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Abstract :   
 
With the development of the carbonate clumped isotope () geothermometer, many –temperature 
calibrations based on biogenic and abiogenic carbonates have been generated in recent years. However, 
there is still not a robust empirical calibration relationship derived from lacustrine authigenic carbonates 
that can be used to calculate lake water temperatures from values. In this study, we present a new 
calibration dataset that is comprised of measurements of the clumped isotope composition of 33 lacustrine 
authigenic carbonates collected from terminal lakes primarily in Western China that cover a substantial 
altitudinal gradient, and 5 samples from other regions. These data allow us to directly derive a temperature 
calibration for lacustrine authigenic carbonates. Our results show a robust correlation between modern 
lacustrine authigenic carbonate clumped isotope composition (Δ47carb) values and independently 
measured mean summer water surface temperatures (Twater) (ranging from 9.8 to 26.0 °C), which 
confirms the utility of mass-47 clumped isotope measurements of lacustrine authigenic carbonates as a 
lake water temperature indicator and allows for the derivation of the following calibration equation: 
Δ47carb (‰) = 0.0521 ± 0.0071 × 106/ (K) + 0.0904 ± 0.0870 (R2 = 0.6224, P < 0.0001, n = 33). We 
observe that Δ47carb is significantly correlated to lake elevation at 35°N from 270 to 5,156 m a.s.l. The 
change in –derived water temperature differences through elevation gradients (i.e. lapse rate) is around 
3.2 °C/km. We do not observe a significant correlation between Δ47carb and carbonate oxygen isotopic 
composition or independently measured lake surface water oxygen isotopic composition. Additionally, in 
our dataset, we find that water chemistry, carbonate precipitation rate, carbonate content and mineral-
specific differences do not significantly affect Δ47carb values. Hence, the mass-47 clumped isotope signal 
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of lacustrine authigenic carbonate can be used in paleotemperature and paleoaltimetry studies if post-
depositional diagenesis did not modify the isotopic composition. 
 
 

Highlights 

► Lacustrine authigenic carbonate Δ47 is correlated with summer water temperature. ► Δ47carb isn't 

affected by δ18O of carbonate and lake water. ► Δ47carb is independent of carbonate content, mineralogy, 

and precipitation rate. ► The Δ47carb-elevation calibration improves the use of Δ47carb for paleoaltimetry. ► 
We provide a robust basis for reconstructions of paleoclimate using Δ47carb. 

 

Keywords : clumped isotope, lacustrine authigenic carbonate, paleotemperature reconstruction, 
paleoclimate, paleoaltimetry 
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1. Introduction 74 

Lacustrine carbonates are widely distributed and highly sensitive to changes in 75 

water source and terrestrial environment (Leng and Marshall, 2004). In general, 76 

lacustrine carbonates precipitate in summer, when the carbonate saturation of lake 77 

water peaks and carbonate solubility is simultaneously depressed in the epilimnion 78 

(Horton et al., 2016; Hren and Sheldon, 2012; Leng and Marshall, 2004; Petryshyn et 79 

al., 2015). In the carbonate-water system, at equilibrium, the oxygen isotopic 80 

composition of carbonate is a function of the temperature of carbonate precipitation 81 

and surrounding water oxygen isotope ratios (McCrea, 1950; Urey, 1947). Therefore, 82 

oxygen isotopic fractionations between lacustrine carbonates and water are widely 83 

used to estimate lake water temperature in paleolimnology studies (Finkenbinder et al., 84 

2016; Ibarra et al., 2014).  85 

However, there are several limitations for the application of carbonate oxygen 86 

isotope geothermometer in lake settings. For example, the oxygen isotopic 87 

composition of lake waters for geologic samples is often difficult to constrain. Prior 88 

work relies on an assumption of the lake water oxygen isotopes or numerical 89 

modeling (Benson and Paillet, 2002; Leng and Marshall, 2004). Non-equilibrium 90 

fractionation effects due to changes in solution chemistry and carbonate precipitation 91 

processes, and mineral-specific difference might also affect the oxygen isotope 92 

fractionation factor between carbonates and surrounding waters (Kim et al., 2007; 93 

Watkins and Hunt, 2015). In addition, some field studies show that the oxygen 94 

isotopic compositions of lacustrine carbonates are largely influenced by rainfall or 95 
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local precipitation/evaporation balance, rather than temperature changes (Li et al., 96 

2020; Liu et al., 2018; Sun et al., 2018). All of these limitations increase the 97 

uncertainty of temperature reconstructions based on carbonate oxygen isotope 98 

geothermometer in paleoenvironmental studies. 99 

The mass-47 carbonate clumped isotope (Δ47) geothermometer represents a 100 

promising tool for reconstructing paleotemperature (Eiler, 2007; Ghosh et al., 2006a; 101 

Tripati et al., 2010; Tripati et al., 2015). Quantitative temperature estimates that are 102 

independent from water 18O/16O ratios is the most important feature that distinguishes 103 

carbonate clumped isotope thermometer from the carbonate oxygen isotopic 104 

thermometer and other approaches. The clumped isotope composition is defined as 105 

the excess of the abundance of 13C–18O bonds in a carbonate lattice over the expected 106 

stochastic distribution among all isotopologues of CO2. Under thermodynamic 107 

equilibrium, the preference of 13C and 18O bonding is thermodynamically controlled 108 

and is independent of the bulk isotopic composition of the carbonate and the solution 109 

in which the carbonate formed (Eiler, 2007; Hill et al., 2020; Hill et al., 2014; Tripati 110 

et al., 2015).  111 

An initial Δ47–temperature calibration was published by Ghosh et al. (2006a) 112 

based on inorganic calcites precipitated at controlled temperatures as well as deep-sea 113 

and tropical surface corals. In the last 14 years, multiple studies have discussed the 114 

applicability of biogenic and abiogenic carbonate clumped isotope thermometers, and 115 

a variety of theoretical and empirical calibrations were published (Davies and John, 116 

2019; Eagle et al., 2013a; Guo et al., 2009; Kele et al., 2015; Kelson et al., 2017; 117 
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Petersen et al., 2019; Thiagarajan et al., 2011; Tripati et al., 2010; Zaarur et al., 2011). 118 

However, recent studies show statistically significant discrepancies between Δ47–119 

temperature calibrations derived from different laboratories which have been 120 

attributed to lack of sample replication, the narrow temperature range of different 121 

types of carbonate materials (Fernandez et al., 2017), non-equilibrium processes 122 

caused by pH effects (Hill et al., 2014; Tripati et al., 2015), CO2 diffusion 123 

