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General	overview	of	the	thesis	dissertation	

This thesis dissertation is structured in the following six chapters. 

Chapter 1 consists of a general introduction to the studied topic, the characterisation of low 

temperature geothermal systems hosted in carbonate rocks, explaining the problems and 

difficulties in this type of studies and their importance. It also includes a statement of the main 

objectives of the research and the explanation of the main contributions of the PhD candidate in 

the different stages of the investigation. In Chapter 2 the location and the main geological and 

hydrogeological features of the studied areas are presented. Chapter 3 contains a detailed 

explanation of the methodology followed to develop this thesis (this chapter is completed with a 

conference paper presented as supplementary material, S.1, where the possible uncertainties 

when working with geochemical codes and different databases are evaluated). 

Chapter 4 presents the Results of the study and it is the main body of this thesis since it presents 

the five papers that form this dissertation. Although these papers are independent and each one 

presents a different study, all of them deal with different low temperature and carbonate 

geothermal systems with the objective of 1) evaluating the best methodologies for their 

characterisation, 2) identifying the main secondary processes and the evolution of the waters 

and 3) discussing the interest of this type of systems. The last paper, under review at the 

moment, shows a more specific study on the aragonite precipitates associated to one of the 

thermal systems. Broadly, these papers present the following studies: 

Paper 1: 

This paper presents the characterisation of the low temperature geothermal system of 

Tiermas, hosted in carbonates from the Paleocene-Eocene. The reservoir temperature has 

been stablished by the combination of classical chemical geothermometers (SiO2-quartz, Na-

K, K-Mg and Na-K-Ca), specific geothermometers for carbonate systems (Ca-Mg), isotopic 

geothermometers and geothermometrical modelling. Additionally, the influence that mobile 

elements (i.e. not controlled by mineral equilibrium) have in the chemical characteristics and 

mineral equilibria in the reservoir has also been evaluated. Since a favourable tectonic 

structure for CO2 storage has been recognised in the Paleocene-Eocene carbonates of this 

area, the chemical characterisation of these waters is going to be useful to better understand 

the potential geochemical processes in a CO2 deep geological storage. 



Paper 2: 

The geochemical and geothermometrical characterisation of the low temperature geothermal 

system of Arnedillo, hosted in Jurassic carbonate rocks, is presented in this. The reservoir 

temperature has been estimated, as in paper 1, by the combination of chemical 

geothermometers (classical and specific), isotopic geothermometers and geothermometrical 

modelling. One of the most relevant results from this work was the calculation of the order 

degree of the dolomite present in this aquifer. Since dolomite is a mineral phase with 

important thermodynamic uncertainties associated with its order degree, this calculation has 

been very useful in this and in further studies (see below). 

Paper 3: 

In this paper the study initiated in paper 2 with the Arnedillo thermal system is completed 

with the study of the Fitero geothermal waters since both systems belong to the same aquifer 

at deph. However, although the waters emerging in both sites are form the same reservoir 

some differences regarding the composition, mineral equilibria and temperatures at deph are 

evident. Therefore, after the geothermometrical characterisation of the Fitero waters 

(chemical and isotopic geothermometers and geothermometrical modelling) the study has 

focused on the identification and evaluation of the main processes responsible for these 

differences and for the geochemical evolution of the waters in the aquifer. The main 

processes identified are the albitisation and dedolomitisation processes triggered by halite 

dissolution. This study was performed by using direct and inverse modelling methodologies 

and the results have been generalised to be applicable to other types of environments. 

Paper 4: 

The Alhama – Jaraba geothermal system hosted in carbonates from Jurassic and Upper 

Cretaceous is characterised in this paper. This is also a low temperature system, but the 

reservoir temperature is even lower than in the previous thermal systems, which increases 

the complications in the temperature estimation due to the lack of some mineral equilibria 

(present in the previous cases), and/or to the thermodynamic uncertainties affecting some of 

the most probable mineral equilibria in low temperature conditions (carbonates and clays). 

The reservoir characterisation of these waters is additionally complicated because they are 

affected by secondary processes such CO2 loss and mixing (in the case of Jaraba). 

Nevertheless, chemical geothermometers and geothermometrical modelling have been used 

trying to deal with the above mentioned problems and we finally state a proposal of a 

suitable procedure to be used in these cases. 



Paper 5: 

The study of the Fitero travertines is initiated in this paper. These precipitates are constituted 

mainly by aragonite and, therefore, provide an excellent opportunity to study this calcium 

carbonate mineralogical phase, considerably less studied than calcite. Moreover, other 

travertines with high calcite proportions are also precipitated from the same water and can be 

used for comparison and result discussion. In this paper two common concerns in the study 

of calcium carbonate deposits are addressed. First, the possible factors controlling the 

precipitation of calcite and/or aragonite are discussed and evaluated in this system. Then, the 

stable isotope signature is evaluated since stable isotope signatures in travertines and tufas 

are used in paleoclimatic and paleoenvironmental reconstructions and the study of an active 

precipitating system at present can help to shed light on the interpretation and understanding 

of past deposits. Several δ18O fractionation equations are applied and the results suggest an 

apparent equilibrium situation. However, this situation does not seem coherent with the high 

CO2 loss deduced from the geochemistry of waters and the δ13C values measured in the 

travertines and the waters. This interesting result has also been investigated and discussed. 

In Chapter 5 a joint discussion is presented integrating the results of the various papers and 

highlighting the most important findings. Moreover in this chapter some future research lines to 

complete this study are proposed and, finally the main conclusions are shown. Finally, the 

bibliographic references of the dissertation are listed.  

 

 

 





Abstract	

The study and characterisation of high temperature geothermal systems has focused the interest 

of researchers since long ago given their high possibilities of exploitation (energy production). 

However, the interest on low temperature systems has become relevant only recently. One of the 

reasons is that the technological advances allow nowadays using the heat of these systems for 

different uses. The other is that they present similar characteristics to the ones expected in CO2 

geological storages. Therefore, the methodology used for their characterisation is directly 

applicable in the studies of characterisation of future storage sites and they can be used as 

analogues for the deduction and evaluation of possible processes taking place in these storages. 

There are several issues with the low temperature geothermal systems that make their study 

more complicated than those with high temperature. The first problem is that waters at depth do 

not always attain the mineral equilibria on which the geothermometrical techniques are based, 

because at low temperature the reactions are slower. The difficulties increase in the case of 

carbonate aquifers with a more restricted number of mineral phases that make unsuitable the use 

of the traditional geothermometrical techniques (cation geothermometers or albite-K-feldspar 

equilibrium). 

In this thesis various low temperature geothermal systems hosted in carbonate rocks have been 

characterised. In some of these systems the presence of detrital material in the aquifer has 

allowed the successful application of the traditional techniques. However, in other cases, the 

geothermometrical characterisation had to rely mainly on carbonates (calcite and dolomite) and 

aluminosilicate phases, which in some cases present important thermodynamic uncertainties 

(order degree in dolomite, and crystallinity and composition in the case of the aluminosilicates). 

Considering all these difficulties, one of the main results of the thesis is the proposal of a 

methodology to deal with them by evaluating the order degree of the dolomite present in the 

aquifer and performing sensitivity analyses of the thermodynamic data of aluminosilicates. 

Another important issue treated in this thesis is the evaluation of the influence of halite 

dissolution in the aquifer. The study performed in paper 3 has demonstrated that this process is a 

decisive factor in the control of the chemical evolution of the waters triggering the anhydrite 

dissolution and the dedolomitisation and albitisation processes. Due to this interesting finding, 

an important part of the study focused on the analyses of these processes under different 

conditions by means of geochemical simulations. 



The interest of the study of these special geothermal systems is not limited to the water 

characterisation. Another very interesting subject is the study and characterisation of the 

carbonate precipitates, travertines, which generate from the waters. The isotopic information of 

these deposits is used in paleoclimatic and paleonvironmental reconstructions and, therefore, the 

study of recent travertines can provide very valuable information. Two samples of travertines 

precipitated in two pipes in the Fitero spa have been studied in this thesis. They precipitated 

from very similar waters but one is almost pure aragonite and the other has higher calcite 

proportions. This fact has provided an excellent opportunity to study and compare both mineral 

phases with respect to their precipitation and to the isotopic fractionation. The use of several 

aragonite stable isotope fractionation equations suggest that the precipitation of the Fitero 

travertines took place close to an apparent equilibrium situation despite the high CO2 outgassing 

identified, which has also been discussed in detail. Finally, using several natural aragonites, a 

δ18O fractionation equation has been proposed which is very close to one of the most used 

experimental equations for aragonites. 



Resumen	

El estudio y caracterización de sistemas geotermales de alta temperatura ha atraído siempre el 

interés de los investigadores debido a sus grandes posibilidades de aprovechamiento 

(producción de energía). Sin embargo, el interés en sistemas de baja temperatura ha sido menor 

y sólo recientemente ha comenzado a crecer. La razón de este creciente interés es que los 

avances tecnológicos permiten actualmente el uso del calor contenido en estos sistemas para 

diferentes usos, algo que en el pasado era inviable. Otro motivo de interés es que estos sistemas 

presentan características similares a las esperables en los almacenamientos geológicos de CO2. 

Esto hace que la metodología utilizada para su caracterización pueda ser directamente aplicable 

en los estudios previos de los futuros almacenamientos y, además, hace que los propios sistemas 

geotermales puedan ser utilizados como análogos para la deducción y evaluación de los 

procesos que podrían tener lugar en dichos almacenes. 

El principal problema en el estudio de los sistemas de baja temperatura es que las aguas en 

profundidad no siempre alcanzan el equilibrio mineral en el que se basan las diferentes técnicas 

geotermométricas, ya que a bajas temperaturas las reacciones son más lentas. En el caso de 

tratarse de acuíferos carbonatos las dificultades son incluso mayores, ya que las fases 

mineralógicas presentes en el reservorio son más restringidas que en otro tipo de acuíferos y las 

técnicas geotermométricas tradicionales (geotermómetros catiónicos o el equilibrio albita-

feldespato potásico) no siempre son aplicables. En algunos de los sistemas carbonatados 

estudiados hay también algo de material detrítico en el acuífero y se han podido usar las técnicas 

tradicionales con buenos resultados. Sin embargo, en otros casos, la caracterización 

geotermométrica ha tenido que basarse en los carbontos (calcita y dolomita) y en algunas fases 

aluminosilicatadas con los consiguientes problemas de incertidumbres termodinámicas (el grado 

de orden en la dolomita, o la cristalinidad y composición para los aluminosilicatos). 

En esta tesis, a través del estudio de varios sistemas geotermales de baja temperatura alojados en 

rocas carbonatadas, se propone una metodología para hacer frente a estos problemas y 

limitaciones. Esta consiste en realizar una evaluación del grado de orden de la dolomita presente 

en el acuífero y un análisis de sensibilidad de los datos termodinámicos de aluminosilicatos. 

Otro tema de gran interés estudiado en la tesis es la evaluación de la importancia de la 

disolución de halita en el acuífero. Este estudio ha demostrado que es un factor muy importante 

en el control de la evolución química de las aguas puesto que desencadena la disolución de 



anhidrita y da lugar a la generación de procesos de dedolomitización y albitización. Dada la 

importancia del tema y el hecho de que estos procesos son comunes en diferentes ambientes, se 

decidió realizar varias simulaciones geoquímicas para evaluar el comportamiento de estos 

procesos en diferentes condiciones. 

El interés de los sistemas geotermales de baja temperatura no se limita solo a la caracterización 

de sus aguas. Otro aspecto importante es la presencia de sólidos carbonatados (travertinos) 

generados por precipitación a partir de dichas aguas. El estudio isotópico de este tipo de 

depósitos en sistemas geológicos pretéritos se utiliza para las reconstrucciones paleoclimáticas y 

paleoambientales y, por tanto, el estudio de travertinos recientes puede proporcionar importante 

información para mejorar la comprensión e interpretación de los depósitos antiguos. En esta 

tesis se han caracterizado dos muestras de travertinos de Fitero precipitados a partir de aguas 

muy similares pero con composiciones finales muy diferentes: uno es casi aragonito puro (lo 

cual en sí es de gran interés por ser mucho más raros) mientras que el otro tiene mayores 

proporciones de calcita. Esta particularidad ha permitido estudiar y comparar las dos 

mineralogías y evaluar las posibles diferencias en la precipitación y en el fraccionamiento 

isotópico de una y otra. El estudio del fraccionamiento isotópico ha indicado que la 

precipitación se ha producido, aparentemente, cerca del equilibrio isotópico a pesar de la alta 

tasa de pérdida de CO2 identificada, situación que también ha sido discutida. Finalmente, 

usando datos de varios aragonitos naturales precipitados en muy diferentes condiciones, se ha 

podido proponer una ecuación para el fraccionamiento del δ18O que ha resultado ser similar a 

una de las ecuaciones experimentales más usadas en aragonitos. 
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1. INTRODUCTION

Geothermal systems appear in a wide range of different geological environments where a heat 

source and a fluid to transfer the heat exist (Nicholson, 1993). The classification of geothermal 

systems can be done taking into account different features (Nicholson, 1993): reservoir 

equilibrium state, fluid type, reservoir temperature, host rock and heat source. 

 Reservoir equilibrium state. According to this there are two types: systems in dynamic

equilibrium and systems in static equilibrium. The first ones are those in which water is

continuously entering the system through the recharge areas, the water is heated and then it

goes out of the reservoir. The heat in these systems is transferred by convection and by the

fluid circulation. In the systems under static equilibrium the recharge does not exist or it is

minimal and the heat transfers by conduction.

 Fluid type. There are also two types in this group: liquid-dominated systems and vapour-

dominated systems. Liquid-dominated systems are those containing mainly liquid water

and are the most common, along with those with different liquid and vapour proportions. In

the vapour-dominated systems the discharge is mostly steam, and they are quite scarce. In

some cases the liquid-dominated systems are called water-dominated systems, but this term

is incorrect since both liquid and vapour are water but in different states.

 Reservoir temperature. This is probably the most relevant way of classification of thermal

systems since it is also determinant of their possible use as energetic resource. There are

different classifications under this category (see Lee, 1996 or Williams et al., 2011). The

classification presented here is the one explained by Sánchez et al. (2011) who divide the

geothermal systems as follows: high-temperature systems (> 150 ºC), medium-temperature

systems (100 – 150 ºC), low-temperature systems (30 – 100 ºC) and very low-temperature

systems (< 30 ºC). Systems of high- and medium-temperature are mainly used for



 

electricity production while in low- and very-low temperature systems the heat is directly 

used, for example, in heating and refrigeration systems, agriculture applications (e.g. 

greenhouses, aquaculture (e.g. fish farms), industrial processes or balneotherapy (Sánchez 

et al., 2011). 

 Host rock. Broadly, geothermal systems can be divided into volcanic (including volcanic

and plutonic rocks), clastic-sedimentary and carbonate-sedimentary (and their

metamorphosed rocks). The importance of taking into account this classification is that the

rocks interacting with the fluid will determine its geochemistry.

 Heat source. Under this category geothermal systems are divided in volcanogenic and non-

volcanogenic. Volcanogenic systems are those where the heat source is magma and they

are always high-temperature systems. In non-volcanogenic systems the fluid is heated by

deep circulation as a result of the regional geothermal gradient or due to tectonic activity

and they can result in both, high and low temperature systems.

The systems studied in this thesis can be classified as non-volcanogenic, liquid-dominated, low-

temperature systems in dynamic equilibrium and hosted in carbonate sedimentary rocks. 

There are many studies focused on systems of high- or medium-temperature because they can 

be easily used for energy production. The number of studies about low-temperature systems is 

much less, although they are increasing because the technological advances provide new 

techniques which allow using these low temperature resources on a larger scale (Sánchez et al., 

2011). Chemical characterisation of thermal waters along with the identification of the main 

water-rock interaction process responsible for that and the reservoir temperature estimation, 

should be the first steps when evaluating the geothermal potential of a geothermal area 

(D’Amore and Arnórsson, 2000) and this type of characterisation is the one pursued in this 

research. 

There is a second reason why the interest on this type of systems is increasing and it is related to 

the social concern about the global warming and the need of reducing the atmospheric carbon 

dioxide emissions (e.g. Echevarria and Xiu, 2014; Metz et al., 2005). One of the ways of 

reducing the carbon dioxide emitted to the atmosphere is its capture in the emission’s plants and 

its storage in oceans, in geological formations, in inorganic carbonates or through industrial 

fixation (e.g. Metz et al., 2005). From all these storage options, probably the most viable is the 

geological storage in deep formations, specifically in the deep saline aquifers (e.g. Bachu, 2000; 

Choi et al., 2014; Elío et al., 2015; Herzog et al., 1997). In this context, low-temperature 

geothermal systems provide an excellent analogy of the storage sites since they have many 

similarities in terms of temperature, salinity, depth and geological context. The characterisation 
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of these geothermal systems can be used to obtain a better understanding of the possible 

processes expected in this type of storages as it has been done by different authors such as 

Auqué et al. (2009), Choi et al. (2012), Flaathen et al. (2009) Gal et al. (2012), Güleç and Hilton 

(2016) or Lu et al. (2011). 

The studied systems are hosted in carbonate formations in contact with evaporites and in some 

cases with some disperse detrital material. These hosting rocks, in contrast with the volcanic or 

clastic cases, have some particularities that make their study very interesting and necessary. The 

interaction of the waters with those rocks will determine the geochemistry of the waters and the 

mineral equilibria in the deep reservoir which, in turn, will condition the applicability of the 

geothermometrical techniques, one of the most relevant aspects in the characterisation of a 

thermal area. 

When the hosting rocks are volcanic or clastic the mineral assemblage at depth is quite large and 

their thermodynamic data are well known (e.g. albite or K-feldspar). However, in carbonate 

systems the mineral set is limited to carbonates and some aluminosilicates, some of which are 

affected by thermodynamic uncertainties that make the geothermometrical characterisation of 

the system more difficult. That is why it becomes necessary to address this issue and to identify 

the best approach to the problem. 

Finally, the growing interest on these thermal systems has not only to do with the waters but 

also with the carbonate solids (travertines) that can precipitate in the springs. Apart from 

helping to fully characterise the geothermal system, the study of these solids and their stable 

isotope signatures, can be very useful to better understand the isotopic fractionation in ancient 

travertines improving their use for paleoclimatic and paleoenvironmental reconstructions (e.g. 

Andrews, 2006; Capezzuoli et al., 2014; Ford and Pedley, 1996; Fouke et al., 2000; Garnett et 

al., 2004; Jones and Renaut, 2010; Kele et al., 2011, 2008; Lachniet, 2015; Liu et al., 2006, 

2010; Osácar et al., 2016, 2013; Pedley, 2009; Pentecost, 2005). 

1.1 Objectives	of	the	research	

The general objective of this research is to increase the knowledge on low temperature 

geothermal systems associated to carbonate rocks. In this general context the following specific 

objectives are addressed: 

 To obtain a complete geochemical and geothermometrical characterisation of the low

temperature and carbonate geothermal systems of Tiermas, Arnedillo-Fitero and

Alhama-Jaraba.

31. Introduction



 

 To test and evaluate the applicability, in low temperature systems hosted in carbonate

rocks, of different geothermometrical techniques proven to be very useful in other

systems (i.e. high temperature with granitic or basaltic rocks).

 To establish the most suitable approaches to the various problems and limitations found

and propose an adequate methodology for these systems.

 To evaluate the possible applications of the obtained results for the study and

understanding of CO2 storage sites.

A final objective is the characterisation of the travertines deposited from the Fitero thermal 

waters. The two main issues are: 1) to identify the main mineral phases presents in the 

travertines (calcite and/or aragonite) and discuss the main factors responsible for it; and 2) to 

evaluate the stable isotope signature of the travertines and its fractionation to help with the 

interpretation of ancient travertines when they are used in paleoclimatic and paleoenvironmental 

reconstructions. 

1.2 PhD	candidate	contributions		

Although the publication of the different papers that conform this thesis dissertation would not 

have been possible without the collaboration of the co-authors, my contribution to them is 

present in every single step given. 

The main tasks during the development of this doctoral thesis can be summarised as follows: 

 Bibliographic revision of the literature related to carbonate systems of low temperature 

and carbonate precipitates, among other issues of interests. 

 Planning and performance of the water sampling campaigns carried out and the 

preparation of the samples for analyses. 

 Study of the solid samples with field emission scanning electron microscope (FESEM) 

and the petrographic microscope with the help and guidance of the co-authors. 

 Preparation of the solid samples for the X-Ray Diffraction analyses. 

 Treatment of the analytical data and, along with the co-authors, interpretation of the 

results. 

 Writing of the manuscripts with the guidance and assistance of the co-authors. 

 Synthesis of the results and conclusions for preparing this thesis dissertation with the 

guidance and assistance of my thesis supervisor. 

 Apart from this, I have prepared and presented many of the obtained results in different 

International and National Congresses. 
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2. STUDY AREAS

Although the papers presented in the Results section contain a complete description of the 

geology of the areas around the selected geothermal systems, a summary of the geological and 

hydrogeological information is included in this section. 

The three studied systems have some important characteristics in common that have been the 

reason to select them for this study: they have low temperature waters and their aquifers are, 

mainly, in carbonate rocks. All of them are located in Spain, the Tiermas and the Alhama-Jaraba 

systems in the Aragon region, and the Arnedillo-Fitero system between Navarra and La Rioja 

regions, as shown in Figure 1. 

Figure 1. Spain map showing the general location of the three studied geothermal systems: Tiermas and 
Alhama-Jaraba systems in Aragon Region, and the Fitero-Arnedillo system in Navarra and La Rioja 
Regions.  



 

2.1 Tiermas	geothermal	system	

The Tiermas springs are in the northwest of the Zaragoza province close to the border with 

Navarra at an altitude of about 580 m a.s.l..The waters emerge in the north shore of the Yesa 

reservoir, which covers the springs during most of the year. Only during a few months after 

summer, when the irrigation campaign empties the reservoir, the level of the reservoir descends 

enough to leave the springs under exposure (Figure 2). 

The medicinal and therapeutic properties of these waters are known since long ago, at least 

since Roman times, who gave it the name of “Tiermas” due to the existence of thermal waters 

(González, 1867). There was a village associated to the springs and with the same name but it 

was flooded in 1959 to fill in the reservoir (Armijo, 2006). Nowadays the closest village is 

Sigües, about 10 Km to the east. 

Figure 2. Tiermas photographs. Panel a: Yesa Dam when the level goes down and the Tiermas springs 
are exposed. Thermal waters can be seen in the shore next to the ruins of the old village. Panel b: One of 
the points where thermal waters emerge. 

a	

b	
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2.1.1 Geology		

The system is located in the the Aragonian pre-Pyrenees, in the Jaca-Pamplona Basin, bounded 

by the Boltaña anticline and the Pamplona fault, on the east and west, respectively, by the Axial 

Zone and the Inner Ranges on the north and by the Outer Ranges on the south. 

The Jaca-Pamplona Basin comprises materials from Triassic to Miocene with a Paleozoic 

basement of sedimentary and metasedimentary rocks (Saura and Teixell, 2006; Figure 3) but 

only the rocks from the Cretaceous and more modern, outcrop (IGME, 1973; Larrasoaña et al., 

1996). This basin is of great structural complexity with two structural trends giving place to two 

fault systems of NNE-SSW and E-W direction (IGME, 1973; Figure 3). 

The Triassic rocks are represented by the Buntsandstein (conglomerates, sandstones, lutites) and 

Keuper (evaporites, lutites, limestones) facies (Pueyo et al., 2012). Over them, (as there are not 

Jurassic rocks in the area) the marine deposits from the Upper Cretaceous appear, constituted by 

limestones, dolostones, marls and, on the top, the sandstones and conglomerates of the Marbore 

Sandstones (Faci, 1997; IGME, 1973). 

The Upper Cretaceous is overlaid by the Paleogene materials: Paleocene Alveoline Limestones, 

Lower-Middle Eocene Guara Limestones and Turbidites of the Hecho Group (Faci, 1997; 

IGME, 1973). The Alveoline Limestones are mainly carbonates and calcarenites with abundant 

bioclasts (Faci, 1997; IGME, 1973). The Guara Limestones consist of bioclastic limestones with 

bioclasts in the bottom and marls in the top (Faci, 1997; IGME, 1973; Puigdefàbregas, 1975).  

The Hecho Group is constituted by siliciclastic turbidites and marls with important carbonate 

mega-layers (up to 200 m thickness) intercalations (Bauluz et al., 2008; Faci, 1997; IGME, 

1973). 

Then, a regressive series was deposited in the Middle to Upper Eocene constituted by the 

Sabiñánigo Sandstones, the Arguís-Pamplona Marls and the Belsué-Atarés Marls and 

Sandstones, overlaid by evaporitic materials (anhydrite, halite and potassium salts) indicative of 

the transition to a paralic environment (Ayora et al., 1995; Faci, 1997; IGME, 1973). Finally, 

the basin was filled by the alluvial continental sediments during the Oligocene and Miocene 

(Faci, 1997; IGME, 1973). 

72. Study areas



 

F
ig

u
re

 3
. C

ro
ss

 s
ec

ti
on

 s
ho

w
in

g 
th

e 
ge

ne
ra

l 
st

ru
ct

ur
e 

an
d 

ge
ol

og
y 

of
 t

he
 T

ie
rm

as
 g

eo
th

er
m

al
 s

ys
te

m
 (

m
od

if
ie

d 
fr

om
 A

L
G

E
C

O
2 

po
rj

ec
t;

 I
G

M
E

, 2
01

0)
. T

he
 s

tr
uc

tu
ra

l 
co

m
pl

ex
it

y 
of

 t
he

 a
re

a 
ca

n 
be

 a
pp

re
ci

at
ed

. 
T

he
 a

qu
if

er
 i

s 
ho

st
ed

 i
n 

th
e 

U
pp

er
 C

re
ta

ce
ou

s-
P

al
eo

ce
ne

 l
im

es
to

ne
s 

(d
ar

k 
gr

ee
n)

. 
T

he
 a

pp
ro

xi
m

at
e 

lo
ca

ti
on

 o
f 

T
ie

rm
as

 
sp

ri
ng

s 
an

d 
th

e 
po

ss
ib

le
 r

ec
ha

rg
e 

is
 s

ho
w

n.
 B

lu
e 

ar
ro

w
s 

re
pr

es
en

t t
he

 f
lo

w
 d

ir
ec

ti
on

. A
 g

eo
lo

gi
ca

l m
ap

 c
an

 b
e 

fo
un

d 
in

 th
e 

re
su

lt
s 

se
ct

io
n,

 p
ap

er
 1

. 

8 Geochemical characterisation of low temperature carbonate geothermal systems



2.1.2 Hydrogeology		

The potential aquifer of the Tiermas thermal waters is considered to be hosted in the Paleocene 

– Eocene marine rocks: the Alveoline Limestones, Guara Limestones and the turbidites from the

Hecho Group (Faci, 1997; ITGE-DGA, 1994; Sánchez, 2000; Sánchez et al., 2004, 2000). 

The recharge areas are not precisely defined by they are thought to be in the Paleocene and 

Eocene outcrops located to the north of the springs in the Leyre, Illón and Orba Sierras or in the 

Inner Ranges (ITGE-DGA, 1994; Figure 3). 

The flow of the waters from the recharge areas to the springs in the N-S direction is interrupted 

by the NNE-SSW fractures which make the flow vertical and produce the ascent of the waters to 

surface and their emergence with flow rates of about 200 L/s and temperatures close to 40 ºC 

(ITGE-DGA, 1994). 

2.2 Alhama‐Jaraba	geothermal	system	

Continuing in the Aragón region, this system is one of the main thermal systems in Spain with 

several springs in the surroundings of the Alhama de Aragón and Jaraba villages, separated 

about 12 km from each other. 

In Jaraba, the waters spring close to the Mesa river at an elevation of 737 m a.s.l.. There are 14 

catalogued springs but there are many others without an official classification, some of them 

visible and others beneath the waters of the river (Figure 4; Auqué et al., 2009; ITGE-DGA, 

1994). These waters were also known since roman times when they were named “aguas de las 

ninfas” but it was in 1120 when the first pool was built in the location where La Virgen spa is 

placed nowadays (ITGE-DGA, 1994; Martín, 2016). Since then the use of the thermal waters 

has increased and the facilities related to them also. There are 5 exploitations in Jaraba at 

present: three spas (La Virgen, Serón and Sicilia) and two bottling plants (Fontecabras and 

Lunares). 

There are twelve catalogued springs in Alhama emerging at an elevation of 660 m a.s.l.. 

Although the roman remains are scarce in this place, these waters were mentioned by latin 

historians such as Ptolomeo or Plinio. The first facility dates from 1122 and it was named “La 

Casita” or “Baños Viejos de San Roque” (ITGE-DGA, 1994; Martín, 2016). There are several 

springs exploited at present in the two spas of the village (Termas Pallares and Alhama de 

Aragón) and also additional fountains in the municipality (Figure 5). 

92. Study areas



 

Figure 4. Jaraba photographs. Panel a: Mesa River, in which numerous emergences of waters appear. 
Panel b: fountain of thermal water in the Serón Spa. Panel c: Small pond next to the Mesa River where 
thermal waters emerge.  

2.2.1 Geology	

The system is located in the Iberian Chain, between its west limit and the tertiary Almazán 

Basin. The materials in this area range from Paleozoic to Quaternary (IGME, 1991; Figure 6). 

The basement of the area consists of Paleozoic rocks constituted, mainly, by quartzites, schists 

and phyllites. These are followed by the common Triassic facies: Bundsandstein 

(conglomerates, sandstones and clays), Muschelkalk (limestones, dolostones and marls) and 

Keuper (marls, clays and evaporites). The Jurassic in the area is scarce and it is only represented 

by a marine carbonate formation from the transit Triassic-Jurassic, similar to the Cortes de 

Tajuña Formation, and constituted by dolomitic breccias and massive dolostones. 

a	

b	 c	
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Figure 5. Alhama de Aragón photographs. Panels a and b: two fountains of thermal waters in the village. 
Panel c: thermal lake inside the Termas Pallarés Spa, where there are several thermal waters springs. 

The Lower Cretaceous overlies the Jurassic and it consists of the Utrillas Sandstones (Albian) 

and the marine carbonate formations from the Upper Cretaceous: Santa María de las Hoyas 

(limestones, marls, sandstones and clays), Nuevalos (limestones, dolomitic limestones and 

dolostones with fossils), Monterde (nodulitic limestones), Jaraba (massive dolostones and 

limestones with bioclasts), Pantano de la Tranquera (dolomitic breccias and dolostones with 

marls intercalations at bottom), Hontoria del Pinar (bioclastic limestones) and Burgo de Osma 

(limestones). 

a	 b	

c	
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A tectonic inversion took place at the end of the Cretaceous that created the tertiary Almazan 

Basin which was filled in by detrital deposits from Paleogene and Neogene. The Paleogene 

sediments consist of conglomerates, sandstones, clays, limestones and marls, and the Neogene 

materials are conglomerates, sandsontes and clays. Finally, the quaternary deposits consist of 

glacis, terraces or alluvial deposits. 

The structure of the area was defined by the superposition of the Hercinian and Alpine 

orogenies. The general structure of the area consists of anticlinals and synclinals in the NW-SE 

direction and hercinian faults of the same direction lately reactivated during the alpine tectonics, 

changing to W-E direction (Auqué et al., 2009). 

2.2.2 Hydrogeology	

There are two carbonate aquifers in this area: the Solorio aquifer, in the Jurassic materials, and 

the Alhama aquifer in the Upper Cretaceous rocks. Although the hydrological model of this 

system is not clearly defined, it is accepted that both aquifers are interconnected although the 

water flow occurs mainly through the Cretaceous carbonates (Sánchez et al., 2004). 

There are two possible recharge areas: 1) one through the Jurassic rocks in the Solorio range 

with a SW-NE water flow direction (Figure 6); and 2) a recharge through the cretaceous 

formations in the area of Deza with a NW-SE flow direction. 

The discharge is always associated to the Cretaceous carbonates and the flow rates are around 

600 L/s in Jaraba and 550 L/s in Alhama (De Toledo and Arqued, 1990; IGME, 1980; Sánchez 

et al., 2004), making this system one of the largest naturally flowing systems in Europe (similar 

to the one in Budapest with 580 L/s which is considered the Europe’s largest naturally flowing 

thermal system; Goldscheider et al., 2010 and references therein). The spring temperatures in 

Alhama are always about 30 ºC but in Jaraba they range from 22 to 32 ºC due to a mixing 

process with shallow and cooler waters (Blasco et al., 2016; Tena et al., 1995). 

2.3 Fitero‐Arnedillo	geothermal	system	

The waters of this system emerge in the Fitero and Arnedillo villages separated about 35 km 

from each other and located in Navarra and La Rioja regions, respectively. Fitero springs 

emerge at an altitude of about 420 m a.s.l. inside the two spas of the village, the Virrey Palafox 

spa (or “Baños Viejos”) and the Becquer Spa (or “Baños Nuevos”; Figure 7). The two main 

thermal springs in Arnedillo emerge at an altitude of about 655 m a.s.l. one inside the Arnedillo 

132. Study areas



 

spa, and the other in the Cidacos river, in a kind of natural pools where the waters can suffer 

mixing with the river waters (Figure 7). 

Figure 7. Arnedillo and Fitero photographs. Panel a: Arnedillo thermal water inside the spa. Panel b: 
pools built next to the Cidacos River where thermal waters emerge. Panel c: Fitero thermal waters in the 
Becquer spa.  

Although the first documented references of the use of these waters for balneotherapy are from 

the Middle Ages (XI century in the case of Arnedillo), the roman remains indicate the previous 

knowledge of the medicinal and therapeutic properties of the waters ( Lopez de Azcona, 1988; 

even in prehistoric times; Olcoz, 2017). 

a	

b	

c
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2.3.1 Geology	

This system is located in the NW part of the Iberian Chain and the springs emerge through the 

Cameros thrust, which put into the contact between the Cameros Range and the tertiary Ebro 

Basin, (Coloma et al., 1997; Sánchez and Coloma, 1998; Figure 8). 

The Cameros Range consists of different Mesozoic materials, from Triassic to Upper 

Cretaceous (Figure 8). The Triassic is constituted by Buntsandstein (sandstones, siltstones and 

breccias), Muschelkalk (dolostones) and Keuper (anhydrite, marls and clays) facies (Coloma, 

1998; Gil et al., 2002). The Jurassic is represented by the typical marine formations of the 

Iberian Chain (Coloma, 1998; Gil et al., 2002; Gómez and Goy, 1979; Goy et al., 1976): Imón 

(well stratified dolostones), Cortes de Tajuña (massive dolostones and limestones, and dolomitic 

breccias with anhydrite), Cuevas Labradas (limestones and dolostones well stratified with some 

marls intercalations on the top), Cerro del Pez (marls with some disperse limestone 

intercalation), Barahona (nodular bioclastic limestones with thin marls intercalation in the 

bottom), Turmiel (marls and limestones alternation with abundant fossil content), Chelva 

(limestones), Aldealpozo (black limestones) and Torrecilla (limestones with corals). 

After the marine Jurassic sedimentation the Cameros Basin was created due to the rifting that 

started at the end of the Jurassic and lasted during the Cretaceous, and continental sediments 

were deposited (Coloma, 1998; Gil et al., 2002; Mas et al., 1993). These continental sediments 

are divided into five groups (Tischer, 1965), three of them consisting of lutites and sandstones 

deposited in a fluvial environment (Tera, Oncala and Urbión Groups) and the other two 

constituted by limestones, marls and limolites representative of a lacustrine sedimentation 

(Enciso and Oliván Groups). The post-rift sedimentation is represented by the Urgon Facies 

(carbonates), the Utrillas Formation (sandstones) and carbonates from the Upper Cretaceous 

(Gil et al., 2002). 

After the tertiary inversion, which produced the elevation of the Cameros Range, during 

Paleogene and Neogene the Ebro Basin was filled with detrital material and compressive 

structures were generated, being the most important the Cameros Thrust (Coloma, 1998; Gil et 

al., 2002). 
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2.3.2 Hydrogeology	

The aquifer of the Fitero-Arnedillo thermal waters is hosted in the marine formations deposited 

during the Jurassic. These formations are divided into three groups, two permeable groups 

separated by other less permeable one. Imón, Cortes de Tajuña and Cuevas Labradas constitute 

the first permeable group; and Chelva, Aldealpozo and Torrecilla Formations the second one. 

The intermediate less permeable group is formed by Cerro del Pez, Barahona and Turmiel 

Formations. Since an important fracture system affect these rocks all these formations are 

interconnected but the main flow is hosted in the first permeable group (Coloma et al., 1995; 

Sánchez et al., 1999; Sánchez and Coloma, 1998).  

The recharge of the waters takes place by direct infiltration through the Jurassic outcrops, from 

permeable stretches of rivers, and through the outcrops of the continental sediments deposited in 

the syn-rift period (Coloma et al., 1997, 1995; Figure 8). The discharge is favoured by the 

Cameros Trust which makes the waters ascent rapidly to surface and spring with temperatures 

about 50 ºC and flow rates close to 50 L/s in Fitero and 20 L/s in Arnedillo.  
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3. METHODOLOGY

A description of the methodologies used in this PhD thesis is presented in this section. Each 

paper contains its specific Methodology section and therefore, only a general overview of the 

main techniques of analysis and data treatment is described here. 

3.1 Bibliographic	review	

The first necessary step was to perform an in-depth bibliographical compilation: 

 To understand the state of the art in the knowledge of low-temperature geothermal

systems hosted in carbonate rocks, and of the aragonite travertines, and the main

problems associated to their study.

 To learn about the various methodologies and techniques to, finally, be able to select the

most adequate ones to each specific case.

 To obtain the necessary information about the three studied geothermal systems

regarding the geological context and the previous geochemical and/or hydrological

studies.

3.2 Sampling		

A sampling campaign was carried out in October 2015 when several water samples were taken 

in Arnedillo and Fitero springs (Figure 9) following the procedure described below. In the case 

of Tiermas and Alhama-Jaraba systems the study was performed using the analytical data 

obtained in previous sampling campaigns performed by the Geochemical Modelling Group of 

the University of Zaragoza following the same methodology. The Fitero travertines samples 

were also taken previously by the members of the Geochemical Modelling Group in two 



 

different points: in an old pipe that no longer exists and which discharged water from the 

cooling pool in the Becquer spa, and the other in a currently active pipe that discharges the 

water from the same spa to the river. 

Figure 9. Photographs taken during the sampling campaign.  In panel a some of the material used in the 
sampling is shown. In panel b the thermal water is being filtered in the field by using a kitasato. In panel c 
the pH is measured in situ. Finally, in panel d the bottles in which water samples have been taken are 
labelled. 

3.2.1 Water	sampling	

As it is known, a water sample is a system in constant evolution since taken until it is analysed. 

Even being isolated from the environment, it will evolve depending on the initial conditions in 

the system and the environmental conditions. This will lead to a change in the physico-chemical 

characteristics of the water, which, in turn, will make the obtained analytical data not 

representative of the real conditions in the springs. The parameters which suffer the fastest 

variation are pH and temperature and therefore, they must be determined in situ. It is also 

important to determine the alkalinity and the anion as soon as possible. Finally, the cations and 

isotopes can be analysed later on as long as the water sample has been treated and stabilised 

correctly (filtered and acidified). Taking these precautions into consideration a specific protocol 

was followed for the water sampling and it is described next. 

c	 d	

a	 b	
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pH and temperature were determined in each sampling point by a Thermo Orion 250A pH-

meter with combined pH electrode ORION 815600 Ross with temperature compensation. The 

pH-meter was calibrated with the standard buffer solutions of pH 7.0 and 10.00. The electrical 

conductivity was measured with a conductivimeter Jenway 4200 with a K=1 probe and 

automatic correction of temperature. 

Samples for cation, anion and isotope analyses were taken separately in polyethylene bottles 

previously washed with ultrapure HNO3, rinsed with distilled water and air-dried. Samples for 

anions and 34S were taken in 500 ml bottles and samples for cations and oxygen and deuterium 

isotopes in 100 ml bottles. Samples for cation and oxygen and deuterium isotope analyses were 

filtered through 0.1 μm, by using a Kitasato and, in the case of cations, the samples were also 

acidified to pH less than 1 with ultrapure HNO3. Samples for 13C determination were taken in 

small crystal vials containing mercury chloride to avoid the microbial activity. 

3.3 Analytical	techniques	

3.3.1 Water	samples	

The detailed description below corresponds to the analytical procedure followed for the Fitero 

and Arnedillo water samples taken during the development of this doctoral thesis. For the other 

systems the analytical techniques were similar and the details are included in the corresponding 

papers in the results section. 

3.3.1.1 Alkalinity	determination	

As explained above, alkalinity should be determined without delay, so it was measured in the 

Geochemistry Laboratory of the Earth Science Department at the University of Zaragoza, only a 

few hours after the sampling (Figure 10). It was measured with a Mettler tritator using H2SO4 

0.02N and determination of the final point at pH = 4.5 with a pH-meter Thermo Orion 250A. 

3.3.1.2 Anion	analyses	

Chloride, sulphate and fluoride were also analysed in the Geochemistry Laboratory of the Earth 

Science Department at the University of Zaragoza with the assistance of Enrique Oliver, 

laboratory technician, in 24 hours after collection.  

Chloride and fluoride were determined by a selective ion analyser equipment, with the specific 

chloride electrode ORION 94-17B and fluoride electrode ORION 94-09. The determination was 

done by direct measurement using CISA and Tisab II as interference suppressor for chloride and 
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fluoride, respectively. Sulphates were determined by colorimetry using a modification of the 

Nemeth method (Nemeth, 1963). 

3.3.1.3 Cation	analyses	

Cations were analysed in the Scientific and Technological Centre at the University of 

Barcelona. Ca, Na, K, Mg, Sr and Si were determined by Inductively Coupled Plasma Emission 

Spectrometry (ICP-OES) with a Perkin Elmer Optima 3200rl equipment in standard conditions. 

The rest of the minor cations were analysed by Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS) with an Agilent 7500ce equipment in standard conditions. 

3.3.1.4 Stable	isotope	analyses	

Stable isotopes were also analysed in the Scientific and Technological Centre at the University 

of Barcelona. δ18O and δ2H in water, δ13C in the dissolved inorganic carbon, and δ34S and δ 18O 

in dissolved sulphates, were analysed by Continuous Flow Isotope-Ratio Mass Spectrometry 

(CF-IRMS) with a Delta plus xp Thermofisher equipment. δ18O, δ2H and δ13C were directly 

analysed using the secondary standards traceable to certified standards: NBS18, NBS19, 

SMOW and SLAP. δ34S and δ 18O in dissolved sulphate were measured after precipitating it as 

BaSO4 (0.2 mg in silver capsule for oxygen and 0.3 mg in tin capsule for sulphur) and using the 

NBS-127, SO-5 and SO-6 secondary standards. 

Figure 10. Alkalinity measurement in the Geochemistry Laboratory of the Earth Sciences Departament of 
the University of Zaragoza. 
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3.3.2 Solid	samples	

3.3.2.1 Petrographical	and	textural	study	

The samples were first described after observation at hand-size scale. A more detailed study of 

their characteristics and textures was done through their study by conventional optical 

petrographical microscope on polished thin sections and field emission scanning electron 

microscope (FESEM). 

Thin sections were done by the Service of preparation of rocks and hard materials at the 

University of Zaragoza And they were studied by petrographic microscope in the Earth Science 

Department of the University of Zaragoza. The FESEM observation was carried out in the 

Service of optical microscopy at the University of Zaragoza and it was performed on carbon-

coated samples using a field emission scanning electron microscope Carl Zeiss MERLINTM 

(Carl Zeiss Group, Jena, Germany). 

3.3.2.2 Mineralogical	analyses	

The samples were separated in several subsamples, corresponding to different bands, using a 

micro-drill and then they were crushed with a steel jaw crusher and ground to a size fraction 

below 60 μm. The bulk mineralogical composition was determined by X-ray diffractometry 

(XRD) using a PANalytical X’Pert PRO MPD powder diffractometer in Bragg-Brentano θ/2θ 

geometry of 240 millimetres of radius with a focalizing Ge (111) primary monochromator, a 

X’Celerator detector and using CuKα1 radiation: λ = 1.5406 Å at the X-Ray Diffraction Unit in 

the Scientific and Technical Centers of the University of Barcelona (Spain). Semi-quantitative 

phase analysis of the identified crystalline phases was done by means of the Rietveld method 

(Rietveld, 1969). 

3.3.2.3 Carbon	and	oxygen	isotope	analyses	

δ13C and δ18O analyses were performed at the Stable Isotope Analysis Service of the University 

of Salamanca. The CO2 extraction for the analyses was done following standard techniques 

(McCrea, 1950) with an ISOCARB device connected to a SIRA series 10 mass spectrometer 

from VG Isotech. 
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3.4 Data	analysis	and	calculations	

3.4.1 Water	data	treatment	

The first treatment of the data was through their representation in ion-ion plots, and other more 

specific diagrams like the Piper diagram or binary plots showing the isotopic signatures, the 

saturation indexes and other evolutionary trends. 

Apart from these basic explorative evaluations the principal methodologies used for determining 

the reservoir temperature of the studied geothermal systems have been the chemical and isotopic 

geothermometers and the geothermometrical modelling. Other useful geochemical modelling 

approaches have been used to evaluate the reliability of the analyses or to infer the main 

processes controlling the chemical evolution of the waters. A short summary is presented next. 

3.4.1.1 Chemical	geothermometers	

The use of chemical geothermometers is the methodology traditionally used for the temperature 

estimation in a deep reservoir. A chemical geothermometer is an empiric or experimental 

calibration based on the chemical reactions that control the elemental contents of the waters and 

are dependent on temperature (e.g. Marini, 2004; Truesdell, 1976). In that way, the temperature 

at depth can be calculated knowing the elemental contents of the waters. Although this 

technique is widely used it has some important limitations that should be taken into account. 

The application of this principle assumes that the elemental contents of the waters have not 

changed during their ascent from the deep reservoir to the surface and, therefore, the 

characteristics of the waters in the spring are considered to be representative of the conditions at 

depth. This assumption is not always true due to the possible modifications caused by secondary 

processes acting during the ascent to surface such as dissolution/precipitation of mineral phases, 

CO2 outgassing or mixing with other waters. Another assumption that has to be accepted is that 

the waters have attained the equilibrium in the reservoir with the mineral phases considered for 

the calibration of the geothermometers. 

Several chemical geothermometers and calibrations are available in the scientific literature but 

not all of them can be used in all systems. The classical cationic geothermometers provide very 

good results in high temperature systems hosted in granitic or basaltic rocks, since the 

equilibrium with the appropriate mineral phases are easily attained in those system (for example 

with albite and K-feldspar in the case of the Na-K geothermometer; Arnòrsson et al., 1983; Asta 

et al., 2010; Auqué et al., 1997; Buil et al., 2006; Choi et al., 2005; D´Amore et al., 1987; 

Fouillac and Michard, 1981; Fournier, 1981, 1977; Giggenbach et al., 1983; Giggenbach, 1988; 
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Kharaka and Mariner, 1989; Mariner et al., 2006; Mutlu and Güleç, 1998; Pingitore et al., 2002; 

Sonney and Vuataz, 2010; Stefánsson and Arnórsson, 2000). The application of these cationic 

geothermometers is much more complicated (and it is usually considered inadequate) in low 

temperature carbonate systems since those mineral phases are not always present and if they are, 

the low temperature of the waters makes difficult to attain the equilibrium (Chiodini et al., 1995; 

D’Amore and Arnórsson, 2000; Karimi and Moore, 2008; Levet et al., 2002; López-Chicano et 

al., 2001; Sonney and Vuataz, 2010). Interestingly, however, they have been successfully used 

in some systems in which they were considered inadequate (e.g. Apollaro et al., 2012; 

Fernández et al., 1988; Gökgöz and Tarkan, 2006; Michard and Bastide, 1988; Mohammadi et 

al., 2010; Pastorelli et al., 1999; Wang et al., 2015).  

Through the different papers presented in the Results section a vast variety of chemical 

geothermometers are evaluated and their application in carbonate systems of low temperature is 

discussed, including the classical cationic geothermometers, the silica geothermometers and, 

moreover other geothermometers specifically calibrated to be applied in systems with these 

characteristics. All these geothermometers and calibrations are summarised in Table 1 and a 

brief description of them is presented below. 

Silica	geothermometers	

The two main silica geothermometers are the SiO2-quartz and SiO2-chalcedony 

geothermometers which rely on the quartz or chalcedony equilibrium in the deep reservoir. 

Various calibrations are available and some of the most common have been used here (Table 1).  

All the quartz-silica geothermometers were developed from experimental data on silica 

solubility. Regarding chalcedony, the calibration by Fournier (1977) and Fournier and Potter 

(1982) were derived from solubility experiments above 125 ºC extrapolated to low 

temperatures. The calibration from Arnòrsson et al. (1983) is based on data from natural 

samples from Icelandic drill-holes. 

