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Abstract: Stromatolites are the oldest recognized fossil recordings of life on Earth. Therefore, their
study of them represents one of the most interesting topic that investigates the physio-chemical
environmental conditions (formations and precipitations) at which the stromatolites formed. This
work deals with the rare earth elements (REEs) geochemical characteristics and the redox-sensitive
trace elements behavior of the stromatolites newly formed in Salda Lake, a closed system alkaline lake
surrounded by serpentinite rocks in SW Turkey. The representative stromatolite samples collected
from Salda Lake show higher contents of MgO (up to 41.5 wt.%), CO2+OH (up to 56.6 wt.%), and
MgO/CaO ratio (up to 42.2 wt.%) referring to the stromatolites had been controlled by microor-
ganisms and deposited in subtidal areas having hydro-magnesite and aragonite mineralogy. The
average trace element contents of the stromatolites are 8.4 ppm V, 0.09 ppm Cr, 3.50 ppm Co, 95.6 ppm
Ni, 0.73 ppm Cu, 1.55 ppm Rb, 37.6 ppm Sr, 0.59 ppm Y, 17.7 ppm Zr, 3.60 ppm Nb, 21 ppm Ba,
0.05 ppm Hf, 3.5 ppm As, 0.02 ppm Cd, 0.05 ppm U, 0.05 ppm Th, 2.85 ppm Pb, and 6.60 ppm Zn.
The Post-Archean Australian Shale (PAAS)-normalized REE patterns of the stromatolites reveal that
the heavy REEs (HREEs) are enriched relative to the light REEs (LREEs) with highly negative Y and
Ce-anomalies and positive Eu-anomalies. This refers to the stromatolites formed in predominantly
oxidizing environmental conditions at partially warm lake waters. In addition, the hydromagnesite
composition of the Salda Lake stromatolites indicates that they were precipitated from the waters
influenced by Mg-rich meteoric waters fed from the serpentinite rocks around the Lake.

Keywords: rare earth element (REE) geochemistry; stromatolites; Lake Salda; SW Turkey

1. Introduction

Salda Lake which located in the southwest of Turkey has attracted the attention of
many scientists, this is because of its importance and similarity with the Jezero Crater
Paleolake on Mars [1–6]. The stromatolite represents one of the oldest recognized fossils
of a life recording on the Earth having laminated accretionary growth structures referring
to the microbial origins [7–9]. Stromatolite morphogenesis is formed by the metabolic
processes and microbial binding and trapping of sediments that promote mediate stro-
matolite lithification and mineral precipitation [10,11]. The metabolisms involved in the
stromatolites contain sulfate reduction and anoxygenic or oxygenic photosynthesis [12].
However, some stromatolites have primarily formed by a biogenic precipitation [7,9]. In
addition, the stromatolites have been commonly occurred in the lacustrine and seas with
the weathered products of the different rock units [13–19]. Therefore, the geochemical
properties and microfabrics of lacustrine stromatolites provide valuable information about
paleoenvironmental changes in the continental environments [20].

Although extensive research studies have been performed on the stromatolites formed
in different ages and environments, most of these studies focus on their genetic ori-
gin [7], their geomicrobiology [21], their limnology [22], their paleo-environmental envi-
ronment [23], their petrographic and geochemical characterization [24], their precipitation
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mechanisms [25] and their biomass content [26]. However, there is no more information
about their physicochemical parameters and geochemical characteristics. Some of these
works studied the trace element geochemistry of the depositional environment and for-
mation conditions of stromatolites within an alkaline lake to define the redox conditions
under which the stromatolites precipitated [27–35]. In the sedimentary environments, the
behaviour of Ce and Eu gives valuable information about the redox conditions of depo-
sitional environments (i.e., shale normalized REE pattern). For example, the depletion of
Ce indicates the oxygenation state of the H2O, therefore the higher Ce concentrations are
observed in anoxic environments referring to the Ce fractionation does not occur in these
anoxic environments [28]. The trace element characteristics in marine carbonates and lacus-
trine deposits have been extensively studied [36–41]. Contrarily, geochemical properties
and REE models of lacustrine carbonates have received limited interest [35,38,42–45] but no
more studies on the geochemistry of the stromatolites. Here, we studied the precipitation
conditions and formation of the stromatolites, the major oxide, and the trace and rare earth
element contents of the stromatolites in the Lake Salda.

This study focuses on the major oxides, trace elements and REE patterns, Ce, Eu,
Pr and Y anomalies and redox-sensitive trace elements to find out the physicochemical
parameters and formation conditions of the precipitation environment of the stromatolites
collected from Lake Salda, SW Turkey.

