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Abstract:



Travertine deposits in Deir Alla, Suwayma, and Az Zara areas were investigated. Mineralogy, geochemistry, stable isotopes and age dating indicate the presence of low-Mg calcite, with minor quartz components. The variable isotope (δ13C and δ18O) signatures indicate dependence on water temperature and water/rock isotopic exchange. In contrast, the high δ13C values in some travertine samples reflect 12CO2 degassing processes, increased input of 13C-enriched groundwater, and the presence of surface and groundwater hydrological systems. The high δ18O values may be attributed to evaporation effects and low water temperature during the formation of localized travertine. The age of travertine is the Late Pleistocene.
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1. Introduction


Travertine refers to all non-marine carbonate precipitates formed at or near terrestrial springs, rivers, lakes, and caves [1], when CO2-rich, Ca-bearing fluids are exposed to low pressure conditions at surface conditions [2]. Travertine formation is controversial since it has been attributed to both biotic and abiotic processes [3,4]. The terms travertine and tufa are sometimes used synonymously [5]. Calcite precipitation occurs due to CO2-loss, and associated pH-reduction during fluid equilibration with the atmosphere [6,7]. Travertine precipitation seems to be controlled by a combination of several factors, such as: (i) a fast decrease of the hydrostatic pressure and the pCO2, resulting in a rapid degassing process; and (ii) microbes and algae activity [6]. The term travertine must be retained for continental carbonates mainly composed of calcium carbonate deposits produced from non-marine, supersaturated calcium bicarbonate-rich waters, typically hydrothermal in origin [5]. Based on the CO2 interaction with the groundwater, Pentecost [8] subdivided travertine into meteogene and thermogene deposits. CO2 in the meteogene deposits is developed at a shallower origin, as a result of organic activity in the soil [9]. Thermogene deposits of CO2 have a deeper origin either from magmatic degassing or from decarbonation processes [10]. Such deposits are typical of tectonically active areas where geothermal heat flux (endogenic or volcanic) is high [11]. The meteogene travertine is usually referred to as “tufa”, especially that which contains remains of micro and macrophytes, invertebrates and bacteria [11,12]. It is usually derived from lower water temperature, and lower contents of dissolved inorganic carbon (Dissolved inorganic carbon (DIC) < 10 mmol·L−1), CO2 partial pressure (pCO2 < 0.1 atm) and higher pH values (7–8) [10]. Meteogene usually displays low deposition rates (<10 mmol·cm−2 year−1) and shows a negative carbon isotopic composition (δ 13C vs. PDB between −12 and 0‰). However, thermogene travertine displays higher deposition rates and higher (δ 13C vs. PDB) values [5,10]. They are characterized chiefly by high depositional rates, regular bedding and fine lamination, low porosity, low permeability and an inorganic crystalline fabric [5]. The main distinctive characteristics of travertine and tufa are detailed in Capezzuoli et al. [5].



Travertine and tufa rocks are exposed in the eastern margins of the Dead Sea and Jordan Valley. Some investigations focused on their geotechnical properties as a decoration stone [13]. However, geochemical and mineralogical studies of such rocks are limited [14,15]. The present study aims to elucidate the mineralogy, geochemistry, stable isotope implications and age determination of the travertine and tufa formation along the eastern margins of the Dead Sea and Jordan Valley.



1.1. Location


The study area is located along the margins of the Dead Sea (Figure 1). Most of the travertine outcrops are located in the eastern Jordan Valley and the Dead Sea Transform Fault system. Three main travertine outcrops were studied including: Deir Alla, Suwayma and Az Zara (Figure 1). Representative travertine, tufa and water samples were collected from these areas.


Figure 1. Location map to show the studied travertine outcrops.
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1.2. Geological Setting


The travertine is exposed in a highly tectonized area associated with the main Dead Sea Transform Fault (Figure 2). It is an 1100 km long sinistral fault system that connects the Gulf of Aqaba-Red Sea spreading system to the convergence zone of the Taurus–Zagrous Mountains [16]. This fault is a left lateral transform plate boundary, separating the Arabian plate in the east and the Palestine-Sinai sub plate (part of the African plate) in the west [17]. It has been active since ca. 13–18 Ma ago with movement continuing today [17,18]. Most of the faults in the study area are related to the stress fields associated with the transform boundary.


Figure 2. Geological maps of the studied travertine outcrops.
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The stratigraphic sequence in the studied areas, as illustrated in the simplified geological maps in Figure 2, comprises a wide range of rock units including Cambrian, Permian, Triassic, Jurassic and Cretaceous sandstones, shale and carbonates (Figure 2). Quaternary deposits occur widely in the form of marls, siltstone, basalts, travertine, fluvial and alluvial sediments.



The studied travertine facies are composed of crystalline crust, shrub, paper-thin raft, coated gas bubble, reed, lithoclasts, pebbly travertine, and palaeosols with a tufa carbonate facies of macrophyte encrustation deposits, bryophyte build-ups, biomicrites and green and grey marls (Figure 3). The Deir Alla travertine is formed in a terraced and smooth slope depositional setting, where it has been subjected to meteoric diagenesis.