Generally speaking, quartz is the silica phase controlling the dissolved silica concentrations at 

high temperatures while chalcedony controls them at low temperatures. Therefore, it is expected 

that the SiO2-quartz geothermometer would be adequate at temperatures of 150-225ºC while the 

SiO2-chalcedony geothermometer would be better at lower temperatures (D’Amore and 

Arnórsson, 2000; Fournier, 1977; Marini, 2004). However, in some cases it is just the opposite 

and therefore, the best option is to follow the recommendation by Fournier (1991) and check 

always both geothermometers to identify the governing silica phase. 
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Table 1. Chemical geothermometers and calibrations considered in the study. Concentration units for the 
elements involved are all in mg/L except for the SiO2-quartz calibration proposed by Michard (1979) and 
the Na-Li and Li geothermometers in which the concentrations are expressed in mol/L. 

1β=4/3 should be used if the temperature obtained is lower than 100 ºC; if with that value of β the 
temperature if higher than 100 ºC, the temperature should be recalculated considering β = 1/3. 
2Σeq is the summation (in eq/L) of the major dissolved species. Chiodini et al. (1995) performed their 
calibration for the Ca-Mg geothermometer by using a disordered dolomite. 

Geothermometer Calibration Author 

SiO2-quartz 

1315
5.205

273.15 Truesdell (1976) 

1309
5.19

273.15 
Fournier, (1977) and 

Fournier and Potter (1982) 

1322
0.435

273.15 Michard (1979) 

SiO2-chalcedony 

1032
4.69

273.15 
Fournier, (1977) and 

Fournier and Potter (1982) 

1112
4.91

273.15 Arnòrsson et al. (1983) 

Na-K 

1390

1.75 log
273.15 Giggenbach (1988) 

1217

1.483 log
273.15 Fournier (1979) 

K-Mg 
4410

13.95 log
273.15 Giggenbach et al. (1983) 

Na-K-Ca 

1647

log log √ 2.06 2.47

273.15 

Fournier and Truesdell 
(1973)1 

Na-Li 
1000

0.33 log
273.15 Fouillac and Michard (1981) 

Li 
2258

1.44 log
273.15 Fouillac and Michard (1981) 

Mg-Li 

2200

5.47 log √

273.15 
Kharaka and Mariner (1989) 

Ca-Mg 

979.8

3.1170 log 0.07003 ∑

273.15 

Chiodini et al. (1995)2 

SO4-F 

1797.7

0.7782 log 0.08653 ∑

273.15 

Chiodini et al. (1995)2 
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Na‐K	geothermometer	

This geothermometer is based on the equilibrium between Na+ and K+ in the solution and albite 

and K-feldspar (e.g. D’Amore and Arnórsson, 2000). Several calibrations have been developed 

and the ones used here are the Fournier, 1979 and the Giggenbach, 1988 calibrations, both of 

them derived empirically from deep geothermal wells. In some cases the equation proposed by 

Verma and Santoyo, (1997), which was proposed after improving the  Fournier (1979) equation, 

has also been used. 

The applicability of this geothermometer will be conditioned to the existence of the albite – K-

feldspar equilibrium at depth, which is not always attainable in low temperature carbonate 

systems producing incoherently high temperatures (D´Amore et al., 1987). 

K‐Mg	geothermometer	

This geothermometer is controlled by the equilibrium of K-feldspar and a Mg-bearing phase at 

depth, such as chlorite, saponite or montmorillonite (e.g. Marini, 2004). Giggenbach et al. 

(1983) developed the calibration empirically from deep geothermal wells.  

This equilibrium is attained more quickly than the albite – K-feldspar and it can be approached 

at temperatures as low as 25 ºC (Marini, 2004). This fact makes this geothermometer more 

adequate in systems of lower temperature but, on the contrary, it also implies an strong response 

during the ascent of the waters and cooling due to the fast uptaking of Mg (D’Amore and 

Arnórsson, 2000; Marini, 2004). 

Giggenbach	diagram	

This is not strictly a geothermometer but a way to evaluate the water equilibria and the 

possibilities of using the cation geothemometers. It is the combination of the Na-K and K-Mg 

geothermometers in a ternary diagram proposed by Giggenbach (1988). Isothermal equilibrium 

lines are represented in the diagram for the Na/K and K/Mg ratios, and the intersection of both 

isotherms at different temperatures drawn the full equilibrium line (Figure 11), which indicates 

that waters have attained the equilibrium with respect to the phases on which Na-K and K-Mg 

geothermometers are based on. Giggenbach (1988) delimited the fields of partially equilibrated 

waters (or mature waters) and immature waters (Figure 11) in the diagram, meaning that if a 

water is in the second field it is unsuitable for the use of these geothermometers (Giggenbach, 

1988). If the water is in the partially equilibrated waters field both geothermometers can be 

evaluated. 
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Figure 11.  Giggenbach triangular diagram where the full equilibrium line and the immature and partially 
equilibrated waters fields are indicated. 

Na‐K‐Ca	geothermometer	

The Na-K-Ca geothermometer was empirically developed by Fournier and Truesdell (1973) 

from natural waters with temperature ranging from 4 to 340 ºC to deal with the problem that the 

Na-K geothermometer provided too high temperatures in Ca-rich waters  (Nicholson, 1993). It 

is not clear which mineral phases control this geothermometers but it could be feldspar, micas 

or clays (alkaline felspar and calcium-bearing silicate; D’Amore and Arnórsson, 2000; 

D´Amore et al., 1987), since in most cases, although the total Ca content is controlled by 

carbonates, the Na-K-Ca ratio can be explained only by silicate minerals (Fournier and 

Truesdell, 1973). 

This geothermometer does not lead to unreasonably high temperature in low temperature and 

non-equilibrated waters (D’Amore and Arnórsson, 2000) but it is very sensitive to differences in 

CO2 contents in those waters (Chiodini et al., 1991; Marini, 2004),and therefore, the results 

obtained in carbonate systems should be treated with caution. 

Lithium	geothermometers	

There are several lithium geothermometers and the ones that have been used in some of the 

systems studied here are the Na-Li and the Mg-Li geothermometers. The first one was derived 

empirically by Fouillac and Michard (1981) in granitic areas, the second was also empirically 

derived by Kharaka and Mariner (1989) to be used up to 350 ºC.  
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Due to the fact that the Li-bearing minerals are not abundant, the lithium concentration in waters 

is assumed to be mainly controlled by cation-exchange reactions with clays and zeolites 

(D´Amore et al., 1987; Nicholson, 1993). 

Although the Na-Li geothermometer has been considered in some cases adequate for carbonate 

systems (Minissale and Duchi, 1988), in general, the lithium geothermometers can be 

considered inadequate in low temperature systems with lithium concentrations lower than 1ppm 

(D´Amore et al., 1987). Additionally, the Mg-Li geothermometer can also be affected by the Mg 

uptake during the ascent of waters to surface as in the case of K-Mg geothermometer. 

Other	geothermometers	specifically	developed	for	low	temperature	carbonate	systems	

Two alternative geothermometers were developed to be applied in this type of systems: the Ca-

Mg and the SO4-F geothermometers. They were first proposed by Marini et al. (1986) and then 

revised by Chiodini et al. (1995). The Ca-Mg geothermometer is based on the calcite-dolomite 

equilibrium in the deep reservoir, which can be easily attained in carbonate rocks. However, this 

geothermometer is not always free of uncertainties because it is affected by the solubility of 

these minerals and, although for calcite is quite well defined, in the case of dolomite it will be 

dependent on its order degree (Chiodini et al., 1995). The SO4-F geothermometer requires the 

anhydrite-fluorite equilibrium to be attained in the reservoir and therefore, it can only be applied 

in systems where evaporitic rocks are present and even in these cases it is not always applicable 

as fluorite is not common in these systems (Chiodini et al., 1995). 

3.4.1.2 Isotopic	geothermometers	

The isotopic geothermometers are based on similar assumptions than the chemical 

geothermometers, that the isotope fractionation between two species in equilibrium is a function 

of the temperature of the waters, calculating the isotope fractionation as expressed in eq. (1): 

1000 1000
1000
1000

									 1  

where δA and δB are the isotopic signature of the species 

The most used isotopic geothermometers are those based on the δ18O exchange between water 

and the sulphate species. Some others used in this thesis have been the ones based on the δ13C 

exchange between CO2 and HCO3, and on the δ18O exchange between CO2 and water. The 

isotopic geothermometers and calibrations used along this thesis are listed in Table 2. 
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Table 2. Isotopic geothermometers and calibrates used in this study. 

Geothermometer Calibration Author 

CO2(gas)-HCO3
- 

(δ13CCO2-HCO3) 

9.483 10
1000	 23.89

273.15 Mook et al. (1974) 

1.092 10
1000	 4.54

273.15 Deines et al. (1974) 

CO2(gas)-H2O  
(δ18O CO2-H2O) 

16.6 10
1000	 4.69

273.15 O’Neil and Adami (1969) 

3.97 10
1000 0.31

273.15 Truesdell (1974)

17.6 10
1000	 17.93

273.15 Brenninkmeijer et al. (1983) 

SO4-H2O 
 (δ18OHSO4-H2O) 

3.26 10
1000	 5.81

273.15 Seal et al. (2000)1 

3.251 10
1000 5.1

273.15 Friedman and O'Neil (1977). 

SO4-H2O 
 (δ18OSO4-H2O) 

2.41 10
1000	 5.77

273.15 Halas and Pluta (2000) 

2.68 10
1000	 7.45

273.15 Zeebe (2010)

SO4-H2O 
 (δ18OCaSO4-H2O) 

3.31 10
1000	 4.69

273.15 Boschetti et al. (2011)2 

1This calibration is the combination of those of Lloyd (1968) and Mizutani and Rafter (1969). 
2This calibration is the combination of those of Chiba et al. (1981) and Zheng (1999). 

As already explained for the chemical geothermometers, the application of the isotopic 

geothermometers also presents problems due to the possible reequilibrium during the ascent of 

the waters and due to the lack of equilibrium in low temperature systems, where the 

fractionation process is slower. 

In the case of the geothermometers based on the δ18O exchange between the water and the 

sulphate species, the calibration should be selected according to the dominant sulphate species 

in the water. The classical and traditionally used calibrations are those based on the δ18O 

exchange between water and the HSO4
- species (Friedman and O’Neil, 1977; Seal et al., 2000) 

but this species is only dominant in acidic waters. Other more recent calibrations consider the 

SO4
2- species (Halas and Pluta, 2000; Zeebe, 2010) which will be expected to control the 

equilibrium exchange in neutral waters. Finally, Boschetti et al. (2011) proposed the use of the 
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calibration based on the δ18O exchange between water and dissolved anhydrite (CaSO4
0) in 

systems where the waters have attained the equilibrium with respect to this mineral phase. 

3.4.1.3 Geochemical	modelling	

Geochemical modelling can be defined as the interpretation of hydrogeochemical systems by 

applying different chemical and physical principles (Gimeno and Peña, 1994). In this way it is 

possible to define the chemical states of the waters (distribution of species and water saturation 

states with respect to the mineral phases), understand the interaction processes of water, rock 

and gases and predict the chemical changes (Bethke, 2008). The geochemical modelling has 

suffered a great evolution from the early 60s, when the pioneers Garrels and Thompson (1962) 

applied the first model, by hand calculation, to obtain the species distribution in seawater. Then, 

Garrels and Mackenzie (1967) developed what today is known as reaction path modelling 

(which will be explained latter) predicting the reactions in a spring when the water evaporated. 

The next step was given by Helgeson (1968) introducing the computerised modeling which has 

exponentially developed since then. 

Thermodynamic	data	

Many geochemical codes are available with different capacities. The code selected for this study 

was the PHREEQC code (Parkhurst and Appelo, 2013) and two of the thermodynamic 

databases provided with it: the LLNL database (derived from the database 

'thermo.com.V8.R6.230' by Johnson et al., 2000) and the WATEQ4F database (Ball and 

Nordstrom, 2001). The first one includes reliable data for a great number of minerals and 

aqueous species in a temperature range of 0 to 300 ºC, including polynomic expression fitted to 

experimental data for the calculation of the equilibrium constants at different temperatures 

(Johnson et al., 2000). The second one includes a vast number of major and trace species, 

mineral and gas phases for natural water systems, and it is applicable with confidence in the 

temperature range from 0 to 100 ºC (Ball and Nordstrom, 2001). This database uses the Van’T 

Hoff equation1 for the calculation of the equilibrium constants at different temperatures, except 

for some minerals such as calcite, anhydrite or quartz, where it uses a polynomic expression as 

in the LLNL. 

1 
∆

.
, where  is the equilibrium constant at the desired temperature, 

the equilibrium constant at 25 ºC, ∆  the standard reaction enthalpy,  the gases constant,  the 
temperature and  the temperature of 25 ºC.
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The results obtained can be slightly different depending on the selected database and therefore, 

a sensitivity analysis to the thermodynamic data was performed in Blasco et al. (2017) to 

evaluate the possible uncertainties. This analysis can be found as supplementary material in this 

thesis dissertation. 

The thermodynamic data for some minerals, such quartz or calcite, are quite well know, but 

even in those cases some minor differences in the results between databases can be found. The 

differences are larger for minerals such as dolomite or the aluminosilicates. In the case of 

dolomite the uncertainties are associated to the order degree (Carpenter, 1980; Chiodini et al., 

1995; Helgeson et al., 1978; Hyeong and Capuano, 2001; Reeder, 2000) and in the 

aluminolisicates to the crystallinity or the variations in the composition (Merino and Ramson, 

1982; Nordstrom et al., 1990; Palandri and Reed, 2001). Apart from the evaluation of the 

uncertainties associated to these two thermodynamic databases, some additional thermodynamic 

data have been included in the WATEQ4F database for some aluminosilicate phases and 

dolomite. Everything about the uncertainty analyses has been thoroughly described and 

evaluated in the papers presented in the Results section. 

Charge	imbalance		

The charge imbalance calculation is one of the first information obtained when a modelling is 

performed with the assistance of PHREEQC code (and other codes also) and provides valuable 

information regarding the analytical data. It is an indicator of the accuracy and reliability of the 

analytical data, at least for the major elements (e.g. Appelo and Postma, 2005). It should be one 

of the first things to evaluate prior to perform the next modelling calculations. PHREEQC 

calculates the charge imbalance considering the positive (Na+, Ca2+, Mg2+, K+) and negative 

charges (HCO3
-, Cl-, SO4

2-) as indicated in eq. (2):  

%	
∑ ∑

∑ ∑
															 2  

where mi is the molal concentration of the dissolved species and zi their charge (in absolute 

value). Imbalance of about 2 % are almost inevitable in the majority of laboratories (Parkhurst 

and Appelo, 2013), but, in general, analyses are considered acceptable up to charge imbalances 

of 5 %. Imbalances higher than that indicate that the analyses should be re-examined and 

considered with caution (Appelo and Postma, 2005; Nordstrom et al., 1989). 
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Speciation‐solubility	calculations	

The speciation-solubility calculations allow obtaining the distribution, concentration and 

activity of the dissolved species present in the water and the saturation indices (SI) of the water 

with respect to the mineral phases. The saturation index is calculated according to eq. (3): 

SI log
IAP

												 3  

where KT is the equilibrium constant of the mineral at the considered temperature and IAP is the 

ionic activity product calculated as in eq. (4): 

IAP
aB aC
aA

												 4  

where, aA, aB and aC are the activities of the products and reactants in the schematic reaction 

A  B + C. 

A value of SI = 0 (IAP = KT) indicates that the water is in equilibrium with respect to that 

mineral phase while SI > 0 (IAP > KT) and SI < 0 (IAP < KT) represent over- and 

undersaturation situations respectively. 

Geothermometrical	modelling	

The geothermometrical modelling, as for the chemical and isotopic geothermometers, allows 

determining the water temperature in the deep reservoir, and it also needs the same assumptions: 

the existence of water – minerals equilibria at depth and that the chemical composition has not 

changed during the ascent of the waters to the surface. 

This methodology was initially proposed to be used in alkaline thermal waters by Michard and 

his co-workers (Michard et al., 1986; Michard and Fouillac, 1980; Michard and Roekens, 1983) 

but it was soon generalised to other types of thermal systems by Reed and co-workers (Palandri 

and Reed, 2001; Pang and Reed, 1998; Reed and Spycher, 1984). 

Although the assumption made is that the measured elemental concentrations have not changed 

during the ascent to surface, the waters will undergo a cooling process which will lead to a 

redistribution of the dissolved species and to changes in the saturation state of the waters with 

respect to some minerals. In this context, the geothermometrical modelling strength is that it can 

reconstruct the conditions at depth by simulating a progressive increase of the temperature to a 

value in which the saturation states of a certain set of minerals is in, or close to, equilibrium, 

which will be indicative of the reservoir temperature. 

The selection of the minerals to consider in the modelling is one of the key points and it has to 

done according to the mineralogy present in the aquifer and choosing those minerals that the 
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waters are expected to be in equilibrium with. The minerals that have been considered in the 

systems studied in the thesis are calcite, dolomite and anhydrite, since they are hosted in 

carbonate rocks in contact to evaporitic facies, and some others such as quartz, albite, K-

feldspar and other aluminosilicates since the waters are also in contact to some detrital material 

(see the papers for more information). 

Although this technique, like the chemical geothermometers, is also based on the assumption of 

the mineral equilibria at depth, it presents several advantages over them: 

- It allows a better identification of the mineral equilibria in the deep reservoir (Michard 

et al., 1986; Michard and Fouillac, 1980; Michard and Roekens, 1983). 

- The modelling can be performed considering two different approaches: 1) in closed 

system conditions, assuming the only process affecting waters is cooling during the 

ascent; or 2) in open system conditions, assuming the waters undergo reequilibration 

processes during the ascent and allowing precipitation – dissolution of mineral phases. 

- Finally, by using different approaches, the action and effects of secondary processes can 

be identified and corrected as for example CO2 outgassing (Palandri and Reed, 2001; 

Pang and Reed, 1998) or mixing with shallower and cooler waters (Pang and Reed, 

1998). 

Direct	and	inverse	modelling	

The main aim of the geochemical modelling is to find the model that explains the characteristics 

of the waters and is able to predict how they would evolve under certain conditions. These 

models can be obtained in a direct or in an inverse way (e.g. Plummer, 1992, 1984). 

The inverse modelling is also known as mass balance calculation. It defines the mass transfers 

taking place between two, or more, connected points in a system from the known chemical 

characteristics of the waters in those points. The model predicts the minerals that precipitate or 

dissolve, the ion exchanges, the ingass or outgass process and the quantities of these reactions. 

This type of calculation provides all the mathematically possible combinations of mass transfer 

reactions which would explain the observed concentration changes between the two connected 

points, in the form of several possible models. The limitation is that this calculation only 

considers the mass balance principle without taking into account the thermodynamic feasibility 

of the considered reactions (e.g. Zhu and Anderson, 2002). 

The direct modelling, also known as reaction path calculations, consists of predicting the 

evolution of a water under certain established conditions from the known chemical composition 

of that water. The hypothetic composition of the final water is predicted along with the minerals 
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that will precipitate or dissolve when certain reactions are assumed to take place in the system. 

In this case the calculation considers the thermodynamic principles (Zhu and Anderson, 2002). 

A good agreement between some of the mass balance models and the reaction path calculations 

would support the feasibility of those reactions in the system. 

3.4.2 Solid	data	treatment	

As the study of the travertine samples has been mainly focused on the evaluation of the stable 

isotope fractionation, only this treatment is summarised next. 

3.4.2.1 Stable	isotope	fractionation	

The isotopic signature of carbonate precipitates (travertines or speleothems) is widely used in 

paleonvironmental and paleoclimatic reconstructions since the isotopic fractionation between 

water and the precipitating carbonate, calculated as previously expressed in equation 1, is a 

function of temperature (e.g. Andrews, 2006; Capezzuoli et al., 2014; Ford and Pedley, 1996; 

Fouke et al., 2000; Garnett et al., 2004; Jones and Renaut, 2010; Kele et al., 2011, 2008; 

Lachniet, 2015; Liu et al., 2006, 2010; Osácar et al., 2016, 2013; Pedley, 2009; Pentecost, 

2005). However, the interpretation of the isotopic contents is not always easy since the 

fractionation can be affected by factors such as the CO2 outgassing or the precipitation rates (e. 

g. Fouke et al., 2000; Kele et al., 2008; 2011). Another difficulty is that various fractionation

equations have been proposed for calcite–water fractionation and aragonite–water fractionation 

but there is not an agreement about if they are actually representative of the real equilibrium 

(e.g. Kele et al., 2015; Lachniet, 2015). Therefore, the study of recent precipitates, where the 

isotopic data of water and solid carbonate are available, provides useful information to obtain a 

better interpretation of ancient carbonate precipitates. 

The δ13C data in this study cannot be used for this purpose because they were measured in the 

dissolved inorganic carbon (DIC) which could be considered to be as HCO3- and the 

fractionation between aragonite (or calcite) and HCO3
- has been reported to be independent of 

temperature (Rubinson and Clayton, 1969; Turner, 1982; Romanek et al., 1992). Only the δ13C 

fractionation between aragonite (or calcite) and the dissolved CO2 is temperature-dependant 

(e.g. Chacko et al., 2001; Romanek et al., 1992; Scheele and Hoefs, 1992). 

Regarding the δ18O, several δ18O aragonite – water equilibrium equations have been applied 

(Table 3): 
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Table 3. Different δ18O equilibrium equations considered. Temperature (T) is in Kelvin and δ18O values 

are vs. V-SMOW. 

Equilibrium equation Author 

δ18Oaragonite-water 

1000	 18.04
1000

31.12 
Grossman and Ku 

(1986) 

1000	 18.56
1000

33.49 Patterson et al. (1993) 

1000	 18.56
1000

32.54 Thorrold et al. (1997) 

1000	 16.74
1000

26.39 White et al. (1999) 

1000	 18.45
1000

32.54 Böhm et al. (2000) 

1000	 20.44
1000

41.48 Zhou and Zheng (2003) 

1000	 17.88
1000

30.76 Kim et al. (2007) 

1000	 12.815 5.793 3.7554 ∗ 10 3.2966 ∗
10 2.2189 ∗ 10 8.9981 ∗ 10 1.636 ∗

10   

Chacko and Deines 
(2008)1 

1000	 22.5
1000

46.1 Wang et al. (2013) 

δ18Oaragonite/calcite-

water
1000 20

1000
36 Kele et al. (2015) 

δ18Ocalcite-water 
1000	 18.03

1000
32.17 Kim and O’Neil (1997) 

1000	 17.4
1000

28.6 Coplen (2007 

1x = 106/T2, where T is Kelvin 

- Grossman and Ku (1986) derived their equation from aragonitic foraminifera, 

gastropods and scaphods in the temperature range of 2.5 to 26 ºC. 

- Patterson et al. (1993) deduced the equation from the characterisation of aragonitic fish 

otoliths in the temperature range of 3.2 to 30.3 ºC. 

- Thorrold et al. (1997) also deduced an equation from aragonitic fish otoliths in the 

temperature range of 18 to 25 ºC. 

- White et al. (1999) studied aragonitic marine molluscs in the range of temperatures 

from 8 to 24 ºC to derive an equation. 

- Böhm et al. (2000): proposed and equation from the evaluation of aragonitic sponges in 

the temperature range of 3 to 28 ºC. 

- Zhou and Zeng (2003) performed experiments of aragonite precipitation in the 

temperature range of 10 to 70 ºC to obtain the equation 
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- Kim et al. (2007) carried out experiments with inorganic synthetic aragonites in the 

temperature range of 10 to 40 ºC to propose their equation.  

- Chacko and Deines (2008) derived an equation applicable in the temperature range of 0 

to 130 ºC from the calculation of the partition function ratios (for aragonite and water) 

from statistical mechanical calculation and a compilation of vibrational frequency data.  

- Wang et al. (2013): deduced the equation after aragonite precipitation from seawater 

experiments in the temperature range of 25 – 55 ºC. 

- Kele et al. (2015): proposed an equation from a combination of data of natural calcite 

and aragonite travertines. Therefore, it can be used in travertines composed by a 

mixture of aragonite and calcite. 

As one of the studied samples consists of a calcite – aragonite mixture the two most common 

δ18O calcite – water fractionation equations have also been used (Table 3): 

- Kim and O’Neil (1997): derived from inorganic calcites synthesised in laboratory in the 

range of 10 to 40 ºC.  

- Coplen (2007): proposed the equation from vein calcite samples from Devils Hole 

(Nevada, USA). 
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A B S T R A C T

The Tiermas low temperature geothermal system, hosted in the Paleocene-Eocene carbonates of the Jaca-
Pamplona basin, has been studied to evaluate the geochemistry and the temperature of the waters in the deep
reservoir. These waters are of chloride-sodium type and emerge with a temperature of about 37 °C. Two hy-
drogeochemical groups of waters have been distinguished: one with lower sulphate concentration and lower TDS
(about 7500 ppm) and the other with higher sulphate content and TDS values (close to 11,000 ppm). There are
also slight differences in the reservoir temperature estimated for each group. These temperatures have been
determined by combining several geothermometrical techniques: (1) classical chemical geothermometers (SiO2-
quartz, Na-K, K-Mg and Na-K-Ca), (2) specific geothermometers for carbonate systems (Ca-Mg), (3) isotopic
geothermometers and, (4) geothermometrical modelling.

The good agreement in the temperature obtained by these techniques, including the cationic geotherm-
ometers which are not usually considered suitable for this type of systems, allows establishing a reliable range of
temperature of 90 ± 20 °C for the low-sulphate waters and 82 ± 15 °C for the high-sulphate waters.

The mineral assemblage in equilibrium in the reservoir is assumed to be the same for both groups of waters
(calcite, dolomite, quartz, anhydrite, albite, K-feldspar and other aluminosilicate phases); therefore, the differ-
ences found in the reservoir temperature and, mostly, in the geochemical characteristics of each group of waters
must be due to the existence of two flow paths, with slightly different temperatures and intensity of water-rock
interaction.

Anhydrite is at equilibrium in the reservoir suggesting that, although this system is hosted in carbonates,
evaporites may also be present. The dissolution of halite (and the consequent increase in the chloride con-
centration) conditions the chemical characteristics of the waters and the equilibrium situations in the reservoir
and waters acquire their chloride-sodium affinity at depth and not during their ascent to the surface.

Finally, a favourable tectonic structure for CO2 storage has been recognised in the Paleocene-Eocene car-
bonates of this area. Therefore, considering the characteristics of these waters (in equilibrium with calcite,
dolomite and anhydrite in the reservoir), the results of this work are useful to understand some of the geo-
chemical processes that might take place during the CO2 injection: 1) precipitation of carbonates and sulphates
in the vicinity of the injection well due to desiccation of the waters and, 2) carbonate dissolution and sulphate
precipitation in the long term.

1. Introduction

Geothermal systems have always been of interest for industrial or
touristic use of their waters (e.g., in greenhouses or balneotherapy).
One of the first steps in the evaluation of the geothermal potential of an
area is the study of the geochemical and isotopic characteristics of the

thermal springs (e.g. D'Amore and Arnórsson, 2000). These studies 
provide information about the water evolution along the hydrological 
circuit and about its temperature in the reservoir. The general geo-
chemical and geothermometric characterisation of the Tiermas geo-
thermal system is presented in this paper.

The Tiermas thermal waters have been used in balneotherapy since
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Roman times. Nowadays the springs are covered by the waters im-
pounded by the Yesa dam during most of the year. However, these
springs become exposed frequently during late summer and many
people come to benefit from their therapeutic properties. New projects
to use these thermal waters again are being proposed. The spring
temperature is about 40 °C and the flow rate 200 L/s and they are
considered one of the most important geothermal systems in Aragon for
its geothermal potential (Sánchez, 2000; Sánchez et al., 2004).

During the development of the ALGECO2 project, conducted by the
Spanish Geological Survey (IGME), the Paleocene-Eocene carbonate
rocks in this area (which is the most feasible aquifer of the Tiermas
waters; see below) were considered a favourable structure for CO2

geological storage (Leyre-Berdún structure, southwards Leyre Sierra;
Suárez et al., 2014). This makes the study of these waters a potential
analogue study for the ones expected to be in the proposed CO2 storage,
from which there are not yet hydrochemical data (Suárez et al., 2014;
Gaus, 2010).

Despite the well known interest of the system, its hydrological and
hydrochemical features are still poorly known due to the complex
geology of the zone. Thus, the aim of this work is to fill in this gap with
the geochemical characterisation of these waters and the estimation of
the reservoir temperature using classical and geothermometrical mod-
elling techniques.

2. Geological and hydrological setting

The Tiermas springs are located in the Aragonian pre-Pyrenees, in
the northwest of the Zaragoza province (Fig. 1). They emerge in the
north shore of the Yesa reservoir, which covers the springs during most
of the year. Geologically, the system is located in the Jaca-Pamplona
Basin, between the Boltaña anticline and the Pamplona fault, and
bounded on the north by the Axial Zone and the Inner Ranges and on
the south by the Outer Ranges (Fig. 2). The Jaca-Pamplona Basin is
elongated in east-west direction, parallel to the general trend of the
Pyrenees. Overall, the structure of the basin is an asymmetric syncline
dipping south and filled with Tertiary formations (Larrasoaña et al.,
1996; Bauluz et al., 2008). The evolution of this basin was conditioned
by a compressional context. The South Pyrenean zone was a foreland
basin during the Cretaceous and a deep trench opened westwards re-
ceiving sediments from a turbiditic system. In the Middle Eocene this
basin was transformed in a piggy back basin, with southwards dis-
placement due to the propagation of the South Pyrenean Basal Thrust
and, eventually, was filled by tertiary sediments (Payros et al., 1994;
Oliva et al., 1996).

The Jaca Basin has a great structural complexity: there are two main
structural trends that give rise to two fault systems, one with NNE-SSW
direction, due to the reactivation of the tardi-hercynian fault systems,
and the other with E-W direction (Fig. 1), which corresponds to the
Pyreneean trend (IGME, 1973).

2.1. Stratigraphy

Stratigraphically, the Jaca-Pamplona Basin is constituted by Triassic
to Miocene formations with a sedimentary and metasedimentary
Paleozoic basement (Saura and Teixell, 2006). The Triassic rocks be-
long to the Bundsandstein and Keuper Facies, with about 400 m of
conglomerates, sandstones and lutites, and 150 m of evaporites, lutites
and limestones, respectively (Pueyo et al., 2012), although due to the
role of the Keuper Facies as detachment level, it is difficult to determine
its exact thickness. These Triassic formations are directly overlaid by a
marine series deposited in the foreland South Pyreneean basin during
the Upper Cretaceous: the Paleocene Alveoline Limestones, the Lower
and Middle Eocene Guara Limestones and turbidites of the Hecho
Group (IGME, 1973; Faci, 1997). This is followed by a regressive car-
bonate series in the Middle and Upper Eocene formed in an external
platform and a prodelta system constituted by the Sabiñanigo

Sandstones (the Larres Marls in other areas), the Arguis-Pamplona
Marls and the Belsué-Atarés marls and sandstones. These formations are
overlaid by evaporitic rocks, which indicate the transition to a paralic
continental environment, and are constituted by halite, anhydrite and
potassium salts (sylvite and carnallite) units (e.g. Ayora et al., 1994,
1995). The potash units are restricted to the depocenter and they are
mostly absent in the rest of locations (Ayora et al., 1994); for instance,
in the hydrocarbon exploration drilling Sangüesa 1 (Fig. 1) these eva-
porites are only constituted by anhydrite and halite at depth.

Finally, the last stage of the basin evolution corresponds to the al-
luvial filling of the Jaca-Pamplona Basin that is represented in the
Oligocene and Miocene continental formations (Campodarbe Group
and Bernués and Uncastillo Formations; IGME, 1973; Faci, 1997).

In the context of this study, the Upper Cretaceous and the
Paleocene-Eocene formations are of special interest as they constitute
the potential geothermal formations (FG6 and FG7; Sánchez, 2000;
Sánchez et al., 2000, 2004) for the Tiermas thermal springs. The
thickness of the Upper Cretaceous is about 200 m in the area and it is
constituted, at its base, by dolomitic limestones, marls and sandy
limestones and, at the top, by the Marboré Sandstones (calcarenites
with sandstones and siliceous conglomerates in the uppermost part;
IGME, 1973; Faci, 1997).

In the Paleocene-Eocene formations, the Alveoline Limestones are
120 to 300 m thick, and consist of carbonates and calcarenites, with
sparitic or microsparitic cement, bioclasts, quartz grains and, locally,
oncoids, ooids and intraclasts (IGME, 1973; Faci, 1997). The Guara
Limestones in the area are about 100 m thick and consist of bioclastic
limestones with abundant siliciclastic rocks at the bottom that grade to
marls towards the top (IGME, 1973; Puigdefàbregas, 1975; Faci, 1997).
Exploratory drilling at depths between 2800 and 3700 m shows that
these limestones from the Paleocene-Lower Eocene (Alveoline and
Guara Limestones) are dolomitic at the bottom (Sánchez Guzmán and
García de la Noceda, 2005). Finally, the Hecho Group consists of sets of
siliciclastic turbidites and hemipelagic marls with calcite, illite, chlorite
and minor albite and dolomite (Bauluz et al., 2008). The most arenitic
parts contain lithic fragments and clasts of quartz, plagioclase, K-feld-
spar and muscovite (Gupta and Pickering, 2008). Embedded in these
materials appear the so-called carbonated mega-layers (or mega-turbi-
dites), which are thick and laterally continuous carbonate-cemented
breccias and calcarenites, removed from a platform and re-deposited in
a deep marine trench. Up to seven mega-layers with up to 200 m of
thickness have been identified in the Jaca-Pamplona Basin (IGME,
1973; Payros et al., 1994; Faci, 1997; Bauluz et al., 2008).

These formations, considered as the suitable aquifer of the waters
studied here, although mainly constituted by carbonates, they also
contain siliciclastic rocks, which will determine the geochemical char-
acteristics of the waters (see below).

2.2. Hydrogeology

Sánchez (2000) and Sánchez et al. (2000, 2004) distinguish several
geothermal formations in the Pyrenees area defining them as “geolo-
gical units able to store water or other fluids at a specific temperature
and under specific mobility conditions suitable to allow some type of
geothermal exploitation”. Two of them, FG6 and FG7, are located in the
studied area, the first one corresponds to the Upper Cretaceous for-
mations and the second is formed by the Alveoline Limestones (Paleo-
cene), the Guara Limestones (Paleocene-Eocene) and the mega-
turbidites from the Eocene Flysch. The second one is considered the
potential aquifer of the Tiermas springs (ITGE-DGA, 1994; Faci, 1997;
Sánchez, 2000; Sánchez et al., 2000, 2004) and of the geothermal
system of Jaca-Serrablo (about 70 km NE from Tiermas; Sánchez
Guzmán and García de la Noceda, 2005).

The Tiermas waters are chloride-sodium/calcium-sulphate type
with a TDS (total dissolved solids) higher than 10,000 ppm. Other
waters also hosted in the Alveoline Limestones show different chemical
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Fig. 1. Location of the Tiermas geothermal system and geological map of the area
(modified from Oliva-Urcia et al., 2012).

Fig. 2. Cross section showing the general structure of the Jaca-Pamplona Basin and the location of Tiermas Springs
(modified from ALGECO2 project: http://info.igme.es/algeco2/; IGME, 2010).
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features. For example, the groundwaters sampled in a piezometric
borehole in Romanzado (12 km NW of Tiermas) are calcium-bicarbo-
nate type (Consulnima, 2011) and the waters from the Jaca-Serrablo
geothermal system have TDS values around 2000 ppm (Sánchez
Guzmán and García de la Noceda, 2005). The lithological features of
the potential aquifer of Tiermas springs (the Alveoline Limestones) do
not include the presence of suitable rocks to provide a chloride-sodium/
calcium-sulphate composition to the waters. One hypothesis is that the
waters would acquire these chemical components during their ascent to
surface due to the contact with the evaporites from the limit between
the Upper Eocene and the Oligocene (ITGE-DGA, 1994). Another pos-
sibility could be that the structural complexity of the area (Fig. 2) puts
the waters in the deep reservoir into contact with the evaporitic rocks
from the Keuper Facies or from the formations of the Eocene-Oligocene
limit.

The possible areas proposed as recharge zones for the Tiermas
geothermal system are outcrops of Paleocene and Eocene carbonates in
the Leyre Sierra (Fig. 1), in the Illon and Orba Sierras (Fig. 1), and in the
Inner Ranges (Fig. 2; Auqué, 1993; ITGE-DGA, 1994; Sáenz, 1999;
Consulnima, 2011). In any case, these springs result from the upward
discharge of a deep (and, therefore, warm) groundwater flow. The rise
of these waters to the surface is probably due to the NNE-SSE fractures
that interrupt the N-S flow and force this to be vertical, resulting in a
flow rate of about 200 L/s (Auqué, 1993; ITGE-DGA, 1994).

The limited information available about the Tiermas geothermal
system and the structural complexity of the area makes the character-
isation of the possible aquifer lithologies and the hydrological circuit,
difficult.

3. Methodology

After reviewing the available analytical data about the Tiermas
geothermal system, the unpublished results from the sampling cam-
paign carried out in 1985 (Auqué, 1993) were selected because this
campaign produced a complete analytical data set including hydro-
chemical and isotopic data of the spring waters and in situ measure-
ments of temperature, pH, and electrical conductivity. Another sample
from 1991 (ITGE-DGA, 1994), taken in a shallow control borehole near
the thermal springs, was included in this study to complete the char-
acterisation of the system; in this case the electrical conductivity and
pH were measured in the laboratory and there are no data for tem-
perature, although an estimated value has been considered for this
parameter. The rest of available chemical analyses since 1991 show a
progressive decrease in the salinity of the thermal waters studied here.
As they seem to represent a modification of the original situation in the
thermal system (e.g. mixing and/or dilution) we decided to not consider
them in this work. Table 1 compiles the chemical and physicochemical
parameters for the selected samples indicating the laboratories where
they were analysed.

The charge imbalance for the water samples was calculated with the
PHREEQC code (Parkhurst and Appelo, 2013) and the results showed
that all the samples have a charge imbalance lower than± 5%
(Table 1). This value is in the range usually accepted as valid
(Nordstrom et al., 1989; Appelo and Postma, 2005) and supports the
reliability of the data used in this study. The lack of aluminium data in
most of the samples has been solved by fixing the aluminium content in
the water imposing equilibrium with an aluminosilicate phase in the
geothermometrical modelling (Pang and Reed, 1998; Palandri and
Reed, 2001).

3.1. Chemical and isotopic geothermometers

The chemical geothermometers are the classical method to de-
termine the reservoir temperature in geothermal systems. They use
empiric or experimental calibrations based on heterogeneous chemical
reactions (temperature dependent) from which the equilibrium

temperature can be calculated (e.g. Marini, 2004) using the elemental
contents controlled by those heterogeneous reactions and assuming that
the contents have not suffered significant changes during the rise of the
waters to the surface.

A vast choice of geothermometers with various calibrations and
suitable for different systems exists at present (e.g. see the review from
D'Amore and Arnórsson, 2000). For example, the use of the cationic
geothermometers (e.g. Na-K, K-Mg) has been proven very useful to
estimate the reservoir temperature in high temperature systems
(> 180 °C), in which the equilibrium between the water and the mi-
nerals in the reservoir is generally reached. However, their use in in-
termediate to low temperature systems or in carbonate-evaporitic re-
servoirs, as the case studied here, is usually considered inappropriate
due to the range of their calibration temperatures, the chemical features
of the water used for the calibration and/or the mineral phases involved
in the equilibrium situations (Auqué, 1993; Chiodini et al., 1995;
D'Amore and Arnórsson, 2000). Despite these limitations, the K-Mg and
silica geothermometers and some of their calibrations have been use
here as they have provided good results in similar systems (Fernández
et al., 1988; Michard and Bastide, 1988; Pastorelli et al., 1999; Wang
et al., 2015). Moreover, as shown later, the use of the classical Gig-
genbach diagram (Giggenbach, 1988) indicates that Tiermas thermal
waters fall on the field of the partially equilibrated waters, or near the
fully equilibrate waters field, depending on the calibration considered,
suggesting that the use of the cationic geothermometers, including the
Na-K one, could be adequate.

The geothermometers that are more specific for low temperature
carbonate-evaporitic systems and, therefore, more suitable for this
study, are the Ca-Mg and the SO4-F geothermometers, firstly developed
by Marini et al. (1986) and then revised by Chiodini et al. (1995). They
are based on the assumption that Ca/Mg and SO4/F ratios are mainly
controlled by temperature. The Ca-Mg geothermometer assumes the
equilibrium of the waters with calcite and dolomite in the reservoir,
which is reasonable in this type of systems. However, the results can be
affected by the solubility of these mineral phases and whilst the calcite
solubility is quite well known, the solubility of the dolomite depends on
the degree of order/disorder. With respect to the SO4-F geotherm-
ometer, it can only be applied to waters fully equilibrated with

Table 1
Analytical data of the waters included in this study. Sample B1 was taken in a control
borehole in 1991 and the electrical conductivity and pH were measured in the laboratory.
The temperature value shown in the table is an estimated value. T1, T2, T3 and T4
correspond to springs sampled in 1985 (Auqué, 1993) and the temperature, pH, and
electrical conductivity were measured in situ. Apart from one sample from 1985 (T1,
analysed in the Geochemistry Department of the University of Barcelona) the rest of the
waters were analysed in the Navarra Provincial Government laboratories and the isotopic
determinations were performed in the University of Paris. Sample B1 was analysed in the
Spanish Geological Survey laboratories. The TDS values (calculated using PHREEQC) and
the concentration of dissolved elements are expressed in ppm.

B1 T1 T2 T3 T4

Temp. (°C) 38 38.7 38.9 37.3 38.6
TDS 7169.1 7750.3 10,891 10,653 10,905
pH 7.6 6.75 6.84 6.79 6.99
HCO3

− 245 233 225 227 223
Cl− 3028 3573 3260 2975 3005
SO4

2− 1300 1035 3500 3650 3800
Ca 330 270 322.6 331.2 318.4
Mg 97 90 83.3 87.8 98.7
Na 2060 2400 3315 3195 3287
K 33 42 31 31 31
B 0.5
F 1.8 1.9
Fe 0.033 0.143
Li 0.77
Al 0.182
SiO2 22.3 28 28 28 27
% Imbalance −0.7 −0.24 −0.14 0.02 0.14
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anhydrite and fluorite in the reservoir (Chiodini et al., 1995), which is
not always the case in this type of systems. The chemical geotherm-
ometers and calibrations finally selected are listed in Table 2.

Additionally, various isotopic geothermometers have been used

including δ13C CO2-HCO3, δ18O CO2-H2O and δ18O SO4-H2O (Table 3).
These geothermometers are based on the assumption that two species
are in isotopic equilibrium and the isotope exchange is a function of
temperature. These geothermometers could also present problems

Table 2
Chemical geothermometers and calibrations used in this work. Concentration units for the elements involved are all in mg/L except for the calibration proposed by Michard (1979) in
which the concentrations are expressed in mol/L.

Geothermometer Calibration Author

SiO2-quartz =
−

−T
log SiO

1315
5.205 ( )

273.15
2

Truesdell (1976)

=
−

−T
log SiO
1309

5.19 ( )
273.15

2

Fournier (1977); Fournier and Potter (1982)

=
−

−T
log SiO

1322
0.435 ( )

273.15
2

Michard (1979)

SiO2-chalcedony =
−

−T
log SiO

1032
4.69 ( )

273.15
2

Fournier (1977); Fournier and Potter (1982)

=
−

−T
log SiO

1112
4.91 ( )

273.15
2

Arnorsson et al. (1983)

Na-K =
+

−( )T 1390
1.75 log

273.15
Na

K

Giggenbach (1988)

=
+

−( )T 1217
1.483 log

273.15
Na

K

Fournier (1979)

K-Mg =
−

−( )T 4410

13.95 log
273.15

K
Mg

2
Giggenbach et al. (1983)

Na-K-Ca =
+ ⎡

⎣
+ ⎤

⎦
+

−
( )( )

T
β

1647

log log 2.06 2.47
273.15

Na
K

Ca
Na

Fournier and Truesdell (1973)a

Ca-Mg =
− + ∑

−( )T
log eq

979.8
3.1170 log 0.07003

273.15
Ca

Mg)

Chiodini et al. (1995)b

SO4-F =
+ − ∑

−( )T
log eq

1797.7
0.7782 log 0.08653

273.15
SO

F4 2

Chiodini et al. (1995)b

a β= 4/3 should be used if the temperature obtained is lower than 100 °C; if with that value of β the temperature is higher than 100 °C, the temperature should be recalculated
considering β= 1/3.

b Σeq is the summation (in eq/L) of the major dissolved species. Chiodini et al. (1995) performed their calibration for the Ca-Mg geothermometer by using a disordered dolomite.

Table 3
Isotopic geothermometers and calibrations used in this work.

Geothermometer Calibration Author

CO2(gas)-HCO3
– (δ13CCO2-HCO3)

= ⎛

⎝
⎜

−
−

⎞

⎠
⎟ −− −

T
ln α

9.483·10
1000 23.89

273.15
CO HCO

3

2 3

Mook et al. (1974)

= ⎛

⎝
⎜ +

⎞

⎠
⎟ −− −

T
ln α

1.092·10
1000 4.54

273.15
CO HCO

6

2 3

Deines et al. (1974)

CO2(gas)-H2O (δ18O CO2-H2O)
⎜ ⎟= ⎛
⎝ +

⎞
⎠
−

−
T

ln α
16.6·10

1000 4.69
273.15

CO H O

3

2 2

O'Neil and Adami (1969)

= ⎛
⎝
⎜ −

⎞
⎠
⎟ −−

T
ln α

3.97·10
1000 0.31

273.15
CO H O

6

2 2

Truesdell (1974)

⎜ ⎟= ⎛
⎝ +

⎞
⎠
−

−
T

ln α
17.6·10

1000 17.93
273.15

CO H O

3

2 2

Brenninkmeijer et al. (1983)

SO4-H2O (δ18OHSO4-H2O)
= ⎛

⎝
⎜ +

⎞

⎠
⎟ −−−

T
ln α

3.26·10
1000 5.81

273.15
HSO H O

6

4 2

Seal et al. (2000)a

= ⎛

⎝
⎜ +

⎞

⎠
⎟ −−−

T
ln α

3.251·10
1000 5.1

273.15
HSO H O

6

4 2

Friedman and O'Neil (1977)

SO4-H2O
(δ18OSO4-H2O) =

⎛

⎝
⎜⎜ +

⎞

⎠
⎟⎟ −−−

T
ln α

2.41·10
1000 5.77

273.15
SO H O

6

4
2 2

Halas and Pluta (2000)

=
⎛

⎝
⎜⎜ +

⎞

⎠
⎟⎟ −−−

T
ln α

2.68·10
1000 7.45

273.15
SO H O

6

4
2 2

Zeebe (2010)

SO4-H2O
(δ18OCaSO4-H2O) = ⎛

⎝
⎜ +

⎞
⎠
⎟ −−

T
ln α

3.31·10
1000 4.69

273.15
CaSO H O

6

4 2

Boschetti et al. (2011)b

a This calibration is the combination of those of Lloyd (1968) and Mizutani and Rafter (1969).
b This calibration is the combination of those of Chiba et al. (1981) and Zheng (1999).
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associated to reequilibrium processes during the ascent of the waters
and to the calibrations. In order to take this into consideration, several
calibrations have been used for the geothermometer δ18O in SO4-H2O
(Boschetti, 2013): the classical calibrations based in the HSO4-H2O
exchange (Friedman and O'Neil, 1977; Seal et al., 2000), and the more
recent ones based on the SO4

2−-H2O (Halas and Pluta, 2000; Zeebe,
2010) and CaSO4-H2O exchange (Boschetti et al., 2011).

3.2. Geothermometrical modelling

This modelling is based on the same assumption as the classical
chemical geothermometers: the thermal waters have reached the
equilibrium with respect to the minerals in contact with them in the
reservoir of the geothermal system. Then, during the ascent to the
surface, the waters cool and change the distribution of the dissolved
species and, therefore, their saturation states with respect to the various
minerals. The modelling consists in reverse the ascent of the waters
simulating a progressive increase of the temperature up to a range in
which the saturation states of the waters with respect to several mi-
nerals (presumably present in the reservoir) coincide in an equilibrium
situation.

This technique was initially proposed for its use in alkaline thermal
waters by Michard and his co-workers (Michard and Fouillac, 1980;
Michard and Roekens, 1983; Michard et al., 1986) and later generalised
for other types of thermal systems by Reed and co-workers (Reed and
Spycher, 1984; Pang and Reed, 1998; Palandri and Reed, 2001; Peiffer
et al., 2014; Spycher et al., 2014). It presents some advantages over the
chemical geothermometers: a) it gives a better identification of the
mineral set in equilibrium with waters and of the chemical character-
istics of the thermal waters at depths (pH, for instance); and b) it allows
identifying the action and effects of secondary processes during the
ascent of the thermal waters to surface such as mineral reequilibria,
mixing with colder waters or outgassing processes (Michard and
Fouillac, 1980; Michard and Roekens, 1983; Reed and Spycher, 1984;
Michard et al., 1986; Tole et al., 1993; Pang and Reed, 1998; Palandri
and Reed, 2001; Asta et al., 2010).