(Thiagarajan et al., 2011), hydration/dehydration and hydroxylation/dehydroxylation 124 

reactions (Guo et al., 2008), or inconsistent correction schemes, such as 17O correction 125 

and acid digestion temperature and standardization (Bernasconi et al., 2018; Dennis et 126 

al., 2011; Kelson et al., 2017).  127 

There are almost no clumped isotope-temperature data or calibration datasets for 128 

modern lake systems, and controls on mass-47 fractionations in specific types of 129 

lacustrine carbonates have not been investigated in detail. The first clumped isotope 130 

study of modern lake carbonates was reported by Huntington et al. (2010), who 131 

measured Δ47 values of micrites and tufa from six modern lakes on the Colorado 132 

Plateau. This study calculated carbonate precipitation temperatures using the Ghosh 133 

calibration (Ghosh et al., 2006a), and applied the differences in Δ47-derived 134 

temperatures between ancient and modern samples at several elevations to reconstruct 135 

paleoelevations. Petryshyn et al. (2015) measured modern lake microbialites and 136 

reported evidence that carbonate precipitation was in equilibrium, and that 137 

Δ47-derived calcification temperature of shallow microbialites matched current lake 138 

water temperatures if an inorganic calibration was used. In addition, they also 139 
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reconstructed past lake water temperatures using ancient microbialites. Huntington et 140 

al. (2014) reported that Δ47-derived temperatures of shallow-water tufa that collected 141 

from Ngangla Ring Tso are similar to warm-season lake water temperatures, and used 142 

clumped data to study the Miocene and Pliocene uplift history of Zhada Basin. 143 

Additionally, several studies have estimated lake water δ18O values based on 144 

lacustrine carbonate Δ47-derived temperatures along with carbonate δ18O values and 145 

δ18O fractionation factor between carbonate and surrounding water (Horton et al., 146 

2016; Petryshyn et al., 2015), and reconstructed lake level in the past (Yang et al., 147 

2019). 148 

Although clumped isotope compositions of different types of lacustrine 149 

carbonates have been applied to reconstruct paleoclimate and paleoelevation, all 150 

previous studies have calculated Δ47-derived water temperature using synthetic 151 

carbonate calibrations (Hudson et al., 2017; Huntington et al., 2010). Given that 152 

lacustrine systems and carbonate precipitation processes are complex, there is a need 153 

for studies that systematically explore how reliable lacustrine authigenic carbonate 154 

Δ47 measurements reflect lake water temperature, and how robust the empirical 155 

Δ47-temperature relationship is for different types of carbonates in natural settings. 156 

Therefore, systematic analyses of natural lacustrine authigenic carbonates with 157 

well-constrained carbonate growth temperatures, and a more comprehensive 158 

carbonate Δ47–temperature calibration which span a wider range of carbonate 159 

precipitation temperatures, are essential for the accurate interpretation of lacustrine 160 

carbonate mass-47 measurements as a proxy.  161 
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In this study, we collected lacustrine authigenic carbonates from 33 terminal 162 

lakes primarily from Western China that range in elevation and temperature, a region 163 

that is of interest for both paleoaltimetry and paleoclimate. For each site, we measured 164 

the clumped and bulk isotopic compositions of carbonate samples and independently 165 

measured lake water temperatures. We also include an additional dataset with 166 

measurements of 5 calcite micrite samples collected from closed/dry lakes in China, 167 

the United States and Mexico, and independently derived water temperatures to 168 

further explore the Δ47-temperature relationship (Mering, 2015), processed in 169 

accordance with best practices for clumped isotope reporting (Defliese and Tripati, 170 

2020; Petersen et al., 2019). The goals of this study were to investigate: (1) whether 171 

there is a statistically significant correlation between lacustrine authigenic carbonate 172 

Δ47 values and lake water temperatures; (2) whether Δ47 values in modern lacustrine 173 

authigenic carbonates are independent of the oxygen isotope composition of carbonate 174 

and water, and not influenced by water chemistry, carbonate precipitation rates or 175 

carbonate mineralogy; (3) whether the temperature sensitivity of Δ47 values in 176 

lacustrine authigenic carbonate is in agreement with other type of carbonates; (4) 177 

whether lacustrine authigenic carbonate Δ47 can be used in paleotemperature and 178 

paleoelevation studies. 179 

 180 

2. Study regions and hydrographic data sources 181 

Information about the 33 samples from China is discussed here, while site 182 

information and data for the 5 samples from other regions are discussed in a thesis 183 
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(Mering, 2015). 184 

 185 

2.1. Study regions  186 

Western China is considered a semi-arid and arid region, characterized by low, 187 

uneven rainfall and high evaporation (Yang et al., 2011). There are a large number of 188 

natural lakes distributed throughout the region, which account for roughly 58.3% of 189 

the quantity and 66.9% of the area of all Chinese lakes (Ma et al., 2011). Due to the 190 

influence and limitations of complicated geological formations and natural 191 

environments, most of the lakes are terminal lakes with relatively high-salinity, 192 

oligotrophic and cool water, the population density of phytoplankton is relatively low, 193 

and the microbial bloom is weak or concentrated within a short time in these lakes 194 

(Liu et al., 2008; Wen et al., 2005). Based on the large differences of geographical 195 

locations, basin topography, local climates, and hydrological conditions, these lakes 196 

are sensitive to environmental changes, especially to variations in temperature (Greve 197 

et al., 2018). 198 

 199 

2.2. Samples 200 

Thirty-three lakes were selected for this study cover a large environmental 201 

gradient in China, over a geographical range of 29.2 to 47.1°N and 81.2 to 116.5°E 202 

(Fig. 1). The elevation (Elev) of lakes sampled for this study ranges from 270 to 5,156 203 

m (a.s.l.).  204 

Lake surface sediment samples were collected in the field in July and August 205 
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2016. To ensure that the samples were not influenced by hydrological or human 206 

disturbance, sediment samples were collected at the center of the lake for smaller 207 

lakes and at least 2 km away from the shore for larger lakes. In each lake, the top 0.5 208 

cm of surface sediments were collected using a stainless grab and were placed in leak 209 

proof plastic bags. All samples were stored in a cooler in the field and were then 210 

stored at 4℃ in Capital Normal University, China.  211 

 212 

3. Analytical methods  213 

3.1. Water surface temperature collection 214 

HOBO U22 Water Temperature Pro v2 data loggers (manufacturer’s accuracy of 215 

± 0.2℃) were set 50 cm under the water surface for each lake during July and August 216 

2016. Water temperature data was collected at 15-minute intervals over the course of 217 

one year. Twelve data loggers were successfully retrieved the following summer; 218 

however, the rest of the loggers were lost. Midday temporal water temperature (TMTW) 219 

was also manually measured using a mercurial thermometer (manufacturer’s accuracy 220 

of ± 0.5℃) at 50 cm under the water surface in the same location of water sampling in 221 

2016. TMTW was measured once for each lake at roughly 2 p.m., during the warmest 222 

time of day, when the sediment and water samples were collected and when 223 

authigenic carbonate precipitation is most likely to occur in this region (Hren and 224 

Sheldon, 2012).  225 

 226 

3.2. Lake surface sediment samples pretreatments  227 
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Samples were soaked in deionized water for 2 hours and then wet sieved with a 228 

