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A B S T R A C T

Interactions between meteoric water and ultramafic rocks in the Oman Ophiolite generate waters of variable
physicochemical characteristics. The discharge of these waters forms complex alkaline pool networks, in which
mineral precipitation is triggered by mixing, evaporation, and uptake of atmospheric CO2. A systematic and co-
localized sampling of waters and solids in two individual spring sites allowed us to determine the saturation state
of a range of minerals and correlate them to the different water and precipitate types. We subdivided the waters
of the spring sites into three distinctive types: i) Mg-type; moderately alkaline (7.9< pH<9.5), Mg2+–HCO3

−-
rich waters, ii) Ca-type; hyperalkaline (pH>11.6), Ca2+–OH−-rich waters, and iii) Mix-type; alkaline to hy-
peralkaline (9.6 < pH < 11.5) waters with intermediate chemical composition. We first report the occurrence
of hydrated magnesium (hydroxy-) carbonate phases in Mg-type waters. Nesquehonite forms in these waters via
evaporation and transforms into dypingite and hydromagnesite under CO2-rich conditions. In Ca-type waters,
the coupling of atmospheric CO2 uptake with evaporation leads to the formation of a calcitic crystalline crust on
the air-water interface. The crusts are aragonite- and brucite-bearing, where Mg-type and Ca-type waters dis-
charge and vigorously mix at the same pool. Unlike the Mg-type and Ca-type waters, the pools of Mix-type waters
host massive aragonite-dominated deposits due to high Mg/Ca ratio that favors the growth of aragonite over
calcite. The hydrodynamics during mixing spatially control brucite precipitation and restrict its formation and
accumulation around specific mixing zones, where a continuous supply of Mg of inflowing Mg-type waters takes
place. Crystal morphologies record the effect on the values of supersaturation and supersaturation rates in the
pools due to mixing processes, evaporation and CO2 uptake. In Ca-type waters, CO2 uptake and evaporation
dictate the textural characteristics of calcite both in crystalline crusts and rock coatings. Textural evolution of
aragonite from crystalline sheaves to spheroidal shapes underlines the different supersaturation rates of calcium
carbonate crystallization in flocculent material of Mix-type waters. Geochemical models of mixing between Mg-
type and Ca-type waters revealed the evolution of mineral saturation indices under various mixing proportions,
and their relation to the observed mineralogy and geochemistry of the pool waters. The thorough documentation
of mineral assemblages and crystal morphologies enabled us to provide a more detailed account of how water
composition, mixing, and mineral precipitation co-evolve in the alkaline spring systems, where CO2 is seques-
tered.

1. Introduction

Serpentinization-driven processes have recently been identified to
affect a vast range of environments on the Earth's (sub-)surface. These
processes are highly relevant for currently debated issues, such as
carbon capture and storage (Seifritz, 1990; Kelemen and Matter, 2008;

Matter and Kelemen, 2009; Kelemen et al., 2011), the deep carbon
cycle (Dasgupta and Hirschmann, 2010; Alt et al., 2013; Kelemen and
Manning, 2015; Menzel et al., 2018, 2019), the origin of life (Martin
and Russell, 2007; Martin et al., 2008; Lane and Martin, 2010; Sleep
et al., 2011), and the detection of primitive life (García-Ruiz et al.,
2003, 2017).
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Serpentinization is the process of hydrothermal alteration of peri-
dotite and other olivine-rich rocks, producing particular geochemical
environments under different geological conditions (e.g., Schrenk et al.,
2013). Many studies have provided insights into the diversity of the
fluid-rock interaction reactions leading to different mineralogical as-
semblages during serpentinization processes (Palandri and Reed, 2004;
Bach et al., 2006; Frost and Beard, 2007; Klein et al., 2009; Klein and
Garrido, 2011; Kelemen et al., 2011). Depending on the fluid and rock
compositions, fluid-peridotite reactions at moderate to low tempera-
tures result in the transformation of primary olivine and pyroxene,
mainly into hydrous Mg-Fe-phyllosilicates (e.g. serpentine), magnesium
hydroxide (brucite), Fe-oxides (e.g. magnetite), and Ca-Mg-carbonates
(e.g. magnesite and calcite).

The Lost City hydrothermal field (LCHF) is a characteristic example
of marine serpentinization and is hosted in an oceanic core complex
(Atlantis massif) near the Mid-Atlantic Ridge at 30°N (Kelley et al.,
2001). Fluids in LCHF show relatively low temperature (40–90 °C), high
pH (9–11), high H2/CH4 ratio, and low metal concentrations (Kelley
et al., 2005; Proskurowski et al., 2006). Active fluid venting leads to the
formation of carbonate chimneys that consist of variable mixtures of
calcite, aragonite, and brucite (Ludwig et al., 2006). In continental
subaerial settings, serpentinization of ophiolites and subcontinental
mantle peridotites by meteoric waters is typically linked to the forma-
tion of terrestrial alkaline spring systems (among others, in Oman: Neal
and Stanger, 1985; Paukert et al., 2012, Chavagnac et al., 2013a,
Turkey: Yuce et al., 2014; U.S.A.: Barnes et al., 1972; Blank et al., 2009;
Morrill et al., 2013; Costa Rica: Sánchez-Murillo et al., 2014; Bosnia:
Barnes et al., 1978, Cyprus: Neal and Shand, 2002, Italy: Bruni et al.,
2002; Cipolli et al., 2004, Canada: Szponar et al., 2013; Portugal:
Marques et al., 2008; and Spain: Etiope et al., 2016; Giampouras et al.,
2020). There are also examples of mixed subaerial and subaquatic al-
kaline spring systems; Monnin et al. (2014) showed that serpentiniza-
tion-affected meteoric water in Prony Bay (New Caledonia) discharges
in a lagoon area, where it mixes with seawater forming carbonate
concretions. In Aqua de Ney springs in California, Boschetti et al.
(2017) suggested that the release of fossil seawater due to slab dehy-
dration influenced the chemical profile of the hyperalkaline fluids be-
fore their discharge.

In terrestrial subaerial environments, the formation of the alkaline
springs is the consequence of the infiltration and reactive percolation of
meteoric waters in ultramafic rock aquifers. This process triggers nu-
merous water-rock reactions that eventually lead to the generation of
two distinctive types of waters, generally known as “Type I” and “Type
II” waters (Barnes et al., 1967; Barnes and O’Neil, 1969). Type I waters
are Mg2+–HCO3

−-rich waters associated with shallow water flow paths
in the ultramafic aquifer (Fig. 1), where waters are in equilibrium with
the atmosphere and cause the chemical weathering of the host ultra-
mafic rock minerals via reactions such as:

+ + → + +
+ − aqMg SiO (olivine) 4CO 2H O 2Mg 4HCO SiO ( )2 4 2 2

2
3 2

(1)

Type II waters are Ca2+–OH−-rich and their genesis requires deeper
reactive percolation flow paths through the ultramafic bedrock (Fig. 1),
where groundwater becomes isolated from the atmosphere triggering
low-temperature serpentinization of olivine and pyroxene via reactions
such as:

+ +

= + +
+ −

4Mg SiO (olivine) CaMgSi O (pyroxene) 7H O

3Mg Si O (OH) (serpentine) Ca 2OH
2 4 2 6 2

3 2 5 4
2 (2)

Type II waters are hyperalkaline (pH>11) due to OH− production
during the dissolution of the host rock silicates (Palandri and Reed,
2004). The increase of the water pH could be supplemented by the
concomitant OH− and H2 production during the oxidation of Fe2+

contained in the silicates to Fe3+ (Chavagnac et al., 2013a).
Studies of the terrestrial alkaline spring systems hosted in the Oman

Ophiolite have provided a very detailed account of their geochemistry
and mineralogy (69 sites in Neal and Stanger, 1983, 1984, 1985 and
Stanger, 1986; 14 sites in Paukert et al., 2012; and 26 sites in
Chavagnac et al., 2013a). These studies have identified the character-
istic two water types previously described in terrestrial alkaline spring
sites in ophiolites: moderately alkaline (pH = 7.5–9.5) Mg2+–HCO3

−-
rich (Type I), and hyperalkaline (pH > 11) Ca2+–OH−-rich waters
(Type II). The two water types mix upon their discharge and eventually
form complex hydrological networks observed in different spring sites
throughout the Oman Ophiolite (Fig. 1). Paukert et al. (2012) reported
that these surface mixed waters are alkaline to hyperalkaline (pH be-
tween 8.5 and 11.9), showing variable Ca2+ (0.2 to 1.7 mmol L−1),
Mg2+ (0.02 to 2.5 mmol L−1), and Dissolved Inorganic Carbon (DIC)
(0.07 to 4.5 mmol L−1) concentrations. In terms of their mineralogy,
previous studies showed that calcium carbonate precipitation dom-
inates the alkaline springs, while magnesium hydroxides are occasion-
ally present. Hydromagnesite (Mervine et al., 2014), dypingite (Olsson
et al., 2014) and layered double hydroxides (LDH) (Anraku et al., 2009;
Chavagnac et al., 2013b) have been reported in some spring sites.

In submarine serpentinite-hosted alkaline systems, mixing of dis-
charging alkaline fluids and seawater is the key driver of mineral pre-
cipitation (Kelley et al., 2005; Ludwig et al., 2006). In terrestrial al-
kaline spring systems, mixing of differently sourced waters may also,
govern the precipitation and cause much of the geochemical and mi-
neralogical diversity in the alkaline springs (e.g. Neal and Stanger,
1985; Paukert et al., 2012; Szponar et al., 2013; Chavagnac et al.,
2013a, 2013b; Morrill et al., 2013; Leleu et al., 2016; Falk et al., 2016).
A trademark of the Oman alkaline springs is the well-developed hy-
drological systems formed by the coeval production and, subsequent
mixing, of hyperalkaline (Ca2+–OH− type) and moderately alkaline
(Mg2+–HCO3

− type) water types (Neal and Stanger, 1985; Paukert
et al., 2012; Chavagnac et al., 2013a).