2. Geological Setting

Salda Lake was formed due to the tectonic activities forming a mid-size crater lake
(Yeşilova district, Burdur, SW Turkey) (Figure 1). The lake area contains the autochthonous
and allochthonous units (Figure 1) [46]. The allochthonous units consist of Marmaris
Peridotite Nappe and Dunite Member, Kızılcadağ Ophiolitic Melange, Igdir Metamorphic
Rocks, Dutdere Limestones and Orhaniye Formation. While the autochthonous units
are represented by Çameli Formation, alluvium, and slope debris [47]. The Salda Lake
is characterized by high alkalinity and higher pH content with the average of 9. The
lake water gets contaminated as a result of the weathering of the serpentinized dunite
and harzburgite rocks of the Upper Cretaceous Yesilova Ophiolites (Figure 1) which are
widely distributed in the environment [13,21,22,48–50]. In addition, the proliferation of
phytoplankton (diatom and blue and green algae) life which represents the most basic
link of the food chain in a lake environment, causes the formation of biological reactions
that will positively affect Mg-calcite precipitation. The hydro-magnesite [Mg5(CO3)4(-
OH)2·4H2O] in the Salda Lake was precipitated due to the retention of Mg element carried
to the environment via meteoric waters by cyanobacteria and diatoms (i.e., blue-green
algae). The Salda Lake Stromatolites range in size from a few centimeters to 70–80 cm
in diameter forming circular, conchoidal or ellipsoidal shapes in water (Figure 2). In the
outer part of the lake, the serpentinite rocks were manifested with the hydro-magnesite at
their fracture systems (Figure 2). According to Balci, et al. [21], the meteoric and ground
waters wash Mg from the ophiolitic rocks and ultramafic alluvial fans, as well as waters
rich in Mg-HCO3 with higher pH values. They then are transported to the lake in which
the biological activities and cyanobacteria remove Mg+2 ions in the water out of the cell.
These emphasized that hydro-magnesite precipitation was carried out by pulling on the
cell membrane.



Water 2023, 15, 733 3 of 17Water 2023, 15, x FOR PEER REVIEW 3 of 20 
 

 

 

Figure 1. The geological map of the Lake Salda, SW Turkey. Adapted from Davraz, et al. [51]. Figure 1. The geological map of the Lake Salda, SW Turkey. Adapted from Davraz, et al. [51].



Water 2023, 15, 733 4 of 17Water 2023, 15, x FOR PEER REVIEW 4 of 20 
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Figure 2. (a) General view from Lake Salda, (b,c) stromatolite, (d) fosil stromatolite, (e,f) Serpentinized
ultrabasic rock near Lake Salda and hydromagnesite in its fracture.

3. Sampling and Analytical Method

Ten stromatolite samples were collected from the water on the shoreline of Lake Salda,
SW Turkey (Figure 2). Major oxides, trace elements and REEs were conducted on these
samples by using a Bruker S8 Tiger model wavelength dispersive X-ray fluorescence (WD-
XRF) and Perkin Elmer Elan DRC-e model inductively coupled plasma-mass spectrometry
(ICP-MS), respectively, in the Geochemistry Research Laboratories of Istanbul Technical
University (ITU/JAL). Powdered stromatolite samples (250 mg) were digested in two
steps. The first one was completed with 6 mL of 37% HCl, 2 mL of 65% HNO3 and 1 mL
of 38–40% HF in a pressure and temperature-controlled Teflon beaker using a Berghof
Speedwave MWS-3+ model microwave at 185 ◦C. The second step was completed with
the addition of 6 mL of 5% boric acid solution. Ce, Eu, Pr and Y anomalies for each
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stromatolites were normalized to PAAS [52] by using these formulas; Ce/Ce* = Cen/
√

[Lan
*Prn], Eu/Eu* = Eun/

√
[Smn *Gdn], Pr/Pr* = Prn/

√
[Cen *Ndn], and Y/Y* = Yn/

√
[Dyn

*Hon]. These data were calculated statistically with variance analysis (ANOVA) and SPSS
15.0 software, by using the Student Newman Keul’s Procedure [53].

The mineralogical composition of the stromatolite samples was determined at ITU/JAL
by Bruker D8 Advance model X-ray diffractometer (XRD). All samples were ground up
in an agate mortar and dried at room temperature. Then, the samples were collected on a
silicon sample holder. Measurements were done using Cu Kα radiation with a total counting
time half an hour. The MDI JADE v.0.6 software was used for the matching, background
subtraction and peak identification with XRD patterns of reference compounds. As XRD
analyses results, the size and abundance of the peaks of these minerals can be seen in Figure.