350-mesh (45 μm) sieve. Materials exceeding 45-μm containing detrital fragments 229 

and biogenic carbonates (containing primarily ostracods) were filtered out, and the 230 

fine fraction carbonates smaller than 45 μm were characterized as the authigenic 231 

carbonate which were chemically precipitated in lake water (Zhai et al., 2015; Zhang 232 

et al., 2016). The remaining fine-sieved fractions were collected and poured into 233 

centrifuge tubes and centrifuged for approximately 5 minutes (3000 r/min). The 234 

dilution was decanted and the sediment samples were placed in leak proof plastic bags. 235 

These samples were frozen in a refrigerator overnight and then vacuum freeze-dried 236 

for 48 hours using the Boyikang FD-1A-50 Freeze Dryer at approximately −50 °C (30 237 

Pa), until the samples were dried. Around 2 g of each sieved sediment sample was 238 

ground using agate mortar and pestle and stored in a desiccator prior to analysis. 239 

 240 

3.3. Stable and clumped isotope measurements 241 

Samples were treated with 3% hydrogen peroxide for 4 hours to remove organic 242 

material (Eagle et al., 2013b). Following treatment, samples were collected on a 0.45 243 

μm cellulose nitrate filter membrane and oven-dried at 40℃, a temperature 244 

sufficiently low to prevent bond reordering (Passey and Henkes, 2012; Stolper and 245 

Eiler, 2015; Swart et al., 2016). Depending on carbonate content and instrument 246 

sensitivity at the time of analysis, the amount of sample weighed into silver capsules 247 

for analysis varied between 12 and 95 mg.  248 

Stable and clumped isotopes were measured with a Thermo Scientific MAT 253 249 
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gas source isotope mass spectrometer in the Tripati Laboratory at the University of 250 

California, Los Angeles, USA from 2017 to 2018. Samples were reacted with 105% 251 

phosphoric acid (ρ = 1.92 g/mL) for 20 minutes on a 90°C online common phosphoric 252 

acid bath system to convert to CO2 gas for analyses. Acid temperature was monitored 253 

with a thermocouple throughout each analysis and checked daily for drift. The 254 

phosphoric acid was changed every 10 to 15 analyses. The liberated CO2 was 255 

successively passed through a dry ice/ethanol trap (−76°C) and a liquid nitrogen trap 256 

(−196°C) to remove water and other compounds. After the initial purification step, the 257 

CO2 was passed through silver wool to remove sulfur compounds and then passed 258 

through a Porapak Q gas chromatograph column at −20°C to remove any additional 259 

contaminants before being transferred into the bellows of the mass spectrometer for 260 

analysis. Data were collected over 9 acquisition cycles to determine δ13C, δ18O, Δ47, 261 

Δ48, and Δ49. At least three replicates per sample were performed. 262 

Sample isotope compositions were measured against a high purity pre-calibrated 263 

CO2 tank as the reference gas (From 1/19/2017 to 2/21/2018: Air Liquide with δ18O = 264 

19.31‰ VSMOW, δ13C = −3.38‰ VPDB; after 2/21/2018: Oztech with δ18O = 265 

−15.84 ‰ VPDB, δ13C = −3.64‰ VPDB), whose composition has been determined 266 

through comparison with NBS standard gases and CO2 evolved by acid digestion 267 

from NBS-19 and NBS-18. During analysis, carbonate standards, including NBS-19 268 

and ETH-1 through 4 were analyzed between every 2-3 samples.  269 

For all samples, including from Mering (2015) that were measured in the Tripati 270 

laboratory at UCLA, we processed raw mass spectrometer data using the software 271 
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program Easotope (John and Bowen, 2016), and corrected 17O using IUPAC 272 

(International Union of Pure and Applied Chemistry) parameters (Brand et al., 2010) 273 

as recommended by Daëron et al. (2016). We corrected for non-linearity in the mass 274 

spectrometer by using two equilibrated gas standards with different bulk compositions, 275 

half of which were heated to 1000℃ for two hours and then quenched at room 276 

temperatures to represent a stochastic distribution, and the other half were equilibrated 277 

with water at 25℃. We converted all clumped isotope measurements into the 278 

Absolute Reference Frame (ARF) (Dennis et al., 2011) using a suite of carbonate 279 

standards, with values defined by Bernasconi et al. (2018). We also applied an acid 280 

digestion fractionation factor of 0.082‰ (Defliese et al., 2015) to derive clumped 281 

isotope data relative to the stochastic distribution in order to compare with previous 282 

published carbonate data which are digested in phosphoric acid at 25℃. Replicates 283 

with elevated Δ48 or Δ49 values that differed from carbonate standards, indicating 284 

contamination, or anomalous Δ47, δ13C and δ18O values indicative of contamination by 285 

water or incomplete digestion were excluded in this study (Tripati et al., 2015).  286 

 287 

4. Results 288 

4.1. Lake water and surface sediment information 289 

4.1.1. Summer water surface temperature 290 

Lacustrine authigenic carbonate precipitation occurs primarily during summer 291 

(Hren and Sheldon, 2012; Leng and Marshall, 2004), mean summer water surface 292 

temperatures are used in this study. Logged mean summer water temperature (TLMSW) 293 
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from June to August was calculated using the data recorded by the on-site loggers 294 

retrieved from twelve lakes. A linear regression was established based on twelve 295 

TLMSW and corresponding TMTW measured by mercurial thermometer in the field (Fig. 296 

2): 297 

TLMSW = 1.19 ± 0.09TMTW − 4.43 ± 1.61 (n = 12, R2 = 0.91, P < 0.0001)    (1) 298 

For the sites where water temperature loggers were lost in the field, we 299 

determined the calculated mean summer water temperature (TCMSW) by applying 300 

regression (1) to the TMTW values for the lakes without loggers. Thus, in this study, 301 

lake summer water surface temperature (Twater) is either TLMSW (lakes with loggers) or 302 

