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Manolis Giampouras e, Jörn Peckmann f, Wolfgang Bach b,c 

a Institut für Mineralogie und Kristallographie, Universität Wien, 1090, Wien, Austria 
b MARUM-Center of Marine and Environmental Sciences, 28359, Bremen, Germany 
c Geoscience Department, University of Bremen, 28359, Bremen, Germany 
d Group of Hydrogeology, Department of Geology and Ecology, University of Malaga, 29071, Malaga, Spain 
e Andalusian Institute of Earth Sciences (IACT), 18100 Armilla, Granada, Spain 
f Institut für Geologie, Centrum für Erdsystemforschung und Nachhaltigkeit, University of Hamburg, 20146, Hamburg, Germany 

A R T I C L E  I N F O  

Editorial handling by Dr F Chabaux 

Keywords: 
Hyperalkaline springs 
Ronda peridotite 
Authigenic carbonates 
Rare earth elements 
Geochemical modeling 

A B S T R A C T  

The Ronda peridotite in southern Spain is subject to low-temperature serpentinization by circulating ground-
waters that produces hyperalkaline fluids of high pH and low dissolved inorganic carbon content (DIC). When 
these waters resurface as hyperalkaline springs they take up atmospheric carbon dioxide (CO2), which triggers 
the precipitation of travertine carbonates. Spring waters at Baños del Duque, Fuente Romana, and Fuente 
Amargosa show typical chemical features of hyperalkaline springs such as high pH and low DIC, yet exhibit an 
unusual distribution of rare earth elements (REEs) enriched in lanthanum (La) and cerium (Ce). In order to 
constrain changes in spring water chemistry and carbonate precipitation during atmospheric CO2 uptake, a re-
action path model was set up to illustrate that the distribution of REE species in the high pH and low DIC water is 
strongly dependent on REE complexation by hydroxide and carbonate species. Reaction path modeling results 
show that during spring fluid emission and CO2 uptake, REE speciation in the fluids shifts from a dominance of 
hydroxide to carbonate complexes. The complexation of rare earth elements in the high pH, low DIC fluids 
strongly depends on the DIC content of the respective fluid. The REE distribution of travertine deposits associated 
with the hyperalkaline springs deviates from that in the fluids, suggesting that travertines precipitated from 
fluids different to those currently emitted from the springs. 

1. Introduction 

Low-temperature serpentinization of ultramafic rocks exposed on 
Earth’s surface is a timely topic of research due to its potential for carbon 
capture and storage strategies (Kelemen et al., 2011; Klein and McCol-
lom, 2013; Schwarzenbach et al., 2013a), as well as for its potential to 
host subsurface ecosystems entirely independent of photosynthesis 
(Russell et al., 2010; McCollom and Seewald, 2013; Zwicker et al., 
2018a; Glombitza et al., 2021). Since the discovery of low-temperature 
serpentinite-hosted ecosystems on the seafloor (Kelley et al., 2005), a 
large number of analogous environments on land have been investigated 
worldwide (Barnes et al., 1978; Neal and Stanger, 1985; Neal and Shand, 
2002; Blank et al., 2009; Chavagnac et al., 2013a; Schwarzenbach et al., 

2013b; Szponar et al., 2013; Morrill et al., 2014; Meyer-Dombard et al., 
2015; Etiope et al., 2016; Giampouras et al., 2019, 2020; Templeton 
et al., 2021). Low-temperature serpentinization of uplifted and exposed 
ultramafic rocks such as mantle peridotites proceeds through the 
percolation of meteoric water, allowing for water-rock interactions to 
produce fluids with unique chemical composition (Neal and Stanger, 
1984). These fluids evolve into two fluid types based on their pH and 
concentrations in calcium (Ca), magnesium (Mg), and dissolved inor-
ganic carbon (DIC): The type-I waters which show mildly alkaline pH of 
8–9, low Ca, high Mg and bicarbonate concentrations, and the type-II 
waters characterized by a high pH up to 12, low Mg, DIC, and high Ca 
concentrations (Barnes et al., 1967; Barnes and O’Neil, 1969; Paukert 
et al., 2012; Mervine et al., 2014). Type I waters circulate through the 
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shallow bedrock and are in contact with the atmosphere, which provides 
a carbon source via the diffusion of carbon dioxide (CO2; Barnes and 
O’Neil, 1971; Bruni et al., 2002). Groundwater percolating deeper into 
the subsurface gradually becomes isolated from the atmosphere and 
evolves into type-II fluids. Magnesium and Ca are exchanged during the 
hydration of minerals including olivine, pyroxene, and diopside (Bruni 
et al., 2002; Miller et al., 2016). Although both Mg and Ca are leached 
from the minerals, Mg is incorporated into secondary minerals such as 
chrysotile, talc, and brucite, as well as Mg-rich carbonates, while Ca 
accumulates in the residual fluid (Barnes et al., 1967; Bruni et al., 2002; 
Cipolli et al., 2004; Paukert et al., 2012). The type-II waters are therefore 
left with high Ca concentrations and very high pH of up to 12 (Neal and 
Stanger, 1984, 1985), and can resurface as hyperalkaline springs 
(Barnes and O’Neil, 1969; Neal and Stanger, 1985; Bruni et al., 2002). 
Hyperalkaline spring discharge at the surface induces the precipitation 
of travertine carbonates via the rapid uptake of atmospheric CO2 into the 
high-pH, low-DIC fluids (Neal and Stanger, 1985; Clark and Fontes, 
1990; Clark et al., 1992). 

The rare earth elements (REEs) are a series of elements that show 
similar geochemical behavior, and allow for the reconstruction of 
environmental conditions in natural waters (Elderfield and Sholkovitz, 
1987; Elderfield et al., 1990; Tang and Johannesson, 2003; Abbott et al., 
2015). Despite their similar behavior, small differences among the REEs 
lead to fractionation depending on the speciation and complexation of 
the individual elements and water chemistry (Sholkovitz et al., 1994). 
The light, middle, and heavy REEs (LREEs, MREEs, and HREEs, 
respectively from hereon) form complexes of different strength with 
anions of high electronegativity such as dissolved hydroxide, carbonate, 
sulfate, chloride, phosphate, and fluoride species (Cantrell and Byrne, 
1987; Wood, 1990; Lee and Byrne, 1993; Luo and Byrne, 2001, 2004). 
Complexation additionally depends on pH, Eh, salinity, temperature, 
and concentration of potential ligands in solution, controlling the REE 
distribution in marine (De Baar et al., 1991; Bach et al., 2003; Schijf 
et al., 2015) and terrestrial environments (Möller and Bau, 1993; 
Johannesson and Lyons, 1994a; 1995b; Serrano et al., 2000). Dissolved 
REEs are easily incorporated into solid phases that precipitate from 
parent fluids such as carbonates and phosphates, in which they are 
widely used as archives for past and present environmental conditions 
(Sholkovitz and Shen, 1995; Webb and Kamber, 2000; Lécuyer et al., 
2004; Smrzka et al., 2019). 