4. Results
4.1. Salda Lake Water

The concentration of major elements, pH, Eh and electric conductivity (EC) are re-
ported in Table 1. The lake water had pH between 9.26 and 9.52, EC between 2.12 and
2.62 mS/cm, and Eh between −152 and −183 mV. Considering the major element concen-
trations in Table 1, cations are listed as Mg, Na, K and Ca, and anions as HCO3, Cl, SO4
and NO2, in order of abundance. These results showed that the lake water is included in a
dominant water group with more Mg and HCO3.

Table 1. Anion and cation analysis results of lake water in Salda.

pH EC Eh Al Si B Br Cl NO2 SO4 HCO3 Ca K Fe Mg Na

mS/cm mV µg/L µg/L µg/L µg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

SL-01 9.49 2.62 −166 52 400 104 929 192 2.06 15.6 685 4.34 27.8 44 281 225
SL-02 9.33 2.18 −172 39 376 88 858 196 1.88 16.8 702 4.31 27.8 56 289 225
SL-03 9.27 2.36 −158 39 366 79 820 193 2.24 16.2 694 4.22 23.5 59 285 222
SL-04 9.52 2.55 −183 49 386 85 829 194 1.96 15.4 715 4.39 24.5 64 286 225
SL-05 9.26 2.22 −174 61 543 91 844 204 1.78 14.8 712 4.08 25.6 90 284 228
SL-06 9.33 2.38 −178 41 415 74 769 178 2.08 17.3 758 4.17 22.2 70 275 197
SL-07 9.44 2.12 −161 20 510 91 887 208 2.01 15.6 766 4.14 25.1 69 281 225
SL-08 9.38 2.44 −158 36 701 66 592 139 1.92 14.6 688 4.14 17.0 71 234 150
SL-09 9.42 2.46 −152 35 359 80 785 195 1.69 15.8 723 4.19 23.7 65 283 222
SL-10 9.36 2.28 −162 42 366 83 816 202 1.94 16.1 744 4.22 24.1 68 285 223
Avrg 9.38 2.36 −166 41 442 84.1 813 190 1.96 15.8 719 4.22 24.1 66 278 214

4.2. XRD Data

The XRD analyses were carried out for the identification of various primary and
secondary mineral species in the stromatolite samples. They reveal that the stromatolites
consist mainly of hydromagnesite with subordinate amount of aragonite, chrysotile, and
quartz (Figure 3).

4.3. Major Oxides

As given in Table 2, the stromatolites have a variable amounts of MgO ranging from
37.6 to 42.5 wt.% with a mean of 41.2%. Loss on ignition (CO2) vary from 48.9 to 56.6 wt.%
with an average of 53.9 wt.%. The other major oxides of the stromatolites have the range of
0.22–7.88 wt.% for SiO2, 0.02–0.92 wt.% for Al2O3, 0.96–1.85 wt.% for CaO, 0.02–0.13 wt.%
for Na2O, 0.01–0.11 wt.% for K2O, 0.01–0.03 wt.% for MnO, 0.01–0.07 wt.% for TiO2, 0.01–
0.03 wt.% for P2O5, and 0.06 to 2.10 wt.% for Fe2O3 (Table 2 and Figure 4). MgO/CaO
ratios of stromatolites vary from 22 to 42 with an average of 33.4. Bivariate plots for n = 10
stromatolite samples, of MgO versus CO2, Al2O3 versus SiO2, Al2O3 versus Na2O, Al2O3
versus K2O, Al2O3 versus MnO, Fe2O3 versus K2O, TiO2 versus K2O, SiO2 versus Fe2O3
and SiO2 versus TiO2 show high positive values (Figure 5) whereas MgO versus K2O,
Fe2O3, TiO2, SiO2, MnO, V, Cr, Cu, and Y indicate strong negative correlations (Figure 6).
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Table 2. Major oxide contents of the stromatolites from Lake Salda, in weight percent (wt.%).

Sample No ST 1 ST 2 ST 3 ST 4 ST 5 ST 6 ST 7 ST 8 ST 9 ST 10 Average

SiO2 7.88 1.29 4.10 0.52 0.22 1.92 0.93 2.45 2.41 1.81 2.35
Al2O3 0.92 0.13 0.46 0.05 0.02 0.12 0.04 0.16 0.20 0.10 0.22
MgO 37.60 40.90 40.10 41.10 41.60 42.50 41.80 42.20 42.30 42.30 41.24
CaO 1.44 1.19 0.96 1.85 1.08 1.21 0.99 1.50 1.28 1.30 1.28