TCMSW (lakes without loggers). Twater ranged from 9.8 to 26.0℃ (Table A. 1). 303 

 304 

4.1.2. Mineralogy and isotopic composition of modern lacustrine authigenic 305 

carbonates  306 

XRD analyses show that there are 9 pure calcite samples and 24 mixed 307 

mineralogy samples for modern lacustrine authigenic carbonates in this study. For 308 

most samples, calcite and aragonite are the dominant carbonate species, with limited 309 

dolomite content (Li et al., 2020). The mixed mineralogy samples are divided into 9 310 

calcite-dominated samples, 3 monohydrocalcite-dominated samples and 12 311 

aragonite-dominated samples based on mineral content. 312 

For most modern lacustrine authigenic carbonate samples, 3 to 6 replicates were 313 

analyzed for δ13C, δ18O, and Δ47. No Δ47 value is reported for carbonates collected 314 

from 5 lakes (Daihai Lake, Dali Lake, Jinzihai Lake, Hurleg Lake, and Bosten Lake) 315 
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because of high Δ48, Δ49 values or anomalous values of Δ47, δ13C and δ18O, which 316 

indicate organic contaminations or incomplete digestion.  317 

The average Δ47 values of 28 modern lacustrine authigenic carbonates (Δ47carb) 318 

range from 0.670 to 0.761‰ (Table A. 2). Reproducibility of Δ47carb for most samples 319 

within the typical standard error on replicate analyses of 0.01‰. Weighted mean 320 

modern authigenic lacustrine carbonate oxygen isotope composition (δ18Ocarb) range 321 

from −9.61 to 3.77‰ (VPDB) (Li et al., 2020).  322 

 323 

4.2. Correlation of mass-47 with temperature 324 

In order to maximize data population and the range of temperatures covered by 325 

the calibration, we combine our Δ47 values from 28 modern lacustrine authigenic 326 

carbonates in China and 5 modern micrite samples collected from closed/dry lakes 327 

from Mering (2015), which were measured on the same instrument using the same 328 

methodology and reprocessed using the same parameters. The average Δ47carb values 329 

are plotted versus lake mean summer water temperatures expressed as 106/T2 
water (Fig. 330 

3). A linear least-squares regression yields the following relationship: 331 

Δ47carb (‰) = 0.0521 ± 0.0071 × 106/T2 
water (K) + 0.0904 ± 0.0870 (R2 = 0.6224, P 332 

< 0.0001, n = 33)                                                    (2) 333 

It is evident that Δ47carb values generally increase with decreasing Twater range 334 

included in this study. Individual samples fit well within the error of the regression, 335 

supporting the validity of the lacustrine authigenic carbonate calibration. 336 

 337 
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5. Discussion 338 

5.1. Clumped isotope fractionation in modern lacustrine authigenic carbonates  339 

The use of clumped isotopes as a geothermometer implicitly assumes 340 

equilibrium isotopic fractionation (Eiler, 2007). Prior work has constrained 341 

equilibrium 13C–18O compositions within dissolved inorganic carbonate species and in 342 

carbonate minerals (Tripati et al., 2015), as well as theoretically explored dependence 343 

on growth rate (Watkins and Hunt, 2015). More recent work has suggested 344 

disequilibrium may be more prevalent in carbonates (Daëron et al., 2019). Our 345 

previous work (Li et al., 2020) presented disequilibrium oxygen isotope fractionations 346 

in lacustrine authigenic carbonates from the same sites examined in this study, and 347 

attributed the δ18O departure from expected values to lake water pH and carbonate 348 

precipitation rate-related effects. However, we see that Δ47carb values exhibit a 349 

significant linear correlation with independently measured Twater (Fig. 3). No 350 

significant correlation is observed between Δ47carb and δ18Ocarb, nor is there a 351 

correlation between Δ47carb and independently measured δ18Owater for modern 352 

lacustrine authigenic carbonates (Fig. 4a and b). Thus, we conclude that the 13C–18O 353 

bond ordering in modern lacustrine carbonates are independent of oxygen isotopic 354 

compositions of carbonate and lake water in this study. 355 

 356 

5.1.1. Influence of solution chemistry 357 

Theoretical calculations and laboratory experiments suggest that solution pH and 358 

salinity can affect carbonate Δ47 values through dissolved inorganic carbonate (DIC) 359 



18 

 

speciation (Hill et al., 2014; Tripati et al., 2015). Each DIC species has a distinct 360 

clumped isotope composition for a given temperature (Guo et al., 2008; Hill et al., 361 

2014). Δ47 values between HCO- 
3 and CO2- 

3  at 25℃ have been reported to differ by 362 

0.033‰ to 0.063‰ (Hill et al., 2014; Tripati et al., 2015). The distribution of DIC 363 

species is pH-dependent, and the Δ47 value of the DIC pool decreases when solution 364 

pH changes from an intermediate range (HCO- 
3  dominant) to a high range (CO2- 

3  365 

dominant) (Watkins and Hunt, 2015). In addition, salinity is also observed to 366 

influence DIC speciation by changing ions and ion pairing (Millero et al., 2006). Thus, 367 

an increase in solution pH or decrease in salinity lowers the Δ47 value of DIC pool at a 368 

given temperature (Hill et al., 2014; Tripati et al., 2015). However, pH and salinity are 369 

only expected to influence carbonate Δ47 when carbonate mineral grows rapidly from 370 

a mixture of DIC species, thus, it may not have sufficient time to reach equilibrium 371 

and will inherit signatures from the DIC pool (Watkins and Hunt, 2015). Kelson et al. 372 

(2017) explored pH effects on Δ47 values of synthetic carbonates precipitated in a 373 

wide range of temperatures and found no significant pH-induced effects on Δ47 values 374 

over a range of experimental carbonate growth rates. 375 

In this study, the water salinity of the sites sampled ranged from 0.35 to 87.99 376 

g/L, while pH ranges from 7.89 to 9.81, with HCO- 
3
 the dominant DIC species in a 377 

majority of these lakes (Li et al., 2020). We investigated pH-related speciation effects 378 

by comparing the deviation of measured from expected δ18Ocarb (Δ(δ18Ocarb)) to Δ47carb 379 

(Δ(Δ47carb)). The expected δ18Ocarb values are calculated using the equation defined by 380 

Kim and O'Neil (1997) based on δ18Ocarb and independently measured Twater in this 381 
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study. The predicted Δ47carb values are calculated using the recalculated Kele et al. 382 

(2015) calibration (Bernasconi et al., 2018) based on independently measured Twater in 383 

this study. As shown in Fig. 5, the correlation between Δ(δ18Ocarb) and Δ(Δ47carb) is not 384 

significant. The Δ(Δ47carb)-Δ(δ18Ocarb) slope of regression through modern lacustrine 385 

authigenic carbonates (m = 0.0017 ± 0.0012) is not consistent with a pH effect that 386 

observed in synthetic witherites (m = 0.011 ± 0.001) or cultured corals (m = 0.010 ± 387 