In this study, we investigated two individual spring sites in the
Oman Ophiolite, where mixing of the two water types is widespread
and imposes a primary control of water composition and mineral pre-
cipitation. Although similar studies have been previously carried out in
the Oman alkaline springs (Chavagnac et al., 2013a, 2013b), the pre-
sent research complements these studies by providing a thorough
documentation of the mineralogy, textures and crystal morphologies
coupled to a conceptual geochemical and mineralogical mapping of the
different pools in the spring sites. We conducted a system-
atic—downstream—sampling of waters and solids from numerous pools
in the spring sites with the aim to examine the function of the spring
sites under a geochemical, mineralogical and hydrodynamical per-
spective. The joint collection of water and solid samples from the same
pool (each sampling point) allows us to determine the saturation state
of a wide range of minerals and compare it to the mineralogy and
(macroscopic and microscopic) textural features of the precipitates.
This detailed pool-by-pool investigation enables us to provide an ad-
ditional account of how water composition, mixing, and mineral pre-
cipitation co-evolve in the alkaline spring systems.

2. Geological setting and alkaline spring sites

The Samail Ophiolite (Sultanate of Oman and the United Arab
Emirates) is one of the largest exposures of oceanic lithosphere on land
and is composed of 12 distinct massifs lined up along the northeastern
part of the Arabian plate (Fig. 2A). The ophiolites represent the topmost
of a stack of nappes thrusted over autochthonous carbonate rocks
(Hajar supergroup), which lie on top of a pre-Permian crystalline
basement (e.g. Glennie et al., 1973; Coleman, 1981; Searle and Cox,
2002). The nappes consist of ~47 km of crustal rocks (layered gabbros,
sheeted dikes, and volcanics) and ~10 km of variably serpentinized
(~30–80%) upper mantle section (harzburgites and dunites) (e.g.,
Glennie et al., 1973; Coleman, 1981; Lippard et al., 1986; Nicolas et al.,
2000; Godard et al., 2000; Monnier et al., 2006; Hanghøj et al., 2010).
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A large portion of the serpentine has probably formed during sub-
oceanic hydrothermal alteration prior to the exposure of the ophiolites
on land (e.g., Boudier et al., 2010). However, the partially serpentinized
peridotites continue to experience on-going water-rock interactions at
low temperatures (< 60 °C) (Neal and Stanger, 1985; Kelemen et al.,
2011; Streit et al., 2012; Miller et al., 2016).

The present study focuses on two alkaline spring systems; the Nasif
and Khafifah sites (80 km south of Muscat; Fig. 2C). Both sites are
hosted in partially serpentinized ultramafic rocks from the Wadi Tayin
massif (Fig. 2B), and they host a number of springs and water pools that
form complex hydrological networks (Fig. 1). The first site (Nasif:
58°23′39.03″E, 22°53′43.23″Ν) is located NNW of Al Hayema town in
wadi Nasif, and is hosted in partially serpentinized harzburgites of the
mantle section that are highly fractured and weathered. The second site
(Khafifah: 58°25′30.87″E, 22°54′14.23″Ν) is located N of Al Hayema
town in wadi Khafifah (also known as Qafeefah). The Khafifah site is
located at the end of the southeastern oriented wadi Khafifah and is
placed in partially serpentinized harzburgites with minor dunite.
However, the valley that hosts the Khafifah site represents an important
tectonic boundary, as it separates harzburgites of the mantle section
from gabbros belonging to the crustal section. In earlier communica-
tions, the Nasif site has been referred to as “Les Lauriers Roses” and the
Khafifah site as “Rencontre de la Colombe” (Chavagnac et al., 2013a,
2013b).

3. Methods

3.1. Field methods

3.1.1. Sampling
We collected fifty-five (55) solid samples of fresh precipitates and

lithified structures associated with alkaline and hyperalkaline waters
that form the complex pool networks of the spring sites (Fig. 1). Thirty
(30) water samples were taken from several pools and their con-
tributors (spring outlets) by using 50 mL syringes (PE/PP), which were
pre-rinsed with sample material. Sampling from deeper parts was

conducted using a telescope sampling collector (Bürkle, Germany)
equipped with a rinsed 500 mL polyethylene bottle. The waters from
each sampling point were filtered through (pre-flushed) cellulose
acetate membrane syringe filters (Sartorius Minisart Plus, pore dia-
meter 0.45 μm) and directly filled into three different 10 mL poly-
ethylene vials for alkalinity titration (pre-cleaned with ultrapure water,
without headspace), trace metal analysis (pre-conditioned with distilled
5% HNO3 and sample was fixed by adding 100 μL of distilled con-
centrated HNO3), and anion analysis (pre-cleaned with ultrapure
water).

The sites are characterized by active precipitation and sedimenta-
tion in the pools, as well as travertine terraces formed over the ultra-
mafic rocks. We classified the collected solid samples according to their
macroscopic features and spatial distribution into five types: i)
Crystalline crusts floating on the water surface (Fig. 3A), ii) rock
coatings around the pool rims (Fig. 3B), iii) flocculent material covering
the bottom of the pool and/or being in suspension within the water
column (Fig. 3C), iv) mud-like material forming dam-like formations
(rippled terracing) and massive deposits within and adjacent to the
pools (Fig. 3D), and v) lithified structures from active water flow areas
(Fig. 3E) and travertine terraces (Fig. 3F). Lithified structures asso-
ciated with active flow include dam-like formations and hardened
concretions (Fig. 3E), whilst travertine terrace samples were collected
from areas with no evident—at least currently—active flow.

3.1.2. In-situ measurements
Water samples were analyzed for pH, temperature, and electrical

conductivity (EC) using a Hanna Instruments HI 98129 handheld tester,
which was recalibrated daily. Alkalinity was directly measured in the
field within 1 h after sampling. For this purpose, 10 mL of each sample
was poured into a 20 mL polystyrene container under stirring, using a
portable magnetic stirrer (IKA® Topolino Mobil). Under continuous
stirring, 0.1 M hydrochloric acid (Titrisol, Merck, Germany) was added
in 20–30 μL steps until a pH value between 3.5 and 4.3 was reached.
The pH was monitored using a WTW Multi 3430 IDS portable meter,
equipped with an IDS pH electrode (Sentix® 940) during the entire

Fig. 1. Schematic illustration of the possible groundwater pathways and the different water types characterizing the spring systems. Modified after Mervine et al.
(2014). Type I (red line) is CO2-rich groundwater that follows near-surface pathways through the vadose zone and shallow fault systems. Deeper fluid percolation and
isolation from the atmosphere leads to the formation of CO2-depleted Type II groundwater (blue line). Mixing of these two waters upon discharge forms pools of
mixed waters (light blue). Dashed lines show potential deeper water percolation in the peridotites. The horizontal scale represents only the frontal part of the sketch
without taking into account the perspective of the image. *The terms “Mg-type”, “Ca-type”, and “Mix-type” are used in the present study to describe Type I, Type II,
and mixed waters arising upon mixing of Type I and Type II waters, respectively. (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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Fig. 2. Geology of the studied spring sites in the Samail Ophiolite, Wadi Tayin massif, Sultanate of Oman. A: The Oman Ophiolite (green) is located in the
northeastern part of the Arabian plate and is composed of 12 large structural massifs (names indicated in blue). Modified after Godard et al. (2003). B: Geology of
Wadi Tayin massif (orange in A), where the present study took place. The sampling sites, Nasif and Khafifah, are located within the red circle. Modified after Nicolas
et al. (2000). C: Local geological map of the two spring sites, Nasif and Khafifah. Modified after de Gramont et al. (1986). (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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alkalinity measurement process. Considering the change in the pH
value and the volume of HCl added, the alkalinity can be calculated as:

= × − × +

+ ×

−

−

+

+

Alk molL V C V V f

V f V

. ( ) [( ) 10 ( )/

10 ( / )]/
HCl HCl

pHfinal
HCl H

H

–1
0

pHstart
0 0 (3)

where V0 represents the initial sample volume, VHCl and CHCl is the
volume and the concentration of the added acid, pHstart symbolizes the
initial pH value of the sample, pHfinal is the final pH value after the end
of the titration, and fH+ stands for the activity coefficient of H+ ions
(1.0 for freshwater). In order to determine the accuracy and the pre-
cision of the method, a 2.5 M NaHCO3 solution was measured on a daily
basis as a control. Precision was better than 0.5% and accuracy
was<3.3%. Dissolved inorganic carbon (DIC) was calculated using the

following alkalimetric titration equation (Eq. (4)) given in Stumm and
Morgan (1996):

= × + − +
+C (molL ) 1000 (Alk. /1000 [H ] [OH ])/(α 2α )T

–1 –
1 2 (4)

where CT is the sum of the concentrations of carbonic species in the
aqueous solution, and α1, α2 are the values of ionization fractions of
carbonic acid. The ionization fractions were estimated using the equi-
librium constants, K1 = [H+][HCO3

−]/[H2CO3] for HCO3
− and

K2 = [H+][CO3
2−]/[HCO3

−] for CO3
2−.

3.2. Analytical techniques

Water samples were analyzed for major (Ca, K, Mg, Na, Si) and trace
elements (Ba, Sr) by inductively coupled plasma optical emission

Fig. 3. Photographs of the types of the collected solid samples. A: Crystalline crusts floating on the water surface, B: rock coatings around the pool rims, C: flocculent
material covering the pool bottom and/or being suspended in the water column, D: mud-like precipitates forming dam-like structures (rippled terracing) and massive
deposits around streams and pools, E: lithified structures (dam-like formations and concretions) from active water flow areas and, F: travertine terraces lying on the
ultramafic rocks.
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spectroscopy using a Varian Vista Pro ICP-OES device. Sulfate (SO4
2−)

and chloride (Cl−) concentrations in alkaline water samples were de-
termined using a Metrohm 882 Compact IC Plus ion chromatograph
(IC). Analytical accuracy obtained from the measurement of certified
reference materials (TMDW-A, IAPSO seawater) was better than 0.25%
for IC analyses and better than 8% (Ca, K, Mg, Si, Ba, Sr) and 13.8%
(Na) for ICP-OES measurements. Further element analyses on 10-fold
diluted water samples were conducted using a double-focusing mag-
netic sector field inductively coupled plasma mass spectrometer
(Thermo Finnigan Element2™, Germany).