Na2O 0.13 0.02 0.13 0.03 0.08 0.06 0.04 0.12 0.02 0.03 0.07
K2O 0.11 0.01 0.05 0.01 0.01 0.02 0.01 0.03 0.03 0.01 0.03
MnO 0.03 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02
Fe2O3 2.10 0.25 0.96 0.06 0.26 0.53 0.17 0.69 0.71 0.27 0.60
TiO2 0.07 0.01 0.04 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.02
P2O5 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.03 0.01
SO3 0.32 0.13 0.25 0.03 0.02 0.06 0.15 0.15 0.14 0.05 0.13
Cl 0.09 0.02 0.09 0.03 0.02 0.05 0.03 0.10 0.05 0.01 0.05

LOI 48.9 55.9 52.7 56.4 56.6 53.5 55.9 52.4 52.7 54.1 53.9
Total 99.6 100.0 99.9 100.0 99.9 100.0 100.0 99.9 99.9 100.0 99.9

MgO/CaO 26.11 34.37 41.77 22.22 38.52 35.12 42.22 28.13 33.05 32.54 33.41
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4.4. Trace Elements

The trace element concentrations of ten stromatolites are shown in Table 3. The total
trace element (∑TE) contents of the stromatolites range from 81 to 320 ppm with a mean
of 208 ppm. Mean levels for the trace elements as ppm are Cr (2.18), V (8.4), Co (3.5), Ni
(95.6), Cu (0.73), Rb (1.55), Sr (37.6), Y (0.59), Zr, (17.7), Nb (3.6), Ba (21), Hf (0.05), As (3.5),
Cd (0.02), U (0.04), Th (0.07), Pb (2.85) and Zn (6.6). In compared to PAAS (Figure 7), the
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stromatolite samples have more As and Ni, and lower V, Co, Cr, Rb, Cu, Y, Sr, Nb, Ba, Zr,
Cd, Hf, Th, U, Zn and Pb concentrations [52]. The average Zr/Hf, V/Cr, Ni/Co, U/Th, and
V/V+Ni ratios in the stromatolites are 340, 3.86, 5.28, 0.59, and 0.09, respectively (Table 3).
Strong linear correlations among the trace elements in the studied samples were detected
in Ni-V, Ni-Cr, Ni-Co, Ni-Cu, Ni-Rb, Ni-Y, Y-V, Co-Rb, Hf-Th, As-Pb, Zn-Rb, Zn-Y, Zn-Zr,
Hf-V and Y-Th (Table 4).

Table 3. Trace element contents of the stromatolites from Lake Salda, in parts per million (ppm; µg g–1).

Sample No ST 1 ST 2 ST 3 ST 4 ST 5 ST 6 ST 7 ST 8 ST 9 ST 10 Average

V 24.00 6.00 14.00 2.00 3.00 9.00 5.00 9.00 9.00 3.00 8.40
Cr 4.92 2.32 3.27 0.93 0.73 2.88 1.35 2.38 2.24 0.76 2.18
Co 23.00 10.00 24.00 7.00 4.00 19.00 13.00 25.00 22.00 14.00 16.10
Ni 140.00 47.00 165.00 24.00 9.00 111.00 35.00 137.00 138.00 65.00 87.10
Cu 2.40 0.50 0.80 0.60 0.30 0.70 0.50 0.40 0.50 0.60 0.73
Rb 5.99 0.62 2.35 0.58 0.39 1.25 0.70 1.06 1.58 1.00 1.55
Sr 40.00 37.00 26.00 42.00 29.00 33.00 36.00 50.00 48.00 35.00 37.60
Zr 26.00 15.00 19.00 14.00 14.00 16.00 24.00 18.00 16.00 15.00 17.70
Nb 3.00 2.00 3.00 2.00 2.00 2.00 13.00 3.00 4.00 2.00 3.60
Ba 30.00 18.00 36.00 20.00 15.00 16.00 18.00 22.00 20.00 15.00 21.00
Hf 0.26 0.03 0.02 0.04 0.01 0.03 0.04 0.04 0.03 0.02 0.05
As 3.00 1.00 1.00 16.00 1.00 3.00 2.00 3.00 3.00 2.00 3.50
Cd 0.01 0.04 0.01 0.01 0.01 0.04 0.01 0.01 0.01 0.01 0.02
U 0.10 0.04 0.04 0.03 0.02 0.04 0.05 0.03 0.04 0.03 0.04
Th 0.12 0.07 0.06 0.04 0.05 0.07 0.08 0.06 0.07 0.05 0.07
Pb 0.60 0.80 0.40 21.00 1.20 0.80 1.60 0.90 0.40 0.80 2.85
Zn 19.0 3.0 9.0 1.0 2.0 6.0 5.0 8.0 9.0 4.0 6.6

