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Abstract

The travertines of the Fitero thermal springs, with more than 98% of aragonite in most of the samples, are studied in this
paper. The main objective is to improve the general understanding of aragonite precipitation, since the deposits of almost
pure aragonite are very scarce. This study presents a complete mineralogical and isotopic characterisation, including the
evaluation of the 8'0 and 8'C fractionation during precipitation, as valuable information for paleoclimate and paleoenvi-
ronmental studies. Samples of a laminated travertine deposit constituted by almost pure aragonite were taken from a pipe
discharging water at 40 °C. Waters suffered an important CO, outgassing, as suggested by the geochemical calculations and
the 8'3C values of travertines and waters. This outgassing triggers the oversaturation and precipitation of carbonate phases.
Temperature seems to be the main factor controlling the precipitation of aragonite or calcite, as checked by studying another
travertine sample with higher calcite content. Various 8'80 isotope fractionation equations for aragonite and calcite were
used. The results indicate that precipitation took place close to equilibrium according to some of these equations. The fact
that the equilibrium is maintained in a natural system with an important CO, loss is surprising. However, it can be explained
by an HCO; —water oxygen isotopic equilibrium and a direct transfer of the HCO;™ isotope signal to the carbonate without
fractionation due to the fast CO, loss and precipitation. Finally, considering other natural aragonite samples, a fractionation
equation is defined for natural aragonite in the temperature range between 23 and 80 °C.
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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., Auqué
et al. 1988, 1989; Fernandez et al. 1988; Coloma et al.
1995, 1996, 1997a, 1998; Blasco et al. 2019) obtaining the
temperature in the deep reservoir, a complete chemical and
isotopic characterisation of the hydrogeochemical system,
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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 travertines'. The fact that some
of the Fitero travertines consist of almost pure aragonite
(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 mineralogical and isotopic study
of the aragonite travertine will help to improve the general
understanding of the aragonite precipitation process. Addi-
tionally, the study of another more calcite-rich travertine
(60% of calcite), precipitated from the same thermal waters,
! 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. riv-
ers).

@ Springer


http://orcid.org/0000-0002-7383-9988
http://crossmark.crossref.org/dialog/?doi=10.1007/s00531-020-01834-8&domain=pdf

878

International Journal of Earth Sciences (2020) 109:877-892

Fig. 1 Location of the Fitero
geothermal springs and geologi-
cal map of the area (modified
from Blasco et al. 2018)
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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 con-
trolled for their use in the balneotherapic facilities and the
travertines studied here are generated inside water discharg-
ing 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, Rodriguez-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 relevance of the isotope characterisation of these sol-
ids lies on the fact that the stable 8'0 isotope signature of
travertines, tufas, and speleothems precipitated under equi-
librium conditions depends on the temperature and, there-
fore, it can be used for paleoenvironmental and paleoclimatic
reconstructions (e.g., Ford and Pedley 1996; Fouke et al.
2000; Garnett et al. 2004; Pentecost 2005; Andrews 2006;
Liu et al. 2006, 2010; Kele et al. 2008, 2011; Pedley 2009;
Jones and Renaut 2010; Osacar et al. 2013, 2016; Capezzu-
oli et al. 2014; Lachniet 2015) using empirical and experi-
mental temperature-dependant equations assumed to repre-
sent the isotopic equilibrium between travertine and water.
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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 kinetic isotope effects related to CO,
outgassing and high precipitation rates (e.g., Fouke et al.
2000; Kele et al. 2008, 2011); and (3) the representativeness
of those equations with respect to the real equilibrium is not
always guaranteed (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.

Geological and hydrological setting

The Fitero thermal waters emerge in the NW part of the Ibe-
rian Chain, in the contact between the Cameros Range and
the Tertiary Ebro Basin (an NW-SW thrust; Fig. 1; Coloma
et al. 1997a; Sanchez and Coloma 1998). The Cameros
Range consists mainly of Mesozoic rocks which are divided
in three different sequences: (1) the pre-rift sequence repre-
sented by Triassic and marine Jurassic rocks (with the clas-
sic formations of the Iberian Chain; Goy et al. 1976; Coloma
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Fig.2 Idealised scheme of the Spa facilities showing the location
where the different samples were taken

1998; Gil et al. 2002); (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)
(Mas et al. 1993; Coloma 1998; Gil et al. 2002); and (3) the
post-rift sequence which is constituted by the Upper Creta-
ceous 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).

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 the
surface through the Cameros thrust. The springs are associ-
ated with the Keuper facies and the Lower Jurassic carbon-
ates (Auqué et al. 1988; Coloma et al. 1996; Coloma 1998),
their flow rate is about 50 L/s, and the spring temperature is
close to 50 °C (Coloma et al. 1995, 1997b, 1998; Sanchez
and Coloma 1998).

Methodology
Field sampling

A sample of the thermal water, F1 (at 45.5 °C), 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 °C in a
pool from where it is distributed to the different balneothera-
pic 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
(Fig. 2) and, therefore, the water circulating through it was
at a constant temperature of 40 °C. The diameter of this old
pipe was about 30 cm and the inclination close to 30° 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.