In this study PHREEQC code (Parkhurst and Appelo, 2013) has been
used to carry out the geothermometrical modelling, using the LLNL
thermodynamic database distributed with the code.

4. Results

4.1. Chemical characteristics of the waters

The water samples studied here were taken from four springs in
1985 (T1, T2, T3 and T4; Table 1) and from a shallow borehole in 1991
(B1; Table 1), all of them located in an area of 50 m2. These samples are
separated into two groups: low-sulphate samples, B1 and T1, with low
sulphate concentration and low TDS (about 7500 ppm; Table 1) and
high-sulphate samples, T2, T3 and T4, with higher sulphate contents
and higher TDS values (close to 11,000 ppm; Table 1). These two
groups also present differences and similarities in some molar ratios:

• The Na/Cl ratio is near 1 for the samples of the low-sulphate group
and higher for the samples of the high-sulphate one (approximately
1.6). This indicates that the Na and Cl concentrations in the low-
sulphate group are controlled mainly by halite dissolution. Whereas,
the 1.6 value in the high-sulphate group indicates an extra con-
tribution of Na (e.g. associated to cation exchange).

• The Ca/SO4 ratio in the low-sulphate group is about 0.6, and 0.2 in
the high-sulphate. In both cases, as the contents of SO4 are assumed
to be controlled, almost entirely, by anhydrite dissolution, calcium
must be removed from the waters by precipitation of other minerals,
probably carbonates, or by cation exchange reactions.

• The Ca/HCO3 and Ca+Mg/HCO3 ratios are quite similar in both
groups (about 2 and 3, respectively), although both are a little

higher in the high-sulphate group. These ratios, much higher than 1,
would reflect the important contribution of anhydrite dissolution in
these waters.

• The Ca+Mg/HCO3+SO4 ratio (in eq/L) ranges between 0.85 and
0.88 (~1) in both groups. This indicates an important participation
of interaction processes involving carbonates and sulphates, but
with some additional intervention of other water-rock interaction
processes.

• The K/Cl ratio is much lower than 1 in both groups (about 0.01)
which means that sylvite is not a mineral phase with significant
influence in the chemical characteristics of the waters. The same can
be said about carnallite since the relation Cl:Mg:K in this phase is
3:1:1 and in the thermal waters is completely different (around
100:4:1). These facts suggest that the waters are not in contact with
the evaporitic Eocene-Oligocene or that these rocks do not contain
these minerals.

• Finally, the Mg/Ca ratio has similar values in both groups, ranging
between 0.42 and 0.55, which could be indicative of a calcite-do-
lomite equilibrium at similar salinities and temperatures in the re-
servoir.

These ratios show that the chemical characteristics of both water
types are highly influenced by carbonate and sulphate phases. Despite
the similar spring temperature in both groups, the differences found in
the chemical characteristics could be indicative of the existence of two
flow patterns affected by different intensities of water-rock interaction
processes.

For the two low-sulphate samples, B1 and T1, (Table 1) the lower
concentration of sulphate in T1 could result from sulphate reduction
despite the fact that there is not a significant increase in the HCO3

–

concentration compared to B1. The Tiermas thermal waters usually
present a rotten eggs smell and have been described as sulfidic (e.g.
Jiménez, 1838); therefore, the influence of sulphate reduction is fea-
sible. A removal of the HCO3

– upon sulphate reduction results from the
precipitation of a carbonate phase, which would also explain the lower
content of calcium in sample T1.

4.2. Isotopic characteristics of the waters

The isotopic data used here correspond to two samples from 1985:
sample T1 and a sample from the Yesa reservoir (Table 4). The δ18O-
δ2H isotopic ratio for these waters (and other unpublished data from the
Yesa reservoir in 2012 and one sample from a borehole in Tiermas;
Baeza et al., 2000; Fig. 3) is close to the Global Meteoric Water Line
δ2H = 8·δ18O + 10, defined by Craig (1961), the Regional Meteoric
Water Line for Spain δ2H = 8·δ18O + 9.27 (Díaz-Teijeiro et al., 2009)
and also to the Local Meteoric Water Line, δ2H = 5.6·δ18O − 7.6
(Baeza et al., 2000), which supports a meteoric origin for these waters
(Fig. 3). In high-temperature thermal systems, a positive δ18O-shift is
observed (e.g. Clark and Fritz, 1997) and since the Tiermas thermal
waters do not display such enrichment, this system should be regarded
as low-medium temperature.

δ18O and δ2H in meteoric waters are negatively correlated with
altitude (e.g. Clark and Fritz, 1997) and therefore, the depleted values

Table 4
Isotopic data of the water and of some dissolved species in sample T1 and Yesa Dam.

T1 Yesa Dam

CO2 HCO3
− SO4

2− Water Water

δ18O (‰ vs SMOW) 19.92 17.05 11.90 −9.87 −8.87
δ2H (‰ vs SMOW) – – – −70.0 −63.3
δ13C (‰ vs PDB) −8.86 −5.11 – –
δ34S (‰ vs CDT) – – 18.70 –
3T (TU) – – – < 3.4 13
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for 18O and 2H in the thermal water indicate a higher elevation for its
recharge area than for that of the waters in the Yesa reservoir. Un-
fortunately, there are no available regional data of the isotopic gradient
with altitude which would have allowed determining the recharge area
more accurately.

Finally, tritium in the thermal waters is below detection limit
(Table 4) indicating a recharge prior to 1952 and that they are not
affected by mixing with more recent waters (Clark and Fritz, 1997).

Some complementary information exists about the isotopic com-
position of the sulphates in the evaporites that might be in contact with
these thermal waters. The Keuper Facies presents values of 10.9–16.3‰
for the δ34S and 8.9–14.9‰ for δ18O (Utrilla et al., 1987). The isotopic
values in the rocks of the limit between the Upper Eocene and the
Oligocene are in the range of 12.9–23.6‰ for the δ34S and 9.8–11.9‰
for δ18O (Ayora et al., 1995). The isotopic values in the dissolved sul-
phate of the thermal waters are within these ranges, except the δ34S in
the dissolved sulphate which is slightly higher than the range reported
for the Keuper facies (which could be explained by the sulphate re-
duction process that affects sample T1). In any case, these data support
the hypothesis that the waters are in contact with some of these eva-
porites although, with the available data and considering the structural
complexity of the area, it is not clear if they are in contact with the
Keuper Facies or with the evaporitic rocks of Upper Eocene-Oligocene
limit.

4.3. Saturation states

The results obtained from the speciation-solubility calculations at
spring temperature are shown in Table 5. Except for sample B1 that is
oversaturated, the waters are close to equilibrium or slightly under-
saturated with respect to calcite, and more undersaturated with respect
to disordered dolomite. Their pCO2 values are higher than the atmo-
sphere and the oversaturation shown by sample B1 (related with its
lower pCO2) is possibly a result of CO2 degassing before the pH was
measured in laboratory. Waters are almost in equilibrium with chal-
cedony and are oversaturated with respect to quartz. They are under-
saturated with respect to gypsum, anhydrite, fluorite, and also with
respect to other evaporitic phases like halite, sylvite and carnallite. T1
is the only sample with aluminium concentration and it is clearly
oversaturated with respect to albite, K-feldspar, and other aluminosi-
licates potentially present in the reservoir such as kaolinite, pyr-
ophyllite, laumontite or clinochlore.

4.4. Geothermometrical calculations

4.4.1. Chemical geothermometers
The temperatures calculated (Table 6) with all the silica geo-

thermometers are similar for all samples because their silica contents
are also similar. The SiO2-quartz geothermometer yields 75–78 °C (B1 is
near 70 °C because its silica content is lower than the rest) whilst the
SiO2-chalcedony geothermometer yields lower temperatures, 44–48 °C
(38 °C for B1).

The K-Mg geothermometer provides values between 66 and 75 °C
for all the samples, closer to those deduced with the SiO2-quartz geo-
thermometer. The results obtained with the other cationic geotherm-
ometers show substantial differences depending on the sample con-
sidered and in the case of the Na-K geothermometer the temperature
predicted also depends on the calibration considered: 1) for the samples
of the low-sulphate group (B1 and T1), the temperature is about 120 °C
with the Giggenbach (1988) calibration and about 100 °C with the
Fournier (1979) one; 2) for the samples of the high-sulphate group, the
temperatures are around 95 and 75 °C with the two calibrations, re-
spectively. Given the good agreement between the result obtained with
the K-Mg geothermometer and the Fournier (1979) Na-K calibration for
the samples from the high-sulphate group (which is coherent with their
position closer to the fully equilibrated waters in the Giggenbach dia-
gram, Fig. 4), only the Fournier calibration is considered in the

Fig. 3. δ2H – δ18O diagram showing the isotopic composition of sample T1, two samples
from the Yesa Reservoir (one taken in 1985 and the other in 2012, this last one still
unpublished) and one sample from a borehole in Tiermas from the study performed by
Baeza et al. (2000). The Global Meteoric Water Line (GMWL), the Regional Meteoric
Water Line (RMWL) and Local Meteoric Water Line (LMWL) are also represented.

Table 5
Saturation state (SI) of various mineral phases in all the samples considered in this study.
The saturation state is the logarithm of the ratio between the ionic activity product, IAP,
and the equilibrium constant of the mineral reaction at the indicated temperature, K(T).
In this case, the temperature measured in the field for each sample and reported in
Table 1 was considered. The equilibrium is reached when SI = 0, and positive and ne-
gative values indicate oversaturation and undersaturation, respectively.

B1 T1 T2 T3 T4

pCO2(g) −2.26 −1.42 −1.53 −1.49 −1.69
Calcite 0.80 −0.13 −0.11 −0.17 0.01
Dolomite-disa 1.03 −0.76 −0.90 −1.02 −0.58
Anhydrite −0.62 −0.81 −0.36 −0.34 −0.34
Gypsum −0.57 −0.76 −0.31 −0.28 −0.29
Fluorite −0.94 −0.99
Halite −3.97 −3.83 −3.77 −3.83 −3.81
Sylvite −5.37 −5.20 −5.42 −5.44 −5.45
Carnallite −14.06 −13.76 −14.32 −14.41 −14.37
Quartz 0.35 0.45 0.45 0.48 0.44
Chalcedony 0.09 0.19 0.19 0.22 0.18
Albite_lowa – 2.73 – – –
K-Feldspar – 3.56 – – –
Kaolinite – 6.45 – – –
Pyrophyllite – 5.85 – – –
Laumontite – 4.08 – – –
Clinochlore – −1.01 – – –
Gibbsite – 2.38 – – –

a Dolomite-dis is disordered dolomite and Albite_low is low temperature albite.

Table 6
Temperatures (°C) obtained with several geothermometers and calibrations for the sam-
ples considered in the study.

Geothermometer Calibration B1 T1 T2 T3 T4

SiO2-quartz Truesdell (1976) 68 77 77 77 75
Fournier (1977) 68 77 77 77 75
Michard (1979) 69 78 78 78 76

SiO2-chalcedony Fournier (1977) 36 45 45 45 44
Arnorsson et al. (1983) 39 48 48 48 47

Na-K Giggenbach (1988) 119 123 95 96 95
Fournier (1979) 98 103 73 75 74

K-Mg Giggenbach (1988) 66 75 69 68 67
Na-K-Ca Fournier and Truesdell (1973) 113 120 99 99 99
Ca-Mg Chiodini et al. (1995) 82 75 88 87 78
SO4-F Chiodini et al. (1995) −17 −11 – – –
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discussions.
Finally, with respect to the rest of the cationic geothermometers: 1)

the Na-K-Ca geothermometer (with β= 1/3 as recommended by
Fournier and Truesdell, 1973) predicts a temperature close to 100 °C for
the samples of the high-sulphate group and slightly higher for the low-
sulphate waters; 2) the Ca-Mg geothermometer predicts a temperature
in the range between 75 and 88 °C, consistent with the similar Mg/Ca
ratios and salinities for all the samples; and 3) the SO4-F geotherm-
ometer provides incoherent results in this case as fluorite has not
reached the equilibrium in the reservoir.

As a general trend, the temperatures obtained with most of the
chemical geothermometers are more similar to the ones deduced with
the quartz geothermometer than to those provided by the chalcedony
geothermometer, suggesting that quartz is the phase that probably
controls the dissolved silica in the thermal waters of Tiermas.

Despite the slight differences provided by some geothermometers,
the temperature values in the two groups of waters are quite similar and
a temperature range of 85 ± 17 °C could be proposed for both. This
range would include nearly all temperature values obtained (Table 6)
and it is acceptable as it is within the uncertainty range for these de-
terminations (± 20 °C; Fournier, 1982). Moreover, the 85 °C range is
indicated by the Ca-Mg geothermometer, which is specific for low
temperature carbonate-evaporite systems and also by various cationic
geothermometers with different sensitivity to secondary processes
during the water ascent (D'Amore et al., 1987; D'Amore and Arnórsson,

2000), suggesting that secondary effects are negligible.

4.4.2. Isotopic geothermometers
The results of the isotopic geothermometers calculations for sample

T1 (from the low-sulphate group; Table 4) are shown in Table 7.
The δ13C CO2-HCO3 geothermometer points towards different

temperature values depending on the considered calibration. The Mook
et al. (1974) calibration predicts a temperature of 70 °C whilst with the
Deines et al. (1974) it is 91 °C. If the δ18O CO2-H2O geothermometer is
considered, the temperature predicted by various calibrations is quite
similar, between 94 and 98 °C (Table 7).

With respect to the δ18O SO4-H2O geothermometer, using the clas-
sical calibrations (based on the equilibrium exchange between HSO4

−

and H2O) the temperature ranges from 71 to 75 °C whilst with the re-
cently proposed calibrations based on the equilibrium exchange be-
tween SO4

2− and H2O (Halas and Pluta, 2000; Zeebe, 2010), the tem-
peratures obtained are very low (Table 7). Finally, using the calibration
proposed in Boschetti et al. (2011; a combination of the calibrations of
Chiba et al., 1981 and Zheng, 1999), based on the equilibrium exchange
between anhydrite (CaSO4) and H2O, the calculated temperature is
81 °C.

The results of the calibrations based on the exchange between wa-
ters and various sulphur species, depend on the dominant species in
solution (Boschetti, 2013). In low temperature systems with pH close to
neutral, as in the Tiermas waters, SO4

2− is usually the dominant species
(70% of the sulphate, in speciation calculations), nonetheless, these
calibrations provide unreasonably low temperatures. This fact is prob-
ably due to the lack of equilibrium between SO4

2− and H2O since, in
low temperature systems, the 18O exchange between SO4

2− and H2O is
slow and, moreover, the equilibrium can be affected by the sulphate
reduction process identified in this sample (Boschetti et al., 2011).

The calibration based on δ18O CaSO4-H2O may be the most reliable
for this system as it provides a temperature of 81 °C quite similar to the
results obtained from the previous calculations. Moreover, as it will be
seen with the geothermometrical modelling next, the waters in the re-
servoir are in equilibrium with anhydrite.

The calibrations based on the δ18O HSO4
−-H2O exchange also

provide reasonable temperatures despite the fact that they are suitable
for acidic waters. This is due to the fact that these calibrations have
almost the same position in the δ18O-T plot, as the one based on the
CaSO4-H2O exchange for neutral water (see, for instance, Boschetti,
2013 or Awaleh et al., 2015).

In summary, the values obtained by the isotopic geothermometers
are in good agreement with those calculated with the chemical geo-
thermometers.

4.4.3. Geothermometrical modelling
The geothermometrical modelling consists of simulating a pro-

gressive increase of water temperature to obtain the value for which a
set of minerals, assumed to be present in the reservoir in equilibrium
with the waters, simultaneously reach that equilibrium. The selection of
the mineral phases is based on the hydrogeochemical characteristics of
the studied waters, the reservoir lithology and the results obtained from
the chemical geothermometers.

The evolution of these waters is assumed to be controlled by the
interaction processes with carbonate and evaporitic rocks. Therefore,
phases such as calcite, dolomite and anhydrite are included in the
calculations. Other evaporitic minerals, such as halite, may have in-
fluenced the water composition but they were not included in the
modelling because all the waters are strongly undersaturated with re-
spect to them (Table 5).

The presence of detrital material in the carbonate aquifer diversifies
the mineral set to consider. Minerals such as albite, K-feldspar and
quartz have been identified in some of these formations and the success
of the Na-K geothermometers (based on the existence of a K-feldspar-
albite-solution equilibrium) and SiO2-quartz (based on the existence of

Fig. 4. Location of all the samples in the Giggenbach diagram. The dotted line is calcu-
lated with the Na-K Fournier (1979) calibration and with the Giggenbach (1988) one for
Mg-K; the solid line is calculated with Na-K and Mg-K calibrations of Giggenbach (1988).
If the dotted line is considered, the samples of the group 2 are close of being fully
equilibrated.

Table 7
Temperatures (°C) obtained with several isotopic geothermometers and calibrations for
the sample T1.

Geothermometer Author Temperature (°C)

CO2(gas)-HCO3
–

(δ13CCO2-HCO3)
Mook et al. (1974). 70
Deines et al. (1974). 91

CO2(gas)-H2O
(δ18O CO2-H2O)

O'Neil and Adami (1969) 94
Truesdell (1974) 96
Brenninkmeijer et al. (1983) 98

SO4-H2O
(δ18OHSO4-H2O)

Seal et al. (2000) 71
Friedman and O'Neil (1977) 75

SO4-H2O
(δ18OSO4-H2O)

Halas and Pluta (2000) 23
Zeebe (2010) 27

SO4-H2O
(δ18OCaSO4-H2O)

Boschetti et al. (2011) 81
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a quartz-solution equilibrium) supports that these phases could control
some compositional characteristics of the waters.

Other aluminosilicate phases such as smectite, illite, chlorite and
kaolinite are common in all types of sedimentary lithologies.
Nevertheless, the solubility of such phases presents remarkable un-
certainties due to their variability in composition, degree of crystal-
linity, etc (Merino and Ramson, 1982; Nordstrom et al., 1990; Palandri
and Reed, 2001). After testing various aluminium phases, clinochlore
was chosen in this study as representative for them, since it provides
coherent results.

Some differences were found in the results obtained for the two
samples of the low-sulphate group (B1 and T1) and they are shown
separately in Fig. 5. The modelling results for the samples from the
high-sulphate group are, however, all similar and only T3 is shown as
representative in Fig. 6.

The first results obtained for all the waters showed that calcite and
dolomite reach equilibrium at temperatures about 50 to 60 °C, lower
that the temperatures for the rest of the considered mineral phases.
Assuming that these minerals should be in equilibrium in the reservoir
in this type of systems, the lack of coincidence with the rest of the
minerals in equilibrium could be explained by CO2 outgassing during
the ascent of the waters to the surface, which is coherent with the high

pCO2 values in the waters (Table 5). In order to reconstruct the most
plausible characteristics of the waters in the reservoir, and to check this
hypothesis, an increase of the CO2 was simulated (as recommended by
Pang and Reed, 1998 or Palandri and Reed, 2001) to obtain an equi-
librium temperature for calcite similar to the temperature for the rest of
phases. Although dolomite presents more uncertainties than calcite,
after adjusting the calcite equilibrium, dolomite also provides coherent
results.

The CO2 in B1 was increased to about 9.6 mmol/L, which means a
pH = 6 in the reservoir, in sample T1 the increase was to 7.5 mmol/L
and the pH was 6.15 and, finally, the increase in sample T3 was to
about 5.4 mmol/L, which yields pH = 6.45 at depth. The results pre-
sented below in Table 8 and Figs. 5 and 6 were obtained after this
reconstruction.

The results for sample T1 (Fig. 5a and Table 8) show that the alu-
minosilicate phases (clinochlore, K-feldspar and albite) reach equili-
brium at a temperature around 95 °C, similar to the temperature pre-
dicted by dolomite (100 °C). The temperature predicted by quartz is
72 °C and by anhydrite is the highest, 113 °C. Sample B1, with no
aluminium data and with silica concentration lower than expected
compared to the rest of samples, has been equilibrated with quartz and
K-feldspar, as proposed by Palandri and Reed (2001), fixing the dis-
solved silica and aluminium contents. The results obtained for the rest
of the minerals are about 100 °C, (Fig. 5b and Table 8). Even anhydrite
reaches equilibrium in the same range as the other minerals since the
sulphate content in this sample is higher than in sample T1.

Fig. 5. Evolution with temperature of the saturation indices of the minerals supposed to
be in equilibrium with the water of samples T1 (a) and B1 (b) in the reservoir. These
results were obtained after the theoretical CO2 addition to compensate the CO2 outgassing
during the ascent of the waters. The modelling for sample B1 (panel b) has been per-
formed by equilibrating the water with quartz and K-feldspar and therefore, they are not
shown in the plot. Dolomite-dis is disordered dolomite and Albite_low is low temperature
albite.

Fig. 6. Evolution with temperature of the saturation indices of the minerals supposed to
be in equilibrium with the waters of sample T3 in the reservoir. In this case the modelling
has been performed by equilibrating the water with K-feldspar and that is why it is not
shown in the plot. These results were obtained after the theoretical CO2 addition to
compensate the CO2 outgassing during the ascent of the waters. Dolomite-dis is dis-
ordered dolomite and Albite_low is low temperature albite.

Table 8
Temperatures (°C) at which the selected mineral phases reach the equilibrium in the
samples studied in the geothermometrical modelling (both samples of the first group: B1
and T1; and T3 as representative of the second group). These results were obtained after
the theoretical CO2 addition to compensate the CO2 outgassing during the ascent of the
waters. Dolomite-dis is disordered dolomite and Albite_low is low temperature albite.

Mineral phase B1 T1 T3

Quartz – 72 73
Anhydrite 96 113 71
Calcite 98 95 79
Dolomite-dis 107 100 97
K-feldspar – 97 –
Albite_low 104 94 81
Clinochlore 107 95 92
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The evolution with the temperature of the saturation indices of the
selected minerals for sample T3 (representative of the high-sulphate
group) is shown in Fig. 6. Since there is not aluminium data for this
sample, its concentration was fixed by imposing the K-feldspar equili-
brium (Pang and Reed, 1998; Palandri and Reed, 2001). The results
show a remarkable degree of convergence for the saturation indices of
quartz and anhydrite which reach equilibrium at the same temperature,
72 and 71 °C, respectively. These phases are highly reliable in geo-
thermometrical determinations (Kharaka and Mariner, 1989; Auqué,
1993; Pastorelli et al., 1999), since they are thermodynamically well
characterised and their saturation states are not affected by pH varia-
tions during the ascent of thermal waters. On top of that, they are in-
dependent of uncertainties from the aluminium concentration of the
waters. With respect to the rest of the minerals, albite provides a
temperature of 81 °C whilst clinochlore and dolomite slightly higher
(probably because these last two minerals can still be affected by some
uncertainties due to the order degree in the first case, and the variations
in its composition and crystallinity in the second; Helgeson et al., 1978;
Palandri and Reed, 2001).

In summary, the temperature range deduced for the samples in the
low-sulphate group is 101 ± 6 °C and 92 ± 20 °C for B1 and T1, re-
spectively, and the temperature range predicted for sample T3 (as re-
presentative of the high-sulphate group) is somewhat lower,
84 ± 13 °C.

5. Discussion

Combining the results obtained with the various geothermometrical
techniques, the temperature in the reservoir deduced from each group
is slightly different.

Temperature in the low sulphate group is higher, about 90 °C, and
although the results show a more widespread temperature range than
for the high-sulphate group, they are in a reasonable uncertainty range
(± 20 °C; Fournier, 1982 and Tole et al., 1993). The SiO2-quartz and K-
Mg geothermometers predict slightly lower temperatures for sample B1
(68 and 66 °C, respectively), which could be due to secondary processes
(e.g. dissolution/precipitation) affecting silica and magnesium contents
(D'Amore and Arnórsson, 2000). Anhydrite provides a high temperature
(113 °C) for sample T1 (with lower sulphate content probably due to
sulphate reduction), whilst for sample B1 (with higher sulphate con-
tent), anhydrite reaches equilibrium also close to 90 °C. Therefore, if
the temperature indicated by anhydrite in sample T1 is not considered
representative of the conditions at depth, the temperature range de-
fined for the waters of the low sulphate group in the reservoir would be
90 ± 20 °C.

The good agreement of the results obtained with chemical geo-
thermometers and geochemical modelling for the waters of the high-
sulphate group suggests that the effects of secondary processes are not
important and a lower temperature in the reservoir is indicated,
82 ± 15 °C.

A remarkable finding is that equilibrium with albite and K-feldspar
in the reservoir is evidenced with the geothermometrical modelling and
the chemical geothermometers. This is not a common situation in low
temperature carbonate-evaporitic systems. This equilibrium has been
identified in some other “complex” carbonate-evaporitic system in
which waters were also in contact with metasedimentary rocks (Marini
et al., 2000), whilst other authors reported equilibrium with respect to
albite but not with respect to K-feldspar in similar geothermal systems
(e.g. López-Chicano et al., 2001; Boschetti et al., 2005). The possible
explanation for this equilibrium in a carbonate-evaporitic systems is
that the aquifer formations contain a significant amount of detrital
material, as indicated by López-Chicano et al. (2001), allowing the
waters to reach the equilibrium with phases like albite, K-feldspar and
other aluminosilicate phases, as also evidenced here in the geother-
mometrical modelling.

Despite the compositional differences, the waters of both groups

seem to have reached the equilibrium with the same mineral assem-
blage in the reservoir (calcite, dolomite, quartz, anhydrite, albite, K-
feldspar and other aluminosilicate phases) and at quite similar tem-
peratures. Therefore, the compositional differences between the groups
must be due to different extent of reaction with the evaporitic minerals
and/or to the participation of additional reactions along the flow paths
(as reflected in the Na/Cl and Ca/SO4 ratios).

One of the main conclusions is that the equilibrium of these thermal
waters with respect to anhydrite in the reservoir implies they must
acquire the chloride-sodium/calcium-sulphate composition at depth
and not whilst ascending to surface, otherwise, this equilibrium would
not exist. However, with the available data, it is not possible to cer-
tainly determine if the evaporitic rocks in contact with the waters in the
reservoir are those of the Keuper facies or those of the Eocene-
Oligocene limit.

Although the degree of knowledge of this system is not enough to
quantify the different intensity in the water-rock interaction processes,
two relevant issues can be discussed from these results: 1) the influence
of halite dissolution in the chemical characteristics of the waters; and 2)
the implications that the chemical character of these waters could have
for CO2 storage in the reservoir formations.

5.1. The influence of halite dissolution in the chemical characteristics of the
waters

The chemical characteristics of a water in equilibrium with a set of
minerals are conditioned by the temperature and the pressure at which
this equilibrium is attained; but they also depend on the concentration
of elements not controlled by mineral equilibria such as chloride or
sulphate, the mobile elements of Michard (1987). The influence of
mobile elements, especially chloride, was recognised long ago by
Helgeson (1970) and chloride has been considered as an independent
master variable in determining the water composition in rock-buffered
systems (Hanor, 2001). This importance has been verified in various
types of geothermal systems (Michard, 1987; Michard and Bastide,
1988; Michard et al., 1996; Chiodini et al., 1991), in low temperature
groundwaters in crystalline systems (Grimaud et al., 1990; Trotignon
et al., 1999) and in saline waters in sedimentary basins (Hanor, 1994,
1996, 2001).

The influence of the mobile elements are especially important in
carbonate-evaporitic geothermal systems because the waters are likely
to be in contact with halite and its dissolution will condition the
chemistry of the waters in equilibrium with a specific mineral set. This
influence has been tested in the Tiermas thermal waters using the re-
action-path capabilities of PHREEQC (Parkhurst and Appelo, 2013).

The water composition in equilibrium with the identified set of
minerals was reconstructed to represent the water in the reservoir be-
fore halite dissolution starts. To do that, equimolar amounts of chloride
and sodium were subtracted from the solution, down to Cl− = 0 mol/L,
while maintaining the other mineral equilibria (albite, K-feldspar,
quartz, anhydrite, calcite and dolomite) at the reservoir temperature
(82 °C in the case of the high-sulphate group and 95 °C in the case of the
low-sulphate group). From this theoretical solution, the effects of in-
creasing the concentrations of chloride (and Na, through halite dis-
solution) on the rest of the chemical components controlled by the
imposed mineral equilibria, can be discussed. The results obtained for
all the samples are similar and therefore, only those from T3 are shown
in Fig. 7.

The theoretical evolution of the concentration of the major elements
in sample T3 is plotted in Fig. 7a to d against chloride under the si-
tuation of equilibrium with the rest of the mineral set. The concentra-
tion of all these major elements (Na, K, Ca, Mg and sulphate), although
controlled by that equilibrium situation at a constant temperature, in-
creases with sodium and chloride (except for silica whose concentra-
tions is almost constant, Fig. 7b).

Dissolved sulphate increases with chloride contents (Fig. 7d) as
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anhydrite solubility is enhanced by the increase of salinity and, there-
fore, by halite dissolution:

+ → + ++ − + −NaCl CaSO Na Cl Ca SOhal anh( ) 4( )
2

4
2 (1)

The increase in dissolved sodium promotes, in turn, the displace-
ment of the albite-K-feldspar equilibrium reaction towards the left, in-
creasing the amount of dissolved potassium (Fig. 7c):

+ ↔ ++ − +NaAlSi O K KAlSi O Naalb K feld3 8( ) 3 8( ) (2)

And the increase of dissolved calcium promotes the displacement of
the calcite-dolomite equilibrium reaction towards the left, increasing
the concentrations of dissolved magnesium (Fig. 7b):

+ ↔ ++ +2CaCO Mg CaMg CO Ca( )calc dol3( )
2

3 2( )
2 (3)

The two last panels in Fig. 7 (e and f) show the evolution of the

Fig. 7. Variation of the concentration of major elements (Na, Mg, Ca, Si, K and SO4, panels a to d) and of the ratios Ca/Mg and Na/K (as total element concentrations; panels e and f) in
sample T3 with the variation of the dissolved chloride in the waters at 82 °C and maintaining the mineral equilibria that exist in the reservoir (albite, K-feldspar, quartz, anhydrite, calcite
and dolomite). The grey dots in all the plots represent the chemical composition of sample T3.
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elemental ratios Ca/Mg and Na/K. The corresponding activity ratios
stay constant under the specific temperature in the calculations as they
are controlled by the calcite-dolomite and albite-K-feldspar equilibria,
respectively (reactions 2 and 3); however, the elemental ratios show a
different behaviour. The Na/K elemental ratio is also constant and near
the corresponding activity ratio (aNa+/aK+ = 185) because these
elements are almost unaffected by complexing and the free ion activity
coefficients mutually cancel out (Chiodini et al., 1991). The Ca/Mg
elemental ratio, however, is different from the activity ratio (aCa2+/
aMg2+ = 1.59) and slightly increases with Cl− concentrations (Fig. 7e;
note the vertical scale) as these elements are more and differentially
affected by the effect of complexation and activity coefficient calcula-
tions, which cause a deviation between the total contents and the ac-
tivities (Chiodini et al., 1991).

These results indicate that although the chemistry of the waters is
mainly controlled by mineral equilibria at a given temperature, the
concentration of mobile elements are, therefore, an important variable
in the control of the water composition. In the case studied here, the
mobile element participating in the control of the system is chloride.
Nonetheless, in other systems in which sulphate is not controlled by
equilibrium with anhydrite or gypsum, the concentration of this com-
ponent may have an influence in the controlled elements of the waters.

5.2. Effects of the chemical characteristics of the water in a future CO2

storage

During the ALGECO2 project (IGME, 2010), a favourable tectonic
and sedimentary structure for CO2 storage was identified in the studied
area (the Leyre-Berdún structure; Suárez et al., 2014) in the Paleocene-
Eocene carbonate rocks, which probably is the aquifer of the Tiermas
thermal waters. If the features of the waters in that structure are similar
to those deduced in the thermal waters, then some important conclu-
sions about some plausible processes effective during the CO2 injection
could be drawn. For example, in the vicinity of the injection well, the
desiccation of the saline waters in contact with dry CO2 could easily
induce the precipitation of carbonates and sulphates (Gaus, 2010;
Gimeno et al., 2011; Gutiérrez et al., 2011) as the waters at depth are in
equilibrium with calcite, dolomite and anhydrite. In the long term,
injection of CO2 will promote the acidification of the saline ground-
waters, which will lead to the dissolution of carbonate minerals (calcite
and dolomite). In this context, precipitation of sulphates (gypsum or
anhydrite) may be triggered as the waters are in equilibrium with an-
hydrite (e.g. with high concentrations of dissolved sulphate). A similar
situation has been found in the Spanish test site for CO2 geological
storage, located at Hontomin (Burgos), in a limestone reservoir, also
with sulphate-rich saline groundwaters in equilibrium with gypsum/
anhydrite (Garcia-Rios et al., 2014).

These processes involving carbonate and sulphate minerals are ki-
netically fast and their effects on the porosity and permeability of the
reservoir rocks or in the well environment should be evaluated in future
and more detailed site selection studies.

6. Conclusions

Two hydrogeochemical groups of waters have been identified in
Tiermas springs: a group with TDS about 7500 ppm and low sulphate
contents (low-sulphate group) and other with TDS close to 11,000 ppm
and higher sulphate contents (high-sulphate group).

The temperature of the waters in the reservoir has been determined
by combining various chemical and isotopic geothermometers with
geothermometrical modelling, and a reliable range of temperatures has
been established. The temperatures predicted for the waters are also
slightly different for each group; being 90 ± 20 °C for the low-sulphate
group and slightly lower 82 ± 15 °C for the high-sulphate one.

It is remarkable the good results obtained with some cationic geo-
thermometers, such as the Na/K geothermometer, in a geothermal

system of low temperature and hosted in carbonate-evaporitic rocks
like the studied here. This unusual situation may be attributed to the
presence of detrital rocks (silicate minerals) in the carbonate-evaporitic
aquifer, which provides for equilibrium between albite and K-feldspar
as found in the geothermometrical modelling.

The two water groups are in equilibrium with the same mineral
assemblage in the reservoir (calcite, dolomite, quartz, anhydrite, albite,
K-feldspar and other aluminosilicate phases). However, they show
slight differences in the temperature at depth and in the concentration
of some chemical elements, which suggests that each group of waters
could represent a different flow path with different types and/or in-
tensities of water-rock interaction processes.

The influence of halite dissolution has also been evaluated and the
results indicate that apart from temperature, chloride contents of the
thermal waters have a significant influence on the concentrations of
SO4, Na, K, Ca and Mg measured in these waters. As demonstrated in
the simulations presented here, if halite dissolution had occurred
during the ascent of the thermal waters (without the influence of the
mineral equilibria at depth) their chemical characteristics would be
different. These results, along with the fact that anhydrite is included in
the mineral assemblage in equilibrium in the reservoir, indicate that the
waters should be in contact with an evaporitic facies in the reservoir
and not during their ascent to surface.

Finally, as a favourable structure for CO2 storage has recently been
identified in the Paleocene-Eocene carbonates, the probable aquifer of
the Tiermas geothermal system, the groundwaters studied here could be
used as analogues to the waters in that site. Therefore, the results of this
study are useful for understanding the main processes related to the
CO2 injection and mixing with this type of water. Near the injection
wells, the waters will desiccate causing the precipitation of calcite,
dolomite and anhydrite, since the waters are in equilibrium with re-
spect to these phases in the reservoir, affecting the porosity and per-
meability of the rocks. And in the long term, the water will acidify
leading to the carbonate dissolution and sulphate precipitation.
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Geothermometrical calculations in low-medium temperature geothermal systems hosted in carbonate-
evaporitic rocks are complicated because 1) some of the classical chemical geothermometers are, usually, inad-
equate (since they were developed for higher temperature systems with different mineral-water equilibria at
depth) and 2) the chemical geothermometers calibrated for these systems (based on the Ca and Mg or SO4

and F contents) are not free of problems either. The case study of the Arnedillo thermal system, a carbonate-
evaporitic system of low temperature, will be used to deal with these problems through the combination of sev-
eral geothermometrical techniques (chemical and isotopic geothermometers and geochemical modelling).
The reservoir temperature of the Arnedillo geothermal system has been established to be in the range of 87±13 °C
being the waters in equilibriumwith respect to calcite, dolomite, anhydrite, quartz, albite, K-feldspar and other alu-
minosilicates. Anhydrite and quartz equilibria are highly reliable to stablish the reservoir temperature. Additionally,
the anhydrite equilibrium explains the coherent results obtainedwith the δ18O anhydrite –water geothermometer.
The equilibriumwith respect to feldspars and other aluminosilicates is unusual in carbonate-evaporitic systems and
it is probably related to the presence of detrital material in the aquifer.
The identification of the expected equilibria with calcite and dolomite presents an interesting problemassociated
to dolomite. Variable order degrees of dolomite can be found in natural systems and this fact affects the associ-
ated equilibrium temperature in the geothermometrical modelling and also the results from the Ca-Mg
geothermometer. To avoid this uncertainty, the order degree of the dolomite present in the Arnedillo reservoir
has been determined and the results indicate 18.4% of ordered dolomite and 81.6% of disordered dolomite.
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Overall, the results suggest that this multi-technique approach is very useful to solve some of the problems asso-
ciated to the study of carbonate-evaporitic geothermal systems.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The study of the chemical and isotopic composition of thermal wa-
ters allows identifying the water-rock interaction processes involved
in their evolution, determining the possible secondary processes that
could affect them during their ascent to surface (e.g. mineral
reequilibrium or mixing) and establishing the reservoir temperature
by geothermometrical methods. This characterisation is the first step
to evaluate the geothermal potential of an area (e.g. D'Amore and
Arnórsson, 2000). Nowadays, the use of geothermal energy is diversify-
ing and the technical advancesmake possible to obtain electrical energy
from waters of lower temperature. Additionally, one of the possibilities
considered for the CO2 geological storage is the use of deep saline aqui-
fers, usually hot, hosted in sedimentary rocks (e.g. Auqué et al., 2009,
and references therein). These deep storages are inaccessible for their
study in an initial stage and, therefore, the information obtained from
low to medium temperature thermal systems with similar hydrogeo-
chemical characteristics becomes a suitable and very convenient source
of information.

The temperature in the deep reservoirs can be determined by sever-
al chemical and isotopic geothermometers and by geothermometrical
modelling. However, these techniques present some problems in the
case of carbonate-evaporitic aquifers. The classical cationic
geothermometers (based on the equilibrium with aluminosilicate
phases) are useful in systems with high temperature or with host
rocks like granites or basalts inwhich thewaters have reached the equi-
librium with various aluminosilicates such as albite or K-feldspar (e.g.
Arnòrsson et al., 1983; Asta et al., 2012; Auqué et al., 1997; Buil et al.,
2006; Choi et al., 2005; D'Amore et al., 1987; Fouillac and Michard,
1981; Fournier, 1981, 1977; Giggenbach et al., 1983; Giggenbach,
1988; Kharaka and Mariner, 1989; Mariner et al., 2006; Mutlu and
Güleç, 1998; Stefánsson and Arnórsson, 2000, among much others).
These equilibria are not likely to have been attained in carbonate-
evaporitic systems and they may provide erroneous results (Chiodini
et al., 1995; Karimi and Moore, 2008; Levet et al., 2002; López-Chicano
et al., 2001; Sonney andVuataz, 2010) although, in some cases, the silica
and some cationic geothermometers have provided good results (e.g.
Apollaro et al., 2012; Blasco et al., 2017; Fernández et al., 1988;
Gökgöz and Tarkan, 2006; Michard and Bastide, 1988; Mohammadi
et al., 2010; Pastorelli et al., 1999; Wang et al., 2015).

Themore suitable geothermometers are, obviously, those developed
for this kind of systems, that is, the Ca-Mg and SO4-F geothermometers,
initially proposed byMarini et al. (1986) and reviewed by Chiodini et al.
(1995) afterwards. However, even thesemight have problems since the
former can be affected by the uncertainties in the thermodynamic prop-
erties of dolomite (due to non-stoichiometry of order/disorder degree;
Chiodini et al., 1995; Frondini, 2008; Helgeson et al., 1978; Marini,
2006; Palandri and Reed, 2001) and the latter will only be suitable if
the waters are in equilibrium with anhydrite (or gypsum) and fluorite
(Chiodini et al., 1995) which is not always the case.

The isotopic geothermometry is another possible technique al-
though it may also be problematic. For example, the δ18O exchange be-
tween CO2 and H2O is easily modified during the ascent of the waters to
surface since the kinetics of the exchange reaction is fast and the isoto-
pic reequilibrium takes place even at low temperatures (D'Amore and
Arnórsson, 2000). Other common isotopic geothermometer is the δ18O
SO4-H2O, but traditionally its calibrations are based in theHSO4-H2O ex-
change, and the HSO4 is not present in neutral to basic waters
(Boschetti, 2013). Some new calibrations have been recently proposed
trying to solve this problem, although they are not widely used yet.

Finally, the geothermometrical modelling (or multicomponent sol-
ute geothermometry; e.g. Spycher et al., 2014) is very useful since it al-
lows determining the reservoir temperature by studying the saturation
states of a vast number of minerals, providing important information
about the probable mineral set the waters are in equilibrium with in
the reservoir. Additionally it allows evaluating the secondary processes
(e.g. mixing, degasification or mineral reequilibrium) that could affect
the waters during their ascent to surface (Asta et al., 2010; Auqué
et al., 2009; Michard and Fouillac, 1980; Michard and Roekens, 1983;
Michard et al., 1986a; Palandri and Reed, 2001; Pang and Reed, 1998;
Reed and Spycher, 1984; Tole et al., 1993). Nevertheless, this technique
also shows some problems associated to the uncertainties in theminer-
al solubility of some minerals (Palandri and Reed, 2001).

The study of the low-medium temperature geothermal system of
Arnedillo will be used 1) to test all the mentioned geothermometrical
techniques, in order to improve their knowledge for their use in further
studies; and 2) to characterise hydrogeochemically this natural thermal
system for a future exploitation of its geothermal potential.

2. Geological and hydrogeological setting

The Arnedillo thermal waters emerge near the Cidacos River, in the
Arnedillo village (La Rioja, Spain). Geologically, they are located in the
NW of the Iberian Chain, in the contact between the eastern Cameros
Range and the tertiary Ebro Basin (Fig. 1; Coloma et al., 1997; Sánchez
and Coloma, 1998).

The Cameros Range, constituted mainly by Mesozoic formations, is
bounded by two continental basins and two Palaeozoic reliefs: the
Ebro and Duero basins in the north and the south, respectively; and
the Demanda and Moncayo Ranges at the east and west (Gil et al.,
2002). The Triassic is represented by Buntsandstein (sandstones, silt-
stones and breccias surrounding the Demanda Range), Muschelkalk
(mainly dolostones, although the outcrops in the area are scarce) and
Keuper facies (gypsum/anhydrite, marls and clays)which is the detach-
ment level for the tertiary thrusting (Coloma, 1998; Gil et al., 2002).

The marine Jurassic formations (up to Kimmeridgian, Upper Juras-
sic) are the ones found in the rest of the Iberian Chain (Coloma, 1998;
Gil et al., 2002; Goy et al., 1976), consisting of dolostones and limestones
with some intercalations of marls: Imon (dolostones), Cortes de Tajuña
(dolomitic breccias with anhydrite), Cuevas Labradas (limestones and
dolostones), Cerro del Pez (marls), Barahona (bioclastic limestones),
Turmiel (marls and limestones), Chelva (limestones), Aldealpozo
(black limestones) and Torrecilla (limestoneswith corals). These forma-
tions are mainly constituted by carbonates but some terrigenous de-
posits are also present (Goy et al., 1976). These Triassic and marine
Jurassic formations constitute the pre-rift sequence.

A rifting process took place at the end of the Jurassic and during the
Cretaceous, resulting in the formation of the Cameros Basin. The corre-
sponding formations are known as the syn-rift sequence, which is con-
stituted by continental sediments from the Upper Jurassic (Tithonian)
to the Lower Cretaceous (Albian) (Coloma, 1998; Gil et al., 2002; Mas
et al., 1993). These continental sediments have been traditionally divid-
ed into five groups (Tischer, 1965): Tera, Oncala, Urbión (fluvial sedi-
ments consisting of lutites and sandstones), Enciso and Oliván
(lacustrine sediments constituted by limestones, marls and limolites).

TheUpper Cretaceous constitutes the post-rift sequence and consists
of carbonates from theUrgon Facies, theUtrillas Sandstones and the car-
bonate sedimentation at the end of this period (Gil et al., 2002).

During the Tertiary the tectonic inversion resulted in the relief of the
Cameros Range and the formation of the tertiary basins, which were
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filled with detrital material mainly from the Paleogene and
Neogene. Compressive structures were generated with E-W or NW-SE
direction, being the Cameros thrust one of the most important, which
makes the Mesozoic series thrust over the tertiary formations of the
Ebro Basin (Coloma, 1998; Gil et al., 2002). Finally, the Quaternary is
constituted by alluvial and colluvial deposits due to the glacis – terrace
systems developed from the Cameros Range to the Ebro River (Coloma,
1998).

The carbonate formations of the pre-rift sequence (Fig. 2) constitute
the main aquifer in this area. These formations are divided in three
groups, two permeable ones separated by other less permeable:
1) Imón, Cortes de Tajuña and Cuevas Labradas Formations (the first
permeable group); 2) Cerro del Pez, Barahona and Turmiel Formations
(the intermediate impermeable group); and 3) Chelva, Aldealpozo
and Torrecilla Formations (the second permeable group). Due to the
great fracturation affecting them, these formations are interconnected

Fig. 1. Geological map of the Arnedillo area and location of the geothermal springs (modified from Gil et al., 2002). A–B indicates the location of the cross section shown in Fig. 2.

Fig. 2. SW-NE cross section (A–B, in Fig. 1) showing the general tectonic structure of the Arnedillo geothermal system modified form ALGECO2 Project; IGME, 2010). The grey arrows
represent the flow direction.
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constituting the regional drainage level of the Iberian Chain, although
the main flow circulates through the formations of the first permeable
group (Coloma et al., 1995; Sánchez and Coloma, 1998; Sánchez et al.,
1999).

The Arnedillo thermal waters are of sodium – chloride type and
emerge with a temperature of about 50 °C and flow rates of 10–20 L/s
(Coloma et al., 1998, 1995; Sánchez and Coloma, 1998). This sodium –
chloride affinity, along with the high sulfate contents, is coherent with
the circulation of the waters through the first permeable group, since
the waters would be in contact to the evaporites of the Keuper Facies
and the anhydrite of the Cortes de Tajuña Formation. The discharge
takes place in the contact between the Mesozoic and Tertiary forma-
tions, in the Cameros thrust (Fig. 2), through which the waters rapidly
ascend to surface (Coloma, 1998; Coloma et al., 1996).

The recharge of thewaters takes place by threedifferent forms: 1) di-
rect infiltration in the outcrops of the Jurassic rocks; 2) infiltration from
permeable stretches of the rivers; and 3) through the rocks of the syn-
rift sequence that, although they have a low permeability, constitute
and aquitard and their vast lateral extension actually makes this form
of recharge the most important one (Coloma et al., 1997, 1995).

3. Methodology

Analytical data of the Arnedillo thermal waters were compiled and
reviewed in order to assess possible chemical changes over the time.
Apart from the data corresponding to a new sampling campaign per-
formed by the authors of this paper in 2015 (samples AR1 and AR2),
other samples were selected after checking their reliability: AR3 from
Maraver Eyzaguirre (2003) and AR4 and AR5 from Coloma et al.
(1997). Themethodological aspects corresponding to the previous sam-
pling campaigns can be found in the original papers. Here we will de-
scribe the methods followed for the sampling and analyses in 2015.
However, it is important to indicate that the pH was determined in
situ in all the samples except in sample AR5 in which the pH value
was determined in laboratory, and there is not data of spring tempera-
ture for samples AR4 and AR5, therefore it has been estimated.

3.1. Field sampling

With respect to the water sampling conducted on October 2015,
samples AR1 and AR2were collected in two different springs, one inside
the spa and the other in the natural pool outside. In both sampling
points temperature, pH and conductivity were determined in situ. A
Thermo Orion 250A portable pH-meter with combined pH electrode
ORION 815600 Rosswith temperature compensationwas used together
with a conductivimeter Jenway 4200 with automatic correction of
temperature.

Separated samples for cation, anion and isotopic analyses were
taken. Samples for cation analyses were filtered through 0.1 μm and
acidified with ultrapure HNO3. Then, they were stored in bottles that
had been pre-washed with ultrapure HNO3, rinsed with distilled
water and air-dried. The samples for 13C isotope analysis were filtered
through 0.1 μm, and were taken in small vials with mercury chloride
to avoid the microbial activity. The samples for the analyses of 18O and
2H isotopes were filtered through 0.1 μm and those for 34S isotopes
and anions were taken without any special treatment.