Here we provide the first detailed investigation of REE distribution 
and speciation in hyperalkaline springs associated with onshore, low- 

temperature serpentinization in the Ronda peridotite, which is one of 
the largest outcrops of subcontinental mantle peridotite worldwide 
(Tubia et al., 1997). The unique chemistry of the discharging spring 
waters produces an unusual distribution of REEs, controlled by a com-
bination of solution pH and dissolved carbon concentrations. Travertine 
carbonates precipitating in the course of spring discharge are considered 
efficient scavenging agents of REEs, as well as of potentially toxic trace 
elements (Casanova et al., 1999; Winkel et al., 2013; Khoury et al., 2014; 
Olsson et al., 2014; Teboul et al., 2016). Using a comprehensive 
approach including trace and rare earth element geochemistry of spring 
waters and associated carbonates, as well as hydrogeochemical 
modeling, the first-order constraints of REE speciation in spring waters 
and their uptake from parent fluids by the precipitating minerals are 
determined. 

2. Geologic setting and hyperalkaline springs 

The Ronda peridotite is part of the Betic Cordillera mountain range, 
and represents the largest outcrop of exposed subcontinental mantle 
peridotite (Fig. 1, Lenoir et al., 2001). Rocks of the Ronda peridotite 
crop out over an area of over 450 km2, and consist mostly of lherzolite 
with subordinate harzburgite and dunite, as well as accessory garnet- 
spinel- and plagioclase pyroxenites (Suen and Frey, 1987; Garrido et al., 
2011). The Ronda peridotite is one of several Neogene emplacements of 
Alpine orogenic rocks that developed since the late Mesozoic, and were 
exhumed and emplaced during the earliest Miocene as a 1.5-km-thick 
overthrust sheet onto carbonates and metapelites of the Sierra de las 
Nieves and Blanca-Mijas mountain ranges (Van der Waal and Vissers, 
1996; Platt et al., 2003). The Ronda peridotite is known for its variety of 
circumneutral to hyperalkaline springs, of which over 70 have been 
documented to date (Vadillo et al., 2015; Etiope et al., 2016). Meteoric 
precipitation fuels groundwater recharge, enabling groundwater circu-
lation through the ultramafic body and its discharge to the surface as 
hyperalkaline springs (Etiope et al., 2016). The emitted groundwaters 
are typical type II Ca – hydroxide (OH)-rich waters produced by 
chemical interactions with ultramafic deep-seated rocks (Giampouras 
et al., 2019). They are poor in Mg, rich in Na, K, Ca, and Cl, feature high 
pH of up to 12, and induce travertine formation via discharge and re-
action with atmospheric CO2 and/or mixing with type I Mg–HCO3-rich 
river water (Giampouras et al., 2019). 

Fig. 1. Overview of the study areas within the Ronda peridotite, southern Spain. 
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3. Material and methods 

3.1. Hydrochemistry 

Water and travertine samples were collected during field trips from 
two categories of springs previously described in detail in Etiope et al. 
(2016) and Giampouras et al. (2019). Three spring sites of the first 
category, Baños del Duque (BD), Fuente Romana (FR), and Fuente 
Amargosa (FA) (Fig. 1), were selected because of the highly alkaline 
nature of emitting waters with a high pH and low DIC contents. A fourth 
spring corresponding to the second category, Fuente de la Burbuja (FB) 
near the town of Tolox was sampled for comparison due to its circum-
neutral water chemistry and higher DIC content (Fig. 1). Sterile 
high-density polyethylene bottles (120 mL) sealed with inverted cone 
caps were used to store water samples for hydrochemical analyses. All 
water samples were filtered through a 0.45 μm Millipore® (Merck KGaA, 
Darmstadt, Germany) filter. Bottles were rinsed before sampling, carried 
in a cool-box and stored in a fridge (<4 ◦C) until analysis, generally 
performed within 24 h after sampling. A portable multi-parameter probe 
(Hach-Lange HQ40d; Hach, Loveland, CO, USA) was used to measure in 
situ physicochemical parameters: pH, temperature, dissolved oxygen 
(DO) and electrical conductivity (EC). pH was calibrated with 7 and 10 
buffer solutions the same day of sampling. Chemical analyses of major 
and minor ions (Ca2+, Mg2+, Na+, K+, HCO3

− , CO3
2− , Cl− , SO4

2− , and 
NO3

− ) were conducted at the laboratory of the Center for Hydrogeology 
of the University of Málaga, Spain. Alkalinity (HCO3

− , CO3
2− , and OH− ) 

was determined with a titration analyzer Systems (888 Titrando Met-
rohm®) and other ions were determined using a Metrohm® 881 
Compact IC Pro (HPLC). Chemical parameters and major and minor ion 
concentrations in spring waters are shown in Table 1. Rare earth 
element concentrations in spring waters were determined by ICP-MS in 
the geochemical laboratory of the Jacobs University of Bremen 
following the method of Schmidt et al. (2019) and references therein. 
Rare earth element concentrations in spring waters are shown in 
Table 2. 

3.2. Petrography, mineralogy, and geochemistry of carbonates 

Carbonate samples from BD were collected from crusts in proximity 
to the spring discharge close to a small stream (Fig. 2A). Carbonate 

samples from Baños del Puerto (BP) were taken from crusts directly at 
the spring discharge (Fig. 2B), as well as from travertine precipitated 
from formerly active spring water streams close to the discharge site 
(Fig. 2C). Thin sections of carbonate samples from BD and BP springs 
sites were prepared at the Institute of Geology of the University of 
Vienna. Thin section petrography was performed on a Leica DM4500 P 
polarization microscope, and photomicrographs were taken using a 
Leica DFC 450 C camera using the Leica Application Suite 4.4.0 software 
for image analysis and camera control. Powdered samples from car-
bonate crusts and slabs were obtained by crushing the specimen with a 
hammer and grinding it to a fine powder using an agate pestle and 
mortar. Carbonate powders were analyzed with a Panalytical PW 3040/ 
60 X’Pert PRO (CuKα radiation, 40 kV, 40 mA, step size 0.0167, 5 s per 
step) diffractometer at the Institute of Geology at the University of 
Vienna. The X-ray diffraction patterns were interpreted using the soft-
ware “X’Pert High score plus” (Panalytical). 