Zr/Hf 100 500 950 350 1400 533 600 450 533 750 617
V/Cr 4.88 2.59 4.28 2.15 4.11 3.13 3.70 3.78 4.02 3.95 3.66

Ni/Co 6.09 4.70 5.89 3.43 2.25 5.84 2.69 5.48 6.27 4.64 4.73
U/Th 0.83 0.57 0.67 0.75 0.40 0.29 0.50 0.50 0.86 0.60 0.60

V/V+Ni 0.15 0.11 0.08 0.08 0.25 0.08 0.13 0.06 0.06 0.04 0.10
∑TE 324.4 143.9 304.8 151.5 82.0 221.2 155.6 280.3 274.4 158.7 209.7
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Table 4. Correlation coefficients (R) between trace elements from the stromatolites from the
Lake Salda.

V Cr Co Ni Cu Rb Sr Y Zr Nb Ba Hf As Cd U Th Pb Zn

V 1
Cr 0.96 1
Co 0.72 0.73 1
Ni 0.75 0.77 0.97 1
Cu 0.87 0.79 0.40 0.42 1
Rb 0.95 0.86 0.57 0.60 0.97 1
Sr 0.05 0.06 0.31 0.21 0.02 0.05 1
Y 0.95 0.86 0.53 0.57 0.96 0.99 0.03 1
Zr 0.72 0.63 0.48 0.37 0.70 0.71 0.04 0.69 1
Nb −0.07 −0.12 0.01 −0.17 −0.09 −0.09 0.03 −0.12 0.60 1
Ba 0.76 0.72 0.62 0.70 0.56 0.68 −0.12 0.71 0.53 −0.05 1
Hf 0.82 0.74 0.35 0.33 0.96 0.92 0.20 0.92 0.73 −0.01 0.45 1
As −0.26 −0.26 −0.30 −0.29 −0.01 −0.13 0.33 −0.13 −0.25 −0.15 −0.06 0.03 1
Cd −0.07 0.17 −0.11 −0.07 −0.11 −0.20 −0.18 −0.19 −0.28 −0.25 −0.31 −0.16 −0.18 1
U 0.86 0.80 0.43 0.40 0.94 0.91 0.10 0.90 0.84 0.19 0.51 0.94 −0.11 −0.05 1
Th 0.83 0.80 0.47 0.42 0.82 0.83 0.12 0.81 0.84 0.28 0.39 0.85 −0.34 0.07 0.95 1
Pb −0.37 −0.36 −0.45 −0.43 −0.09 −0.23 0.19 −0.22 −0.30 −0.13 −0.08 −0.07 0.98 −0.17 −0.20 −0.43 1
Zn 0.96 0.89 0.76 0.76 0.86 0.95 0.21 0.92 0.75 0.02 0.67 0.84 −0.27 −0.21 0.86 0.85 −0.40 1

4.5. Rare Earth Elements

The ∑REE contents of the stromatolite samples are between 0.95 and 5.50 ppm (an
average of 1.90 ppm). The stromatolites that have higher Si and Al contents have a higher
amount of ∑REE (Table 5). The PAAS [52]-normalized REE patterns of the stromatolites
have a nearly horizontal trend with slight enrichment of the HREEs and depletion of the
LREEs through the medium REEs (MREEs) (Figure 8). Moreover, the LaN/YbN ratios
vary from 0.10 to 0.79 (mean: 0.21) indicating the HREEs enrichment and it is used to
show the fractionation of the light and heavy REEs. The Er/Nd ratios vary from 0.10 to
2.50 with a mean of 0.44. The stromatolite samples have a strong negative Ce anomaly
(Ce/Ce* = Cen/

√
[Lan *Prn]) ranging from 0.37 to 0.64 with an average of 0.48 that shows

that rock-forming minerals were primarily biogenic and marine chemical sediments. The
Positive Eu anomaly (Eu/Eu* = Eun/

√
[Smn *Gdn]) varies from 1.08 to 2.64 (mean: 1.83)

indicating the existence of Eu2+ during precipitation of the stromatolites. On the other
hand, the negative Y anomaly (Y/Y* = Yn/

√
(Dyn *Hon) ranges from 0.02 to 0.06 (mean:

0.04) and negative Pr anomaly (Pr/Pr* = Prn/
√

(Cen *Ndn) has the average of 0.86 (Table 5).
The (Y/Ho)N values are between 0.50 and 2.0 with an average of 1.03 (Table 5).
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Table 5. Rare earth element (REE) contents of the stromatolites from Lake Salda, in parts per million
(ppm; µg g–1).