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 (Fig. 2). The temperature of this dis-
charge water oscillates between 33 and 40 °C 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 (Fitero
Water New Pipe), was taken at the same time as the traver-
tine FTNP when the spa was closed and the measured water
temperature was 33 °C.

Analytical determinations

Temperature, pH, and electrical conductivity were measured
in situ and separate samples for cation, anion, and isotopic
analyses were taken. The anions were analysed in the Geo-
chemistry 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 §'%0 and
8°H in water, and 8'3C in the dissolved inorganic carbon,
were analysed by CF-IRMS, all in the Scientific and Tech-
nological Centre of the University of Barcelona (Spain). The
average analytical error was estimated < 5% for alkalinity,
chloride, sulphate, and sodium, <0.6% for magnesium and
potassium and < 0.1% for silica, strontium, and iron. For the
isotopes, the analytical precision is 0.2%o for 8'%0, 1% for
8%H and 0.3%o for 8'3C. More details about the sampling and
analytical procedures can be found in Blasco et al. (2018).
Petrographical and mineralogical observations of the
travertines were conducted using petrographic microscope
on polished thin sections, and field-emission scanning elec-
tron microscope (FESEM, using a Carl Zeiss MERLIN™)
on carbon-coated samples. Thin sections preparation and
FESEM analyses 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 pm. The bulk mineral-
ogical composition was determined by X-ray diffractometry
(XRD) using a PANalytical X’Pert PRO MPD powder dif-
fractometer in Bragg—Brentano 6/260 geometry of 240 mm
of radius with a focalising Ge (111) primary monochro-
mator, a X’Celerator detector and using CuKa, radiation:
A=1.5406 A at the X-Ray Diffraction Unit in the Scientific
and Technological Centre of the University of Barcelona.
Semi-quantitative phase analysis of the identified crystalline
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phases was performed by the Rietveld method (Rietveld
1969).

Carbon and oxygen isotope analyses of six bulk layer sub-
samples from FTOP were determined at the Stable Isotope
Analysis Service of the University of Salamanca (Spain).
Extraction of CO, for isotopic analyses followed standard
techniques (McCrea 1950) using an ISOCARB device con-
nected to a SIRA series 10 mass spectrometer from VG Iso-
tech. The isotope analysis of the other travertine samples
(FTNP) was performed at the Laboratory of Biogeochem-
istry of Stable Isotopes of the Andalusian Institute of Earth
Sciences (CSIC) of Granada (Spain). The methodology for
CO, extraction was the same, but the analyses were done
using the GasBench II connected to the Finnigan DeltaPLUS
XP isotope ratio mass spectrometer (IRMS). Overall ana-
lytical precision, as standard deviation (N=12), is better
than +0.08 %o for §'°C and +0.17 for 8'%0 values of car-
bonates. Accuracy is routinely checked by replicate meas-
urements of laboratory standards and it is better than +0.12
%o. Results are reported in the familiar §%o notation relative
to V-PDB and V-SMOW.

Applications of the stable isotope fractionation

The use of the stable isotope fractionation equations for
paleoclimatic and paleoenvironmental 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 precipita-
tion takes place in thermodynamic equilibrium (e.g., Zheng
1999, 2011 and references therein), and therefore, the iso-
topic values of the solids represent the water temperature at
the moment of precipitation (e.g. Fouke et al. 2000; Zhou
and Zheng 2003; Pentecost 2005; Liu et al. 2006; Kele et al.
2008, 2011, 2015; Pedley 2009; Gabitov 2013; Osécar et al.
2013, 2016; Capezzuoli et al. 2014; Lachniet 2015).

In the case of the 8'°C isotope data, this paleotemperature
indication can only be obtained using the 8'°C fractiona-
tion between calcite—aragonite and the dissolved CO,, since
this fractionation is temperature-dependent (e.g., Romanek
et al. 1992; Scheele and Hoefs 1992; Chacko et al. 2001).
The problem in the present study is that the §'°C value in
CO, is not available in the analysed waters; instead, the 83C
value was measured in the dissolved inorganic carbon (DIC),
which, in these waters, could be assumed to mostly be as
HCO;™ (see below). The 8'3C fractionation between the car-
bonate solids (calcite or aragonite) and the HCO;™ is inde-
pendent of the temperature (Rubinson and Clayton 1969;
Turner 1982; Romanek et al. 1992) and for the range
between 10 and 40 °C, the reported values are 2.7 +0.6%o
for aragonite-HCO;™ fractionation and 1 +0.2%o for cal-
cite-HCO;™ fractionation. In summary, the measured 813C
cannot be used to make a temperature estimation in the
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Fitero system, but it can help to evaluate the 8'13C fractiona-
tion during the travertine precipitation, which is what will
be shown in section “8'3C”.