Figure 3. Selected field photos of the studied travertine: (A) root casts, downward tapering, rare lateral roots, smooth tube-like, ranging from 0.5 to 7.0 cm in length and from 0.1 to 3.5 cm in diameter preserved in porous travertine from Deir Alla; (B) tiny travertine from Deir Alla with irregular elliptical cavities are partly to completely infilled by secondary materials; (C) interconnected root traces on the upper bedding plain indicating the plants types of Az Zara area; (D) stalagmites and stalactites features (red circle), which are formed near Az Zara hot spring; (E) wavy laminae resembles stromatolite in Suwayma travertine, bedding plains indicate three stages of travertine precipitation; (F) the mound of travertine standing in an erosional relief in Suwayma. The hammer is 28 cm long.
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The inactive thermogene Suwayma travertine is deposited in fissure-ridge and depression depositional setting, with meteogene and burial diagenetic processes [19]. Both localities are characterized by hard crystalline travertine with low organic content. Az Zara travertines were deposited under self-built channels’ depositional settings. Az Zara active tufa was formed in a predominantly fluvio-palaustrine environment, which is friable and rich in organics and clays.




1.3. Hydrology and Hydrogeology


The physiographic situation of the Dead Sea and Jordan Valley displays morphotectonic depressions (Figure 1). Therefore, most of the rainfall-infiltrated water emerges once again in the form of springs, and the general flow direction is due west, towards the Dead Sea and Jordan Valley. The water temperature of some springs is moderate (18–21 °C). The discharge amount is seasonal such that it increases during the winter and drops in the summer [20].



The groundwater around the Dead Sea is found in two aquifer complexes; the first is the upper limestone aquifer complex (Upper Cretaceous), and the second is the sandstone aquifer complex (Lower Cretaceous). The total amount of groundwater associated with the upper aquifer is around 87 million m3/year [20], and half of it discharges on the surface through springs. The total discharge of the lower aquifer is around 90 million m3/year, and the water is mostly thermal and mineralized [21]. The Jordan Valley floor consists of recent alluvial fan sediments inter-tonguing with Pleistocene salty, clayey sediments of the Lisan Formation. The available groundwater in this area ranges from 18–20 million m3/year [22].



Springs issued east of Deir Alla are alkaline with prevailing bicarbonate in summer, and alkaline with prevailing chlorides in winter. Fe oxides precipitate as soon as the water mixes with the Zarqa River water [23]. The number of thermal springs in Ma’in area is approximately 109, with temperature exceeding 34 °C. All such thermal springs are classified as hyperthermal [24]. Sixty-four hyperthermal springs are located in the northern part of Wadi Zarqa Ma’in forming the “Hammamt Ma’in”, with 19 million m3/year total discharge into the Dead Sea. The rest of the hyperthermal springs are aligned in a north–south trend at the Az Zara area, on the eastern shore of the Dead Sea. The total discharge into the Dead Sea from the Az Zara area is 17 million m3/year [23].





2. Materials and Methods


More than 80 travertine samples were collected from three investigated areas representing both vertical and horizontal sections. The mineralogy of 18 samples was determined by X-ray diffraction (XRD), using a Phillips X’ Pert Pro PW 3040/80 diffractometer (Lelweg 1, 7602, EA Almelo, The Netherlands). Twenty-two samples were selected for major and trace elements determination by X-ray fluorescence (XRF)—using a Phillips MagiX PW 2424 diffractometer (Lelweg 1, 7602, EA Almelo, The Netherlands). Radiogenic and stable isotope measurements were also carried out. The method used for δ18O measurements is CO2 equilibrium/Delta Plus XP Isotope Ratio Mass Spectrometer HDO (ThermoFisher Scientific, Walton, MA, USA) using a platinum catalyst modified from (International Atomic Energy Agency). Measurements of 14C and δ13C are done by a benzene synthesis line and Liquid Scintillation Counter. The method is modified by (IAEA) technical procedure #25. The measurements of the (13C/12C) isotopes are made relative to the Vienna Pee Dee Belemnite standard (VPDB), and the water oxygen is based on a Vienna Standard Mean Ocean Water (VSMOW).



The ratios of (13C/12C) and (18O/18O) are expressed in the δ notation. The values of δ18O are interchangeable according to such equations [8]: δ18O (VSMOW) = [1.03088 δ18O (VPDB) + 30.88] and δ18O (VPDB) = [0.97008 δ18O (VSMOW) − 29.94].



The calculation of travertine age was performed by the equation set by Vogel [25] and used by Thorpe et al. [26]. The decay rate constant (λ) is assumed to equal 1.209 × 10−4 year−1. The value dilution factor is 0.85 ± 0.05 [8,26].




3. Results and Discussion


Petrographic investigation reported the presence of eight travertine and four tufa lithofacies in the studied sites. The description of these lithofacies is summarized in Table 1.



Table 1. Summary of travertine and tufa lithofacies in the studied travertine outcrops.







