
1.  Introduction
The compound-specific hydrogen isotopic composition (δ 2H) of n-alkanes has been widely used for paleohy-
drological reconstructions in lacustrine sediments (e.g., Aichner et  al.,  2019; Thomas et  al.,  2016; Wirth & 
Sessions, 2016). Lacustrine sediments comprise terrestrial and aquatic n-alkanes, whose primary hydrogen source 
is the environmental water used for biosynthesis (Sachse et al., 2004; Xia et al., 2008). Terrestrial n-alkanes (e.g., 
C31) mainly derive from the leaf waxes of higher terrestrial plants and primarily incorporate the local precipi-
tation of the growing season as their source water for photosynthesis (Sachse et al., 2012; Strobel et al., 2021; 
Struck et al., 2020; Zech et al., 2015). The δ 2H signal of precipitation depends on atmospheric moisture path-
ways, temperature and the amount of precipitation (Bliedtner et al., 2020; Feakins & Sessions, 2010; Strobel 
et al., 2020). Additionally, fractionation processes can occur at the plant-soil interface, with evaporation of soil 
water and transpiration of leaf water being prominent factors (Feakins & Sessions, 2010; Kahmen et al., 2013; 
Zech et al., 2015). In contrast, aquatic n-alkanes (e.g., C23) produced by algae and aquatic macrophytes incorpo-
rate the δ 2H signal of the lake's water (Ficken et al., 2000; Sachse et al., 2004; Strobel et al., 2021). While the lake 
water integrates the δ 2H signal of precipitation throughout the year, environmental factors such as temperature, 
salinity, nutrient availability and light conditions can modify the lake water incorporated by aquatic organisms 
(Ladd et al., 2018; Maloney et al., 2019; Schwab et al., 2015). However, for endorheic lakes from high-altitude 
and semi-arid regions, lake water can be strongly modulated by evaporation, becoming isotopically  2H-enriched, 
which make aquatic δ 2H from such lakes a valuable proxy for changes in relative humidity when compared to 
terrestrial δ 2H (Aichner et al., 2010, 2019; Mügler et al., 2008).

The recent δ 2H signal of terrestrial n-alkanes was evaluated in several topsoil and modern plant studies (e.g., 
Hepp et al., 2020; Lemma et al., 2021; Strobel et al., 2020; Struck et al., 2020), whereas the aquatic n-alkanes 
were studied along a transect of lakes in Europe (Sachse et  al.,  2004), and in lakes in North America (Hou 
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et al., 2007; Y. Huang et al., 2004) and the Tibetan Plateau (Aichner et al., 2010; Xia et al., 2008). The spatial 
distribution of water isotopes in lake water was also studied, for example, in Chinese lakes (Li et  al.,  2021). 
However, little is known about whether and how the δ 2H signal of terrestrial and aquatic n-alkanes varies spatially 
in lakes and how hydrological and morphological differences in a lake and the lake's catchment might modulate 
the δ 2H signals. This might be particularly relevant for high-altitude and semi-arid lakes, where exposition possi-
bly produce differences in evaporation rates of the catchment and ice-cover determines the duration of aquatic 
biosynthesis. Moreover, the terrestrial n-alkanes might have time lags between their timing of formation and their 
deposition within the lake because of certain residence times in and transfer times through the catchment. Those 
transfer times can be in the order of hundreds to thousands of years and have been reported from different lacus-
trine systems (Aichner et al., 2021; Douglas et al., 2018; Freimuth et al., 2021; Gierga et al., 2016). However, it 
has been suggested to especially investigate lakes with small hydrological catchments to reduce potential time 
lags of terrestrial n-alkanes (Bliedtner et al., 2020; Gierga et al., 2016).