3.2. Analysis of the samples

Total alkalinity was measured in the laboratory only a few hours
after the sampling. It was determined by titrationwith aMettler titrator
using H2SO4 0.02 N up to pH=4.5 end point. The anionswere analysed
in 24 h after collection. Chloride and fluoride were determined by a se-
lective ion analyser equipment, using the specific electrodes of chloride
ORION 94-17B and fluoride ORION 94–09. Sulfate was determined by

colorimetry using a modification of the Nemeth method (Nemeth,
1963).

The cations and isotopeswere analysed in the Scientific and Techno-
logical Centre at the University of Barcelona. The determination of Ca,
Na, K,Mg, Sr and Siwas performed by Inductively Coupled Plasma Emis-
sion Spectrometry (ICP-OES) with a Perkin Elmer Optima 3200rl equip-
ment in standard conditions. The rest of the minor cations were
analysed through Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) with an Agilent 7500ce equipment in standard conditions.

The isotopes, δ18O and δ2H in water, δ13C in DIC (dissolved inorganic
carbon), and δ34S and 18O in dissolved sulfates, were analysed by Con-
tinuous Flow Isotope-Ratio Mass Spectrometry (CF-IRMS) with a Delta
plus xp Thermofisher equipment. The δ18O, δ2H, δ13C were directly
analysed using the secondary standards traceable to certified standards:
NBS18, NBS19, SMOW and SLAP. For the δ34S and 18O measurement in
dissolved sulfate thiswas precipitated as BaSO4 (0.2mg in silver capsule
for oxygen and 0.3mg in tin capsule for sulfur) and the secondary stan-
dards used were NBS-127, S0–5 and SO-6. The results of δ18O (both in
water and in SO4

2−) and δ2H (in water) are expressed vs SMOW, δ34S
(in SO4

2−) vs CDT and δ13C (in CO2) vs PDB.

3.3. Geothermometry

Three methods have been used to determine the reservoir tempera-
ture: the chemical geothermometers, the isotopic geothermometers
and the geothermometrical modelling. These techniques could be con-
sidered as complementary giving more accurate results when
combined.

3.3.1. Chemical geothermometers
Chemical geothermometry is the classical method used to calculate

the temperature of a thermal water in the deep reservoir and it consists
of the use of different empiric or experimental calibrations based on
temperature dependent heterogeneous chemical reactions. The classi-
cal chemical geothermometers use the elemental contents controlled
by those reactions to determine the reservoir temperature (e.g.
Truesdell, 1976; Marini, 2004) assuming that these contents are repre-
sentative of reservoir conditions and have not changed during thewater
ascent to the surface due to water-rock interactions.

There aremany chemical geothermometers and calibrations, but not
all are suitable for all types of geothermal systems. The classical chemi-
cal geothermometers SiO2-quartz, SiO2-chalcedony, Na-K, K-Mg and
Na-K-Mg, with different calibrations, provide good results in high tem-
perature (N180 °C) systemshosted in rockswith feldspars and alumino-
silicates with which the waters have reached the equilibrium (as
previously indicated). Although these geothermometers are not expect-
ed to be suitable for low temperature and/or carbonate-evaporitic sys-
tems (as stated above) in some cases they provide consistent results
and, therefore, they have been used in this study (Table 1).

The other chemical geothermometers that will be used here are the
Ca-Mg and SO4-F geothermometers, firstly developed by Marini et al.
(1986) and then improved by Chiodini et al. (1995). Although they
were specifically calibrated for low temperature systems hosted in
carbonate-evaporitic rocks (Table 1), they may also present problems.
They are based on the assumption that in carbonate-evaporitic systems,
calcite-dolomite and anhydrite-fluorite equilibria are likely to be
attained and Ca/Mg and SO4/F ratios will be mainly controlled by tem-
perature (Chiodini et al., 1995). However, the Ca-Mg geothermometer
is affected by the order degree of dolomite, since its solubility depends
on that and the SO4-F geothermometer is only valid if the waters have
reached the equilibrium with anhydrite and fluorite, and fluorite is
not always present in the carbonate-evaporitic rocks (Chiodini et al.,
1995). These problems are taken into account and will be discussed
further.

A final consideration when using the chemical geothermometers is
that the elemental contents of the waters could be affected by
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secondary processes like mixing or reequilibrium during their
ascent to surface. However, the simultaneous application of several
geothermometers, with different sensitivities to these secondary pro-
cesses, will help to evaluate their effective presence in the thermal sys-
tem (e.g. D'Amore and Arnórsson, 2000).

3.3.2. Isotopic geothermometers
The isotopic geothermometers are based on the fact that the isotope

exchange is a function of temperature between two species which are
assumed to be in isotopic equilibrium in the system. The isotopic
geothermometers used in this study are the ones based on the δ18O ex-
change between waters and sulfate species or minerals (Table 2).

These geothermometers are suitable to predict the temperature of
low temperature systems (D'Amore and Arnórsson, 2000) however,
some problems may also arise. The traditional problem with the use of
the SO4-H2O geothermometer is that the classical calibrations are

based on the δ18O HSO4-H2O exchange and the HSO4 species is only
present in acidic waters (pH b 4), while in systems like the studied
here the isotopic equilibrium is supposed to be controlled by the δ18O
SO4

2−–H2O (Boschetti, 2013). Therefore, some new calibrations for this
geothermometer based on this last assumption will be used here (e.g.
Halas and Pluta, 2000or Zeebe, 2010). Finally, a third geothermometer
recently proposed by Boschetti et al. (2011), based on the anhydrite-
H2O exchange, will also be used as it provides good results in thermal
waters in equilibrium with respect to anhydrite (e.g. Awaleh et al.,
2015; Blasco et al., 2017; Boschetti, 2013).

3.3.3. Geothermometrical modelling
Thismethod consists of simulating a progressive increase in the tem-

perature of the waters and observe the variation of the saturation
states with respect to a group of selected minerals (assumed to be in
the reservoir) in order to find a point where the saturation states

Table 1
Chemical geothermometers and calibrations used in this work. Concentration units for the elements involved are inmg/L except for the calibration proposed by Michard (1979) inwhich
they are expressed in mol/L. Temperature is in °C.

Geothermometer Calibration Author

SiO2-quartz
T ¼ 1315

5:205− log SiO2ð Þ−273:15
Truesdell (1976)

T ¼ 1309
5:19− log SiO2ð Þ−273:15

Fournier (1977)

T ¼ 1322
0:435− log SiO2ð Þ−273:15

Michard (1979)

SiO2-chalcedony
T ¼ 1032

4:69− log SiO2ð Þ−273:15
Fournier (1977)

T ¼ 1112
4:91− log SiO2ð Þ−273:15

Arnòrsson et al. (1983)

Na-K
T ¼ 1390

1:75þ log Na�
K

� �−273:15
Giggenbach (1988)

T ¼ 1217
1:483þ log Na�

K

� �−273:15
Fournier (1979)

T ¼ 1289
1:615þ log Na�

K

� �−273:15
Verma and Santoyo (1997)a

K-Mg
T ¼ 4410

13:95− log K2
.

Mg

� �−273:15
Giggenbach et al. (1983)

Na-K-Ca
T ¼ 1647

log Na�
K

� �þ β log
ffiffiffiffi
Ca

p
=Na
�
þ 2:06� þ 2:47−273:15

	h Fournier and Truesdell (1973)b

Ca-Mg
T ¼ 979:8

3:1170− log Ca�
MgÞ

	 �
þ 0:07003 log

P
eq

−273:15
Chiodini et al. (1995)c

SO4-F
T ¼ 1797:7

0:7782þ log SO4
�
F2

� �
−0:08653 log

P
eq

−273:15
Chiodini et al. (1995)c

a This is a modification of the previously proposed by Fournier (1979).
b β= 4/3 should be used if the temperature obtained is lower than 100 °C; if with that value of β the temperature is higher than 100 °C, the temperature should be recalculated

considering β= 1/3. β should also be taken to be 1/3 if log (Ca0.5/Na) + 2.06 is negative.
c Σeq is the summation (in eq/L) of the major dissolved species. Chiodini et al. (1995) performed their calibration for the Ca-Mg geothermometer by using a disordered dolomite.
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simultaneously reach equilibrium indicating the reservoir temperature.
The same assumption as in the previous methods has to be done: the
thermal waters are in equilibrium with the reservoir materials and
their elemental contents remain constant during the waters ascent, al-
though the saturation state with respect to different minerals can
change due to cooling and redistribution of the dissolved species.

This geothermometrical modelling has been carried out using the
PHREEQC geochemical code (Parkhurst and Appelo, 2013) and the
LLNL thermodynamic database (distributedwith the code). A sensitivity
analysis to the thermodynamic data was also performed by using the
WATEQ4F thermodynamic database (also distributed with PHREEQC
code).

The minerals presumably present in the reservoir and, therefore,
considered in the modelling, have been inferred from the mineralogy
of the aquifer formation. The aquifer is constituted by carbonate rocks
which are in contact with the evaporitic Keuper facies, so, the evolution
of thewaterswould bemainly controlled by calcite, dolomite and anhy-
drite. As the aquifer also contains terrigenous rocks, some silica and alu-
minosilicate phases have been included: quartz and chalcedony (as the
usual silica controlling phases in thermal waters) and albite, K-feldspar
and other aluminosilicates (smectite, illite, chlorite, kaolinite, etc.).

The solubility constants for calcite, chalcedony, quartz and anhydrite
are reasonably well known, but there are other minerals with more un-
certainties. The solubility of dolomite depends on its degree of order/
disorder (Carpenter, 1980; Helgeson et al., 1978; Hyeong and
Capuano, 2001; Reeder, 2000). For example, the dolomite considered
when using the LLNL database is a completely disordered dolomite as
it is usually done in other geothermometrical or geochemical studies
in systems related to carbonate-evaporitic rocks (e.g. Blasco et al.,
2017; Chiodini et al., 1995). However, the more plausible phase in nat-
ural groundwater systems is amore ordered dolomite (Carpenter, 1980;
Helgeson et al., 1978; see below) and a partially-ordered dolomite (ob-
tained from a set of water samples taken from gas and oil wells in the
sediments of the Oligocene Frio Formation; Hyeong and Capuano,
2001) has been also considered in the sensitivity analysis performed
with the WATEQ4F database (Ball and Nordstrom, 2001; see below).

There are also important uncertainties in the thermodynamic data of
the aluminosilicate phases due to their degree of crystallinity and their
compositional variability (e.g. Merino and Ramson, 1982; Nordstrom
et al., 1990; Palandri and Reed, 2001). To reduce this uncertainty,

pyrophyllite, with better known thermodynamic data, has been select-
ed as representative of these phases (as recommended by Helgeson
et al., 1978; or Palandri and Reed, 2001). The sensitivity analysis per-
formed with WATEQ4F database includes also the thermodynamic
data for pyrophyllite, albite, K-feldspar and chalcedony taken from
Michard (1983), which have been used previously in thermal systems
obtaining very good results (e.g. Asta et al., 2012; Auqué et al., 1998;
Michard and Roekens, 1983; Michard et al., 1989, 1986b).

4. Results

4.1. Chemical characteristics of the waters

Five water samples have been considered in this study: AR1, AR3
and AR5 (Table 3), taken in the spring inside the spa of Arnedillo and
AR2 and AR4 (Table 3) taken in a natural pool built in the Cidacos
River. The main chemical characteristics of the waters emerging inside
the Arnedillo Spa seem to remain quite constant over time which sug-
gests that they are not likely to be affected by mixing with surficial wa-
ters (or the influence of this process is negligible). However, in the case
of the waters emerging in the natural pool it seems clear that they can
be affected by different proportions of mixing with the cold waters
from the Cidacos River.

All the waters are of sodium – chloride type and there are not great
chemical differences among them. The pH value in all the samples is in
the range of 6.60 to 7.05, except for the sample AR5 which shows a
higher value due to the CO2 outgassing prior to the pH determination
in the laboratory (pHwas determined in situ in the rest of the samples).

The spring temperature is about 45–50 °C except for the sample AR2
in which it is lower (39.5 °C), probably due to the mixing with the wa-
ters of the Cidacos river. Considering these two ranges of temperature
and the location of the samples, the temperature value for samples
AR4 and AR5, from the pool and the spa, respectively, (not measured)
has been estimated as 40 and 48 °C, respectively (Table 3).

The TDS is in the range of 7300 to 7900 ppm in all the samples, ex-
cept for AR4 in which it is somewhat lower, probably affected by the
mixing with the waters of the river in a higher proportion than the
other sample taken from the pool, AR2, whose TDS is in the same
range as the rest of the samples. The Na/Cl ratios (near 1; Table 3) con-
firm that halite dissolution is the principal process responsible for the

Table 2
Isotopic geothermometers and calibrations used in this work (“αA-B”= (1000 + δ18OA)/(1000 + δ18OB). Temperature is in °C.

Geothermometer Calibration Author

SO4-H2O
(δ18OHSO4-H2O) T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3:26 � 106

1000 ln αHSO−
4 −H2O þ 5:81

s !
−273:15

Seal et al. (2000)a

T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3:251 � 106
1000 ln αHSO−

4 −H2O þ 5:1

s !
−273:15

Friedman and O'Neil (1977)

SO4-H2O
(δ18OSO4-H2O) T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:41 � 106

1000 ln αSO2−
4 −H2O

þ 5:77

vuut
0
@

1
A−273:15

Halas and Pluta (2000)

T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2:68 � 106
1000 ln αSO2−

4 −H2O
þ 7:45

vuut
0
@

1
A−273:15

Zeebe (2010)

SO4-H2O
(δ18OCaSO4-H2O) T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3:31 � 106

1000 ln αCaSO4−H2O þ 4:69

s0
@

1
A−273:15

Boschetti et al. (2011)b

a This calibration is the combination of those of Lloyd (1968) and Mizutani and Rafter (1969).
b This calibration is the combination of those of Chiba et al. (1981) and Zheng (1999).
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sodium – chloride character of these waters. The high dissolved SO4

contents are consistent with the presence of anhydrite, or gypsum, in
the aquifer and the intervention of them in the control of the dissolved
SO4 and Ca. The Ca/SO4 ratio, lower than 1 (0.68–0.77; Table 3) is indic-
ative of the removal of Ca fromwaters by other processes, probably car-
bonate precipitation. The Ca + Mg/HCO3 + SO4 ratio (in eq/L), with
values near 1 (0.76–0.86), confirms these indications suggesting an im-
portant control of anhydrite, calcite and dolomite, although with the
contribution of other processes.

There is isotopic information for the samples AR1 and AR2 with re-
spect to 13C (DIC), 2H in thewater, 18O inwater and in dissolved sulfates
and 34S in dissolved sulfates (Table 3). Only AR5 has a tritium value of
1.1 ± 2.5 TU (Coloma et al., 1997) which is very low compared to the
mean tritium content in rainfall measured in the REVIP meteorological
station of Zaragoza (the closet monitoring point to the recharge area)
from 2000 to 2012 (about 5 TU; Lambán et al., 2015) and indicates
that they were recharged before the thermonuclear testings in 1952
or that, at the most, they have been affected by a small proportion of
mixing with recent waters (Clark and Fritz, 1997).

The δ18O – δ2H isotopic ratio for AR1 and AR2 indicates a meteoric
origin for these waters since it is close to the Global Meteoric Water
Line (δ2H= 8·δ18O+ 10; Craig, 1961; Fig. 3) and the SpanishMeteoric
Water Line (δ2H = 8·δ18O + 9.27; Díaz-Teijeiro et al., 2009; Fig. 3).

The δ13C values for AR1 and AR2 are−4.16‰ and−5.52‰, respec-
tively. The δ13C of the dissolved inorganic carbon (DIC) in groundwaters
is controlled by various carbon sources: 1) the organic matter and the
concomitant biological degradation processes in the soils of the re-
charge area; and 2) the carbonate dissolution during the water circula-
tion in the hydrological circuit. The contribution of the atmospheric CO2

could be neglected (Mook and Tan, 1991). Most of the plants (about the
85%) on terrestrial ecosystems are of type C3, with a medium δ13C of
about −27‰ (Clark and Fritz, 1997; Vogel, 1993). Nonetheless, some
agricultural plants are of C4 type (Clark and Fritz, 1997), with a mean
δ13C value of−12.5‰ (Vogel, 1993), and they could also be present in
the recharge area. The degradation of these plants results in δ13C values
of the soils of about −23‰ in areas with C3 plants and close to −9‰
when C4 plants are present (Clark and Fritz, 1997). Finally, the δ13C in

carbonate minerals could be 0‰ (Clark and Fritz, 1997). Therefore, the
δ13C values found in these thermal waters suggest that, after the re-
charge of the waters through the soils, their evolution has been highly
influenced by the dissolution of carbonates.

Finally, the values of δ34S and δ18O in the dissolved sulfate are about
14.8‰ and 14‰, respectively, which are similar to the values reported
for the Keuper rocks in this area, 13–15.5‰ for the δ34S, and
10.9–12.7‰ for the δ18O (Alonso-Azcárate et al., 2006), and in the
Ebro Basin, 10.9–16.3‰ for the δ34S, and 8.9–14.9‰ for the δ18O
(Utrilla et al., 1987), suggesting that these waters are in contact with
the Keuper facies in the reservoir.

4.2. Saturation indices

Most of the samples are in equilibriumor slightly oversaturatedwith
respect to calcite, in equilibrium or close to equilibrium with respect to

Table 3
Analytical data of the waters included in this study. TDS (calculated using PHREEQC) and dissolved elements are expressed in ppm and the isotopic contents in‰.

Sampling campaign 2015 Maraver Eyzaguirre (2003) Coloma et al. (1997)

Spa External pool Spa External pool Spa

AR1 AR2 AR3 AR4 AR5

Temp. (°C) 45.30 39.50 49.70 40a 48a

TDS 7720.9 7352.1 7912.7 6447.0 7276.5
pH 6.87 7.05 6.90 6.80 8.2
HCO3

− 179.88 181.58 189.10 183.00 149.50
Cl− 3220.00 3030.00 3314.60 2556.00 2876.90
SO4

− 1541.00 1537.00 1442.60 1385.30 1549.00
Ca 444.00 443.00 465.10 391.20 459.40
Mg 75.50 73.80 72.70 63.60 76.60
Na 2099.00 1941.00 2267.50 1720.20 2077.10
K 20.60 22.90 21.90 25.00 23.90
Sr 9.90 9.80
F 2.36 2.30 2.30
Al 0.0142 0.0643
Li 0.2901 0.2708 0.60
SiO2 30.87 29.10
δ18O vs SMOW in (H2O) −8.5 −8.8
δ2H vs SMOW (H2O) −65.3 −65.1
δ18O vs SMOW in (SO4

2−) 14.1 14
δ34S vs CDT (in SO4

2−) 14.8 14.8
δ13C vs PDB (in CO2) −4.16 −5.52
Na/Cl 1.01 0.99 1.05 1.04 1.11
Ca/SO4 0.69 0.69 0.77 0.68 0.71
Ca + Mg/HCO3 + SO4 0.81 0.81 0.86 0.76 0.83
% imbalanceb −2.41 −3.28 0.42 −2.31 2.72

a Estimated temperature.
b Imbalance expressed as cations−anions

cationsþanions � 100 (cations and anions in eq.)

Fig. 3. δ2H–δ18O diagram showing the isotopic composition of samples AR1 and AR2, The
Global Meteoric Water Line (GMWL) and the Spanish Meteoric Water Line (SMWL) are
also represented.
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strontianite and slightly undersaturated with respect to disordered do-
lomite (Table 4). Only the sample AR5, with the highest pH value
(Table 3) is oversaturated with respect to dolomite. Considering that
its pCO2 value is close to the atmosphere (logpCO2 =−3) this behav-
iour is probably due to the CO2 outgassing of the waters after sampling
and before measuring the pH in the laboratory.

All the waters are slightly undersaturated with respect to fluorite,
anhydrite and gypsum and highly understaturated with respect to ha-
lite (Table 4). They are close to equilibrium with chalcedony and
oversaturated with respect to quartz (Table 4).

Only samples AR1 and AR2 have aluminium data and the solubility
results indicate that they are oversaturated with respect to albite,
K-feldspar, and other aluminosilicates like kaolinite, pyrophyllite or
laumontite (Table 4).

4.3. Geothermometrical results

4.3.1. Chemical geothermometers
The results obtained by applying the selected chemical

geothermometers and calibrations to the water samples are shown in
Table 5.

The temperature predicted with the silica geothermometers for the
samples AR1 and AR2 is about 80 °C with the SiO2-quartz and 50 °C
with SiO2-chalcedony.

In order to check whether the use of the cationic geothermometers
Na-K, K-Mg, and Na-K-Ca is adequate or not in this system the samples
have been plotted in the Giggenbach diagram (Fig. 4). All of them fall in
the partially equilibrated waters field and close to the fully equilibrated
field, especially using the Fournier (1979) calibration for the Na-K
geothermometer. This result indicates that consistent temperatures
can be expected when using some of these geothermometers.

The temperatures obtained with the Na-K geothermometer vary de-
pending on the sample and also the calibration considered. The highest
results are obtainedwith theGiggenbach (1988) calibration and in sam-
ple AR4 (114 °C). The lowest temperature values are those obtained
with the Fournier (1979) calibration in sample AR3 (75 °C). The
rest of the values are all close to 90 or 95 °C. The Na-K-Ca
geothermometer provides similar results to those obtained with the
Na-K geothermometer, being around 90 °C for all the samples.

The temperature predicted with the K-Mg geothermometer is lower
than the obtained with the Na-K one, ranging between 60 and 67 °C.
This is probably due to secondary processes affecting thedissolvedmag-
nesium contents (D'Amore and Arnórsson, 2000) or simply because the
phase used in the calibration of the geothermometers is not controlling
the magnesium contents of these waters.

The Ca-Mg provides higher temperatures, about 115 °Cwhichmight
be conditioned by the fact that this geothermometer is affected by the

degree of order of dolomite in equilibrium with the waters (see
below). The SO4-F geothermometer gives incoherent results indicating
that it is not applicable in this system probably because fluorite is not
likely to be in the reservoir in enough amounts to control the contents
of the waters (see Table 5).

The temperatures obtained for all the samples are similar and the
most reasonable results are those from SiO2-quartz, Na-K and Na-K-Ca
geothermometers. The temperature at depth is 87 ± 12 °C, which is
within the uncertainty range usually accepted in geothermometrical
calculations (±20 °C; Fournier, 1982). In any case, these results will
be integrated with the other geothermometrical techniques.

4.3.2. Isotopic geothermometers
The temperature predicted by the geothermometer δ18O SO4-H2O is

similar for the two sampleswith isotopic data (Table 5 and Fig. 5). How-
ever, the results depend on the calibration considered:

1. The calibration proposed by Boschetti et al. (2011), based on the
equilibrium exchange between anhydrite (CaSO4) and H2O is the
most reliable for these waters as it is adequate for systems
oversaturated or in equilibrium with anhydrite (e.g. Awaleh et al.,
2015; Boschetti, 2013; Boschetti et al., 2011), which is the case in

Table 4
Saturation state of the waters with respect to the mineral phases considered in the study.
These have been calculated at spring conditions with the LLNL database. Dolomite-dis is
the fully disordered dolomite, and Albite-low is the low temperature albite.

AR1 AR2 AR3 AR4 AR5

pCO2(g) −1.60 −1.81 −1.58 −1.54 −3.00
Calcite 0.16 0.27 0.29 0.01 1.45
Dolomite-dis −0.44 −0.28 −0.17 −0.81 2.15
Strontianite 0.09 0.25
Anhydrite −0.38 −0.42 −0.35 −0.47 −0.33
Gypsum −0.39 −0.38 −0.40 −0.43 −0.37
Fluorite −0.64 −0.62 −0.66
Halite −3.95 −4.00 −3.91 −4.12 −4.01
Quartz 0.39 0.45
Chalcedony 0.13 0.19
Albite_low 1.33 2.26
K-Feldspar 1.81 2.90
Kaolinite 3.51 5.05
Pyrophyllite 2.84 4.46
Laumontite 1.78 3.52

Table 5
Temperatures (°C) obtainedwith several chemical and isotopic geothermometers and cal-
ibrations for the samples considered in the study.

Geothermometer Calibration AR1 AR2 AR3 AR4 AR5

SiO2-quartz Truesdell, 1976 81 78
Fournier (1977) 80 78
Michard (1979) 82 80

SiO2-chalcedony Fournier (1977) 49 47
Arnòrsson et al. (1983) 52 50

Na-K Giggenbach (1988) 97 105 96 114 107
Fournier (1979) 75 84 75 93 83
Verma and Santoyo (1997) 83 91 82 100 90

K-Mg Giggenbach et al. (1983) 61 64 63 67 64
Na-K-Ca Fournier and Truesdell (1973) 88 91 90 96 92
Ca-Mg Chiodini et al. (1995) 116 117 114 112 108
SO4-F Chiodini et al. (1995) −11 −11 −10
SO4-H2O
(δ18OHSO4-H2O)

Seal et al. (2000) 66 64
Friedman and O'Neil (1977) 69 68

SO4-H2O
(δ18OSO4-H2O)

Halas and Pluta (2000) 18 17
Zeebe (2010) 25 25

SO4-H2O
(δ18OCaSO4-H2O)

Boschetti et al. (2011) 75 74

Fig. 4. Location of all the samples in the Giggenbach diagram. The dotted line is calculated
with the Na-K Fournier (1979) calibration andwith the Giggenbach (1988) one for Mg-K;
the solid line is calculated with Na-K and Mg-K calibrations of Giggenbach (1988).
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Arnedillo (see below). The temperature values predicted are around
75 °C in both samples.

2. Although theHSO4
− species is not expected to control the equilibrium

in a neutral system like Arnedillo, two calibrations based on the equi-
librium exchange between HSO4

− and H2O have been used. The cali-
bration of Seal et al. (2000) provides temperatures of about 65 °C and
the calibration of Friedman and O'Neil (1977) a temperature close to
69 °C. These temperatures coincide with the rest of the results and
the reason for that (even not being the dominant species) is shown
in Fig. 5: the calibrations based on this exchange are quite close to
the one based on the CaSO4-H2O exchange for neutral water.

3. Finally, using the calibrations based on the equilibrium exchange be-
tween the SO4 andH2O the temperatures obtained are considered in-
coherent since they are about 20 °C, below the emergence
temperature of the thermal waters. This can be due to the slow pro-
cess of 18O exchange between SO4

2− andH2O in low temperature sys-
tems preventing the equilibrium between SO4

2− and H2O to be
attained (Boschetti et al., 2011).

4.3.3. Geothermometrical modelling
Samples AR1 and AR2, with the more complete chemical analysis,

have been selected to perform the geothermometrical modelling as
the results from the chemical geothermometers have been similar for
all the samples.

Using the LLNL thermodynamic database the results show that cal-
cite, dolomite (disordered-dolomite) and chalcedony reach equilibrium
at lower temperature than the rest of the phases (Fig. 6). While most of
the minerals predict temperatures of about 80–95 °C, chalcedony
reaches equilibrium at 65 °C, dolomite at 50 °C in AR1 and 60 °C in
AR2, and calcite even at lower temperature.

The lower temperature predicted by chalcedony was also found
with the SiO2-chalcedony chemical geothermometer, while the results
obtained for quartz (the equilibrium temperature and the SiO2-quartz
geothermometer) are more reasonable and in agreement with the rest
of the minerals. These results indicate that the phase controlling the sil-
ica equilibrium in this system is quartz and no chalcedony.

Calcite and dolomite are expected to be in equilibriumwith the res-
ervoir waters in systems hosted in carbonate rocks and, therefore, the
fact that the equilibrium temperature predicted for them is too low
can be the result of a CO2 outgassing process during the ascent of the

waters to surface, since the pCO2 of the waters (between −1.8 and
−1.3) ismuch higher than the atmosphere. A theoretical reconstruction
of the characteristics in the reservoir was simulated to check this as-
sumption. Following the recommendations from Pang and Reed
(1998) and Palandri and Reed (2001), the CO2 content of the waters
was increased in the simulation up to a value that made the carbonate
phases (mainly calcite since it is less affected by uncertainties in
the thermodynamic data) reach equilibrium in a temperature range
similar to the rest of the phases. In this case the equilibrium tempera-
ture of calcite was adjusted to 87 °C (deduced with the chemical
geothermometers and in agreement with the rest of the minerals) by
adding between 1.56 and 2.27 mmol/L of CO2 to the waters.

In Fig. 7 and Table 6 the results obtained in the geothermometrical
modelling after the CO2 reconstruction are shown. The modelling was
performed with the LLNL and the WATEQ4F thermodynamic databases
to evaluate the problems related with the uncertainties in the thermo-
dynamic data and to determine an uncertainty range for the results.

The results obtained for each sample with the two databases are
similar and they reach equilibrium at a temperature around 90 °C. A re-
liable range of 93 ± 14 °C for the temperature in the reservoir could be
proposed from the modelling results, which is in the accepted uncer-
tainty range (±20 °C; Tole et al., 1993).

5. Discussion

Overall, the results presented in the previous section showa remark-
able degree of coincidence in the results obtained with the different
geothermometrical methodologies. Some of these results are coherent
with the mineral equilibria expected in reservoirs of systems hosted in
carbonate-evaporitic rocks and, therefore, are highly reliable. However,
the good results obtained with the cationic geothermometers (mainly
the Na-K) are unusual in this type of systems. Finally, other
geothermometers as the Ca-Mg (or the calcite – dolomite equilibrium
in which it is based), a priori well suited for this systems, display differ-
ent type of problems. These aspects are discussed below.

Anhydrite and quartz (or chalcedony) equilibrium have been con-
sidered highly reliable in geothermometrical calculations (e.g. Alçiçek
et al., 2016; Kharaka and Mariner, 1989; Levet et al., 2002; Pastorelli
et al., 1999) since their thermodynamic data are quite well-known,
their saturation states are not affected by pH variations during the as-
cent of thermal waters and they display different thermodynamic be-
haviour (retrograde and prograde solubility, respectively; e.g. Alçiçek
et al., 2016 or Levet et al., 2002). Therefore, the good agreement in the
temperatures predicted by these phases (80 to 90 °C with LLNL and 87
to 97 °C with WATEQ4F; Fig. 7 and Table 6) in the modelling and with
the results of the SiO2-quartz geothermometer (Table 5) reinforces the
reliability of the results as reservoir temperature. The results obtained
with the isotopic geothermometer δ18O SO4

2−–H2O with the CaSO4 cal-
ibration agree with the anhydrite equilibrium in the reservoir and pro-
vides a very similar temperature, which supports the findings by
Awaleh et al. (2015), Boschetti (2013) or Boschetti et al. (2011) and
the reliability of this new isotopic calibration.

Although usually inappropriate in low temperature and carbonate-
evaporitic systems, the cationic geothermometers (mainly the Na-K)
have provided reasonable results. They are also consistent with those
obtained from themodelling which show that the waters have reached
the equilibrium with albite and K-feldspar (Fig. 7 and Table 6). This
equilibrium situation has also been identified in the Giggenbach dia-
gram (Fig. 2) where these waters fall close to the field of the fully equil-
ibrated waters. The explanation to this unusual situation could be the
presence of some detritalmaterial in the aquifer, as found in other stud-
ies (e.g. Blasco et al., 2017; Boschetti et al., 2005; López-Chicano et al.,
2001), which allows the waters attaining the equilibrium with
aluminosilicates.

In summary, the integration of the results obtained with the several
geothermometrical techniques, excluding the less reliable results

Fig. 5. Sulfate –water oxygen isotope fractionation (103lnα= 103ln[(1000 + δ18Osulphate

species)/(1000+ δ18OH2O)]) versus temperature for the Arnedillo thermal waters (AR1 and
AR2) and considering the different calibrations. A sample from other low temperature
carbonate-evaporitic system, hosted in Paleocene-Eocene carbonates in the pre-
Pyrenees, the Tiermas thermal system, also in equilibrium with anhydrite, has also been
plotted for comparative purposes (Blasco et al., 2017). The temperature considered for
the samples has been the temperature deduced from the rest of geothermometrical
techniques used.
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discussed along this work, allow determining that the temperature
range for the Arnedillo thermal waters in the reservoir is 87 ± 13 °C.
Moreover, the good convergence of the saturation index of the consid-
ered mineral phases in the line of SI = 0 (Fig. 7) indicates that these
thermal waters have not been affected by a significant mixing process.
A mixing process would modify the temperature results since the

convergence point would be shifted to undersaturated values (Pang
and Reed, 1998).

The depth of the reservoir of these thermal waters can be approxi-
mated using the temperature estimated for them. Assuming that the
thermal gradient in the Cameros Range is 18 °C/km (as determined in
the Castilfrío oil well; Fig. 1; Fernández et al., 1998), and the mean

Fig. 6. Evolution with temperature of the saturation indices of the minerals supposed to be in equilibriumwith the water samples AR1 and AR2 in the reservoir. This calculation has been
performed by using the LLNL thermodynamic database and prior to the reconstruction of the reservoir characteristics. The dolomite used is the disordered dolomite and the albite is the
low temperature albite.

Fig. 7. Evolution with temperature of the saturation indices of the minerals supposed to be in equilibrium with the water samples AR1 and AR2 after the reconstruction of the reservoir
characteristics by adding CO2. The results obtainedwith two different thermodynamic databases, LLNL andWATEQ4F, are shown. In the case of the LLNL database the disordered dolomite
and low temperature albite have been used. In the case of the WATEQ4F the thermodynamic data for the partially ordered dolomite from Hyeong and Capuano (2001) and albite, K-
feldspar and pyrophyllite from Michard (1983) have been added to the database.
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surface temperature in Spain is 16 °C (Chamorro et al., 2014), the reser-
voir should be located at about 4000mdepth, coincidentwith the depth
of the Jurassic rocks that constitute the aquifer of these waters (Fig. 2).
Overall, this result reinforces the reliability of the geothermometrical
results.

Finally, as mentioned at the beginning of this discussion, some com-
ments are neededwith respect to theproblems associated to the calcite-
dolomite equilibrium. This equilibrium is expected to be attained by
the waters at depth in systems hosted in carbonate rocks (like the one
studied here) due to the high temperatures and the long residence
time. However, this equilibrium is not always easy to verify in
geothermometrical modelling due to the outgassing of the waters and
the subsequent modification of the saturation states of carbonate
phases (as shown in Section 4.3.3). An additional complication is that,
while the thermodynamic data of calcite are quite well defined, the do-
lomite solubility is conditioned by its degree of order which in the end
affects the equilibrium temperature of this phase (e.g. Frondini, 2008;
Hyeong and Capuano, 2001; Vespasiano et al., 2014).

The results found for the Arnedillo system indicate that the temper-
ature obtained for the fully disordered dolomite used in the LLNL data-
base is too high with respect to the one obtained with calcite (Table 6)
while the partially-ordered dolomite proposed by Hyeong and
Capuano (2001) and introduced in the WATEQ4F database (calculated
to be 11% of ordered dolomite, see below) gives a more similar temper-
ature although still a few degrees higher (Table 6). The influence of the
order degree of dolomite in geothermometrical calculations is evident
and the results suggest that the dolomite in the Arnedillo reservoir
should be of higher order degree than the dolomites used in the
modelling.

To delimit this issue some additional calculations on the order of the
dolomite have been done as proposed by Vespasiano et al. (2014) for
aquifers in dolomitic rocks affected by metamorphism. In this case, as-
suming that dolomite should be in equilibrium with calcite at 87 °C in
the Arnedillo aquifer, the corresponding degree of order has been deter-
mined. From the results obtained in the speciation – solubility calcula-
tions, a logK = 1.1237 (for the dissolution reaction: CaMg(CO3)2
+2H+=Ca2++Mg2++2HCO3) has been calculated for the dolomite
at 87 °C. This logK yields the Gibbs free energy of the reaction (Eq. (1)).
With that value and with the Gibbs free energy of formation of the spe-
cies (Ca2+, Mg2+ and HCO3

-)1, the Gibbs free energy of formation (ΔGf)
for the dolomite at 87 °C can be obtained (Eq. (2)):

logK ¼ −ΔGR

2:303RT
ð1Þ

ΔGR ¼
X

ΔGf products−
X

ΔGf reactants ð2Þ

where R is the constant of the ideal gases and T the temperature in K.
The value obtained is ΔGf,Arn =−519.06 Kcal. Knowing the ΔGf value
for the ordered dolomite (ΔGf,ord = −520.298 Kcal)1 and the disor-
dered dolomite (ΔGf,dis=−518.362 Kcal)1 (all at 87 °C), the proportion
of order and disorder dolomite present in the dolomite from Arnedillo
can be determined using the following equation (Anderson and
Crerar, 1993):

ΔGf ;Arn ¼ Xord � ΔGf ;ord þ Xdis � ΔGf ;dis
þ RT Xord � ln Xord þ Xdis � ln Xdisð Þ ð3Þ

where Xord is themolar ratio of the ordered dolomite and Xdis themolar
ratio of the disordered dolomite.

The result is that the dolomite present in the aquifer of the Arnedillo
thermal system is constituted by 18.4% of ordered dolomite and 81.6% of
disordered dolomite, which is a partially-disordered dolomite but with
a higher order degree than the dolomite obtained by Hyeong and
Capuano (2001). This is consistent with the interpretation done from
the results of the geothermometrical modelling.

Going a step forward, from the values of order and disorder obtained
and using the Eq. (3), the ΔGf,Arn, and therefore the logK, at different
temperatures can also be calculated (Eqs. (2) and (1)). The results at
standard conditions (25 °C) for the logK of the Arnedillo dolomite is
3.55 for the dissolution reaction CaMg(CO3)2 + 2H+ = Ca2+ + Mg2+

+ 2HCO3. The corresponding values for the ordered and disordered do-
lomite are 4.01 and 2.61, respectively.

Fig. 8 shows the calcite/dolomite equilibria in a log (aCa2+/aMg2+)
vs temperature plot for different dolomites: the fully ordered and
fully disordered dolomites, the Arnedillo dolomite and some other
partially-ordered dolomites from the literature deduced from natural
systems as there are no experimental data for dolomites of intermediate
order. The fully ordered and fully disordered dolomites have been taken
from the LLNL thermodynamic database. Data from natural groundwa-
ter systems from studies where calcite-dolomite equilibrium has been
verified in a wide range of temperatures have also been included.
Hyeong and Capuano (2001) studied the equilibrium situation between
calcite and dolomite in the groundwaters of the Oligocene Frio Forma-
tion in the Texas Gulf Coast, between 40 and 150 °C, and the order has
been calculated to be 11%. Busby et al. (1991) also studied the calcite-
dolomite equilibrium in the groundwaters of the Carboniferous Madi-
son Aquifer, between 10 and 100 °C, and the order has been calculated
to be 23.5%. Finally, data from Vespasiano et al. (2014) corresponding
to a dolomite in the Triassic rocks affected by a low-grade metamor-
phism in Calabria (Italy) have also been included (order of 22%).

The log (aCa2+/aMg2+) for the different dolomites at different tem-
peratures has been calculated from the logK at those temperatures and
using the Eq. (4) (the calcite data was taken from the LLNL thermody-
namic database).

log
aCa2þ

aMg2þ

 !
¼ 2 � logKcalcite− logKdolomite ð4Þ

The comparison shown in Fig. 8 evidences the great importance of
the order/disorder degree of dolomite in the geothermometrical deter-
minations as small changes can yield to representative differences in the
equilibrium temperature of this phase.

The problem stands on the difficulties to know the order degree of
the dolomite present in a specific aquifer since in groundwater systems
hosted in sedimentary rocks calcite-dolomite equilibrium usually in-
volve Ca- or Fe-rich partially ordered dolomites (Carpenter, 1980;
Helgeson et al., 1978; Hyeong and Capuano, 2001; Land, 1985; Reeder,
2000) that remain with variable disorder degree for hundreds of mil-
lions of years of burial diagenesis (Kaczmarek and Duncan, 2011;

Table 6
Temperatures (°C) at which the mineral phases considered reach equilibrium in the sam-
ples AR1 and AR2 and calculatedwith the LLNL andWATEQ4F databases. In the case of the
LLNL database, the dolomite and albite considered are the fully disordered dolomite and
the low temperature albite, respectively. In the case of theWATEQ4F, the thermodynamic
data correspond to the dolomite deduced by Hyeong and Capuano (2001) and the albite,
K-feldspar and pyrophyllite have been taken from Michard (1983).

Mineral phase AR1 AR2

LLNL WATEQ4F LLNL WATEQ4F

Calcite 87 87 87 87
Dolomite 106 92 107 92
Quartz 90 97 88 94
Anhydrite 81 88 80 87
Albite 79 85 94 99
K-feldspar 80 78 93 91
Pyrophyllite 91 90 106 106

1 The values of ΔGf of the different species needed to calculate the ΔGf of the dolomite
in the Arnedillo system and the values ofΔGf,ord andΔGf,dis at the temperature of interest,
have been obtained from http://geopig3.la.asu.edu:8080/GEOPIG/pigopt1.html
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Lumsden and Chimahusky, 1980; Sperber et al., 1984). Therefore this
type of calculations is not only useful in dolomitic aquifers affected by
metamorphism (as applied by Vespasiano et al., 2014) but also in sedi-
mentary/diagenetic carbonate or carbonate-evaporitic aquifers.

In summary, with respect to the calcite-dolomite equilibrium uncer-
tainties, it is important to keep in mind that although the consideration
of the fully disordered dolomite will provide, at least, a maximum tem-
perature for thewaters in the deep reservoir, a careful approach, like the
one done in this work, is needed to interpret and improve the results of
the geothermometrical calculations based on the calcite-dolomite
equilibria.

6. Conclusion

In this study amulti-technique approach to determine the tempera-
ture in the reservoir of carbonate-evaporitic and low temperature
thermal systems is applied to a study case in La Rioja (Spain). Thismeth-
odology and its application to a specific case has resulted to be very
helpful to deal with some of the problems that the geothermometrical
calculations present in this kind of systems.

The integration of the results obtained with chemical
geothermometers, isotopic geothermometers and geochemical model-
ling has given a reservoir temperature for the Arnedillo thermal system
of 87±13 °C. At this temperature thewaters are in equilibriumwith re-
spect to calcite, dolomite, anhydrite, quartz, albite, K-feldspar and other
aluminosilicates. Considering the geothermal gradient in the studied
area, the approximate depth of the reservoir seems to be at about
4000mdepth,which is coincidentwith thedepth of the suggested aqui-
fer formations.

It is also remarkable the coherent results obtained with the Na-K
geothermometer since it is considered inadequate for this type of sys-
tems. However the presence of a significant amount of detrital material
in the carbonate aquifer seems to be enough to allow thewater reaching
the equilibrium with respect the phases in which it is based (albite and
K-feldspar).

Finally, the effects of the thermodynamic uncertainties related to do-
lomite have been evaluated and the order degree of the dolomite pres-
ent in the reservoir of the Arnedillo thermal waters has been
determined, resulting in 18.4% of ordered dolomite and 81.6% of disor-
dered dolomite, with a log K = 3.55 at standard conditions (for the re-
action CaMg(CO3)2 + 2H+ = Ca2+ +Mg2+ + 2HCO3).

The need of this kind of calculations and of the integration of all the
geothermometrical techniques is proposed here as a methodological
procedure to be used in similar kind of studies.
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A B S T R A C T

The Fitero and Arnedillo geothermal systems are located in the NW part of the Iberian Range (Northern Spain).
The geothermal reservoir is hosted in the Lower Jurassic carbonates, in contact with the evaporitic Keuper
Facies. Thermal waters are of chloride-sodium type with discharge temperature of about 45 °C and near neutral
pH. The Arnedillo waters are more saline with higher Na, Cl and sulphate contents, but lower Ca and Mg than the
Fitero waters. All waters have attained mineral equilibrium at depth with calcite, dolomite, anhydrite, quartz,
albite, K-feldspar and other aluminosilicates, except for the Fitero waters, which have not reached the equili-
brium with the aluminosilicates. The calculated reservoir temperature is 81 ± 11 °C in Fitero and 87 ± 13 °C in
Arnedillo. In order to identify the reasons for the differences found between the two systems some inverse and
forward geochemical calculations were performed and the main water-rock interaction processes responsible for
the chemical evolution of these waters have been evaluated.

Halite dissolution has been found to be the triggering factor for the two most important geochemical pro-
cesses in the system: a) albitisation process, due to the common ion effect (Na); and b) dedolomitisation process,
associated with the salinity increase, which enhance the dissolution of anhydrite and, in turn, produces the
precipitation of calcite (common ion effect, Ca) and the concomitant dissolution of dolomite.

Halite dissolution may be an important driving force in the geochemical evolution of groundwater systems in
contact with carbonates and evaporites, where equilibrium with K-feldspar, albite and anhydrite has already
been attained. The evolution of the processes at pH, temperature and salinity ranges wider than those in the
Fitero-Arnedillo system has been theoretically examined with additional reaction-path simulations, in order to
generalise the geochemical behaviour of these processes in other environments.

1. Introduction

Fitero and Arnedillo are two small villages in Navarra and La Rioja
regions (Spain) respectively, which have well known spas functioning 
for a long time (e.g. Gutiérrez, 1801; Mezquíriz, 2004) for its medicinal 
and therapeutic benefits. Arnedillo is about 35 Km NW of Fitero, and 
the waters that emerge in both villages belong to the same carbonate-
evaporitic reservoir. The discharge temperature of the thermal waters 
at both sites is similar, but their chemistry is different.

The hydrogeochemical characterisation of these thermal waters 
started with the study of the Arnedillo system (Blasco et al., 2018) and 
it is completed in this paper with the characterisation of the Fitero 
thermal waters. Moreover, following the same methodology as for the 
Arnedillo waters, the temperature in the reservoir of the Fitero system 
has been determined by using the chemical and isotopic

geothermometers and the geothermometrical modelling. The use of 
classical chemical geothermometers (cationic geothermometers and 
silica geothermometers) in low-temperature and carbonate-evaporitic 
systems is rather controversial, since they were developed to be used in 
waters of higher temperature and with a different mineral assemblage 
in contact to the waters in the reservoir. However, although not com-
pletely free of uncertainties or limitations, there are some chemical 
geothermometers specifically calibrated for this type of systems (Ca-Mg 
and SO4-F; Chiodini et al., 1995). These issues were thoroughly treated 
in the previous study on the Arnedillo waters (Blasco et al., 2018) and, 
therefore, only some observations are included here. In any case, as 
both systems belong to the same reservoir, the study of the Fitero 
thermal waters will improve the general understanding in the particu-
larities of the use of these geothermometers (as explained in Blasco 
et al., 2017).
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Finally, the geochemical characterisation of the whole system al-
lows assessing, by mass balance and reaction paths calculations, the
main reactions (and their extent) that condition the evolution of these
thermal waters. This evaluation has evidenced the important role
played by halite dissolution in the geochemical evolution of this type of
systems through its effects on several water-mineral equilibria.

2. Geology and hydrogeology

The Fitero and Arnedillo thermal springs are located in the NW of
the Iberian Chain, in the contact between the eastern Cameros Range
and the tertiary Ebro Basin (Fig. 1; Coloma et al., 1997a,b; Sánchez and
Coloma, 1998). These springs are aligned in a NW-SE thrust that se-
parates the aforementioned two units (Albert, 1979; Auqué et al.,
1988). They are located in the Fitero (Navarra, Spain) and Arnedillo (La
Rioja, Spain) villages, respectively, which are separated by about
35 km.

The Cameros Range, constituted mainly by Mesozoic rocks, is lim-
ited by two continental basins and two Paleozoic reliefs (Fig. 1): the
Ebro and Duero basins in the north and the south, respectively; and the
Demanda and Moncayo Ranges at the east and west (Gil et al., 2002).
The formations of this area range from the Paleozoic up to the Qua-
ternary. The Triassic and the marine Jurassic carbonate rocks (up to
Kimmeridgian) constitute the pre-rift sequence, and they are re-
presented by the formations normally found in the Iberian Chain
(Coloma, 1998; Gil et al., 2002; Goy et al., 1976). At the end of the
Jurassic and during the Cretaceous time a rifting process resulted in the
creation of the Cameros Basin and the sedimentation of this period
constitutes the syn-rift sequence. These are continental sediments from

Upper Jurassic to Upper Cretaceous (Tithonian to Lower Albian;
Coloma, 1998; Gil et al., 2002; Mas et al., 1993) and they are con-
stituted by an intercalation of fluvial and lacustrine sediments. Finally,
the post-rift sequence is constituted by the Upper Cretaceous carbonates
(Urgon Facies) and sandstones (Utrillas Formation) and the carbonates
of the Later Cretaceous (Santa María de la Hoyas, Picofrentes, Muñecas,
Hortezuelos, Hontoria Pinar, Burgo de Osma, Santo Domingo de Silos
and Santibañez del Val Formations; Gil et al., 2002, 2004). The Ca-
meros Range relief and the tertiary basin were created during the ter-
tiary tectonic inversion when E-W and NW-SE compressive structures,
such as the Cameros thrust, were generated (Coloma, 1998; Gil et al.,
2002).