ST 1 ST 2 ST 3 ST 4 ST 5 ST 6 ST 7 ST 8 ST 9 ST 10 Average

La 1.38 0.88 0.62 0.36 0.32 0.64 0.56 0.42 0.78 0.75 0.67
Ce 1.45 0.37 0.56 0.26 0.28 0.42 0.28 0.35 0.75 0.38 0.51
Pr 0.26 0.03 0.09 0.04 0.04 0.05 0.04 0.06 0.08 0.03 0.07
Nd 0.92 0.02 0.28 0.06 0.04 0.16 0.08 0.19 0.21 0.12 0.21
Sm 0.37 0.05 0.07 0.06 0.02 0.06 0.05 0.05 0.08 0.07 0.09
Eu 0.08 0.03 0.02 0.02 0.01 0.02 0.02 0.01 0.03 0.02 0.03
Gd 0.22 0.05 0.08 0.04 0.02 0.05 0.02 0.01 0.06 0.03 0.06
Tb 0.05 0.03 0.02 0.03 0.02 0.01 0.01 0.02 0.03 0.02 0.02
Dy 0.33 0.04 0.06 0.03 0.05 0.01 0.01 0.07 0.08 0.02 0.07
Y 0.07 0.02 0.03 0.02 0.02 0.01 0.01 0.02 0.02 0.01 0.02

Ho 0.06 0.02 0.03 0.02 0.03 0.01 0.02 0.01 0.02 0.01 0.02
Er 0.09 0.05 0.06 0.02 0.02 0.02 0.01 0.02 0.05 0.02 0.04
Tm 0.03 0.02 0.02 0.02 0.03 0.01 0.02 0.02 0.03 0.02 0.02
Yb 0.16 0.04 0.09 0.03 0.05 0.03 0.05 0.04 0.04 0.06 0.06
Lu 0.03 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.01 0.02

∑REE 5.5 1.67 2.04 1.03 0.96 1.51 1.19 1.31 2.28 1.57 1.9
(Dy/Sm)N 0.79 0.02 0.28 0.12 0.12 0.16 0.16 0.1 0.21 0.12 0.21

Ce/Ce* 0.56 0.35 0.53 0.47 0.55 0.47 0.37 0.49 0.64 0.41 0.48
Eu/Eu* 1.08 2.07 1.22 1.89 2.09 1.74 2.64 1.55 2.02 1.95 1.83

Y/Y* 0.04 0.05 0.05 0.03 0.02 0.02 0.04 0.06 0.04 0.06 0.04
Pr/Pr* 0.93 0.69 0.91 1.09 1.1 0.74 0.96 0.94 0.72 0.52 0.86
Y/Ho 1.17 1 1 1 0.67 1 0.5 2 1 1 1.03

(Yb/Gd)N 16.67 50 33.33 50 33.33 100 50 100 50 100 58.33
(La/Gd)N 13.14 1 9.33 6 4 16 8 9.5 10.5 12 8.95
(La/Sm)N 18.4 0.67 14 2 2 16 8 9.5 7 6 8.36
(Dy/Sm)N 1.8 1.67 3 0.67 1 2 1 1 1.67 1 1.48

5. Discussion

Salda Lake which is located in Yesilova District (Burdur) in the southwestern Turkey
is characterized by high alkaline (pH ~ 9) freshwater lake formed due to the geodynamic
processes (Figure 1). The lake water is composed mainly of magnesium and carbonate that
dissolved from the surrounded serpentinite harzburgite of the Upper Cretaceous Yesilova
ophiolites when the passage of meteoric waters through them with the dunite outcrops and
ambient sediments [13,21,22,48–50]. In addition to the ophiolites, the Upper Cretaceous
carbonates that occurred on the eastern shores of the lake have also affected the alkalinity
of the lake water [21,48,55]. On another hand, the proliferation of phytoplankton (diatom,
blue—green algae) life, which is the most basic link of the food chain in the lake environ-
ment, causes the biological reactions positively leading to Mg-calcite precipitation [21].
The Mg elements were dissolved from the surrounding rock units transported to the Salda
Lake by the meteoric water as well as by cyanobacteria and diatoms (e.g., blue-green algae)
causing hydromagnesite precipitations. Balci, et al. [21] developed geomicrobiological
model for Salda Lake and stated that the hydromagnesite precipitation is controlled by
cyanobacteria that consumed the CO2 and bonded the Mg+2 ions in the water to the cell
membrane by the biological activities. Based to the remote sensing studies of Garczynski,
et al. [3], the Jezero Crater (located in Mars) resembles Salda Lake in the geological features
e.g., lithological units around the crater, hydrated Mg carbonate deposits within the crater,
and fluvial channels feeding the crater.

