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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 (A47carb) 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:
Ad7carb (%) = 0.0521 + 0.0071 x 106/ (K) + 0.0904 + 0.0870 (R2 = 0.6224, P < 0.0001, n = 33). We
observe that A47carb 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 A47carb 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 A47carb 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 A4z is correlated with summer water temperature. » Aszcars iSn't
affected by 6 180 of carbonate and lake water. » As7cars is independent of carbonate content, mineralogy,
and precipitation rate. » The As7cab-elevation calibration improves the use of Aszcars for paleoaltimetry. »
We provide a robust basis for reconstructions of paleoclimate using Aa7carb.

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

Lacustrine carbonates are widely distributed and highly sensitive to changes in
water source and terrestrial environment (Leng and Marshall, 2004). In general,
lacustrine carbonates precipitate in summer, when the carbonate saturation of lake
water peaks and carbonate solubility is simultaneously depressed in the epilimnion
(Horton et al., 2016; Hren and Sheldon, 2012; Leng and Marshall, 2004; Petryshyn et
al., 2015). In the carbonate-water system, at equilibrium, the oxygen isotopic
composition of carbonate is a function of the temperature of carbonate precipitation
and surrounding water oxygen isotope ratios (McCrea, 1950; Urey, 1947). Therefore,
oxygen isotopic fractionations between lacustrine carbonates and water are widely
used to estimate lake water temperature in paleolimnology studies (Finkenbinder et al.,
2016; Ibarra et al., 2014).

However, there are several limitations for the application of carbonate oxygen
isotope geothermometer in lake settings. For example, the oxygen isotopic
composition of lake waters for geologic samples is often difficult to constrain. Prior
work relies on an assumption of the lake water oxygen isotopes or numerical
modeling (Benson and Paillet, 2002; Leng and Marshall, 2004). Non-equilibrium
fractionation effects due to changes in solution chemistry and carbonate precipitation
processes, and mineral-specific difference might also affect the oxygen isotope
fractionation factor between carbonates and surrounding waters (Kim et al., 2007;
Watkins and Hunt, 2015). In addition, some field studies show that the oxygen

isotopic compositions of lacustrine carbonates are largely influenced by rainfall or
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local precipitation/evaporation balance, rather than temperature changes (Li et al.,
2020; Liu et al.,, 2018; Sun et al., 2018). All of these limitations increase the
uncertainty of temperature reconstructions based on carbonate oxygen isotope
geothermometer in paleoenvironmental studies.

The mass-47 carbonate clumped isotope (A47) geothermometer represents a
promising tool for reconstructing paleotemperature (Eiler, 2007; Ghosh et al., 2006a;
Tripati et al., 2010; Tripati et al., 2015). Quantitative temperature estimates that are
independent from water '30/!°0 ratios is the most important feature that distinguishes
carbonate clumped isotope thermometer from the carbonate oxygen isotopic
thermometer and other approaches. The clumped isotope composition is defined as
the excess of the abundance of '*C—!80 bonds in a carbonate lattice over the expected
stochastic distribution among all isotopologues of CO.. Under thermodynamic
equilibrium, the preference of '>C and 80 bonding is thermodynamically controlled
and is independent of the bulk isotopic composition of the carbonate and the solution
in which the carbonate formed (Eiler, 2007; Hill et al., 2020; Hill et al., 2014; Tripati
et al., 2015).

An initial A47—temperature calibration was published by Ghosh et al. (2006a)
based on inorganic calcites precipitated at controlled temperatures as well as deep-sea
and tropical surface corals. In the last 14 years, multiple studies have discussed the
applicability of biogenic and abiogenic carbonate clumped isotope thermometers, and
a variety of theoretical and empirical calibrations were published (Davies and John,

2019; Eagle et al., 2013a; Guo et al., 2009; Kele et al., 2015; Kelson et al., 2017;
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Petersen et al., 2019; Thiagarajan et al., 2011; Tripati et al., 2010; Zaarur et al., 2011).
However, recent studies show statistically significant discrepancies between As47—
temperature calibrations derived from different laboratories which have been
attributed to lack of sample replication, the narrow temperature range of different
types of carbonate materials (Fernandez et al., 2017), non-equilibrium processes
caused by pH effects (Hill et al., 2014; Tripati et al., 2015), CO. diffusion
(Thiagarajan et al., 2011), hydration/dehydration and hydroxylation/dehydroxylation
reactions (Guo et al., 2008), or inconsistent correction schemes, such as '’O correction
and acid digestion temperature and standardization (Bernasconi et al., 2018; Dennis et
al., 2011; Kelson et al., 2017).