There is much more information about the §'30 fractiona-
tion and its study has been quite thorough. Several fractiona-
tion equations, based on inorganic and biogenic carbonates,
have been proposed for the §'0 equilibria between arago-
nite and water and between calcite and water and the more
suitable were selected according to the identified mineral-
ogy of the travertines under study. The FTOP travertines
are almost pure aragonite and the equations used in this
work were the ones listed next, including those for biogenic
aragonite to check their applicability to inorganic aragonite
travertines (Table 1):

e Grossman and Ku (1986): equation deduced from arago-
nite foraminifera, gastropods, and scaphods in the range
of 2.5-26 °C.

e Patterson et al. (1993): derived from the study of arago-
nite fish otoliths in the range of 3.2-30.3 °C.

e Thorrold et al. (1997): also derived from aragonite fish
otoliths but in the temperature range of 18-25 °C.

e  White et al. (1999): deduced from marine molluscs in the
range of temperatures from 8 to 24 °C.

e Bohm et al. (2000): derived from aragonite sponges in
the temperature range of 3-28 °C.

e Zhou and Zeng (2003): derived from experiments of
aragonite precipitation in the temperature range of
10-70 °C.

e Kim et al. (2007): derived from experiments with inor-
ganic synthetic aragonites in the temperature range of
10-40 °C. This equation has been corrected for the con-
ventional CO,—aragonite acid fractionation factor and the
equation in Lachniet (2015) has been used.

e Chacko and Deines (2008) calculated the partition func-
tion ratios (for aragonite and water) from statistical
mechanical calculation and a compilation of vibrational
frequency data. The equation is applicable at tempera-
tures between 0 and 130 °C.

e Wang et al. (2013): equation derived from aragonite pre-
cipitation from seawater experiments in the temperature
range of 25-55 °C.

e Kele et al. (2015): equation proposed from a set of sam-
ples constituted by mixtures of calcite and aragonite
travertines precipitated between 20 and 95 °C (they also
proposed another equation including tufas, not shown
here, with very similar results).

The FTNP sample consists of a mixture of aragonite
and calcite, and for the 8'30 fractionation evaluation, three
equations have been used: the just mentioned equation pro-
posed by Kele et al. (2015) as it corresponds to a mixture
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Table 1 Aragonite—water, calcite—water, and calcite + aragonite—water fractionation equations used in this study
Author Fractionation equation
8"%0 ragonite water Grossman and Ku (1986) 10001In o = 18.04 x 1% —31.12
Patterson et al. (1993) 1000Tna = 18.56 x 122 — 33.49
Thorrold et al. (1997) 10001 @ = 18.56 x 2 —32.54
White et al. (1999) 1000Tna = 16.74 x 22 - 26.39
Bohm et al. (2000) 10001na = 18.45 x 122 — 32.54a
Zhou and Zheng (2003) 10001n & = 20.44 x ‘0% —41.48
Kim et al. (2007) 10001 = 17.88 x 22 — 30.76
Chacko and Deines (2008)" 10001In & = —12.815 + 5.793x — 3.7554 x 107 '%*
+3.2966 x 1072x* — 2.2189 x 107x* + 8.9981
X 107x° — 1.636 x 1076x°
Wang et al. (2013) 1000Ina = 22.5 x 132 — 46.1
8"%0 ytcite +aragonite_water Kele et al. (2015) 100010 a = 20 X @ _36
8" Ocatcite-water Kim and O*Neil (1997) 10001na = 18.03 x 1220 32,17
Coplen (2007) 1000Ina = 17.4 x 122 —28.6
Temperature (7) is in Kelvin. a is the fractionation between carbonate and water calculated as (1000+SIBOaragonite)/(IOOO+6180waler) or

( 1000+ 6] 3Carag0nite
4y =10%72, where T is Kelvin

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:

e Kim and O’Neil (1997) derived the equation from inor-
ganic calcites synthesised in laboratory in the range of
10-40 °C. It has been corrected for the conventional
CO,—calcite acid fractionation factor of 1.01025 (Fried-
man and O’Neil 1977) and

e Coplen (2007) proposed the equation from vein calcite
samples from Devils Hole (Nevada, USA).

Results
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 thor-
ough study of their chemical characteristics (and some mod-
elling 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; Fig. 3a). The temperature of the thermal water (F1)
is 45.5 °C and its pH is near neutral. The water in the new
pipe was at 33 °C in the moment of sampling and the pH was

)(1000 4+ 8'3C,,..,) being 8'80 values vs. V-SMOW and 5'3C values vs. V-PDB

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)

F1 FWNP
Temperature (°C) 45.50 33
TDS 4820.2 4423
pH 6.86 7.72
HCO,~ 174.02 125
Cl- 1610 1505
SO,~ 1376 1290
Ca 469 441
Mg 92.10 80.8
Na 981 920
K 30.20 30.3
Sr 11.10 10.3
Sio, 23.75

Fe 0.13

5'%0 in H,0 (V-SMOW) —-8.7

8%H in H,0 (V-SMOW) -63.9

8'3C in DIC (V-PDB) —8.42

TDS (calculated using PHREEQC) and dissolved elements are
expressed in ppm

higher than in F1. As mentioned before, it was impossible
to get a water sample from the old pipe, but considering its
location, their chemical characteristics would be very similar
to the main spring (F1) except for a temperature of 40 °C.
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Fig.3 a New pipe at its discharge point on the Cidacos river, where
travertine FTNP is precipitating. b FTOP and FTNP travertine sam-
ples where the alternation between yellowish and reddish bands can
be seen. ¢ Photograph taken with a petrographic microscope show-
ing the fibrous-radial texture with fan-shaped aggregates (FTOP). d
FESEM image of the FTOP travertine showing the aragonitic bands