The mineralogy of the samples was determined by powder X-ray
diffraction (XRD), using a PANalytical MPD diffractometer with a
Bragg-Brentano parafocusing geometry and Cu Ka radiation (operating
at 40 mA and 45 kV). Instrument configuration included programmable
divergence slits in the incident and diffracted beams, placement of a
0.25° fix anti-scatter slit in the incident path and a PSD detector PIXel.
Data processing was conducted by using the software HighScore Plus
from PANalytical X'Pert PRO (mineral database: Pdf2HSP/PAN-ICSD).
Mineral quantification was defined by the peak refining method de-
scribed in Rietveld (1969). Recently formed precipitates collected from
the spring sites were analyzed both wet and dried in order to detect
hydrated, labile phases that might be present within the pools. The
textural characterization and semi-quantitative chemical analysis of the
solid samples were carried out at the Centro de Instrumentacion Cien-
tífica (CIC) of the University of Granada (Granada, Spain) using a Field
Emission Scanning Electron Microscope (FE-SEM) ZEISS AURIGA (In-
Lens mode at 3 kV) and an Environmental SEM (ESEM) FEI Quanta 400
(SE mode at 5 kV and BSE mode at 12 kV). Complementary analysis of
mineral phases and textures was carried out at CIC using a FE-SEM Zeiss

Supra 40Vp conneted to a Renishaw In Via Raman spectrometer fitted
with a Nd:YAG 532 nm laser and a near infrared diode 785 nm laser,
with maximum powers of 500 mW and 100 mW, respectively. The
SEMs were equipped with Energy Dispersive X-ray Spectrometers
(EDS).

4. Results

4.1. Chemical composition of alkaline waters

The physicochemical parameters and chemical composition of the
collected water samples are presented in Tables 1 and 2, respectively.
We subdivided the waters into three types according to their chemical
and hydrological characteristics: i) Mg-type; moderately alkaline
(7.9< pH<9.5), Mg2+–HCO3

−-rich waters, ii) Ca-type; hyperalkaline
(pH > 11.6), Ca2+–OH−-rich waters, and iii) Mix-type; alkaline to
hyperalkaline (9.6 < pH < 11.5) waters with intermediate chemical
composition. In the present study, we use the terms “Mg-type” instead
of Mg2+–HCO3

−-rich waters (Type I) and “Ca-type” instead of
Ca2+–OH−-rich waters (Type II). We also use the term “Mix-type” to
refer to all the waters formed by the mixing of Mg-type and Ca-type
waters (Fig. 1).

The two studied spring sites are small-scale, hydrological networks
of pools formed upon the discharge of Ca-type and Mg-type waters
(Fig. 4A). Mg-type waters occur in spring and run-off waters forming
pools with diameters from 0.5 to 2 m, and emanate from rock fractures
usually associated with soils (Fig. 4B). They have high Mg (1.4 to
7.2 mmol L−1) and DIC (4 to 14.6 mmol L−1) concentration, and re-
latively low Ca concentration (0.2 to 0.4 mmol L−1). Ca-type waters

Table 1
General sample information and physicochemical parameters of water samples.

Sample ID Location Coord. pH Temp Cond. Alk.

Easting Northing (°C) (μS cm−1) (meq L−1)

Mg-type
OM15-1W Nasif 58°23′41.47″ 22°53′44.20″ 8.2 29.6 603 4.6
OM15-2W Nasif 58°23′41.34″ 22°53′44.11″ 8.8 29.8 599 4.0
OM15K-2W Khafifah 58°25′27.13″ 22°54′16.93″ 9.4 20.5 2705 15.5
OM15K-7W Khafifah 58°25′27.24″ 22°54′16.43″ 8.2 20 640 5.5
OM15K-23W Khafifah 58°25′31.27″ 22°54′15.13″ 9.3 24.1 455 2.6

Ca-type
OM15-4W Nasif 58°23′40.76″ 22°53′43.99″ 11.7 30.2 1183 4.1
OM15-9W Nasif 58°23′40.38″ 22°53′44.00″ 11.6 32.2 1365 3.3
OM15K-1W Khafifah 58°25′27.19″ 22°54′17.10″ 12 26.3 1710 5.4
OM15K-3W Khafifah 58°25′27.28″ 22°54′17.01″ 12.2 20.1 1691 4.9
OM15K-4W Khafifah 58°25′27.24″ 22°54′16.92″ 12.1 20.2 1560 4.9
OM15K-9W Khafifah 58°25′27.36″ 22°54′16.41″ 11.9 28.4 1790 3.5
OM15K-11W Khafifah 58°25′27.67″ 22°54′16.37″ 12.1 26.6 1724 5.8
OM15K-14W Khafifah 58°25′28.19″ 22°54′16.25″ 12.1 25.4 1894 6.2

Mix-type
OM15-3W Nasif 58°23′40.77″ 22°53′44.10″ 11.2 30.2 890 1.3
OM15-5W Nasif 58°23′40.65″ 22°53′44.01″ 9.5 29.4 610 3.8
OM15-6W Nasif 58°23′40.56″ 22°53′43.99″ 9.7 29.3 614 4.0
OM15-8W Nasif 58°23′40.39″ 22°53′43.86″ 10.5 29.9 630 2.1
OM15-11W Nasif 58°23′39.56″ 22°53′43.43″ 10.7 29.2 642 2.0
OM15-12W Nasif 58°23′39.03″ 22°53′43.23″ 10.5 26.9 595 1.9
OM15K-5W Khafifah 58°25′27.21″ 22°54′16.55″ 11.7 19.5 969 2.7
OM15K-6W Khafifah 58°25′27.29″ 22°54′16.55″ 10.7 20 718 2.9
OM15K-8W Khafifah 58°25′27.25″ 22°54′16.25″ 9.8 22.9 666 3.5
OM15K-10W Khafifah 58°25′27.46″ 22°54′16.34″ 10.4 23.5 713 2.6
OM15K-13W Khafifah 58°25′27.74″ 22°54′16.00″ 11.2 22.2 790 3.0
OM15K-16W Khafifah 58°25′28.56″ 22°54′15.83″ 11.6 23.5 954 2.5
OM15K-18W Khafifah 58°25′29.09″ 22°54′15.47″ 11.5 23.6 912 2.5
OM15K-19W Khafifah 58°25′29.21″ 22°54′15.19″ 10.4 23.9 1039 2.3
OM15K-20W Khafifah 58°25′29.95″ 22°54′15.19″ 11.5 24 927 npma

OM15K-21W Khafifah 58°25′30.67″ 22°54′14.33″ 11.5 22.5 927 npm
OM15K-22W Khafifah 58°25′30.87″ 22°54′14.23″ 11.1 23.3 818 1.9

a Not possible to measure.
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Table 2
Major ion and trace element chemistry of water samples.

Sample ID Ba
(μmol L−1)

Ca
(mmol L−1)

K
(mmol L−1)

Mg
(mmol L−1)

Na
(mmol L−1)

Si
(mmol L−1)

Sr
(μmol L−1)

Cl−

(mmol L−1)
SO4

2−

(mmol L−1)
DIC
(mmol L−1)

Mg-type
OM15-1W 0.044 0.382 0.029 2.497 0.869 0.391 2.705 0.982 0.378 4.713
OM15-2W 0.044 0.317 0.029 2.430 1.003 0.297 2.648 1.222 0.478 4.040
OM15K-2W 0.604 0.183 0.279 7.167 16.921 0.112 0.262 16.623 0.649 14.66
OM15K-7W 0.692 0.425 0.021 2.837 1.110 0.335 2.762 1.424 0.358 5.810
OM15K-23W 0.801 0.249 0.051 1.373 1.618 0.145 1.016 1.657 0.292 2.521

Ca-type
OM15-4W 0.029 1.793 0.127 0.002 5.228 0.006 1.335 5.121 0.002 0.993
OM15-9W 0.029 1.603 0.118 0.017 4.850 0.006 1.278 4.814 0.006 1.006
OM15K-1W 2.709 1.954 0.162 0.003 6.055 0.006 1.586 5.176 0.007 1.319
OM15K-3W 1.260 1.666 0.149 0.005 6.255 0.005 1.472 5.364 0.008 1.329
OM15K-4W 2.381 1.703 0.140 0.010 6.072 0.009 1.507 5.190 0.008 1.422
OM15K-9W 1.995 2.035 0.143 0.001 6.277 0.003 1.404 5.244 0.005 0.379
OM15K-11W 0.990 1.944 0.150 0.002 7.151 0.003 1.405 5.941 0.005 1.661
OM15K-14W 1.405 2.043 0.154 0.003 6.886 0.024 1.518 5.503 0.005 1.705

Mix-type
OM15-3W bdla 0.141 0.095 0.578 3.992 0.112 0.137 4.028 0.120 0.709
OM15-5W 0.029 0.460 0.041 2.019 1.619 0.256 2.305 1.804 0.407 3.655
OM15-6W 0.022 0.431 0.047 1.891 1.892 0.238 1.666 2.056 0.379 3.765
OM15-8W bdl 0.147 0.073 1.176 3.058 0.151 0.183 3.095 0.231 1.565
OM15-11W 0.007 0.188 0.080 1.066 3.354 0.137 0.205 3.254 0.212 1.329
OM15-12W 0.015 0.152 0.079 1.043 3.336 0.123 0.171 3.311 0.214 1.451
OM15K-5W 0.801 0.611 0.120 0.373 5.194 0.043 0.856 4.671 0.063 1.168
OM15K-6W 0.626 0.339 0.104 0.749 4.589 0.088 0.787 4.163 0.126 2.016
OM15K-8W 0.670 0.292 0.078 1.384 3.678 0.162 1.187 3.365 0.207 3.183
OM15K-10W 0.837 0.357 0.097 0.901 4.347 0.115 0.536 3.898 0.144 1.773
OM15K-13W 0.881 0.177 0.099 1.016 4.301 0.109 0.194 3.770 0.176 1.912
OM15K-16W 0.786 0.499 0.121 0.220 5.459 0.055 0.377 4.520 0.099 1.018
OM15K-18W 0.619 0.459 0.122 0.162 5.529 0.052 0.331 4.588 0.093 1.011
OM15K-19W 0.910 0.124 0.203 0.019 8.686 0.044 0.662 7.575 0.012 1.756
OM15K-20W 1.966 0.446 0.124 0.140 5.694 0.050 0.377 4.673 0.086 npmb

OM15K-21W 2.287 0.351 0.127 0.069 5.890 0.039 0.285 4.807 0.076 npm
OM15K-22W 0.721 0.150 0.130 0.076 6.029 0.035 0.126 4.873 0.081 0.999

a Below detection limit.
b Not possible to measure.