There are almost no clumped isotope-temperature data or calibration datasets for
modern lake systems, and controls on mass-47 fractionations in specific types of
lacustrine carbonates have not been investigated in detail. The first clumped isotope
study of modern lake carbonates was reported by Huntington et al. (2010), who
measured A47 values of micrites and tufa from six modern lakes on the Colorado
Plateau. This study calculated carbonate precipitation temperatures using the Ghosh
calibration (Ghosh et al., 2006a), and applied the differences in A47-derived
temperatures between ancient and modern samples at several elevations to reconstruct
paleoelevations. Petryshyn et al. (2015) measured modern lake microbialites and
reported evidence that carbonate precipitation was in equilibrium, and that
A47-derived calcification temperature of shallow microbialites matched current lake

water temperatures if an inorganic calibration was used. In addition, they also
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reconstructed past lake water temperatures using ancient microbialites. Huntington et
al. (2014) reported that A47-derived temperatures of shallow-water tufa that collected
from Ngangla Ring Tso are similar to warm-season lake water temperatures, and used
clumped data to study the Miocene and Pliocene uplift history of Zhada Basin.
Additionally, several studies have estimated lake water §'80 values based on
lacustrine carbonate As7-derived temperatures along with carbonate §'30 values and
5'%0 fractionation factor between carbonate and surrounding water (Horton et al.,
2016; Petryshyn et al., 2015), and reconstructed lake level in the past (Yang et al.,
2019).

Although clumped isotope compositions of different types of lacustrine
carbonates have been applied to reconstruct paleoclimate and paleoelevation, all
previous studies have calculated A47-derived water temperature using synthetic
carbonate calibrations (Hudson et al., 2017; Huntington et al., 2010). Given that
lacustrine systems and carbonate precipitation processes are complex, there is a need
for studies that systematically explore how reliable lacustrine authigenic carbonate
A47 measurements reflect lake water temperature, and how robust the empirical
A47-temperature relationship is for different types of carbonates in natural settings.
Therefore, systematic analyses of natural lacustrine authigenic carbonates with
well-constrained carbonate growth temperatures, and a more comprehensive
carbonate As4;—temperature calibration which span a wider range of carbonate
precipitation temperatures, are essential for the accurate interpretation of lacustrine

carbonate mass-47 measurements as a proxy.
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In this study, we collected lacustrine authigenic carbonates from 33 terminal
lakes primarily from Western China that range in elevation and temperature, a region
that is of interest for both paleoaltimetry and paleoclimate. For each site, we measured
the clumped and bulk isotopic compositions of carbonate samples and independently
measured lake water temperatures. We also include an additional dataset with
measurements of 5 calcite micrite samples collected from closed/dry lakes in China,
the United States and Mexico, and independently derived water temperatures to
further explore the As7-temperature relationship (Mering, 2015), processed in
accordance with best practices for clumped isotope reporting (Defliese and Tripati,
2020; Petersen et al., 2019). The goals of this study were to investigate: (1) whether
there is a statistically significant correlation between lacustrine authigenic carbonate
A47 values and lake water temperatures; (2) whether A47 values in modern lacustrine
authigenic carbonates are independent of the oxygen isotope composition of carbonate
and water, and not influenced by water chemistry, carbonate precipitation rates or
carbonate mineralogy; (3) whether the temperature sensitivity of A47 values in
lacustrine authigenic carbonate is in agreement with other type of carbonates; (4)
whether lacustrine authigenic carbonate A47 can be used in paleotemperature and

paleoelevation studies.

2. Study regions and hydrographic data sources
Information about the 33 samples from China is discussed here, while site

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

2.1. Study regions

Western China is considered a semi-arid and arid region, characterized by low,
uneven rainfall and high evaporation (Yang et al., 2011). There are a large number of
natural lakes distributed throughout the region, which account for roughly 58.3% of
the quantity and 66.9% of the area of all Chinese lakes (Ma et al., 2011). Due to the
influence and limitations of complicated geological formations and natural
environments, most of the lakes are terminal lakes with relatively high-salinity,
oligotrophic and cool water, the population density of phytoplankton is relatively low,
and the microbial bloom is weak or concentrated within a short time in these lakes
(Liu et al., 2008; Wen et al., 2005). Based on the large differences of geographical
locations, basin topography, local climates, and hydrological conditions, these lakes
are sensitive to environmental changes, especially to variations in temperature (Greve

et al., 2018).

2.2. Samples

Thirty-three lakes were selected for this study cover a large environmental
gradient in China, over a geographical range of 29.2 to 47.1°N and 81.2 to 116.5°E
(Fig. 1). The elevation (Elev) of lakes sampled for this study ranges from 270 to 5,156
m (a.s.l.).

Lake surface sediment samples were collected in the field in July and August

10
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2016. To ensure that the samples were not influenced by hydrological or human
disturbance, sediment samples were collected at the center of the lake for smaller
lakes and at least 2 km away from the shore for larger lakes. In each lake, the top 0.5
cm of surface sediments were collected using a stainless grab and were placed in leak
proof plastic bags. All samples were stored in a cooler in the field and were then

stored at 4°C in Capital Normal University, China.

3. Analytical methods
3.1. Water surface temperature collection

HOBO U22 Water Temperature Pro v2 data loggers (manufacturer’s accuracy of
+ 0.2°C) were set 50 cm under the water surface for each lake during July and August
2016. Water temperature data was collected at 15-minute intervals over the course of
one year. Twelve data loggers were successfully retrieved the following summer;
however, the rest of the loggers were lost. Midday temporal water temperature (Tmrw)
was also manually measured using a mercurial thermometer (manufacturer’s accuracy
of £ 0.5°C) at 50 cm under the water surface in the same location of water sampling in
2016. Tmtw was measured once for each lake at roughly 2 p.m., during the warmest
time of day, when the sediment and water samples were collected and when
authigenic carbonate precipitation is most likely to occur in this region (Hren and

Sheldon, 2012).

