43	 0.07	 0.35	 0.08	 0.22	 0.02	 0.20	 0.02
	 O3	 1.59	 3.30	 0.42	 1.77	 0.40	 0.11	 0.41	 0.07	 0.34	 0.08	 0.22	 0.02	 0.18	 0.02
	 O4	 1.15	 2.35	 0.30	 1.30	 0.27	 0.08	 0.29	 0.05	 0.24	 0.06	 0.16	 0.02	 0.11	 0.01
	 O5	 1.31	 2.65	 0.33	 1.37	 0.29	 0.09	 0.29	 0.05	 0.25	 0.05	 0.15	 0.02	 0.11	 0.01
	 O6	 1.72	 3.34	 0.43	 1.74	 0.48	 0.18	 0.53	 0.08	 0.36	 0.08	 0.26	 0.04	 0.25	 0.04
	 O7*	 2.38	 4.76	 0.61	 2.44	 0.63	 0.20	 0.68	 0.10	 0.50	 0.11	 0.33	 0.05	 0.33	 0.06
	
	 Host rock	 	 	 	 	 	 	 mg/Kg
	 R1	 22.6	 47.6	 6.18	 26.2	 6.11	 1.99	 5.23	 0.92	 5.06	 1.06	 2.54	 0.39	 2.55	 0.41
	 R2	 21.7	 46.5	 5.99	 25.9	 6.01	 1.84	 5.16	 0.9	 4.92	 1.00	 2.46	 0.32	 2.46	 0.40
	 Average	 22.1	 47.5	 6.08	 26.0	 6.06	 1.91	 5.19	 0.91	 4.99	 1.03	 2.50	 0.35	 2.50	 0.40
	
	Reference Material
	 JA-2 (report)	 14.5	 29.4	 3.44	 12.6	 2.97	 0.81	 2.9	 0.43	 2.69	 0.57	 1.65	 0.25	 1.59	 0.24

	Reference Material
	 JA-2 (this work)	 13.8	 28.9	 3.31	 12.1	 2.94	 0.76	 2.5	 0.40	 2.66	 0.59	 1.63	 0.22	 1.64	 0.26
								        %
	 % RSD
	 (n=12)	 1.7	 2.2	 2.3	 3.7	 2.4	 1.8	 1.7	 3.2	 2.7	 2.1	 1.8	 2.6	 3.1	 3.6
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Table 2

Major element chemical data of water samples from different places around the El Chichón Volcano Lake

	 Sample	 Date	 pH	 SO4
2-	 Cl-	 F-	 Na+	 K+	 Ca2+	 Mg2+

	 	 	 	 	 	 	 mg/L
	 Group 1	  	  	  	  	  	  	  	  	  

	 M1	 18-10-06	 2.35	 379.20	 5.35	 0.112	 12.90	 3.36	 20.04	 8.75
	 M2	 18-10-06	 2.50	 378.80	 5.61	 0.096	 13.14	 3.38	 20.84	 8.75
	 M3	 18-10-06	 2.48	 429.80	 7.90	 0.137	 24.01	 5.24	 37.67	 16.04
	 M4	 18-10-06	 2.48	 360.40	 7.44	 0.106	 15.10	 3.66	 20.84	 10.21
	 M5	 18-10-06	 2.54	 283.40	 18.80	 0.113	 23.10	 4.76	 22.44	 9.23
	 M6	 18-10-06	 2.58	 239.00	 3.49	 0.139	 8.91	 2.71	 16.02	 5.83
	 Average			   345.10	 8.10	 0.120	 16.19	 3.85	 22.98	 9.80
									       
	 Group 2									       

	 N1	 17-01-08	 2.7	 209.41	 34.40	 0.085	 52.23	 14.01	 47.01	 17.10
	 N2	 17-01-08	 2.46	 436.32	 165.00	 0.145	 77.54	 15.70	 43.54	 16.20
	 N3	 17-01-08	 2.5	 431.45	 170.00	 0.170	 84.35	 17.01	 54.53	 16.80
	 N4	 17-01-08	 2.52	 433.10	 282.50	 0.169	 110.34	 21.61	 61.36	 17.40
	 N5	 17-01-08	 2.54	 396.93	 176.00	 0.185	 88.00	 18.76	 49.48	 15.60
	 N6	 17-01-08	 2.64	 344.45	 169.00	 0.182	 83.34	 18.80	 49.48	 14.40
	 Average			   375.27	 166.15	 0.160	 82.63	 17.64	 50.90	 16.25
									       
	 Group 3									       

	 O1	 18-04-08	 2.4	 655.70	 182.00	 0.320	 122.43	 21.58	 100.20	 36.46
	 O2	 18-04-08	 2.38	 467.30	 195.50	 0.192	 115.27	 21.70	 70.14	 18.23
	 O3	 18-04-08	 2.4	 500.20	 188.00	 0.174	 124.97	 23.15	 76.15	 19.45
	 O4	 18-04-08	 2.48	 412.80	 381.00	 0.263	 201.72	 36.32	 108.22	 21.87
	 O5	 18-04-08	 2.46	 446.20	 250.50	 0.207	 141.64	 28.01	 88.18	 18.23
	 O6	 18-04-08	 2.51	 340.50	 247.50	 0.226	 155.05	 26.53	 74.15	 13.37
				    470.45	 240.75	 0.230	 143.51	 26.22	 86.17	 21.27
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Fig. 2 SO4
2-/Cl- versus time.