Fig. 4. Hydrological network and water types in the Nasif site, forming upon the discharge of circulating waters in the peridotites. A: Overview photograph showing
the type of springs, pools and run-off waters in the Nasif spring site. Upstream to downstream direction is from top-right to bottom-left. B: Mg-type waters mantled by
white rock coatings. C: Ca-type waters hosting a crystalline crust floating on their surface. D: Mix-type waters; often demonstrating turquoise colored waters. (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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include shallow pools (in most cases up to 0.5 m in diameter) with a
thin crystalline crust floating on the water surface (Fig. 4C). They show
high Ca concentration (up to 2 mmol L−1), low DIC (0.4 to
1.7 mmol L−1), and virtually no Mg (0.001 to 0.02 mmol L−1). Ca-type
waters form isolated pools discharging from either tectonic fractures or
small cracks and fissures in the ultramafic rocks. The hydrological
network of the pools develops through mixing of the run-off waters of
the two different spring water types (Figs. 1; 4A). Pools of Mix-type
waters—that are predominant in the two spring sites—show great
variability in diameter (0.5–7 m) and habitually display a turquoise
color (Fig. 4D). Mix-type waters have variable Ca (0.1–0.6 mmol L−1)
and Mg (0.02–2 mmol L−1) concentrations, intermediate between Mg-
type and Ca-type waters, and DIC values between 0.7 and
3.8 mmol L−1. The graph in Fig. 5 highlights the categorization of the
three different water types, based on the relationship of Ca/Mg ratio
with the pH.

4.2. Mineralogy and textures

The mineralogy of the different types of solid samples and their
chemical formulas in the studied spring sites are given in Tables 3 and
4, respectively. We have identified four mineral groups: anhydrous
carbonates (calcite, aragonite, and dolomite), hydroxides (brucite),
layered double hydroxides (LDH; hydrotalcite) and, hydrated (hydroxy-
) carbonates (nesquehonite, dypingite, hydromagnesite and artinite).
Olivine and serpentine group minerals—identified in a fraction of the
samples—are most likely detritus from the ultramafic host rocks, and
quartz probably derives from wind-blown dust from the nearby Wahiba
Sands desert (40 km SE from the spring sites). Table 5 summarizes the
percentage of the identified mineral phases to the total mineralogical
index in each sample type for both sites, and Table 6, presents the wt%
range in mineral composition for each type of solid samples. All samples
contain calcium carbonate phases, and brucite is present in 22% of
them. Hydrated magnesium (hydroxy-) carbonates, LDH phases, and
dolomite are found in 7%, 2% and 2% of the total number of collected
samples, respectively.

4.2.1. Crystalline crusts
We identified two types of crystalline crusts in the spring sites: i)

calcitic crusts (90–100 wt%; Table 6) in Ca-type waters, and ii) ara-
gonite-dominated crusts (60–72 wt%) in Mix-type waters. Calcitic
crusts in Ca-type waters are thin (< 1 mm) and form on the air-water
interface. They are rather homogeneous and almost exclusively com-
posed of aggregates of subhedral {120} calcite crystals (up to 40 μm),
growing laterally to the air-water interface towards the water column
(Fig. 6A). Patches of subhedral to anhedral calcite crystals (< 4 μm) can
be also observed in between the main subhedral calcite crystals
(Fig. 6A).

Crystalline crusts in Mix-type waters are rare and occur where Mg-
type and Ca-type spring water outlets discharge in the same pool. They
typically form near the outlet of Ca-type waters, and their growth is
restricted towards the central parts of the pool. Unlike Ca-type water
crusts, the mineralogy in Mix-type water crusts is heterogeneous and is
composed of aragonite (50–75 wt%), brucite (10–35 wt%), calcite
(4–12 wt%), and sometimes hydromagnesite (0–15 wt%) (Fig. 6C, D).
Aragonite exhibits acicular, needle-like morphologies, with needle-like
crystal sizes ranging from<1 to 20 μm. In the aragonite-dominated
crusts, dispersed euhedral to subhedral (5 to 30 μm) calcite crystals
grow on the aragonitic crust surface (Fig. 6C). Brucite occurs as single
spheres (avg. diameter of 40 μm) made of interlocking flakes (Fig. 6C),
and hydromagnesite as rosette clusters with flower-like morphologies of
variably spaced flaky crystals (Fig. 6D).

4.2.2. Rock coatings
The rock coating materials mantle some Mg-type and Ca-type pools

just above the water surface. The mineralogy of rock coatings in Mg-
type waters is diverse and includes calcium carbonate phases (0–15 wt
% calcite and aragonite), hydrated magnesium carbonates (5–70 wt%
nesquehonite, 0–25 wt% dypingite, 0–12 wt% hydromagnesite and
0–5 wt% artinite), and halite (0–20 wt%) (Fig. 7). Aragonite occurs as
individual, spindle crystals (< 15 μm; Fig. 7A), and calcite as subhedral
crystal clusters (< 40 μm; Fig. 7B). Nesquehonite exhibits variably
sized, prismatic crystals (40–2000 μm; Fig. 7B, C) and dypingite and
hydromagnesite show rosettes (< 40 μm) made of flaky crystals
(Fig. 7C). Halite—formed during evaporation at the edges of the
pools—appears as integrating {111} octahedral crystals (Fig. 7A) or
crusts on the surfaces of other minerals (Fig. 7C).

Rock coatings in Ca-type waters are made of calcite (70–90 wt%)
and aragonite (10–30 wt%) showing subhedral to euhedral crystals
(Fig. 7D). Integrating, euhedral {104} calcite crystals (up to 50 μm) co-
exist with {120} curved edged calcite (up to 120 μm), which exhibits
step growth (Fig. 7D). Where present, aragonite shows acicular
morphologies of tubular crystals ranging in size from 5 to 80 μm
(Fig. 7D).

4.2.3. Flocculent material
The flocculent material consists of particles in suspension within the

water column that eventually form unconsolidated deposits at the
bottom of the pools. They mostly occur in the Mix-type waters; we have
only found one sample of this sample type in Ca-type waters at the
Khafifah site (sample OM15K-01A-P; Table 3). Aragonite (5–25 μm) is
the main component of the flocculent particles (75–100 wt%) and ex-
hibits diverse textures including initial crystalline sheaves, dumbbell,
wheat-sheaf, and acicular-spheroidal morphologies (Fig. 8A). Brucite
crystals, with low degree of crystallinity, and flakes of LDH phases are
occasionally attached to aragonite particles (Fig. 8B).

4.2.4. Mud-like precipitates
Mud-like precipitates are white to yellow/brown material only oc-

curring in Mix-type waters. They mainly form at shallow parts of the
pool network, such as the pool and stream edges, or shallow areas of
Mix-water pools. Occasionally, mud-like precipitates form dams (rip-
pled terracing) in pools and streams associated with active water flow.

Fig. 5. Graph showing the relationship of Ca/Mg ratio with the pH in the dif-
ferent water types. Mg-type waters are mildly alkaline and show low Ca/Mg
ratios. Ca-type waters are hyperalkaline and show high Ca/Mg ratios. Mix-type
waters demonstrate a wide range in pH values and intermediate Ca/Mg ratios.
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Aragonite is the predominant mineral phase (63–100 wt%) in mud-like
precipitates, displaying a homogeneity in morphological and textural
features (crystal sizes range from<1 μm to 15 μm) (Fig. 9A). The most
common aragonite morphologies are spindle (c. 80 vol%; Fig. 9B) fol-
lowed by spheroidal aragonite clusters made of small (< 3 μm) needle-
like crystals (Fig. 9B). Calcite (0–37 wt%; 2–5 μm in size) and brucite
(0–16 wt%;< 500 nm in size) are commonly associated with needle-
like aragonite (Fig. 9C). In some cases, aragonite shows penetration
twinning with crystal sizes varying from<1 μm to 10 μm (Fig. 9D).

4.2.5. Lithified structures
Samples of lithified structures include dam-like formations, con-

cretions associated with active water flow, and travertine terraces on

Table 3
Mineralogy of solid sample types collected from the spring sites.