The geothermal reservoir associated with these thermal waters is
located in the Jurassic carbonates of the pre-rift sequence. Based on
their permeability, these materials have been divided in three groups,
two permeable ones separated by other less permeable (Coloma et al.,
1995; Sánchez and Coloma, 1998; Sánchez et al., 1999), although they
are interconnected due to the intense fracturation:

1) Group 1 (the first permeable group): Imón (dolostones), Cortes de
Tajuña (dolomitic carnioles) and Cuevas Labradas (limestones and
dolostones) Formations.

2) Group 2 (the intermediate less permeable group): Cerro del Pez
(marls), Barahona (bioclastics limestones) and Turmiel (marls and
limestones) Formations.

3) Group 3 (the second permeable group): Chelva (limestones),
Aldealpozo (black limestones) and Torrecilla (limestones with
corals) Formations.

Fig. 1. Location of the Arnedillo and the Fitero geothermal springs and geological map of the area (modified from Blasco et al. 2018).

M. Blasco et al.

74 Geochemical characterisation of low temperature carbonate geothermal systems



All these formations constitute the regional drainage level of the
Iberian Chain, although the main flow occurs through the materials of
the first permeable group (Coloma et al., 1995; Sánchez and Coloma,
1998; Sánchez et al., 1999).

The recharge occurs through the outcrops of Jurassic rocks and the
syn-rift sequence and from the infiltration from rivers (Coloma et al.,
1995; Sánchez et al., 1999). Then, the ascent of the thermal waters to
surface takes place through the Cameros thrust (Coloma, 1998; Coloma
et al., 1996; Fig. 1). The discharges are associated with the Keuper fa-
cies and the Lower Jurassic formations (Auqué et al., 1988; Coloma,
1998; Coloma et al., 1996). The thermal waters are of chloride-sodium
type and the discharge temperature is close to 50 °C in both cases,
however, the flow rate is higher in Fitero (about 50 L/s) than in Ar-
nedillo (up to 20 L/s; Coloma et al., 1998, 1997b, 1995; Sánchez and
Coloma, 1998).

3. Methodology

3.1. Field sampling and analyses

A sampling campaign was conducted in October 2015 and four
water samples were taken and analysed. Two of them were collected in
Arnedillo, one inside the Arnedillo spa (AR1) and the other in a spring
in a pool built in the Cidacos River (AR2). The other two samples were
taken in Fitero in two different spas, one in the Bequer spa (F1) and the
other in the Palafox spa (F2).

The field sampling procedures and analytical methodology were
described in detail in Blasco et al. (2018). Briefly, temperature, pH and
electrical conductivity were determined in situ in all these samples;
alkalinity was determined by titration with H2SO4 0.02 N and endpoint
monitoring by pH-meter, chloride and fluoride by selective electrodes
and sulphates by colorimetry. The major cations (Ca, Na, K, Mg, Sr and
Si) were analysed by ICP-OES, the minor cations by ICP-MS and the
isotopes (δ18O, δ2H, δ13C, and δ34S and 18O in dissolved sulphates) by
CF-IRMS.

3.2. Geothermometers

The use of chemical and isotopic geothermometers for determining
the reservoir temperature of a thermal system can be considered com-
plementary to the geothermometrical modelling and through the
combination of the three techniques the temperature is more precisely
established. The characteristics of the chemical and isotopic geo-
thermometers used here and their application to these thermal waters
were detailed in Blasco et al. (2018), so here only the most relevant
information is highlighted.

3.2.1. Chemical geothermometers
Chemical geothermometers are the classical technique used for de-

termining the reservoir temperature of thermal waters. They consist of
empiric or experimental calibrations based on chemical heterogeneous
reactions which depend on temperature and control the elemental
contents dissolved in waters (e.g. Marini, 2004; Truesdell, 1976). There
are some geothermometers that have been specifically calibrated for
carbonate-evaporitic and low temperature thermal systems and they
have been used in this study: the Ca-Mg and the SO4-F geotherm-
ometers (Chiodini et al. 1995).

However, most of the existing geothermometers (cationic and silica
geothermometers) have been calibrated for waters of high temperature
(> 180 °C) and hosted in different rocks than the ones present in the
studied area (e.g. Arnòrsson et al., 1983; Asta et al., 2010; Auqué et al.,
1997; Buil et al., 2006; Choi et al., 2005; D́Amore et al., 1987; Fouillac
and Michard, 1981; Fournier, 1981, 1977; Giggenbach et al., 1983;
Giggenbach, 1988; Kharaka and Mariner, 1989; Mariner et al., 2006;
Mutlu and Güleç, 1998; Stefánsson and Arnórsson, 2000). These geo-
thermometers have provided coherent results in some systems similar

to the ones studied here (e.g. Apollaro et al., 2012; Blasco et al., 2018,
2017; Fernández et al., 1988; Gökgöz and Tarkan, 2006; Michard and
Bastide, 1988; Mohammadi et al., 2010; Pastorelli et al., 1999; Wang
et al., 2015) and, therefore, their applicability in the Fitero – Arnedillo
geothermal system is tested. Classical chemical geothermometers and
calibrations used in this study are: SiO2-quartz (calibrations: Fournier,
1977; Michard, 1979; Truesdell, 1976), SiO2-chalcedony (calibrations:
Arnòrsson et al., 1983; Fournier, 1977) Na-K (calibrations: Fournier,
1977; Giggenbach, 1988; Verma and Santoyo, 1997), K-Mg
(Giggenbach et al., 1983 calibration) and Na-K-Ca (Fournier and
Truesdell, 1973 calibration).

3.2.2. Isotopic geothermometers
Isotopic geothermometers are similar to chemical geothermometers

as they consist of reactions dependent on temperature, however they
are based on the isotopic equilibrium between two species. The isotopic
geothermometers used in this study are the ones based on the δ 18O
exchange between waters and sulphate. The traditional calibrations for
this geothermometer are based on the δ18O HSO4-H2O exchange and
the calibrations used here are those from Friedman and O’Neil (1977)
and Seal et al. (2000). However as isotopic equilibrium in waters of
neutral pH is supposed to be controlled by the δ18O SO4

2-–H2O ex-
change (Boschetti, 2013), additional calibrations based on this as-
sumption have also been used (Halas and Pluta, 2000; Zeebe, 2010).
Finally, the calibration based on δ 18O CaSO4-H2O exchange (Boschetti
et al., 2011) provides good results in systems oversaturated or in
equilibrium with anhydrite (e.g. Awaleh et al., 2015; Boschetti, 2013;
Boschetti et al., 2011) and it has also been used here.

3.3. Geochemical modelling

The geochemical calculations have been performed by using the
PHREEQC geochemical code (Parkhurst and Appelo, 2013) and the
WATEQ4F thermodynamic database (Ball and Nordstrom, 2001) with
some additional thermodynamic data which are detailed below:

• pyrophyllite, laumontite, albite, K-feldspar and chalcedony data
from Michard (1983). These data have been selected because they
have provided good results in geothermal systems previously (e.g.
Asta et al., 2012; Auqué et al., 1998; Michard and Roekens, 1983;
Michard et al., 1989, 1986) and their reliability in this system was
proven by Blasco et al. (2018); and

• dolomite data from Blasco et al. (2018), which was calculated from
the data of the Arnedillo geothermal system. This is a partially or-
dered dolomite which consists of 18.4% of ordered dolomite and
81.6% of disordered dolomite.

3.3.1. Speciation-solubility calculations
These calculations provide the distribution of the different species in

the water, determining their concentrations and activities. They also
give the saturation states of waters with respect to the mineral phases
and the partial pressure of gasses (e.g. pCO2). The saturation state (SI) is
the logarithm of the ratio between the ionic activity product (IAP) and
the equilibrium constant of the mineral reaction at the indicated tem-
perature (K(T)):

⎜ ⎟= ⎛
⎝

⎞
⎠

SI log IAP
K T( ) (1)

When SI= 0 the solution is in equilibrium with the mineral phase, a
positive value indicates oversaturation and a negative value under-
saturation. These determinations will be the basic part of the geother-
mometrical modelling.

3.3.2. Geothermometrical modelling
As mentioned above, in order to compare the results, the
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geothermometrical techniques used here are the same as the ones used
to estimate the reservoir temperature of the Arnedillo thermal waters
(Blasco et al., 2018): chemical and isotopic geothermometers (pre-
viously described) and geothermometrical modelling (or multi-
component solute geothermometry; e.g. Spycher et al., 2014). With this
last technique, the temperature of the reservoir is determined by si-
mulating an increase of the temperature of the thermal water to find the
temperature range at which the saturation states of a previously se-
lected mineral set (according to the reservoir mineralogy and assuming
that they will be in equilibrium in the reservoir) reach equilibrium si-
multaneously. A more detailed explanation of this method and the
minerals selected for the modelling can be found in Blasco et al. (2018).

3.3.3. Inverse and direct modelling
Mass-balance calculations (inverse modelling) provide the mass

transfer for the selected or assumed reactions between two connected
points of the system along a flow path but without taking into account
the thermodynamic feasibility of those reactions (Back et al., 1983;
Busby et al., 1991; Hanshaw and Back, 1985; Plummer and Back, 1980;
Plummer, 1977; Plummer et al., 1990, 1983; Román-Mas and Lee,
1987; Zhu and Anderson, 2002). In this case the assumption is that
Fitero and Arnedillo are geochemically related and, although they are
not strictly in the same flow path, they represent two different evolu-
tion stages, that is, Fitero will be considered as the initial solution and
Arnedillo the final one. The mass transfers that will be obtained with
this assumption will be used in a qualitative way to assess the differ-
ences in the intensity of the reactions controlling the chemistry of the
thermal waters. To solve a mass balance calculation the necessary data
include: the chemical composition of the initial and the final waters and
the mineral and gas phases which the waters can react with while
moving from the initial to the final point. The most feasible model
obtained with this calculation will be selected according to the geo-
chemical characteristics of waters and the thermodynamic feasibility of
the mass transfers obtained, which is then checked with a reaction-path
simulation.

Reaction path-modelling (forward or direct modelling) checks the
thermodynamic feasibility of the previous mass balance models. The
initial water from the mass balance is taken as the starting point and its
evolution is simulated imposing the reactions obtained previously. The
results indicate the theoretical composition of the final water together
with the amount of precipitated or dissolved phases. The coherence of
the inverse and direct modelling results will support the conclusion on
which are the most feasible reactions taking place in the system.

4. Results and discussion

4.1. Chemical and isotopic characteristics of the waters

The four samples collected in 2015 have been considered in this
study, two from Fitero and two from Arnedillo. The detailed study of
the Arnedillo samples can be found in Blasco et al. (2018) and they will
be discussed here in comparison with the Fitero waters.

All these thermal waters are of chloride – sodium type, with pH
between 6.86 and 7.11 and spring temperature about 45 °C (except for
AR2 which is 39.5 °C due to its location in the Cidacos river with which
some mixing happens; Table 1). The most important differences be-
tween the Fitero and the Arnedillo waters are those related to their
salinity and their Al contents, in general lower in Fitero:

1. The total dissolved solids (TDS) in Fitero thermal waters is about
4800 ppm while in Arnedillo is higher, about 7500 ppm.

2. Dissolved Cl and Na contents are almost half in Fitero (about 1600
and 1000 ppm, respectively; Table 1) than in Arnedillo (about 3000
and 2000 ppm, respectively; Table 1).

3. The aluminium is lower in the samples from Fitero than in the
samples from Arnedillo.

4. Dissolved F, SO4 and SiO2 are higher in the Arnedillo samples.
5. Only dissolved Ca, Mg and K are higher in the Fitero samples.

With respect to the molar ratios, the main observations are:

1. Despite the difference in the salinity of the waters the Na/Cl molar
ratio is close to 1 in all the samples (Table 1) which indicates that
the Na and Cl concentrations are mainly controlled by halite dis-
solution, although, considering the concentration values, the
amount of dissolution is higher in the Arnedillo waters.

2. The Ca/SO4, and Ca+Mg/HCO3+ SO4 ratios (the last one in eq/L)
are quite similar for all samples although slightly higher in Fitero.

3. The Ca/SO4 molar ratio is about 0.82 in Fitero and about 0.69 in
Arnedillo (Table 1). Considering that anhydrite is the main control
for the SO4 contents, the value of this ratio lower than 1 means that
Ca is being removed from the waters by carbonate precipitation,
which (based on the value) would be higher in the case of Arnedillo.

4. The values for the Ca+Mg/HCO3+ SO4 ratio (in eq/L) are 0.98 in
Fitero and 0.81 in Arnedillo (Table 1). The fact that this ratio is
lower than 1, mainly in the Arnedillo thermal waters, means that,
apart from the role played by calcite, dolomite and anhydrite, other
processes should be involved in the control of this ratio.

5. Finally, the similar values found in the two systems for the Mg/Ca
molar ratios (0.28 in Fitero and 0.24 in Arnedillo) and the aMg/aCa
activity ratios (0.29 in Fitero and 0.26 in Arnedillo) suggest a similar
calcite – dolomite equilibrium temperature in the reservoir.

The differences found between the Fitero and the Arnedillo samples,
along with their similarities, are coherent with the fact that the thermal
waters from both sites belong to the same geothermal reservoir, al-
though with a more evolve stage of water-rock interaction in the case of
Arnedillo thermal waters.

This hypothesis is also supported by some of the isotopic data of the
waters. Tritium was not analysed in these samples, but Coloma et al.
(1997a) reported values of 0.8 ± 2.5 TU and 7 ± 1.5 TU in the Fitero
spas and 1.1 ± 2.5 TU in the Arnedillo spa. This low content of tritium

Table 1
Chemical and isotopic data of the thermal waters included in this study. TDS
(calculated using PHREEQC) and dissolved elements are expressed in ppm. The
molar ratios are also shown, the Ca+Mg/HCO3+SO4 is in eq/L.

AR1 AR2 F1 F2

Temp. (°C) 45.30 39.50 45.50 45.10
TDS 7720.9 7352.1 4820.2 4854.7
pH 6.87 7.05 6.86 7.11
HCO3

– 179.88 181.58 174.02 175.36
Cl- 3220.00 3030.00 1610 1620
SO4

- 1541.00 1537.00 1376 1401
Ca 444.00 443.00 469 476
Mg 75.50 73.80 92.10 94.60
Na 2099.00 1941.00 981 982
K 20.60 22.90 30.20 31.80
Sr 9.90 9.80 11.10 11.20
F 2.36 2.30 0.992 1.02
Al 0.0142 0.0643 0.0059 0.0075
Li 0.2901 0.2708 0.4755 0.4836
SiO2 30.87 29.10 23.75 24.39
δ18O vs. SMOW in (H2O) −8.5 −8.8 −8.7 −9.6
δ2H vs. SMOW (H2O) −65.3 −65.1 −63.9 −64.3
δ18O vs. SMOW in (SO4

2-) 14.1 14 14.2 13.9
δ34S vs. CDT (in SO4

2-) 14.8 14.8 14.9 14.9
δ13C vs. PDB (in CO2) −4.16 −5.52 −8.42 −8.1
Na/Cl 1.01 0.99 0.94 0.93
Ca/SO4 0.69 0.69 0.82 0.81
Ca+Mg/HCO3+ SO4 0.81 0.81 0.98 0.98
Ca/HCO3 3.76 3.71 4.10 4.13
Ca+Mg/HCO3 4.81 4.73 5.43 5.49
Mg/Ca 0.27 0.28 0.32 0.33
% imbalance −2.41 −3.28 −1.7 −1.8
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suggests that the recharge of the waters was prior to 1952, when the
thermonuclear testing began, and are not affected by mixing with re-
cent waters, except for the sample from Fitero with 7 ± 1.5 TU, in
which a low proportion of mixing can exist (Clark and Fritz, 1997).

The values of δ18O – δ2H in these samples (Table 1) indicate a
meteoric origin of the waters since the δ18O – δ2H ratio represented in
Fig. 2 is close to the Global Meteoric Water Line (δ2H=8· δ18O+10;
Craig, 1961) and to the Spanish Meteoric Water Line calculated from
the data of the Spanish Network for the control of the isotopes in the
rainfall (Díaz-Teijeiro et al. 2009; δ2H=8· δ18O+9.27). The similar
δ18O and δ2H values for all the water samples suggest that their re-
charge area is the same, supporting the hypothesis of Fitero and Ar-
nedillo waters belonging to the same geothermal reservoir.

The main sources for the δ13C of the waters are: 1) the organic
matter present in the soil through which the waters recharge, which has
values that range from−24 to−30‰ for the C3 plants (the most likely
ones to exists in the area, promoting a mean δ13C value for the soil CO2

of –23‰; Clark and Fritz, 1997) and 2) the interaction with carbonates,
whose δ13C is approximated to be 0‰ (see Blasco et al., 2018 and re-
ferences therein for a more complete explanation). Therefore, the
higher the δ13C value, the higher the interaction with the dissolved
carbonates of the waters. The δ 13C in the dissolved inorganic carbon
(DIC) in the Arnedillo waters is higher than in the Fitero ones (about
−5‰ and −8.4‰ respectively; Table 1) indicating that the thermal
waters from Arnedillo have had a greater (or longer) interaction with
carbonates than the thermal waters from Fitero.

Finally, the values of δ34S and δ18O in the dissolved sulphate are
nearly the same for the Fitero and Arnedillo waters, being of about
14.8‰ for the δ34S and 14‰ for the δ18O (Table 1). As explained in
Blasco et al. (2018) these values agree with those reported for the
Keuper facies in the surrounding areas indicating that these thermal
waters have been in contact with these rocks in the reservoir.

4.2. Saturation indices

The speciation-solubility results obtained at spring temperature for
the Fitero thermal waters are very similar to the ones obtained for the
Arnedillo samples discussed in Blasco et al. (2018). The main results
concerning the carbonate phases, fluorite, evaporitic phases and silica
and aluminosilicate phases, are described and compared next.

Thermal waters are almost in equilibrium (slightly oversaturated)
with respect to calcite except for the sample F2 which is more over-
saturated (Table 2). Dolomite is oversaturated in F2, less oversaturated
in F1 and AR2 and slightly undersaturated in AR1. The log pCO2 is

higher than the atmospheric value in all the cases, −1.6 in F1 and AR1
and about −1.81 in F2 and AR2, which might produce CO2 outgassing
process with variable intensity and carbonate phases saturation states
with variable values in the springs.

All the waters are undersaturated with respect to fluorite and to the
evaporitic phases. However, fluorite is more undersaturated in Fitero
while the saturation states of anhydrite and gypsum are quite similar in
both systems (between −0.4 and −0.5 in the case of anhydrite and
between −0.3 and −0.37 in the case of gypsum). All the samples are
highly undersaturated with respect to halite.

Quartz and chalcedony are slightly oversaturated in all thermal
waters, although the Fitero samples are closer to equilibrium, especially
with chalcedony (IS= 0.02 and 0.03). Finally, all the samples are also
oversaturated with respect to the aluminosilicate phases considered in
the calculations: albite, K-feldspar, kaolinite, pyrophillite and lau-
montite. The only exception is the case of laumontite which is under-
saturated in the Fitero samples. In all cases, the saturation states of the
aluminosilicate phases are higher in the Arnedillo waters, probably
associated with their higher dissolved aluminium contents (Table 1).

4.3. Geothermometry

4.3.1. Chemical geothermometers
Table 3 shows the results obtained for the samples considered in this

study by using various chemical geothermometers. Compared with the
Arnedillo results, the temperatures obtained with the silica geotherm-
ometers are lower in the Fitero samples. The SiO2-quartz geotherm-
ometer provides a temperature of about 80 °C for the Arnedillo samples
and about 70 °C for the Fitero ones. A similar situation occurs with the
SiO2-chalcedony geothermometers, giving a temperature of 50 °C for
Arnedillo and of 40 °C for Fitero. This temperature is similar or lower
than the discharge temperature and therefore, the phase most likely
controlling the dissolved silica contents is quartz and not chalcedony in
both systems.

Despite having provided coherent results in Arnedillo thermal wa-
ters, some of the cationic geothermometers provide too high tempera-
tures in the case of Fitero. The calibrations considered for the Na-K
geothermometer provide temperatures in the range of 133 – 160 °C.
This geothermometer is usually considered inappropriate for low tem-
perature carbonate evaporitic systems because waters are not expected
to reach the equilibrium with the mineral phases on which they are
based. This situation has been checked with the Giggenbach diagram
(Fig. 3), where Arnedillo thermal waters are plotted in the field of
partially equilibrated waters whereas Fitero thermal waters are close to
the immature waters field. This different behaviour supports again the
hypothesis of different local flow paths or residence times in the geo-
thermal reservoir.

From the cationic geothermometers only the K-Mg provides

Fig. 2. δ2H – δ18O diagram showing the isotopic composition of the samples
from Arnedillo and Fitero. The Global Meteoric Water Line (GMWL) and the
Spanish Meteoric Water Line (SMWL) are also shown.

Table 2
Saturation state of the waters with respect to different mineral phases.

AR1 AR2 F1 F2

Log pCO2(g) −1.59 −1.81 −1.58 −1.84
Calcite 0.08 0.20 0.14 0.39
Dolomite −0.29 0.13 0.14 0.64
Anhydrite −0.48 −0.50 −0.41 −0.40
Gypsum −0.37 −0.36 −0.31 −0.30
Fluorite −0.31 −0.27 −0.98 −0.95
Halite −3.96 −4.01 −4.56 −4.56
Quartz 0.57 0.63 0.31 0.32
Chalcedony 0.30 0.35 0.03 0.05
Albite 1.84 2.73 0.36 0.53
K-Feldspar 1.91 2.95 0.93 1.13
Kaolinite 4.04 5.57 2.79 2.58
Pyrophyllite 3.22 4.81 1.43 1.25
Laumontite 1.18 2.81 −0.54 −0.24
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temperatures similar to those obtained with the SiO2-quartz geo-
thermometers, close to 70 °C. These two geothermometers have been
identified in previous studies as the most suitable for low temperature
carbonate-evaporitic systems (e.g. Apollaro et al., 2012; Pastorelli et al.,
1999; Wang et al., 2015).

The results obtained with the rest of the geothermometers (Na-K-Ca
and Ca-Mg) indicate higher temperatures. The Na-K-Ca (with β=4/3

as recommended by Fournier and Truesdell, 1973) provides results of
91 and 92 °C for the Fitero waters which are higher than expected
(according to the results obtained with the SiO2-quartz geotherm-
ometers the expected results should be lower than in the Arnedillo
waters); however, these results are in the accepted uncertainty range
for these calculations (± 20 °C; Fournier, 1982) and, therefore, they
will be taken into account. The Ca-Mg geothermometer provides even
higher temperatures (close to 110 °C) which are not coherent with the
rest of values despite the fact that in a carbonate evaporitic system the
equilibrium calcite-dolomite is expected to exist. Therefore, this higher
temperature is probably due to the uncertainties associated with the
order degree of dolomite (Chiodini et al., 1995) or to other secondary
processes affecting the dissolved Ca or Mg contents. Finally, as pre-
viously indicated in Blasco et al. (2018), the SO4-F geothermometer
provides incoherent results (negative temperatures; Table 3) since
fluorite is not likely to be in the reservoir in amounts enough to control
the contents of the waters.

Considering all these results and excluding the higher and the lower
results previously mentioned, the temperature obtained for the Fitero
reservoir with the chemical geothermometers is of 81 ± 11 °C, which
is slightly lower than the temperature previously deduced for Arnedillo
thermal waters (87 ± 13 °C).

4.3.2. Isotopic geothermometers
The results provided by the isotopic geothermometers are very si-

milar for Fitero and Arnedillo thermal waters (Table 3), since the iso-
topic values are also very similar (Table 1):

1. The temperatures obtained with the calibrations based on the
equilibrium exchange between HSO4

- and H2O are in the range of
60–69 °C for the four samples.

2. The calibrations based on the equilibrium exchange between the
SO4

2- and H2O provide too low and incoherent temperatures, be-
tween 14 and 25 °C.

Table 3
Temperatures (°C) obtained with different chemical and isotopic geotherm-
ometers and calibrations for the Arnedillo and Fitero samples.

Geothemometer Calibrate AR1 AR2 F1 F2

SiO2-quartz Truesdell, 1976 81 78 70 71
Fournier (1977) 80 78 70 71
Michard (1979) 82 80 71 72

SiO2-chalcedony Fournier (1977) 49 47 38 40
Arnòrsson et al. (1983) 52 50 42 43

Na-K Giggenbach (1988) 97 105 153 160
Fournier (1979) 75 84 133 136
Verma and Santoyo
(1997)

83 91 139 142

K-Mg Giggenbach et al. (1983) 61 64 67 68
Na-K-Ca Fournier and Truesdell

(1973)
88 91 91 92

Ca-Mg Chiodini et al. (1995) 116 117 108 107
SO4-F Chiodini et al. (1995) −10 −11 −36 −35
SO4-H2O (δ18OHSO4-H2O) Seal et al. (2000)1 66 64 64 60

Friedman and O’Neil
(1977)

69 68 66 64

SO4-H2O (δ18OSO4-H2O) Halas and Pluta (2000) 18 17 17 14
Zeebe (2010) 25 25 24 21

SO4-H2O (δ18OCaSO4-

H2O)
Boschetti et al. (2011)2 75 74 73 70

1 This calibration is the combination of those of Lloyd (1968) and Mizutani
and Rafter (1969).

2 This calibration is the combination of those of Chiba et al. (1981) and
Zheng (1999).

Fig. 3. Location of the Fitero and Arnedillo samples in the Giggenbach diagram. The dotted line is calculated with the Na-K Fournier (1979) calibration and with the
Giggenbach (1988) one for Mg-K; the solid line is calculated with Na-K and Mg-K calibrations of Giggenbach (1988).
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3. The calibration based on the equilibrium exchange between anhy-
drite (CaSO4) and H2O (Boschetti, 2013), provides temperatures
between 70 and 75 °C.

The temperatures obtained with this last calibration (CaSO4-H2O
exchange) are the most reasonable ones since anhydrite is in equili-
brium in the system (see below) and they are in the range previously
defined with the chemical geothermometers. The bad results obtained
with the calibration based on SO4

2- (despite being the dominant sulphur
species in this type of waters), are probably due to the lack of equili-
brium between SO4

2- and H2O (Blasco et al., 2018, 2017; Boschetti
et al., 2011). On the contrary, although, the HSO4

− is not the main
species, the calibration based on it provides good results because it is
very similar to the CaSO4-H2O calibration in a 103lnα – 106/T2 plot (see
Blasco et al., 2018).

4.3.3. Geothermometrical modelling
The geothemometrical modelling of the Fitero waters shows that

most of the minerals reach equilibrium at the range temperature be-
tween 71 and 82 °C, which agrees with the previous results obtained
with the chemical and isotopic geothermometers. However, as already
observed in the case of the Arnedillo samples (Blasco et al., 2018),
calcite, dolomite and chalcedony reach equilibrium at a lower tem-
perature: chalcedony indicates a temperature of about 50 °C, calcite of
29 °C for F1 and a negative temperature for F2, and dolomite of 47 °C
for F1 and 23 °C for F2. Albite and K-feldspar also reach equilibrium at
low temperature, about 50 and 60 °C, respectively. The lower equili-
brium temperature obtained for chalcedony confirms that the phase
controlling the dissolved silica in these thermal waters is quartz. Con-
sidering that calcite and dolomite should be in equilibrium in this
geothermal system, the lack of agreement with the rest of the mineral
assemblage must be related to an outgassing process during the ascent
of thermal waters to surface, as it also occurs in the Arnedillo system
(the log pCO2, is much higher than the atmospheric value, Table 2;
Blasco et al., 2018). To reconstruct the conditions of thermal waters at
depth an increase of the CO2 contents from 3.4mmol/l in F1 and
3.2 mmol/L in F2 up to 4.9mmol/L (pH=6.3) has been simulated as it
was done in Arnedillo (5 mmol/L in that case; Blasco et al., 2018) fol-
lowing the recommendations from Pang and Reed (1998) and Palandri
and Reed (2001). The amount of CO2 added is the necessary to adjust
the calcite equilibrium temperature in the same range as the rest of the
minerals (calcite is used instead of dolomite since it is less affected by

thermodynamic uncertainties). Fig. 4 and Table 4 show the results
obtained with the geothermometrical modelling after the reconstruc-
tion of the water conditions at depth (the Arnedillo results have also
been included in the table).

The results obtained from the aluminosilicate phases for the Fitero
thermal waters are almost the same for both samples and slightly lower
than those obtained for Arnedillo. The phases considered in the mod-
elling (albite, K-feldspar and pyrophillite) provide a low temperature
(Fig. 4 and Table 4). One possible reason for this result can be related to
the very low aluminium concentration in the Fitero waters. In order to
ascertain whether this lower aluminium concentration was due to an
analytical error, the aluminium analyses were repeated in a different
laboratory obtaining the same range of values. Additionally several
theoretical simulations have been performed increasing the aluminium
content of the waters (Figure S1 of the Supplementary Material) and the
results suggest that thermal waters are in real disequilibrium with re-
spect to the aluminosilicate phases, since the amount of aluminium
necessary to make the saturation state to converge with albite and K-
feldspar (providing a temperature about 100 °C), would be 0.4 ppm (see
the explanation presented in the Supplementary Material) which is
much higher than the concentrations measured in the Arnedillo waters
(0.01 to 0.06 ppm), where these phases are close to equilibrium. This is
coherent with the results obtained with the chemical geothermometres,
which also suggest the disequilibrium of Fitero thermal waters with
respect to the aluminosilicate phases.

After this discussion the main results indicate that, without con-
sidering the aluminosilicate phases, since they do not represent an
equilibrium situation, the temperature predicted for the Fitero samples

Fig. 4. Evolution with temperature of the saturation indices of the different minerals supposed to be in equilibrium with the water of the Fitero samples. These results
were obtained after the theoretical reconstruction of the waters at depth by adding CO2 to compensate the CO2 outgassing during the ascent of the waters.

Table 4
Temperatures (°C) at which the different mineral phases considered converge
towards equilibrium in the geothermometrical modelling for the Fitero and
Arnedillo samples.

Mineral phase F1 F2 AR1 AR2

Calcite 79 79 91 92
Dolomite 74 74 83 83
Quartz 71 72 97 94
Anhydrite 82 82 88 87
Albite 50 53 85 99
K-feldspar 60 62 78 91
Pyrophyllite 60 71 91 107
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is in a range between 71 and 84 °C, that is, 78 ± 7 °C. This result is in
clear agreement with the previously obtained with the chemical and
isotopic geothermometers. Combining all the results, a reliable range of
temperature of 81 ± 11 °C for the reservoir of the Fitero thermal wa-
ters can be established. This temperature is similar, although slightly
lower, than the temperature deduced for the reservoir of Arnedillo
thermal waters, 87 ± 13 °C, by Blasco et al. (2018).

4.3.4. Geochemical modelling
As mentioned above, thermal waters that emerge in the Fitero and

Arnedillo springs show similar chemical and physico-chemical char-
acteristics but also some differences suggesting that, although be-
longing to the same reservoir, their exact flow paths and/or their re-
sidence times differ and they undergo different intensities of water-rock
interaction processes. According to the results shown in this paper, the
Fitero thermal waters are less saline and more immature than thermal
waters in Arnedillo. Thus, although they are not directly connected, an
evolutionary geochemical path from the chemical characteristics re-
presented by the Fitero thermal waters towards the more evolved
Arnedillo thermal waters is interpreted to exist in the reservoir.

Inverse and direct modelling calculations have been performed
(using one sample from each system, AR1 and F1) to assess the possible
water-rock interaction processes responsible for the evolution and their
intensities. The simplest calculation is the inverse modelling (mass
balance) only considering the chemical characteristics of the waters
(see Table 1 and compare the chemical values of the samples), which
identify the most probable mass transfers in the reservoir. Then the
results obtained with this calculation and their interpretation will be
checked and completed with the direct modelling (reaction path). These
two types of calculations have been performed considering the fol-
lowing assumptions:

• The mineral phases which the waters can interact with are: halite,
anhydrite, calcite, dolomite, quartz, albite and K-feldspar.

• Cation exchange involving Na, Ca and Mg is also considered in the
models.

• In order to reproduce the conditions at depth, the characteristics of
the thermal waters have been adjusted according to the following: a)
the calculations have been performed at the temperatures calculated
for the reservoir; b) the amount of CO2 (and, therefore, the pH va-
lues) has been modified to avoid the effect of the CO2 outgassing in
surface; and c) the waters have been equilibrated with the minerals
found in equilibrium at the reservoir temperature (i.e. the Fitero
water has been equilibrated with calcite, dolomite, anhydrite and
quartz at 81 °C, and the Arnedillo water has been equilibrated with
calcite, dolomite, anhydrite, quartz, albite and K-feldspar at 87 °C).

4.3.5. Mass-balance calculations
These calculations have been performed with the inverse modelling

capacities of PHREEQC taking the Fitero waters (F1) as initial solution
and the Arnedillo waters (AR1) as final solution. The uncertainty al-
lowed in the calculations is 3% (see Parkhurst and Appelo, 2013 for
more details). Sixteen models have been obtained (Table 5) indicating
the following mass transfers:

1. The highest mass transfer found in the models is the dissolution of
about 45mmol/L of halite.

2. About 1.4mmol/L of anhydrite dissolve.
3. 0.56mmol/L of albite precipitate in all models and almost the same

amount of K-feldspar dissolves indicating an albitisation process.
4. Some models do not show any mass transfer affecting quartz but in

others, a small dissolution occurs (0.07 mmol/L).
5. The results for calcite and dolomite are more variable in the various

models: a) no mass transfer for calcite but dolomite dissolution
(lower than 0.05mmol/L); b) no mass transfer for dolomite but
calcite dissolution (always lower than 0.1mmol/L); c) calcite

dissolution (about 1.2mmol/L) and dolomite precipitation (about
0.5mmol/L); and d) dolomite dissolution and calcite precipitation
(a dedolomitisation process), which are the cases in which the
higher mass transfer takes place (about 2.5 mmol/L of dissolved
dolomite and 5mmol/L of precipitated calcite).

6. Finally, the Na exchanger (NaX) releases about 6mmol/L and the Ca
and Mg exchangers (CaX2 and MgX2), in some cases, remove these
elements from the waters in different ways: a) CaX2 removes about
2.4mmol/L and MgX2 about 0.6 mmol/L; b) CaX2 removes about
3mmol/L and there is no transfer affecting MgX2; and c) MgX2 re-
moves about 3mmol/L and there is no transfer affecting CaX2.

Compared with the expected mass transfers and reactions than can
be deduced from the elemental differences between the initial and final
solutions (Table 1), the following conclusions can be indicated:

• Chloride content in Arnedillo is 46mmol/L higher than in Fitero and
halite is assumed to be the only control of this element. The results
obtained in all the models agree with this.

• Sulphate content in the Arnedillo water is about 2mmol/L higher
than in Fitero, and anhydrite seems to be the only controlling mi-
neral for dissolved sulphate. Therefore, although the waters in both
systems are in equilibrium with respect to anhydrite, this mineral
seems to be dissolving due to the changes in salinity produced by
halite dissolution (e.g. Li and Duan, 2011).

• Anhydrite dissolution will increase the calcium content of waters
leading to the oversaturation and precipitation of calcite, which will
explain the slightly lower contents of calcium in the Arnedillo wa-
ters (Table 1). Calcite precipitation causes an increase in the H+ and
the pCO2 producing the dissolution of dolomite. This situation will
explain the lower pH and higher pCO2 (when the conditions at depth
are theoretically reconstructed) in Arnedillo thermal waters. As a
result, only the models that consider a dedolomitisation process
seem to be plausible (Table 5).

• The dedolomitisation would also produce an increase in the dis-
solved magnesium in Arnedillo thermal waters which is not ob-
served (Table 1). Therefore, an additional process should be re-
moving the magnesium from the waters. The Mg sink that other
authors have considered as the most likely in systems where dedo-
lomitisation was also the driving process (e.g. Madison Aquifer;
Busby et al., 1991; Jacobson and Wasserburg, 2005; Plummer et al.,
1990) is the existence of a cationic exchange process where Na is
released to the waters while Mg or Mg+Ca are uptaken. This si-
tuation also seems to be the most probable one in this system and it
is coherent with some of the models obtained (those in which the
dedolomitisation also takes place; Table 5).

• Finally, the increase of the Na dissolved contents as a result of halite
dissolution can produce the albite precipitation which is associated
with the K-feldspar dissolution (albitisation process).

In summary, the main processes responsible for the chemical evo-
lution of these waters in the geothermal reservoir seem to be the de-
dolomitisation and albitisation processes and their thermodynamic
feasibility will be checked with the reaction-path calculations.

4.3.6. Reaction-path calculations
These calculations will consider the dedolomitisation and albitisa-

tion processes triggered by halite and anhydrite dissolution; to make
the calculations simple, the cationic exchange is not included because
the information that would be necessary (amount of exchangers and
their exchange capacity) is not available and its consideration is not
decisive for the verification of the feasibility of the main processes.

The first reaction-path calculation consisted of forcing the Fitero
waters (F1), at 81 °C, to dissolve 46mmol/L of halite while mineral
equilibria with calcite, dolomite, quartz, anhydrite, albite and K-feld-
spar is maintained.
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The thermodynamic results show a small precipitation of quartz
(0.01 mmol/L), dissolution of anhydrite, K-feldspar and dolomite, and
precipitation of albite and calcite. That is, the simulations evidence that
the addition of NaCl (i.e. halite dissolution) produces albitisation and,
especially, dedolomitisation, supporting the conclusions obtained pre-
viously from the mass balance calculations and excluding the rest of the
obtained mass balance models. The obtained mass transfers are shown
in Table 6 and Fig. 5, and the changes produced in the elemental
contents are shown in Fig. 6. The composition of the final water ob-
tained after the reaction path calculation (Table 6) is quite similar to
the composition of the Arnedillo water at depth. Dedolomitisation
processes have been identified in groundwater systems at very different
depths and conditions: in shallow, low temperature and fresh water
environments (e.g. Bischoff et al., 1994; Cañaveras et al., 1996; López-
Chicano et al., 2001; Moral et al., 2008), in deeper aquifers and thermal
waters with variable salinity (e.g. Auqué et al., 2009; Back et al., 1983;
Blasco et al., 2017; Frondini, 2008; Plummer et al., 1990; Prado-Pérez

Table 5
Different models obtained in the mass balance calculation between samples F1 and AR1 as initial and final solutions, respectively. The mass transfer of the mineral
phases and the cationic exchanges are given in mmol/L (negative means precipitation whilst positive means dissolution). The models selected as most plausible are:
model 5, model 6, model 12 and model 15.

Model Halite Calcite Anhydrite Dolomite Quartz Albite K-feldspar NaX CaX2 MgX2

1 44.51 0.00 1.38 0.04 0.07 −0.56 0.56 5.97 −2.39 −0.59
2 44.51 0.00 1.38 0.02 0.00 −0.54 0.56 5.95 −2.40 −0.57
3 44.51 1.19 1.38 −0.55 0.07 −0.56 0.56 5.97 −2.99 0.00
4 44.51 1.14 1.38 −0.55 0.00 −0.54 0.56 5.95 −2.97 0.00
5 44.51 −4.78 1.38 2.43 0.07 −0.56 0.56 5.97 0.00 −2.99
6 44.51 −4.74 1.38 2.39 0.00 −0.54 0.56 5.95 0.00 −2.97
7 44.51 0.00 1.38 0.02 0.00 −0.54 0.56 5.95 −2.40 −0.57
8 44.51 0.09 1.38 0.00 0.07 −0.56 0.56 5.97 −2.43 −0.55
9 44.51 0.04 1.38 0.00 0.00 −0.54 0.56 5.95 −2.39 −0.58
10 44.51 0.00 1.38 0.04 0.07 −0.56 0.56 5.97 −2.39 −0.59
11 44.51 1.14 1.38 −0.55 0.00 −0.54 0.56 5.95 −2.97 0.00
12 44.51 −4.74 1.38 2.39 0.00 −0.54 0.56 5.95 0.00 −2.97
13 44.51 0.04 1.38 0.00 0.00 −0.54 0.56 5.95 −2.39 −0.58
14 44.51 1.19 1.38 −0.55 0.07 −0.56 0.56 5.97 −2.99 0.00
15 44.51 −4.78 1.38 2.43 0.07 −0.56 0.56 5.97 0.00 −2.99
16 44.51 0.09 1.38 0.00 0.07 −0.56 0.56 5.97 −2.43 −0.55

Table 6
Results obtained in the reaction-path calculation. The composition of the re-
sulting water is shown and, for comparison, the composition of the Arnedillo
water. The mass transfers of the considered phases are also shown (positive
values mean precipitation whilst negative values mean dissolution).

Final water
(mmol/L)

Arnedillo water
(mmol/L)

Mineral phase Mass transfer
(mmol/L)

HCO3
– 2.84 2.92 Calcite 0.5

SO4 16.2 15.5 Dolomite −0.25
Cl 91.6 91.5 Anhydrite −2.1
Na 88.5 92 Albite 0.4
Ca 14.4 11.5 K-feldspar −0.4
Mg 2.9 2.1 Quartz 0.01
Si 0.5 0.6
K 1.2 1.3

Fig. 5. Mass transfers of the different mineral phases when the water of the Fitero sample, with Cl- = 45.6mmol/L, dissolves 46mmol/L of halite (represented by the
increase in the Cl- concentration) Negative and positive slopes indicate dissolution and precipitation, respectively.
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and Pérez del Villar, 2011) and even in brines during burial diagenesis
(e.g. Budai et al., 1984; Stoessell et al., 1987; Woo and Moore, 1996 and
references therein).

Albitisation processes (like the K-feldspar albitisation deduced in
this study) are usually developed in groundwater systems at tempera-
tures higher than 60 °C (e.g. Aagaard et al., 1990) but they have also
been observed in thermal waters at similar temperatures (around 85 °C)
and salinities (TDS about 8000 ppm) to the ones studied here (Blasco
et al., 2017) or, more often, in more saline formation or interstitial
waters in sedimentary basins at higher temperatures (e.g. Aagaard
et al., 1990; Dias Lima and De Ros, 2002; Egeberg and Aagaard, 1989;
Hanor, 1996; Saigal et al., 1988 and references therein). That is, the
two main processes identified in this system can take place in other
situations and under different pH (pCO2), temperature and salinity
conditions.

In order to make these findings more general, some additional si-
mulations have been performed to assess the effects of different phy-
sicochemical conditions on the main processes identified (dedolomiti-
sation and albitisation). For this, sample F1 has been considered as the
initial solution and it has been forced to dissolve up to 2000mmol/L of
halite (ionic strength close to 2). Then the various conditions con-
sidered have been 1) a variation of pH between 6 and 8, since this is the
most common range of pH in natural systems, and 2) a range of tem-
perature from 25 to 200 °C. The LLNL database (using low_albite and
the same dolomite as in the WATEQ4F database) has been used to carry
out this calculation because the WATEQ4F database was developed to
be used up to 100 °C and at higher temperatures the results should be
carefully considered (Ball and Nordstrom, 2001), while temperature
range of the LLNL database is up 300 °C (Johnson et al., 2000).

The most important results are shown in Table 7, Fig. 7 and Figure
S2 (in the Supplementary Material; Fig. 7 contains the results obtained

at pH=6 and the results obtained at pH=7 and pH=8 are in the
Supplementary Material since they are almost the same as those for
pH=6). Albitisation and dedolomitisation processes, along with an-
hydrite dissolution, are more intense as salinity increases in all the si-
mulations. Dolomite dissolution and calcite precipitation, that is, the
dedolomitisation process, is more intense at lower temperatures (Fig. 7a
and Figure S2a-b) as it was also pointed out by Escorcia et al. (2013).
The effect of pH is of minor importance and almost imperceptible in
Fig. 7a and Figure S2a-b, and while dolomite dissolution is almost the
same with the increase of pH, the calcite precipitation is somewhat
higher being most important at higher temperatures (Table 7). The
dissolution of anhydrite is more intense at low temperatures and it is
almost unaffected by the variation of the pH (Fig. 7b, Figure S2c-d,
Table 7). Finally, the albitisation process displays the opposite beha-
viour (Table 7, Fig. 7c and Figure S2 e-f): the amount of albite pre-
cipitated is always the same as the amount of dissolved K-feldspar being
more intense at higher temperatures and not affected by the pH var-
iations.

Considering all these results it is clear that halite dissolution and,
therefore, the increase of the salinity of the waters, can be a relevant
controlling factor for the hydrochemical evolution of the waters. Halite
dissolution increases the Na dissolved contents and by the ion-common
effect the albitisation process takes place (Eq. (2)):

+ → +−
+ +KAlSi O Na NaAlSi O KK feld alb3 8( ) 3 8( ) (2)

On the other hand, anhydrite solubility is highly influenced by the
salinity of the waters due to the salting-in effect (Langmuir, 1997), in
the way that the increase in the salinity will lead to a higher solubility
of anhydrite (e.g. Li and Duan, 2011; Raines and Dewers, 1997).
Therefore, halite dissolution enhances anhydrite dissolution (Eq. (3)):

Fig. 6. Changes in the elemental contents in the Fitero waters, with Cl- = 45.6mmol/L, when 46mmol/L of halite are dissolved (represented by the increase in the
Cl- concentration).
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+ → + + ++ − + −NaCl CaSO Na Cl Ca SOhal anh( ) 4( )
2

4
2 (3)

Anhydrite dissolution increases the calcium content of the waters
(as shown in Eq. (3)) and, given that waters are in equilibrium with
respect to calcite, the excess of Ca will produce the oversaturation of
calcite and, therefore, its precipitation (common-ion effect; Eq. (4)):

+ → + +Ca HCO CaCO Hcalc3 3( ) (4)

At the same time calcite precipitation leads to a decrease in calcium
and HCO3

– in the solution (Eq. (4)) and to an increase in the H+ and the
pCO2 which triggers the dissolution of dolomite (dedolomitisation
process; Eq. (5)):

+ → ++ +CaMg CO Ca CaCO Mg( ) 2dol calc3 2( )
2

3( )
2 (5)

This dedolomitisation process, triggered by anhydrite (or gypsum)
dissolution, has been reported in other carbonate aquifers, containing
dolostones and in contact with anhydrite or gypsum (Appelo and
Postma, 2005; Auqué et al., 2009; Back et al., 1983; Capaccioni et al.,
2001; Cardenal et al., 1994; Choi et al., 2012; Deike, 1990; Frondini,
2008; Leybourne et al., 2009; López-Chicano et al., 2001; Plummer,
1977; Plummer et al., 1990; Prado-Pérez and Pérez del Villar, 2011;
Sacks et al., 1995). However, in the case presented here, although an-
hydrite dissolution is the direct triggering reaction for the dedolomiti-
sation, the process actually responsible of it is the dissolution of halite.
Halite dissolution keeps the dedolomitisation process ongoing even
when the waters reach the equilibrium with anhydrite (or gypsum).

Finally, the dissolution of halite also triggers the albitisation process
and, although this had previously been identified in diagenetic en-
vironments (Egeberg and Aagaard, 1989; Hanor, 1996; Saigal et al.,
1988), the results shown in this paper indicate that this process is also
feasible in groundwater (thermal) systems at lower temperatures and
salinities.

Overall, these results are also relevant for the geological CO2 storage
in saline aquifers or, even, for enhanced geothermal systems (EGS)
where saline waters, initially in equilibrium with the reservoir rocks,
are usually involved. The evolution of the dedolomitisation processes
has been identified as a critical point in assessing carbonate formations
for potential CO2 storage (e.g. Auqué et al., 2009; Prado-Pérez and
Pérez del Villar, 2011 and references therein). And albitisation pro-
cesses have been identified in CO2–brine–rock interaction experiments
at in situ P–T conditions of the pilot CO2 storage site at Ketzin in
Germany (Fischer et al., 2010) and in the experiments with hydro-
thermal Na-Cl solutions on fracture surfaces in the geothermal reservoir
of the Upper Rhine Graben (Schmidt et al., 2017). Therefore, the evo-
lution and consequences of the processes identified in this paper should
be further explored.

5. Conclusions

The spring waters of the Fitero-Arnedillo geothermal system are
located in the localities of the same name and separated about 35 km.
They are hosted in carbonate-evaporitic materials and they are of
chloride-sodium type with near neutral pH and discharge temperature
of about 45 °C. The main differences between these waters are the

higher salinity of those emerging in Arnedillo, the slightly higher Ca
and Mg contents in Fitero and the calculated reservoir temperature
(81 ± 11 °C in Fitero and 87 ± 13 °C in Arnedillo). All these together
with the mineral equilibria in the reservoir indicate that, although the
waters belong to the same geothermal reservoir, they evolve along
different flow paths with different intensities of water-rock interaction
processes which would justify a more evolved stage of the Arnedillo
system compared to the Fitero thermal waters.