	
Locality

	
Lithofacies

	
Description






	
Deir Alla & Suwayma Travertine

	
Crystalline crust

	
Dense, crudely fibrous, elongated calcite crystals (ray crystals)




	
Shrub

	
Small bush-like growths, on horizontal-semi-horizontal surfaces




	
Rafts

	
Thin, delicate and brittle crystalline layers




	
Lithoclast

	
Penecontemporaneous, angular to subangular travertine fragments in different size, formed by erosion of the upper slope and collapse of waterfalls and terrace cliffs




	
Coated gas bubble

	
Gas bubbles are coated by rapid precipitation of calcium carbonate




	
Reed

	
Rich in molds of reed and coarse grass




	
Pebbly

	
Rounded pebbles of limestone, chert and basalt




	
Palaeosol

	
Exposure of travertine surface to rainwater, subaerial desiccation, and biological activities associated with soil formation




	
Az Zara Tufa

	
Macrophyte encrustation

	
Calcified stems, twigs and leaves that represent rushes, reeds and unidentifiable bushes.




	
Bryophyte build-ups

	
Laminated deposits that commonly form asymmetrical mounds or small domes, up to 1.75 m thick or stacked sequences up to 2 m high.




	
Biomicrites

	
Tabular layers, tens of centimeters thick, mostly at the top of the tufa succession. They consist of massive biomicrites or, in some places, biosparites.




	
Marls

	
Massive lenticular beds that are associated with macrophyte palisades. They contain plant debris.










3.1. Mineralogy


Semiquantitative determination of mineral phases was reported by the X-ray diffraction. In the present work, components other than calcium carbonate may be defined as accessories. X-ray diffraction of travertine from Deir Alla, Suwayma, and Az Zara indicates close similarity. They are predominantly composed of calcite (Figure 4). Deir Alla and Suwayma samples occasionally contain a very low percent of quartz and Fe-oxides. Sample (D26a) shows a frequent amount of aragonite (Figure 4). Traces of gypsum, dolomite and halite may also occur.


Figure 4. Selected X-ray diffractograms of the studied travertines (a) D8, (b) D26a.
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Petrographic study by Al-Thawabteh [19] indicated that most of the Fe present in travertine and tufa is autochthonous, i.e., formed or grown in situ and has not been transported. Precipitation of hydrated Fe-oxides occurs when groundwater containing ferrous ions encounters the atmosphere. In contrast, quartz enters the travertine realm as a detrital mineral, derived from the soil and bedrocks, and are therefore considered as allochthonous minerals.



Calculations of the theoretical mineralogical composition including MgCO3 percent are presented in Table 2. In Deir Alla, the detrital quartz grains are rare compared to Suwayma and Az Zara (Table 2). It is believed that they are derived from sandstone when hot groundwater emerges onto the surface. In addition, Deir Alla travertine includes different types of clay minerals that vary from 0.19–1.47 wt % (Table 2). In thermogene travertine of Suwayma and Az Zara, the presence of clay (2.82 wt % and 0.85 wt %, respectively) may be due to the hydrothermal alteration of the host rock.



Table 2. Calculated theoretical mineralogical composition of travertine and tufa samples (wt %).







	
No.

	
D3

	
D8

	
D11

	
D18

	
D23b

	
D26a

	
D26b

	
D29




	
Clay

	
0.8

	
0.7

	
0.4

	
1.5

	
0.4

	
0.7

	
1.3

	
0.2




	
Dol

	
0.5

	
0.7

	
0.5

	
0.7

	
0.4

	
0.9

	
0.5

	
0.4




	
Cc

	
98.4

	
94.3

	
97.2

	
93.0

	
94.3

	
93.7

	
98.5

	
98.8




	
Qz

	
nd

	
nd

	
nd

	
0.1

	
0.1

	
0.1

	
nd

	
nd




	
Mgs

	
0.4

	
0.4

	
0.3

	
0.5

	
0.3

	
0.8

	
0.4

	
0.3




	
Others

	
2.4

	
4.3

	
1.8

	
4.7

	
4.8

	
4.4

	
1.8

	
0.7




	
No.

	
S1d

	
S10

	
S19

	
S27

	
S32

	
S34

	
S38

	
S39

	
S45

	
S47b




	
Clay

	
9.2

	
2.2

	
4.5

	
1.4

	
1.2

	
1.8

	
1.8

	
1.3

	
2.2

	
2.8




	
Dol

	
2.1

	
2.3

	
2.7

	
1.3

	
3.0

	
3.4

	
2.0

	
2.2

	
2.5

	
2.9




	
Cc

	
72.0

	
90.7

	
88.9

	
94.4

	
92.3

	
90.7

	
93.8

	
93.1

	
90.7

	
87.8




	
Qz

	
3.7

	
0.5

	
1.5

	
0.2

	
0.4

	
1.1

	
0.4

	
0.3

	
0.9

	
1.2




	
Mgs

	
1.9

	
1.59

	
1.99

	
0.9

	
1.9

	
2.2

	
1.3

	
1.4

	
1.7

	
1.9




	
Others

	
12.9

	
4.0

	
4.4

	
2.7

	
3

	
3.0

	
2.3

	
2.7

	
3.5

	
5.3




	
No.