3.2. Lake surface sediment samples pretreatments

11
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Samples were soaked in deionized water for 2 hours and then wet sieved with a
350-mesh (45 pm) sieve. Materials exceeding 45-pum containing detrital fragments
and biogenic carbonates (containing primarily ostracods) were filtered out, and the
fine fraction carbonates smaller than 45 um were characterized as the authigenic
carbonate which were chemically precipitated in lake water (Zhai et al., 2015; Zhang
et al., 2016). The remaining fine-sieved fractions were collected and poured into
centrifuge tubes and centrifuged for approximately 5 minutes (3000 r/min). The
dilution was decanted and the sediment samples were placed in leak proof plastic bags.
These samples were frozen in a refrigerator overnight and then vacuum freeze-dried
for 48 hours using the Boyikang FD-1A-50 Freeze Dryer at approximately —50 °C (30
Pa), until the samples were dried. Around 2 g of each sieved sediment sample was

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

3.3. Stable and clumped isotope measurements

Samples were treated with 3% hydrogen peroxide for 4 hours to remove organic
material (Eagle et al., 2013b). Following treatment, samples were collected on a 0.45
pum cellulose nitrate filter membrane and oven-dried at 40°C, a temperature
sufficiently low to prevent bond reordering (Passey and Henkes, 2012; Stolper and
Eiler, 2015; Swart et al., 2016). Depending on carbonate content and instrument
sensitivity at the time of analysis, the amount of sample weighed into silver capsules
for analysis varied between 12 and 95 mg.

Stable and clumped isotopes were measured with a Thermo Scientific MAT 253

12
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gas source isotope mass spectrometer in the Tripati Laboratory at the University of
California, Los Angeles, USA from 2017 to 2018. Samples were reacted with 105%
phosphoric acid (p = 1.92 g/mL) for 20 minutes on a 90°C online common phosphoric
acid bath system to convert to CO; gas for analyses. Acid temperature was monitored
with a thermocouple throughout each analysis and checked daily for drift. The
phosphoric acid was changed every 10 to 15 analyses. The liberated CO; was
successively passed through a dry ice/ethanol trap (-76°C) and a liquid nitrogen trap
(—196°C) to remove water and other compounds. After the initial purification step, the
CO;, was passed through silver wool to remove sulfur compounds and then passed
through a Porapak Q gas chromatograph column at —20°C to remove any additional
contaminants before being transferred into the bellows of the mass spectrometer for
analysis. Data were collected over 9 acquisition cycles to determine d13¢, 880, A4,
Ass, and Agg. At least three replicates per sample were performed.

Sample isotope compositions were measured against a high purity pre-calibrated
CO; tank as the reference gas (From 1/19/2017 to 2/21/2018: Air Liquide with 880 =
19.31%0 VSMOW, &'*C = -3.38%0 VPDB; after 2/21/2018: Oztech with &'%0 =
—15.84 %o VPDB, 8'3C = -3.64%0 VPDB), whose composition has been determined
through comparison with NBS standard gases and CO: evolved by acid digestion
from NBS-19 and NBS-18. During analysis, carbonate standards, including NBS-19
and ETH-1 through 4 were analyzed between every 2-3 samples.

For all samples, including from Mering (2015) that were measured in the Tripati
laboratory at UCLA, we processed raw mass spectrometer data using the software

13
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program Easotope (John and Bowen, 2016), and corrected 70 using [UPAC
(International Union of Pure and Applied Chemistry) parameters (Brand et al., 2010)
as recommended by Daéron et al. (2016). We corrected for non-linearity in the mass
spectrometer by using two equilibrated gas standards with different bulk compositions,
half of which were heated to 1000°C for two hours and then quenched at room
temperatures to represent a stochastic distribution, and the other half were equilibrated
with water at 25°C. We converted all clumped isotope measurements into the
Absolute Reference Frame (ARF) (Dennis et al., 2011) using a suite of carbonate
standards, with values defined by Bernasconi et al. (2018). We also applied an acid
digestion fractionation factor of 0.082%o¢ (Defliese et al., 2015) to derive clumped
isotope data relative to the stochastic distribution in order to compare with previous
published carbonate data which are digested in phosphoric acid at 25°C. Replicates
with elevated A4s or As9 values that differed from carbonate standards, indicating
contamination, or anomalous A47, 8'2C and §'30 values indicative of contamination by

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

4. Results
4.1. Lake water and surface sediment information
4.1.1. Summer water surface temperature

Lacustrine authigenic carbonate precipitation occurs primarily during summer
(Hren and Sheldon, 2012; Leng and Marshall, 2004), mean summer water surface
temperatures are used in this study. Logged mean summer water temperature (Tomsw)

14
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from June to August was calculated using the data recorded by the on-site loggers
retrieved from twelve lakes. A linear regression was established based on twelve
Trmsw and corresponding Tmtw measured by mercurial thermometer in the field (Fig.
2):

Timsw = 1.19 + 0.09Tmrw — 4.43 + 1.61 (n = 12, R = 0.91, P < 0.0001) (1)

For the sites where water temperature loggers were lost in the field, we
determined the calculated mean summer water temperature (Tcmsw) by applying
regression (1) to the Tmrw values for the lakes without loggers. Thus, in this study,
lake summer water surface temperature (Twacer) 1S either Tumsw (lakes with loggers) or

Temsw (lakes without loggers). Twater ranged from 9.8 to 26.0°C (Table A. 1).