The 8'%0 and &%H values in F1 (- 8.7 and — 63.9 %o,
respectively; Table 2) suggest a meteoric origin of the ther-
mal water, since they are close to the Global Meteoric Water
Line (8’H =8 5'"%*0+ 10; Craig 1961) and the Spanish Mete-
oric Water Line calculated from the data of the Spanish Net-
work for the control of the isotopes in the rainfall (8*H=38
8180+9.27; Diaz-Teijeiro et al. 2009). The 813C value in the
dissolved inorganic carbon of the thermal water is — 8.4 %o
(Table 2) and it suggests that, after infiltration through the
soils (degradation of C3-type plants results in 8'°C values
of about — 23%o; Clark and Fritz 1997), the thermal water

@ Springer

(on the right and left of the image) and a calcite interlayer in between.
Some disperse calcite crystals in the aragonite can also be appreci-
ated. e FESEM image of the FTOP travertine with a detail of an arag-
onite needle with iron oxy-hydroxides growing on it. f FESEM image
of the FTNP travertine where abundant calcite crystals can be identi-
fied, while aragonite needles are less common

interacts with carbonate rocks in the aquifer (with 8'3C val-
ues around 0%o; Clark and Fritz 1997; Fig. 4).

Some speciation-solubility calculations were carried
out with the geochemical code PHREEQC (Parkhurst and
Appelo 2013) and the WATEQA4F thermodynamic database.
The main results related to the carbonate system show that
calcite and aragonite are in equilibrium or close to equilib-
rium at spring temperature in F1 (saturation states of 0.14
and 0.01, respectively) and with a high log pCO, - 1.58,
whilst these minerals are more oversaturated (0.7 and 0.54,
respectively) in the water sample FWNP due to an important
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Fig.4 $'3C 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%c). The isotopic values of the possible 8!*C 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 iso-
topic theoretical signature of DIC. Figure modified from Delgado and
Reyes (2004) and Reyes et al. (1998)

CO, outgassing during the circulation of the waters through
the pipe giving a log pCO, of — 2.7 and justifying a pH value
higher than in F1. The amount of CO, outgassing and cal-
cium 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 CO, loss which leads to the
precipitation of 0.71 mmol/L of calcium carbonate. There-
fore, calcium carbonate was precipitating in the moment of
the water sampling in the new pipe, indicating that the CO,
outgassing is the triggering factor of the carbonate precipita-
tion, promoted by the high pCO, and the high temperature
of the waters at the spring (CO, 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 pre-
cipitation of the aragonite travertine. The source water was
the same thermal spring F1, whose compositional charac-
teristics 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 CO, 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 equilib-
rium in the spring, would have suffered the opposite effect
in the cooling pool, the undersaturation with respect to the
carbonates).

Main characteristics of the travertines

The travertine samples consist of an alternation of yellow-
ish and reddish bands (Fig. 3b). Each band is also con-
stituted by a thin lamination barely distinguishable at a
glance but evident when studying the thin sections under

the petrographic microscope. This lamination is not related
to temporal (or climatic) variations but to the intermit-
tent discharge through the pipes and, therefore, they are
conditioned by the availability of water, as also described
by Rodriguez-Berriguete et al. (2018) in other human-
induced travertines.

Although both travertines look similar, their mineralogy
is quite different. The XRD analyses of two yellowish and
two reddish bands of sample FTOP indicate a proportion of
aragonite higher than 98% with minor amounts of calcite,
and this is common to both types of bands. The mineralogi-
cal results for sample FTNP (from the new pipe; Fig. 3a)
indicate a higher proportion of calcite (about 60%) and much
less aragonite (40%), as an average from one yellowish and
one reddish band.

The detailed mineralogical examination of FTOP allowed
identifying additional relevant characteristics of the arago-
nite travertines: (1) the petrographic microscope showed a
fibrous-radial, fan-shaped texture in the aragonite (Fig. 3c)
which, in the FESEM, is seen as elongated prisms or needles
aggregated forming bushes (Fig. 3d); (2) the presence of dis-
perse calcite in all bands is mainly associated with the thin
inter-layers between yellowish and reddish aragonite bands,
whilst there is not a preferential distribution of calcite or
aragonite in the FTNP travertine (Fig. 3d, f); (3) lump aggre-
gates of amorphous oxy-hydroxides have been identified on
the aragonite needles in the reddish bands (Fig. 3e) and they,
probably, are 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 obser-
vations show no evidence of microbial activity (e.g., bio-
films 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 an active
deposit, the lack of them suggests an abiogenic origin (Jones
2017a).

Additionally, the possibility of widely known transfor-
mation aragonite—calcite has been discarded, since calcite
and aragonite layers are separated by well-defined limits
(Jones and Peng 2014), and moreover, calcite does not show
any aragonite relict or dissolution signs (Wassenburg et al.
2016).

