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Abstract Authigenic carbonate and evaporite minerals in lake sediments are widely used to qualitatively
reconstruct climate. However, uncertainties still remain about their quantitative relationship to climate. Here
we investigate 86 modern lakes in northern China to examine the relationships between mineral formation,
lake water chemistry, and climate. The results show that from east to west, with increasing salinity and ionic
concentration, calcite, dolomite, and evaporite minerals (gypsum and halite) occur in sequence. Their eastern
boundaries approximate modern isohyets, and we define for the first time rainfall thresholds of 600 mm,

400 mm, and 350 mm for the formation of calcite, dolomite, and evaporite minerals, respectively. Since the
400 mm and 600 mm isohyets also coincide with vegetation boundaries, our findings enable a new approach
for the quantitative reconstruction of paleoprecipitation and paleovegetation based on mineral analysis.

1. Introduction

The precipitation of lacustrine carbonate and evaporite minerals is determined by factors such as the salinity
and ionic concentration of the lake water [Eugster and Hardie, 1978; Sonnenfeld and Perthuisot, 1989]. In lake
systems, as salinity increases, calcite precipitates first, followed by aragonite and dolomite, and finally sulfates
and chlorides [Miiller et al., 1972; Nesbitt, 1974; Eugster and Hardie, 1978; Eugster, 1980]. This precipitation
sequence is considered to be indicative of increasing aridity, with increasing aridity causing sulfates and
chlorides to precipitate rather than carbonates [Eugster and Hardie, 1978; Sonnenfeld and Perthuisot, 1989;
Li et al., 1997; Trichet et al., 2001]. However, the hydrochemical and climatic thresholds for the formation of
these minerals under natural conditions remain unclear.

The numerous continental lakes in northern China (Figure 1) allow the assessment of the thresholds of lake
water chemistry and climatic factors in controlling the precipitation of different lacustrine minerals. First, a
steep climate gradient is observed in the region, with mean annual rainfall and temperature decreasing
from over 1000 mm and 9°C in the east to 100 mm and 0°C in the west (Figure 1a). Second, the bedrock of
the lakes is mainly composed of igneous and metamorphic rocks (mainly granite, basalt, andesite, breccia,
and slate) [Ma et al., 2002] (Figure 1c), which to a great extent precludes the presence of detrital carbonate
in the lake sediments.

In this study, mineral compositions and water chemistry from a total of 86 lakes (Figure 1c) were investigated
and compared with climatic parameters (temperature, rainfall, and aridity), with the objective of exploring
the quantitative relationships between water chemistry, climate, and the precipitation of calcite, dolomite,
and evaporite minerals in natural lakes in northern China.

2. Materials and Methods

The investigated area (110°E to 130°E, 40°N to 50°N) (Figure 1b) is located in the northern marginal zone of
the East Asian monsoon. In winter, the influence of the Siberian-Mongolian High leads to a cold and dry
climate, while in summer the southeast monsoon transports heat and moisture inland from the oceans.
Surface sediment samples (0 to 0.5-1cm) from 86 lakes were obtained (Table S1 in the supporting
information). Lake water samples were collected from 0.5 to 1 m depth using polyethylene bottles, and pH
and conductivity were measured in the field using a HANNA HI 9024 pH meter and a HI 8733 N ATC
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Figure 1. (a) Distribution of mean annual precipitation (mm) in China (data provided by the National Meteorological
Information Center of China). (b) Location of the study region. (c) Geological map of the study area (modified from the
1:5,000,000 geological map of China [Commission for the Compilation of the Geological Map of China, 1990]). The blue and
red arrows indicate the direction of the winter and summer monsoon, respectively.

multirange conductivity meter, respectively. All sediment samples were freeze dried. Mineral composition
and morphology were analyzed using X-ray diffraction (XRD) and scanning electron microscopy (SEM) with
an accompanying energy-dispersive analytical facility. Water chemistry analyses were conducted in the
State Key Laboratory of Lake Science and Environment, Nanjing Institute of Geography and Limnology,
Chinese Academy of Sciences. All water samples were filtered prior to water chemistry analyses. Cation
(Mg?*, Ca®*, Na*, and K*) concentrations were determined by inductively coupled plasma-atomic emission
spectrometry and anion concentrations (S04~ and Cl™) by ion chromatography (Ics 2000). CO;%~ and
HCO3™ concentrations were measured using a Skalar continuous flow analyzer.