Here we present compound-specific δ 2H results of n-alkanes of 46 surface sediment samples from Lake Khar 
Nuur, a high-altitude and semi-arid lake in the Mongolian Altai. We explicitly choose Lake Khar Nuur because 
of its very small hydrological catchment to minimize transfer times of terrestrial n-alkanes through the catch-
ment. We investigated the δ 2H signal of terrestrial and aquatic n-alkanes from the surface sediment samples to 
develop a better understanding about their spatial variability in the lake and potential hydrological differences. 
Furthermore, we analyzed the δ 2H signal of terrestrial n-alkanes from 13 topsoils in the Khar Nuur catchment to 
additionally investigate their contribution to the terrestrial n-alkanes in the lake and to account for hydrological 
differences in the lake's catchment as a result of exposition, slope and/or humidity.

2.  Materials and Methods
2.1.  Study Site and Sampling

Lake Khar Nuur is located in the Mongolian Altai (48°37′N, 88°56′E; Figure 1a) and was formerly described in 
detail by Strobel et al. (2021). Briefly, the small Lake Khar Nuur is located at high altitudes (2,486 m a.s.l), has 
a para-glacial origin and a small hydrological catchment (44.8 km 2) from which the lake itself covers an area of 
13.8 km 2 (∼31%; Figure 1b). Based on the lake's bathymetry previously published by Strobel et al. (2021), we 
calculated a water volume of 0.37 km 3 for the lake. Mean annual precipitation and temperature at the nearest 
climate station Tolbo Sum (48°25′N, 90°17′E; ∼90 km SE of Lake Khar Nuur; Figures 1a and 1e) is 145 ± 35 mm 
and −2.4 ± 0.7°C (during the period 2009–2019; DWD Climate Data Center, 2020), respectively, and ∼70% of 
the precipitation occurs during the summer month (June to September). Low annual temperatures lead to an 
ice-covered lake surface for 8–9 months per year (2016–2019; Planet Team, 2017). The modeled modern isotopic 
composition of precipitation (δ 2HP) at Lake Khar Nuur reveals distinctly more negative values during winter and 
more positive values during summer with an annual mean of −103 ± 14‰ (Figure 1e; Table 1) (Bowen, 2021; 
Bowen & Revenaugh, 2003; Bowen et al., 2005).

The catchment's configuration differs for the northern and southern parts of the catchment. North-exposed flatter 
areas with intensively developed humus rich soils occur in the southern part of the catchment (Figures 1b and 1c). 
Several gullies occur in this part of the catchment, favoring, together with the underlying permafrost (Walther 
et al., 2017), runoff and sediment transport into the lake. The south-exposed northern parts of the catchment 
have steep slopes (>16°) with only very shallow developed Leptosols (Figures 1b and 1d). Residual snowfields 
were present in the flatter areas of the southern catchment during the summer months, producing runoff through 
streams by fed by snowmelt. No perennial inflow into the lake was observed in the other parts of the catchment 
and episodic runoff should only occur in the depth contours during snowmelt and strong precipitation events 
(Strobel et al., 2021). Most parts of the catchment are dominated by alpine grasses and herbs, but small patches 
of 50–80 cm high Betula nana (L.) stands cover a small area (∼0.42 km 2) on a north-east exposed slope in the 
catchment because of favorable edaphic conditions (Figures 1b–1d) (Strobel et al., 2021).

During a fieldtrip in July 2018, we sampled the lake surface sediments (upper 0–1 cm) at 53 locations (from 
which we use 46 locations in this study) from the lake's floor with a Van Veen Grab sampler (Figure 1b). We took 
one sample from each location. In the lake's catchment, we sampled topsoils at 13 sites (Figure 1b). Although 
we took modern plant samples from the Khar Nuur catchment and analyzed them for their n-alkane distribution 
(Strobel et al., 2021), we did not consider them for this study because the δ 2H signal of modern plants can be 
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affected by strong intra- and inter-annual variations (e.g., X. Huang et  al.,  2018; Sachse et  al.,  2015; Zhang 
et al., 2021). Topsoil samples (0–5 cm) were taken as a mixed sample of three subsamples from each site. Topsoil 
sample sites A1–A8 and A10–A13 mostly consist of Poaceae species and topsoil site A9 consists Betula nana 
(L.). Additionally, we took water samples in the southern part of the catchment from one snowfield and three 
streams, with two of those streams receiving source water directly from the snowfield. From the lake, we took five 
water samples in 2018 and two water samples in 2019 from the upper 10 cm of the water column (see Figure 1b 
for sample location).

