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ABSTRACT 

Determining vertical variation of water quality parameters is contributed to a better understanding of the true nature of 

lakes. Lakes are classified into holomictic and meromictic lakes by their mixing mode; the former occurs physico-

chemical mixing between the surface and deep waters, while the latter layers of lake water occur unmixed for years, 

decades, or centuries. Lake Oigon is the only Meromictic Lake identified in Mongolia. Few Mongolian lakes have 

been studied in different seasons but not in the vertical directions. Therefore, we studied the vertical profile of water 

and sediment parameters in Lake Oigon for two years. Physico-chemical parameters in water were measured on-site, 

while sediment parameters were determined off-site. Salinity in lake water ranged from 21.3 to 65.9 g/L which 

represented mesosaline to hypersaline. In oxic, sub-oxic, and anoxic zones, the physico-chemical parameters of Lake 

Oigon were varied a lot in longitudinal ways lake and seasonal variation observed as well. However, most parameters 

were stable in the anoxic zone, regardless of seasons, indicating that no water movement was at the bottom of the lake. 

Layered sediments with salt indicating hardly exchange with lake water at the anoxic zone. The statistical correlation 

and principal component analysis between the various physico-chemical parameters of lake water and lake sediment 

were computed. This study provides the basic information for future research on the characteristic of the vertical 

profile, impact on the ecosystem, and environmental assessment for Lake Oigon. 
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1. INTRODUCTION 

Meromictic lakes defined by Hutchinson (1957) are 

lakes in which some water remains partially or wholly 

unmixed with the main mass of water at the normal 

circulation periods. Meromictic lakes are interesting 

objects for research for physical stability of the water 

masses, clearly separated layer, relatively constant 

vertical stratification in bacterial populations, physico-

chemical parameters of water, and bottom sediment. 

Meromictic lake sediments stand for climate records, 

which range from a few hundred years to more than ten 

thousand years [1].  

Most lakes are Holomictic lakes, which occur 

Physico-chemical mixing between the surface and deep 

water. Meromictic lakes are rare compared to 

holomictic lakes. Hall and Northcote (2012) listed 177 

meromictic lakes on the Globe [2]. Usually, these lakes 

are permanently stratified by a chemical gradient that 

separates their dense underlying monimolimnion from 

the overlying less dense mixolimnion. In salt lakes, the 

bottom layer of water (monimolimnion) often does not 

circulate annually due to a strong density difference 

caused by the salinity gradient at the boundary of the 

mixolimnion and the monimolimnion. Since the 

monimolimnion is excluded from the gas exchange for 

several years, it very often becomes anoxic. The 

mixolimnion and the monimolimnion are quite different 

in terms of water properties. This type of change of the 

water properties often happens within a thin water layer, 

which is called halocline (salinity gradient), chemocline 

(chemical gradient), or pycnocline (density gradient) 

[3]. The depth of the Meromictic Lake is divided into 

oxic, suboxic, and anoxic zone [4, 5, 6]. Meromictic 

lakes have a mixed upper oxic mixolimnion, an 

interface chemocline, and a lower stagnant anoxic 

monimolimnion, which does not mix with either of the 

upper layers [7, 8, 9].  
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Their specific zones once having stratified and 

unique biogeochemical characteristics could generally 

provide the novel opportunities to compare microbial 

loops and biogeochemical processes among the distinct 

zones [10]. 

Determining the vertical variation of water quality 

parameters are contributing to a better understanding of 

the seasonal mixing and stratification patterns. Lake 

Oigon was currently the first identified meromictic lake 

in Mongolia [11]. Vertical profile and seasonal 

variations in the physico-chemical properties of the 

Lake Oigon water had not been studied. In this study, 

we investigated the physico-chemical parameters in the 

seasonal variations along with the vertical profile of 

water and sediment in Lake Oigon during the summer 

and winter of two years. The main aim of this study is to 

investigate the characteristic of the vertical profile, to 

collate data about the vertical profile of Lake Oigon, to 

describe the nature of the lake’s stratification, and to 

explain the patterns of its seasonal variations.  

2. EXPERIMENTAL 

2.1. Description of the Study Area 

Lake Oigon is located 1664 m above sea level in 

Tudevtei soum of Zavkhan province, the western part of 

Mongolia. It is an endorheic water body, and the surface 

area of the lake is 61.3 km2 with a maximum water 

depth of 8 m. Most coasts are surrounded by high hills 

except the northwestern shore, which is plain. Lake 

Oigon has a potent and clear crystalline salt layer that 

regenerates spontaneously after excavation as a result of 

underground influxes of hypersaline water.  

Lake water temperature is ranged 18.0–19.5°C at the 

surface and 16.0°C at depth from July to August. It is 

covered by thick ice with 1.0–1.2 m in November and 

May. Substrates tend to be sandy and often constitute 

true peat bogs.  