4.1.2. Mineralogy and isotopic composition of modern lacustrine authigenic
carbonates

XRD analyses show that there are 9 pure calcite samples and 24 mixed
mineralogy samples for modern lacustrine authigenic carbonates in this study. For
most samples, calcite and aragonite are the dominant carbonate species, with limited
dolomite content (Li et al., 2020). The mixed mineralogy samples are divided into 9
calcite-dominated samples, 3 monohydrocalcite-dominated samples and 12
aragonite-dominated samples based on mineral content.

For most modern lacustrine authigenic carbonate samples, 3 to 6 replicates were
analyzed for §'3C, §'30, and A47. No A47 value is reported for carbonates collected
from 5 lakes (Daihai Lake, Dali Lake, Jinzihai Lake, Hurleg Lake, and Bosten Lake)

15
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because of high Ass, As9 values or anomalous values of As7, 8'*C and §'%0, which
indicate organic contaminations or incomplete digestion.

The average A47 values of 28 modern lacustrine authigenic carbonates (A47carb)
range from 0.670 to 0.761%o (Table A. 2). Reproducibility of As7ca for most samples
within the typical standard error on replicate analyses of 0.01%.. Weighted mean
modern authigenic lacustrine carbonate oxygen isotope composition (8'®0carb) range

from —-9.61 to 3.77%0 (VPDB) (Li et al., 2020).

4.2. Correlation of mass-47 with temperature

In order to maximize data population and the range of temperatures covered by
the calibration, we combine our A47 values from 28 modern lacustrine authigenic
carbonates in China and 5 modern micrite samples collected from closed/dry lakes
from Mering (2015), which were measured on the same instrument using the same
methodology and reprocessed using the same parameters. The average A47cab values
are plotted versus lake mean summer water temperatures expressed as 10%/T.,.. (Fig.
3). A linear least-squares regression yields the following relationship:

Adzcay (%0) = 0.0521 = 0.0071 x 10%/Ts,.. (K)+ 0.0904 £ 0.0870 (R*= 0.6224, P
<0.0001, n = 33) 2)

It is evident that As47cary values generally increase with decreasing Twaer range
included in this study. Individual samples fit well within the error of the regression,

supporting the validity of the lacustrine authigenic carbonate calibration.
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S. Discussion
5.1. Clumped isotope fractionation in modern lacustrine authigenic carbonates
The use of clumped isotopes as a geothermometer implicitly assumes
equilibrium isotopic fractionation (Eiler, 2007). Prior work has constrained
equilibrium '*C—'30 compositions within dissolved inorganic carbonate species and in
carbonate minerals (Tripati et al., 2015), as well as theoretically explored dependence
on growth rate (Watkins and Hunt, 2015). More recent work has suggested
disequilibrium may be more prevalent in carbonates (Daéron et al., 2019). Our
previous work (Li et al., 2020) presented disequilibrium oxygen isotope fractionations
in lacustrine authigenic carbonates from the same sites examined in this study, and
attributed the §'80 departure from expected values to lake water pH and carbonate
precipitation rate-related effects. However, we see that A4zcap values exhibit a
significant linear correlation with independently measured Twaer (Fig. 3). No
significant correlation is observed between As7cas and 8'®Ocay, nor is there a
correlation between As7ca and independently measured 8'%0waer for modern
lacustrine authigenic carbonates (Fig. 4a and b). Thus, we conclude that the *C-'80
bond ordering in modern lacustrine carbonates are independent of oxygen isotopic

compositions of carbonate and lake water in this study.

5.1.1. Influence of solution chemistry
Theoretical calculations and laboratory experiments suggest that solution pH and
salinity can affect carbonate A47 values through dissolved inorganic carbonate (DIC)

17
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speciation (Hill et al., 2014; Tripati et al., 2015). Each DIC species has a distinct
clumped isotope composition for a given temperature (Guo et al., 2008; Hill et al.,
2014). A47 values between HCO; and CO; at 25°C have been reported to differ by
0.033%0 to 0.063%0 (Hill et al., 2014; Tripati et al., 2015). The distribution of DIC
species is pH-dependent, and the A47 value of the DIC pool decreases when solution
pH changes from an intermediate range (HCO; dominant) to a high range (CO7
dominant) (Watkins and Hunt, 2015). In addition, salinity is also observed to
influence DIC speciation by changing ions and ion pairing (Millero et al., 2006). Thus,
an increase in solution pH or decrease in salinity lowers the A47 value of DIC pool at a
given temperature (Hill et al., 2014; Tripati et al., 2015). However, pH and salinity are
only expected to influence carbonate A47 when carbonate mineral grows rapidly from
a mixture of DIC species, thus, it may not have sufficient time to reach equilibrium
and will inherit signatures from the DIC pool (Watkins and Hunt, 2015). Kelson et al.
(2017) explored pH effects on A47 values of synthetic carbonates precipitated in a
wide range of temperatures and found no significant pH-induced effects on A47 values
over a range of experimental carbonate growth rates.