0.03) (Tripati et al., 2015). In addition, we find that Δ47carb is not significantly 388 

correlated with changes in lake water salinity (Fig. 6). Therefore, our results suggest 389 

that solution chemistry does not significantly affect Δ47 signal of lacustrine authigenic 390 

carbonates, which is similar to what has been reported for cultured mollusks (Eagle et 391 

al., 2013a), foraminifera (Tripati et al., 2010) and travertines (Kele et al., 2015). This 392 

is consistent with the findings of Tripati et al. (2015) that potential Δ47 offsets caused 393 

by combined changing pH and salinity during Last Glacial Maximum and Cenozoic 394 

would be negligible for tropical marine carbonates. 395 

 396 

5.1.2. Influence of precipitation rate 397 

 Carbonate precipitation rate has also been suggested as a potential factor 398 

modulating kinetic fractionations in Δ47 (Watkins and Hunt, 2015). The precipitation 399 

rate of lake surface sediment ranges from 0.01 cm/year to 0.3 cm/year in different 400 

lakes in this study (Yan and Wunnemann, 2014; Zhou et al., 2007). Although 401 

determining the exact precipitation rates of lacustrine authigenic carbonates can be 402 

challenging, the carbonate growth rates in this study are consistent with other reports 403 
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in natural settings, which is similar to or relatively lower than those laboratory 404 

synthetic carbonates (Karami et al., 2019; Tang et al., 2014). Tang et al. (2014) found 405 

increases in carbonate precipitation rate cause slight decreases in δ18O but do not 406 

influence Δ47 values of synthetic inorganic calcites within measurement precision. 407 

According to the process based on the model of Watkins and Hunt (2015), the 408 

difference in Δ47 between calcite in slow-growth and fast-growth regimes at 25℃ is 409 

only around 0.01‰ at pH values between 8 and 10. Therefore, the lack of a pH effect 410 

observed in this study indicates that the growth rates of modern lacustrine authigenic 411 

carbonates may not be sufficiently high for DIC speciation effects to be recorded in 412 

Δ47. Even if pH or rate related Δ47 disequilibrium occurs in this study, it may be within 413 

analytical uncertainties and can be neglected (Kelson et al., 2017; Tang et al., 2014).  414 

 415 

5.1.3. Influence of mineral-specific differences and carbonate content 416 

Small mineral-specific differences in clumped isotopic fractionation are 417 

predicted by Guo et al. (2009), Tripati et al. (2015), and Hill et al. (2020). Most 418 

studies have not been able to discern significant mineral-specific Δ47 offsets 419 

(Bonifacie et al., 2017; Davies and John, 2019; Defliese et al., 2015; Eagle et al., 2010; 420 

Guo et al., 2019; Petersen et al., 2019), though some work has suggested otherwise 421 

(Müller et al., 2019). In this study, 22 samples are a mixture of two or three types of 422 

carbonate minerals, with calcite and aragonite being the predominant species in most 423 

samples (Table A. 2). We applied a two-sample Kolmogorov-Smirnov test (Massey, 424 

1951) for Δ47carb values of calcite-dominated and aragonite-dominated samples. Our 425 
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results indicate that the compositional differences between calcite-dominated and 426 

aragonite-dominated samples are not statistically significative (D-value = 0.4549; P = 427 

0.0712). As shown in Figures 3 to 6, no significant Δ47 inconsistency is observed 428 

among samples with different mineral compositions. Therefore, Δ47 offsets caused by 429 

differences mineral species can be neglected in this study. This result is also supported 430 

by a compiled dataset reprocessed by Petersen et al. (2019) that presented no 431 

statistically Δ47 discrepancy between different carbonate mineralogies. 432 

In order to discuss the influence of carbonate content, we evaluated the deviation 433 

of measured lacustrine authigenic carbonate Δ47 (Δ47carb) values from theoretical 434 

calculations. We calculated theoretical Δ47 (Δ47calculated) values by applying the latest 435 

“universal” clumped isotope calibration (Petersen et al., 2019) to independently 436 

measured water temperatures (Twater) of the 28 lakes in China from this study. There is 437 

a significant correlation (R2 = 0.5028, P < 0.0001) between Δ47carb and Δ47calculated (Fig. 438 

7(a)), and the RMSE of Δ47carb versus Δ47calculated is 0.0143. As shown in the Fig. 7(b), 439 

the Δ47 residual does not decrease with increasing carbonate content. The correlation 440 

between Δ47 residual and carbonate content is not significant (R2 = 0.00118, P = 441 

0.8682). This suggests that an influence from carbonate content on Δ47carb values can 442 

be neglected. 443 

As a result, we presume that at current instrumental resolution, the clumping of 444 

13C and 18O in modern lacustrine authigenic carbonates is not affected by 445 

disequilibrium fractionations caused by solution chemistry, carbonate precipitation 446 

rate, carbonate content or mineralogy. 447 
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 448 

5.2. Comparison of our Δ47–temperature calibration with other clumped isotope 449 

calibrations 450 

The temperature dependence of clumped isotope fractionation in our samples and 451 

other studies are compared in Fig. 8. In order to allow direct and precise comparisons, 452 

in this section, we only choose to compare with datasets that used ETH carbonate 453 

standards calculated with IUPAC parameters and are in the ARF. 454 

The Δ47–temperature calibration of modern lacustrine authigenic carbonates 455 

overall agrees with laboratory synthetic carbonate calibrations and empirically 456 

determined calibrations. The results for modern tufa and travertine from natural 457 

springs and wells (Kele et al., 2015) recalculated by Bernasconi et al. (2018) fall close 458 

to the 95% confidence interval of our calibration line. Analysis of covariance 459 

(ANCOVA) results indicate that difference between slopes of our lacustrine 460 

authigenic carbonate calibration line and the recalculated Kele et al. (2015) calibration 461 

(Bernasconi et al., 2018) is not significant (p = 0.2274). Our calibration line is also 462 

closely aligned with the latest “universal” clumped isotope calibration from Petersen 463 

et al. (2019), that recalculated published calibration data using consistent parameters. 464 

In addition, data points from Devils Hole and Laghetto Basso, which have been 465 

suggested to approach true thermodynamic equilibrium in natural settings (Daëron et 466 

al., 2019), are also within error of our calibration. The consistency of temperature 467 

sensitivity between our results and other calibrations supports the premise that 468 

lacustrine authigenic carbonates record Δ47 signatures that are close to equilibrium, 469 
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and that water temperature is the primary environmental variable controlling 470 

lacustrine authigenic carbonate Δ47.  471 

In spite of the good correspondence, slight discrepancies between the slope and 472 

intercept of published calibrations remain (Petersen et al., 2019). The development 473 

and using of the Absolute Reference Frame (Dennis et al., 2011), IUPAC parameters 474 

for 17O correction (Brand et al., 2010), and the use of carbonate standards to project 475 

the results to the ARF (Bernasconi et al., 2018) have improved data comparability in 476 

different laboratories. Remaining discrepancies between calibration relationships may 477 

come from the pinning of carbonate standard values in the Absolute Reference Frame 478 

(Defliese et al., 2015), standardization (Kocken et al., 2019; Defliese and Tripati, 479 

2020), differences in sample replication and temperature range of calibrations 480 

(Fernandez et al., 2017), and procedures used for sample measurement and data 481 

calculation (Olack and Colman, 2019).  482 

 483 

5.3. Applications  484 

5.3.1. Applications to study paleoclimate  485 

The clumped isotope thermometer has been used for paleotemperature 486 

reconstruction in different regions and over various time scales (Eagle et al., 2013b; 487 