2.2.  Lipid Extraction and Compound-Specific δ 2H Analyzes

Lipid extraction of the topsoil and surface sediment samples (both ∼10–15 g) was previously carried out and 
described in detail by Strobel et al. (2021). In short, total lipids were ultrasonically extracted with dichlorometh-
ane (DCM) and methanol (MeOH; 9/1, v/v). The total lipid extract was separated over aminopropyl silica gel 
(Supelco, 45 μm) pipette columns and further purified over coupled silvernitrate (AgNO3)—zeolite (Geokleen) 
pipette columns. The n-alkanes trapped in the zeolite were subsequently dissolved in hydrofluoric acid and 

Figure 1.  Overview of the study area (modified after Strobel et al. [2021]). (a) Location of the study site in western Mongolia. (b) Satellite image of the Lake Khar 
Nuur catchment and the lake's bathymetry. Additionally shown are the locations of the water samples (blue crosses, diamonds and dots), topsoil samples (black dots) 
and lake surface sediment samples (white dots). Site vegetated with Betula nana (L.) are indicated by the yellow dashed line and the accumulation zones in the lake by 
the orange dashed line. The viewpoint of the photos (c and d) are also shown, and the black arrows indicate their viewing direction. (c) Image of the flatter southern 
catchment with the intensively developed soils. (d) Image of shallow Leptosols developed on the steeper slopes in the northern part of the catchment. (e) Mean monthly 
temperature and precipitation composition from the nearest climate station Tolbo sum (located ∼90 km SE of Khar Nuur). The modern modeled monthly hydrogen 
isotopic composition of precipitation (δ 2HP) from Lake Khar Nuur is also shown in gray (data source—bathymetry [Strobel et al., 2021]; satellite image [Planet 
Team, 2017]; mean annual temperature and precipitation [DWD Climate Data Center, 2020]; δ 2HP [Bowen, 2021; Bowen et al., 2005]).
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recovered by liquid-liquid extraction using hexane. Identification and quan-
tification of the n-alkanes was carried out on an Agilent 7890B gas chroma-
tograph equipped with an Agilent HP5-MS column (30 m, 320 μm, 0.25 μm 
film thickness) and a flame ionization detector (GC-FID), relative to external 
n-alkane standards (n-alkane mix C21–C40, Supelco).

Compound-specific δ 2H was analyzed for the terrestrial n-alkane C31 (δ 2HC31) 
in the topsoil and surface sediment samples, whereas δ 2H of the aquatic C23 
(δ 2HC23) was analyzed in the lake surface sediments. For δ 2H of the topsoil 
sample A9, grown by Betula nana (L.), we additionally analyzed the terres-
trial C27 since it is the dominant chain-length produced by this vegetation 
type in the Khar Nuur catchment (Strobel et al., 2021). The measurements 
were carried out on an IsoPrime visION isotope ratio mass spectrometer 
coupled  to an Agilent 7890A GC via a GC5 pyrolysis/combustion inter-
face operating in pyrolysis mode with a Cr (ChromeHD) reactor at 1050°C. 
Samples were injected splitless with a split–splitless injector. The GC was 
equipped with a 30 m fused silica column (HP5-MS, 0.32 mm, 0.25 μm). 
Each sample was measured in triplicates, except for 13 samples that were 