Mass-balance and reaction path calculation have been used to assess
the main reactions responsible for the chemical differences and evolu-
tion of these waters and the results indicate that the triggering process
is the halite dissolution, which leads to an albitisation process and to
the dissolution of anhydrite, which, in turn, triggers the calcite pre-
cipitation and the dolomite dissolution (dedolomitisation process). The
processes identified in this system (dedolomitisation and albitisation)
have been identified in different environments under different condi-
tions of temperature, pH and/or salinities, and how these parameters
affect them has also been evaluated in this paper. The extension of these
processes is higher as the salinity of the waters increases. However, the
effect of pH (assessed between 6 and 8) is almost negligible in terms of
the mass transfers of the involved phases. Temperature also causes
significant variations in a way that the dedolomitisation and anhydrite
dissolution are higher at low temperatures and the albitisation is more
intense at high temperatures.

These calculations have evidenced the importance that the changes
in the salinity of the waters (through halite dissolution) have over the
geochemical evolution of waters due to its effect in the water-mineral
equilibria attained. Halite dissolution has been proven to trigger a de-
dolomitisation process even when the waters have reached the equili-
brium with respect to anhydrite, calcite and dolomite. Moreover it has
been shown that these processes are more general than what was
known up to date and deserve future studies, mainly considering their
feasibility in particularly relevant situations such as the enhanced
geothermal systems and the geological CO2 storage sites.

Acknowledgements

M. Blasco has worked in this study thanks to a scholarship from the
Ministry of Science, Innovation and Universities of Spain, for the
Training of University Teachers (ref. FPU14/01523). This study forms
part of the activities of the Geochemical Modelling Group (University of
Zaragoza; Aragón Government).

We are grateful to the staff of the Fitero and Arnedillo spas for their
disposition and assistance during the sampling campaign. The technical
assistance of Enrique Oliver, from the Earth Sciences Department of the
University of Zaragoza, is acknowledged. The comments from two
anonymous reviewers are also appreciated.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jhydrol.2019.01.013.

Table 7
Total mass transfers obtained in the reaction-path calculation when 2000mmol/L of halite are dissolved at pH of 6, 7 and 8 and temperatures of 25, 100 and 200 °C.
The results are expressed in mmol/L (positive values mean precipitation and negative values mean dissolution).

pH=6 pH=7 pH=8

25 °C 100 °C 200 °C 25 °C 100 °C 200 °C 25 °C 100 °C 200 °C

Calcite 48.9 5.2 0.5 51.2 5.6 0.6 51.3 5.6 0.8
Dolomite –23.4 −2.9 −0.4 −26.6 −2.8 −0.4 −26.3 −2.8 −0.4
Anhydrite −61.3 −21.5 −4.9 −63 −21.7 −4.9 −63 −21.7 −4.9
Albite 1.9 16 77 1.9 16 77 1.9 16 77
K-Feldspar −1.9 − 16 −77 −1.9 − 16 −77 −1.9 − 16 −77
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A B S T R A C T

Geothermometrical characterisation of low-temperature, carbonate-evaporitic geothermal systems is usually

hampered by the lack of appropriate mineral equilibria to successfully use most of the classical geothermometers

and/or by the thermodynamic uncertainties affecting some of the most probable mineral equilibria in low

temperature conditions. This situation is further hindered if the thermal waters are additionally affected by

secondary processes (e.g., CO2 loss) during their ascent to surface.

All these problems cluster together in the low-temperature Alhama-Jaraba thermal system, hosted in car-

bonate rocks, with spring temperatures about 30 °C and waters of Ca-Mg−HCO3/SO4 type. This system, one of

the largest naturally flowing (600 L/s) low temperature thermal systems in Europe, is used in this paper as a

suitable frame to assess the problems in the application of chemical geothermometrical techniques (classical

geothermometers and geothermometrical modelling) and to provide a methodology that could be used in this

type of geothermal system or in potential CO2 storage sites in similar aquifers.

The results obtained have shown that the effects of the secondary processes can be avoided by selecting the samples

unaffected by such processes and, therefore, representative of the conditions at depth, or by applying existing

methodologies to reconstruct the original composition, as is usually done for medium to high temperature systems.

The effective mineral equilibria at depth depend on the temperature, the residence time and the specific li-

thological/mineralogical characteristics of the system studied. In the present case, the mineral equilibria on which

classical cation geothermometers are based have not been attained. The low proportion of evaporitic minerals in

the hosting aquifer prevents the system from reaching anhydrite equilibrium, otherwise common in carbonate-

evaporitic systems and necessary for the specific SO4-F geothermometer or the specially reliable quartz (or chal-

cedony) – anhydrite equilibrium in the geothermometrical modelling of these geothermal systems.

Under these circumstances, the temperature estimation must rely on quartz (or chalcedony), clay minerals

and, especially, calcite and dolomite. However, clay minerals and dolomite present important thermodynamic

uncertainties related to possible variations in composition or crystallinity degree for clays and order/disorder

degree for dolomite. To deal with these problems, a sensitivity analysis to the thermodynamic data for clay

minerals has been carried out, comparing the results obtained when considering different solubility data. The

uncertainties associated with dolomite have been addressed by reviewing the solubility data available for do-

lomites with different order degrees and performing specific calculations for the order degree of the dolomite in

the aquifer. This approach can be used to find the most adequate dolomite thermodynamic data for the system

under consideration, including medium-high temperature geothermal systems.

Finally, the temperature estimation of the Alhama-Jaraba waters in the deep reservoir has been obtained from

simultaneous equilibria of quartz, calcite, partially disordered dolomite and some aluminosilicate phases. The

obtained value of 51 ± 14 °C is within the uncertainty range normally affecting this type of estimations and is

coherent with independent estimations from geophysical data.
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1. Introduction

A wide variety of geothermometrical techniques are available to
evaluate the reservoir temperature of thermal waters: various chemical
and isotopic solute geothermometers and the geothermometrical mod-
elling (or multicomponent solute geothermometry; e.g. Spycher et al.,
2014). However, not all of them are always applicable to all thermal
systems and they should be carefully selected according to the different
equilibria expected at depth.

In the case of low temperature thermal systems hosted in carbonate
rocks, a series of problems arise when applying the geothermometrical
techniques due to three main reasons: 1) the low temperatures usually
make difficult the attainment of the mineral and/or isotopic equilibria;
2) the mineral set present in the reservoir is usually more limited
(mainly calcite and dolomite) than in other type of geothermal systems;
and 3) the thermodynamic properties of dolomite and clays are un-
certain.

An additional complication in the evaluation of the reservoir tem-
perature in any thermal system is the presence of secondary processes
during the rising of the thermal waters to surface (e.g. mixing with
colder and shallower waters, re-equilibrium processes through mineral-
water reactions and/or CO2 outgassing).

The work presented in this paper is focused on the use and eva-
luation of several geothermometrical tools in order to calculate the
reservoir temperature of the geothermal system of Alhama de Aragón –
Jaraba (from now on, Alhama–Jaraba). The characteristics of this
thermal system provide the opportunity to deal with almost all the
aforementioned complexities (Tena et al., 1995; Auqué et al., 2009;
Blasco et al., 2016): 1) the reservoir is hosted mainly in carbonate rocks

(limestones and dolostones), 2) the temperature is, a priori, low and 3)
there are different secondary processes (mixing, CO2 outgassing) af-
fecting the chemistry of some of the waters. There are other reasons
why the study of this system presents a special interest. One is the
importance of the system as a natural resource with very high flow rates
(550 L/s in Alhama and 600 L/s in Jaraba; IGME, 1980; De Toledo and
Arqued, 1990; Sánchez et al., 2004) comparable to those found in the
area considered the Europe’s largest naturally flowing thermal system
in Budapest (discharge of ca. 580 L/s; Goldscheider et al., 2010 and
references therein). The other reason is related to its special geological
and hydrogeochemical features which have given it the consideration of
a natural analogue for the CO2 geological storage (Auqué et al., 2009).

In summary, this study gives a suitable natural frame to test dif-
ferent geothermometrical techniques and the associated uncertainties
in low temperature systems hosted in carbonate rocks. From this, a
general methodology can be established to be applied in this type of
geothermal systems and even in the characterisation of some potential
CO2 storage sites in similar aquifers.

2. Geological, hydrogeological and hydrogeochemical setting

The Alhama de Aragón and Jaraba springs (NE Spain, Fig. 1) belong
to one of the main thermal systems in Spain. There are several thermal
resorts and water bottling plants in the area at present. The Jaraba
thermal complex, close to the Mesa River, consists of 14 catalogued
springs flowing at an elevation of 737m.a.s.l. and the Alhama thermal
complex, located close to the Jalón River bank, is formed by a dozen of
catalogued springs flowing at an elevation of 660m. Apart from these
well-known spring complexes, there are another two minor hot springs

Fig. 1. Location of the Alhama de Aragón and Jaraba geothermal systems in the geological map (modified form Sánchez et al., 2004) and a cross section showing the
main structural and lithological characteristics of the area studied (modified from the ALGECO2 project; IGME, 2010).
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in the nearby area, Embid and Deza springs (Tena et al., 1995; Sanz and
Yelamos, 1998; Sánchez et al., 2004; Auqué et al., 2009; Fig. 1), which
have not been included in this study.

Geologically, the Alhama-Jaraba thermal system is located on the
border of the Western Iberian Range and the tertiary Almazán Basin
(Fig. 1). There are two main aquifers in this area: 1) the Solorio aquifer,
hosted in the Jurassic carbonate formations; and 2) the Alhama aquifer,
hosted in the Upper Cretaceous carbonate rocks. The hydrological
model of the region is not completely clear, but the most accepted
hypothesis states that there are two possible recharge areas located 1)
in the Solorio Range with a flow direction SW-NE towards Jaraba and
Alhama (Fig. 1) and 2) in the vicinity of Deza, with a NW-SE flow di-
rection towards Embid and Alhama (Fig. 1; IGME, 1980, 1987; De
Toledo and Arqued, 1990; Sanz and Yelamos, 1998; Sánchez et al.,
2004). The fact that the rocks in the Solorio recharge area are mainly
Jurassic and that all the thermal springs are associated with the Upper
Cretaceous formations (Sánchez et al., 2004) suggests that both aquifers
could be connected and that their emergence would be related to the
presence of vertical or near vertical layers that allow a rapid ascent of
the water from depth (Sánchez et al., 2004).

The mineralogy of the Jurassic and Cretaceous carbonate rocks is
quite similar. The rocks are mainly dolostones and limestones with
dispersed anhydrite/gypsum intercalations (Meléndez et al., 1985;
Alonso et al., 1993; Aurell et al., 2002). The Cretaceous formations are
locally affected by a silicification processes with development of au-
thigenic quartz crystals (Meléndez et al., 1985) and there are also in-
tercalations of terrigenous rocks, mainly at the base of the Utrillas
Formation, consisting of sandstones, claystones, siltstones, dolomitic
siltstones, dolomitic marls, limestones and dolomitic limestones, with a
mineralogy comprising calcite, dolomite, quartz, K-feldspar, lithic
fragments and clay minerals (IGME, 1991).

The isotope δ18O and δ2H data available (IGME, 1982, 1994; Sanz

and Yelamos, 1998; Pinuaga et al., 2004) indicate a clear meteoric
origin. The tritium data available are also from the aforementioned
works and they show the absence of tritium or levels close to the de-
tection limit (≈ 1 TU) in the hottest springs. The most common in-
terpretation for these results is that the thermal groundwaters have
residence times longer than 50 years and that some of them are affected
by minor mixing with shallow modern waters (Clark and Fritz, 1997).

3. Methodology

3.1. Field sampling and analysis

Six and nine springs were sampled in the Alhama and Jaraba
thermal sites, respectively. Field sampling procedures and analytical
methodology were mostly as described by Auqué et al. (2009). Briefly,
at each sampling point, temperature, pH and conductivity were de-
termined in situ and separated samples for anion and cation analysis
were taken in 1 N HCl pre-washed polyethylene bottles. Samples for
cation analysis were filtered through 0.1 μm and acidified to pH less
than 1 with ultrapure HNO3. Anions were determined within 24 h after
collection. Total alkalinity was determined by titration with a Mettler
titrator with an end-point electrode. Chloride and fluoride concentra-
tions were determined by a selective ion analyser equipment, using the
selective electrodes for chloride ORION 94-17B and fluoride ORION 94-
09. Sulphate was determined by colorimetry using a modification of the
Nemeth method (Nemeth, 1963). Potassium concentrations were ana-
lysed by Flame Photometry and aluminium concentrations were de-
termined by Electrothermal Atomisation Atomic Absorption Spectro-
metry with Zeeman-effect background correction. Inductively Coupled
Plasma-Atomic Emission Spectrometry was used for the analysis of the
rest of the elements (Ca, Mg, Na, Li, and Si). The average analytical
error was estimated<5% for alkalinity, chloride, fluoride, sulphate,

Table 1

Calibrations used in this work for the different classical geothermometers. Geothermometrical functions provide the temperature values in degrees Celsius. The
concentration units corresponding to the different expressions are also indicated (usually mg/L or mol/L).

Geothermometer Authors of calibration Expression Units

SiO2-quartz Michard (1979)
=T 273.15

log SiO
1322

0.435 ( 2)
mol/L

Fournier and Potter (1982)
=T 273.15

log SiO
1309

5.19 ( 2)
mg/L

Na-K Giggenbach (1988)
=

+ ( )T 273.15
log Na

K

1390

1.75
mg/L

Fournier (1979)
=

+ ( )T 273.15
log Na

K

1217

1.483
mg/L

Na-K-Ca1 Fournier and Truesdell (1973)
=

+ + +( )
T 273.15

log Na
K log Ca

Na

1647

2.06 2.47

mg//L

Ca-K Fournier and Truesdell (1973)2
=

+ ( )T 273.15
log Ca

K

2920

3.02 2
mol/L

Michard (1990)
=

+ ( )T 273.15
log Ca

K

3030

3.94 2
mol/L

K-Mg Giggenbach et al. (1983)
=T 273.15

log K
Mg

4410

13.95
2

mg/L

Na-Li Fouillac and Michard, 1981
=

+ ( )T 273.15
log Na

Li

1000

0.33
mol/L

Li Fouillac and Michard, 1981
=

+
T 273.15

log Li
2258

1.44 ( )
mol/L

Mg-Li Kharaka and Mariner, 1988
=

+

T 273.15
log Mg

Li

2200

5.47

mg/L

Ca-Mg3 Chiodini et al. (1995)
=

+( )T 273.15
log Ca

Mg log eq

979.8

3.1170 ) 0.07003
mol/L

1 β=4/3 should be used if the temperature obtained is lower than 100 °C; if the temperature obtained, using that value of β, is higher than 100 °C, it should be
recalculated considering β= 1/3. Mg-correction proposed by Fournier and Potter (1979) for the Na-K-Ca geothermometer cannot be applied to the studied springs,
according to the criteria indicated by those authors.
2 Derived from Fournier and Truesdell (1973) in Michard (1990).
3 Σeq is the summation (in eq/L) of the major dissolved species.
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potassium and aluminium,<4% for Ca, Mg, Na and Si, and<9% for
Li.

The calculated charge balance error for the analyses reported, as
calculated with the PHREEQC code (Parkhurst and Appelo, 2013), is
below 5%.

3.2. Methodology for geothermometrical calculations

Various geothermometrical techniques are used in this work to as-
certain the reservoir temperature in the Alhama-Jaraba system: clas-
sical and specific chemical geothermometers and geothermometrical
modelling calculations. The integration of the results has helped to
propose a temperature range in the reservoir. The general features of
these methodologies in their application to the system studied are de-
tailed below.

3.2.1. Chemical geothermometers
Two main types of chemical geothermometers have been used

(Table 1):

• Classical geothermometers, which include the dissolved silica geo-
thermometer and several cationic geothermometers (Na-K, Na-K-Ca,
Ca-K, K-Mg, Na-Li, Li and Mg-Li, some of them with several cali-
brations; Table 1). Most of these geothermometers have been proved
to be very useful for estimating subsurface temperature in high
temperature systems (> 180 °C) where equilibria between aqueous
solutions and minerals in the geothermal reservoirs are easily at-
tained (e.g. Fournier, 1977, 1981; Fouillac and Michard, 1981;
Arnorsson et al., 1983; Giggenbach et al., 1983; D´Amore et al.,
1987; Nieva and Nieva, 1987; Giggenbach, 1988; Kharaka and
Mariner, 1988; Chiodini et al., 1995; Mutlu and Güleç, 1998;
Stefánsson and Arnórsson, 2000; Mariner et al., 2006; Sonney and
Vuataz, 2010; Nicholson, 2012). However, in low to medium tem-
perature hydrothermal systems (40–180 °C) hosted in carbonate-
evaporitic rocks, these geothermometrical techniques encounter
problems frequently related to the mineral assemblage expected to
govern the water chemistry and to the attainment of equilibrium in
the reservoir (Chiodini et al., 1995; Levet et al., 2002; Sonney and
Vuataz, 2010). Nevertheless, some of these geothermometers have
occasionally given good results in this type of system (e.g. Michard
and Bastide, 1988; Minissale and Duchi, 1988; Pastorelli et al.,
1999; Gökgöz and Tarcan, 2006; Mohammadi et al., 2010; Apollaro
et al., 2012; Wang et al., 2015; Blasco et al., 2017, 2018) and,
therefore, their performance will be assessed at the studied sites.

• Specific geothermometers, which were developed to be used in low-
temperature carbonate-evaporitic systems, like the SO4-F and the
Ca-Mg geothermometers (Marini et al., 1986; Chiodini et al., 1995).
The application of these geothermometers requires the existence of
anhydrite/gypsum – fluorite equilibrium, and calcite – dolomite
equilibrium, respectively. Equilibrium with anhydrite or gypsum is
easily attained in systems with evaporitic rocks in the host forma-
tions since these are the most common phases; however, the pre-
sence of fluorite is not so common in these environments (Chiodini
et al., 1995).

The calcite–dolomite equilibrium can be represented by the fol-
lowing overall reaction and equilibrium equation (e.g. Appelo and
Postma, 2005):

+ +
+ +CaCO Mg CaMg CO Ca2 ( )3
2

3 2
2 (1)

= =

+

+K aCa
aMg

K
K

( )calcite
dolomite

2
2

2
(2)

where aCa2+/aMg2+ represents the activity ratio of dissolved calcium
and magnesium in the target solution and Kcalcite and Kdolomite represent
the equilibrium constants for calcite and dolomite, respectively. As can

be deduced from Eq. (2), one of its advantages is that the aCa2+/aMg2+

ratio mainly depends on temperature and it is not significantly influ-
enced by variations in the CO2 partial pressure or pH during the ascent
of thermal waters towards spring conditions (Hyeong and Capuano,
2001). However, this geothermometer can also be problematic due to
the uncertainties in the solubility of dolomite which make its use in
geothermometry very difficult (e.g. Hyeong and Capuano, 2001;
Palandri and Reed, 2001; Blasco et al., 2018). These uncertainties will
be further evaluated.

3.2.2. Geothermometrical modelling
Geochemical modelling calculations provide a more generalised

approach than the classical chemical geothermometry. This technique
consists of simulating a process of a progressive water temperature
increase to obtain a temperature range in which the saturation state of
the waters with respect to a selected mineral set (assumed to be present
in the reservoir) simultaneously reaches equilibrium. When most of the
minerals selected indicate about the same equilibrium temperature, the
average temperature can be considered as the best estimate (e.g.
Michard and Roekens, 1983; Reed and Spycher, 1984; D´Amore et al.,
1987 Pang and Reed, 1998).

The geochemical modelling approach shows different advantages
over the classical geothermometers. It helps to evaluate the secondary
processes during the ascent of the thermal waters, such as 1) the ex-
tension of mineral reequilibrium reactions (Michard and Fouillac, 1980;
Michard and Roekens, 1983; Michard et al., 1986), 2) the amount of
lost gas and/or 3) the proportion of cold waters in mixtures (Pang and
Reed, 1998; Palandri and Reed, 2001). It can also be advantageous to
distinguish between equilibrated and non-equilibrated waters, as non-
equilibrated waters result in a large range of calculated mineral equi-
librium temperatures (e.g. Tole et al., 1993). However, this approach
also has some uncertainties with respect to 1) the attainment of water-
mineral equilibrium, 2) the mineral solubility data input in calcula-
tions, and 3) the aluminium concentrations, which are low and can be
easily affected by cooling during the ascent of thermal waters (Pang and
Reed, 1998; Peiffer et al., 2014).

For the Alhama-Jaraba system, these geothermometrical modelling
calculations have been carried out with the assistance of the PHREEQC
geochemical code (version 3.4.0; Parkhurst and Appelo, 2013) and
using two of the thermodynamic databases distributed with this ver-
sion, WATEQ4F and LLNL, in order to perform a sensitivity analysis to
the thermodynamic data.

Based on the mineralogy identified in the aquifer, the mineral
phases selected for these calculations include: calcite, dolomite, quartz,
gypsum/anhydrite and some aluminosilicates. Whereas the solubility
constants for calcite, quartz, gypsum and anhydrite are fairly well
known, there are some uncertainties related to the solubility depen-
dence on temperature (K(T)) for the rest of the mineral phases. To
evaluate their effects on the results obtained, the following procedures
have been adopted:

• The solubility data for illite and smectites (beidellite, montmor-
illonite) are affected by potential problems such as their wide
compositional variability, the variable degree of crystallinity, par-
ticle size effect, and some order/disorder phenomena (e.g.Merino
and Ranson, 1982; Nordstrom et al., 1990; Palandri and Reed,
2001). However, illite has been used in geothermometrical calcu-
lations with some success (e.g. Pang and Reed, 1998 and Palandri
and Reed, 2001), and, therefore, it is also used in this study to verify
its performance and uncertainties. Also, the approach recommended
by Helgeson et al. (1978) and Palandri and Reed (2001) has been
followed and pyrophyllite and paragonite have been used as proxies
for the whole set of clay minerals.

• The thermodynamic data for K-feldspar, kaolinite (two types with
different crystallinity degrees: poorly crystalline and crystalline)
and pyrophyllite from Michard et al. (1979) and Michard (1983)
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have been added to the WATEQ4F database for comparison with the
data included in the LLNL.

• The solubility of dolomite is strongly affected by non-stoichiometry
and order/disorder in Ca and Mg site occupancies (Helgeson et al.,
1978; Carpenter et al., 1980; Reeder, 1990, 2000; Hyeong and
Capuano, 2001) but experimental data on these effects do not exist.
Therefore, in order to consider this uncertainty, we have tested the
influence of several solubility values on the geothermometrical
calculation results. For this purpose, the values included in the LLNL
database, corresponding to fully-disordered and to fully-ordered
dolomite were considered in the calculations together with the so-
lubility value proposed for “dolomite” in the WATEQ4F database
(Nordstrom et al., 1990; Dolomite_W from now on), which re-
presents a partially-ordered dolomite (Helgeson et al., 1978;
Carpenter et al., 1980). Additionally, some natural dolomites with
different degree of order/disorder have been included in the com-
parison: 1) the dolomite reported by Hyeong and Capuano (2001),
from the Oligocene Frio Formation (Texas Gulf Coast) with an order
of 11% (Dolomite_H&C); 2) the dolomite considered by Busby et al.
(1991) from the Carboniferous Madison Aquifer and an order of
23.5% (Dolomite_B); 3) the dolomite used by Vespasiano et al.
(2014) from the Triassic of Calabria (Italy) and an order of 22%
(Dolomite_V); and 4) the dolomite reported by Blasco et al. (2018)
from the Jurassic of the Cameros Basin (Spain) with an order of
18.4% (Dolomite_BL).

For comparative purposes, the solubility values at 25 °C and the K
(T) function for the different mineral phases considered in the geo-
thermometrical simulations are summarised in Table S1
(Supplementary Material).

4. Results

4.1. Hydrochemical characteristics of the thermal waters

There are remarkable compositional differences among the springs
studied. The thermal waters from Jaraba are mainly of Ca-Mg−HCO3-
type whilst in Alhama, the waters show a more distinct SO4-Cl character
with higher conductivity values and higher concentrations of Ca, Mg,
Na, SO4 and Cl (Table 2 and Fig. 2). The alkalinity values are lower in
Alhama than those determined in the Jaraba waters and the dissolved
silica concentrations are similar in all waters although slightly lower in
Jaraba waters.

The measured temperatures in the Alhama springs are always
higher than 30 °C and their values are rather homogeneous

(temperature variability smaller than 2.3 °C; Table 2) as it is also the
case with the hydrochemical variability which is generally within the
analytical error. The Jaraba springs, however, exhibit a larger compo-
sitional variability and temperature range (between 21 and 32 °C;
Table 2) although the highest temperature is similar to those in Alhama.
The combined variability of temperature and compositional char-
acteristics in the Jaraba thermal waters has been attributed to mixing
between deep thermal groundwaters and superficial and colder waters
along the shallower parts of the upflow towards the Jaraba springs
(Tena et al., 1995; Auqué et al., 2009; Blasco et al., 2016).

Results of speciation-solubility calculations (Table 3) indicate that
most of the springs studied in the Alhama and Jaraba sites are close to
equilibrium or slightly oversaturated with respect to calcite and par-
tially disordered dolomite (Dolomite_W or Dolomite_H&C; see above).
The differences obtained in the saturation state of the waters with re-
spect to calcite and dolomite are mainly related to the different extent
of CO2 outgassing along the shallowest parts of the flow paths (see
Auqué et al., 2009 for further explanation and calculations on this
issue). The highest values are found in sample ZA-45, from Alhama,
which is the sample with the highest pH and a relative low log pCO2
and, therefore, the one with the most intense outgassing.

The studied waters are undersaturated with respect to all silica
minerals, except quartz, and also with respect to gypsum, anhydrite,
fluorite, halite and albite and slightly undersaturated or near equili-
brium with respect to K-feldspar (Table 3 and Fig. 3). They are, how-
ever, clearly oversaturated with respect to the rest of the aluminosili-
cates potentially present in the deep reservoir, kaolinite, illite,
paragonite and pyrophyllite. As mentioned above, knowing the un-
certainties associated to the thermodynamic data for the aluminosili-
cates, these results have been checked using different thermodynamic
data (Table 3 and Fig. 3) and the variations found do not change the
over- or undersaturation results commented above significantly.

Based on the combination of ion-ion plots, speciation-solubility
calculations, mass-balance and reaction-path modelling, Auqué et al.
(2009) suggested that the most important geochemical processes de-
termining the geochemical evolution, along one of the possible flow
directions from the Solorio recharge zone through Mochales, Jaraba
and Alhama groundwaters (see Fig. 1), are: 1) halite dissolution (note
the 1:1 relation for Cl and Na contents both in the Jaraba and Alhama
thermal waters; Table 2) and 2) dedolomitisation (dolomite dissolution
and concomitant calcite precipitation triggered by gypsum/anhydrite
dissolution).

The extent of the halite and gypsum/anhydrite dissolution processes
seems to be constrained only by the water-rock interaction time and/or
by the availability of these minerals in the system. However, the

Table 2

General hydrochemistry of the Alhama-Jaraba thermal waters included in this study.

Jaraba Alhama de Aragón

Sample Number ZA-22 ZA-23 ZA-24 ZA-25 ZA-26 ZA-27 ZA-28 ZA-29 ZA-30 ZA-39 ZA-40 ZA-41 ZA-43 ZA-44 ZA-45

T (ºC) 26.6 27.3 27.2 21.0 29.4 32.0 31.8 26.1 21.8 30.1 31.9 32.4 30.2 31.6 30.7
pH (field) 7.40 7.40 7.30 7.40 6.80 7.05 7.25 7.30 7.30 7.15 6.90 7.05 7.15 7.45 7.85
Cond. (μS/cm) 865 864 850 755 890 910 905 859 745 1181 1154 1161 1152 1122 1122

mmol/L HCO3
− 4.73 4.72 4.72 4.92 4.65 4.62 4.68 4.68 4.81 4.38 4.47 4.39 4.49 4.47 4.58

Cl− 1.41 1.41 1.37 1.05 1.72 1.67 1.69 1.37 0.94 2.85 2.75 2.88 2.74 2.69 2.69
SO4

2− 1.32 1.37 1.28 0.88 1.58 1.54 1.5 1.36 1 2.6 2.56 2.6 2.44 2.44 2.52
Ca2+ 2.31 2.31 2.30 2.09 2.10 2.41 2.39 2.10 2.27 3.05 2.97 3.08 3.06 2.73 2.98
Mg2+ 1.74 1.67 1.61 1.35 1.92 1.68 1.55 1.76 1.44 2.08 2.07 2.13 2.17 2.21 2.22
Na+ 1.4 1.4 1.3 1 1.7 1.5 1.5 1.3 0.8 2.6 2.6 2.6 2.6 2.6 2.3
SiO2 0.15 0.15 0.15 0.11 0.15 0.15 0.14 0.14 0.13 0.17 0.17 0.17 0.13 0.16 0.17

μmol/L K+ 30 30 25 25 30 30 30 30 15 40 40 40 40 40 70
Li+ 5.0 5.0 5.0 5.0 5.0 6.1 6.1 6.1 1.0 12.0 9.9 9.9 9.9 6.1 7.9
Sr2+ 1.5 3.0 1.9 4.0 4.5 4.5 1.9 10 9.5 10 9.5 9.5 9.5
B 0.19 0.28 1.00 0.83 0.74 0.74 0.56 0.46
Al 0.64 0.36 0.41 0.74 0.82
F− 9.2 9.5 8.5 4.8 9.7 12.0 12.0 8.7 7.7 17.0 16.0 17.0 15.0 16.0 16.0
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Fig. 2. Representation of the composition of the water samples included in this study in a Piper–Hill diagram.

Table 3

Summary of results from speciation-solubility calculations in the Alhama-Jaraba thermal system. The calculations have been performed with the PHREEQC code
(Parkhurst and Appelo, 2013) and the thermodynamic database WATEQ4F with some additional thermodynamic data included. Other results for aluminosilicate
phases obtained using the LLNL thermodynamic database have been included for comparison.

Jaraba Alhama de Aragón

Sample Number ZA-22 ZA-23 ZA-24 ZA-25 ZA-26 ZA-27 ZA-28 ZA-29 ZA-30 ZA-39 ZA-40 ZA-41 ZA-43 ZA-44 ZA-45

Temperature (ºC) 26.6 27.3 27.2 21. 29.4 32.0 31.8 26.1 21.8 30.1 31.9 32.4 30.2 31.6 30.7
pH (field) 7.4 7.4 7.3 7.4 6.80 7.05 7.23 7.31 7.29 7.13 6.89 7.04 7.15 7.47 7.87
TIC (mmol/L) 5.06 5.05 5.15 5.30 6.04 5.36 5.16 5.10 5.30 4.94 5.47 5.07 5.04 4.70 4.60
log pCO2 −1.96 −1.96 −1.86 −1.97 −1.34 −1.57 −1.76 −1.88 −1.87 −1.71 −1.45 −1.6 −1.72 −2.03 −2.44
Calcite 0.3 0.31 0.21 0.22 −0,32 0.02 0.21 0.16 0.15 0.11 −0.1 0.06 0.16 0.43 0.86
Dolomite_ H&C 0.54 0.55 0.33 0.30 −0.61 −0.02 0.31 0.31 0.12 0.14 −0.26 0.05 0.25 0.87 1.67
Dolomite_W 0.62 0.63 0.42 0.35 −0.52 0.08 0.41 0.39 0.18 0.24 −0.16 0.15 0.34 0.97 1.77
Dolomite dis 0.07 0.09 −0.12 −0.21 −1.05 −0.44 −0.11 −0.15 −0.39 −0.29 −0.68 −0.37 −0.19 0.44 1.24
Gypsum −1.51 −1.48 −1.5 −1.67 −1.47 −1.44 −1.44 −1.51 −1.58 −1.18 −1.18 −1.17 −1.2 −1.25 −1.2
Anhydrite −1.72 −1.69 −1.71 −1.9 −1.67 −1.63 −1.62 −1.73 −1.81 −1.37 −1.37 −1.35 −1.39 −1.44 −1.39
Halite −7.4 −7.4 −7.43 −7.67 −7.24 −7.3 −7.3 −7.43 −7.82 −6.85 −6.85 −6.84 −6.87 −6.87 −6.92
Fluorite −2.54 −2.52 −2.61 −3.04 −2.58 −2.37 −2.35 −2.62 −2.6 −2. −2.08 −2.02 −2.1 −2.11 −2.07
Chalcedony −0.29 −0.3 −0.3 −0.36 −0.32 −0.35 −0.38 −0.32 −0.3 −0.28 −0.3 −0.3 −0.39 −0.32 −0.29
Quartz 0.13 0.12 0.12 0.08 0.09 0.06 0.03 0.11 0.14 0.14 0.11 0.11 0.02 0.09 0.12
Kaolinite — — — — — 2.81 — 2.42 — 2.57 3.31 3.06 — — —
Kaolinite (crys)1 — — — — — 4.05 — 3.68 — 3.81 4.56 4.31 — — —
Kaolinite (poor crys)1 — — — — — 3.28 — 2.96 — 3.06 3.79 3.53 — — —
Kaolinite2 — — — — — 3.85 — 3.50 — 3.62 4.33 4.11 — — —
K-Feldspar1 — — — — — −0.24 — −0.11 — −0.01 0.10 0.11 — — —
Albite1 — — — — — −1.01 — −0.97 — −0.67 −0.56 −0.54 — — —
Albite2 — — — — — −0.96 — −0.90 — −0.62 −0.52 −0.49 — — —
Paragonite2 — — — — — 2.83 — 2.35 — 2.75 3.62 3.46 — — —
Pyrophyllite1 — — — — — 2.12 — 1.83 — 2.04 2.75 2.48 — — —
Pyrophyllite2 — — — — — 2.43 — 2.19 — 2.36 3.02 2.79 — — —

1 Thermodynamic data from Michard et al. (1979) and Michard (1983).
2 LLNL thermodynamic database distributed with PHREEQC.
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dolomite dissolution and calcite precipitation (dedolomitisation) ap-
pear to evolve through partial equilibrium or near partial equilibrium
between calcite and dolomite along the entire flow path and all over the
system. This situation is consistent with the very similar Mg/Ca ratio,
around 0.7, found in the Jaraba and Alhama thermal waters (con-
sidering the ZA-27 sample from Jaraba as it is not affected by the
mixing process) which is indicative of the existence of a calcite-dolo-
mite equilibrium (or near equilibrium) at similar temperatures in the
aquifer. A more detailed description of the hydrogeochemistry and
evolution of the Alhama-Jaraba thermal system can be found in Auqué
et al. (2009).

4.2. Geothermometrical calculations

4.2.1. Chemical geothermometers
Table 4 and Fig. 4 summarise the results obtained with the various

chemical geothermometers. Prior to the application of the classical
cation geothermometers, the main cation concentrations of the water
samples were plotted in the classical Giggenbach ternary Na-K-Mg
diagram (Giggenbach, 1988) in order to check their applicability in this
system. All the samples fall in the field of immature waters (almost in
the Mg vertex; see Figure S1 in the Supplementary material) indicating
that they have not attained equilibrium with respect to the phases on
which the classical cation geothermometers are based and, therefore,
making their use unsuitable for this system. The spring waters from this
system are undersaturated with respect to all silica phases except quartz
and therefore, this geothermometer is the only silica geothermometer
that provides temperatures higher than spring temperatures, with
maximum values around 40 °C for the Alhama waters and 37 °C for the

Fig. 3. Computed saturation indices for the mineral phases considered. Results
shown are for two samples from each site, those with lower pH and higher
temperature and, therefore, considered most suitable for geothermometrical
calculations. The calculations have been performed with the PHREEQC code
(Parkhurst and Appelo, 2013) and the thermodynamic database WATEQ4F with
some additional thermodynamic data included. Other results for aluminosili-
cate phases obtained using the LLNL thermodynamic database have been in-
cluded for comparison. The thermodynamic data for mineral phases marked
with the number 1 are from Michard et al. (1979) and Michard (1983), and
those with the number 2 from the LLNL database.

Table 4

Temperature results (in °C) obtained with some classical chemical geothermometers for the Alhama ˗ Jaraba thermal waters. Shadowed rows correspond
to the most suitable samples from Alhama and Jaraba sites (highest temperatures and lowest pH values) for the geothermometrical calculations (ZA-26
and ZA-27 for Jaraba; ZA-40 and ZA-41 for Alhama).

Fig. 4. Results obtained with some classical chemical geothermometers. Two
samples from each site have been chosen. These samples are the ones with
lower pH and higher temperature and, therefore, considered less affected by
degassing and/or mixing and thus most suitable for geothermometrical calcu-
lations (see text).
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Jaraba ones. The rest of the cation geothermometers indicate ex-
cessively high or low temperatures, as expected from the application of
the Giggenbach diagram: high in the case of the Na-K geothermometer
and lower than the temperatures measured under spring conditions, in
the case of the K-Mg geothermometer (Table 4 and Fig. 4). The Na-K-Ca
geothermometer also provides too low temperatures. The temperatures
obtained with the Ca-K geothermometer depend on the calibration
considered (Table 4 and Fig. 4): the calibration proposed by Fournier
and Truesdell (1973) provides reasonable temperatures about 40 °C,
whilst the calibration from Michard (1990) estimates a temperature
lower than the spring temperature, about 20 °C. This situation, along
with the fact that this Ca-K geothermometer is deduced from the Na-K-
Ca geothermometer, whose results are also inconsistent, suggests that
the Ca-K geothermometer`s results are affected by important un-
certainties and therefore, they will not be considered in this study. Fi-
nally, the Mg-Li geothermometer provides temperatures below the
spring temperature and, although the other two lithium geotherm-
ometers (Na-Li and Li) provide higher temperatures (62–108 °C), their
results are uncertain (e.g. D’Amore et al., 1987) as they were not spe-
cifically calibrated for waters with Li concentrations below 1 ppm
(which is the case of the Alhama-Jaraba waters).

It is not surprising that the application of most of these cation
geothermometers leads to erroneous results, but what is interesting is
that in other similar carbonate-evaporitic systems, where some detrital
components are also present, these classical cation geothermometers
have provided reliable results (e.g. Fernández et al., 1988; Michard and
Bastide, 1988; Pastorelli et al., 1999; Gökgöz and Tarcan, 2006;
Mohammadi et al., 2010; Apollaro et al., 2012; Wang et al., 2015;

Blasco et al., 2017, 2018). This different performance will be discussed
later.

The Ca-Mg geothermometer proposed by Chiodini et al. (1995),
based on a disordered dolomite, provides temperatures ranging from 61
to 75 °C, slightly higher than the temperatures obtained with the SiO2-
quartz geothermometer. However, one has to take into account that this
geothermometer is based on the simultaneous equilibrium calcite-do-
lomite and therefore, the results are strongly affected by the solubilities
of both minerals, and as the solubility of calcite is fairly well-con-
strained, the main effects come from the uncertainties in the dolomite
solubility. There is a wide range of proposed solubilities for dolomite
depending mainly on the degree of crystallographic order assumed for
this phase and as a result this can lead to different temperature results
depending on the order degree of the dolomite considered. This issue
will be addressed further in this study.

With respect to the use of the geothermometers developed for this
type of system (SO4-F and Ca-Mg; Marini et al., 1986; Chiodini et al.,
1995) some problems have also been found. The SO4-F geothermometer
cannot be used in the studied system as it is only applicable in the cases
where equilibria anhydrite ˗ fluorite or gypsum ˗ fluorite are fulfilled,
which is not the case for the Alhama ˗ Jaraba system neither under
spring conditions nor in the deep aquifer (see below).

4.2.2. Geothermometrical modelling results
As mentioned above, this type of modelling consists of simulating a

process of progressive water temperature increase to obtain the tem-
perature range at which a set of minerals (assumed to be present in the
reservoir in equilibrium with the waters) simultaneously reaches

Fig. 5. Evolution with temperature of the saturation indices of the minerals presumed to be in equilibrium with the waters in the reservoir. The waters shown here
correspond to sample ZA-27 from Jaraba and ZA-40 from Alhama. The calculations have been performed with two different thermodynamic databases, LLNL (upper
two plots) with the original data and WATEQ4F (lower plots) with additional data for many of the minerals of interest: the thermodynamic data for the partially ordered
dolomite were taken from Hyeong and Capuano (2001; Dolomite_H&C) and the data for crystalline kaolinite (Kaolinite_crys), poorly crystalline kaolinite (Kaolini-
te_poor), K-feldspar and pyrophyllite were taken from Michard (1983). Dolomite_dis represents in both cases the disordered dolomite included in each database.
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equilibrium. One of the main difficulties when reconstructing the
equilibrium situation at depth through heating simulations is related to
the possible hydrogeochemical modifications by secondary processes
that may have affected the chemistry of the waters during their ascent
to the surface (Pang and Reed, 1998; Peiffer et al., 2014). That is why
the selection of the spring water with which the simulations are going
to be performed is crucial.

In previous works, mixing with cooler and shallower waters and
CO2 outgassing have been reported as the main secondary processes
affecting the hydrogeochemistry of the system studied (see Tena et al.,
1995; Auqué et al., 2009 and Blasco et al., 2016 for details). In order to
minimise their effects in the modelling, the water samples selected for
the geothermometrical simulations are those with the highest tem-
peratures (less probability of have been affected by mixing) and with
the lowest pH values (less probability of have been affected by CO2
outgassing). The two samples are:

• sample ZA-40 (Alhama) which almost fulfils both conditions, the
lowest pH of the site and a spring temperature only 0.5 °C lower
than the maximum measured temperature spring in Alhama, ZA-41
(Table 2); and

• sample ZA-27 (Jaraba) with the highest measured spring tempera-
ture and not affected by mixing (evident process in the Jaraba set;
Tena et al., 1995; Pinuaga et al., 2004; Auqué et al., 2009; Blasco
et al., 2016) as the chemical composition is very constant with time
and it belongs to the group of waters without tritium in the Jaraba
group (Tena et al., 1995; Blasco et al., 2016). The problem with this
sample is that the pH value (pH=7.05; Table 2) is not the lowest
among the Jaraba waters probably due to some CO2 outgassing.
Therefore, in order to correct the possible effects of this, a theore-
tical addition of CO2 (as recommended by Pang and Reed, 1998 and
Palandri and Reed, 2001) has been simulated with PHREEQC up to
the point at which the lowest pH value measured in the area is
obtained (pH=6.80 in sample ZA-26, adding 0.6 mmol/L of CO2).

The results of the geothermometrical simulations with the
PHREEQC geochemical code, using the LLNL and WATEQ4F thermo-
dynamic databases are shown in Fig. 5 and Table 5. The general results
indicate that these thermal waters are highly undersaturated with re-
spect to albite, gypsum, anhydrite and fluorite not only under spring
conditions (as seen above) but within the whole temperature range
considered in the simulations.

Quartz equilibrium is reached at rather similar temperatures
(37–40 °C) in both waters (Fig. 5 and Table 5) and coincides with the
equilibrium for calcite and dolomite in Alhama, especially when con-
sidering the partially-ordered dolomite from Hyeong and Capuano
(2001; Dolomite _H&C). Average equilibrium temperatures between the
two databases with respect to calcite and dolomite are 41.5 ± 1.5 °C in
Alhama and 50.5 ± 2.5 °C in Jaraba when considering the partially-
ordered Dolomite_H&C only. The range in the equilibrium temperatures
is increased if fully-disordered dolomite is considered (48 ± 8 °C for
Alhama and 56 ± 8 °C for the Jaraba thermal waters) although the
temperature provided by this phase, which is more soluble than the
others, should be considered as a maximum temperature (Blasco et al.,
2018). As a conclusion, it can be said that the good convergence among
the temperatures estimated using quartz, calcite and dolomite equili-
bria (unaffected by possible CO2 outgassing problems in the case of
quartz, but affected for the carbonates) confirm that the samples se-
lected for the geothermometrical simulations are not significantly af-
fected by CO2 outgassing during the rise of these thermal waters to the
surface (e.g. Pang and Reed, 1998).

To verify the previous determinations, the modelling has been re-
peated for another sample presumably only affected by CO2 outgassing,
sample ZA-39 but reconstructing the characteristics of the waters at
depth before the CO2 loss (Palandri and Reed, 2001; Pang and Reed,
1998). For this purpose, about 0.45mmol/L of CO2 have been added to

the ZA-39 sample, giving a pH value identical to that in sample ZA-40
(6.90). The equilibrium temperatures obtained for the mineral phases
are almost the same as those presented above for sample ZA-40,
without CO2 outgassing, which suggests that the CO2 outgassing is the
main process affecting the waters at this site and that the effects of
other secondary processes such as dissolution/precipitation are negli-
gible, if any.

With regard to the results obtained with the aluminosilicate mi-
nerals included in the calculations (K-feldspar, pyrophyllite, para-
gonite, illite and kaolinite), the temperature values depend strongly on
the thermodynamic data used.

1 For K-feldspar, the temperature ranges between 13 and 39 °C de-
pending on the thermodynamic data and the sample considered
(Table 5 and Fig. 5). K-feldspar solubility depends on the range of
composition of the alkali-feldspar solid solutions and on the degree
of Al-Si order/disorder (Stefánsson and Arnörsson, 2000). These
uncertainties make it very difficult to figure out the possible parti-
cipation of this phase at equilibrium at depth and, therefore, these
results will be disregarded.

2 The reservoir temperature values indicated by the equilibrium of
illite, pyrophyllite and paragonite are in all cases between 40 and
62 °C (except in the case of the temperature obtained with illite and
WATEQ4F in the Jaraba sample which is only 31 °C), in good
agreement with the results obtained for calcite, dolomite and quartz.

3 Finally, the equilibrium temperature for kaolinite depends on the
assumed degree of crystallinity for this mineral (Michard et al.,
1979; Sanjuan et al., 1988; Nordstrom et al., 1990), ranging from 49
to 82 °C. The lowest values correspond to a poorly crystalline kao-
linite and the highest temperatures to more crystalline varieties
(Table 5). This implies that, if kaolinite participates in the equili-
brium assemblage of the Alhama-Jaraba thermal waters, which
suggests temperatures mostly lower than 60 °C, it will be a poorly-
crystalline phase (as also found in other low-temperature carbonate
aquifers; Michard and Bastide, 1988).

These results are also affected by the problems associated with the
analytical determination of low aluminium concentrations and/or the
formation of colloids and the possible precipitation of Al-bearing phases
during the ascent of the thermal waters (Pang and Reed, 1998: Peiffer
et al., 2014). To evaluate the potential effects of these uncertainties the
FixAl method proposed by Pang and Reed (1998) has been applied and
K-feldspar equilibrium was imposed in the geothermometrical model-
ling (Figure S2 in Supplementary Material). The results indicate that in

Table 5

Equilibrium temperatures (in °C) for the minerals considered in the geother-
mometrical simulations for the selected samples from Alhama and Jaraba
thermal waters. Results with the WATEQ4F and LLNL thermodynamics data-
bases are shown.

ZA-27 (Jaraba) ZA-40 (Alhama)

WATEQ4F LLNL WATEQ4F LLNL

Calcite 53 48 43 40
Dolomite (dis) 64 57 56 51
Dolomite_ H&C 51 —— 42 ——
Quartz 37 37 40 40
K-Feldspar 291 35 331 39
Kaolinite 65 79 63 79
Kaolinite (poor crys) 641 —— 651 ——
Kaolinite (crys) 811 —— 821 ——
Illite 31 60 44 63
Pyrophyllite 541 56 561 57
Paragonite —— 59 —— 62

1 Using the thermodynamic data from Michard et al. (1979) and Michard
(1983).
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doing so, Al concentrations in the waters would be higher than the
measured ones and that there is a lack of convergence of the SI values
for the rest of the aluminosilicate phases, which is worse than the
previous results (compare the results in Fig. 5 and Figure S2). Similar
situations have been obtained when imposing equilibria with other
aluminosilicate phases (e.g. kaolinite, muscovite; Pang and Reed, 1998)
in the calculations (not shown), suggesting that dissolved aluminium in
the waters studied is not meaningfully affected by secondary processes
(e.g. reequilibria with respect to Al-bearing phases) during the ascent of
the thermal waters.

Overall, a value of 51 ± 14 °C is indicated from the equilibria with
respect to quartz, calcite, dolomite (Dolomite_H&C, partially dis-
ordered; Hyeong and Capuano, 2001), pyrophyllite, paragonite and low
crystalline kaolinite, as the most probable temperature range at depth
in the Alhama-Jaraba thermal system. This range takes into account the
thermodynamic uncertainties for the key minerals and encloses the
temperature values deduced by the quartz geothermometer.

5. Discussion

The combination of different geothermometrical approaches and
sensitivity analysis to thermodynamic data has allowed defining a
probable temperature range for the Alhama-Jaraba thermal waters in
the aquifer at depth.