	
Z1

	
Z1*

	
Z3

	
Z4




	
Clay

	
0.8

	
0.5

	
1.0

	
1.1




	
Dol

	
2.5

	
1.8

	
1.5

	
2.2




	
Cc

	
91.8

	
88.7

	
93.5

	
94.2




	
Qz

	
0.8

	
1.8

	
0.1

	
0.2




	
Mgs

	
1.8

	
1.1

	
1.0

	
1.4




	
Others

	
3.9

	
7.1

	
3.7

	
2.1








Z1 and Z1* are tufa samples. (nd: is not detected; D: Deir Alla; S: Suwayma; Z: Az Zara; Dol: dolomite; Cc: calcite and/or aragonite; Qz: quartz; Mgs: magnesite).








3.1.1. MgCO3


The calculated MgCO3 represents all of Mg in the studied travertine. The Mg is usually incorporated in the calcite, aragonite, and dolomite crystals, or it may form magnesite. In Deir Alla travertine, the calculated MgCO3 content ranges from 0.3 wt % to 0.8 wt %, with a mean value of 0.4 wt %, whereas in Suwayma travertine, the range is from 0.9 wt % to 2.2 wt %, with an average value of 1.7%; meanwhile, the calculated MgCO3 content of Az Zara travertine and tufa ranges from 1.0% to 1.8%, with a mean value of 1.3% (Table 2). This indicates that the calcite in such travertines and tufas is invariably of low Mg calcite [27] (Table 2). Calcite that contains less than 8% of MgCO3 has been defined as low-Mg calcite, whereas calcite, with more than 8–11% of MgCO3, has been defined as high-Mg calcite [27].




3.1.2. Calcium Carbonate (CaCO3)


Deir Alla travertine consists mainly of calcium carbonate with an arithmetic average value of 95.5% (Table 2, shown as cc). According to Pentecost [8], meteogene deposits have a high average of CaCO3 content with a median of about 92.9%, and an upper range of 99.3%. In addition, Pentecost [8] indicated that active meteogene deposits have a lower CaCO3 content (mean 91.2%, No. of samples = 28) than their inactive meteogene counterparts (mean 94.8%, No. of samples = 22). This might be due to the loss of organic matter in the older deposits. Consequently, the Deir Alla travertine can be classified as inactive super-ambient meteogene deposits based on the CaCO3 content [8].



The mean calcium carbonate abundance in Suwayma travertine is about 89.18% (Table 2). The CaCO3 content of thermogene travertine is broadly similar to that of meteogene [8]. Therefore, the Suwayma travertine can be classified as thermogene deposits based on its CaCO3 content. Az Zara travertine mainly consists of calcium carbonate with a mean of 92% (Table 2). Az Zara travertines and tufa can be classified as inactive and active thermogenic deposits, respectively. Az Zara deposits are localized and are commonly associated with regions of Quaternary basaltic outcrops and recent tectonic activities related to the Dead Sea Transform Fault System.



In general, calcium carbonates in travertine are formed of various combinations of aragonite and calcite polymorphs [28]. No attempts were carried out in this study to investigate the controls of calcium carbonate polymorph precipitation. The factors that control calcite and aragonite precipitation in travertine are still open to debate [28,29,30,31]. The precipitation has been variously attributed to water composition, water temperature, growth inhibitors (e.g., Mg/Ca ratio), and/or CO2 degassing and saturation levels [29]. Aragonite may co-precipitate with calcite at a high CO2 content and rapid CO2 degassing, irrespective of the Mg/Ca ratio [30], or aragonite may precipitate from low levels of CO2 degassing, provided the Mg/Ca ratio is high enough to inhibit calcite precipitation [30].





3.2. Geochemistry


3.2.1. CaO and MgO


The XRF results indicate that CaO wt % in the travertine ranges from 48.38% to 55.8% (Table 3). The relationship between CaO% and SiO2% is presented in Figure 5a supported by the negative correlation coefficient of −0.82 in the correlation coefficient matrix (Figure 6). The inverse relationship between these two oxides (Figure 5a) indicates that they are involved in two different phases. A similar conclusion can be noted in Figure 5b, which exhibits the relationship between CaO and Al2O3.


Figure 5. Variation diagrams of: (a) CaO versus SiO2; (b) CaO versus Al2O3; and (c) Al2O3 versus K2O.
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Figure 6. Correlation coefficient matrix for the chemical components in the studied travertine.
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Table 3. X-ray Fluorescence results of major and minor elements of travertine and tufa samples.