5.1. Major Oxides

Stromatolites are biogenic rocks containing abundant CO3
2− ions in water formed

by bacterial activity and represent one of the oldest fossil forms of primitive life forms
forming in different environments [11,33,56,57]. The geochemistry of carbonates has been
often used as a proxy for the examination of geochemical marks of early or first life in the
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Paleoproterozoic oceans. New analytical approaches on carbonates performed in the last
years have facilitated the understanding of the interaction between carbonate precipitation
and biological activity [24,37,58–65]. Although the stromatolites have different chemical
compositions [13,15–19,66–71], the stromatolites in Salda Lake have higher MgO and CO2
(CO2+OH), and low SiO2, CaO, Fe2O3, Al2O3 and Na2O contents. In compared to other stro-
matolites of Zhao, et al. [72], Zhao, et al. [73] and Feng, et al. [74], the studied stromatolites
have hydromagnesite composition [Mg5(CO3)4(OH−)2.4H2O] with an average 95.1 wt%
that like the chemical composition of Dujiali Lake stromatolites, Central Qinghai-Tibetan
Plateau [18,35].

5.2. Trace Elements

The average total trace element contents of the stromatolites are 209.7 ppm which are
lower than those of the marine sediments (760 ppm) [75]. The Salda Lake Water is generally
fed from small streams and rivers in the area where serpentinized basic/ultrabasic rocks
outcropping around the lake. Therefore, both lake waters and stromatolites are enriched
by the trace elements e.g., Ni, Co, Zn dissolved from the serpentinized rocks [21]. Boveiri
Monji, et al. [76] concluded that Zr and Hf have great affinity for organic surfaces such
stromatolite or microbial mats. The Zr/Hf values of the studied stromatolites are higher
amount ranging from 100 to 1400 with a mean of 616.6 referring to favorable removal of
Zr with respect to Hf. That refers also to Zr/Hf fractionations which are affected by the
microbial activity in the stromatolites [77]. In compared to PAAS [52], the stromatolite
samples have more As and Ni, and lower V, Co, Cr, Rb, Cu, Y, Sr, Zr, Nb, Hf, Ba, U, Cd,
Zn, Th, and Pb concentrations (Figure 7). The low Ni/Co versus V/(V+Ni) [78] and Ni/Co
versus V/Cr ratios [54] of the studied stromatolites indicate that they were deposited in the
oxic-dysoxic zone of the lake (Figures 8 and 9). Trace element concentrations of carbonate
deposits are used frequently to investigate the redox conditions [79,80]. U/Th ratio is lower
than 1.25, it explains the oxic depositional environment [81]. In this context, the U/Th ratios
of Salda stromatolites are between 0.29 and 0.86 (Table 3) also showing the precipitation
occurred in oxic environment. The V/(V+Ni) ratio has been studied often to investigate
the paleoredox conditions of carbonate minerals [82]. The average V/(V+Ni) ratio of the
stromatolite samples range from 0.09 to 0.5 indicating that the stromatolite precipitation
performed in oxic conditions (Figure 9).
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5.3. Rare Earth Elements

The REE contents are used commonly to investigate the physicochemical conditions
of precipitation environment [80,83]. PAAS normalized REE patterns of the studied stro-
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matolites are mostly depleted showing that they are dissolved from the country basic and
ultrabasic rocks [80,84,85]. In addition, the Er/Nd ratios higher than 0.1 show that no
additional clastic material is introduced during the diagenetic process [86]. The (La/Yb)n
values are similar to the terrigenous material values of Sholkovitz (1990) indicating that the
LREEs are depleted by the carbonate minerals or stromatolites [87].