Isotopic determinations of §'80 and 8'°C in the car-
bonates were made in the travertine sample FTNP (whole
sample) and in six subsamples of FTOP, in three reddish
bands (FTOP-R1, R2, R3), and in three yellowish bands
(FTOP-Y1, Y2, Y3; Table 3). The results show that the §'20
values are similar in all the bands of the aragonite traver-
tine and also in the calcite—aragonite travertine between
17.72 and 17.93%c vs. V-SMOW. With respect to the §!°C
values (%o vs. V-PDB), they are higher in the yellowish
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Table 3 Isotopic data of travertine samples: the reddish bands
(FTOP-R) and the yellowish bands (FTOP-Y) of sample FTOP, and
the whole sample of travertine FTNP

8'3C (V-PDB) 880 (V-PDB)  §'30 (V-SMOW)
FTOP-Rl  0.54 -12.62 17.90
FTOP-R2  0.54 -12.79 17.72
FTOP-R3  0.37 -12.75 17.76
FTOP-Y]1  0.86 -12.39 17.93
FTOP-Y2  0.80 —12.68 17.83
FTOP-Y3  0.79 -12.73 17.79
FTNP 0.87 -12.61 17.85

bands (FTOP-C) and in sample FTNP, with values around
0.8%o, than in the reddish bands, between 0.37 and 0.54%o0
(Table 3).

Discussion

There are two main issues to be discussed 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 composi-
tion and their possible use as paleoenvironmental indicators.

Mineralogy

There are several classical studies on the main factors con-
trolling calcite or aragonite precipitation in natural geo-
logical samples and in laboratory experiments (Folk 1994;
Fouke et al. 2000; Pentecost 2005; Jones 2017b; and refer-
ences therein). These factors are: temperature, Mg/Ca ratio
in the water, dissolved strontium content, CO, 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
is presented next.

Temperature and magnesium concentration have been
considered the most important factors controlling the min-
eralogy of the precipitated carbonates. Generally speaking,
aragonite is considered to precipitate at higher temperatures
than calcite; for example, Folk (1994) observed that arago-
nite precipitates if the temperature is higher than 40 °C irre-
spective of the water composition, and calcite would precipi-
tate if the temperature of the water is lower than 40 °C and
it is Ca-rich. Fouke et al. (2000), in the same line, indicated
that if the temperature is higher than 44 °C only aragonite
precipitates, if the temperature is lower than 30 °C only cal-
cite does, and when it is between 30 and 43 °C, both mineral
phases precipitate together. However, aragonite is not always
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favoured over calcite at this “critical temperature” of about
40 °C; for example, calcite has been found to precipitate in
Egerszalok (Hungary) at a temperature of about 70 °C (Kele
et al. 2008) and in North Island (New Zealand), where the
water temperature is higher than 90 °C (Jones et al. 1996;
see also the review by Jones 2017b).

Regarding the magnesium concentration in the waters,
Fischbeck and Miiller (1971) stated that aragonite precipita-
tion 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 °C. Further-
more, 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 °C (Last 1989; Last et al. 1998).

In the case of sample FTOP, the temperature of the paren-
tal water is 40 °C and the composition is assumed to be
the same as the thermal water F1, with a very low Mg/Ca
ratio of 0.32. According to the previous authors, the water
temperature would favour aragonite precipitation, despite
the low Mg/Ca ratio 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-dis-
charge periods when the remaining water would probably
have a temperature lower than 40 °C. In the case of sam-
ple 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 °C which would explain the higher proportion of calcite.
Therefore, 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 arago-
nite 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 sam-
ples 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 sup-
ports 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 CO, content and out-
gassing rate, some authors reported that aragonite precipita-
tion is favoured by high CO, contents and degassing rates
as it is common in thermal springs (Kitano 1963; Chafetz
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Table 4 Fractionation equations

Author
for the 8'3C in CO, estimation

Equation

from 8'3C in the carbonate or

3 CaCO,-CO,
8'3C in HCO; dissolved

HCO,-CO,

Panichi and Tongiorgi (1976)
Romanek et al. (1992)*
Romanek et al. (1992)*
Mook et al. (1974)°

Zhang et al. (1995)*

Szaran (1997)*

083 Ceo, = 1.2(0%Ccyc0,) — 105

10° In @'*C,pygonite_co, = 13.88 = 0.13T

10° Ina* Cpyie_co, = 11.98 = 0.12T

10° Ina'® Cyyeo,—co, = 9-522(10°T1) - 24.1
10* In @ Cyco, —co, = —0.0954T + 10.41
10*Ina" Cyeo,_co, = —0.1141T +10.78

#Temperature (7) is in °C

bTemperature (T) is in Kelvin

et al. 1991; Jones 2017b). As stated above, CO, outgassing
is the triggering factor of carbonate precipitation in the stud-
ied travertines, since the spring waters are in equilibrium,
or near equilibrium, with respect to aragonite and calcite.
However, differences in the rate of CO, 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. However, 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, precipi-
tated from waters at nearly constant temperatures (40 °C),
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, as
mentioned above, is interpreted as representing inter-dis-
charge periods, could be related to water temperatures lower
than 40 °C or to periods of lower discharge and lower CO,
outgassing rate.