Újvári et al., 2019), including in lacustrine carbonates (Frantz et al., 2014; Horton et 488 

al., 2016; Petryshyn et al., 2016; Santi et al., 2020). In order to evaluate the accuracy 489 

of using lacustrine authigenic carbonate Δ47 values to reconstruct water temperatures 490 

using our derived Δ47–temperature calibration, we calculated lacustrine authigenic 491 
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carbonate clumped isotope temperature (TΔ47carb) by applying the Δ47–temperature 492 

calibration (Eq. 2) to the carbonate Δ47 values and compare it with independently 493 

measured carbonate formation summer water temperatures (Twater). As shown in Fig. 9, 494 

there is a strong positive correlation between Twater and TΔ47carb in modern lacustrine 495 

authigenic carbonates:  496 

TΔ47carb (℃) = 1.014 ± 0.1362 × Twater
 (℃) – 0.1889 ± 2.318 (R2 = 0.6412, P < 497 

0.0001, n = 33)                                                      (3) 498 

The slope of the least-squares linear regression line is close to 1, indicating that 499 

the Δ47–derived temperature recorded in lacustrine authigenic carbonates has similar 500 

temperature sensitivity to actual water temperature. The average standard error is 1.82℃ 501 

and the RMSE of TΔ47carb versus Twater is 3.29℃ that within the standard error (0 ~ 502 

4.57℃) in individual sample. Therefore, our empirical Δ47–temperature calibration 503 

(Eq. 2) can be used to estimate lake summer water temperatures with reasonable 504 

certainty. The scatter of data in this regression may be caused by analytical 505 

uncertainties, water temperature measurements, and carbonate precipitation processes.  506 

Our results demonstrate that using Δ47 values of modern lacustrine authigenic 507 

carbonates to calculate summer water temperatures is reasonable, and that lacustrine 508 

authigenic carbonates preserved in geologic archives should also reliably record 509 

contemporary water temperatures when carbonate samples are not diagenetically 510 

alternated. Although the average TΔ47carb standard error of 1.8℃ is similar to 511 

uncertainties based on other types of carbonate including shallow and deep-dwelling 512 

foraminifers (Meinicke et al., 2020), field-collected land snails (Zhai et al., 2019), and 513 
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modern soil carbonates (Hough et al., 2014), the magnitude of uncertainty is still 514 

relatively large. Future study is needed to expand calibration data sets, especially for 515 

higher lake water temperatures, and optimize statistical methods used to improve 516 

accuracy of predictions. 517 

 518 

5.3.2. Applications to study paleoelevation  519 

Clumped isotopes can be applied to reconstruct paleoaltimetry in cases where 520 

post-depositional diagenesis, which reorders the carbonate clumped isotopic 521 

compositions, did not occur (Henkes et al., 2014; Huntington and Lechler, 2015). As 522 

Δ47 values provide direct measures of carbonate formation temperatures, previous 523 

studies have usually combined the estimates of paleotemperature with general surface 524 

temperature-elevation gradient (lapse rate) to reconstruct the elevation changes during 525 

the past based on the assumption that all temperature changes reflect elevation 526 

changes (Ghosh et al., 2006b; Huntington et al., 2010). 527 

Lake surface water temperature is mainly controlled by air temperature, which is 528 

related to lake latitude and elevation. Other factors, such as wind, water inflow and 529 

outflow, and lake volume, may not significantly impact the water temperature changes 530 

at lake center over various time scales (Hren and Sheldon, 2012; Zhang et al., 2014). 531 

Figure 10 shows a combined effect of both lake latitude (Lat) and elevation (Elev) on 532 

lake surface water temperatures (Twater) for the 33 lakes we analyzed that are primarily 533 

located in Western China: 534 

Twater (℃) = –0.2869 ± 0.1537 × Lat – 0.0036 ± 5.3236 × 10-4× Elev (m) + 39.1518 ± 535 
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7.2426 (R2 = 0.8502, P < 0.0001, n = 33)                                  (4) 536 

In order to allow direct and precise comparisons between lacustrine authigenic 537 

carbonate clumped isotope composition and lake elevation, the influence from lake 538 

latitude on water temperature should be eliminated. To this effect, we recalculated 539 

lake elevations based on Equation 4, assuming all lakes are located at 35°N, which is 540 

a mean value of the latitude gradient of the 33 lakes investigated in this study. In this 541 

case, the vertical transect dominates Twater variances and corresponding Δ47carb values. 542 

We evaluated the correlation between Δ47carb and recalculated lake elevation as well as 543 

between TΔ47carb and recalculated lake elevation. As shown in Fig. 11, Δ47carb increases 544 

simultaneously with lake elevation, while TΔ47carb decreases with increasing lake 545 

elevation: 546 

Δ47carb (‰) = 1.359 × 10-5 ± 2.678× 10-6 × Elev (m) + 0.6665 ± 0.0103 (R2 = 0.4975, P 547 

< 0.0001, n = 28)                                                    (5) 548 

TΔ47carb (℃) = −3.195 × 10-3 ± 6.14 × 10-4 × Elev (m) + 27.21 ± 2.363 (R2 = 0.5101, P 549 

< 0.0001, n = 28)                                                   (6) 550 

Accordingly, the Δ47-derived water temperature lapse rate is around 3.2 ℃/km from 551 

270 to 5,156 m a.s.l.. 552 

Lapse rates are not necessarily consistent for different types of materials (i.e., air 553 

temperature lapse rates, soil temperature lapse rates, and lake temperature lapse rates), 554 

given that heat capacities vary between materials. According to Meyer (2007), the air 555 

temperature lapse rate is ~ 6 ℃/km. Hren and Sheldon (2012) investigated the 556 

relationship between modern lake water temperature and air temperature in different 557 
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time scales, and observed a warmest month mean water temperature lapse rate of 558 

3.5 ℃/km for low and mid-latitude lakes, which is similar to our results in this study. 559 

A recent study by Hough et al. (2014) used soil clumped isotope geothermometer as a 560 

proxy in paleoelevation reconstructions of the central Rocky Mountains and found a 561 

temperature lapse rate of modern soil is around 4 ℃/km. This temperature lapse rate 562 

is steeper than what we report for lake water and could reflect the smaller specific 563 

heat of soil comparing to water bodies. In addition, the lapse rate of our TΔ47carb–564 

elevation calibration (Eq. 6) is not as steep as that of Huntington et al. (2010) 565 

(4.2 ℃/km), which is the first study that focused on modern lacustrine carbonate 566 

clumped isotopes collected from the Colorado Plateau; however, we note that Hough 567 

et al. (2014) and Huntington et al. (2010) calculated TΔ47 values using the Ghosh 568 

calibration (Ghosh et al., 2006a), which has a steeper Δ47–temperature slope (m = 569 