Fig. 3 Ca2+/Mg2+ versus time.

Fig. 4 Ca2+/Na+versus time.
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The only previously reported REE contents in waters 
of El Chichón Volcano were presented by Taran et al. 
(2008) from samples taken in 1998. Those concentrations 
were determined also in our laboratory. The results of 
both studies give almost coincident values and show 
a stable REE behavior since 1998. Taran et al. (2008) 
also established that concentration of REE in the water 
corresponded to the complete dissolution of about 1 g 
of the El Chichón trachyandesite reported by Luhr et al. 
(1984).

Fig. 8 shows the nature of Eu anomaly as a function 
of time. Samples of Group 3 present the highest and most 
dispersed values of the Eu anomaly. Information related 
with water/rock interaction is given by Fig. 9 and 10. It can 
be observed a lack of relation between Eu anomaly and 
Ca+2 concentration. The increase in HREE concentration 
is directly linked with that of Mg2+.

Fig. 5 Chondrite-normalized patterns of water samples from El 
Chichón Volcano crater lake taken during the three field cam-
paigns (Group 1 to Group 3). Chondrite concentration from 

Evensen et al. (1978).

Fig. 6. Rock-normalized patterns of water samples from El 
Chichón Volcano crater-lake taken during the three field cam-

paigns (Group 1 to Group 3).
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This change in the behavior cannot be correlated with 
an evident increase in the volcanic activity or with a change 
on the pH. The assessment of REE signature in El Chichón 
volcano lake waters, suggests that REE distribution is 
controlled mainly by the mineralogy of their associated 
host rock.  Luhr et al., (1984) stated that the plagioclase 
contained in El Chichón trachyandesite has strong LREE 
enrichment and a positive Eu anomaly. However this 
enrichment and anomaly were not observed in out study. 
Our results indicate that probably plagioclase dissolution 
is not determinant in REE behavior but is linked with an 
increase in the concentration of complexing agents such 
as sulphate, chloride or fluoride.
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The REE patterns of samples of El Chichón volcano 
lake determined in this study (Fig 5) do not have a “gull-
wing” chondrite-normalized REE pattern (depletion of the 
lightest REE compared to host rocks) observed by Wood 
(2006) in geothermal waters from the Taupo Volcanic 
Zone (New Zealand) with similar pH values, in the range 
2-4. On the contrary, the REE behavior of the analyzed 
samples is similar to hyperacidic lake waters (pH in the 
range 1.5-2.0), with little REE fractionation across the 
entire series as reported by Wood (2006). Results of the 
present study are not comparable either with the acid 
water of Copahue Volcano, Argentina (Varekamp et al, 
2009) because our samples have an enrichment in light 
REE with respect to Copahue rocks.

Comparison of the REE behavior among diverse 
geothermal systems indicates that the unique characteristics 
of each of these low-temperature systems (such as the 
nature of the source rocks, pH and concentration of 
ligands) are important in determining fluid REE contents 
and patterns.

Evolution of main ions chemistry indicates that the 
observed geochemical changes since the lake formation 
are associated to different kinds of minor activity mainly 
related with thermal manifestations. This activity has 
not yet produced changes in the parameters that control 
the REE behavior as those reported at other geothermal 
systems. Data collected during a continuous monitoring 
system will allow us to relate a change in the REE patterns 
with other premonitory warnings such as an increase of 
seismicity or deformation, to make a better assessment of 
the usefulness of REE at El Chichón. 

Fig. 7. La/Sm vs time

Fig. 8. Eu anomaly vs time

Fig. 9 Ca2+ concentration (mg/kg) vs Eu anomaly

Fig. 10. Mg2+  concentration (mg/kg) vs ∑HREE concen-
tration (mg/kg).
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Conclusions

The chemical data has documented an evolution of the 
hydrothermal system in major element chemistry during 
the studied period. Unlike the study of Wood (2006), who 
concluded that crater lake waters over a critical pH (in 
the range 2-4) tend to fractionate light REEs, our results 
indicate that lake waters from the El Chichón Volcano 
have a HREE enrichment with respect to the host rock, 
probably related with the dissolution of mineral phases 
rich in these elements. Additionally, the REE trend of 
recent samples showed a slight Eu anomaly that may be 
related to the concentration increase of complexing agents 
such as sulphate, chloride, and fluoride.

The results of this study did not show significant 
changes in the REE geochemistry during this period 
and correspond to the observed volcanic stability. 
However, although it is well known that to achieve a good 
understanding of the hydrothermal geochemistry of the 
REE in volcanic systems more research is required, this 
data can provide valuable information concerning these 
systems and may be used as an additional tool for active-
volcano monitoring.
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