3. Results

The XRD results show that the mineralogical composition of the surface sediments is characterized mainly by
quartz, feldspar, carbonate (aragonite, calcite, and dolomite), and evaporite (gypsum and halite) minerals
(Figure S1). Eight categories of carbonate and evaporite mineral assemblages were found in the surface
sediments: (1) no carbonate or evaporite minerals (Figure S1a, 16 lakes); (2) calcite (Figure S1b, 53 lakes);
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Figure 2. Mg/Ca ratio plotted against (a) pH and (b) conductivity. (c and d) Trilinear plots of the major cations and major
anions. Compositions are in mol %. The 86 lakes are divided into eight categories as shown in the legend. Note that

(i) the conductivity and pH of the lake water increase from lakes without any carbonate and evaporite minerals, to lakes
with calcite, and finally to lakes with dolomite and evaporites; (ii) HCO3 CO32_, and Ca2* are high in lakes where calcite
precipitates; and (iii) Na*, K, and CI™ are high in lakes containing evaporite minerals.

(3) calcite and dolomite (Figure S1c, 6 lakes); (4) aragonite, calcite, and halite (Figure S1d, 1 lake); (5) calcite
and halite (Figure Sle, 1 lake); (6) calcite, dolomite, and halite (Figure S1f, 5 lakes); (7) calcite, dolomite,
halite, and gypsum (Figure S1g, 2 lakes); and (8) halite and gypsum (Figure S1h, 2 lakes).

SEM observations of bulk samples reveal that the calcite occurs in the form of clumpy (Figures S2a and S2b) or
rhombohedral-blocky (Figures S2c-S2f) grains (5-15 um). Dolomite spheroids (~1 pm) are attached to the
surfaces of other minerals (Figures S3a and S3b) or are aggregated into clusters (Figure S3c). Gypsum
occurs either as lenticular crystals (2-10 um long) (Figure S4a) or in tabular form (~60 um long) (Figures
S4b and S4c). Cubic halite grains have a well-crystallized morphology (10-70 um) (Figure S5).

Both the conductivity and pH of the lake water increase from lakes without any carbonate and evaporite
minerals, to lakes with calcite, and finally to lakes with dolomite and evaporites (Figures 2a and 2b). The
lowest values of pH and conductivity for the occurrence of calcite, dolomite, and evaporite minerals are
7.1 and 202 ps/cm, 84 and 1640 ps/cm, and 8.8 and 4380 us/cm, respectively (Table 1). It should be
noted that the pH values of the three northwesternmost lakes (Figure 1c) are inconsistent with this
trend. These lakes all contain evaporites (gypsum and halite), but the pH values of the lake water are as
low as 6.3-7.6 (Figure 2a, two green squares and a green star), which is caused by the very high
concentrations of sulfate ion in the lake water [Beamish, 1976] (Figure 4f) due to the weathering of
celestite in the bedrock (Figure 1c).
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Figure 3. The occurrence of lakes containing calcite (blue dots), dolomite (red dots), or evaporite minerals (green triangles)
on isograms of (a) aridity index (E/P), (b) mean annual temperature (°C), and (c) annual precipitation (mm). Open circles
represent lakes in which carbonate and evaporite minerals are absent. The contour map is compiled using the Surfer
Software with 661 data sets from meteorological stations throughout China (data provided by the National Meteorological
Information Center of China). Note that the easternmost limits of the occurrences of calcite, dolomite, and evaporite
minerals coincide with the 600 mm, 400 mm, and 350 mm isohyets, respectively.