0.0636) than ours (m = 0.0493) (Eq. 2) and did not directly calculate lapse rates using 570 

instrumented data, as we have. The discrepancies in the slopes of Δ47–temperature 571 

calibrations are presumably responsible for the difference in the TΔ47–elevation lapse 572 

rates calculated in this study relative to previous publications. 573 

Based on our results, when temperature changes caused by climate evolution can 574 

be ruled out, the clumped isotope analysis of lacustrine authigenic carbonates can be 575 

applied to estimate elevation changes. As both lake latitude and elevation are 576 

predominant factors controlling water temperature, one should consider differences in 577 

lake latitude and select a suitable zero elevation temperature or reference temperature 578 

(Huntington and Lechler, 2015). Therefore, a site- or regional-specific transfer 579 
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function is needed to reconstruct paleoelevation when using lacustrine authigenic 580 

carbonate clumped isotopes. 581 

 582 

6. Conclusions 583 

This study systematically analyzes the clumped isotope of modern lacustrine 584 

carbonates based on a compilation of data from 38 lakes, including 33 terminal lakes 585 

primarily in Western China that span a range of elevations. We investigate the 586 

correlations between carbonate Δ47 values and mean summer water temperatures as 587 

well as bulk isotopic compositions. We also investigate the influence of water 588 

chemistry, precipitation rates, carbonate content, and mineral-specific differences, and 589 

refine the interpretations of carbonate clumped isotope temperature sensitivity.  590 

In our results, the clumping of 13C and 18O in modern lacustrine authigenic 591 

carbonates is independent of bulk isotopic compositions of carbonate and surrounding 592 

water and is not affected by disequilibrium fractionations caused by water chemistry, 593 

carbonate precipitation rate, carbonate content, or mineral-specific differences at 594 

current analytical precision. The clumped isotope composition of lacustrine authigenic 595 

carbonate is sensitive to summer water temperature changes, and the temperature 596 

sensitivity is consistent with other previous studies. We propose a reliable lacustrine 597 

authigenic carbonate Δ47–temperature empirical calibration covering the temperature 598 

ranges from 9.8 to 26.0℃ that can be used in paleotemperature reconstructions: Δ47carb 599 

(‰) = 0.0521 ± 0.0071 × 106/T2 
water (K) + 0.0904 ± 0.0870 (R2 = 0.6224, P < 0.0001, n 600 

= 33). Based on the significant positive correlation between lacustrine authigenic 601 
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carbonate clumped isotope and lake elevations at 35°N, we suggest that lacustrine 602 

authigenic carbonate Δ47 can also be used in paleoelevation reconstructions when 603 

climate forcing can be constrained using other methods. 604 
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Figures 858 

 859 

Fig. 1 Locations of where lacustrine sediments and water samples were collected from 860 

China. Corresponding numbers and lake names are listed in Table A. 1.  861 
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 862 

Fig. 2 Regression between midday temporal water temperature (TMTW) and logged 863 

mean summer water temperature (TLMSW) showing a significant correlation. 864 

Calculated mean summer water temperature (TCMSW) was calculated using the 865 

regression formula: TCMSW = 1.19 ± 0.09TMTW − 4.43 ± 1.61 (R2 = 0.91, P < 0.0001, n 866 

= 12). The dotted lines show 95% confidence intervals.  867 
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 868 

Fig. 3 Correlation between clumped isotope composition of modern lacustrine 869 

authigenic carbonate (Δ47carb) and independently measured lake mean summer water 870 

surface temperature (Twater). The solid line is the least-squares linear regression line. 871 

The dotted lines show 95% confidence intervals. Samples collected primarily from 872 

Western China are marked in blue, while reprocessed data of 5 calcite micrites 873 

collected from closed/dry lakes in China, the United States and Mexico are marked in 874 

green. (For interpretation of the references to color in this figure legend, the reader is 875 

referred to the web version of this article.)  876 
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 877 

Fig. 4 No statistically significant correlation is observed neither between (a) δ18Ocarb 878 

and Δ47carb (R2 = 0.010, P = 0.5804); nor between (b) δ18Owater and Δ47carb (R2 = 0.018, 879 

P = 0.4879). Samples collected from China are marked in blue, while reprocessed data 880 

of 5 calcite micrites collected from closed/dry lakes in China, the United States and 881 

Mexico are marked in green. (For interpretation of the references to color in this 882 

figure legend, the reader is referred to the web version of this article.)  883 
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  884 

Fig. 5 Deviations of measured from expected δ18Ocarb (Δ(δ18Ocarb)) and that of 885 

measured from predicted Δ47carb (Δ(Δ47carb)) based on the calibrations of Bernasconi et 886 

al. (2018) and Kim and O'Neil (1997) for lacustrine authigenic carbonates. The pink 887 

dashed line (m = 0.011) indicates deviations expected for changes in water pH (Tripati 888 

et al., 2015). If carbonates are affected by pH-related speciation, the slope of 889 

Δ(δ18O)-Δ(Δ47) would be close to 0.011 ± 0.001 (Tripati et al., 2015). However, the 890 

correlation between Δ(δ18Ocarb) and Δ(Δ47carb) is not significant for modern lacustrine 891 

authigenic carbonates in this study. The slope of Δ(δ18Ocarb)-Δ(Δ47carb) is 0.0017 ± 892 

0.0012. Samples collected from China are marked in blue, while reprocessed data of 5 893 
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calcite micrites collected from closed/dry lakes in China, the United States and 894 

Mexico are marked in green. (For interpretation of the references to color in this 895 

figure legend, the reader is referred to the web version of this article.)  896 
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 897 

Fig. 6 Comparison between Δ47carb values and water salinity of 28 lakes located in 898 

China. No statistically significant linear correlation is observed between Δ47carb and 899 

lake water salinity (R2 = 0.0222, P = 0.4489). 900 



48 

 

 901 

Fig. 7 Comparison between (a) Δ47carb and Δ47calculated, and that between (b) Δ47 902 

residual and carbonate content of 28 lakes located in China. There is no significant 903 

correlation between Δ47 residual and carbonate content (R2 = 0.00118, P = 0.8682). 904 

The dashed line is a 1:1 line.   905 
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 906 

Fig. 8 Comparison of carbonate Δ47–temperature calibrations with the recalculated 907 

Kele et al. (2015) calibration (Bernasconi et al., 2018), a composite calibration line 908 

from Petersen et al. (2019), and slowly precipitated calcites from Devils Hole and 909 

Laghetto Basso (Daëron et al., 2019). The black solid line represents a linear 910 

least-squares regression based on mean Δ47 values of modern lacustrine authigenic 911 

carbonates from this study. The dotted lines show 95% confidence intervals. All 912 

calibrations are corrected by IUPAC parameters (Brand et al., 2010). (For 913 

interpretation of the references to color in this figure legend, the reader is referred to 914 

the web version of this article.)  915 
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 916 