In this study, the water salinity of the sites sampled ranged from 0.35 to 87.99
g/L, while pH ranges from 7.89 to 9.81, with HCO; the dominant DIC species in a
majority of these lakes (Li et al., 2020). We investigated pH-related speciation effects
by comparing the deviation of measured from expected 8% Ocarb (A(8'¥Ocarb)) t0 Ad7cars
(A(As47carb)). The expected §'8Ocar values are calculated using the equation defined by
Kim and O'Neil (1997) based on §'®Oca» and independently measured Twaer in this
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study. The predicted A47cab values are calculated using the recalculated Kele et al.
(2015) calibration (Bernasconi et al., 2018) based on independently measured Twater in
this study. As shown in Fig. 5, the correlation between A(5'®Ocar) and A(Aa7carp) is not
significant. The A(A47carb)-A(8'Ocarb) slope of regression through modern lacustrine
authigenic carbonates (m = 0.0017 + 0.0012) is not consistent with a pH effect that
observed in synthetic witherites (m = 0.011 £ 0.001) or cultured corals (m = 0.010 +
0.03) (Tripati et al., 2015). In addition, we find that A47cap is not significantly
correlated with changes in lake water salinity (Fig. 6). Therefore, our results suggest
that solution chemistry does not significantly affect A47 signal of lacustrine authigenic
carbonates, which is similar to what has been reported for cultured mollusks (Eagle et
al., 2013a), foraminifera (Tripati et al., 2010) and travertines (Kele et al., 2015). This
is consistent with the findings of Tripati et al. (2015) that potential A47 offsets caused
by combined changing pH and salinity during Last Glacial Maximum and Cenozoic

would be negligible for tropical marine carbonates.

5.1.2. Influence of precipitation rate

Carbonate precipitation rate has also been suggested as a potential factor
modulating kinetic fractionations in A47; (Watkins and Hunt, 2015). The precipitation
rate of lake surface sediment ranges from 0.01 cm/year to 0.3 cm/year in different
lakes in this study (Yan and Wunnemann, 2014; Zhou et al., 2007). Although
determining the exact precipitation rates of lacustrine authigenic carbonates can be
challenging, the carbonate growth rates in this study are consistent with other reports
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in natural settings, which is similar to or relatively lower than those laboratory
synthetic carbonates (Karami et al., 2019; Tang et al., 2014). Tang et al. (2014) found
increases in carbonate precipitation rate cause slight decreases in 830 but do not
influence A47 values of synthetic inorganic calcites within measurement precision.
According to the process based on the model of Watkins and Hunt (2015), the
difference in A47 between calcite in slow-growth and fast-growth regimes at 25°C is
only around 0.01%o at pH values between 8 and 10. Therefore, the lack of a pH effect
observed in this study indicates that the growth rates of modern lacustrine authigenic
carbonates may not be sufficiently high for DIC speciation effects to be recorded in
A47. Even if pH or rate related A47 disequilibrium occurs in this study, it may be within

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

5.1.3. Influence of mineral-specific differences and carbonate content

Small mineral-specific differences in clumped isotopic fractionation are
predicted by Guo et al. (2009), Tripati et al. (2015), and Hill et al. (2020). Most
studies have not been able to discern significant mineral-specific A47 offsets
(Bonifacie et al., 2017; Davies and John, 2019; Defliese et al., 2015; Eagle et al., 2010;
Guo et al., 2019; Petersen et al., 2019), though some work has suggested otherwise
(Miiller et al., 2019). In this study, 22 samples are a mixture of two or three types of
carbonate minerals, with calcite and aragonite being the predominant species in most
samples (Table A. 2). We applied a two-sample Kolmogorov-Smirnov test (Massey,
1951) for A47cay values of calcite-dominated and aragonite-dominated samples. Our
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results indicate that the compositional differences between calcite-dominated and
aragonite-dominated samples are not statistically significative (D-value = 0.4549; P =
0.0712). As shown in Figures 3 to 6, no significant A47 inconsistency is observed
among samples with different mineral compositions. Therefore, A47 offsets caused by
differences mineral species can be neglected in this study. This result is also supported
by a compiled dataset reprocessed by Petersen et al. (2019) that presented no
statistically A47 discrepancy between different carbonate mineralogies.

In order to discuss the influence of carbonate content, we evaluated the deviation
of measured lacustrine authigenic carbonate As47 (As47cay) values from theoretical
calculations. We calculated theoretical A47 (A47calcutared) Values by applying the latest
“universal” clumped isotope calibration (Petersen et al., 2019) to independently
measured water temperatures (Twaeer) Of the 28 lakes in China from this study. There is
a significant correlation (R? = 0.5028, P < 0.0001) between As7carb and Aszcalcutated (Fig.
7(a)), and the RMSE of A47cab versus Ag7calculated 1S 0.0143. As shown in the Fig. 7(b),
the A47residual does not decrease with increasing carbonate content. The correlation
between A4 residual and carbonate content is not significant (R?> = 0.00118, P =
0.8682). This suggests that an influence from carbonate content on A47carb Values can
be neglected.

