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Summary

The weathering of silicate rocks is the most important natural process of atmospheric
CO, removal in natural. It has been suggested that alkaline saline lakes form special
carbonates from those carbonate ions and may serve as sink tanks for carbon at the
Earth's surface. Furthermore, it is known that in alkaline saline lakes, water chemistry
is dominated by a special carbonate, which is an important substance. In this study,
long-term field works were conducted in an alkaline saline lake in Mongolia to observe
changes in water chemistry with seasonal changes. In addition, the solubility of a special
Mg carbonate (amorphous magnesium carbonate: AMC) that is formed in alkaline
saline lakes was experimentally measured to determine its temperature dependence. In
the discussion, the geochemical modeling was performed using the solubility of AMC
obtained from the experiments. The results suggest that in alkaline saline lakes during
the winter, CO; accumulates in the lake water along with the formation of carbonate.
At the same time, it was suggested that CO, could be temporarily released into the

atmosphere at the same time as the ice melts in early spring.



Dissertation Abstract

Weathering of silicate rocks and formation of carbonate minerals at the Earth's surface

is the most important natural process of atmospheric CO, removal in nature. The

weathering of calcium-bearing silicates is described by the following equation.

CaSiO; + 2C0, + 3H,0 = Ca?* + 2HCO3 + H,SiO0,

Thus, calcium and bicarbonate ions are released in aqueous environments in response

to the consuming atmospheric CO,. The ocean then uses the calcium influx from the

land to produce calcium carbonates as follows.
Ca?* + 2HCO3 = CaCO; + CO, + H,0

This carbonate synthesis releases one molecule of CO,, but the difference between this

and the weathering of silicate rocks results in one molecule of CO;, being fixed as

carbonate. Weathering of silicate rocks and precipitation of carbonate minerals are

carbon fixation processes in the natural environment. Therefore, they are attracting

attention in terms of negative emission technologies for active CO, removal.

Inland environments with similar carbon fixation processes are alkaline saline lakes.

Alkaline saline lakes are closed lakes and form at the terminus of rivers. Furthermore,

they are more common in dry and cold regions and are found in basins and plains in

the continental interior. The volume of water is controlled by evaporation, and



carbonate precipitation associated with concentration has been observed. The

carbonates precipitated in alkaline saline lakes are thought to be monohydrocalcite

(MHC: CaCO;-H.0O) and amorphous magnesium carbonate (AMC: MgCO3-nH,0).

This means that alkaline saline lakes, unlike oceans, may be able to utilize magnesium

as well as calcium for carbon fixation. In oceans, the pH is about 8, and under these

conditions, dissolved inorganic carbon exists mainly as bicarbonate ions (HCOjy).

Alkaline saline lakes, on the other hand, have a pH higher than 9 and a higher

proportion of carbonate ions (COs*). Therefore, the following reactions are likely to

Ooccur.
Ca?* + CO%~ = CaCO4

It can be assumed that alkaline saline lakes do not release CO, through carbonate

precipitation and that more efficient carbon fixation takes place. This suggests that

alkaline saline lakes may be a better carbon removal unit than the ocean. Therefore, the

processes governing the behavior of CO; in alkali lakes and their consequences need to

be clarified, not only to predict the regional CO, budget, but also to make functional

use of alkali lakes for negative emission technologies. However, alkaline saline lakes in

cold regions have not been studied. In fact, the above-mentioned processes favoring

carbon fixation in alkaline lakes were observed only in summer seasons. Almost nothing



is known about the changes in water chemistry, authigenic carbonate mineral

formation/dissolution, CO, budget, and their interrelationships during the freezing of

alkaline lakes. The purpose of this study is to characterize the chemical processes in

alkaline lakes during the freezing of alkaline lakes combining field observations,

laboratory experiments to obtain the missing thermodynamic parameter of an

authigenic carbonate mineral (AMC) in low temperature and theoretical consideration

by means of geochemical modeling.

In this study, fieldworks were carried out in summer and winter (frozen condition) at

the Valley of the Gobi Lakes in Mongolia (Figure 1) The Valley of the Gobi Lakes exists

in a latitudinally oriented depression of tectonic origin, located in between the Altai

mountains and Khangai mountains (Figure 1). The lake of most interest in this study

is Olgoy lake, located south of the Khangai Mountains. Olgoy lake is an alkaline saline

lake at about 2100 m elevation in Mongolia, with salinity of 1-2 g/kg and pH of 9-10

(Figure 2). The lake has no permanent outlet, and inflowing streams form temporarily

during the rainy season. The average temperature in the region is about 1 °C and the

lake freezes over during the period October to April. Compared to some of the other

lakes in the Valley of the Gobi Lakes, Olgoy lake was selected for the study because it

had the highest saturation to AMC and a higher carbonate concentration.



In addition, in this study, the solubility of AMC under low temperature conditions was

experimentally estimated, allowing quantitative assessment of AMC precipitation in

the low temperature range.

The solubility of AMC was found to be logK = -5.20 = 0.02 by experimental

measurements under low temperature conditions. This indicates that AMC is

significantly less likely to precipitate at low temperatures. Water chemistry

investigations showed that most of the concentrations of the major components (Na,

Cl, Mg, DIC, SO,) increased due to ice formation (Figure 3). In contrast, Ca

concentrations were almost the same as in summer, suggesting the formation of MHC

in response to the enrichment process; the conservative behavior of Mg could be

explained by the increased solubility of AMC at low temperatures. However, the factors

responsible for the accumulation of CO,(g) in the lake water during freezing, which is

accompanied by a decrease in pH, were unclear. A detailed understanding of the

relationship between carbonate formation and water chemistry behavior is needed for

a quantitative assessment of carbon fixation in alkaline saline lakes.

Using the temperature dependence of AMC solubility, I attempted to reproduce the

water quality behavior of a winter alkaline saline lake by means of the geochemical

modeling to determine which processes is plausible to explain the observed increase of



the CO; partial pressure in the lake water. The results show that carbonate formation

during ice formation promote an increase in CO; partial pressure, leading to a decrease

in pH (Figure 4).

In alkaline saline lakes during the winter, CO, was accumulated in the lake water.

Therefore, the temporal emissions of CO, to the atmosphere is possibly occurred in

early spring, when the ice melts. This process must affect the CO, budget associated

with the alkaline lakes. This study provide the importance of freezing process of alkaline

lake to quantitatively to determine r the annual carbon budget of the alkaline saline

lakes for the first time.



Mongolia

Figure 1
Map of Mongolia and location of the Valley of Gobi Lakes (red oval). The study area of this
study is surrounded by a black square. Satellite images of this target lake are shown in Figure 2.

The mountain ranges (Khangai and Altai mountains) are represented by grey ovals.
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Figure 2

Satellite images of Olgoy lake which was taken from Google Earth. Blue dots represent the

sampling locations in the January 2020, February 2019 fieldworks and previous studies.
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Figure 3
Comparison of the concentration (ppm) of each major dissolved ion species (Cl, SO,*,Ca**,K*,Mg?*
and Na*), pH, temperature (°C), EC (mS/m), ORP (mV) and pressure of CO, for samples during

winter (red: two samples) and summer (black: five samples) in Olgoy lake.
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Figure 4
Chemical model of water chemistry changes associated with freezing in Olgoy lake. CO,
partial pressure increased and pH decreased with lake water enrichment. In addition, MHC

precipitates first, followed by AMC. It is harmonic with the measured values for Olgoy lake.
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