The results presented here support the expected unsuitability of
most cationic geothermometers for the estimation of the reservoir
temperatures in low temperature environments and/or in carbonate-
evaporitic reservoirs (Henley et al., 1984; D´Amore et al., 1987;
Minissale and Duchi, 1988; Mutlu and Güleç, 1998; López-Chicano
et al., 2001; Levet et al., 2002; Karimi and Moore, 2008; Sonney and
Vuataz, 2010). The application of these classical geothermometers to
the Alhama-Jaraba thermal waters leads to temperatures either too
high (compared with the combined results of other methodologies) or
too low (below spring temperature). The question that arises here is
why these geothermometers have provided coherent results in other
similar low temperature systems hosted in carbonate–evaporitic rocks
and not in this particular one. Blasco et al. (2017, 2018) have studied
some examples of this situation and they indicate that the good results
found in those systems are conditioned by the existence of detrital rocks
in the carbonate–evaporitic reservoir, allowing the waters to reach
equilibrium with respect to the phases on which these geothermometers
are based. In this case, their unsuitability, despite the presence of some
detrital formations in the aquifer, seems to be related to the shorter
residence time of the waters or the less homogeneous distribution of
this specific mineralogy.

The SO4-F chemical geothermometer, based on the anhydrite–-
fluorite equilibria, was developed specifically for carbonate–evaporitic
systems; however, it is not always applicable in them as fluorite is not a
common mineral in these aquifers (e.g. Blasco et al., 2017, 2018). This
is also the situation in the Alhama–Jaraba system and therefore this
geothermometer cannot be applied here. Additionally, dispersed an-
hydrite has been identified in the aquifer studied although in a clear
undersaturation state that produces its dissolution and the associated
dedolomitisation process that controls the geochemical evolution of
these thermal waters (Auqué et al., 2009). The disequilibrium of the
waters with respect to anhydrite prevents the use of one of the most
reliable equilibria in the geothermometrical modelling of this type of
system, which is the equilibrium quartz/chalcedony–anhydrite (see
below).

The results obtained with the Ca-Mg geothermometer (Marini et al.,
1986; Chiodini et al., 1995), also developed for carbonate–evaporitic
rocks, range between 63 and 78 °C, but the uncertainties related to the
crystallinity and solubility of dolomite prevent it from obtaining a un-
equivocal estimation of the reservoir temperature. As already ex-
plained, this is one of the main difficulties in the geothermometrical
calculations developed for this type of carbonate system and it

constitutes a major limitation for their application to natural systems. In
order to avoid these uncertainties, various dolomites have been used
here in the geothermometrical modelling and the most consistent result
(i.e. the best convergence between calcite and dolomite towards SI= 0)
has been obtained considering the dolomite provided by Hyeong and
Capuano (2001), which indicates that the dolomite present in the re-
servoir of the Alhama-Jaraba thermal waters should be of a similar
order as Dolomite_H&C, which is 11%.

To explore the importance of the order of dolomite on the classical
geothermometrical results, log (aCa2+/aMg2+) values have been cal-
culated from Eq. (2) for the different dolomites included in the WA-
TEQ4F and LLNL databases, and also for other dolomites present in
natural systems, at different temperatures. As shown in Fig. 6, there is a
wide variability field of log (aCa2+/aMg2+) values (and, therefore, of
possible estimated temperatures) depending on the type of dolomite
assumed in the calculations. The average log (aCa2+/aMg2+) values
calculated with PHREEQC are very similar for Alhama and Jaraba
thermal waters (around 0.16; when considering the sample without
mixing in Jaraba) and this value corresponds to reservoir temperatures
about 77 °C when considering the fully-disordered dolomite (Fig. 6).
The presence of this type of dolomite is quite improbable in old rocks
from the Jurassic-Cretaceous, but, in any case, this temperature can be
considered as a maximum estimate (Blasco et. al., 2018). On the other
hand, the calculations indicate the impossibility of occurrence of a
fully-ordered dolomite in equilibrium with the waters studied (which
would imply values of log (aCa2+/aMg2+) above 1.2; see Fig. 6). In
agreement with the results of the geothermometrical modelling, the
most consistent result is the one obtained when this calculation is
carried out considering the partially ordered dolomite with an order
degree of 11% (dolomite_H&C). Finally, following the methodology
suggested by Blasco et al. (2018) to deal with these uncertainties, the
approximate order degree of the dolomite present in this system was
calculated considering samples ZA-27, from Jaraba, and ZA-40, from
Alhama. The order degree obtained for the dolomite in the reservoir of
this thermal system is similar for both samples: 11.3% in the case of
Jaraba and 14.7% in the case of Alhama, as expected close to the value
for the dolomite studied by Hyeong and Capuano (2001).

Quartz equilibrium in the geothermometrical simulations (and
quartz geothermometer results) provides reasonable values, in the

Fig. 6. Log (aCa2+/aMg2+) vs. temperature plot for the calcite–dolomite
equilibrium using different dolomites, from 25 to 150 °C. The equilibria with
respect to calcite and fully-disordered dolomite and with respect to calcite and
fully-ordered dolomite, have been calculated with the thermodynamic data in
the LLNL database. The equilibria with respect to calcite and some partially
ordered dolomites present in natural systems are also shown (see text). The log
(aCa2+/aMg2+) average value (0.146) calculated with PHREEQC for the
Jaraba and Alhama thermal waters is also represented as a horizontal grey line.
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lower range of the estimated temperature (51 ± 14 °C).
Quartz (or chalcedony) – anhydrite equilibrium has been shown to

be a reliable indication of the reservoir temperature (e.g. Pastorelli
et al., 1999; Levet et al., 2002; Alçiçek et al., 2016, 2017; Blasco et al.,
2017, 2018). Unfortunately, as mentioned above, this equilibrium is not
applicable to this system because anhydrite equilibrium is not reached.

For other key minerals (K-feldspar and aluminosilicate phases), the
estimated reservoir temperature range in geothermometrical simula-
tions depends strongly on the thermodynamic data selected and Al
concentration. However, using reasonable solubility “end-members” for
these minerals (covering differences due to the degree of crystallinity,
particle size effects or the order/disorder phenomena), a relatively
narrow temperature range of± 20 °C can be obtained, in agreement
with one of the scarce earlier uncertainty estimations for geothermo-
metrical modelling, carried out by Tole et al. (1993).

Taking into account all the geothermometrical techniques applied in
this study and the usual uncertainties considered in the temperatures
obtained with classical geothermometers (± 5 to±10 °C and may be
greater than 20 °C; Fournier, 1982), or geochemical modelling
(± 20 °C; Tole et al., 1993), the temperature estimate of 51 ± 14 °C
for the Alhama-Jaraba thermal waters can be considered quite prob-
able. This common temperature range at depth for the Alhama and
Jaraba thermal waters would be in agreement with the idea that their
origin is from the same aquifer.

Furthermore, the results of the studies carried out in the context of
the ALGECO2 project (IGME, 2010) in the area of the Almazán Basin,
indicate that the carbonate aquifer reaches a depth of about 1200m.
The geothermal gradient for the Almazán Basin is about 30 °C/Km
(Fernández et al., 1998) and, thus, considering an average air tem-
perature of about 14–15 °C in this area (López et al., 2007), the esti-
mated temperature at these depths would be 52 °C, in close agreement
with the average temperature obtained from the combined techniques
used in this study.

6. Conclusions

The waters of the low temperature Alhama-Jaraba geothermal
system, hosted in carbonate rocks and one of the largest naturally
flowing thermal systems in Europe, have been characterised in this
study, and various chemical geothermometrical techniques have been
tested.

The thermal waters in the Jaraba springs are of Ca-Mg−HCO3 type
whilst they are more SO4-Cl type in Alhama. The range of emerging
temperatures in the Alhama springs is quite narrow, between 30 and
32.4 °C, while in Jaraba the temperatures range between 21 and 32 °C,
due to the effects of mixing with shallower and cooler waters. Variable
CO2-outgasssing processes affect different springs at both sites, pro-
moting changes in the pH values of the waters. In summary, the
Alhama-Jaraba system, as a whole, brings together almost all draw-
backs and possible difficulties for the application of the geothermo-
metrical methods in this type of low temperature geothermal system:
problems related to the existence of secondary processes during the
ascent of the thermal waters and problems related to the effective mi-
neral equilibria in the reservoir at low temperatures.

The effects of the secondary processes identified can be minimised
with 1) a careful selection of the adequate samples for the geother-
mometrical calculations (e.g. discarding those samples affected by
mixing) and/or 2) using the reconstruction methodologies available
when applying the multicomponent geothermometrical methods (e.g.
adding CO2 to reverse the effects of CO2-outgassing during the ascent of
the thermal waters).

The mineralogical/lithological characteristics of the aquifer im-
portantly constrain the mineral equilibria at depth and, therefore, the
results obtained with the classical geothermometers or with the mul-
ticomponent geothermometry. Cation geothermometers have been
successfully used in some carbonate-evaporitic geothermal systems

with presence of detritial rocks in the aquifer. These detrital rocks are
also present in the Alhama-Jaraba system but the lower residence times,
the lower temperature at depth and/or the more disperse distribution of
siliciclastic materials in the aquifer prevent the waters from attaining
the mineral equilibria on which these geothermometers are based (e.g.
albite and K-feldspar). This has also been confirmed in the results of the
geothermometrical modelling.

The aquifer studied is dominated by carbonates with only a slight
evaporitic character reflected by the low abundance of gypsum/anhy-
drite in the rocks and by the disequilibrium of the waters with respect
to these phases. Due to this disequilibrium, the SO4–F geothermometer
(specifically developed for carbonate-evaporitic geothermal systems)
and the equilibrium quartz (or chalcedony)–anhydrite (one of the most
reliable equilibria in the geothermometrical modelling), cannot be used
for this system.

Therefore, the only possible mineral equilibria available for the
geothermometrical calculations in systems like the one presented here
are silica polymorphs, calcite, dolomite and clay minerals. After eval-
uating the results obtained with different silica phases, the SiO2-quartz
geothermometer appears to provide consistent results in the system
studied. The evaluation of the dolomite and clay mineral equilibria,
however, shows important uncertainties in the solubility values avail-
able related to degree of crystallinity, particle size effects and/or the
order/disorder phenomena.

Although the waters are in equilibrium with respect to calcite and
dolomite, the uncertainties associated with the order degree of dolo-
mite affect the Ca-Mg geothermometer and the evaluation of this
equilibrium by geothermometrical modelling. To deal with these un-
certainties a possible strategy is the one applied in this paper, consisting
of evaluating the results obtained with different dolomites (with the Ca-
Mg geothermometer and the geochemical modelling).

Finally, clay mineral equilibria in the geothermometrical modelling
provide consistent results within a reasonable uncertainty range, as
long as proper sensitivity analysis is performed in order to evaluate the
effects of the thermodynamic data selected.

By applying all these methods, the reservoir temperature for the
Alhama-Jaraba system has been established to be 51 ± 14 °C, with
waters in equilibrium with quartz, calcite, partially-ordered dolomite
and some aluminosilicate phases. This temperature is in close agree-
ment with that deduced from the results of geophysical studies in the
area.
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Abstract 

The aragonite travertine deposits of the Fitero thermal springs, with a proportion of aragonite 

higher than 98 % in most of the samples, are studied in this paper. The main objective is to 

improve the general understanding of the aragonite precipitation since the deposits of almost 

pure aragonite are very scarce. The study has been focus on obtaining a complete mineralogical 

and isotopic characterisation of these solids, including the evaluation of the δ18O and 13C 

fractionation during their precipitation, as a valuable information for paleoclimate and 

paleoenvironmental studies. 

The Fitero thermal waters, from which these solids precipitate, are of chloride-sodium type, 

with spring temperature about 45 ºC and near neutral pH. One travertine sample of almost pure 

aragonite (98 %) was taken from a pipe discharging the exceeding water from the cooling pool 

inside the spa. The water temperature was about 40 ºC and it suffered an important process of 

CO2 loss, as suggested by the geochemical calculations and by the δ13C values measured in the 

travertines and the waters. This CO2 outgassing is the triggering factor for the oversaturation 

and concomitant precipitation of carbonate phases, and the temperature seems to be the main 

factor controlling the precipitation of aragonite or calcite in different proportions. This 

temperature effect has been checked by studying another travertine sample with a higher 

proportion of calcite (40%), precipitated in another pipe at the end of all the spa circuit where 

the water discharges at variable temperatures, from 33 to 40 ºC. 
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Various δ18O isotope fractionation equations for aragonite and for calcite were used to evaluate 

the data in the travertine samples. The results indicate that the precipitation took place close to 

equilibrium according to some of these equations and the calculated temperature fits very well 

with the measured one; moreover, no differences have been found between the calcite–water 

and aragonite–water oxygen fractionation. The fact that the equilibrium is maintained during 

precipitation in a natural system with an important CO2 loss is quite surprising. However, it can 

be explained by an oxygen isotopic equilibrium between dissolved HCO3
- and water and a direct 

transfer of the HCO3
- isotope signal to the precipitating carbonate without fractionation due to 

the fast CO2 loss and precipitation. This would result in a δ18O equilibrium between travertines 

and water and, therefore, accurate temperature results could be expected using the δ18O 

fractionation equations. 

The temperature–δ18O values of the aragonite deposits in Fitero fit with the available data in 

other aragonite travertines from the literature (always with aragonite proportions higher than 90 

%). Overall, they define a fractionation equation for natural aragonite in the temperature range 

of 23 to 80 ºC near the experimental equation of Kim et al. (2007), suggesting that the existence 

of equilibrium, or apparent equilibrium, situations is not uncommon. 

 

Keywords: geothermal system; travertine; aragonite; stable isotope; isotope equilibrium 

 

 

1. Introduction 

The Fitero thermal springs (Navarra region, Spain) are quite well known and their waters are 

used in two spas in the village for their medicinal and therapeutic properties. They have been 

studied by different authors (e.g. Blasco et al., 2019, Auqué et al., 1989, 1988, Coloma et al., 

1998, 1997a, 1996, 1995; Fernández et al., 1988) obtaining the temperature in the deep 

reservoir, a complete chemical and isotopic characterisation of the hydrogeochemical system 

and a good knowledge of the main processes controlling the evolution of the waters. 

Despite this broad characterisation of the thermal waters, the travertines precipitating from them 

are still almost unstudied. That is why the first objective of this research is the in-depth study of 

these travertines1. The fact that some of the Fitero travertines consist of almost pure aragonite 

                                                 

1 The terminology that will be used here is the one proposed by Ford and Pedley (1996) in which the term 
travertine is used to refer to the carbonates precipitated from thermal (hot) waters, while the term tufa is 
reserved for the carbonates precipitated from cold waters (e.g. rivers). 

106 Geochemical characterisation of low temperature carbonate geothermal systems



 

(with less than 2 % of calcite) makes this system even more interesting because there are very 

few studies about pure or almost pure aragonite travertines or tufas, as most of them are 

mixtures of calcite and aragonite and they are studied as a whole. Therefore, the study of the 

aragonite travertine will help to improve the general understanding of the aragonite precipitation 

process and, the study of another more calcite-rich travertine (60% of calcite) precipitated from 

the same thermal waters will serve for comparative purposes and to evaluate the main 

controlling factors responsible for the precipitating mineral phases. 

The thermal springs in the Fitero spa are currently controlled for their use in the balneotherapic 

facilities and the travertines studied here are generated inside water discharging pipes; however, 

their study will still be useful for the objectives of this work as it has already been done by other 

authors such as Asta et al. (2017) in travertines collected in the facilities of other spas, 

Rodríguez-Berriguete et al. (2018) in tufas precipitated in a pipe used for irrigation or Arenas et 

al. (2018) in a tufa generated in a pipe that diverted water from a river. 

The study and characterisation of the Fitero aragonite travertines will be addressed from two 

different points of view which will be presented and discussed in two complementary papers: 

one dealing with the mineralogical and isotopic characterisation of the travertines (the present 

paper) and the other which will address their textural and geochemical characterisation, together 

with the distribution coefficients of some trace elements. 

The relevance of the isotope characterisation of these solids lies on the fact that the stable δ18O 

isotope signature of travertines, tufas and speleothems precipitated under equilibrium conditions 

depends on the temperature and, therefore, it can be used for paleonvironmental and 

paleoclimatic reconstructions (e.g. Andrews, 2006; Capezzuoli et al., 2014; Ford and Pedley, 

1996; Fouke et al., 2000; Garnett et al., 2004; Jones and Renaut, 2010; Kele et al., 2011, 2008; 

Lachniet, 2015; Liu et al., 2006, 2010; Osácar et al., 2016, 2013; Pedley, 2009; Pentecost, 2005) 

by using empirical and experimental temperature-dependant equations assumed to represent the 

isotopic equilibrium between travertine and water. However, the paleothermometrical 

interpretation of the stable isotopes in carbonates is not always straightforward due to several 

reasons: 1) the isotopic signature of the old travertines parental water is unknown; 2) the 

equilibrium is not always attained, or maintained, during the travertine precipitation due to the 

kinetic isotope effects related to CO2 outgassing and high precipitation rates (e. g. Fouke et al., 

2000; Kele et al., 2008; 2011; among others); and 3) the representativeness of those equations 

with respect to the real equilibrium is not always warrantied (e.g. Kele et al., 2015; Lachniet, 

2015). All these difficulties make the study of actively precipitating travertines an interesting 

subject that will help to interpret the isotope composition in old travertines. 
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2. Geological and hydrological setting 

The Fitero thermal waters emerge in the NW part of the Iberian Chain, in the contact between 

the Cameros Range and the tertiary Ebro Basin (a NW-SW thrust; Figure 1; Coloma et al., 

1997a; Sánchez and Coloma, 1998). The Cameros Range consists mainly of Mesozoic rocks 

which are divided in three different sequences: 1) the pre-rift sequence represented by Triassic 

and marine Jurassic rocks (with the classic formations of the Iberian Chain; Coloma, 1998; Gil 

et al., 2002; Goy et al., 1976); 2) the syn-rift sequence deposited during a rifting process 

initiated at the end of Jurassic and constituted by fluvial and lacustrine sediments from Upper 

Jurassic (Tithonian) to Upper Cretaceous (Lower Albian) (Coloma, 1998; Gil et al., 2002; Mas 

et al., 1993); and 3) the post-rift sequence which is constituted by the Upper Cretaceous 

carbonates and sandstones and the Later Cretaceous carbonate rocks (Gil et al., 2002). Finally, 

during the Tertiary a tectonic inversion created the Cameros Range and the Ebro basin (Coloma, 

1998; Gil et al., 2002). 

 

Figure 1. Location of the Fitero geothermal springs and geological map of the area (modified from 

Blasco et al., 2018). 
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The reservoir of the Fitero thermal waters is located in the carbonates of the pre-rift sequence 

(see Blasco et al., 2018 or Blasco et al., 2019 for more details about the geology and 

hydrogeology of this area) from which they ascend to surface through the Cameros thrust. The 

springs are associated to the Keuper facies and the Lower Jurassic carbonates (Auqué et al., 

1988; Coloma, 1998; Coloma et al., 1996), their flow rate is about 50 L/s and the reservoir 

temperature is close to 50 ºC (Coloma et al., 1998, 1997b, 1995; Sánchez and Coloma, 1998). 

 

3. Methodology 

3.1. Field sampling 

A sample of the thermal water, F1, was taken in a spring inside the Becquer spa, in Fitero 

(Navarra, Spain). For its use in the spa, this water is cooled down to 40 ºC in a pool from where 

it is distributed to the different balneotherapic facilities at that temperature or even lower. 

A travertine sample named FTOP (Fitero Travertine Old Pipe) was taken in an old pipe that 

drained the thermal water from the cooling pool in the moments of exceeding water (Figure 2) 

and, therefore, the water circulating through it was at a constant temperature of 40 ºC. The 

diameter of this old pipe was about 30 cm and the inclination close to 30º with a height 

difference of 20 m from the pool to the exit point of the pipe. The travertine precipitation was so 

important that the pipe was almost completely clogged and it had to be removed, which gave the 

chance to get the solids sample but not the directly related water. 

 

Figure 2. Idealised scheme of the Spa facilities showing the location where the different samples were 

taken. 
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Another travertine sample, FTNP, (Fitero Travertine New Pipe) was taken at the end of a 

currently active pipe that collects the final discharge water from the spa and pours it into the 

Cidacos river (Figure 2). The temperature of this discharge water oscillates between 33 and 40 

ºC during the spa operation times (depending on the different balneotherapic uses) and, when 

the spa is closed, it comes directly from the main spring undergoing a natural cooling. As this is 

an active pipe, a sample of the discharging water, FWNP, was taken at the same time as the 

travertine FTNP when the spa was closed and the measured water temperature was 33 ºC. 

3.2. Analytical determinations 

Temperature, pH and electrical conductivity were measured in situ and separated samples for 

cation, anion and isotopic analyses were taken (the detailed procedure of sampling was 

described in Blasco et al. (2018). The anions were analysed in the Geochemistry Laboratory of 

the Department of Earth Sciences at the University of Zaragoza: alkalinity was determined by 

titration, sulphate by colorimetry and chloride and fluoride by selective electrodes. The major 

cations were analysed by ICP-OES, the minor cations by ICP-MS, and δ18O and δ2H in water, 

and δ13C in the dissolved inorganic carbon, were analysed by CF-IRMS, all in the Scientific and 

Technological Centre of the University of Barcelona. More details about the analytical 

procedures can be found in (Blasco et al., 2018). 

Petrographical and mineralogical observations of the travertines were conducted using 

conventional optical microscope on polished thin sections, and field emission scanning electron 

microscope (FESEM, using a Carl Zeiss MERLINTM) on carbon-coated samples. Thin sections 

and FESEM analysis were performed at the facilities of the Research Support Services at the 

University of Zaragoza. 

A small drill was used to separate the material from the different layers in the travertine deposits 

and the obtained solid samples were crushed in a steel jaw crusher and ground to a size fraction 

below 60 μm. The bulk mineralogical composition was determined by X-ray diffractometry 

(XRD) using a PANalytical X’Pert PRO MPD powder diffractometer in Bragg-Brentano θ/2θ 

geometry of 240 millimetres of radius with a focalizing Ge (111) primary monochromator, a 

X’Celerator detector and using CuKα1 radiation: λ = 1.5406 Å at the X-Ray Diffraction Unit in 

the Scientific and Technological Center of the University of Barcelona (Spain). Semi-

quantitative phase analysis of the identified crystalline phases was performed by the Rietveld 

method (Rietveld, 1969). 

Carbon and oxygen isotope analyses of six bulk layer subsamples from FTOP (the travertine 

from the old pipe) were determined at the Stable Isotope Analysis Service of the University of 

Salamanca (Spain). Extraction of CO2 for isotopic analyses followed standard techniques 

(McCrea, 1950) using an ISOCARB device connected to a SIRA series 10 mass spectrometer 
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from VG Isotech. The isotope analysis of the other travertine samples (FTNP from the new 

pipe) was performed at the Laboratory of Biogeochemistry of Stable Isotopes of the Andalusian 

Institute of Earth Sciences of Granada (CSIC). The methodology for CO2 extraction was the 

same but the analyses were done using the GasBench II connected to the Finnigan DeltaPLUS 

XP isotope ratio mass spectrometer (IRMS). The overall analytical reproducibility, as 

determined on replicate measurements of laboratory standards, is routinely better than ± 0.12 

‰. Results are reported in the familiar δ‰ notation relative to V-PDB and V-SMOW. 

3.3. Applications of the stable isotopes fractionation 

The use of the stable isotopes fractionation equations for paleoclimatic and paleonvironmental 

reconstructions is based on the fact that the isotope fractionation between a mineral phase and 

the water from which it is precipitating is a function of the temperature as long as the 

precipitation takes place in thermodynamic equilibrium (e.g. Zheng, 2011, 1999, and references 

therein) and therefore, the isotopic values of the solids represent the water temperature in the 

moment of precipitation (e.g. Capezzuoli et al., 2014; Fouke et al., 2000; Gabitov, 2013; Kele et 

al., 2015, 2011, 2008; Lachniet, 2015; Liu et al., 2006; Osácar et al., 2016, 2013; Pedley, 2009; 

Pentecost, 2005; Zhou and Zheng, 2003). 

In the case of the δ13C isotope data, this paleotemperature indication can only be obtained using 

the δ13C fractionation between calcite–aragonite and the dissolved CO2, since this fractionation 

is temperature–dependent (e.g. Chacko et al., 2001; Romanek et al., 1992; Scheele and Hoefs, 

1992). The problem in the present study is that the δ13C value in CO2 is not available in the 

analysed waters, instead, the δ13C value was measured in the dissolved inorganic carbon (DIC), 

which, in these waters could be assumed to mostly be as HCO3
- (see below). The δ13C 

fractionation between the carbonate solids (calcite or aragonite) and the HCO3
- is independent 

of the temperature (Rubinson and Clayton, 1969; Turner, 1982; Romanek et al., 1992) and for 

the range between 10 and 40 ºC, the reported values are 2.7 ± 0.6 ‰ for aragonite-HCO3 

fractionation and 1 ± 0.2 ‰ for calcite-HCO3 fractionation. In summary, the measured δ13C 

cannot be used to make a temperature estimation in the Fitero system but it can help to evaluate 

the δ13C fractionation during the travertine precipitation, which is what will be shown in section 

5.2.1. 

There is much more information about the δ18O fractionation and its study has been quite 

thorough. Several fractionation equations, based on inorganic and biogenic carbonates, have 

been proposed for the δ18O equilibria between aragonite and water and between calcite and 

water and the more adequates were selected according to the identified mineralogy of the 

travertines under study. The FTOP travertines are almost pure aragonite and the equations used 
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in this work were the ones listed next, including those for biogenic aragonite to check their 

applicability to inorganic aragonitic travertines (Table 1): 

 Grossman and Ku (1986): equation deduced from aragonite foraminifera, gastropods 

and scaphods in the range of 2.5 to 26 ºC. 

 Patterson et al. (1993): derived from the study of aragonite fish otoliths in the range of 

3.2 to 30.3 ºC. 

 Thorrold et al. (1997): also derived from aragonite fish otoliths but in the temperature 

range of 18 to 25 ºC. 

 White et al. (1999): deduced from marine molluscs in the range of temperatures from 8 

to 24 ºC. 

 Böhm et al. (2000): derived from aragonite sponges in the range of 3 to 28 ºC. 

 Zhou and Zeng (2003): derived from experiments of aragonite precipitation in the 

temperature range of 10 to 70 ºC. 

 Kim et al. (2007): derived from experiments with inorganic synthetic aragonites in the 

range of 10 to 40 ºC. This equation has been corrected for conventional CO2-aragonite 

acid fractionation factor and the equation in Lachniet (2015) has been used. 

 Chacko and Deines (2008): calculated the partition function ratios (for aragonite and 

water) from statistical mechanical calculation and a compilation of vibrational 

frequency data. The equation is applicable at temperatures between 0 and 130 ºC. 

 Wang et al. (2013): equation derived from aragonite precipitation from seawater 

experiments in the temperature range of 25 – 55 ºC. 

 Kele et al. (2015): proposed from a set of samples constituted by mixtures of calcite and 

aragonite travertines precipitated between 20 and 95 ºC (they also propose other 

equation including tufas, not shown here, with very similar results). 

The FTNP sample consists of a mixing of aragonite and calcite and for the δ18O fractionation 

evaluation, three equations have been used: the just mentioned equation proposed by Kele et al. 

(2015) as it corresponds to a mixture of aragonite and calcite, and two of the most used calcite 

equilibrium equations (Kim and O’Neil, 1997; Coplen, 2007) which cover almost the whole 

range of values given by the rest of the calcite−water fractionation equations presently 

available: 

 Kim and O’Neil (1997): derived from inorganic calcites synthesised in laboratory in the 

range of 10 to 40 ºC. This equation has been corrected for conventional CO2−calcite 

acid fractionation factor of 1.01025 (Friedman and O’Neil, 1977). 

 Coplen (2007): proposed the equation from vein calcite samples from Devils Hole 

(Nevada, USA). 
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Table 1. Aragonite – water fractionation equations. Temperature (T) is in Kelvin in the equations for the 

δ18Oaragonite-water but in ºC for the δ13Caragonite-water equations. α is the fractionation between aragonite and 

water calculated as (1000+δ18Oaragonite)/(1000 + δ18Owater) or (1000+δ13Caragonite)/(1000 + δ13Cwater) being 

δ18O values vs SMOW and δ13C values vs PDB. 

 Author Fractionation equation 

δ18Oaragonite-water 

Grossman and Ku (1986) 1000 18.04
1000

31.12 

Patterson et al. (1993) 1000 18.56
1000

33.49 

Thorrold et al. (1997) 1000 18.56
1000

32.54 

White et al. (1999) 1000 16.74
1000

26.39 

Böhm et al. (2000) 1000 18.45
1000

32.54 

Zhou and Zheng (2003) 1000 20.44
1000

41.48 

Kim et al. (2007) 1000 17.88
1000

30.76 

Chacko and Deines (2008)1 
1000 12.815 5.793 3.7554 ∗ 10
3.2966 ∗ 10 2.2189 ∗ 10 8.9981 ∗

10 1.636 ∗ 10   

Wang et al. (2013) 1000 22.5
1000

46.1 

δ18Ocalcite+aragonite-

water 
Kele et al. (2015) 1000 20

1000
36 

δ18Ocalcite-water 

Kim and O’Neil (1997) 1000 18.03
1000

32.17 

Coplen (2007 1000 17.4
1000

28.6 

1x = 106/T2, where T is Kelvin 

 

4. Results 

4.1. Main characteristics of the thermal waters 

Only the most relevant information of the Fitero thermal waters for the present study will be 

highlighted here. A thorough study of their chemical characteristics (and some modelling 

results) can be found in another paper from Blasco et al. (2019). Table 2 shows the chemical 

and isotopic data of the thermal water taken in the main spring (F1) and the analytical data of 

the water sample taken in the new pipe (FWNP; Figure 3a). The temperature of the thermal 

water (F1) is 45.5 ºC and its pH is near neutral. The water in the new pipe was at 33 ºC in the 

moment of sampling and the pH was higher than in F1, which is coherent with some CO2 loss. 

As mentioned before, it was impossible to get a water sample from the old pipe but considering 
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its location their chemical characteristics would be very similar to the main spring (F1) except 

for a temperature of 40 ºC. 

Table 2. Chemical and isotopic analyses of the Fitero thermal water that springs in the Becquer spa (F1; 

whose chemical composition is constant over time) and the chemical analysis of a water sample taken at 

the exit of a discharging pipe from the spa (FWNP). TDS (calculated using PHREEQC) and dissolved 

elements are expressed in ppm.  

F1 FWNP 

Temperature (°C) 45.50 33 

TDS 4820.2 4423 

pH 6.86 7.72 

HCO3
- 174.02 125 

Cl- 1610 1505 

SO4
- 1376 1290 

Ca 469 441 

Mg 92.10 80.8 

Na 981 920 

K 30.20 30.3 

Sr 11.10 10.3 

SiO2 23.75  

Fe 0.13  

δ18O in H2O (SMOW) -8.7  

δ2H in H2O (SMOW) -63.9  

δ13C in DIC (PDB) -8.42  

 

The δ18O and δ2H values in F1 (-8.7 and -63.9, respectively; Table 2) suggest a meteoric origin 

of the thermal water since they are close to the Global Meteoric Water Line (δ2H = 8 δ18O + 10; 

Craig, 1961) and the Spanish Meteoric Water Line calculated from the data of the Spanish 

Network for the control of the isotopes in the rainfall (δ2H = 8 δ18O + 9.27; Díaz-Teijeiro et al., 

2009). The δ13C value in the dissolved inorganic carbon of the thermal water is -8.4% (Table 2) 

and it suggests that, after infiltration through the soils (degradation of C3−type plants results in 

δ13C values of about -23‰; Clark and Fritz, 1997), the thermal water interacts with carbonate 

rocks in the aquifer (with δ13C values around 0‰; Clark and Fritz, 1997; Figure 4). 

Some speciation-solubility calculations were carried out with the PHREEQC geochemical code 

(Parkhurst and Appelo, 2013) and the WATEQ4F thermodynamic database. The main results 

related to the carbonate system show that calcite and aragonite are in equilibrium or close to 

equilibrium at spring temperature in F1 (saturation states of 0.14 and 0.01, respectively) and 

with a high log pCO2, -1.58, whilst these minerals are more oversaturated (0.7 and 0.54, 
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respectively) in the water sample FWNP due to an important CO2 outgassing during the 

circulation of the waters through the pipe giving a log pCO2 of -2.7. The amount of CO2 

outgassing and calcium carbonate precipitation can be calculated by a simple mass balance 

between the two waters and the results indicate that there are 0.614 mmol/L of CO2 loss which 

leads to the precipitation of 0.71 mmol/L of calcium carbonate. Therefore, calcium carbonate 

was precipitating in the moment of the water sampling in the new pipe, indicating that the CO2 

outgassing is the triggering factor of the carbonate precipitation, promoted by the high pCO2 

and the high temperature of the waters at the spring (CO2 solubility is lower at higher 

temperatures, facilitating the degassing to the atmosphere). 

This outgassing process must have also taken place in the water circulating through the old pipe 

to promote the precipitation of the aragonite travertine. The source water was the same thermal 

spring F1, whose compositional characters show minor variations with time (e.g. Auqué et al., 

1989; Blasco et al., 2019). Therefore similar equilibrium conditions with respect to calcite and 

or aragonite should prevail at the moment of emergence and CO2 degassing would be necessary 

to trigger the precipitation of carbonates (otherwise, as the solubility of these minerals increase 

with the decrease of temperature the waters, initially in equilibrium in the spring, would have 

suffered the opposite effect in the cooling pool, the undersaturation with respect to the 

carbonates). 

4.2. Main characteristics of the travertines 

The travertine samples consist of an alternation of clear and reddish bands (Figure 3b). Each 

band is also constituted by a thin lamination barely distinguishable at a glance but evident when 

studying the thin section under the petrographic microscope. This lamination is not related to 

temporal (or climatic) variations but to the intermittent discharge through the pipes and 

therefore, they are conditioned by the availability of water, as also described by Rodríguez-

Berriguete et al. (2018) in other human induced travertines. 

Although both travertines look similar, their mineralogy is quite different. The X – Ray 

Diffraction analyses of two clear and two reddish bands of sample FTOP (from the old pipe) 

indicate a proportion of aragonite higher than 98 % with minor amounts of calcite, and this is 

common to both types of bands. The mineralogical results for sample FTNP (from the new pipe; 

Figure 3a) indicate a higher proportion of calcite (about 60 %) and much less aragonite (40 %), 

as an average from one clear and one reddish band. 
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Figure 3. Panel a) New pipe at its discharge point on the Cidacos river, where travertine FTNP is 

precipitating. Panel b) FTOP and FTNP travertine samples where the alternation between clear and 

reddish bands can be seen. Panel c) Photograph taken with a petrographic microscope where the fibrous-

radial texture with fan shaped aggregates can be seen (FTOP). Panel d) FESEM image of the FTOP 

travertine showing the aragonitic bands (on the right and left of the image) and a calcite interlayer in 

between. Some disperse calcite crystal in the aragonite can also be appreciated. Panel e) FESEM image of 

the FTOP travertine with a detail of an aragonite needle with iron oxy-hydroxides growing on it. Panel f) 

FESEM image of the FTNP travertine where abundant calcite crystals can be identified while aragonite 

needles are less common. 

 

116 Geochemical characterisation of low temperature carbonate geothermal systems



 

The detailed mineralogical examination of FTOP allowed identifying additional relevant 

characteristics of the aragonitic travertines: 1) the petrographic microscope showed a fibrous-

radial, fan-shaped texture in the aragonite (Figure 3c) which, in the FESEM, is seen as 

elongated prisms or needles aggregated forming bushes (Figure 3d); 2) the presence of disperse 

calcite in all the bands is mainly associated to the thin interlayers between clear and reddish 

aragonite bands, whilst there is not a preferential distribution of calcite or aragonite in the FTNP 

travertine (Figures 3d and 3f); 3) lump aggregates of amorphous oxy-hydroxides have been 

identified on the aragonite needles in the reddish bands (Figure 3e) and they probably are the 

responsible for the colour of the bands despite their low content (unidentified by XRD and 

coherent with the low dissolved Fe in waters; Table 2). 

Examination of thin sections and detailed FESEM observations show no evidence of microbial 

activity (e.g. biofilms or extracellular polymeric substances, EPS) in the travertines. These 

evidences are not usually preserved in old travertines (Jones and Renaut, 1995; Peng and Jones, 

2012) but given that the samples studied here are from a present deposit, the lack of them 

suggests an abiogenic origin (Jones, 2017a). 

Isotopic determinations of δ18O and δ13C in the carbonates were made in the travertine sample 

FTNP (whole sample) and in 6 subsamples of FTOP, in three reddish bands (FTOP-D1, D2, 

D3), and in three clear bands (FTOP-C1, C2 C3; Table 3). The results show that the δ18O values 

are similar in all the bands of the aragonite travertine and also in the calcite-aragonite travertine 

between 17.719 and 17.927 ‰ vs. V-SMOW. 

Table 3. Isotopic data of travertine samples: the dark bands (FTOP-D) and the clear bands (FTOP-C) of 

sample FTOP, and the whole sample of travertine FTNP. 

 δ13C (PDB) δ18O (PDB) δ18O (SMOW) 

FTOP-D1 0.536 -12.623 17.896 

FTOP-D2 0.544 -12.795 17.719 

FTOP-D3 0.364 -12.754 17.761 

FTOP-C1 0.859 -12.393 17.927 

FTOP-C2 0.803 -12.683 17.834 

FTOP-C3 0.794 -12.737 17.778 

FTNP 0.87 -12.617 17.854 

 

With respect to the δ13C values (‰ vs V-PDB), they are higher in the clear bands (FTOP-C) and 

in the sample FTNP, about 0.8 ‰, than in the reddish bands, between 0.36 ‰ and 0.54 ‰ 

(Table 3). A more detailed description of the alternating clear and reddish bands and their 

geochemical characterisation will be discussed in the second paper about the trace element 

contents in the travertine deposits. 
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5. Discussion 

There are two main issues to discuss here. The first one refers to the different mineralogical 

composition of the two studied travertine samples (different amounts of aragonite and calcite) 

and the second refers to their isotopic composition and their possible use as paleoenvironmental 

indicators. 

5.1. Mineralogy 

There are several classical studies on the main factors controlling calcite or aragonite 

precipitation in geological natural samples and in laboratory experiments (Folk, 1994; Fouke et 

al., 2000; Jones, 2017b; Pentecost, 2005; and references therein). These factors are: temperature, 

Mg/Ca ratio in the water, dissolved strontium content, CO2 content and degassing, and the 

biological influence. Except for the last factor, that will not be discussed here since no evidence 

of biological effects have been found in the studied travertines, an evaluation of the influence of 

the other controlling factors in presented next. 

Temperature and magnesium concentration have been considered the most important factors 

controlling the mineralogy of the precipitated carbonates. Generally speaking, aragonite is 

considered to precipitate at higher temperatures than calcite; for example, Folk (1994) observed 

that aragonite precipitates if the temperature is higher than 40 ºC irrespective of the water 

composition, and calcite would precipitate if the temperature of the water is lower than 40ºC 

and it is Ca-rich. Fouke et al. (2000), in the same line, indicated that if the temperature is higher 

than 44 ºC only aragonite precipitates, if the temperature is lower than 30 ºC only calcite does, 

and when it is between 30 and 43 ºC both mineral phases precipitate together. However, 

aragonite is not always favoured over calcite at this “critical temperature” of about 40 ºC; for 

example, calcite has been found to precipitate in Egerszalók (Hungary) at a temperature of 

about 70 ºC (Kele et al., 2008) and in North Island (New Zealand), where the water temperature 

is higher than 90 ºC (Jones et al., 1996; see also the review by Jones, 2017b). 

Regarding the magnesium concentration in the waters, Fischbeck and Müller (1971) stated that 

the aragonite precipitation is significant if the Mg/Ca ratio is higher than 2.9; Folk (1994) 

reported that aragonite would precipitate if the Mg/Ca ratio of the water is higher than 1:1 no 

matter the water temperature; and AlKhatib and Eisenhauer (2017) indicated that any Mg/Ca 

ratio higher than 2:1 will assure aragonite precipitation even at temperatures of only 12.5 ºC. 

Furthermore, in some lakes in the Great Plains of North America, the evaporation produces high 

Mg/Ca ratios that trigger the precipitation of aragonite despite a temperature of the water lower 

than 30 ºC (Last, 1989; Last et al., 1998). 

In the case of the sample FTOP, the temperature of the parental water is 40 ºC and the 

composition is assumed to be the same as the thermal water F1, with a very low Mg/Ca ratio of 
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0.32. According to the previous authors, the water temperature would favour the aragonite 

precipitation, despite the low Mg/Ca which would allow the precipitation of some minor 

amounts of calcite. This is exactly what has been observed and, therefore, the thin calcite inter-

layers between the aragonite bands seem to represent inter-discharge periods, when the 

remaining water would probably have a temperature lower than 40 ºC. In the case of the sample 

FTNP, the Mg/Ca ratio in the parental water (FWNP) is 0.27, very similar to the F1 sample, but 

the temperature of the water discharged through the pipe varies between 40 and 33 ºC which 

would explain the higher proportion of calcite. So, in these travertines temperature seems to be 

the main control of the mineralogy. 

Other controlling factors may play a role, additionally to, or interplayed with, temperature 

(Jones, 2017b). Some authors argue that the Sr content in the waters favours aragonite 

precipitation and inhibits calcite growth but others state that the higher Sr concentrations in 

aragonite, in comparison to calcite, are only due to the partition coefficients, which are higher in 

aragonite (Sr incorporates easier in aragonite lattice than in calcite). The fact that the two 

travertine samples FTOP and FTNP have precipitated from a very similar water with similar Sr 

content (Table 2) and one of them is almost pure aragonite and the other has 60 % of calcite, 

supports the hypothesis that the dissolved content of Sr is not an important controlling factor of 

the mineralogical phase, at least in our system. 

Finally, regarding the importance of CO2 content and outgassing rate some authors reported that 

aragonite precipitation is favoured by high CO2 contents and degassing rates as it is common in 

thermal springs (Chafetz et al., 1991; Jones, 2017b; Kitano, 1963). As stated above, CO2 

outgassing is the triggering factor of the carbonate precipitation in the studied travertines, since 

the spring waters are in equilibrium, or near equilibrium, with respect to aragonite and calcite. 

However, differences in the rate of CO2 outgassing may also promote variations in the 

oversaturation degree and, in turn, in the precipitated carbonate phase (Jones and Peng, 2016; 

Jones, 2017b). The travertines studied here precipitate inside inclined pipes where an important 

outgassing rate is expected. But differences may arise by variations in the discharge and/or in 

the distance of the precipitates from the spring. 

In the case of the pure aragonite travertine FTOP, precipitated from waters at nearly constant 

temperatures (40 ºC), the possible variations in the outgassing rate do not seem to induce 

important mineralogical changes. Only the thin calcite inter-layers between the aragonite bands, 

which is interpreted as representing inter-discharge periods, could be related to water 

temperatures lower than 40 ºC or periods of lower discharge and lower CO2 outgassing rate. 

The FTNP travertine, located farther away from the source thermal waters than the FTOP 

deposits, is associated with a wider range of water temperatures (33-40 ºC) and with more 
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variable discharge regimes. In the moment of the sampling of FWNP, the water temperature was 

33 ºC (Table 2) and the discharge was low. Higher discharges, water temperatures and, most 

probably, CO2 outgassing rates, occur in this pipe during the spa activity. Therefore, coupled 

changes in temperature and CO2 outgassing rates may also be the cause of the higher 

proportions of calcite in this deposit, although more detailed studies would be necessary to 

clarify this hypothesis 

5.2. Stable isotopes 

5.2.1. 13C 

The δ13C values of travertines are considered to reflect the origin of the CO2 in the source water 

in the classification scheme of Pentecost (2005) which includes two main travertine types, 

thermogene and meteogene. Thermogene travertines are those in which the CO2 has a deep 

origin (magmatic or from decarbonatation processes) and the δ13C values range from -1 to +10 

‰. Travertines are considered as meteogene if the CO2 has a shallow origin, mainly meteoric, 

and they can be divided in ambient and superambient (or thermometeogene). The ambient 

meteogene travertines are formed at ambient temperatures (waters have not suffered a heating 

process) and they display δ13C values ranging from -12 to -3 ‰. The superambient meteogene 

travertines precipitate from warm waters (waters heated through deep circulation and emerging 

as hot springs) and have δ13C values ranging from -12 to +2 ‰.The δ13C data in the studied 

travertines range from 0.36 to 0.87 ‰ (Table 3) and, therefore, they could be classified as 

superambient meteogene or thermometeogene travertines.  

However, the source of CO2 can only be properly assessed from the δ13C values in travertines 

where secondary modifications (e.g. CO2 outgassing) of the isotopic carrier are minimised (e.g. 

close to the spring orifice; Kele et al., 2011; Jones and Peng, 2016 and references therein) and 

this is not exactly the case here. Fitero travertines have precipitated after CO2 degassing of the 

thermal waters (see above) and, therefore, their δ13C values would reflect the δ13C in the 

dissolved CO2 in the moment of the travertine precipitation. In order to better check the meaning 

of the values analysed in the travertines, the δ13C in the CO2 in the precipitation moment and in 

the spring conditions, previous to the CO2 outgassing, have been calculated. 

As previously done by other authors (e.g. Jones and Peng, 2016; Kele et al., 2011, 2008; 

Minissale, 2004; Sierralta et al., 2010), the δ13C in the travertine can be used to estimate the 

δ13C in the dissolved CO2 in the moment of the travertine precipitation, by using the equation 

proposed by Panichi and Tongiorgi (1976; Table 4). Applying this equation to all the travertine 

samples (aragonite and calcite−aragonite), the δ13CCO2 obtained range from -10 to -9.5 ‰. 

However, since this equation does not take into account the δ13C dependency on temperature, 
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the calculations were repeated with the equations proposed by Romanek et al. (1992; Table 4) 

for the δ13C fractionation between aragonite (or calcite) and CO2. 

Table 4. Fractionation equations for the δ13C in CO2 estimation from δ13C in the carbonate or δ13C in 

HCO3 dissolved. 

 Author Equation 

CaCO3-CO2 

Panichi and Tongiorgi (1979) 1.2 10.5 

Romanek et al. (1992)1 10 13.88 0.13  

Romanek et al. (1992)1 10 11.98 0.12  

HCO3-CO2 

Mook et al. (1974)2 10 9.522 10 24.1 

Zhang et al. (1995)1 10 0.0954 10.41 

Szaran (1997)1 10 0.1141 10.78 
1 Temperature (T) is in ºC 
2 Temperature (T) is in kelvin 

 

The δ13CCO2 values obtained for the FTOP samples (aragonite), assuming a precipitation 

temperature of 40 ºC, were from -8.3 to -7.8 ‰. For sample FTNP, the precipitation 

temperatures considered for the calculation were between 33 and 40 ºC (possible range of the 

circulating waters) and the values obtained were between -7.2 and -6.3 ‰. In summary, 

considering all the results obtained with the equations proposed by Romanek et al. (1992) the 

δ13C in the dissolved CO2 when the travertine precipitated was in the range of -8.3 to -6.3 ‰. 

These values were then compared with the δ13C in the CO2 calculated in the emergence spring 

(water sample F1). This last value was theoretically approximated from the δ13C analysed in the 

DIC (dissolved inorganic carbon) assuming that the DIC mainly corresponds to HCO3
- (the pH 

value of the spring water is near 7; Table 2) and using the equations proposed by Mook et al. 

(1974), Zhang et al. (1995) and Szaran (1997) for the δ13C fractionation between HCO3 and CO2 

(Table 4). A good agreement around -15 ‰ was obtained among all these equations. 

Two main conclusions can be extracted from these results: 

 First, the δ13C value calculated for the CO2 at spring conditions, and the 

hydrogeological and hydrogeochemical characters of the Fitero geothermal system 

(Blasco et al, 2019), support the classification of the travertines as thermometeogene, 

derived from waters heated by a deep circulation but without an “endogenous” δ13C 

component (Pentecost, 2005). In this scheme, carbon dissolved from the carbonate 

rocks in the aquifer (with δ13C values usually between -1 and 5‰; Figure 4) would 

influence the δ13C values of the waters (and travertines) shifting them towards 

isotopically heavier values than those in the recharge waters (Figure 4). 

1214. Results



 

 Second, the δ13C values calculated for the CO2 at spring condition (-15 ‰) are more 

negative than in the moment of the travertine precipitation (-8.3 to -6.3 ‰). These 

numbers would be consistent with the aforementioned existence of a CO2 outgassing 

process (resulting in the δ13C enrichment in the CO2 of the waters) as the trigger of the 

travertine precipitation. 

 

Figure 4. δ13C composition of the Fitero thermal water and the travertine precipitated from it (the 

travertine representation include all the bands of FTOP sample and the FNTP sample, since the values are 

between 0.9 and 0.3). The isotopic values of the possible δ13C sources are shown in the upper part of the 

graph. The equations described by Romanek et al. (1992) have been used for the calculation of the 

isotopic theoretical signature of DIC. Figure modified from Delgado and Reyes (2004) and Reyes et al. 