The FTNP travertine, located farther away from the ther-
mal waters source than the FTOP deposits, is associated with
a wider range of water temperatures (33—40 °C) and with
more variable discharge regimes. In the moment of the sam-
pling of FWNP, the water temperature was 33 °C (Table 2)
and the discharge was low. Higher discharges, higher water
temperatures, and, most probably, also higher CO, outgas-
sing rates, occur in this pipe during the spa activity. There-
fore, coupled changes in temperature and CO, 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.

Stable isotopes
83
The 8'3C values of travertines are considered to reflect

the origin of the CO, in the source water in the classifica-
tion scheme of Pentecost (2005) which includes two main

travertine types, thermogene and meteogene. Thermogene
travertines are those in which the CO, has a deep origin
(magmatic or from decarbonatation processes) and 8'°C val-
ues range from — 1 to + 10%o. Travertines are considered as
meteogene if the CO, 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 8'C values ranging from
— 12 to — 3%o. The superambient meteogene travertines
precipitate from warm waters (waters heated through deep
circulation and emerging as hot springs) and have 8'3C val-
ues ranging from — 12 to 4 2%o. The §'3C data in the studied
travertines range from 0.37 to 0.87%o (Table 3) and, there-
fore, they could be classified as superambient meteogene or
thermometeogene travertines.

However, the source of CO, can only be properly assessed
from the 8'3C values in travertines where secondary modi-
fications (e.g. CO, 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 CO, degassing of the thermal waters (see above) and,
therefore, their 8'3C values would reflect the 8'>C in the
dissolved CO, at the moment of travertine precipitation. To
better check the meaning of the values analysed in the trav-
ertines, the 8'C in the CO, at the precipitation moment and,
in the spring conditions, previous to the CO, outgassing,
have been calculated.

As previously done by other authors (e.g., Minissale
2004; Kele et al. 2008, 2011; Sierralta et al. 2010; Jones and
Peng 2016), the 5'3C in the travertine can be used to estimate
the 8'3C in the dissolved CO, at the moment of travertine
precipitation, using the equation proposed by Panichi and
Tongiorgi (1976; Table 4). Applying this equation to the
travertine samples studied here (aragonite and calcite—arago-
nite), the 8'*C, obtained range from — 10 to — 9.5 %eo.
However, since this equation does not take into account
the §!°C dependence on temperature, the calculations were
repeated with the equations proposed by Romanek et al.
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(1992; Table 4) for the 8'C fractionation between aragonite
(or calcite) and CO,.

The 8'*C, values obtained for the FTOP samples (arag-
onite), assuming a precipitation temperature of 40 °C, were
from — 8.3 to — 7.8%o. For sample FTNP, the precipitation
temperatures considered for the calculation were between 33
and 40 °C (possible range of the circulating waters) and the
values obtained were between — 7.2 and — 6.3%o. In sum-
mary, considering all the results obtained with the equations
proposed by Romanek et al. (1992), the §'°C in the dissolved
CO, when the travertine precipitated was in the range of
— 8.3 to — 6.3%o.

These values were then compared with the §'°C in the
CO, calculated in the emergence spring (water sample F1).
This last value was theoretically approximated from the 8'*C
analysed in the DIC (dissolved inorganic carbon), assuming
that the DIC mainly corresponds to HCO;™ (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 8'*C fractionation between HCO;™ and
CO, (Table 4). A good agreement around — 15%0 was
obtained among all these equations.

Two main conclusions can be extracted from these results:

e First, the 8'°C value calculated for the CO, at spring con-
ditions, and the hydrogeological and hydrogeochemical
characteristics 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” §'*C compo-
nent (Pentecost 2005). In this scheme, carbon dissolved
from the carbonate rocks in the aquifer (with 8'3C values
usually between — 1 and 5%o; Fig. 4) would influence
the 8'3C values of the waters (and travertines) shifting
them towards isotopically heavier values than those in
the recharge waters (Fig. 4).

e Second, the 8'*C values calculated for the CO, at spring
condition (— 15 %o) are more negative than at the
moment of the travertine precipitation (— 8.3 to — 6.3
%0). These numbers would be consistent with the afore-
mentioned existence of a CO, outgassing process (result-
ing in the 8'3C enrichment in the CO, of the waters) as
the trigger of travertine precipitation.

5'%0

As mentioned above, although with some uncertainties
related to the possible equilibrium situations between the
solids and their parental waters, the use of 8'%0 in arago-
nite (or calcite) for paleoclimatic and paleoenvironmental
reconstructions is a very useful tool. There are some exam-
ples in natural systems of travertine precipitation under, or
close to, equilibrium conditions with respect to some of the
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fractionation equations (Chafetz et al. 1991; Garnett et al.
2004; Coplen 2007; Li et al. 2011, 2012; Yan et al. 2012;
Lachniet et al. 2012; Osécar et al. 2016, 2013; Wang et al.
2014; Kele et al. 2015; Asta et al. 2017; Arenas et al. 2018).
However, there are also examples where equilibrium is not
maintained during precipitation (Friedman 1970; Fouke
et al. 2000; Lojen et al. 2004, 2009; Coplen 2007; Kele et al.
2008, 2011; 2015; Demény et al. 2010; Yan et al. 2012;
Wang et al. 2014; Asta et al. 2017; Zavdlav et al. 2017).