Major, trace, and rare earth elements of carbonates in thin sections 
were determined with laser ablation inductively coupled plasma mass 
spectrometry (LA-ICP-MS) using a NewWave UP 193 nm solid-state laser 
coupled to a Thermo-Finnigan Element 2 HR-ICP-MS at the University of 
Bremen. The use of a laser wavelength of 193 nm is well suited for 
carbonates as it produces more uniform ablation yields, reduced matrix 
effects, and yields better reproducibility between multiple analyses 
compared to lasers of a higher wavelength (Günther and Heinrich, 1999; 
Guillong et al., 2003; Jochum et al., 2012). Pre-ablation was conducted 
with a beam diameter slightly larger than the beam diameter used for 
the actual measurement and 5 Hz pulse rate prior to analysis. Samples 
and standards were ablated with an irradiance of approximately 1 GW 
cm− 2, spot sizes of 35–100 μm, and a laser pulse rate of 5 Hz. Plasma 
power was 1200 W, helium (approximately 0.8 L min− 1) was used as 
sample gas, and argon (approximately 0.8 L min− 1) was subsequently 
added as make-up gas. All isotopes were analyzed at low resolution with 
5 samples in a 20% mass window and a total dwell time of 25 ms for each 
isotope. Blanks were measured for 20 s prior to ablation. After every 5 to 
10 samples NIST610 glass was analyzed as external calibration standard 
using the values of Jochum et al. (2011). The Cetac GeoPro™ software 
was used for data quantification and 43Ca was used as the internal 
standard. The interference of 86Sr2+ on 43Ca+ was corrected for all 
carbonate analyses using a factor derived from regular analyses of a 
Sr-rich carbonate standard (MACS-3). All major elements were recal-
culated to their oxide (aluminum (Al), silicon (Si)) or carbonate (Mg, Ca, 
manganese (Mn), iron (Fe), strontium (Sr)) form, respectively and 
normalized to 100%. Data quality was assessed by regular analyses of 
USGS reference materials BCR-2G and BHVO-2G (basaltic glasses) along 

Table 1 
Main chemical parameters of hyperalkaline spring fluids from Baños del Duque, 
Fuente Romana, Fuente Amargosa, and circumneutral fluids from Fuente de la 
Burbuja. TOC = total organic carbon. All data in mgL− 1, *in μS cm− 1, **in ◦C, 
***as HCO3

− in mgL− 1 for Fuente de la Burbuja, and as CO3
2− in mgL− 1 for Baños 

del Duque, Fuente Romana, and Fuente Amargosa. 

Baños del 
Duque 

Fuente 
Romana 

Fuente 
Amargosa 

Fuente de la 
Burbuja 

pH 10.96 11.62 11.29 7.69 
Electric 

conductivity* 
559 559 1240 445 

Temperature** 16.3 13.7 17.1 n.d. 
O2 1.73 2.40 2.49 8.83 
DIC*** 13.2 17.0 34.1 299 
Alkalinity(CaCO

3
) 165 176 368 489 

TOC 0.278 0.140 2.25 0.461 
Ca2+ 32.0 33.1 52.2 53.5 
Mg2+ 0.048 0.020 0.350 36.2 
Na+ 32.7 25.4 83.5 3.39 
K+ 4.24 3.85 10.19 0.580 
Si 3.15 4.70 2.14 6.8 
F− 0.071 n.d. 0.180 0.404 
Cl- 33.5 22.2 71.1 5.12 
NO2

− n.d. n.d. n.d. 0.139 
Br− 0.478 n.d. 0.540 n.d. 
NO3

− 0.772 n.d. 0.740 2.06 
SO4

2− 6.83 3.27 4.35 6.45 

Table 2 
Dissolved rare earth elements of hyperalkaline spring fluids from Baños del 
Duque, Fuente Romana, Fuente Amargosa, and circumneutral fluids form Fuente 
de la Burbuja. All data in ng kg− 1. 

Baños del 
Duque 

Fuente 
Romana 

Fuente 
Amargosa 

Fuente de la 
Burbuja 

La 40.8 50.1 38.3 7.11 
Ce 24.1 28.6 31.7 11.8 
Pr 0.583 0.618 1.99 1.35 
Nd 2.48 2.49 8.75 5.34 
Sm 0.657 0.589 2.50 1.11 
Eu 0.175 0.158 0.768 0.294 
Gd 0.763 0.66 2.80 1.21 
Tb 0.763 0.653 2.80 1.07 
Dy 0.674 0.537 2.05 1.05 
Y 3.54 2.77 9.49 7.31 
Ho 0.129 0.099 0.360 0.196 
Er 0.359 0.270 0.936 0.598 
Tm spike spike spike spike 
Yb 0.292 0.223 0.708 0.519 
Lu 0.041 0.029 0.092 0.074 
∑

REE +
Y 

75.4 87.7 103 39.0 
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with the samples. Measurement accuracy was better than 7% except for 
Zn, Ti, Sb, and As, and precision was better than 5.5% except for As, Sb, 
and Re. Because the detection limits of the REEs and Y were not well 
defined owing to their low blanks, a detection limit of 0.001 μg g− 1 was 
assigned. Such low contents for some elements correspond to very few 
counts per second resulting in relative standard deviations as high as 
60%. All quantified data are shown in Tables 3 and 4, but we note that 
values below approximately 0.02 mg kg− 1 are close to the detection 
limits. Rare earth element contents of carbonates were normalized to 
Post Archean Australian Shale (PAAS) after McLennan (1989). 

3.3. Geochemical modeling 

The Geochemists Workbench software package (Bethke, 2005) was 
used in order to calculate REE speciation in hyperalkaline and circum-
neutral Ronda spring waters. Equilibrium constants for the formation of 
aqueous complexes of REEs were taken from the SOLTHERM database 
(https://pages.uoregon.edu/palandri/data/Soltherm.xpt) and are based 
on the data by Haas et al. (1995) except for sulfate complexes (Migdisov 
and Williams-Jones, 2008) and halide complexes (Migdisov et al., 
2009). See Fowler et al. (2019) for additional information about the 
database. The REE speciation of the sampled fluids was used to define 
the initial state in reaction path models, in which exposure of the 
alkaline spring water to air was simulated by sliding the CO2 fugacities 
from <10− 10 bar to 4*10− 4 bar. The final fCO2 corresponds to 1.42 
mmol DIC kg− 1. 

4. Results 

4.1. Petrography and mineralogy 

Baños del Puerto carbonates consist of alternating calcite bands 
featuring different crystal sizes (Fig. 2D). Some of these bands are 
composed of large, non-equant, blocky calcite crystals that measure up 
to 400 μm in diameter (Fig. 2D and E). The second type of calcite band 
exhibits smaller crystals of darker brownish to yellowish color. BP car-
bonate samples are predominantly calcite, with minor amounts of 
quartz, aragonite, and in some cases, dolomite. The Baños del Duque 
(BD) precipitates are composed almost entirely of large blocky calcite 
crystals forming irregular bands (Fig. 2F). These carbonates exhibit large 
void space between the cement bands with porosities as high as 30%. BD 
carbonate crusts are mostly composed of calcite, and feature accessory 
quartz, chlorite and chrysotile. 