Sample Site Water type Sample type description Mineralogy

Major Minor

OM15-02B-R Nasif Mg-type Rock coatings Calcite Aragonite, halite, nesquehonite
OM15-03A-P Nasif Mix-type Crystalline crust Aragonite Brucite, calcite, hydromagnesite
OM15-03B-P Nasif Mix-type Crystalline crust Aragonite, brucite Calcite
OM15-03C-Pa Nasif Mix-type Mud-like (pool) Aragonite, brucite Calcite
OM15-03C-Pb Nasif Mix-type Mud-like (pool) Aragonite Calcite
OM15-03D-P Nasif Mix-type Mud-like (pool) Aragonite –
OM15-03E-P Nasif Mix-type Flocculent material (pool) Aragonite, calcite, brucite Quartz, hydromagnesite
OM15-04A-P Nasif Ca-type Crystalline crust Calcite Aragonite
OM15-04B-R Nasif Ca-type Rock coatings Calcite Aragonite
OM15-05F-P Nasif Mix-type Mud-like (stream) Aragonite Calcite
OM15-05G-P Nasif Ca-type Lithified structures (dam-like) Calcite Aragonite
OM15-05H-P Nasif Mix-type Lithified structures (concretions) Aragonite, brucite Calcite
OM15-06A-P Nasif Mix-type Mud-like (stream) Calcite, aragonite –
OM15-06B-P Nasif Mix-type Mud-like (stream) Aragonite –
OM15-08A-P Nasif Mix-type Mud-like (pool) Aragonite –
OM15-08B-P Nasif Mix-type Flocculent material (pool) Aragonite –
OM15-08C-P Nasif Mix-type Mud-like/dam (stream) Aragonite –
OM15-08D-P Nasif Mix-type Mud-like/dam (stream) Aragonite –
OM15-08E-P Nasif Mix-type Mud-like/dam (stream) Aragonite –
OM15-08F-P Nasif Mix-type Flocculent material (stream) Aragonite, brucite Calcite
OM15-08G-P Nasif Mix-type Mud-like/dam (stream) Aragonite –
OM15-08H-P Nasif Mix-type Mud-like/dam (stream) Aragonite –
OM15-08I-P Nasif Mix-type Mud-like/dam (stream) Aragonite –
OM15-09A-P Nasif Ca-type Mud-like (pool) Aragonite, calcite, brucite –
OM15-10A-P Nasif Mix-type Mud-like/dam (stream) Aragonite –
OM15-10B-Pa Nasif Mix-type Mud-like (pool) Aragonite Calcite
OM15-10B-Pb Nasif Mix-type Mud-like (pool) Aragonite –
OM15-10D-Ra Nasif – Travertine terrace Mg-calcite, aragonite –
OM15-10D-Rb Nasif – Travertine terrace Calcite, dolomite Aragonite, chrysotile
OM15-10E-P Nasif Mix-type Mud-like/dam (stream) Aragonite –
OM15-12B-Pa Nasif Mix-type Mud-like (pool) Aragonite Calcite
OM15-12B-Pb Nasif Mix-type Mud-like (pool) Aragonite –
OM15K-01A-P Khafifah Ca-type Flocculent material (pool) Aragonite, calcite Brucite
OM15K-01B-P Khafifah Ca-type Crystalline crust Aragonite, calcite –
OM15K-02A-R Khafifah Mg-type Rock coatings Nesquehonite, dypingite, hydromagnesite Calcite, aragonite, halite, (Cl-)artinite
OM15K-02B-R Khafifah Mg-type Rock coatings Nesquehonite, dypingite, hydromagnesite Halite, calcite, aragonite, artinite, quartz
OM15K-03A-P Khafifah Mix-type Mud-like/dam (stream) Aragonite, calcite Quartz
OM15K-05B-P Khafifah Mix-type Mud-like/dam (stream) Aragonite, calcite Brucite
OM15K-05B-P Khafifah Mix-type Flocculent material (pool) Aragonite Brucite, calcite, LDH (hydrotalcite)
OM15K-07A-R Khafifah Mg-type Rock coatings Nesquehonite Dypingite, hydromagnesite, halite, aragonite, quartz
OM15K-09A-P Khafifah Mix-type Mud-like (pool) Calcite Aragonite
OM15K-10A-P Khafifah Mix-type Mud-like (pool) Aragonite, calcite –
OM15K-10C-P Khafifah Mix-type Mud-like (pool) Aragonite, calcite –
OM15K-12A-P Khafifah Mix-type Mud-like (pool) Aragonite, calcite –
OM15K-12B-P Khafifah Mix-type Flocculent material (pool) Aragonite Calcite
OM15K-13C-P Khafifah Mix-type Flocculent material (pool) Aragonite, calcite Brucite
OM15K-13D-P Khafifah Mix-type Flocculent material (pool) Aragonite –
OM15K-13E-Pa Khafifah Mix-type Mud-like (pool) Aragonite, halite –
OM15K-13E-Pb Khafifah Mix-type Mud-like (pool) Aragonite, halite –
OM15K-14A-P Khafifah Ca-type Crystalline crust Calcite –
OM15K-14A-P Khafifah Ca-type Crystalline crust Calcite –
OM15K-14B-Pa Khafifah Ca-type Crystalline crust Calcite Aragonite
OM15K-14-R Khafifah – Travertine terrace Calcite Aragonite, chrysotile, Fe-oxides, Cr-spinel
OM15K-15A-P Khafifah Mix-type Mud-like/dam (stream) Aragonite –
OM15K-17A-P Khafifah Mix-type Mud-like/dam (stream) Aragonite, brucite –

Table 4
Chemical formulas of mineral phases identified in the spring sites.

Mineral Chemical formula

Calcite, aragonite CaCO3

Dolomite CaMg(CO3)2
Brucite Mg(OH)2
Hydrotalcite Mg6Al2(OH)16(CO3)·4H2O
Nesquehonite MgCO3·3H2O
Dypingite Mg5(CO3)4(OH)2·5H2O
Hydromagnesite Mg5(CO3)4(OH)2·4H2O
Artinite Mg2(CO3)(OH)2·3H2O
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ultramafic rocks that are presently unrelated to active water flow. Dam-
like formations are whitish, yellowish or reddish, and they are com-
monly associated with microbial mats. Calcite is the dominant phase of
the dam-like formations (85–100 wt%) and exhibits an internal layering
that terminates into curved and sharp edges on the exterior part
(Fig. 10A). Small amounts of needle-like aragonite (0–15 wt%) can be
observed at the external parts of the dams (Fig. 10A).

The concretions consist of aragonite (55 wt%), brucite (36 wt%),
and calcite (9 wt%), and they are locally observed in restricted zones,
where run-off Ca-type waters mix with Mg-type or Mix-type waters.
Aragonite occupies the lower part of the concretions (in contact with
the ultramafic bedrock) and shows a massif cementation texture that
becomes needle-like (< 5 μm) at the exterior part (facing the water
column). Brucite displays a compact texture with narrow spaces be-
tween the flaky crystals that compose the brucite clusters (Fig. 10B).

Calcite is the main component (76–90 wt%) of travertine samples,
whilst aragonite (5–14 wt%) and dolomite (0–8 wt%) are present as
minor phases. Traverine samples display recrystallization textures with
variable crystal sizes (< 1 μm to>200 μm), different generations of
vein networks, and chaotic and colloformic textural features (Fig. 10C).
Clasts of serpentinite, Fe-oxides, and Cr-spinel from the ultramafic host
rocks occasionally occur in the carbonate matrix of the travertine
(Fig. 10D).

4.3. Thermodynamic models

4.3.1. Mineral saturation indices
The mineral saturation indices (SIs) in the investigated water sam-

ples (Fig. S2 Supplementary Material) were calculated using the geo-
chemical speciation and reaction path modeling code PHREEQC
(Parkhurst and Appelo, 1999) and the wateq4f database. Fig. 11 shows
the SI of potential mineral phases as a function of the partial pressure of
CO2 (PCO2) in the three water types from the Nasif and Khafifah spring

sites. Calcium carbonate (calcite + aragonite) has the highest SI values
in Ca-type waters (avg. SI = 1.95) and systematically decreases in Mix-
type waters (avg. SI = 1.33) and Mg-type waters (avg. SI = 0.85) that
show the lowest SI values. Mg-type waters and Mix-type waters with
pH<10.5 are undersaturated with respect to brucite (avg. SI = −2),
whereas brucite is supersaturated in Ca-type waters and Mix-type wa-
ters with pH>10.5 (avg. SI = 1). All water types are undersaturated
with respect to nesquehonite that is close to saturation in Mg-type
waters. Ca-type and Mg-type waters are undersaturated with respect to
artinite and hydromagnesite. The SIs of these minerals increase in Mix-
type waters where hydromagnesite is supersaturated in some samples,
and artinite is supersaturated (avg. SI = 1.2) in most samples. Quartz
SIs are positively correlated with PCO2 that corresponds to a transition
from quartz-undersaturated Ca-type waters to quartz-saturated Mg-type
waters. Most Khafifah waters show lower PCO2 values than Nasif waters,
indicating that Khafifah waters are less equilibrated with the atmo-
sphere.

4.3.2. Mixing model
The spatial distribution and the undisturbed nature of the pools in

the Nasif site allow to accurately compare the water chemical compo-
sitions derived by analytical techniques to those acquired by mixing
model calculations. The positive correlation (r2 = 0.9992) of the con-
servative tracers Cl− and Na points that the physicochemical variability
of the Nasif site waters is due to variable mixing of two water end-
members with the highest and lowest Cl− and Na concentrations, re-
spectively. To evaluate the role of water mixing in mineral precipita-
tion, we performed mixing model calculations using the PHREEQC-MIX
command. For modeling, we use as end-members pristine Ca-type
(OM15-1W) and Mg-type spring water samples (OM15-4W) with the
highest and lowest Cl− and Na concentrations (Table 2), respectively.
The modeling was computed to mix the Mg-type water end-member
with the Ca-type end-member under a mixing ratio step of 0.01 (1%)
(Fig. 12). This permits to follow and examine the SI of the minerals
under all the intermediate mixing ratios between the two pristine end-
members (100% = 1; Fig. 12) of Mg-type and Ca-type waters.

Fig. 12 models the evolution of the SIs of selected mineral phases,
CO2(g) and pH with increasing mixing fraction—from left to right—of
the Ca-type water end-member. Calcite and aragonite are super-
saturated for all mixing fractions and their SIs reach a plateau, where
Ca-type water mixing fraction is between 0.3 and 1 (Fig. 12). Brucite
becomes saturated at Ca-type water mixing fraction>0.25, where pH
is> 9.8. Brucite SI value continues to increase (c. 2.5) up to 0.95 Ca-
type water mixing fraction, where it rapidly decreases (Fig. 12). Artinite
reaches saturation at 0.12 Ca-type water mixing fraction, and its SI
value increases up to Ca-type fraction of 0.6, where the pH value is 11.2
(Fig. 12). Similar to brucite, artinite presents an extreme SI value de-
crease between 0.95 and 1 Ca-type water mixing fraction that leads to
its undersaturation. Hydromagnesite—which SI values display a bell-
shaped curve—is supersaturated between 0.15 and 0.8 Ca-type water

Table 5
Percentages of the mineral phases to the total mineralogical index in each solid
sample type.