Fig. 9 Comparison between independently measured lake mean summer water surface 917 

temperatures (Twater) and Δ47 recorded temperatures that calculated by lacustrine 918 

authigenic carbonates (TΔ47carb) calculated using Eq. 2 in this study. The dotted lines 919 

represent the 95% confidence intervals. The dashed line is 1:1 line. Samples collected 920 

from China are marked in blue, while reprocessed data of 5 calcite micrites collected 921 

from closed/dry lakes in China, the United States and Mexico are marked in green. 922 

(For interpretation of the references to color in this figure legend, the reader is 923 

referred to the web version of this article.)  924 
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 925 

Fig. 10 Combined effects of lake latitude (Lat) and elevation (Elev) on independently 926 

measured lake mean summer water surface temperature (Twater) for the 33 lakes 927 

located in China. (For interpretation of the references to color in this figure legend, 928 

the reader is referred to the web version of this article.)  929 
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 930 

Fig. 11 Comparison between (a) lake elevation (Elev) and Δ47carb; (b) lake elevation 931 

(Elev) and TΔ47carb that calculated using Eq. 2 in this study. The solid lines are the 932 

least-squares linear regression lines. In this case, lake elevations are recalculated 933 

based on the Eq. 4 assuming all lakes located at 35°N, which is a mean value of the 934 

latitude gradient of the 28 lakes located in China. The dotted lines show 95% 935 

confidence intervals.  936 
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Figure Captions 937 

Fig. 1 Locations of where lacustrine sediments and water samples were collected from 938 

China. Corresponding numbers and lake names are listed in Table A. 1. 939 

 940 

Fig. 2 Regression between midday temporal water temperature (TMTW) and logged 941 

mean summer water temperature (TLMSW) showing a significant correlation. 942 

Calculated mean summer water temperature (TCMSW) was calculated using the 943 

regression formula: TCMSW = 1.19 ± 0.09TMTW − 4.43 ± 1.61 (R2 = 0.91, P < 0.0001, n 944 

= 12). The dotted lines show 95% confidence intervals. 945 

 946 

Fig. 3 Correlation between clumped isotope composition of modern lacustrine 947 

authigenic carbonate (Δ47carb) and independently measured lake mean summer water 948 

surface temperature (Twater). The solid line is the least-squares linear regression line. 949 

The dotted lines show 95% confidence intervals. Samples collected primarily from 950 

Western China are marked in blue, while reprocessed data of 5 calcite micrites 951 

collected from closed/dry lakes in China, the United States and Mexico are marked in 952 

green. (For interpretation of the references to color in this figure legend, the reader is 953 

referred to the web version of this article.) 954 

 955 

Fig. 4 No statistically significant correlation is observed neither between (a) δ18Ocarb 956 

and Δ47carb (R2 = 0.010, P = 0.5804); nor between (b) δ18Owater and Δ47carb (R2 = 0.018, 957 

P = 0.4879). Samples collected from China are marked in blue, while reprocessed data 958 
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of 5 calcite micrites collected from closed/dry lakes in China, the United States and 959 

Mexico are marked in green. (For interpretation of the references to color in this 960 

figure legend, the reader is referred to the web version of this article.) 961 

 962 

Fig. 5 Deviations of measured from expected δ18Ocarb (Δ(δ18Ocarb)) and that of 963 

measured from predicted Δ47carb (Δ(Δ47carb)) based on the calibrations of Bernasconi et 964 

al. (2018) and Kim and O'Neil (1997) for lacustrine authigenic carbonates. The pink 965 

dashed line (m = 0.011) indicates deviations expected for changes in water pH (Tripati 966 

et al., 2015). If carbonates are affected by pH-related speciation, the slope of 967 

Δ(δ18O)-Δ(Δ47) would be close to 0.011 ± 0.001 (Tripati et al., 2015). However, the 968 

correlation between Δ(δ18Ocarb) and Δ(Δ47carb) is not significant for modern lacustrine 969 

authigenic carbonates in this study. The slope of Δ(δ18Ocarb)-Δ(Δ47carb) is 0.0017 ± 970 

0.0012. Samples collected from China are marked in blue, while reprocessed data of 5 971 

calcite micrites collected from closed/dry lakes in China, the United States and 972 

Mexico are marked in green. (For interpretation of the references to color in this 973 

figure legend, the reader is referred to the web version of this article.) 974 

 975 

Fig. 6 Comparison between Δ47carb values and water salinity of 28 lakes located in 976 

China. No statistically significant linear correlation is observed between Δ47carb and 977 

lake water salinity (R2 = 0.0222, P = 0.4489). 978 
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 979 

Fig. 7 Comparison between (a) Δ47carb and Δ47calculated, and that between (b) Δ47 residual 980 

and carbonate content of 28 lakes located in China. There is no significant correlation 981 

between Δ47 residual and carbonate content (R2 = 0.00118, P = 0.8682). The dashed 982 

line is a 1:1 line. 983 

 984 

Fig. 8 Comparison of carbonate Δ47–temperature calibrations with the recalculated 985 

Kele et al. (2015) calibration (Bernasconi et al., 2018), a composite calibration line 986 

from Petersen et al. (2019), and slowly precipitated calcites from Devils Hole and 987 

Laghetto Basso (Daëron et al., 2019). The black solid line represents a linear 988 

least-squares regression based on mean Δ47 values of modern lacustrine authigenic 989 

carbonates from this study. The dotted lines show 95% confidence intervals. All 990 

calibrations are corrected by IUPAC parameters (Brand et al., 2010). (For 991 

interpretation of the references to color in this figure legend, the reader is referred to 992 

the web version of this article.) 993 

 994 

Fig. 9 Comparison between independently measured lake mean summer water surface 995 

temperatures (Twater) and Δ47 recorded temperatures that calculated by lacustrine 996 

authigenic carbonates (TΔ47carb) calculated using Eq. 2 in this study. The dotted lines 997 

represent the 95% confidence intervals. The dashed line is 1:1 line. Samples collected 998 

from China are marked in blue, while reprocessed data of 5 calcite micrites collected 999 

from closed/dry lakes in China, the United States and Mexico are marked in green. 1000 
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(For interpretation of the references to color in this figure legend, the reader is 1001 

referred to the web version of this article.) 1002 

 1003 

Fig. 10 Combined effects of lake latitude (Lat) and elevation (Elev) on independently 1004 

measured lake mean summer water surface temperature (Twater) for the 33 lakes 1005 

located in China. (For interpretation of the references to color in this figure legend, 1006 

the reader is referred to the web version of this article.) 1007 

 1008 

Fig. 11 Comparison between (a) lake elevation (Elev) and Δ47carb; (b) lake elevation 1009 

(Elev) and TΔ47carb that calculated using Eq. 2 in this study. The solid lines are the 1010 

least-squares linear regression lines. In this case, lake elevations are recalculated 1011 

based on the Eq. 4 assuming all lakes located at 35°N, which is a mean value of the 1012 

latitude gradient of the 28 lakes located in China. The dotted lines show 95% 1013 

confidence intervals.  1014 