4.2. Hydrochemistry of spring waters 

The hyperalkaline spring waters from BD, FR, and FA show high pH 
values between 11.53 and 11.84, and low concentrations of Mg, nitrate, 
and DIC compared to the waters from the FB spring (Table 1). Spring 
waters from FB are characterized by circumneutral pH of 7.45, higher 
DIC content, higher concentrations in dissolved oxygen and dissolved 
organic carbon, Ca, Mg, Si, fluoride (F), and nitrate, yet lower concen-
trations of Na, K, and Cl compared to BD spring waters (Table 1). Only 
sulfate shows similar values in the four springs, as well as similar Ca 

Fig. 2. (A) Outcrop photograph of the trav-
ertine from Baños del Duque. (B) Outcrop 
photograph of the travertine deposits around 
the spring discharge site at Baños del Puerto. 
(C) Outcrop photograph of the travertine 
deposits from Baños del Puerto, size of the 
hammer is 29 cm. (D) Thin section scan of 
Baños del Puerto travertine. (E) Photomi-
crograph of Baños del Puerto travertine 
carbonate featuring horizontal bands of 
blocky calcite (bc). (F) Photomicrograph of 
Baños del Duque travertine with blocky 
calcite (bc), r = resin. 
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concentrations in FA and FB springs. Hyperalkaline spring waters from 
BD, FR, and FA springs have total REE and Y concentrations (

∑
REE + Y) 

between 75.4 and 103 ng kg− 1, whereas 
∑

REE + Y concentrations from 
FB are lower, averaging at 39.0 ng kg− 1 (Table 2). These higher 

∑
REE 

+ Y values of the hyperalkaline spring waters are due to the notably 
higher concentrations of La and Ce compared to the FB waters (Table 2). 
The enrichment in LREE is prominent in shale-normalized patterns 
showing elevated La and Ce values in all three hyperalkaline springs and 
flat shale-normalized REE patterns of the FB waters (Fig. 3). The re-
ported pH and concentrations of main dissolved constituents DIC, Ca, 
Mg, Na, K, Cl, and Si of the Ronda hyperalkaline fluids are within a 
similar range as those reported for hyperalkaline spring waters associ-
ated with onshore low-temperature serpentinization from Othrys, 
Argolida, Samail, Troodos, and the Ligurian ophiolites, although 
particularly the cations show variations among these sites which are not 
uncommon (Neal and Shand, 2002; Chavagnac et al., 2013b; D’Ales-
sandro et al., 2018; Giampouras et al., 2019; Li Vigni et al., 2021). 

4.3. Trace and rare earth element geochemistry of carbonates 

Many of the trace element contents in carbonates from BD and BP 
springs are just above detection limit; one sample from each site was 
chosen for this study. Rare earth element contents from BD carbonates 
were mostly below the detection limit, and only the REE contents in 
carbonate from BP was therefore considered. Trace and REE contents of 
BD carbonate show a higher spread in most elements except Mg, Sr, U, 
and Ba compared to carbonate from BP, which exhibits higher contents 
in all major and trace elements except Si, Cu, and Sb (Figs. 4 and 5, 
Tables 3 and 4). Trace elements in BD samples exhibit good correlation 
between Fe and Mn (r = 0.81, Fig. 4C), as well as slightly weaker cor-
relations between Al and Ti with the 

∑
REE + Y (r = 0.78 and r = 0.73, 

respectively, Fig. 5B, F), and moderate correlation between U and Ba (r 
= 0.63, Fig. 4D). Moderate correlation of major and trace elements in BP 
carbonate exists only between Co and Cr (r = 0.67), as well as a negative 
correlation between Mg and Sr (r = − 0.96, Fig. 4B, E). Shale-normalized 
REE patterns of BP carbonates reveal negative Ce anomalies, slight 
positive Eu anomalies, as well as a slight enrichment in HREEs over 
LREEs (Fig. 6A). Normalizing the REE content of BP carbonate to 
hyperalkaline fluids from BD reveals a strong fractionation between 
fluids and carbonates in the LREEs, in particular for La and Ce (Fig. 6B). 

4.4. Geochemical modeling 

The geochemical reaction path model simulates how the BD hyper-
alkaline spring water composition changes as it gradually equilibrates 
with atmospheric CO2 after discharge. Increasing uptake of atmospheric 
CO2 is predicted to cause a decrease in pH from initially 11.5 to 8.4 at 
the end of the simulation. The simulation indicates that calcite should 
form from a range of fluid compositions throughout much of the path of 
titrating in atmospheric CO2 (Fig. 7A). Along that path, DIC in the fluid 
is expected to increase from an initial value of 0.03 mmol L− 1 to 1.45 
mmol L− 1, while the concentration of dissolved Ca2+ decreases from 2.6 
mmol L− 1 to 0.5 mmol L− 1 due to carbonate precipitation (Fig. 7B). 
Because the fluids have low sulfate and chloride concentrations, the 
pronounced changes in pH and DIC in the system are expected to affect 
the REE speciation such that hydroxide and carbonate REE complexes 
control the speciation to variable extents. To examine this further, we 
chose La, Nd, and Lu as representatives for the LREEs, MREEs, and 
HREEs, respectively, because they show a relatively conservative 
behavior in low-temperature natural waters as opposed to other REEs 
that are either redox-sensitive or show fractionation due to adsorption 
such as Gd, Tb, Ce and Eu (Zhang and Nozaki, 1998; Alibo and Nozaki, 
1999). For all REEs, the species distribution changes from a strong 
dominance of hydroxide species in the hyperalkaline spring fluids to-
ward an increasing role of carbonate speciation with ongoing equili-
bration with atmospheric CO2 (Fig. 8A, B, C). For the LREEs, the 
dominance of REE(CO3)2

− , REE(CO3)+, and REE(HCO3)2+ species comes 
at the expense of the REEO+, REEOH2+, REE(OH)3 and REE(OH)4

− spe-
cies (Fig. 8A). Before calcite precipitation is predicted to cease (at 
around fCO2 = 10− 7), about half of the dissolved La is expected to be 
carbonate complexed. The fCO2 required for carbonate complexation to 
dominate the MREEs (represented by Nd) is considerably higher, and for 
the HREEs such as Lu fCO2 close to air saturation (fCO2 = 10− 4) is 
required to have carbonate speciation take over hydroxo speciation 
(Fig. 8B and C). Additionally, the REE3+ species also increase in con-
centration with ongoing equilibration with atmospheric CO2 (Fig. 8A, B, 
C). Other REE species including sulfate, fluoride, and chloride com-
plexes increase in concentrations along the modeled reaction path 
(Fig. 8D, E, F). Additionally, there is a change in the distribution among 
these species from the LREEs to the HREEs. The most abundant sulfate, 
fluoride, and chloride species for the LREEs are REESO4

+, REEF2+, 
REECl2+ and REE(SO4)2− (Fig. 8D), whereas for the MREEs and the 
HREEs these are REESO4

+, REEF2+, REECl2+ and REEF2
+ (Fig. 8E and F). 