	
Chemical Constituents

	
D3

	
D8

	
D11

	
D18

	
D23b

	
D26a

	
D26b

	
D 29

	
S1d

	
S10

	
S19




	
wt %




	
CaO

	
55.38

	
55.38

	
55.81

	
52.42

	
54.1

	
52.92

	
55.39

	
55.45

	
48.38

	
54.31

	
52.22




	
SiO2

	
0.22

	
nd

	
0.22

	
0.85

	
0.24

	
0.44

	
0.82

	
0.09

	
8.39

	
1.85

	
3.77




	
Al2O3

	
0.12

	
0.13

	
0.08

	
0.29

	
0.07

	
0.15

	
0.28

	
0.04

	
1.82

	
0.44

	
0.89




	
TiO2

	
nd

	
nd

	
nd

	
0.05

	
nd

	
0.05

	
nd

	
nd

	
0.28

	
nd

	
0.13




	
Fe2O3

	
0.28

	
1.3

	
0.8

	
2.13

	
3.81

	
0.24

	
0.4

	
0.55

	
4.72

	
0.47

	
1.83




	
MgO

	
0.17

	
0.21

	
0.18

	
0.28

	
0.14

	
0.27

	
0.19

	
0.12

	
0.9

	
0.74

	
0.91




	
MnO

	
nd

	
nd

	
nd

	
0.03

	
0.03

	
1.93

	
nd

	
0.01

	
0.08

	
0.08

	
0.08




	
Na2O

	
nd

	
nd

	
nd

	
0.04

	
0.04

	
0.13

	
nd

	
0.04

	
0.13

	
0.02

	
0.03




	
K2O

	
0.01

	
nd

	
nd

	
nd

	
nd

	
0.03

	
0.04

	
nd

	
0.85

	
0.08

	
0.23




	
P2O5

	
dl

	
0.01

	
dl

	
0.02

	
0.01

	
0.01

	
0.01

	
dl

	
0.01

	
0.19

	
0.08




	
SO3

	
0.02

	
0.02

	
0.02

	
nd

	
0.01

	
0.07

	
0.02

	
0.01

	
0.03

	
0.11

	
0.08




	

	
mg/kg




	
Sr

	
842

	
423

	
539

	
4189

	
833

	
3919

	
1200

	
788

	
511

	
1051

	
898




	
Zr

	
31

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd




	
Mo

	
307

	
357

	
349

	
377

	
285

	
287

	
378

	
379

	
389

	
350

	
321




	
Rb

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
87

	
nd

	
nd




	
Ba

	
nd

	
447

	
nd

	
378

	
nd

	
2825

	
nd

	
nd

	
1035

	
8339

	
758




	
Cl

	
nd

	
nd

	
nd

	
nd

	
nd

	
88

	
nd

	
40

	
188

	
31

	
12




	
Br

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd




	
Chemical Constituents

	
S27

	
S32

	
S34

	
S38

	
S39

	
S45

	
S47b

	
Z1

	
Z1*

	
Z3

	
Z4




	
wt %




	
CaO

	
55.29

	
55.28

	
53.57

	
54.23

	
53.84

	
51.93

	
51.41

	
52.54

	
52.45

	
55.41

	
55.03




	
SiO2

	
0.89

	
1.04

	
1.95

	
1.21

	
1

	
2.01

	
2.81

	
2.03

	
1.24

	
0.81

	
0.82




	
Al2O3

	
0.28

	
0.23

	
0.35

	
0.32

	
0.28

	
0.44

	
0.55

	
0.1

	
0.15

	
0.2

	
0.22




	
TiO2

	
nd

	
nd

	
0.08

	
0.05

	
0.09

	
0.08

	
0.11

	
nd

	
nd

	
nd

	
nd




	
Fe2O3

	
0.83

	
0.47

	
0.87

	
0.91

	
1.81

	
0.53

	
3.43

	
0.88

	
0.18

	
0.17

	
0.47




	
MgO

	
0.42

	
0.9

	
1.03

	
0.82

	
0.89

	
0.79

	
0.92

	
0.54

	
0.74

	
0.47

	
0.85




	
MnO

	
0.03

	
0.04

	
nd

	
nd

	
0.04

	
0.12

	
0.15

	
2.1

	
0.03

	
nd

	
nd




	
Na2O

	
nd

	
nd

	
0.02

	
0.02

	
0.05

	
0.28

	
0.04

	
1.17

	
0.73

	
nd

	
0.02




	
K2O

	
0.05

	
0.05

	
0.08

	
0.05

	
0.04

	
0.1

	
0.18

	
0.1

	
0.11

	
0.04

	
0.05




	
P2O5

	
dl

	
0.01

	
0.03

	
0.02

	
0.02

	
0.02

	
0.03

	
0.01

	
0.01

	
0.01

	
0.01




	
SO3

	
0.02

	
0.04

	
0.09

	
0.05

	
0.12

	
0.14

	
0.14

	
0.07

	
0.18

	
0.07

	
0.1




	

	
mg/kg




	
Sr

	
588

	
555

	
1008

	
802

	
980

	
1811

	
7987

	
2213

	
897

	
585

	
837




	
Zr

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
33

	
nd

	
nd

	
nd




	
Mo

	
343

	
234

	
385

	
410

	
328

	
373

	
228

	
378

	
358

	
308

	
331




	
Rb

	
nd

	
nd

	
nd

	
nd

	
nd

	
48

	
nd

	
nd

	
nd

	
nd

	
nd




	
Ba

	
547

	
535

	
8341

	
10,958

	
1019

	
1159

	
1812

	
nd

	
2955

	
822

	
1305




	
Cl

	
nd

	
nd

	
24

	
nd

	
39

	
23

	
297

	
877

	
1545

	
45

	
338




	
Br

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
54

	
134

	
nd

	
nd








Z1 and Z1* are tufa samples. nd: is not detected; dl: detection limit; D: Deir Alla; S: Suwayma; Z: Az Zara.