As a result, we presume that at current instrumental resolution, the clumping of
BC and O in modern lacustrine authigenic carbonates is not affected by
disequilibrium fractionations caused by solution chemistry, carbonate precipitation
rate, carbonate content or mineralogy.
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5.2. Comparison of our As7—-temperature calibration with other clumped isotope
calibrations

The temperature dependence of clumped isotope fractionation in our samples and
other studies are compared in Fig. 8. In order to allow direct and precise comparisons,
in this section, we only choose to compare with datasets that used ETH carbonate
standards calculated with [UPAC parameters and are in the ARF.

The As47—temperature calibration of modern lacustrine authigenic carbonates
overall agrees with laboratory synthetic carbonate calibrations and empirically
determined calibrations. The results for modern tufa and travertine from natural
springs and wells (Kele et al., 2015) recalculated by Bernasconi et al. (2018) fall close
to the 95% confidence interval of our calibration line. Analysis of covariance
(ANCOVA) results indicate that difference between slopes of our lacustrine
authigenic carbonate calibration line and the recalculated Kele et al. (2015) calibration
(Bernasconi et al., 2018) is not significant (p = 0.2274). Our calibration line is also
closely aligned with the latest “universal” clumped isotope calibration from Petersen
et al. (2019), that recalculated published calibration data using consistent parameters.
In addition, data points from Devils Hole and Laghetto Basso, which have been
suggested to approach true thermodynamic equilibrium in natural settings (Daéron et
al., 2019), are also within error of our calibration. The consistency of temperature
sensitivity between our results and other calibrations supports the premise that
lacustrine authigenic carbonates record A47 signatures that are close to equilibrium,
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and that water temperature is the primary environmental variable controlling
lacustrine authigenic carbonate A4;7.

In spite of the good correspondence, slight discrepancies between the slope and
intercept of published calibrations remain (Petersen et al., 2019). The development
and using of the Absolute Reference Frame (Dennis et al., 2011), IUPAC parameters
for 'O correction (Brand et al., 2010), and the use of carbonate standards to project
the results to the ARF (Bernasconi et al., 2018) have improved data comparability in
different laboratories. Remaining discrepancies between calibration relationships may
come from the pinning of carbonate standard values in the Absolute Reference Frame
(Defliese et al., 2015), standardization (Kocken et al., 2019; Defliese and Tripati,
2020), differences in sample replication and temperature range of calibrations
(Fernandez et al., 2017), and procedures used for sample measurement and data

calculation (Olack and Colman, 2019).

5.3. Applications
5.3.1. Applications to study paleoclimate

The clumped isotope thermometer has been used for paleotemperature
reconstruction in different regions and over various time scales (Eagle et al., 2013b;
Ujviri et al., 2019), including in lacustrine carbonates (Frantz et al., 2014; Horton et
al., 2016; Petryshyn et al., 2016; Santi et al., 2020). In order to evaluate the accuracy
of using lacustrine authigenic carbonate A47 values to reconstruct water temperatures
using our derived As4;—temperature calibration, we calculated lacustrine authigenic
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492  carbonate clumped isotope temperature (Ta47cab) by applying the As47—temperature
493  calibration (Eq. 2) to the carbonate A47 values and compare it with independently
494  measured carbonate formation summer water temperatures (Twaer). As shown in Fig. 9,
495  there is a strong positive correlation between Twater and Ta4zcary in modern lacustrine

496  authigenic carbonates:

497 Ta47cars (°C) = 1.014 % 0.1362 X Twaer (°C) — 0.1889 + 2.318 (R?= 0.6412, P <
498 0.0001, n = 33) 3)
499 The slope of the least-squares linear regression line is close to 1, indicating that

500  the A47—derived temperature recorded in lacustrine authigenic carbonates has similar
501  temperature sensitivity to actual water temperature. The average standard error is 1.82°C
502  and the RMSE of Ta47cab versus Twater 18 3.29°C that within the standard error (0 ~
503  4.57°C) in individual sample. Therefore, our empirical As7—temperature calibration
504 (Eq. 2) can be used to estimate lake summer water temperatures with reasonable
505  certainty. The scatter of data in this regression may be caused by analytical
506  uncertainties, water temperature measurements, and carbonate precipitation processes.
507 Our results demonstrate that using A47 values of modern lacustrine authigenic
508  carbonates to calculate summer water temperatures is reasonable, and that lacustrine
509  authigenic carbonates preserved in geologic archives should also reliably record
510  contemporary water temperatures when carbonate samples are not diagenetically
511  alternated. Although the average Ta47cay standard error of 1.8°C is similar to
512  uncertainties based on other types of carbonate including shallow and deep-dwelling
513  foraminifers (Meinicke et al., 2020), field-collected land snails (Zhai et al., 2019), and
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modern soil carbonates (Hough et al., 2014), the magnitude of uncertainty is still
relatively large. Future study is needed to expand calibration data sets, especially for
higher lake water temperatures, and optimize statistical methods used to improve

accuracy of predictions.

5.3.2. Applications to study paleoelevation

Clumped isotopes can be applied to reconstruct paleoaltimetry in cases where
post-depositional diagenesis, which reorders the carbonate clumped isotopic
compositions, did not occur (Henkes et al., 2014; Huntington and Lechler, 2015). As
A47 values provide direct measures of carbonate formation temperatures, previous
studies have usually combined the estimates of paleotemperature with general surface
temperature-elevation gradient (lapse rate) to reconstruct the elevation changes during
the past based on the assumption that all temperature changes reflect elevation
changes (Ghosh et al., 2006b; Huntington et al., 2010).