 

Figure 1. Map of the study area 

The littoral zone of the lake is completely white due 

to precipitated salts of NaCl and Na2SO4. It has 

halophyte vegetation [12]. The map was showed 

sampling locations in the study area (Figure 1). 

2.2. Sampling Procedures  

Lake water and lake sediment samples were 

collected at the center point of lakе on July 2018, 

February 2019, June 2019, and January 2020, 

respectively. Lake water was sampled at every meter of 

water depth using a depth water sampler. All bottles 

were thoroughly cleaned before sampling to prevent 

contamination. Lake sediment was sampled at every 10 

centimeters of sediment depth using a depth sediment 

sampler. Sediment samples for physico-chemical 

parameters analysis were kept at 4°C before arrival at 

the laboratory. 

2.3. Analysis 

The physico-chemical parameters in water were 

measured on-site, while sediment parameters were 

determined at the laboratory. The physico-chemical 

parameters including pH, salinity, electrical 

conductivity (EC), dissolved oxygen (DO), and 

oxidation-reduction potential (ORP) were measured 

with the portable multiparameter (Model: HI 9828, 

Hanna Instruments, Woonsocket, Rhode Island, USA).  

3. RESULTS AND DISCUSSION 

Dissolved oxygen and pH affect directly or 

indirectly other limnological parameters such as 

transparency, viscosity, total dissolved solids, and 

conductivity [13], all of which constitute the very 

important physical and chemical parameters that form 

the basis for water resources management [14]. 

3.1. Physico-chemical Analysis 

The vertical profiles of physico-chemical parameters 

of the lake were presented in Figure 2. Lake water pH 

represents one of the most important indicators for 

influencing the evolution of the aquatic ecosystem. In 

general, results showed that the Lake water was alkaline 

and had an average pH of 9.17 (range from 8.18 to 9.65) 

or slightly alkaline. As shown pH diagram, there was a 

tendency of seasonal variation which was increased the 

pH in summer and decreased the pH value in winter 

along with the depth (Figure 2a). Photosynthesis by 

aquatic plants during the daylight removes carbon 

dioxide (CO2) from the medium hence pH would 

increase. At night, respiratory processes of aquatic 

organisms release CO2 into the medium, and pH 

declines [15]. Similarly, factors in which the lake's 

water temperature is warmer in summer than in winter 

and the night time in summer lower than in winter, etc 

created seasonal variations. The pH value of lake 

sediment was range from 8.45 to 8.88 or slightly 
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alkaline (Figure 2d). Seasonal variation of pH 

(sediment) was inversely correlated with seasonal 

variation of pH (water). 

 

Figure 2. Vertical profiles of Physico-chemical 

parameters 

Figure 2b is shown the seasonal variation and 

pattern of the vertical distribution of the electric 

conductivity (EC) of Lake’s water. Major ions like 

sodium, potassium, chloride, carbonate, sulfate, 

calcium, and magnesium contribute to the electric 

conductivity of Lake water. The range of EC in Lake 

was from 33.73 to 49.54 mS/cm in the summer and 

from 47.33 to 56.3 mS/cm in the winter, with an average 

value of 48.26 mS/cm. During the winter, the lake is 

covered with 1.0-1.2 m thick ice, which reduced the 

amount of water in the lake and increased the EC. On 

the other hand, EC value in the summer is lower than 

EC value in the winter, due to increased lake water 

levels due to precipitation and river runoff, more 

dilution. EC value of sediment was range from 11.05 to 

11.90 mS/cm in the summer and range from 9.75 to 

10.35 mS/cm in the winter (Figure 2e). Seasonal 

variation of EC (sediment) was inversely correlated with 

seasonal variation of EC (water).  

As can be seen from the Figure 2c, decreasing 

oxidation and reduction potential (ORP) along the water 

depth indicates a decrease of the oxidation process and 

an increase in the reduction process. The ORP varied 

between −280 and +115 mV, depending on the season 

and sampling depth. Redox potentials of less than −100 

mV indicate anaerobic environments, while values 

greater than 100 mV indicate aerobic environments 

[16]. Thus, Lake Oigon was covered by 1.0–1.2 m thick 

ice in winter, creating an anaerobic environment along 

all depths of the lake. Whereas, an anaerobic 

environment is created below a depth of 6 m in the 

summer. The ORP of sediment was redox potentials of 

less than −100 mV (Figure 2f), indicated anaerobic 

environments regardless of the season. 

Seasonal variation and pattern of the vertical 

distribution of the dissolved oxygen (DO) concentration 

of Lake’s water is shown in Figure 2g. Three zones 

were identified from the DO graph: oxic, sub-oxic, and 

anoxic. A sharp drop of DO concentration was observed 

at a depth of below 5 m. Thus we predicted there is the 

oxic zone at a depth range from the surface to 5 m. DO 

concentrations were ranged from 3.30 mg/L to 5.80 

mg/L in the oxic zone. DO concentrations were 

recorded range from 0.67 mg/L to 2.79 mg/L at a depth 

range from 5 m to 8 m, from 0.0 mg/L to 0.67 mg/L at 

depth range from 8.5 m to bottom. We predicted 

according to the Dissolved oxygen diagram, there is the 

oxic zone at a depth of 1-5 m, sub-oxic at depth of 5-8 

m, and anoxic zone at depth of 8.5-9 m in Lake Oigon. 