other variables exhibit a generally increasing trend within a relatively large measurement range (Figures 4b—4h).
The reason for this is that calcite precipitation removes Ca>* from lake water and affects the residual
composition of the water body [Eugster and Hardie, 1978; Evans and Prepas, 1996; Li et al.,, 1997]. When the
annual precipitation decreases to less than 400 mm, conductivity, Mgz+, Na* +K™, 5042’, and Cl™ continue to
increase, finally resulting in the precipitation of dolomite and evaporites. Thus, the 600 mm and 400 mm
isohyets are critical boundaries for the formation of calcite and dolomite, respectively. Interestingly, they also
coincide with the modern transitions between forest and forest steppe and between forest steppe and
steppe in the study region [Hou, 1988; Editorial Committee of Vegetation Map of China, Chinese Academy of
Sciences, 2007].

It is noteworthy that in the area with annual precipitation <600 mm, calcite forms in almost all of the lakes,
except for three: one of the three has no carbonate or evaporite minerals in the surface sediments, and the
other two exhibit the occurrence of halite and gypsum (Figure 3c). Coincidentally, dolomite and evaporite
minerals are not found in several lakes with annual rainfall <400 mm. The reason for this is probably related
to microbial metabolism or to the presence of an underground water supply [Jones et al., 1977; Eugster and
Hardie, 1978; Wright, 1999; Warthmann et al., 2000; Roberts et al., 2004; Wacey et al., 2007], and the assessment
of these possibilities requires further study. For the first time, we have obtained the threshold values of pH,
conductivity, major ionic concentrations, Mg/Ca ratio, and rainfall for the formation of calcite, dolomite, and
evaporite minerals in natural lakes (Table 1). Therefore, our results provide the basis for a quantitative climatic
reconstruction based on lake sediment mineral assemblages in the study region. It should be pointed out
that except for the Mg/Ca ratio and rainfall, the values for pH, conductivity, and ionic concentration can be
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regarded as lower limits since our samples were acquired during the summer monsoon rainy season (Table S1).
Finally, we suggest that the study region is unusually well suited to the study of the relationships between the
precipitation sequence of carbonates and evaporites and water chemistry and climate.

5. Conclusions

We have conducted mineralogical analyses of the surface sediments of 86 modern inland lakes in the East Asian
monsoon region, spanning a range of arid, semiarid, and subhumid environments. The results demonstrate that
calcite, dolomite, and evaporite minerals (gypsum and halite) are the main authigenic minerals. From east to
west, lake water pH, Mg/Ca ratio, and conductivity increase with decreasing annual precipitation.
Comparison of water chemistry and the mineral precipitation sequence demonstrates that Mg/Ca ratios of
0.2, 1.7, and 3.0 are the thresholds for the formation of calcite, dolomite, and evaporite minerals in these
lakes, with corresponding pH values of 7.1, 8.4, and 8.8, respectively.

As annual precipitation decreases from east to west, calcite appears first in the surface sediments, followed by
dolomite, and finally by evaporite minerals such as gypsum and halite. Comparison of water chemistry and
climate factors demonstrates that the lake water chemistry is mainly controlled by aridity, which is causally
related to the annual precipitation. The eastern boundaries of the distribution of calcite, dolomite, and
evaporite minerals are consistent with the distribution of isohyets, also indicating a strong link between
the mineral sequence and rainfall. For the first time we have determined that the easternmost limits of the
precipitation of calcite, dolomite, and evaporite minerals coincide with the 600 mm, 400 mm, and 350 mm
isohyets, respectively. In addition, the modern 600 mm and 400 mm isohyets are located at the transitions
between forest and forest steppe and between forest steppe and steppe in the study region. We conclude
that our results provide the basis for a new approach to the quantitative reconstruction of past
precipitation and vegetation from geological records.
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