These complexes are overall of minor abundance relative to the 

Fig. 3. Shale-normalized rare earth element patterns of hyperalkaline spring waters from Baños del Duque, Fuente Romana, and Fuente Amargosa, and of cir-
cumneutral spring water from Fuente de la Burbuja. Different colors refer to the individual samples. PAAS = Post Archean Australian Shale. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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hydroxide and carbonate complexes. 
Rare earth element species distribution varies between BD and FB 

spring water samples. Hydroxide REE species dominate spring waters at 
BD, followed by carbonate, sulfate, fluoride, and chloride species 
(Fig. 9A). The hydroxide complexes across the REE series are evenly 
distributed except for La. In contrast, the carbonate, sulfate, fluoride, 
and chloride species show a stronger preference to complex LREEs 
compared to the MREEs or the HREEs (Fig. 9A). In FB spring waters, 
carbonate REE species are most abundant followed by fluoride, hy-
droxide, sulfate, and chloride species (Fig. 9B). Except for La and Ce, the 

carbonate complexes show a slight trend towards the HREEs across the 
REE series. The fluoride, hydroxide, sulfate, and chloride species dis-
tribution follows a similar complexation trend as the BD spring waters, 
decreasing from LREEs to HREEs yet less well developed (Fig. 9B). 

The distribution of REE species from the discharging BD hyperalka-
line spring water is illustrated in Fig. 10. With the measured composition 
of the fluid at pH 11.5 and a calculated DIC concentration of 0.028 
mmolesL− 1, almost all REEs are present in the form of either REE(OH)4

−

or REE(OH)3 complexes (Fig. 10A). Over 90% of dissolved La and Ce is 
present as La(OH)3 and Ce(OH)3, while most MREEs and HREEs are 

Fig. 4. Distribution of major and trace elements in Baños del Duque and Baños del Puerto travertine carbonates. 
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almost entirely complexed as REE(OH)4
− (Fig. 10A). Most other com-

plexes are present in negligible concentrations, whereby REEO+ is most 
common (Fig. 10B). Modeling of uptake of atmospheric CO2 by the 
discharging hyperalkaline fluid shows that REE species distribution 
changes from the initial very low DIC fluid. A fluid with an fCO2 of 10− 7 

is half-way between the initial solution and equilibration with the at-
mosphere, with a calculated pH of 10.4 and a DIC concentration of 0.156 
mmolesL− 1 (Fig. 10C and D). The LREEs are variably complexed as REE 
(OH)3, REE(OH)4

− , REEO+, REE(CO3)2
− , and REECO3

+ (Fig. 10C and D). 
The REE3+ and REE(HCO3)2+ complexes are less abundant by 

comparison (Fig. 10D). At equilibrium with atmospheric CO2, a pH of 
8.3, and a DIC concentration of 1.45 mmolesL− 1 the two carbonate 
complexes REE(CO3)2

− and REECO3
+ take over REE species distribution, 

whereby the former is more dominant for all REEs except La (Fig. 10E). 
Most other REE complexes are negligible at these solution compositions, 
falling below 1% of the sum of species across the entire REE series 
(Fig. 10F). To summarize, hyperalkaline spring discharge and following 
equilibration with CO2 may cause a rapid switch of REE complexes from 
mostly hydroxide complexes toward carbonate complexes, yet there are 
significant differences in complexation among the LREEs, MREEs, and 

Fig. 5. Distribution of trace and rare earth elements in Baños del Duque and Baños del Puerto travertine carbonates. 
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HREEs. 

5. Discussion 

5.1. REE – hydroxide and carbonate speciation in hyperalkaline fluids 

All of the three analyzed hyperalkaline spring waters in the Ronda 
peridotite show similar REE concentrations and patterns (Table 2, 
Fig. 3). The BD spring is considered to be representative of the REE 
chemistry of the hyperalkaline spring water and is used for comparison 
with the REE concentrations in circumneutral spring waters from the FB 
spring. Compositional differences between the BD and FB spring waters 
are reflected in the distribution of dissolved REEs, showing that partic-
ularly La and Ce are strongly enriched in the hyperalkaline waters 
(Table 2, Fig. 3). A possible explanation for the REE distribution in 
hyperalkaline spring water is selective leaching of the LREEs from the 
host rocks during subsurface circulation, together with conditions that 
preserve an aqueous speciation that keeps dissolved forms of REEs in the 
pore solutions. 

Hydroxide and carbonate complexes dominate REE speciation 
depending on carbon content and pH in alkaline waters (Haas et al., 
1995), yet most studies have investigated systems with both high pH and 

high DIC concentrations (Möller and Bau, 1993; Johannesson et al., 
1994b; Pourret et al., 2008). The high pH and low DIC of the Ronda 
hyperalkaline spring water produces an unusual REE distribution in 
these fluids, illustrated by the speciation calculations. Due to the low 
DIC content in BD water, the dominant REE-complexes in hyperalkaline 
springs are hydroxide complexes (Fig. 9A). Speciation modeling of 
hyperalkaline spring water reveals a strong fractionation in speciation 
between the REE series, where La and Ce are dominantly present as REE 
(OH)3, and all MREEs and HREEs are present as REE(OH)4

− complexes 
(Fig. 10A). Is it a coincidence that La and Ce are the only REEs enriched 
in the hyperalkaline spring waters? The REE contents of calcite shows 
that La and Ce are discriminated against the other REEs during incor-
poration by the precipitating calcite (cf. Fig. 6B). During crystallization 
of calcite, which is predicted to take place primarily between pH 11.5 
and 10.5 (and fCO2<10− 9), the speciation of REEs is expected to remain 
principally controlled by the two hydroxide complexes (cf. Fig. 10a and 
c): La and Ce are the two REEs that are initially dominated by 
complexation as neutral REE(OH)3 complexes; the other REEs form 
chiefly REE(OH)4

− complexes. Perhaps the negatively charged MREE and 
HREE complexes are preferentially incorporated in the growing calcite 
crystals. If correct, calcite precipitation could be responsible for the REE 
pattern shape of the hyperalkaline waters. 