Solid sample
type

Site CaCO3

(calcite/
aragonite)

Dolomite Brucite Hydrated
Mg-
carbonates

LDHs

Crystalline
crusts

Nasif 100% 0% 66.6% 33.3% 0%
Khafifah 100% 0% 0% 0% 0%

Rock coatings Nasif 100% 0% 0% 50% 0%
Khafifah 100% 0% 0% 100% 0%

Flocculent
material

Nasif 100% 0% 66.6% 33.3% 0%
Khafifah 100% 0% 60% 0% 20%

Mud-like
precipitates

Nasif 100% 0% 10% 0% 0%
Khafifah 100% 0% 20% 0% 0%

Lithified
structures

Nasif 100% 25% 25% 0% 0%
Khafifah 100% 0% 0% 0% 0%

Table 6
Compositional range of mineral phases by solid sample type found in the different water types.a

Solid sample type Water type Calcite Aragonite Dolomite Brucite Nesquehonite Dypingite Hydromagnesite Artinite LDH

Crystalline crusts Ca-type 90–100 0–10 – – – – – – –
Mix-type 5–15 50–70 – 10–35 – – 0–10 – –

Rock coatings Mg-type 0–15 0–5 – – 5–70 0–25 0–15 0–5 –
Ca-type 70–90 10–30 – – – – – – –

Flocculent material Ca-type 10 74 – 12 – – – – 4
Mix-type 0–15 75–100 – 0–15 – – – – –

Mud-like precipitates Mix-type 0–37 63–100 – 0–16 – – – – –
Lithified structures:
i) Travertine terraces – 76–90 5–14 0–8 – – – – – –
ii) Dam-like formations Ca-type 85–100 0–15 – – – – – – –
iii) Concretions Mix-type 9 55 – 36 – – – – –

a Values in wt%
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Fig. 6. SEM images of crystalline crusts precipitating on the surface of Ca-type and Mix-type waters. A: Calcite-dominated crystalline crust in Ca-type waters. B:
Zoomed-in image of the calcite crystals from the inset in A, showing patches of subhedral to anhedral calcite crystals in between larger calcite crystals. C: Aragonite,
brucite and calcite assemblage in a crystalline crust in Mix-type waters. D: Hydromagnesite and brucite clusters grow on an aragonitic crust in Mix-type waters.

Fig. 7. SEM images of rock coatings precipitating around the pools. A: Mineral assemblage of calcite, octahedral halite and spindle-like aragonite in Mg-type waters
of the Nasif site. B: Prismatic nesquehonite, calcite with curved edges and halite in Mg-type waters of the Nasif site. C: Large prismatic crystals of nesquehonite grow
on rosette-like aggregates of dypingite in Mg-type waters. D: Acicular aragonite crystals and calcite with curved edges associated with Ca-type waters.
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mixing fraction (Fig. 12). Nesquehonite is undersaturated for all mixing
fractions; its SI increases in the 0–0.15 Ca-type water fraction interval,
while it decreases with increasing Ca-type water mixing fraction (from
0.4 to 1)(Fig. 12).

The same water samples used as end-members for the mixing model
in Fig. 12 were also used to calculate the theoretical mixing proportion
of Mg-type and Ca-type water type in each collected water sample from
the Nasif spring site (Fig. 13). Measured (analytical) versus estimated
(PHREEQC) values of element concentrations (Fig. 13) in the Nasif
water samples are well correlated (R2 > 0.95) for K, Na, Cl−, and Mg,
whereas Ca, Al, Si, Sr, Ba, SO4

2− and DIC show a larger dispersion and
correlation. Estimated values of Ba, Sr, Ca, K, Si, Al, DIC are higher than
the measured ones in the majority of the samples, whereas SO4

2− shows

higher measured values.

5. Discussion

5.1. Groundwater flow paths of Oman alkaline springs

In the Oman spring systems, the proximity of the outlets of Mg-type
and Ca-type water springs—somewhere spaced close together c.
1 m—(Fig. 4A) raises the question of what are the underground flow
paths of these two types of water. In the Oman Ophiolite, groundwater
circulation occurs in the near-surface horizon of fissured serpentinized
peridotite, and to a lesser extent, along deeper fractures (Dewandel
et al., 2003). Although tectonic structures (e.g., faults) might act as

Fig. 8. SEM images of flocculent material depositing at the bottom of the pools or being in suspension within the water column. A: Textural variability of aragonite
including initial crystalline sheaves, dumbbell, wheat-sheaf, and acicular-spheroidal morphologies in Mix-type waters. B: Brucite and LDH (hydrotalcite) crystals
found attached on aragonite crystals in Mix-type waters.

Fig. 9. SEM images of mud-like precipitates forming inside and around the pools. A: Overview of aragonite-dominated mud-like precipitates. B: Spindle and needle-
like morphologies of aragonite crystals and crystal aggregates in mud-like precipitates. C: Needle-like clusters of aragonite along with calcite and brucite crystals. D:
Aragonite crystals exhibiting (cruciform) penetration twinning sit on spheroidal needle-like aragonite.
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deep groundwater pathways of Oman hyperalkaline Ca-type springs,
these springs randomly emanate from bedrock fissures unrelated to
these tectonic structures, indicating that they follow other groundwater
permeability pathways in the fissured aquifer. On the contrary, Mg-type
spring waters generally follow tectonic contacts, emanating from frac-
tured zones often associated with soils. The similar chemistry of me-
teoric-derived Mg-type spring waters and surface wadi waters (e.g.
Paukert et al., 2012) suggests that they were both produced due to
weathering processes taking place in the shallow serpentinized peri-
dotite aquifer (Barnes and O’Neil, 1969; Dewandel et al., 2004).

The contrasting difference in the daily temperature fluctuations of
Ca-type and Mg-type spring waters likely indicates that they are fed by
groundwater from different depth horizons. The temperature of Ca-type
hyperalkaline waters is rather constant (30–32 °C) and is likely in-
dicative of deep groundwaters. The daily temperature of Mg-type spring
waters fluctuates as much as 10–12 °C showing that they are fed from
shallower groundwater horizons. The differences in temperature fluc-
tuations support that, before their discharge, Ca-type and Mg-type
waters probably circulate along distinct flow paths, and that their un-
derground mixing was likely limited. Rempfert et al. (2017) argued,
however, that subsurface mixing of both water types could be the cause
for enhancing the chemical disequilibria that promotes the growth of
some microbial communities in Oman Ophiolite deep aquifers. Al-
though the chemical profile of Ca-type and Mg-type waters greatly
differs, underground mixing—at least to some degree and at specific
aquifer parts—is a possible scenario. Further research is needed to de-
velop a better understanding of the pathways and processes controlling
the groundwater circulation and mixing of both water types, and their
impact on their chemistry and any potentially triggered precipitation.

5.2. Hydrodynamics, geochemistry and active precipitation in the Oman
spring systems

The hydrology and hydrodynamics of the Oman spring systems are
pivotal to understand the variations in the chemistry of Mix-type waters
and the chemical, mineralogical, and textural characteristics of their
mineral precipitates (Fig. 14). In the following subsections we discuss
the various mineral phases and textures associated with the different
water types, and how they are linked to the hydrological features and
hydrodynamics characterizing the spring sites.

5.2.1. Hyperalkaline Ca-type waters
Deep-rooted Ca-type waters discharge—apparently scattered—-

throughout the spring sites, feeding regularly the pool waters with
hyperalkaline waters upstream to downstream (Fig. 14). The depletion
of Ca-type waters in DIC dictates atmospheric CO2 uptake as one of the
main contributors for carbonate precipitation. In addition, the slow Ca-
type water flow rates (Q = 0.1–0.5 L s−; Leleu et al., 2016) and the
shallow nature of Ca-type pools promote evaporation under the arid
climate conditions of Oman.

A thin (< 1 mm) crystalline crust on the water surface (Fig. 3A) is
the main characteristic of hyperalkaline Ca-type waters. Crystalline
crusts in Ca-type water pools and flow paths are mainly made of calcite
(90–100 wt%; Table 6) that precipitates due to coupled effects of at-
mospheric CO2 uptake and evaporation (e.g. Clark et al., 1992;
Chavagnac et al., 2013b; Falk et al., 2016). The absence of Mg2+ ions
and the low Mg/Ca ratio in Ca-type waters favor the precipitation of
calcite (Folk, 1994; Pentecost, 2005), as well as the low dissolved CO2

content (Fig. 11) inhibits aragonite precipitation (Jones, 2017a). In the

Fig. 10. SEM and optical microscope images of lithified structures associated with Ca-type and Mix-type waters or collected from travertine terraces. A: SEM image of
calcite-dominated dam-like structures associated with active flow of Ca-type waters. The dams exhibit an internal layering that terminates into a curved and
smoothened exterior part. Needle-like aragonite occurs at the external part of the dam. B: SEM image of concretions containing brucite clusters that grow on a
substrate of acicular aragonite. This type of sample occurs at the mixing zones of Ca-type and Mix-type waters. C: Optical microphotograph of travertine thin section
exhibiting colloformic and chaotic textures of calcium carbonate (transmitted light). D: Optical microphotograph of travertine thin section composed of clasts from
the serpentinized host rocks that are entrapped in the calcium carbonate matrix (transmitted light).
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Fig. 11. Saturation index of potential mineral phases versus the Log(PCO2) in the different water types of the two spring sites. The pH-curve in the diagrams (green
line) is filled through actual data measured on-site. The CaCO3 (s) diagram plots saturation index values for calcite (top-above the line) and aragonite (bottom-below
the line) for each sample. (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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absence of Mg ions, evaporation and CO2 hydroxylation lead to extreme
supersaturation rates and massive precipitation of calcite (Jones,
2017a, b). These fast supersaturation rates (Clark et al., 1992; Falk
et al., 2016) in Ca-type waters could lead to the formation of initial
calcite nuclei that remain attached to the air-water interface due to
surface tension. This process may explain the presence of patches with
small calcite crystals (< 4 μm) (Fig. 6B) in between the typical sub-
hedral calcite crystals (up to 40 μm) in Ca-type crystalline crusts
(Fig. 6A). Further evaporation in the pool can lead to high super-
saturation and promote the observed precipitation of larger calcite
crystals that use the initial small crystals as nucleation surface.

Evaporation of Ca-type waters produces a coating of precipitates on
the rock around the pool rims (Fig. 3B). Similar to crystalline crusts,
these rock coatings are calcite dominated (70–90 wt%; Table 6). The
calcite crystals from rock coatings (Fig. 7D) and crystalline crusts
(Fig. 6A) share similar sizes and morphologies that record the possible
effects of evaporation on the textures of these sample types during
precipitation. The curved edges of calcite crystals (Fig. 7D) are asso-
ciated with high supersaturation (Gonzalez et al., 1992) with respect to
calcium carbonate as a result of the high concentration of Ca2+ in the
evaporating waters. Slow evaporation rates could lead to kinetically-
controlled high-quality crystals (Jones, 2017bb), which is supported by
the co-existence of euhedral {104} calcite crystals along with {120}
calcite with curved edges and evident step-growth crystallization
(Fig. 7D).