The seasonal variation was observed sharply trend in the 

oxic zone of Lake, DO concentration was decreased in 

winter. High concentration values of dissolved oxygen 

are recorded in summer while low concentration values 

are present during winter, as a result of the ice cover. 

The pattern of the vertical distribution of dissolved 

oxygen followed a similar trend as that of ORP except 

that a sharp drop in DO usually occurred at the 5 m 

depth.  

Seasonal variation and pattern of the vertical 

distribution of the salinity (Sal) of Lake’s water are 

shown in Figure 2h. The salinity of lake water ranges 

from 21.3 to 31.7 g/L in summer and from 34.74 to 49.9 

in the winter, had an average salinity of 37.29 g/L. Lake 

Oigon salinity was from mesosaline to hypersaline 

according to based on Hammer categories [17]. Lake 

Oigon average salinity value was much higher when 

compared with the salinity values obtained from Lake 

Shira, Russia (ranges from 14 g/L to 15 g/L in the 

epilimnion and about 18 g/L in monimolimnion, based 

on data from 2007–2009) [18] as well as these from 

Lake Shunet, Russia (ranges from 10 to 25 g/L) [19]. 

The seasonal variation was observed, salinity 

concentration was increased in winter. Salinity in the 

summer is lower than Salinity in the winter, due to 

increased lake water levels due to precipitation and river 

runoff, more dilution. 
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The values of all physico-chemical parameters 

(except pH) were almost constant at the bottom of the 

lake, regardless of the seasonal variation, indicating that 

water movement is constant. 

3.2. Principal Component Analysis (PCA) 

PCA is a common statistical method used to 

interpret environmental data. We used PCA analysis to 

observe the dissimilarity and statistical correlation 

among the inter-correlated variables of physico-

chemical parameters. In the PCA, the direction and 

length of the arrows show the degree of correlation 

between fractions and the principal components. 

  

Figure 3. PCA plot of physico-chemical parameters 

Figure 3 shows PCA results of physico-chemical 

parameters. Two significant components of Total 

concentration account for 94.58% of the total variance. 

PC1 accounts for 81.66% of total variance 

(eigenvalue=4.083). DO and ORP have higher positive 

loadings, showing similar patterns among sampling 

points at depth. PC1 had strong negative loading of pH. 

On the other hand, PC2 accounts for 12.92 of variance 

(eigenvalue=0.646). PC2 had strong positive loading of 

EC, and Salinity in summer. EC and Sal showed that 

there was high dissimilarity and not correlated with the 

depth of lake water in summer. EC and sal were 

dissimilar in the summer, maybe related to the increased 

lake water levels due to precipitation and river runoff, 

more dilution. 

Two significant components of Total concentration 

account for 78.03% of the total variance. PC1 accounts 

for 53.26% of total variance (eigenvalue=2.663). Sal 

and EC have higher positive loadings, showing similar 

patterns among sampling points at depth in winter. PC2 

accounts for 24.77 of variance (eigenvalue=1.239). PC2 

had strong positive loading of pH, DO and ORP in the 

winter. The pH, DO, and ORP showed that there was 

high dissimilarity and not correlated from the depth of 

lake water in winter. ORP had a weak association (<0.7) 

with the two components. The pH, DO, and ORP were 

dissimilar in winter, probably related to being covered 

by thick ice. ORP was a weak association with the two 

components, related to creating an anaerobic 

environment due to the thick ice cover.  

4. CONCLUSION 

We studied seasonal variations of the physico-

chemical parameters along with the depth of Lake 

Oigon, Mongolia obtained in the process of routine 

monitoring from 2018 to 2020. Physico-chemical 

parameters of the water of Lake Oigon were different 

depending on the oxic, sub-oxic, and anoxic zones. The 

salinity in the bottom of the vertical profile hardly 

changed during the seasons indicating the absence of 

full circulation of water in Lake Oigon. Values of pH, 

ORP, and DO were increased in summer. Inversely, 

values of EC and salinity were decreased in summer. 

Seasonal variation of pH (sediment) and EC (sediment) 

was inversely correlated with seasonal variation of pH 

(water) and EC (water). EC and Salinity in the summer, 

and pH, DO, and ORP in winter indicated the dissimilar 

among physico-chemical parameters by PCA analysis. 

By studying seasonal variation physico-chemical 

parameters in the water of meromictic Lake Oigon, 

researchers were able to provide the basic information 

for further investigations on the describe the nature of 

the lake’s stratification and to explain the patterns of its 

seasonal variation of Lake Oigon. 
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