Fig. 6. (A) Shale-normalized rare earth element pattern of travertine carbonate from Baños del Puerto. (B) Fluid-normalized rare earth element pattern of travertine 
carbonate from Baños del Puerto normalized to hyperalkaline fluids from Baños del Duque. PAAS = Post Archean Australian Shale. 
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In FB waters, REE complexation is governed by the much higher 
concentrations in DIC, resulting in a dominance of carbonate complexes, 
specifically for the MREEs and HREEs (Fig. 9B). This difference in REE 
complexation behavior is further represented by geochemical modeling 
of chemical water evolution during emission of hyperalkaline fluids 
from the springs, and their stepwise equilibration with atmospheric CO2. 
Diffusion of gaseous CO2 into discharging high-Ca, low-DIC, type II 
fluids is fast and effective in onshore low-temperature serpentinization 
systems where it is kinetically controlled by CO2 hydroxylation (Clark 
and Fontes, 1990; Clark et al., 1992). This rapid uptake of carbon not 
only triggers carbonate precipitation (Neal and Stanger, 1985; Clark and 
Fontes, 1990; Paukert et al., 2012), but also causes a shift in the distri-
bution of REE complexes in solution. This speciation shift varies across 

the REE-series as illustrated in Fig. 8. Although there is a general shift 
from hydroxide to carbonate REE complexes, the sensitivity of this shift 
toward DIC concentrations is particularly strong for the LREEs, whose 
hydroxide complexes are dominant in the initial hyperalkaline fluid, 
while becoming negligible at equilibrium with atmospheric CO2 partial 
pressure (Fig. 8A). For the MREEs such as Nd this speciation shift re-
quires more CO2 uptake into the fluid (Fig. 8B), and even more CO2 
uptake for the HREEs such as Lu (Fig. 8C). In the pH range around and 
above 10, solution pH has a stronger effect on speciation with domi-
nating hydroxide complexes (Fig. 10C), whereas with increasing DIC 
content above approximately 0.15 mmol L− 1, speciation is more strongly 
controlled by carbon content (Fig. 10E). The tipping point where carbon 
content begins to control REE speciation varies across the REE series, 

Fig. 7. Results of reaction path modeling. (A) Precipitation of calcite and evolution of Baños del Duque hyperalkaline fluid pH during equilibration with atmospheric 
CO2. (B) Evolution of dissolved calcium (Ca2+) and dissolved inorganic carbon (DIC) in Baños del Duque hyperalkaline spring fluids during equilibration with at-
mospheric CO2. See text for details. 
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with higher DIC contents required for the MREEs and HREEs than for the 
LREEs (cf. Fig. 8A, B, C). This observation is due to three main effects, 
(1) the strong hydroxide complexation of the MREEs and LREEs, (Fig. 8B 
and C, 10A, B), (2) the strong hydroxide complexation of the LREEs 
particularly La, Ce, and to a lesser extent Pr (Figs. 8A and 10 A, B), and 
(3) the general dominance of carbonate complexes beyond a pCO2 =

1*10− 6, which equates to a pH of 10 and DIC concentrations between 
0.2 and 0.3 mmol L− 1 (Fig. 7). This is an unusual complexation behavior 
for terrestrial freshwater environments, where hydroxide complexes 
usually dominate between a pH of 3 and 8 (Schijf and Byrne, 2001). The 
dominance of hydroxide complexes in the high pH, low DIC hyper-
alkaline spring fluids is due to their very low carbon content in which 
carbonate complexes are subordinate (Figs. 9A and 10A, C). It should 
further be noted that pH drops from an initial value of 11.5 to 10, 
whereby DIC concentration rises by a factor of 10 from 0.02 to over 0.2 
mmol L− 1 (Fig. 7), suggesting that the changes in REE distribution and 
complexation during diffusion of atmospheric CO2 into hyperalkaline 
fluids are affected to a larger degree by an increase in carbon content 
than by a decrease in pH. 

The distribution of REE(CO3)2
− and REE(CO3)+ species is strongly 

dependent on pH and on the size of the respective REE. The enrichment 

of HREEs in seawater, for example, is attributable to the carbonate 
complex REE(CO3)2

− (Cantrell and Byrne, 1987), and similar REE 
complexation effects by DIC were suggested for the alkaline Mono Lake 
where REEs are also complexed by REE(CO3)2

− (Johannesson and Lyons, 
1994a). The two carbonate complexes REE(CO3)2

− and REE(CO3)+ are 
usually dominant in natural waters (Byrne and Sholkovitz, 1996; Tang 
and Johannesson, 2003), and their stability depends on the REE atomic 
number (Luo and Byrne, 2004). This is also shown by the reaction path 
modeling results of hyperalkaline spring discharge, where REE(CO3)2

−

and REE(CO3)+ species make up over 99% of all REE complexes at 
equilibrium with atmospheric CO2 (Fig. 10E). Except for La, the REE 
(CO3)2

− complex is slightly more abundant than REE(CO3)+, such that 
both complexes occur in a REE(CO3)2

− : REE(CO3)+ ratio of 60:40 to 
almost a 50:50 ratio for the LREEs (Fig. 10E). In seawater, at DIC con-
centrations of 1.38*10− 4 mol L− 1, the REE(CO3)2

− species preferentially 
complexes the HREEs, contributing more strongly to the HREE-enriched 
shale-normalized pattern than the REE(CO3)+ complex, which is more 
dominant for the LREEs under these conditions (Cantrell and Byrne, 
1987). The hyperalkaline fluids show a different trend, where the much 
lower DIC contents of 2.8*10− 5 mol L− 1 (Fig. 10A) leads to a preferred 
carbonate complexation to the LREEs across the REE series (Fig. 9A). As 

Fig. 8. Reaction path modeling results showing the evolution of rare earth element speciation of hyperalkaline spring fluids during equilibration with atmospheric 
CO2. See text for details. 
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the hyperalkaline fluid approaches equilibrium with atmospheric CO2 
reaching DIC concentrations of up to 1.45*10− 3 mol L− 1 (Fig. 10E), the 
distribution of REE(CO3)2

− and REE(CO3)+ complexes evolves toward 
those observed in seawater with the former being preferentially com-
plexed by the HREEs, and the latter by the LREEs (Fig. 10E, cf. Cantrell 
and Byrne, 1987, their Fig. 2). 

5.2. Subordinate REE complexes in hyperalkaline fluids 

The hyperalkaline spring waters are depleted in almost all major and 
trace elements compared to the circumneutral waters emitted from the 
FB spring (Table 1). Exceptions are Na, K, and Cl, which are elevated 
compared to FB waters, and sulfate, which is present in roughly similar 

concentrations in all four springs (Table 1). The sulfate, chloride, and 
fluoride complexes in hyperalkaline water show a stronger preference 
for the LREEs compared to the MREEs and the HREEs (Fig. 9A), which is 
not as clearly observable for the circumneutral FB waters (Fig. 9B). This 
distribution is probably due to a combined effect of pH and DIC content. 
Chloride complexes with REEs are weak at ambient temperatures 
(Gammon et al., 1996; Luo and Byrne, 2001), which may explain their 
comparatively low occurrence despite significant concentrations of 
chloride in the spring fluids. However, the general trend that LREEs are 
complexed more readily to chloride than the HREEs (Wood, 1990) is 
observed for hyperalkaline and circumneutral fluids (Fig. 9), yet to a 
higher degree for the hyperalkaline fluid. The most common 
non-hydroxide, non-carbonate REE species is REE3+, which becomes 