The study of an active precipitation system, like the one
presented here, provides the possibility to compare the tem-
perature results obtained from the application of the 5'%0
“equilibrium” fractionation equations and the temperature
actually measured in the parental water. This will give a
better knowledge of the processes affecting the isotopic equi-
librium and will help to interpret the isotopic signature of
old travertines.

To do that, several equations (section “Applications of the
stable isotopes fractionation”) have been applied for §'80
equilibrium between the aragonites from sample FTOP (the
six subsamples) and the equivalent to their parental water,
F1 with 40 °C. For comparative purposes, some of the arag-
onite and calcite equilibrium equations (section “Applica-
tions of the stable isotopes fractionation) have been used
for the sample FTNP (constituted by a mixture of calcite and
aragonite) and the water F1 (at 40 °C), because, unfortu-
nately, there is not isotopic information from its own paren-
tal water FWNP.

All fractionation equations used here have been repre-
sented in Fig. 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 Fig. 5a, and a
grey rectangle representing the calcite—aragonite travertine
and the interval between 33 and 40 °C that covers the tem-
perature variation of the water circulating through the pipe,
in Fig. 5a, 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 pre-
cipitated under, or close to, isotope equilibrium (e.g. Lach-
niet 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 °C (probably due to
the existing controversy about the experimental conditions
for its determination; Kim and O’Neil 2005; Horita and
Clayton 2007; 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 °C, which is higher
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Fig.5 a Representation of the
8'30 aragonite—water equilib-
rium lines proposed by different
authors and considered in this
study. b The two most used
equations for calcite: 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 arago-
nites. The samples from trav-
ertine FTOP (98% aragonite)
are shown as open circles in a
and the travertine FTNP (60%
calcite) is represented over the
possible range of precipitation
temperatures (33—40 °C) in a
and b
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Table 5 Temperatures (°C) obtained with different oxygen isotope aragonite—water equilibrium equations
FTOP-R1  FTOP-R2 FTOP-R3 FTOP-Y1 FTOP-Y2 FTOP-Y3 FTINP
618Oa:agonile—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) 41.3 423 42.1 41.2 41.7 42.0 413
White et al. (1999) 43.5 44.5 443 433 439 442 435
Bohm et al. (2000) 39.5 404 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
8" 0 y1citetaragonite waier  Kele et al. (2015) 47.0 47.9 47.7 46.8 473 47.6 46.9
8180 citewater Kim and O’Neil (1997) - - - - - - 43
Coplen (2007) - - - - - - 34.5

The water isotope values used for these calculations are in all the cases those of water sample F1
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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 °C, 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%o, see Fig. 5 in Kim
et al. 2007).

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 8'30 isotope signature
of carbonates.

The relative fractionation factor between calcite and
aragonite is still under debate: some authors have experi-
mentally 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 refer-
ences therein). In the case studied here, a relation between
the values and the percentages of calcite or aragonite is not
observed as the 8'®0 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).

In the cases like FTNP, it is impossible to evaluate the
8!80 fractionation in each mineral phase, intermixed at
microscale, in a separate way (e.g., Jones and Peng 2014,
2016) 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 fractiona-
tion of the travertine FTNP and the thermal water F1, the
temperature obtained is about 40 °C, 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 5'%0 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 °C, respectively. The equation from Kele et al.
(2015) gave a temperature of 47 °C, again higher than any
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Fig.6 5'%0 aragonite—water vs. 1000 T (in Kelvin). The natural
aragonite samples previously identified as precipitated under an equi-
librium 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

possible water temperatures in the pipe, and this result was
not considered.

The comparison of the results from these two samples
indicate that: (1) the temperature range defined by the calcu-
lations from the aragonite travertines, FTOP, is quite narrow
(36—40 °C) and perfectly coherent with the temperature of
the parental water; (2) the temperature calculated from the
calcite-rich travertine, FTNP, using the aragonite fractiona-
tion equations, is the same as the previous one, since their
isotopic values are also the same; and (3) the temperature
obtained using the calcite equations with the calcite-rich
travertine (FTNP) gives a broader range, from 34.5 to 43 °C,
that includes the two previous calculations with the arago-
nite calibration and also the range of the real waters circulat-
ing through the pipe (between 33 and 40 °C).

The 8'80 and temperature values of the studied aragonite
travertines have been compared with those available in other
natural aragonite samples precipitated under different condi-
tions around the world, but always consisting of at least 90%
of aragonite (Chafetz and Lawrence 1994; Fouke et al. 2000;
Ozkul et al. 2013; Jones and Peng 2014; Kele et al. 2015;
Rodrigo-Naharro et al. 2019). As it is shown in Fig. 6, these
data define a clear dependence on temperature that can be
expressed as a §'%0 fractionation equation for natural arago-
nites in the temperature range of 23—-80 °C (T is in Kelvin):

1000 1na = 18.27(+1.26) x @ — 31.47(+3.85); )

this linear fit is represented in Fig. 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



International Journal of Earth Sciences (2020) 109:877-892

889

et al. (2007) was calibrated with synthetic aragonites pre-
cipitated 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 fractiona-
tion, in the examined samples, is the temperature and that
equilibrium situations are not uncommon. The temperatures
calculated using the proposed calibration (Eq. 1) are between
3 and 2.7 °C higher than the ones obtained with Kim et al.’s
(2007) equation. 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.