It is evident that the studied travertine samples have low Mg content (Table 3), which is less than 1.0 wt % MgO with a mean value of 0.19 wt %. Consequently, calcites of such travertine are invariably of low Mg. The high value of Mg in some Suwayma travertine samples (Table 3) may have resulted from the input of Mg-enriched solutions that could lead to slight dolometization; i.e., formation of diagenetic dolomite. Mg forms a solid solution series with calcite and a wide range of compositions are possible. Figure 6 shows the negative correlation between CaO and MgO, which indicates that Mg substitutes Ca in calcite crystals. Previous studies by Pentecost [8] show that a few meteogene travertines are composed of calcite, which exceed 1% of Mg by weight, and yield a mean value of 0.29 wt %. Thermogene travertine consisting of calcite has similar Mg concentration similar meteogene travertine [8].




3.2.2. Fe2O3 and MnO


The Fe2O3 content of Deir Alla samples ranges from 0.24% to 3.18% (Table 3). In Suwayma travertine, Fe2O3 wt % ranges from 0.47% to 4.72%, and Az Zara travertine and tufa is between 0.18% and 0.88%. Such percents are for total iron, which include the Fe precipitated with calcite and that associated with detrital minerals. According to Pentecost [8], the mean Fe wt % for the meteogene and thermogene travertines is 0.18% to 0.28%, respectively, which is far less than the mean value of the studied travertines (0.83%). This is most probably related to the presence of allochthonous Fe-minerals within the travertine.



The mean value of MnO content in Deir Alla and Suwayma travertines is about 0.14% and 0.03%, respectively, while the mean value for meteogene and thermogene travertines is 0.0188% and 0.091%, respectively [8]. MnO in Deir Alla and Suwayma travertines is most probably incorporated into calcium carbonate. The high percent of Mn in D26a sample is zoned in aragonite (Table 3). The low percent of MnO content reflects a high rate of travertine deposition in such areas [29]. Consequently, the precipitation rate in Suwayma was higher than that in Deir Alla. High percent of MnO was also recorded in Z1* tufa sample (Table 3), due to the presence of plants, especially mosses, which contain manganese in their internal structure, similar to those described by Obeidat [15]. Such MnO content indicates a slow rate of deposition of tufa [32]. Caboi et al. [33] found that Mn is mainly associated with calcite, while Fe is associated with the detrital minerals.



Pentecost [8] observed that when Fe levels are high, Mn tends to precipitate with it, but when Fe is low, Mn is incorporated into calcium carbonate. The selected travertine samples define a negative correlation between CaO and MnO (Figure 6). This might indicate that Mn is incorporated into calcium carbonate and replaces Ca.




3.2.3. Alkali Metals


The alkali metals are believed to occupy interstitial positions in the calcite lattice with a frequency of occurrence: Li > Na > K > Rb [34]. However, in aragonite, they substitute for Ca2+ in the crystal structure. Therefore, they are more easily co-precipitated with aragonite than with calcite [34]. It is noted that some Na concentrations in the samples are associated with Cl to form halite. In Deir Alla travertine, Na and K contents average 0.085% and 0.022%, respectively, and, similar to those found in the super-ambient travertines of Matlock Bath, UK [35]. Therefore, Deir Alla travertine is considered as super-ambient meteogene travertine, especially when the water temperature rises above ambient issuing hot springs (>37 °C) [8]. Figure 5c shows that K is correlated with Al, with a positive 0.98 correlation coefficient (Figure 6). This may indicate that they were found during the same mineral phases, such as clay minerals (potassium aluminum silicates). This is supported by the positive 0.98 correlation coefficient with SiO2 (Figure 6).




3.2.4. Sr


The Sr content of Deir Alla samples ranges from 423 to 4189 mg/kg. In Suwayma travertine, Sr ranges from 511 to 7987 mg/kg, whereas Az Zara travertine and tufa Sr ranges from 585 to 2213 mg/kg (Table 3). The range of Sr concentration in the meteogene travertine is from 9 to >2930 mg/kg, and in the thermogene travertine is 20–14,000 mg/kg. In general, the Sr proportion in calcite is less than that in aragonite [8]. The transformation of aragonite to calcite during meteoric water circulation in depth leads to precipitation of calcite with less Sr content [8].



There is probably no single universal factor that controls calcite and aragonite precipitation in spring systems. For example, calcite was precipitated directly from waters with temperatures of >90 °C in Kenya [29] and New Zealand [36]. According to Fouke et al. [1], only aragonite precipitates at water temperatures >44 °C, whereas calcite and aragonite precipitate at 30–43 °C, while calcite alone forms when temperature falls below 30 °C. The Sr proportion increases in high-temperature travertine facies [1]. Therefore, the low temperature Deir Alla travertines have low Sr concentrations and are commonly composed of pure calcite. Some samples that contain a high percent of Sr may reflect their high aragonite content, especially those in D26a samples that showed aragonite recrystallization under the microscope [19]. High Sr content in Suwayma travertine reflects deposition under high water temperature like aragonite, before its complete transformation into calcite. The association of aragonite and calcite in Az Zara samples indicates their formation under high water temperatures (25–45 °C), before the complete transformation of aragonite into calcite.