(1998).  

5.2.2. 18O 

As mentioned above, although with some uncertainties related to the possible equilibrium 

situations between the solids and their parental waters, the use of δ18O in aragonite (or calcite) 

for paleoclimatic and paleonvironmental reconstructions is a very useful tool. There are some 

examples in natural systems of travertine precipitation under, or close to, equilibrium conditions 

with respect to some of the fractionation equations (Arenas et al., 2018; Asta et al., 2017; 

Chafetz et al., 1991; Coplen, 2007; Garnett et al., 2004; Kele et al., 2015; Lachniet et al., 2012; 

Li et al., 2011, 2012, Osácar et al., 2013, 2016; Wang et al., 2014; Yan et al., 2012). But there 

are also examples where equilibrium is not maintained during precipitation (Asta et al., 2017; 

Coplen, 2007; Demény et al., 2010; Fouke et al., 2000; Friedman, 1970; Kele et al., 2015, 2011, 

2008, Lojen et al., 2009, 2004; Wang et al., 2014; Yan et al., 2012; Zavdlav et al., 2017). 

The study of an active precipitation system, like the one presented here, provides the possibility 

to compare the temperature results obtained from the application of the δ18O “equilibrium” 
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fractionation equations and the temperature actually measured in the parental water. This will 

give a better knowledge of the processes affecting the isotopic equilibrium and will help to 

interpret the isotopic signature of old travertines. 

To do that, several equations (section 3.3) have been applied for δ18O equilibrium between the 

aragonites from sample FTOP (the 6 subsamples) and the equivalent to their parental water, F1 

with 40 ºC. For comparative purposes, some of the aragonite and calcite equilibrium equations 

(section 3.3) have been used for the sample FTNP (constituted by a mixture of calcite and 

aragonite) and the water F1 (at 40 ºC) because, unfortunately, there is not isotopic information 

from its own parental water FWNP. 

All fractionation equations used here have been represented in Figure 5. Panel a shows the 

equations for aragonite and panel b shows the equations for calcite (or for a mixture of calcite 

and aragonite). The isotopic values of the studied travertines at their precipitation temperatures 

are also shown: six open circles for the aragonite travertine in Figure 5a, and a grey rectangle 

representing the calcite-aragonite travertine and the interval between 33 – 40 ºC that covers the 

temperature variation of the water circulating through the pipe, in Figures 5a and b. As it can be 

seen, all the travertine samples fall in the “equilibrium window” defined by the area covered by 

all the fractionation equations, suggesting that they have precipitated under or close to isotope 

equilibrium (e.g. Lachniet; 2015). However, this overall “equilibrium” situation is translated to 

a relatively wide range of possible temperatures covered by the whole set of considered 

equations (Table 5). 

Regarding the pure aragonite travertine FTOP, there are two equations that provide discrepant 

temperatures (Table 5): 1) the one proposed by Zhou and Zheng (2003) which gives a 

temperature about 30 ºC (probably due to the existing controversy about the experimental 

conditions for its determination; Horita and Clayton, 2007; Kim and O’Neil, 2005; Lécuyer et 

al., 2012; Wang et al., 2013) and 2) the empirical equation from Kele et al. (2015), which 

provides a temperature of almost 48 ºC, which is higher than the possible parental water 

(probably due to the fact that the fitting of this equation was strongly influenced by five samples 

with very high fractionation of unclear origin; Kele et al. 2015). In both cases the results should 

be used with caution and they would not be taken into account in the discussion below. The 

temperature obtained using the rest of the equations, regardless if they were calibrated using 

biogenic or inorganic aragonites, is about 40 ºC which is the temperature at which the 

precipitation actually takes place. These coincident results could be expected as the equations 

used here are within the uncertainty range defined by Kim et al. (2007) in their calibration (± 

0.46 ‰, see Figure 5 in Kim et al., 2007). 
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Figure 5. Panel a: representation of the δ18O aragonite – water equilibrium lines proposed by different 

authors and considered in this study. Panel b: The two most used equations for calcite are represented: 

Kim and O’Neil (1997) and Coplen (2007); the equation from Kele et al. (2015) is also included since it 

was calculated using a mixture of calcites and aragonites. The samples from travertine FTOP (98 % 

aragonite) are shown as open circles in panel (a) and the travertine FTNP (60 % calcite) is represented 

over the possible range of precipitation temperatures (33 – 40 ºC) in panels (a) and (b). 
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Table 5. Temperatures obtained with different oxygen isotopic aragonite – water equilibrium equations. 

The water isotope values used for these calculations are in all the cases those of water sample F1. 

FTOP-D1 FTOP-D2 FTOP-D3 FTOP-C1 FTOP-C2 FTOP-C3 FTNP 

δ18Oaragonite

-water 

Grossman 
and Ku 
(1986) 

40.1 41.0 40.8 39.9 40.4 40.7 40.3 

Patterson et 
al. (1993) 

36.4 37.3 37.0 36.2 36.7 37.0 36.3 

Thorrold et 
al. (1997) 

41.3 42.3 42.1 41.2 41.7 42.0 41.3 

White et al. 
(1999) 

43.5 44.5 44.3 43.3 43.9 44.2 43.5 

Böhm et al. 
(2000) 

39.5 40.4 40.2 39.3 39.8 40.1 39.7 

Zhou and 
Zheng 
(2003) 

27.6 28.4 28.2 27.5 27.9 28.1 27.6 

Kim et al. 
(2007) 

39.2 40.2 40.0 39.1 39.6 39.9 39.5 

Chacko and 
Deines 
(2008) 

38.8 39.7 39.5 38.6 39.1 39.4 38.4 

Wang et al. 
(2013) 

36.9 37.6 37.4 36.7 37.1 37.4 37.0 

δ18Ocalcite+a

ragonite-water 
Kele et al. 

(2015) 
47.0 47.9 47.7 46.8 47.3 47.6 46.9 

δ18Ocalcite-

water 

Kim and 
O'Neil 
(1997) 

- - - - - - 43 

Coplen 
(2007) 

- - - - - - 34.5 

 

The results obtained for the travertine FTNP merit some additional considerations, in terms of 

comparison with FTOP, as it is constituted by a mixture of calcite (about 60 %) and aragonite 

(40 %), and the specific mineralogy could be an important factor when studying the δ18O 

isotopic signature of carbonates. 

The relative fractionation factor between calcite and aragonite is still under debate: some 

authors have experimentally found that the oxygen isotope fractionation is lower between 

aragonite and water than between calcite and water whereas others have found the opposite (e.g. 

Kele et al., 2008; Lécuyer et al., 2012; Wang et al., 2013; and references therein). In the case 

studied here, a relation between the values and the percentages of calcite or aragonite is not 

observed as the δ18O values are similar in the FTOP and FTNP travertines. Therefore, no 

differences between the calcite–water and aragonite–water oxygen fractionation are evident, as 

it has also been observed in other travertines constituted by calcite and aragonite (e.g. Jones and 

Peng, 2014; Kele et al., 2015). 
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In the cases like FTNP, it is impossible to evaluate the δ18O fractionation in each mineral phase, 

intermixed at the microscale, in a separate way (e.g. Jones and Peng, 2016, 2014) and some 

authors have suggested to use aragonite and calcite calibration equations over the same sample, 

as if it was pure aragonite or pure calcite, to estimate temperatures/paleotemperatures (e.g. Jones 

and Peng, 2016). 

When the aragonite equations are used for the fractionation of the travertine FTNP and the 

thermal water F1, the temperature obtained is about 40 ºC, which is close to the maximum real 

temperature in this pipe. It is also the same as the temperature calculated for the aragonite 

travertine FTOP in the six subsamples (Table 5), which is reasonable since the δ18O value is 

very similar in all the travertine samples. 

For the temperature calculations as if FTNP was pure calcite, using the equations from Coplen 

(2007) and Kim and O’Neil (1997) the temperatures calculated were 34.5 and 43 ºC, 

respectively. The equation from Kele et al. (2015) gave a temperature of 47 ºC, again higher 

than any possible water temperatures in the pipe, and this result was not considered. 

The comparison of the results from these two samples indicate: 1) that the temperature range 

defined by the calculations from the aragonite travertines, FTOP, is quite narrow (36 – 40 ºC) 

and perfectly coherent with the temperature of the parental water; 2) that the temperature 

calculated from the calcite-rich travertine, FTNP, using the aragonite fractionation equations, is 

the same as the previous one, since their isotopic values are also the same; and 3) that the 

temperature obtained using the calcite equations with the calcite-rich travertine (FTNP) gives a 

broader range from 34.5 to 43 ºC that includes the two previous calculations with the aragonite 

calibration and also the range of the real waters circulating through the pipe (between 33 and 40 

ºC). 

The δ18O and temperature values of the studied aragonite travertines have been compared with 

those available in other natural aragonite samples precipitated under different conditions around 

the world, but always consisting of at least 90 % of aragonite. As it is shown in Figure 6, these 

data define a clear dependence on temperature that can be expressed as a δ18O fractionation 

equation for natural aragonites in the temperature range of 23 to 80 ºC (T is in Kelvin): 

1000 18.27	 1.26 	 31.47 3.85      (1) 
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Figure 6.  δ18O aragonite – water vs. 1000T (in Kelvin). The natural aragonite samples previously 

identified as precipitated under an equilibrium situation are represented together with a linear fit. The 

95% confidence interval of the fitting is also shown. Finally the Kim et al (2007) aragonite fractionation 

line is shown for comparison. 

 

This linear fit is represented in Figure 6 together with the Kim et al. (2007) aragonite 

fractionation equation, which gives the most accurate temperature for the Fitero samples. It is 

remarkable that, despite the fact that the equation of Kim et al. (2007) was calibrated with 

synthetic aragonites precipitated under controlled laboratory conditions, it is almost within the 

95% of confidence of the fitting using the natural aragonite samples precipitated under different 

conditions and, most probably, with different precipitation rates. This result suggests that the 

main control in aragonite fractionation, in the examined samples, is the temperature and that 

equilibrium situations are not uncommon. The temperatures calculated using the proposed 

calibration (equation 1) are between 3 and 2.7 ºC higher than the ones obtained with the Kim et 

al. (2007) equations. In any case, the equation proposed here can be used as an additional tool to 

evaluate the natural aragonite isotope fractionation although it should be improved with new 

isotope studies on aragonite samples. 

5.2.3. Isotope equilibrium/disequilibrium and water temperature 

It is usually considered that isotopic disequilibrium is the dominant condition during calcite 

and/or aragonite precipitation in travertine deposits due to kinetic effects induced by high CO2 

outgassing and high precipitation rates (e.g. Kele et al., 2011, 2008; Rodríguez-Berriguete et al., 

2018 and references therein). Isotope−based temperature calculations require isotopic 
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equilibrium and, therefore, disequilibrium situations would critically affect the accuracy of the 

temperature/paleotemperature calculations. 

The fibrous radial texture, the performed geochemical and mass balance calculations and the 

carbon isotopic compositions discussed in the previous sections, all suggest that disequilibrium 

conditions, associated to rapid CO2 degassing and high precipitation rates, would prevail during 

the precipitation of the studied travertines. However, the δ18O values from the carbonates fall in 

the equilibrium window (Lachniet, 2015) defined by the different δ18O aragonite/calcite-water 

fractionation equations proposed by different authors (Figure 5), and the temperature calculated 

using those equations fits very well with the measured temperatures (in most cases within ± 3 ºC 

or even better; Table 5). 

Similar situations of successful temperature calculations despite the existence of isotopic 

disequilibrium conditions, have been previously reported in the literature about calcite tufa 

deposits (e.g. Rodríguez-Berriguete et al., 2018; Wang et al., 2014; Yan et al., 2012) and they 

have been explained as due to the fact that the precipitated carbonates show an oxygen isotopic 

signal close to the one in the dissolved HCO3
-. 

To check this possibility in the studied travertines, and following Kele et al. (2011, 2008), Halas 

and Wolacewicz (1982) equation (1000 lnαHCO3-H2O = 2.92·106/T2 -2.66) was used to calculate 

the oxygen isotope fractionation between the dissolved HCO3
- and the water at the temperatures 

of interest (between 33 and 40 ºC) in the studied system. The values ranged between 27.11 at 40 

ºC and 28.49 at 33 ºC. These values were compared with the ones measured for the oxygen 

fractionation between aragonite/calcite and water (as 1000 lnαcarbonate-H2O) which ranged from 

26.42 to 26.63 considering both travertines (FTOP and FTNP). 

As it is shown by these results, for the precipitation temperature in the FTOP samples (40 º C, 

also representing the higher precipitation temperatures in the case of FTNP sample), the 

travertines show an oxygen isotopic signal close to that of the dissolved HCO3
- suggesting an 

oxygen isotopic equilibrium between dissolved HCO3- and H2O and a direct transfer of the 

HCO3- isotopic signal to the solids without fractionation. As stated by Kele et al. (2011), this 

absence of isotope fractionation can be promoted by fast CO2 degassing and rapid carbonate 

precipitation (in agreement with the initial hypothesis by O’Neil et al., 1969), as it apparently 

occurs in the Fitero system. 

This situation would explain the apparent equilibrium of the travertines with respect to the used 

δ18O aragonite/calcite−water fractionation equations. Furthermore, in agreement with other 

authors (Rodríguez-Berriguete et al., 2018; Wang et al., 2014; Yan et al., 2012), these results 

would suggest that some travertines can be used for paleotemperature calculations, even 

precipitating under disequilibrium conditions. 
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6. Conclusions 

A mineralogical and isotopic characterisation of the Fitero aragonite travertines has been 

presented here. The parental water is the Fitero thermal water, which springs at 45 ºC but then is 

cooled for its use in a spa. Two different travertine samples were studied: 1) one consisting of 

almost pure aragonite (98%), precipitated in a pipe which discharged water outside the cooling 

pool at a constant temperature of 40 ºC; and 2) other composed of a mixture of 60 % of calcite 

and 40 % of aragonite taken in the general spa discharging pipe, where the water temperature 

varies between 33 and 40 ºC. The precipitation of calcium carbonate is triggered by a CO2 

outgassing process (as deduced from the performed geochemical calculations and from the δ13C 

values calculated in the spring water and during the travertines precipitation) leading to the 

oversaturation of carbonate phases and, in turn, to the travertine precipitation. The main factor 

controlling aragonite or calcite precipitation in this system is the temperature, although the CO2 

loss can also play a role. 

The evaluation of the δ18O values by using different aragonite and calcite δ18O fractionation 

equations suggests that the precipitation of the Fitero travertines took place close to the isotope 

equilibrium, obtaining the most precise temperature with the equation proposed by Kim et al. 

(2007) for the aragonite fractionation. Not representative differences between aragonite−water 

and calcite−water fractionation have been found since the δ18O values in the aragonite samples 

and the mixture of calcite and aragonite sample are almost the same. 

Given that in natural systems with important CO2 outgassing rates, as in the case studied here, is 

unusual that the isotope equilibrium is maintained during precipitation, the possible reasons 

have been investigated. The most plausible explanation seems to be that the isotope signal of the 

dissolved HCO3
-, in isotope equilibrium with water, is directly transferred to the precipitating 

carbonate, without fractionation, as result of the quick CO2 loss and precipitation. Therefore, 

under these apparent equilibrium situations, accurate temperature results could be expected 

using the δ18O fractionation equations. 

The temperature−δ18O values of the aragonite deposits in Fitero have been compared with those 

in other aragonite travertines from the literature (always with aragonite proportions higher than 

90 %). Overall, they define a fractionation equation for natural aragonite in the temperature 

range of 23 to 80 ºC, near the experimental equation of Kim et al. (2007), suggesting the 

existence of equilibrium, or apparent equilibrium, situations in an important number of systems. 
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5. JOINT DISCUSSION

AND CONCLUSIONS 

5.1 Geothermometrical	approach	

The main objective of this research was to identify the best methodological approach to 

establish the reservoir temperature in low-temperature carbonate systems. The main difficulties 

arising in this type of systems, when compared with others of higher temperatures or hosted in 

crystalline rocks, have been extensively discussed along the presented papers and they are 

summarised as follows: 

 The minerals present in the aquifer are more limited. In carbonate aquifers these are

mainly carbonates, evaporites, quartz and some aluminosilicates although in some cases

disperse detrital material can be present.

 The thermodynamic properties of some of these minerals are not well stablish or their

application and interpretation can present some difficulties:

o Saturation states of carbonate phases are affected by CO2 outgassing processes and

changes in the pH of the waters.

o Dolomite is highly affected by uncertainties associated to the order/disorder degree

(e.g. Carpenter, 1980; Helgeson et al., 1978; Hyeong and Capuano, 2001; Reeder,

2000). 

o Aluminosilicates are also affected by uncertainties due to the crystallinity degree or

to the compositional variations (e.g. Merino and Ramson, 1982; Nordstrom et al.,

1990; Palandri and Reed, 2001).



 

 The low temperature of the waters makes the reactions slower and, therefore, difficult to

attain the mineral equilibria in the deep reservoir.

Considering these limitations and the fact that the geothermometrical approach will be 

conditioned by the minerals present in the aquifer, we have proposed a methodological protocol 

that is detailed below. 

The easiest case is when along with carbonates some detrital rocks are present in the reservoir 

allowing the waters to attain the equilibrium with respect to phases such as albite or K-feldspar. 

The methodology to follow does not differ too much to the one traditionally used in other 

systems: the classical cationic geothermometers can be used (e.g. Na-K) and phases like albite 

and K-feldspar can be considered in the geothermometrical modelling. This situation was found 

in the studies of the Tiermas and Arnedillo thermal waters. 

Quartz (or chalcedony) is a very useful phase in geothermometrical calculations. It is quite 

common in geothermal systems (D’Amore and Arnórsson, 2000) and it is likely that waters 

have attained equilibrium with respect it; Moreover, the thermodynamical data are well defined 

and, therefore, the results can be reliable. Therefore, the use of the silica geothermometers and 

the consideration of quartz (or chalcedony) equilibria in the geothermometrical modelling 

should be especially considered. In all the systems studied here the silica phase in equilibrium 

with the waters is quartz. 

Anhydrite is another very reliable phase in geothermometrical calculations as its 

thermodynamic data are also well characterised. The combination of the equilibrium quartz (or 

chalcedony) – anhydrite was previously proposed as very reliable (Kharaka and Mariner, 1989; 

Pastorelli et al., 1999), because their saturation states are not affected by pH variations during 

the ascent of thermal waters and they are completely independent of possible uncertainties. This 

quartz – anhydrite geothermometer has been very useful to establish the reservoir temperature in 

the systems where waters are in equilibrium with anhydrite, that is, Tiermas and Fitero-

Arnedillo. 

Other common mineral phases present in these systems are the aluminosilicates. As mentioned 

before, they have a very large compositional and crystallinity variability that makes their use 

very uncertain. Therefore the recommendation is to perform a sensitivity analyses to the 

thermodynamic data of these phases, comparing different phases and different thermodynamic 

databases in order to minimise the possible uncertainties. 
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Although all the previous minerals can be very useful for temperature estimation, the most 

important phases in these systems are carbonates: calcite and dolomite. These phases should be 

always considered because it is almost sure that the waters are in equilibrium with them in the 

reservoir and they become of vital importance when the previous situations (detrital material in 

the reservoir or anhydrite equilibrium) are not satisfied. This has been the case of the Alhama-

Jaraba system, where the geothermometrical calculations relied only on carbonates, quartz and 

aluminosilicates. The problem is that these phases, especially dolomite, are not free from 

uncertainties. Some recommendations are indicated below. 

First of all, as carbonate phases, the saturation states of calcite and dolomite are strongly 

affected by the CO2 loss, a common process during the ascent of the waters to surface. This 

situation has been found in the Tiermas and the Fitero-Arnedillo systems. The methodology to 

deal with this problem was recommended by Palandri and Reed (2001) or Pang and Reed 

(1998) and consists of the reconstruction of the conditions in the deep reservoir by the addition 

of the necessary amount of CO2 to the waters to obtain an equilibrium temperature for these 

phases (mainly considering calcite since it is not affected by thermodynamic uncertainties) 

similar to the temperature for rest of phases considered in the geothermometrical modelling. 

Although calcite is almost unaffected by thermodynamic uncertainties, dolomite data are very 

much affected by the order degree, ranging from a completely ordered to a completely 

disordered dolomite. These dolomite uncertainties can be responsible for the bad results from 

the Ca-Mg chemical geothermometer (Chiodini et al., 1995). Despite being specifically 

calibrated for low temperature systems hosted in carbonate rocks, it does not always provide an 

accurate result since that would depend on the similarity between the dolomite used in the 

calibration of the geothermometer and the one present in the system under study. To evaluate 

the dolomite thermodynamic uncertainties the methodology proposed here consists of 

representing the Log (aCa2+/Mg2+) of several dolomites with different order degrees versus the 

temperature (Figure 12) and compare the values with the (aCa2+/Mg2+) of the studied waters 

assuming the temperature previously established with the previous techniques. In this way, the 

order degree of the dolomite present in the reservoir can be approximated. However, we have 

gone a step forward and the next suggestion is to actually calculate the order degree of the 

dolomite present in the system under study. 

For this calculation, the equilibrium calcite-dolomite is assumed to have been attained in the 

reservoir at certain temperature (previously deduced with the assistance of other 

geothermometrical techniques). LogK for the dissolution reaction CaMg(CO3)2 + 2H+ = Ca2+ + 

Mg2+ + 2HCO3) is calculated at that temperature, and that allows the calculation of the Gibbs 

free energy of the reaction (eq. 5). Then, from eq. (6), knowing the Gibbs free energy of the 
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reaction and the Gibbs free energy of formation of the species (Ca2+, Mg2+ and HCO3
-)2, we can 

obtain the Gibbs free energy of dolomite formation (∆Gf): 

∆
2.303

5  

∆ ∑∆ ∑∆            (6) 

where R is the constant of the ideal gases and T the temperature in K.  

Finally from the ∆Gf value of the ordered and disordered dolomites2 (at the temperature of 

interest) the proportion of order and disorder dolomite can be determined by using the following 

equation (Anderson and Crerar, 1993): 

∆ ∆ , ∆ ,             (7) 

where Xord is the molar ratio of the ordered dolomite and Xdis the molar ratio of the disordered 

dolomite. 

Figure 12. Log aCa2+/aMg2+ vs. temperature plot for the calcite–dolomite equilibrium using different 
dolomites, from 25 to 150 °C. The equilibria with respect to calcite and fully-disordered dolomite and 
with respect to calcite and fully-ordered dolomite have been calculated with the thermodynamic data 
included in the LLNL database. Dolomite_H&C (Hyeong and Capuano, 2001) is a dolomite from with an 
order degree of 11%. Dolomite_B (Busby et al., 1991) is the dolomite from the  Carboniferous Madison 
with an order degree of 23.5%. Dolomite_V (Vespasiano et al., 2014) is from Triassic rocks affected by a 
low-grade metamorphism in Calabria (Italy) with an order of 22%. Finally, Dolomite_BL (Blasco et al., 
2018) is the dolomite in the Arnedillo reservoir, with an order degree of 18.4%. 

2 The values of ∆Gf of the different species needed to calculate the ∆Gf of the dolomite in the aquifer and 
the values of ∆Gf,ord and ∆Gf,dis at the temperature of interest, can be easily obtained from 
http://geopig3.la.asu.edu:8080/GEOPIG/pigopt1.html 
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5.2 The	influence	of	halite	in	the	reservoir	

One of the most interesting results of this thesis is the confirmation that the presence of halite in 

in the deep reservoir is a determinant factor conditioning the chemical characteristics of the 

waters and their evolution in rock-buffered systems. This has been demonstrated in the Tiermas 

and the Fitero-Arnedillo thermal systems. 

Although the concentration of major elements (Ca, Mg, SO4, K, Na) in the reservoir are 

controlled by equilibrium situations (equilibrium with calcite, dolomite, anhydrite, albite and K-

feldspar), halite dissolution causes an increase of those concentrations while silica contents 

remain almost unaffected. Halite dissolution is the triggering factor of important processes that 

influence the final characteristics of the waters and the aquifer. It produces a direct increase on 

dissolved Na which causes the K-feldspar dissolution and the albite precipitation (albitisation 

process; eq. (8)): 

	 → 	 													 8  

Another effect of the dissolution of halite is the dissolution of anhydrite as its solubility 

increases with salinity. 

→ 	  (9) 

As shown in eq. (10) anhydrite dissolution produces an increase of dissolved calcium in waters, 

generating the oversaturation and precipitation of calcite (eq. 10) and, at the same time, 

dolomite dissolution (dedolomitisation process; eq. 11): 

→       (10) 

→ 	2          (11) 

The fundament of these reactions as a consequence of the salinity increase (halite dissolution) is 

known as salting-in and salting-out effects (Langmuir, 1997). Due to these effects the solubility 

of minerals that dissolve forming ionic species increase with increasing ionic strength (salinity) 

explaining the anhydrite dissolution and the dedolomitisation (salting-in effect). At the same 

time, the solubility of minerals that dissolve forming molecular species, such as quartz 

(H4SiO4
0), decrease with increasing ionic strength, explaining why quartz has been found to 

precipitate with halite dissolution (salting-out effect). In detail this is explained by the activity 

definition (eq. 12) where ai is the activity, γi the activity coefficient and mi the concentration: 

															 12  
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Since γi of ionic species decrease with the ionic strength, the concentration of ions must increase 

and, therefore, the solubility of the mineral becomes greater. Conversely, the γi of molecular 

species increase with the ionic strength and therefore the concentration of the species decrease 

and also the solubility of the mineral. 

The processes identified in these aquifers are also likely to occur in other environments with a 

similar rock assemblage and therefore an extension of the study was done investigating how 

different factors (salinity, pH and temperature) can affect them. The results indicated that the 

intensity of the processes is higher as the salinity of the water increases. The pH influence has 

been found negligible in the range of 6 to 8 (the one that was evaluated since it is the most 

common pH in natural environments). The range of temperature evaluated was from 25 to 200 

ºC and the results indicated that the albitisation process was more intense with the increase of 

temperature, while the opposite was found for the dissolution of anhydrite and the 

dedolomitasion, both are more intense with the decrease of temperature. 

5.3 Fitero	travertines	

5.3.1 Mineralogy	

The carbonate precipitate study has been mainly focus on the characterisation of the Fitero 

travertine, with more than 98 % of aragonite and only minor amounts of calcite. The aragonite 

sample (FTOP) consists of an alternation of clear and reddish bands, precipitated at the end of a 

pipe through which the water was always at 40 ºC (this pipe was clogged and removed). The 

mineralogy of both types of bands is almost the same but in the FESEM study was identified 

that the reddish colour of some bands are due to the growing of aggregates of iron oxy-

hydroxides in that bands, which it is also coherent with the higher Fe contents in them (Figure 

13a). Moreover, it was identified that calcite is mainly forming thin interlayers between 

aragonite bands (Figure 13b). An additional sample (FTNP), taken in a current pipe, which 

discharges water from the spa with temperatures ranging between 33 and 40 ºC, has also been 

considered for comparative purposes. This appearance of this sample is similar but with calcite 

proportions of 60 % and 40 % of aragonite. 

Several factors are usually considered as controlling factors of the precipitating calcium 

carbonate phase (i.e. calcite or aragonite): temperature, Mg/Ca ratio, CO2 contents or degassing 

rate, pH, organic matter or some elemental contents such as Sr, Fe, Ba or SO4 (e.g. Jones, 2017; 

Pentecost, 2005). In the Fitero travertines the factor controlling the calcite or aragonite 

temperature has been identified to be the temperature. The main water temperature discharged 
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through this pipe where FTOP sample (almost pure aragonite) precipitated was 40 ºC which 

favours aragonite precipitation (for example, Folk (1994) indicates that if the temperature is 

higher than 40 ºC aragonite precipitates). Calcite interlayers between aragonite bands should 

have precipitated in the inter-discharge periods, when some water remains in the pipe and cool 

down. In the case of the pipe where FTNP sample (calcite-aragonite mixture), the water 

circulation at temperatures ranging between 33 and 40 ºC (generally lower than 40 ºC) explains 

the higher calcite proportions. 

The rest of factors do not play a decisive role in the precipitation of calcite or aragonite, 

although the CO2 outgassing could also give place to differences in the mineralogical phase and, 

moreover, it is the triggering factor of the precipitation, leading to the oversaturation of calcium 

carbonate phases. 

Figure 13. FESEM images of one of the Fitero travertines (FTOP). In panel a, a detail of iron oxy-
hydroxydes aggregates growing in an aragonite needle. In panel b, two aragonite bands and a thin 
interlayer of calcite between them. 

5.3.2 Isotope	signature	

The δ13C contents of the travertines has allowed to classified them as meteogene, according to 

Pentecost (2005), These type is divided at the same time in ambient and superambient (also 

known as thermometeogene). According to the classification of this author, the Fitero 

travertines are classified as superambient meteogene travertines, in which the CO2 has a shallow 

origin, mainly meteoric, and the deep circulation of waters give place to hot discharges. 

Moreover, the δ13C values of the travertines have been used to calculate the δ13C in the 

dissolved CO2 during travertine precipitation using the equations proposed by Romanek et al. 

(1992). Additionally, considering the δ13C in the HCO3
- of the spring water, it can be estimated 

the δ13C in the dissolved CO2 just in the spring using the equations proposed by Mook et al. 

a	 b	
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(1974), Zhang et al. (1995) and Szaran (1997). In the spring this value is more negative than 

during the precipitation which confirms the existence of an important outgassing process as 

triggering of the calcium carbonate precipitation. 

The δ18O values in the travertine, and its parental water, has been used to test several δ18O 

fractionation equations. Their application in an active system gives the opportunity to compare 

the temperature results to the actual temperature of the waters, which can provide valuable 

information to be applied in the interpretation of the isotope data in ancient travertines. 

Although several δ18O fractionation equations for aragonite (and also for calcite) have been 

proposed, the main problem in their application is that it is still uncertain if some of those 

equations represent a real equilibrium situation. However, they allow evaluating if the 

precipitation took place, at least, close to the isotope equilibrium. In the Figure 14 the range 

defined by the used δ18O aragonite-water equilibrium equations (the named as “equilibrium 

window” by Lachniet (2015) are represented, along with the FTOP sample (6 subsamples 

corresponding to the different bands) and the FTNP sample. The results obtained with the 

different equations are in a quite narrow range (36 – 40 ºC), for both FTOP and FTNP sample. 

The equation that provided the most similar temperature to the real water temperature (40 ºC) 

was the one from Kim. et al. (2007).  

Figure 14. δ18O aragonite – water vs temperature plot. The aragonite equilibrium window defined by all 
the equations used in this study is shadowed in yellow. The Kim et al. (2007) equation for aragonite-water 
equilibrium is shown as a dashed line, since it is the one that provides the results closest to 40 ºC. 
Additionally, the two calcite equilibrium equations considered in the study are also represented as 
continuous line. The Fitero aragonite samples (FTOP) are shown as red circles and the calcite–aragonite 
mixture of FTNP as a rectangle covering the possible temperature range of precipitation (33 – 40 ºC).  
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In the case of the FTNP, which consist of a mixture of aragonite and calcite, the calculation has 

been repeated using some δ18O calcite-water equilibrium equations, as proposed by Jones and 

Peng (2016) for the cases in which a mixture of both calcium carbonate phases exists, and the 

results are in a boarder range, 34 to 43 ºC. 

Although some authors indicate the existence of differences between the aragonite-water 

oxygen fractionation and the calcite-water fractionation (e.g. Kele et al., 2008; Wang et al., 

2013) in this study the δ18O values are almost the same no matter the calcite proportion, as also 

previously found by others (e.g. Kele et al., 2015). 

These travertines apparently have precipitated close to an equilibrium situation since the 

temperatures obtained with several fractionation equations are similar to the actual water 

temperature. However, in natural systems, with high CO2 outgassing as deduced for the studied 

system, it is usually considered that a disequilibrium situation will exists due to kinetic isotope 

effects (Kele et al., 2011, 2008; Rodríguez-Berriguete et al., 2018). Other authors have also 

obtained accurate temperature calculations despite an isotope disequilibrium (Rodríguez-

Berriguete et al., 2018; Wang et al., 2014; Yan et al., 2012) explaining that as due to the isotope 

signature of the carbonate is very close to the signal in the dissolved HCO3
-. This explanation 

has been checked to be valid also in this system where the aragonite/calcite-water fractionation 

is very similar to the HCO3
- -water fractionation calculated using the equation from Halas and 

Wolacewicz (1982).The explanation is that when the HCO3
- and water isotope equilibrium 

exists, due to the fast CO2 and precipitation the isotope signature in the HCO3
- can be directly 

transferred to the solid without fractionation (Kele et al., 2011). Therefore, it seems that the 

δ18O data can be used for paleotemperature calculations even in some cases of disequilibrium 

situations. 

Finally, considering additional aragonite data from other sites in the world where precipitation 

also seems to took place close to a δ18O equilibrium situation, and displaying a clear 

temperature dependence, a fractionation equation for natural aragonites in the range 23 to 80 ºC 

has been proposed (eq. 13; where T is in K; Figure 15): 

1000 18.27	 1.26 	
1000

31.47 3.85 												 13  

This equation is quite similar to the experimental Kim et al. (2007) equation (Figure 15). This 

seems to indicate that the main control in aragonite fractionation, at least in the considered 

samples, is the temperature and, moreover, suggests that equilibrium situations are not 

uncommon. Therefore the proposed equation does not attempt to solve the problem about the 

uncertainties regarding the real equilibrium line, it is proposed as an additional tool for the 

isotope signature evaluation of natural aragonites. 
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Figure 15. δ18O aragonite – water vs 1000/T plot. The different natural aragonite samples considered for 
the linear fitting are represented. The fitting and the 95 % confidence band is also shown along with the 
Kim et al. (2007) equation. It is remarkable that the 95% confidence range of the fitting include almost 
completely the fractionation equation of Kim. et al. (2007) which was calibrated using synthetic 
aragonites precipitated in laboratory experiments under controlled conditions in the  temperature range of 
10 to 40 ºC. 

5.4 Applications	to	CO2	geological	storages	

Apart from the purely scientific interest of the characterisation of geothermal systems and the 

information that these studies can provide for future geothermal energy exploitations, an 

additional interest is the information that they provide as a starting point for the study and 

understanding of CO2 geological storages in deep saline aquifers. Some of the characteristics of 

these aquifers, such as temperature, salinity or depth are similar to the systems studied here and, 

therefore, the processes are expected to be similar (e.g. Auqué et al., 2009; Güleç and Hilton, 

2016). 

Prior to the construction of a geological storage, an in-depth study of the area is needed to 

assess the feasibility of the injection and the long-term safety, and therefore, an evaluation of 

the CO2 behaviour once injected in the aquifer will be necessary (Trémosa et al., 2014). One of 

the first steps, along with the geological characterisation of the area, will be the 

hydrogeochemical characterisation of the aquifer in order to stablish the mineral equilibria 

existing and depth and the main processes controlling the chemical characteristics of the waters. 

Given that the characteristics of the potential CO2 storage sites in saline aquifers are similar to 

those of the systems studied here, similar problems may arise and the methodology proposed for 

their characterisation will be directly applicable. Moreover, as dolomite is an important mineral 
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phase to take into account in the evaluation of the possible mass transfers due to the CO2 

injection, it can be especially interesting to know its solubility (log K). This log K can be 

estimated if the order of the dolomite present in the system is calculated as suggested in this 

thesis (5.1 section) and then equations 8, 7 and 6 can be applied at the temperature or 

temperatures of interest. 

The study performed here about the influence of halite dissolution and the evaluation of the 

different processes associated to it, can also be used in the evaluation of the performance of a 

CO2 storage in saline aquifers. The injection of supercrital CO2 will displace the saline water 

present in the aquifer. Then a small fraction of CO2 will dissolve into the brine and some water 

will evaporate becoming more saline and enriched in salts (André et al., 2007; Muller et al., 

2009). This increase in salinity could trigger the anhydrite dissolution, the dedolomitisation and 

the albitisation processes and their consideration is crucial since they can produce important 

modifications in the porosity and permeability of the storage making difficult the CO2 injection 

and modifying the storage capacities. 

5.5 Future	research	lines	

After the evaluation of these low-temperature carbonate geothermal systems the next goal will 

be to extend the study to other carbonate systems with similar temperatures but with naturally 

CO2-rich waters. Due to their CO2 contents, these water are more acidic and aggressive making 

the mineral equilibria attainment more difficult in the deep reservoir (Arnórsson, 2014; Fouillac, 

1983). The methodology proposed in this thesis dissertation needs to be tested in these CO2-rich 

systems and modified if necessary. The study on CO2-rich water will be extended to other low 

temperature systems hosted in different rocks, such as granites, since the characterisation of 

these waters will provide valuable information about the behaviour of the waters in the CO2 

geological storages (e.g. Choi et al., 2014; Gal et al., 2012). 

More studies will be done on the Fitero travertines taking the great opportunity of analysing 

almost pure aragonite. The future works will focus in the evaluation of distribution coefficients 

as they provide relevant information about the mobilisation and retention of potentially 

contaminant elements. This information can also be especially important in the context of the 

CO2 geological storages as the CO2 injection will promote the acidification of waters and the 

enhancement of dissolution and mobilisation (and also the possible ulterior retention in 

carbonates) of major, minor and trace elements, some of which are contaminant and a risk for 

health (Olsson et al., 2014; Lions et al., 2014; Marcon and Kaszuba, 2015; Qafoku et al., 2017). 

The understanding of the potential element retention in carbonate phases is also of great interest 
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in the safety assessment of radioactive wastes storages (e.g. Curti, 1999; Drake et al., 2018) and 

for the remediation strategies in contaminated sites (e.g. Sutton, 2009). 

5.6 Final	conclusions	

 The study of different low temperature geothermal systems hosted in carbonate rocks

has allowed establishing a methodology for their geothermometrical characterisation,

especially interesting when waters have not attained the equilibrium with respect to

phases such as anhydrite, albite or K-feldspar. This methodology includes the

sensitivity analyses to the aluminosilicate thermodynamic data and the evaluation of the

order degree of dolomite.

 Halite dissolution is an important controlling factor of the water evolution, triggering

anhydrite dissolution, dedolomitisation and albitisation processes.

 The intensity of these processes increases with salinity and they are almost unaffected

by the pH. The temperature increase produces and increases in the albitisation processes

but a decrease in the intensity of anhydrite dissolution and dedolomitisation.

 The methodology proposed here for the characterisation of these thermal systems and

the processes identified in them can be useful for the characterisation of potential CO2

storage sites in deep saline aquifers.

 The precipitation of the Fitero travertines is triggered by an important CO2 outgassing

and the main factor controlling calcite or aragonite precipitation seems to be

temperature.

 The δ13C values of the precipitates allow classifying them as superambient meteogene

(or thermometeogene).

 The δ18O stable isotope data of the Fitero travertines suggest an apparent equilibrium

situation during precipitation despite the high CO2 outgassing identified. This can be

explained as due to a direct transfer of the dissolved HCO3
- isotope signature to the

precipitated carbonate (without fractionation) favoured fast precipitation, resulting in a

good temperature estimation despite a real disequilibrium.

 A δ18O fractionation equation for natural aragonites in the range 23 to 80 ºC has been

proposed considering additional aragonite samples.
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5.7 Conclusiones	finales	

 El estudio de diferentes sistemas geotermales alojados en rocas carbonatadas ha

permitido establecer una metodología para su caracterización geotermométrica,

especialmente útil cuando las aguas no han alcanzado el equilibrio con fases como la

anhidrita, la albita o el feldespato potásico. Esta metodología consiste principalmente en

realizar un análisis de sensibilidad a los datos termodinámicos de los aluminosilicatos y

una evaluación del grado de orden de la dolomita.

 Se ha identificado que la disolución de halita es un factor muy importante en el control

de la evolución de las aguas en el acuífero, dando lugar a la disolución de anhidrita y a

los procesos de dedolomitización y albitización.

 La intensidad de estos procesos aumenta con la salinidad de las aguas, pero casi no se

ven afectados por el pH. En el caso de la temperatura, mientras que la disolución de

anhidrita y la dedolomitización son mayores a temperaturas menores, la albitización es

más importante según aumenta la temperatura.

 La metodología de caracterización de sistemas termales propuesta y los procesos

identificados pueden ser útiles para la caracterización y evaluación de potenciales

almacenes de CO2 en acuíferos salinos profundos.

 La precipitación de los travertinos en Fitero está desencadenada por la pérdida de CO2

de las aguas y el principal factor que determina la precipitación de calcita o aragonito

parece ser la temperatura.

 A partir de los valores de δ13C de los precipitados, estos se han podido clasificar como

metegénicos superambientales.

 Los datos δ18O de estos travertinos sugieren que la precipitación tiene lugar cercana a

una situación de equilibrio a pesar de haber identificado una importante pérdida de

CO2.Esto se puede explicar por una transferencia directa del valor isotópico del HCO3
-

disuelto al carbonato que precipita (sin fraccionamiento) favorecida por la rápida

precipitación).

 Considerando muestras adicionales de aragonito se ha propuesto una ecuación para el

fraccionamiento de δ18O en aragonitos naturales en el rango de temperaturas entre 23 y

80 ºC.
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Abstract

Different thermodynamic databases usually have common thermodynamic data for some minerals or aqueous species, but in 
many cases they present important differences. Four different thermodynamic databases (WATEQ4F, LLNL, DATA0.YMP.R5 and
SOLTHERM) have been used in a geothermometrical modelling problem and they are compared in this work. The main 
differences found in the thermodynamic data are related to the order, degree, crystallinity and composition of the considered 
aluminosilicate phases and the effects of these properties in the experimental, or theoretical, data used for the fitting of the
equilibrium constant at different temperatures.
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1. Introduction

The geothermometrical modelling is a useful technique to study and characterise a thermal system. It allows
estimating the reservoir temperature of the waters from the study of the evolution of the saturation states of different 
mineral phases when an increase of the temperature of the waters is simulated.

This kind of determination is carried out by using geochemical modelling codes such as PHREEQC1 or GeoT2

among others, which are provided with different databases that contain the thermodynamic data for minerals, gases 
and aqueous species. The fact that these databases can present significant differences in their data, which would 
affect the temperature prediction3, makes the selection of the most adequate one according to the characteristics of 
the studied waters and minerals in contact to, a necessary task.

The aim of this study is to present the differences found when performing the geothermometrical modelling of a
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thermal water by using four of the most commonly used thermodynamic databases in this type of calculations, and 
explain the main reason for that. The water sample selected for this study belongs to a low temperature carbonate 
evaporitic system (Arnedillo thermal system), located in La Rioja, Spain. The water is of chloride sodium type 
with a spring temperature of 45.3 ºC and TDS value of 7352 ppm.

2. Materials and methods

2.1. Geothermometrical modelling

The geothermometrical modelling is a kind of reaction path calculation which allows estimating the temperature 
of the thermal water in the reservoir from the chemical analysis of a water4. In order to do this, it is necessary to 
assume that thermal waters have not changed their composition while ascending. Then, a temperature increase is 
simulated and the final temperature is found when the set of minerals, previously selected as present in the reservoir, 
converge towards equilibrium simultaneously. 

2.2. Databases

The four thermodynamic databases compared in this work are: WATEQ4F5 and LLNL6 databases, which have 
been used with the PHREEQC code1, and DATA0.YMP.R57 and SOLTHERM8 used with the code GeoT2.

The WATEQ4F database has been developed by the U.S. Geological Survey and it contains most of the major 
and trace species, mineral and gas phases in natural water systems. It was developed to be used in a temperature 
range of 0 to 100 ºC, and care should be taken when outside this range5. In any case, it can be used for the study of a 
wide range of natural waters, including waters from low enthalpy geothermal systems. Among the four databases 
compared in this work, WATEQ4F is the only one that uses, mainly, for the calculation of 
the equilibrium constants at different temperatures. Some exceptions are the cases of calcite, anhydrite or quartz, for 
which the calculation is through a polynomic K(T) expression fitted to experimental data. That is the main 
procedure for the other three databases used in this work.

The LLNL includes reliable data for a vast number of minerals and aqueous species in a temperature range of 0 
to 300 ºC6. The DATA0.YMP.R5 in one of the versions performed for the Yucca Mountain Project and it has also
been prepared to be used for a temperature range of 0 300 ºC7. Finally, the SOLTHERM database is derived from 
the databases of Holland and Powell9 and the SLOP.9810. It was developed to be applied in a temperature range from 
25 to 300 ºC8. For the activity coefficient calculations all databases rely on different extensions of the Debye-Hückel 
equation (Davis, B-dot, etc.). The ionic strength of the studied waters is 0.13 molal and, therefore, the different 
equations are not expected to promote important differences in the calculations4.

Most of the data contained in these databases present important differences regarding 1) the solubility constant 
and composition of certain minerals and 2) the aqueous species dissociation constants3. Furthermore, these databases 
do not contain data for the same minerals and, therefore, only common or equivalent minerals included in the four 
databases have been selected for comparison in the geothermometrical modelling performed in this work. The 
selected minerals are anhydrite, quartz, calcite, dolomite (disordered dolomite), albite (low temperature albite in all 
cases except from the WATEQ4F database, which only contents one type of albite), K-feldspar (maximum 
microcline in DATA0.YMP.R5, microcline in SOLTHERM, and adularia in WATEQ4F since it does not contain 
other K-feldspar), and some aluminosilicates like laumontite, pyrophylite, kaolinite and illite.

3. Results

The modelling results obtained with the four different databases are presented in Table 1 and Figure 1 (as the
evolution of the SI values, log IAP/K(T), for the selected minerals). There are not significant differences in the 
results obtained for anhydrite (differences of 7 ºC), and slightly larger for quartz (up to 14 ºC). However, the 
differences found in results obtained for the rest of the minerals are more important. The results for calcite vary in a 
range of 17 ºC. For dolomite three of the results vary in a range of 8 ºC whilst with the WATEQ4F database this 
mineral is always undersaturated. Something similar happens for albite and K-feldspar, they are undersaturated 
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Figure 1. Graphical representation against temperature of the saturation indices of the different minerals considered in the study. (a) Results 
obtained with WATEQ4F database; note that phyrophyllite does not appear in the representation since it is always oversaturated with a 

Saturation Index close 10. (b) Results with LLNL database. (c) Results with DATA0.YMP.R5 database; note that laumontite does not appear 
since it is oversaturated in the considered temperature range, it reaches equilibrium at 164 ºC. (d) Results with SOLTHERM database.

when the WATEQ4F database is used, while using the other databases these minerals are in equilibrium in a range 
of 24 and 20 ºC, being DATA0.YMP.R5 and LLNL in a better agreement and SOLTHERM giving the highest value 
obtained. The major differences have been found in the case of laumontite, with differences of 106 ºC, kaolinite with 
38 ºC, illite with 40ºC, and phyrophyllite, always oversaturated if the calculations are done with the WATEQ4F 
database, and showing differences of 24 ºC when using the other three databases.

Table 1. Temperatures (ºC), predicted by geothermometrical modelling, by using the 
different database, at which the different mineral phases considered reach the equilibrium 
with waters.

WATEQ4F LLNL DATA0.YMP SOLTHERM
Anhydrite 88 81 82 82
Quartz 97 90 83 96
Calcite 85 79 96 92
Dolomite - a 98 102 106
Albite - a 79 72 96
K-feldspar - a 80 75 95
Laumontite 58 77 164 89
Pyrophyllite - b 89 85 109
Kaolinite 88 103 102 126
Illite 56 96 95 69

Notes: a always undersaturated; b always oversaturated.
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4. Discussion and conclusions

The main differences in the results obtained when using the four thermodynamic databases have been found for
the aluminosilicates. This is due to the fact that the solubility of those phases (and its variation with temperature) 
presents important uncertainties related to the compositional variability and/or the degree of crystalinity11. That is, 
depending on the similarity between the characteristics of the phase considered in the different databases and the 
phase involved in the study, the results will be more or less accurate.

The differences found in the results obtained for the rest of the considered phases seem to be related to the 
experimental data used for them and the mathematical fitting to those data. An additional cause of differences is the 
fact that the WATEQ4F database uses
temperatures for some phases. However, the saturation states of calcite, anhydrite and quartz are not calculated 

polynomic K(T) expression from experimental data which are fitted in the 
temperature range of 0 90ºC12, 25 56 ºC13 and 70 250 ºC14, respectively.

In the case of dolomite, in which the disordered phase has been selected in all cases, the differences found seem 
to be due to differences in the polynomic expression used for the calculation of the equilibrium constant at different 
temperatures. Nonetheless, the largest difference has been found when using the WATEQ4F database, which is the 

In any case, despite the differences found, the results obtained with the different databases would allow 
establishing a temperature in the reservoir of about 90 ºC (obviously excluding some of the results obtained with 
some aluminosilicates phases). Two additional conclusions are that there is not a thermodynamic database more 
reliable than other for this type of systems, and that it is necessary to be careful when selecting the aluminosilicate 
phases to consider in the modelling due to their high uncertainties.
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