5.2.2. Mg-type and wadi waters
Unlike Ca-type waters, Mg-type waters are more scarce and less

dispersed, often merging with surface wadi waters before mix with Ca-
type waters. In most cases, the Mg-type and wadi waters (Q is up to
20 L s−1) in the peridotites are perennial and their flow is higher than
that of the Ca-type water (Dewandel et al., 2004). This constant water
flow leads to influxes of large Mg-type water volumes in pool network,
especially near the Mg-type spring outlets. The fraction of the Mg-type
waters in the Mix-type waters decreases upstream to downstream, as

the number of the Ca-type springs feeding the pool network increases.
The precipitation in Mg-type waters is limited including only rock

coatings around the pool rims. Our study is the first report of broad
occurrence of hydrated magnesium (hydroxy-) carbonates in the Oman
Ophiolite Mg-type waters. Since most of the Oman Mg-type waters are
undersaturated with respect to hydrated Mg-carbonate, evaporation is
the most plausible factor controlling their precipitation. Hydrated
magnesium (hydroxy-) carbonates are indicative of evaporative en-
vironments characterized by CO2 degassing and high CO2 content (e.g.,
Müller et al., 1972; Levy et al., 1999; Power et al., 2009; Power et al.,
2019). Nesquehonite can be formed due to evapoconcentration around
the Mg-type pools (Fig. 14) through cycles of recharge and subsequent
evaporation of the pool waters. The large size (up to 2 mm) and the
high quality of nesquehonite crystals in Mg-type waters (Fig. 7C) could
indicate slow supersaturation rates, probably due to slow evaporation
of the cooler Mg-type waters (Fig. S1Supplementary Material).

In the Khafifah spring site, one Mg-type water pool (i.e.,
OM15K–02W; Table 2) is supersaturated with respect to hydro-
magnesite (SI: 2) and artinite (SI: 0.8) (Fig. 11). The interaction of
water with soil potentially accounts for its high Mg DIC con-
centration—that plays a crucial role in the precipitation of hydrated
Mg-carbonates (Kloprogge et al., 2003; Ferrini et al., 2009; Power et al.,
2019)—and favored the precipitation of hydrated Mg‑carbonates
(25 wt% nesquehonite and 70 wt% dypingite; Table 6). The XRD ana-
lysis showed that artinite in Mg-type pools is chlorartinite, a Cl-rich
artinite variety, where OH− is replaced by Cl− in the crystal lattice. Co-
precipitation of chlorartinite and nesquehonite is common in Cl−-rich
evaporitic environments (Mignardi et al., 2011). Hydromagnesite only
occurs in the Khafifah water pools with DIC> 5 mmol L−1, attesting for
precipitation in a CO2-rich environment (Power et al., 2019).

Alternatively, the precipitation of hydrated Mg-carbonates may also
be due to the increase of the OH− concentration during the influx of Ca-
type waters in Mg-type pools. In this scenario, evaporation would
control nesquehonite precipitation, while the precipitation of dypingite,
hydromagnesite, and artinite is governed by the pH increase (Zhang
et al., 2006; Power et al., 2007) during Ca-type water influx events.
These influx events could explain the observed transformation process
of nesquehonite to dypingite in Fig. 16A, where a pseudomorph of
dypingite forms after a prismatic crystal of nesquehonite. This could
also imply a potential recharge of the pool with alkaline Mg-type wa-
ters. In both cases, the inserted fluid is undersaturated with respect to
nesquehonite and initiates its dissolution. Subsequently, super-
saturation with respect to dypingite or hydromagnesite could create an
interfacial layer where the product mineral may take on the crystal
morphology of the parent (pseudomorphic replacement; Fig. 16A)
(Power et al., 2019 and references therein). This process is known as
interface-coupled dissolution-precipitation (Ruiz-Agudo et al., 2014). In
addition, the influence of Mg-type waters by Ca-type water influxes
could introduce high amounts of OH− in the pool leading to nesque-
honite conversion into dypingite and/or hydromagnesite (Zhang et al.,
2006; Power et al., 2007).

5.2.3. Mix-type waters
Massive Ca-carbonate deposits—mud-like precipitates and floccu-

lent material—are systematically associated with Mix-type water pools,
pointing that mixing of Ca-type and Mg-type waters is the primary
cause for the precipitation of these deposits. Based on the stable isotope
signature of Ca-carbonates, Falk et al. (2016) proposed that the main
precipitation mechanisms of these deposits was both water mixing and
atmospheric CO2 uptake; however, Ca-carbonates with an atmospheric
CO2 uptake isotopic composition may have been formed in Ca-type
pools and transported to the Mix-type pools by the water flow. Due to
the relatively low SI of Ca-carbonate (SI: 0.6–1.; Fig. 11) in Mix-type
waters—compared to other travertine forming environments
(Pentecost, 2005; Leleu et al., 2016)—evaporation may have also
played a role in the formation of these deposits.

Fig. 12. Saturation index, pH, and CO2 evolution during gradual mixing of Mg-
type and Ca-type waters. Water sample OM15-1W was used as the end-member
for pristine Mg-type waters and sample OM15-4W as the end-member for
pristine Ca-type waters (see Table 2). The step of mixing ratios in the model is
0.01 (1%), starting from 100% Mg-type water (at 0 on the x axis) and ending up
with a 100% Ca-type water (at 1 on the x axis).
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Fig. 13. Plots of measured (analytical) versus estimated (PHREEQC) concentrations using the collected water samples from the Nasif spring site. Water sample
OM15-1W was used as the end-member for Mg-type waters and sample OM15-4W as the end-member for Ca-type waters (see Table 2). Red squares represent the
values of the two end-members. The black circles correspond to the rest water samples. Red dashed line represents the indicative mixing trend. (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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5.2.3.1. Mineralogy and textures of the precipitates in Mix-type
waters. Aragonite is the dominant Ca-carbonate phase in Mix-type
water pools due to the higher Mg concentration and Mg/Ca ratio
relative to those in Ca-type waters (Table 6) (e.g. Falini et al., 1994;
Pokrovsky, 1998; Lin and Singer, 2009; Chavagnac et al., 2013b, Jones,
2017aa, and references therein). In some cases, Mg-type and Ca-type
waters discharge simultaneously into the same pool and create peculiar
Mix-type pools (Fig. 14; e.g., OM15–03W). These Mix-type pools share
a mixture of mineralogical and textural characteristics that reflects the
strong influence of both Mg-type and Ca-type waters on mineral
precipitation; aragonite–brucite (hydromagnesite)–calcite crystalline
crusts (Table 3; OM15–03B–P) and aragonite–brucite
(hydromagnesite)–calcite mud-like and flocculent material deposits
(Table 3; OM15–03C–Pa) form, respectively, around Ca-type and of
Mg-type water outlets (Fig. 14).

The texture of crystalline crusts in Mix-type waters is suggestive of
an initial stage of aragonite nuclei formation that is followed by sub-
sequent growth of the first crust segments at the air-water interface,
likely caused by CO2 uptake and evaporation (Fig. 15; Stage I). In a
second stage (Fig. 15; Stage II), further growth of semi-spherical aci-
cular aragonite takes place leading to the expansion of the crust. The
growth of aragonite is unaffected by the presence of Mg ions, which
remain —at least initially— in solution and suppress aragonite trans-
formation into calcite (Berner, 1975; Reddy and Wang, 1980; Kitamura,
2001). The continuous growth of the crust leads to the development of
an aragonitic layer that completely covers the water surface and be-
comes the substrate for later growth of brucite and calcite crystals
(Fig. 15; Stage III). The development of the crystalline crust provides a
non-turbulent environment and a physical substratum that promotes

the growth of well-defined microplates of magnesium hydroxide, re-
sulting in a better ordering of brucite crystals. In contact with atmo-
spheric CO2, brucite transforms to hydromagnesite, artinite or nes-
quehonite, what would account for the presence of hydromagnesite in
some crystalline crusts (Fig. 6D) (Hostetler et al., 1966; Botha and
Strydom, 2001; Simandl et al., 2008; Zhao et al., 2009). In the late
crystallization stage (Fig. 15; Stage III), formation of brucite in the
crystalline crusts decreases the Mg/Ca ratio of Mix-type waters, trig-
gering the heterogeneous nucleation of calcite on the aragonitic crust
surface. The euhedral shape of these crystals formed in this stage
(Fig. 15) is indicative of slow crystal growth that was favored by the
sluggish atmospheric CO2 diffusion into water pools due to the forma-
tion of the crystalline crust (Chavagnac et al., 2013b; Olsson et al.,
2014).

Aragonite particles from a single sample of flocculent material in
Mix-type pools (Fig. 14) exhibits a large textural diversity (Fig. 8A) that
reflects their formation under different supersaturation state and rates.
The aragonite particle textures record an evolutionary path from an
initial crystalline sheaf towards acicular, sphere-like aragonite
(Fig. 16B). Higher supersaturation and faster supersaturation rates lead
to aragonite formation that exhibits branching, displaying a splitting
process at the growth front of the crystal (Rowling, 2004). This process
creates fan-like morphologies at the tips of aragonite crystals that
eventually form spherical aragonite morphologies (Fig. 16B) (Gránásy
et al., 2005). Unlike mud-like precipitates, the aragonite textures in
flocculent material record the changes in the values of supersaturation
and supersaturation rates associated with environments of vigorous
water mixing (e.g., in Mix-type pools where Mg-type and Ca-type wa-
ters discharge simultaneously) or rapid CO2 uptake and evaporation

Fig. 14. Conceptual model of the Oman alkaline spring systems. The spring sites host different types of waters that are characterized by several types of precipitates
with various textural characteristics. Water mixing, atmospheric CO2 uptake, and evaporation are the main drivers of precipitation and textural differentiation of
mineral phases occurring in the spring systems.
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(e.g., near the air-water interface).
The deposition and development of dam-like formations (rippled

terracing) is controlled by water hydrodynamics, in particular the
bedrock morphology and local obstacles to the water flow paths
(Hammer et al., 2007; Hammer et al., 2010) (Fig. 3D). Aragonite in
dams (terraces) of mud-like precipitates show a self-organized nano-
crystalline structure made of co-oriented nano-rods (Fig. 16C), sug-
gesting nucleation and growth by accretion and not by classical crystal
growth mechanisms. Diverging rod-made branches lead to wheat-sheaf
shapes, whereas converging ones lead to spindle crystals with meso-
crystalline structure (Fig. 16C). These structures could also be attrib-
uted to self-organization of aragonite mesocrystals, leading to crystals
formed by crystalline subunits (Cölfen and Mann, 2003; Meldrum and
Cölfen, 2008; Zhou et al., 2009; Jones, 2017b). The homogeneity of
mineralogy (aragonite 63–100 wt%) and textures (Fig. 9A) in mud-like
precipitates imply non variable saturation state and supersaturation
rates. These steady conditions can be established in low energy

environments of the pool networks, such as the mid-parts of shallow
pools and the outmost parts of streams and pools. Indeed, these en-
vironments are the most common areas within the spring sites, where
mud-like dams tend to form.