Lake surface water temperature is mainly controlled by air temperature, which is
related to lake latitude and elevation. Other factors, such as wind, water inflow and
outflow, and lake volume, may not significantly impact the water temperature changes
at lake center over various time scales (Hren and Sheldon, 2012; Zhang et al., 2014).
Figure 10 shows a combined effect of both lake latitude (Lat) and elevation (Elev) on
lake surface water temperatures (Twacer) for the 33 lakes we analyzed that are primarily
located in Western China:

Twater (°C) = —0.2869 + 0.1537 x Lat — 0.0036 + 5.3236 x 10™*x Elev (m) + 39.1518 +
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7.2426 (R?=0.8502, P < 0.0001, n = 33) 4)
In order to allow direct and precise comparisons between lacustrine authigenic
carbonate clumped isotope composition and lake elevation, the influence from lake
latitude on water temperature should be eliminated. To this effect, we recalculated
lake elevations based on Equation 4, assuming all lakes are located at 35°N, which is
a mean value of the latitude gradient of the 33 lakes investigated in this study. In this
case, the vertical transect dominates Twater Variances and corresponding A47carp Values.
We evaluated the correlation between Aszcat and recalculated lake elevation as well as
between Ta47carb and recalculated lake elevation. As shown in Fig. 11, A47cary increases
simultaneously with lake elevation, while Ta47cab decreases with increasing lake
elevation:
Adzcars (%0) = 1.359 x 107 £ 2.678x 10 x Elev (m) + 0.6665 + 0.0103 (R?= 0.4975, P
<0.0001, n =28) %)
Tad7cary (°C) = =3.195 x 10 + 6.14 x 10 x Elev (m) + 27.21 + 2.363 (R>=0.5101, P
<0.0001, n =28) (6)
Accordingly, the A47-derived water temperature lapse rate is around 3.2 °C/km from
270to0 5,156 m a.s.l..

Lapse rates are not necessarily consistent for different types of materials (i.e., air
temperature lapse rates, soil temperature lapse rates, and lake temperature lapse rates),
given that heat capacities vary between materials. According to Meyer (2007), the air
temperature lapse rate is ~ 6 °C/km. Hren and Sheldon (2012) investigated the
relationship between modern lake water temperature and air temperature in different
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time scales, and observed a warmest month mean water temperature lapse rate of
3.5 °C/km for low and mid-latitude lakes, which is similar to our results in this study.
A recent study by Hough et al. (2014) used soil clumped isotope geothermometer as a
proxy in paleoelevation reconstructions of the central Rocky Mountains and found a
temperature lapse rate of modern soil is around 4 °C/km. This temperature lapse rate
is steeper than what we report for lake water and could reflect the smaller specific
heat of soil comparing to water bodies. In addition, the lapse rate of our Ta47carb—
elevation calibration (Eq. 6) is not as steep as that of Huntington et al. (2010)
(4.2 °C/km), which is the first study that focused on modern lacustrine carbonate
clumped isotopes collected from the Colorado Plateau; however, we note that Hough
et al. (2014) and Huntington et al. (2010) calculated Ta47 values using the Ghosh
calibration (Ghosh et al., 2006a), which has a steeper A47—temperature slope (m =
0.0636) than ours (m = 0.0493) (Eq. 2) and did not directly calculate lapse rates using
instrumented data, as we have. The discrepancies in the slopes of As47—temperature
calibrations are presumably responsible for the difference in the Tas7—elevation lapse
rates calculated in this study relative to previous publications.

Based on our results, when temperature changes caused by climate evolution can
be ruled out, the clumped isotope analysis of lacustrine authigenic carbonates can be
applied to estimate elevation changes. As both lake latitude and elevation are
predominant factors controlling water temperature, one should consider differences in
lake latitude and select a suitable zero elevation temperature or reference temperature
(Huntington and Lechler, 2015). Therefore, a site- or regional-specific transfer
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function is needed to reconstruct paleoelevation when using lacustrine authigenic

carbonate clumped isotopes.

6. Conclusions

This study systematically analyzes the clumped isotope of modern lacustrine
carbonates based on a compilation of data from 38 lakes, including 33 terminal lakes
primarily in Western China that span a range of elevations. We investigate the
correlations between carbonate A47 values and mean summer water temperatures as
well as bulk isotopic compositions. We also investigate the influence of water
chemistry, precipitation rates, carbonate content, and mineral-specific differences, and
refine the interpretations of carbonate clumped isotope temperature sensitivity.