Kinsman [37], Veizer and Demovic [38] considered that the diagenetic solution is one of the main factors that control the distribution of Sr in the carbonate rocks. In addition, Cipriani et al. [39,40] found an appropriate correlation between Sr content and porosity, which means that calcite must contain less Sr as porosity decreases. Deir Alla travertine was affected by diagenetic processes, such as their tight lithification, high compaction, low pore spaces, and good cementation. In contrast, Suwayma travertine was affected much less by diagenetic processes, as indicated by their lose lithification, low compaction, high pore spaces, and weak cementation. A high Sr value was recorded in the Z1 sample of the spongy tufa that was slightly affected by diagenetic processes, as compared to hard travertine samples Z3 and Z4.



The negative correlation between Ca and Sr abundances in travertine samples indicates that some Ca was replaced by Sr in the calcite lattice. Ichikuni [41] observed that the partition coefficients of Sr are higher in both aragonite and calcite, if a small amount of Mn has substituted for Ca in the lattice.





3.3. Stable Isotopes


3.3.1. Background Information


The (13C/12C) and (18O/18O) ratios undergo discrete change during biogeochemical cycling, allowing inferences about their origin and past history. Such ratios provide an expanded scale for the comparative small differences observed [42]. For travertine, fractionation of carbon and oxygen isotopes is of particular interest. They provide information about the carbon dioxide source, the physio-chemical conditions of the precipitation event (rate and temperature), and the influence of metabolic processes. In favorable circumstances, they provide information about the temperature at which deposition occurred, and assist in radiometric dating [42].



Stable oxygen isotope ratios are of great interest to geochemists and carbonate sedimentologists. As the lithosphere water exchanges oxygen atoms with the dissolved carbon dioxide, and where equilibrium is established, the difference between the ratio of oxygen isotopes in carbonates and depositing water can be used to estimate past water temperatures, assuming that the fluid source has not changed through time. Information can also be obtained on rates of water evaporation with time [8,42].



The carbon stable isotopes also undergo fractionation during chemical reactions. The fractionations of δ13C occur between gas phase CO2 and the dissolved carbonate species. The CO2 gas is slightly depleted in 13C, whilst bicarbonates and carbonates are enriched by about 9% at 20 °C [8].



Carbonates have δ18O (VSMOW) values ranging from about 0 to +35%. Their interpretation is generally less straightforward than carbon isotope values because carbonate oxygen readily exchanges with oxygen in water molecules [8]. Biotical and geochemical processes such as photosynthesis and temperature decrease during flow process, evaporation, mixing from soil profile or surface waters will exert an influence on the final oxygen isotope value for any carbonate sample [43,44].




3.3.2. Deir Alla Travertine


The results indicate that the δ13C isotope values in the eight samples from Deir Alla are between −1.45 and 2.99 (‰VPDB) (Table 4), while the δ18O values vary from −8.13 to 8.17 (‰VPDB). Deir Alla samples are described as super-ambient meteogene travertines [8]. The range of stable carbon isotope value in such a travertine type is from −12 to +2 (‰VPDB), and the median of stable oxygen isotope is −7.92 (‰VPDB) [8]. The bivariate distribution of δ18O and δ13C (‰VPDB) values in Deir Alla samples (Figure 7) shows four different travertine lithofacies that are: shrub, coated bubble, paper-raft + reed, and crystalline crust lithofacies. The stable isotope values are variable in the different sub-environments, due to possible variations in conditions (i.e., water temperature, flow velocity and distance from spring, surface area and biological effects). Figure 7 indicates that Deir Alla travertine is enriched in 13C. The high δ13C values in some travertine facies (as shown in D26b and D29 samples) can be explained by a combination of several processes: (i) increased CO2 degassing processes related to travertine formation [45]; and (ii) increased input from heavier thermal-spring water 13C-enriched groundwater. The cooling process of spring water during the flow tract is responsible for the loss of δ18O from the water system by evaporation; as a result, the δ18O value will increase. This case was observed only in the D3 sample.


Figure 7. Bivariate plot of δ18O and δ13C (‰VPDB) values of the studied travertine samples.
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Table 4. Values of δ18O and δ13C in the studied samples.







	
Sample

	
Facies

	
δ18O (‰VPDB)

	
δ13C (‰VPDB)






	
D3

	
coated bubble

	
8.17

	
1.88




	
D8

	
paper-raft + reed

	
−3.32

	
0.89




	
D18

	
Shrub

	
−5.48

	
−1.45




	
D23b

	
paper-raft + reed

	
−5.22

	
0.05




	
D26b

	
crystalline crust + palaeosol

	
−4.93

	
2.99




	
D29

	
crystalline crust

	
−8.13

	
2.83




	
S1d

	
lithoclast + pebbly

	
−5.1

	
0.89




	
S10

	
Lithoclast

	
−4.25

	
1.01




	
S27

	
Lithoclast

	
−5.38

	
0.85




	
S32

	
Lithoclast

	
−2.84

	
1.03




	
S38

	
Reed

	
−3.58

	
−0.18




	
S45

	
coated bubble

	
8.12

	
1.28




	
Z1

	
macrophyte tufa

	
−7.34

	
−2.45




	
Z1*

	
macrophyte tufa

	
−7.02

	
−1.78




	
Z3

	
coated bubble travertine

	
−8.83

	
−3.52




	
Z4

	
lithoclast + paper-raft travertine

	
−5.14

	
−1.34








VPDB: Vienna Pee Dee belemnite, standard value for C isotopes.