The ∑REE contents (mean: 1.90 ppm) of the stromatolite samples are very low because
of lower REE contents of Salda Lake. The highest total REE contents in the stromatolites are
observed in samples with high Al and Si. Although the Salda lake stromatolites have lower
REE concentrations compared to other modern lake stromatolites [27,88], the REE trend
indicates a slight horizontal with slightly increase of medium and heavy REEs (Figure 10)
when normalized to PAAS referring to the studied stromatolites deposited in a confined
basin where water chemistry was strongly affected by local serpantinized ultrabasic rocks.
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The Eu/Eu* and Ce/Ce* ratios can be used to investigate the oxygen fugacity, pH,
temperature, and redox conditions of the precipitation environment [89,90]. The stroma-
tolite samples have strong negative Ce anomalies having affinities of biogenic or marine
chemical rocks. Mao, et al. [91] stated that the Ce anomaly >1 indicates an anoxic condition
while <1 indicates an oxic environment depending on the oxidizing conditions. Under
oxidizing conditions, Ce oxidized to Ce+4 from Ce+3 and then adsorbed by carbonates or
oxides [92]. To understand the precipitation redox situation, Ce anomalies are frequently
applied because Ce solubility and valences change according to redox condition. Also,
when Ce is oxidized under oxidation conditions, it has negative anomalies by separating
from other REEs [93]. The high negative Ce anomalies can be associated with high positive
La anomalies in marine sediments. For this reason, most of the studied stromatolites can
slightly show positive La anomaly [93,94]. In a Ce/Ce* vs. Pr/Pr* plot, Bau and Dulski [93]
indicate that some combination of Ce and Pr anomalies actually represent positive La
anomalies rather than negative Ce anomalies. All the studied stromatolites have strong
negative Ce anomalies which vary from 0.35 to 0.64 with mean of 0.48, point out rapid
precipitation [95,96]. Ce is removed from aqueous phase under oxidising conditions but the
process is not irreversible since it depends from the aqueous REE speciation, as previously
mentioned, therefore, it is considered the most important element to better understand
the redox conditions during the precipitation [97]. Carbonates have typically negative
Ce anomaly and low REE contents identical to seawater [98]. Positive Eu anomaly may
cause by both hydrothermal solution originating in a deep-sea environment and diagenetic
changes [99,100]. The studied stromatolites have Y/Ho ratios varying from 0.50 to 2.0
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which are lower than those of in the marine carbonates (23–57) of [97]. The REE+Y pattern
of the Lake Dujiali hydromagnesite deposits (central Qinghai-Tibetan Plateau) is similar of
those of Lake Salda showing strong negative Ce and positive Eu anomalies and MREE and
HREE enrichements [18,35]. Moreover, it has also been argued that the positive Eu anomaly
observed in the studied hydromagnesite may be due to host ultramafic rocks [101] which
are preferentially dissolved reflecting the variable effect of liquid-rock interaction [19].
Also, the positive Eu anomaly may be caused by hydrothermal fluids observed during
the mineralization process [100]. Limestones are generally precipitated in shallow marine
environments, therefore, the enrichment of local feldspar or clay minerals in diagenetic
areas may cause positive Eu anomalies [80]. Schwinn and Markl [102] indicated that the
Eu reduction from Eu3+ to Eu2+ occurs at high temperatures, resulting in Eu enrichment
in minerals relative to liquids. Zeyen, et al. [103] studied the mineralogical composition
of microbialites from ten Mexican Lakes and their major and trace element contents as
well as the chemical composition of the surroundin g waters and concluded that high REE
+ Y contents with a flat pattern of these microbialites. In contrast, lacustrine-dominated
microbialites show HREE enrichment (HREE-1.38 > MREE-0.98 > LREE-0.38) with high
Y/Ho ratio, negative Ce anomaly and positive Eu anomaly. Subchondritic Y/Ho values
probably result from the larger Ho affinity towards crystallising carbonates, especially
aragonite, rather than Y [104,105].

6. Conclusions

The geochemical signatures of the stromatolites collected from Lake Salda provide
significant information about the depositional environment of these stromatolites. The
major oxide contents of stromatolite samples have MgO (37.6–42.46 wt.%) and CO2
(48.9–56.59 wt.%) with less amount of SiO2 (0.22–7.88 wt.%) and CaO (0.96–1.85 wt.%).
The correlation between MgO and other oxides (SiO2, Al2O3, K2O, TiO2, Fe2O3) has strong
negative correlation (r =− 0.78–88), which clearly shows that Salda Lake fed lesser from dif-
ferent modes of origin and clastic input, except for serpentinite rocks. When trace element
contents were examined according to PAAS, it was observed that it was enriched only in Ni,
Co and As. The total REE contents vary from 5.50 ppm to 0.95 ppm (mean 1.90 ppm) and
PAAS-normalized REE pattern of the stromatolites shows a horizontal trend or slight HREE
enrichment. All stromatolites have negative Ce anomaly (mean 0.48), negative Y (0.04)
anomaly and positive Eu anomaly (mean 1.83), which are consistent with precipitation in
oxic conditions and partially warm lake waters. Also, all data show that the stromatolites
in Lake Salda had hydromagnesite composition [Mg5(CO3)4(-OH)2.4H2O] containing high
Ni, Co, As and low V, Cr, Rb, Cu, Y, Sr, Zr, Ba, Nb, Cd, Hf, Th, U, Zn and Pb. They have
been affected by both Mg-rich meteoric waters fed from the surrounding serpentinite rocks
as well as from the hydrothermal fluids with a similar composition with the lake water.
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47. Şenel, M.; Selçuk, H.; Bilgin, Z.; Şen, A.; Karaman, T.; Dinçer, M.; Durukan, E.; Arbas, A.; Örçen, S.; Bilgi, C. Çameli (Denizli)-
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