Fig. 9. Rare earth element species distribution in (A) hyperalkaline fluids of Baños del Duque, and (B) circumneutral fluids of Fuente de la Burbuja. See text 
for details. 
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quantitatively more relevant with decreasing pH and increasing DIC 
concentrations approaching equilibrium with atmospheric CO2 (Fig. 8A, 
B, C). The dominance of the REE3+ species over chloride complexes may 
be caused by the ambient temperatures of the hyperalkaline spring 
fluids, because chloride complexes dominate solutions only at higher 
temperatures even when Cl concentrations are low (Haas et al., 1995; 
Migdisov and Williams-Jones, 2008). Although the hyperalkaline spring 
waters contain little F (Table 1), the REEF2+ complex is one of the most 
common among the subordinate complexes across the REE series 
(Fig. 8D, E, F). The relative overrepresentation of REE-fluoride com-
plexes despite low F concentrations may be due to the very low stability 
of hydrofluoric acid. Hydrofluoric acid is a weaker acid than hydro-
chloric acid, and dissociates to H+ and F− at neutral to more alkaline 
conditions (Bach et al., 2003; Migdisov and Williams-Jones, 2014), 
providing more F for REE complexation compared to other elements 
such as Cl in hyperalkaline spring fluids. Even though DIC content in 
hyperalkaline springs is very low, sulfate concentrations are even lower 
(Table 1), yet the REESO4

+ complex is the most common among the 
subordinate complexes (Figs. 8D and 9A). Sulfate complexation with the 
REEs in terrestrial waters is typically more relevant in acidic ground-
water, since circumneutral to alkaline conditions usually favor REE 
complexation by carbonate species (Tang and Johannesson, 2003). 
Although it has been suggested that sulfate complexes show little pref-
erence between LREE and HREEs (Wood, 1990), they appear to be 
preferentially complexed by the LREEs in hyperalkaline fluids, similar to 
the carbonate, chloride, and fluoride complexes (Fig. 9A). In the cir-
cumneutral FB spring waters this complexation behavior is less well 

developed despite similar sulfate concentrations compared to the 
hyperalkaline spring waters (Fig. 9B, Table 1). As with the distribution 
of the other complexes, REE-sulfate complexation in hyperalkaline 
spring water is strongly affected by high pH and low DIC concentration, 
leading to an unusual complexation behavior compared to other 
terrestrial waters. 

5.3. Carbonate precipitation and trace element incorporation 

Authigenic carbonates associated with hyperalkaline spring 
discharge from the Ronda peridotite are predominantly composed of 
calcite. The presence of lamination and blocky calcite crystals are typical 
for terrestrial travertine (Flügel, 2004; Claes et al., 2015), and the lack of 
microbial laminae, overgrowths, crusts, or peloidal, agglutinated, den-
drolitic, or stromatolitic fabrics observed in other travertine deposits 
(Gandin and Capezzuoli, 2014; Claes et al., 2017) agrees with an abiotic 
precipitation mechanism for the BP and BD carbonates. The absence of 
botryoidal fans further argues for precipitation in a quiet, non-turbulent 
flow regime without large terraces with steep, subvertical slopes (Gan-
din and Capezzuoli, 2014), which is in accord with the observed flow 
regime and topography at the BD and BP spring sites (Etiope et al., 2016; 
Giampouras et al., 2019). 

Strontium is often present in high contents in aragonite relative to 
crustal values or other carbonate polymorphs and usually precipitates as 
travertine at high temperatures (>50 ◦C), whereas low-Mg calcite in 
travertine incorporates less Sr and precipitates at ambient temperatures 
(Guo and Riding, 1992; Fouke et al., 2000). Strontium contents in 

Fig. 10. Abundance of rare earth element species in Baños del Duque hyperalkaline fluids at various stages of the reaction batch modeling during equilibration with 
atmospheric CO2. See text for details. 
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carbonates may reflect its concentration in parent fluids (Zhao and 
Zheng, 2014; Castorina et al., 2020), and Sr substitutes for Ca or Mg at 
the Ca2+ lattice site in travertines (Banner, 1995). The high Sr content in 
BD carbonates, and even higher contents in BP samples is unusual for 
calcite travertines associated with cool, hyperalkaline springs waters. 
High Sr contents in travertines have been reported from travertines 
precipitating from hydrothermal spring waters, and have been inter-
preted as being sourced from hydrothermal fluids (Castorina et al., 
2020). Both Ba and Sr partition preferably into aragonite due to the 
nine-fold coordination of the cations in the orthorhombic crystal lattice 
(Parekh et al., 1977; Reeder et al., 1999). Barium partition coefficients 
are higher for aragonite than for calcite in hot spring travertines, and Ba 
loss occurs during aragonite neomorphism to calcite (Sturchio et al., 
1998; Teboul et al., 2016). The higher Sr contents in the carbonate at BP 
is likely due to the presence of minor aragonite, and may be unrelated to 
Sr concentrations in the spring waters (between 1.8 and 2.4 μmol L− 1, 
Giampouras et al., 2019). Similar mineralogical effects have also been 
reported for U, which is preferentially incorporated as UO2

2+ uranyl ion 
into the crystal lattice of aragonite (Reeder et al., 2000; Kelly et al., 
2003). A mineralogical dependence on the incorporation of Ba, Sr, and U 
has previously been observed for both hypogean and epigean travertines 
(Teboul et al., 2016). The presence of aragonite in BP carbonates was 
also reported by Giampouras et al. (2019), who argued that its precip-
itation over calcite may have been enabled by seasonal mixing of 
hyperalkaline spring fluids with circumneutral river water that occurs in 
close vicinity to the discharging spring site at BP. The high Ba contents in 
BP travertines are unusual, particularly since Ba concentrations in 
parent fluids are very low, between 0.02 and 0.03 μmol L− 1 (Giampouras 
et al., 2019). Barium contents in BP travertines are higher than those 
from BD, yet lower than those reported from travertines associated with 
hyperalkaline springs from the Ligurian ophiolite (Teboul et al., 2016). 
The sources and variable contents of Ba in BP and BD carbonates cannot 
be determined at present, yet some of the observed variability may be 
related to varying contents of Ba-containing minerals weathering to 
different degrees during subsurface water-rock interactions. Barium, 
along with Sr and U, partitions preferably into aragonite over calcite 
(Böttcher and Dietzel, 2010), and the enrichments of these three ele-
ments is most likely a function of mineralogy in the case of the Ronda 
travertine carbonates. The enrichment of most of the analyzed trace 
elements in BD carbonates over BP carbonates (Figs. 4 and 5) may either 
be due to the presence of detrital minerals in the travertine, as laser 
ablation cannot completely avoid contamination by clay minerals 
interspersed within the carbonate phases (e.g. Zwicker et al., 2018b; 
Smrzka et al., 2020), or due to different concentrations of these elements 
in parent fluids. The exact cause of the discrepancies in trace element 
contents among the two investigated travertine deposits cannot be 
further assessed at this point, because the concentrations of many of the 
trace elements in the host rock and in the spring fluids are presently 
unknown. 