3.3.3. Suwayma Travertine


The δ13C isotope values in the six samples of Suwayma travertine vary between −0.18 and 1.28 (‰VPDB), while δ18O values vary from −5.38 to 8.12 (‰VPDB) as shown in Table 4. Suwayma travertine is considered as thermogene travertine. The stable carbon isotope in such travertine type ranges from −1 to +10 (‰VPDB), and the median of stable oxygen isotope is −0.95 (‰VPDB) [8].



The δ18O and δ13C (%VPDB) bivariate distribution of Suwayma travertines shows three different lithofacies: lithoclast, reed, and coated bubble (Figure 7). Such results explain the enrichment of δ13C, which depends on the depositional environment fluctuations. The δ13C is likely enriched due to the increase of degassing processes that are associated with the minor microbiologic and photosynthetic activities. The occurrence of 13C-enriched carbonate in the Suwayma slope indicates the presence of 13C-enriched surface water and groundwater that might be washed-out during hydrological open systems. It is quite evident that the low δ18O values are related to the poor evaporation effects and high water temperature during travertine formation. Additionally, the δ18O depletion in the thermogene water was displayed by the isotopic exchange with the host rock [46].




3.3.4. Az Zara Tufa


The δ18O and δ13C values in the Az Zara tufa deposits are distinctively low compared with the other areas (Figure 7). This may indicate different isotopic signatures. The average values of carbon and oxygen stable isotopes are −2.3‰ ± 0.2‰ VPDB and −8.58‰ ± 0.7‰ VPDB, respectively.



One per mill (1%) drop in the carbonate δ18O value is equivalent to about a 4.5 °C temperature rise under equilibrium conditions [8]. The δ18O compositions reflect the short stagnancy time of water. The lack of evaporation or continuous recharge could be the reason in such a fluvio-palustrine depositional environment. The low δ18O values may also have resulted from isotopic exchange between the circulating thermal waters and the country rock and/or water adsorbed in the clay minerals.



The occurrence of 13C-poor carbonate in the Az Zara area indicates the presence of 13C-poor surface and groundwater that might be washed-out when the hydrological systems are closed. The variations in δ13C are minimal (−3.52‰ to −1.34‰), reflecting similar carbon sources for all facies. The carbon dioxide is believed to originate from Upper Cretaceous limestone decarbonation reaction as a result of the Karst process; however, a magmatic component may also be significant and originates from the Pleistocene basaltic activity, which is dominant within two of the studied sites (Figure 2), and probably records the influence of meteoric and soil-derived CO2.





3.4. Travertine Dating


3.4.1. Background Information


According to Srdoč et al. [47,48], if travertine is to be dated using 14C, then the sources of carbon must be known. The 14C dating method is not reliable for thermogene travertine because their carbon content is fossil (dead carbon/inorganic carbon). More reliable dates may be obtained by using a U-Series date [49,50] or by using the Electron Spin Resonance method [50]. For instance, where cosmogenic carbon is the only source, then dating is straightforward and the level of 14C in the sample gives a direct measure of age [8]. The decay of isotopes 14C has been used most extensively, and can date deposits up to 30 Ka. The isotope 14C has a half-life of 5730 years and forms continuously in the atmosphere by the interaction of cosmic rays with molecules of nitrogen.




3.4.2. Age of Travertine


The previous studies did not provide any absolute ages of travertine in Jordan. The present work applied the radiocarbon method for dating Deir Alla and Suwayma travertines. Two rock samples were selected for radiocarbon dating. The travertine age calculations unfortunately yielded unreliable ages, and these indicate an age of 32.84 ± 0.005 Ka (Late Pleistocene).






4. Conclusions


The mineralogical compositions of the total travertine samples consist mainly of calcite with varying amounts of quartz (i.e., detrital quartz). Moreover, some aragonites are found in Deir Alla and Suwayma travertines. Based on geochemical studies, low Mg calcite is the main travertine component in all locations examined here. Accordingly, the Deir Alla travertines were classified as inactive super-ambient meteogene deposits. The Suwayma and Az Zara travertines were classified as inactive thermogene. Moreover, Az Zara tufa was classified as an active thermogene deposits.



The Sr abundances indicate pure calcite in the Deir Alla travertines and the diagenetic effect to be more than that recorded in Suwayma and Az Zara travertines. The Suwayma travertine was deposited as aragonite that completely transformed into calcite. Moreover, Az Zara travertine and tufa were deposited under high temperature water as the component of aragonite and calcite. Such aragonites are also completely transformed into calcite. The high δ13C values in the travertine facies are related to evaporation effects, CO2 degassing processes, increased input of 13C-enriched groundwater, and the presence of surface and groundwater transportation medium in hydrological open systems. The high δ18O values may be attributed to evaporation effects and low water temperature that prevailed during travertine formation. The travertine formed in the Late Pleistocene.
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