Isotope equilibrium/disequilibrium and water temperature

It is usually considered that isotopic disequilibrium is the
dominant condition during calcite and/or aragonite precipi-
tation in travertine deposits due to kinetic effects induced
by high CO, outgassing and high precipitation rates (e.g.,
Kele et al. 2008, 2011; Rodriguez-Berriguete et al. 2018 and
references therein). Isotope-based temperature calculations
require isotopic equilibrium and, therefore, disequilibrium
situations would critically affect the accuracy of the tem-
perature/paleotemperature calculations.

The fibrous-radial texture, the performed geochemical
and mass balance calculations, and the carbon isotope com-
positions discussed in the previous sections, all suggest that
disequilibrium conditions, associated with rapid CO, degas-
sing and high precipitation rates, would prevail during the
precipitation of the studied travertines. However, the 8'30
values from the carbonates fall in the equilibrium window
(Lachniet 2015) defined by the different 5'%0 aragonite/
calcite-water fractionation equations proposed by different
authors (Fig. 5), and the temperature calculated using those
equations fits very well with the measured temperatures (in
most cases within +3 °C 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., Yan et al. 2012; Wang et al. 2014; Rod-
riguez-Berriguete et al. 2018) 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
HCO;™.

To check this possibility in the studied travertines, and
following Kele et al. (2008, 2011), Halas and Wolacewicz
(1982) equation (1000 ooz 100 =2.92- 1047 —2.66) was
used to calculate the oxygen isotope fractionation between
the dissolved HCO;™ and the water at the temperatures of
interest (between 33 and 40 °C) in the studied system. The
values ranged between 27.11%o at 40 °C and 28.4 9%o at

33 °C. These values were compared with the ones measured
for the oxygen fractionation between aragonite/calcite and
water (as 1000 Ina,ponate-i20) Which ranged from 26.42 to
26.63%o considering both travertines (FTOP and FTNP).

These results indicate that for the precipitation temper-
ature in the FTOP samples (40 °C, also representing the
higher precipitation temperatures in the case of FTNP sam-
ple), the travertines show an oxygen isotopic signal close to
that of the dissolved HCO;™ suggesting an oxygen isotopic
equilibrium between dissolved HCO;™ and H,O and a direct
transfer of the HCO;™ isotopic signal to the solids without
fractionation. As stated by Kele et al. (2011), this absence
of isotope fractionation can be promoted by fast CO, degas-
sing 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 8'30 aragonite/
calcite—water fractionation equations. Furthermore, in
agreement with other authors (Yan et al. 2012; Wang et al.
2014; Rodriguez-Berriguete et al. 2018), these results would
suggest that some travertines can be used for paleotempera-
ture calculations, even precipitating under disequilibrium
conditions.

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 °C,
although it is immediately cooled for its use in the 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 tem-
perature of 40 °C; 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 °C. The precipitation of calcium carbon-
ate is triggered by a CO, outgassing process (as deduced
from the performed geochemical calculations and from the
8'3C values calculated in the spring water and during traver-
tines’ precipitation) leading to the oversaturation of carbon-
ate phases and, in turn, to the travertine precipitation. The
main factor controlling aragonite or calcite precipitation in
this system is the temperature, although the CO, loss can
also play a role.

The evaluation of the 5'%0 values using different arago-
nite and calcite 5'%0 fractionation equations suggests that
the precipitation of the Fitero travertines took place close to
the isotope equilibrium, obtaining the most precise tempera-
ture with the equation proposed by Kim et al. (2007) for the
aragonite fractionation. Non-significant differences between
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aragonite—water and calcite—water fractionation have been
found, since the 8'30 values in the aragonite samples and the
mixture of calcite and aragonite sample are almost the same.

Given that in natural systems with important CO, out-
gassing rates, as in the case studied here, is unusual that
the isotope equilibrium is maintained during precipita-
tion, the possible reasons have been investigated. The most
plausible explanation seems to be that the isotope signal of
the dissolved HCO;™, in isotope equilibrium with water, is
directly transferred to the precipitating carbonate, without
fractionation, as a result of the quick CO, loss and precipita-
tion. Therefore, under these apparent equilibrium situations,
accurate temperature results could be expected using the
580 fractionation equations.

The temperature—5'%0 values of the aragonite deposits
in Fitero have been compared with those in other natural
aragonite travertines from the literature (always with arago-
nite proportions higher than 90%). Overall, they define a
fractionation equation for natural aragonite in the tempera-
ture range of 23-80 °C, near the experimental equation of
Kim et al. (2007), suggesting the existence of equilibrium,
or apparent equilibrium, situations in an important number
of natural travertine systems.
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