In our results, the clumping of *C and '*O in modern lacustrine authigenic
carbonates is independent of bulk isotopic compositions of carbonate and surrounding
water and is not affected by disequilibrium fractionations caused by water chemistry,
carbonate precipitation rate, carbonate content, or mineral-specific differences at
current analytical precision. The clumped isotope composition of lacustrine authigenic
carbonate is sensitive to summer water temperature changes, and the temperature
sensitivity is consistent with other previous studies. We propose a reliable lacustrine
authigenic carbonate As7—temperature empirical calibration covering the temperature
ranges from 9.8 to 26.0°C that can be used in paleotemperature reconstructions: A47carb
(%0) = 0.0521 + 0.0071 x 10%T:,.. (K)+0.0904 + 0.0870 (R?=0.6224, P < 0.0001, n
= 33). Based on the significant positive correlation between lacustrine authigenic
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carbonate clumped isotope and lake elevations at 35°N, we suggest that lacustrine
authigenic carbonate A4; can also be used in paleoelevation reconstructions when

climate forcing can be constrained using other methods.
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860  Fig. 1 Locations of where lacustrine sediments and water samples were collected from

861  China. Corresponding numbers and lake names are listed in Table A. 1.
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Fig. 2 Regression between midday temporal water temperature (Tmtw) and logged
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894  calcite micrites collected from closed/dry lakes in China, the United States and
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Figure Captions
Fig. 1 Locations of where lacustrine sediments and water samples were collected from

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

Fig. 2 Regression between midday temporal water temperature (Tmtw) and logged
mean summer water temperature (Trmsw) showing a significant correlation.
Calculated mean summer water temperature (Tcmsw) was calculated using the
regression formula: Temsw = 1.19 + 0.09Tvrw — 4.43 + 1.61 (R = 0.91, P < 0.0001, n

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

Fig. 3 Correlation between clumped isotope composition of modern lacustrine
authigenic carbonate (A47cab) and independently measured lake mean summer water
surface temperature (Twaer). The solid line is the least-squares linear regression line.
The dotted lines show 95% confidence intervals. Samples collected primarily from
Western China are marked in blue, while reprocessed data of 5 calcite micrites
collected from closed/dry lakes in China, the United States and Mexico are marked in
green. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Fig. 4 No statistically significant correlation is observed neither between (a) §'*Ocarb
and A47cay (R? = 0.010, P = 0.5804); nor between (b) 88 Owater and Aazcars (R? = 0.018,
P =0.4879). Samples collected from China are marked in blue, while reprocessed data

53



959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

of 5 calcite micrites collected from closed/dry lakes in China, the United States and
Mexico are marked in green. (For interpretation of the references to color in this

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

Fig. 5 Deviations of measured from expected &'%Ocay (A(8'8Ocarv)) and that of
measured from predicted A47cars (A(A47carb)) based on the calibrations of Bernasconi et
al. (2018) and Kim and O'Neil (1997) for lacustrine authigenic carbonates. The pink
dashed line (m = 0.011) indicates deviations expected for changes in water pH (Tripati
et al., 2015). If carbonates are affected by pH-related speciation, the slope of
A(8'80)-A(A47) would be close to 0.011 + 0.001 (Tripati et al., 2015). However, the
correlation between A(5'®Ocar) and A(As7ca) is not significant for modern lacustrine
authigenic carbonates in this study. The slope of A(8'8Ocarb)-A(Ad47carn) is 0.0017 +
0.0012. Samples collected from China are marked in blue, while reprocessed data of 5
calcite micrites collected from closed/dry lakes in China, the United States and
Mexico are marked in green. (For interpretation of the references to color in this

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

Fig. 6 Comparison between A47carb values and water salinity of 28 lakes located in

China. No statistically significant linear correlation is observed between A47carb and

lake water salinity (R2 = 0.0222, P = 0.44809).
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Fig. 7 Comparison between (a) A47carb and A47calculated, and that between (b) A47 residual
and carbonate content of 28 lakes located in China. There is no significant correlation
between A47residual and carbonate content (R?> = 0.00118, P = 0.8682). The dashed

lineis a 1:1 line.

Fig. 8 Comparison of carbonate A4;—temperature calibrations with the recalculated
Kele et al. (2015) calibration (Bernasconi et al., 2018), a composite calibration line
from Petersen et al. (2019), and slowly precipitated calcites from Devils Hole and
Laghetto Basso (Daéron et al., 2019). The black solid line represents a linear
least-squares regression based on mean A4; values of modern lacustrine authigenic
carbonates from this study. The dotted lines show 95% confidence intervals. All
calibrations are corrected by IUPAC parameters (Brand et al., 2010). (For
interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

Fig. 9 Comparison between independently measured lake mean summer water surface
temperatures (Twaer) and A47 recorded temperatures that calculated by lacustrine
authigenic carbonates (Tas7cab) calculated using Eq. 2 in this study. The dotted lines
represent the 95% confidence intervals. The dashed line is 1:1 line. Samples collected
from China are marked in blue, while reprocessed data of 5 calcite micrites collected
from closed/dry lakes in China, the United States and Mexico are marked in green.
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(For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Fig. 10 Combined effects of lake latitude (Lat) and elevation (Elev) on independently
measured lake mean summer water surface temperature (Twaer) for the 33 lakes
located in China. (For interpretation of the references to color in this figure legend,

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

Fig. 11 Comparison between (a) lake elevation (Elev) and A47carb; (b) lake elevation
(Elev) and TA47carb that calculated using Eq. 2 in this study. The solid lines are the
least-squares linear regression lines. In this case, lake elevations are recalculated
based on the Eq. 4 assuming all lakes located at 35°N, which is a mean value of the
latitude gradient of the 28 lakes located in China. The dotted lines show 95%

confidence intervals.
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