5.2.3.2. Brucite in Mix-type waters. Apart from crystalline crusts (see
Section 5.2.3.1), brucite is uncommon in streams, but locally
precipitates—occasionally forming brucite-bearing concretions
(Fig. 3E)—in restricted mixing zones, where Ca-type waters come in
contact with Mg-type and Mix-type waters (Fig. 14),. In these mixing
zones, the water flow is slow, indicating the critical role of
hydrodynamics on brucite occurrence. The relatively more energetic
water flow of streams may prevent brucite settling and favor its
dissolution (Chavagnac et al., 2013b), while mixing zones with slow
water flow promotes the settling and/or preservation of brucite. The
crystals of brucite in the concretions (Fig. 3E) display a distortion
bending and a narrowing of the internal distances between the crystal
flakes (Fig. 10B). These textural features likely indicate an on-going
cementation process around mixing zones, where the hyperalkaline Ca-
type waters come in contact with Mg-type or Mix-type waters under
slow water flow conditions. At the parts of the concretions that
aragonite growth is not inhibited by brucite, open-space
crystallization of acicular, needle-like aragonite is favored (Fig. 10B).

Unlike Mix-type crystalline crusts, brucite crystals in mud-like and
flocculent material (for frequency see Table 5) show smaller crystal
sizes (< 5 μm) and lower degree of crystallinity (Fig. 8B) than brucite
in the crystalline crusts (Fig. 6C). This textural feature is possibly in-
dicative of faster supersaturation rates during vigorous mixing of Ca-
type with Mg-type or Mg-rich Mix-type waters, where the steady supply
of Mg2+ and OH− keeps the water supersaturated with respect to
brucite. In some cases, brucite occurs in mud-like and flocculent ma-
terial from Mix-type water pools that are located away from mixing
zones. This may indicate that brucite had formed elsewhere and was
transported by the water flow in these pools. Nevertheless, according to
our mixing model, the highest values of brucite supersaturation (SI: 2.5;
Fig. 12) are attained where the Ca-type mixing fraction is between 0.5
and 0.9, which is in agreement with the Mix-type pools where brucite
was actually found (Supplementary material Fig. 4S).

5.3. Development of travertine terraces

Preserved travertine terraces in Oman (Fig. 3F)—forming over the
past 50,000 yrs (Mervine et al., 2014)—are extensive carbonate for-
mations that mainly form via CO2 uptake from the hyperalkaline Ca-
type waters (Falk et al., 2016). In most cases, the travertine terraces
develop in association with Ca-type springs and appear to have a close
genetic relation to lithified dam-like structures (Fig. 3E).

Before reaching the final form of we observe today, the travertine
terraces experience, early stages of cementation and lithification pro-
cesses that can be observed in the lithified dam-like structures. Calcite
exhibits internal lamination and undefined crystal boundaries
(Fig. 10A) record the conversion of well-shaped crystals into the ob-
served chaotic textures of the travertines. Similarly, aragonite structure
is affected by the cementation processes and displays a compact texture
by narrowing the space between the needle-like crystals (Fig. 10A).
Compact textures of aragonite indicate its transformation into more
stable calcite (Pentecost, 2005 and references within), which is the
major component of Oman travertine terraces (Table 6). In some parts
of these structures, calcite crystals exhibit concentric cavities, which
often crosscut crystal boundaries (Fig. 3S, Supplementary material).
These cavities on the calcite surfaces could be created by gas bubbles
that are attached to the growth substrate (Aquilano et al., 2003; Taylor
and Chafetz, 2004). Calcite starts forming on the bubble surface leaving
an empty space at the place where the bubble was present. This kind of
pores on calcite surface may also be associated with specific cellular
functions (e.g., self-protection mechanisms, presence of polysaccharidic

Fig. 15. The growth process of crystalline crusts in Mix-type waters. At initial
crystallization stage, aragonite nucleates at the air-water interface due to eva-
poration and CO2 uptake (Stage I). Further evaporation and CO2 diffusion leads
to aragonite growth and the development of the crystalline crust at the air-
water interface (Stage II). Aragonite crystals act as a growth substrate for
brucite and calcite formation, as well as a barrier for further CO2 diffusion in
the water (Stage III).
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Fig. 16. SEM images and sketches describing the textural features and crystal growth processes of minerals occurring in the spring sites. A: The transformation
process of nesquehonite into dypingite (pseudomorph crystal) in Mg-type waters. B: Branching and splitting processes lead to the textural evolution of aragonite in
flocculent material from an initial crystalline sheaf, over wheat-sheaf and dumbbell, to an acicular-spheroidal morphology. C: Spindle aragonite crystals forming due
to the aggregation of aragonite nano-rods via self-assembly processes.
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capsule) processed byof several microbial communities (e.g., cyano-
bacteria) during calcium carbonate precipitation (Martinez et al., 2010;
Bundeleva et al., 2014).

The lithified dam-like structures are exclusively associated with
active Ca-type waters that run-off from Ca-type springs (Fig. 4; Fig. 14).
The dominance of calcite over aragonite in these dam-like structures
(Table 6) point to their precipitation directly from Ca-type waters
without any indication of mixing with Mg-type waters. Alternations of
active and inactive flow of Ca-type waters could trigger multiple re-
crystallization events that effect the development of the dam-like
structures and subsequently the travertine terraces. Dehydration-hy-
dration periods have an impact on calcite growth and reactivity (Fenter
and Sturchio, 2012 and references within) that could lead to the chaotic
and colloformic textures of the travertine terraces (Fig. 10C). Never-
theless, the strong presence of active carbonate precipitation due to
mixing requires further assessment regarding its contribution and in-
corporation to the travertine terrace build-up.

6. Summary and conclusions

Interaction between meteoric water and ultramafic rocks in the
Oman Ophiolite generates waters of variable physicochemical char-
acteristics. The discharge of these waters forms complex hydrological
networks of streams and pools where waters mix, undergo evaporation,
and take up atmospheric CO2, leading to the generation of a broad
diversity of mineral phases and textures. Coupling of textural and mi-
neralogical studies with chemical analysis of waters allowed us to de-
termine the saturation state of a wide range of minerals and correlate
them to the different water and precipitate types of the Oman spring
sites. The systematic—downstream—sampling of numerous pools in
individual spring sites, and the detailed documentation of mineral as-
semblages and crystal morphologies, enabled us to provide a more
detailed account of how water composition, mixing, and mineral pre-
cipitation co-evolve in the alkaline spring systems. In accordance with
previous studies, we classified the waters of the Oman spring sites into
three types: Mg-type (mildly alkaline, 7.9< pH<9.5; Mg2+–HCO3

−-
rich waters), Ca-type (hyperalkaline, pH>11.6; Ca2+–OH−-rich wa-
ters), and Mix-type waters (alkaline to hyperalkaline, 9.6< pH<11.5;
with intermediate chemical composition) formed by mixing of Mg-type
and Ca-type.

The mineralogy and textures of different types of solid precipitates
and deposits mostly record the local physicochemical characteristics of
water, the hydrodynamic regime, and the evaporation rate of the spring
sites. We first report the occurrence of hydrated magnesium (hydroxy-)
carbonate phases in Oman Mg-type waters. Nesquehonite forms via
evaporation and transforms into dypingite and hydromagnesite under
locally CO2-rich conditions. In Ca-type waters, coupled atmospheric
CO2 uptake and evaporation trigger the formation of calcitic crystalline
crusts at the air-water interface, while the instantaneous mixing of Mg-
type and Ca-type waters into a single Mix-water pool leads to the for-
mation of aragonite-dominated and brucite-bearing crystalline crusts.
In this type of Mix-water pools, acicular aragonite acts as a substrate for
subsequent growth of brucite and calcite crystals. Throughout the
spring sites, the Mix-type water pools also host massive aragonite-
dominated deposits because the high Mg/Ca of these waters favors the
formation of aragonite over calcite. The hydrodynamics of water
mixing controls the occurrence of brucite, which is commonly restricted
to mixing zones with steady mixing rate and slow water flow.

Crystal morphologies record the effect on the values of super-
saturation and supersaturation rates in the pools due to mixing pro-
cesses, evaporation and CO2 uptake. In Ca-type waters, CO2 uptake and
evaporation dictate the textural characteristics of calcite both in crys-
talline crusts and rock coatings. Textural evolution of aragonite from
initial crystalline sheaves to spheroidal shapes in flocculent material
underlines the different supersaturation rates of calcium carbonate
crystallization in Mix-type waters. Moreover, the spindle aragonite

crystals in mud-like dam formations could be attributed to self-as-
sembly processes via aggregation of nano-rod subunits. Mixing models
between Mg-type and Ca-type waters revealed the evolution of mineral
SIs under various mixing proportions and their relation to the observed
mineral assemblages and chemistry of waters. Our results demonstrate
that hydrology, geochemistry and local hydrodynamics characterizing
the spring sites control the mineral assemblages, textures, and pre-
cipitation rate of the different types of solid precipitates occurring in
the Oman alkaline spring systems.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo.2019.119435.
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