5.4. Rare earth element composition of travertines and uptake during 
precipitation 

Rare earth element contents in BP carbonates are at least one order of 
magnitude higher than those determined for BD carbonates. This dis-
tribution does not appear to be a function of low-temperature serpen-
tinization of ultramafic rocks in the subsurface, because REEs in 
travertines from the BD hyperalkaline springs were mostly too low to 
obtain coherent shale-normalized REE patterns (Table 4). Some of the 
REEs in BD carbonates may have been derived from detrital material 
present within the carbonate crusts as suggested by the slightly positive 
correlations of 

∑
REE + Y and Co, Ti, and Al (Fig. 5B, E, F), which are 

elements typically associated with detrital clay minerals (Nothdurft 
et al., 2004; Tribovillard et al., 2006; Schier et al., 2021). A contribution 
of clay minerals to the 

∑
REE + Y in travertine carbonates is probably 

minor due to the absence of such correlations in BP carbonates, and the 

higher 
∑

REE + Y concentrations in BP carbonates was therefore 
inherited primarily from the parent fluids. 

Total REE contents in BP carbonates show no correlation with any 
other element (Fig. 5), and show negative Ce and positive Eu anomalies 
in their PAAS-normalized patterns (Fig. 6A). These two anomalies are 
not uncommon for travertine carbonates, and have been interpreted as 
reflecting the composition of the source material from which the springs 
were emitted (Claes et al., 2019; Castorina et al., 2020). Positive Eu 
anomalies are likely caused by preferable weathering of Eu-rich min-
erals in the subsurface (cf. Banks et al., 1999). Oxygenated seawater and 
freshwater usually exhibit negative Ce anomalies (e.g. Alibo and Nozaki, 
1999; Leybourne et al., 2000) due to the removal of Ce3+ by oxidation 
and adsorption of Ce4+ onto particulates (Moffett, 1990; Sholkovitz 
et al., 1994). Dissolved oxygen concentrations in hyperalkaline fluids 
are low (between ~1.74 and 2.49 mg L− 1) compared to the circum-
neutral spring fluids at 8.89 mg L− 1 (Table 1), and significantly lower 
than for seawater or freshwater in equilibrium with the atmosphere 
(Benson and Krause, 1984). Negative Ce anomalies, which are absent in 
shale-normalized REE patterns in the spring waters (Fig. 3), as well as 
the shale-normalized HREE enrichment pattern, confirm that travertine 
formation occurred from a fluid with a different composition than that of 
the hyperalkaline fluids in the subsurface. The discrepancy between REE 
distribution in hyperalkaline fluids and travertine is illustrated best by 
the large fractionation of La and Ce between the fluid and the solid phase 
(Fig. 6B). Calcite formation begins quickly after hyperalkaline fluid 
discharge and CO2 uptake, reaching a plateau and decreasing again as 
pCO2 approaches atmospheric equilibrium (Fig. 7A). Reaction path 
modeling also shows that calcite precipitation proceeds at a pH above 
9.5 (Fig. 7A), beyond the point of zero charge of calcite at 9.5 (Soma-
sundaran and Agar, 1967), which suggests a negatively charged surface 
with a potential to sorb cations from solution in the early stages of 
mineral precipitation. Given the differences in REE distribution between 
the hyperalkaline spring fluid and the travertine, REE uptake into the 
crystal lattice occurred sometime after fluid emission during later calcite 
growth as the spring fluids approached equilibrium with the atmo-
sphere. Precipitation at higher DIC and pCO2 most likely produced the 
HREE-enriched shale-normalized patterns due to strong complexation of 
HREEs by carbonate species, similar to HREE-enriched patterns 
observed for seawater (Cantrell and Byrne, 1987; Byrne and Kim, 1990). 
The REEs were therefore most likely taken up by the mineral (1) at a pH 
between 9.5 and 10, (2) at DIC concentrations well above those deter-
mined in the initial hyperalkaline spring fluid, (3) at higher dissolved O2 
concentrations than present in the discharging fluids, and (4) at a point 
where the calcite surface was approaching its point of zero charge. This 
further suggests that REE sorption onto freshly precipitating calcite 
crusts in the initial stages of travertine formation does not necessarily 
lead to their immediate incorporation into the growing crystal. Some 
degree of fluid-mineral equilibration, as well as ongoing precipitation in 
a supersaturated solution is required for the REEs to be incorporated into 
the crystal lattice. Additionally, calcite precipitation ceases at a pH be-
tween 9.5 and 10, and at a lower pH (due to the increasing pCO2) even 
some dissolution of calcite is expected (Fig. 7A). 
Dissolution-reprecipitation reactions, such as aragonite transformation 
to calcite in the case of the BP spring site, may further modify the 
composition of initially adsorbed trace metals onto the mineral as sug-
gested by enrichments of Ba, Sr, and U. The final REE composition in 
travertine is reached when precipitation and dissolution reactions in the 
parent fluid are in equilibrium. 

6. Conclusions 

This study presents the first detailed investigation of the behavior of 
dissolved REEs in fluids of hyperalkaline springs associated with 
onshore, low-temperature serpentinization. Using a comparative 
approach of trace element geochemistry of fluids and travertine car-
bonates from several hyperalkaline and circumneutral springs, in 
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combination with geochemical reaction path modeling, it becomes 
evident that REE behavior in these setting is largely different from most 
other terrestrial freshwater environments. The main cause for the 
observed distribution of REE species in hyperalkaline spring waters is 
their very high pH combined with a very low concentration in DIC, 
leading to a particular REE complexation behavior. REE contents in 
travertine carbonates are not representative of their respective concen
trations in the parent fluids. Moreover, ongoing precipitation of trav
ertine shortly after fluid discharge may have a yet unknown partitioning 
effect between REE distribution in parent fluids and REE content in the 
solid phase; negatively charged MREE and HREE species are possibly 
taken up more efficiently by the precipitating calcite than the LREEs. 
The high contents in travertines compared to hyperalkaline discharging 
fluids clearly show that the precipitates are major sinks for REEs, but 
also for other elements such as Sr, Ba, and U in these settings. These first 
results on trace and rare earth element distributions in authigenic car
bonates associated with onshore low-temperature serpentinization may 
improve their use in future carbon capture, storage, and remediation 
strategies by providing first-order constraints on their chemical 
composition, as well as insights into the mechanisms of their uptake by 
precipitating minerals. 
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