measured in duplicates (samples 03, 06, 08, 14, 21, 26, 28, 32, 34, 35, 36, 44, 45, 50, 51; see Figure 1b in Strobel 
et al. (2021) for sample location) due to insufficient n-alkane yields. δ 2H was measured against calibrated H2 
reference gas and all values are reported in per mil (‰) against VSMOW. The precision was checked by co-ana-
lyzing a standard alkane mixture (n-C27, n-C29, n-C33) with known isotope composition (Arndt Schimmelmann, 
University of Indiana) in several concentrations, injected in duplicates every nine runs. All measurements were 
corrected for drift and amount dependency relative to the standard values in each sequence. Analytical precision 
for topsoils and lake surface sediments was <3.3‰. The analytical error for the standards was <2.0‰ (n = 16). 
The H3 + factor was checked every 2 days and stayed stable at 7.11 ± 0.31 during measurements. The offset 
between δ 2HC23 and δ 2HC31 was calculated following Equation 1 and is referred as Δaq-terr from now on.

Δaq-terr[‰] = 1000 ×
([

�2HC23 + 1000
]

∕
[

�2HC31 + 1000
]

− 1
)

� (1)

2.3.  Water Sample δ 2H Analyzes

The hydrogen isotopic composition (δ 2H) of the water samples was measured in the Laboratory of Isotope 
Biogeochemistry Group of the Bayreuth Center of Ecology and Environmental Research (BayCEER, Univer-
sity of Bayreuth, Germany) using a liquid auto-sampler and thermal conversion/isotope-ratio mass-spectrometry 
TC-IRMS coupling (via a ConFlo IV interface, Thermo Fisher Scientific, Bremen, Germany) of a HTO pyrolysis 
oven (HEKAtech, Wegberg, Germany) with a Delta V Advantage IRMS (Thermo Fisher Scientific). The precision 
was checked by co-analyzing a standard with known isotope composition every 10 runs, which gave an analytical 
error of <1.2‰. Values are reported in conventional delta notation, defined as per mil (‰) against VSMOW.

2.4.  Data Analyzes

The hydrological catchment of Lake Khar Nuur and its geomorphological attributes were derived from a digital 
elevation model (SRTM) with a spatial resolution of ∼30 × 30 m. Spatial distribution maps were generated for 
the catchment soils (δ 2HC31 and δ 2HC27 for sites covered by alpine grasses/herbs as well as Betula nana (L.), 
respectively), δ 2HC31, δ 2HC23, and Δaq-terr of the lake's surface sediments using the “spline with barriers” tool in 
Esri ArcGIS 10.5.

3.  Results
The δ 2H results of the water samples from the snowfield and two closely located streams show δ 2H values rang-
ing from −110 to −103‰ (Table 1). A further stream, which is also located in the southern catchment, shows a 
more positive δ 2H value of −74‰. The lake water is even more positive with a mean δ 2H value of −58 ± 5‰ 
(n = 7; Table 1).

Material δ 2H (‰ vs. VSMOW)

Stream a −73.5

Snowfield (SF) b −102.7

Stream from SF c −104.8

Stream below SF d −109.9

Mean lake water (n = 7) −58.4 ± 4.7

Precipitation e −103 ± 14

 aSee Figure 1b for location.  bSee Figure 1b for location.  cSee Figure 1b for 
location.  dSee Figure 1b for location.  eModeled mean annual δ 2H composition 
of precipitation at Lake Khar Nuur.

Table 1 
δ 2H Values of Water Samples From the Catchment and Lake Khar Nuur as 
Well as Modelled Mean Annual δ 2H Composition of Precipitation Derived 
From OPIC ( e) (Bowen, 2021; Bowen and Revenaugh, 2003).
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The compound-specific δ 2H results of the terrestrial C31 of the topsoils range from −212 ± 1 to −170 ± 2‰ 
and generally show more negative δ 2H values for most parts of the catchment (−212 ± 1 to −185 ± 2‰), while 
only few samples in the northern and eastern parts of the catchment show more positive δ 2H values (−179 ± 1 to 
−171 ± 2‰; Figure 2a). The topsoil sample vegetated with Betula nana (L.) from the northern catchment with 
the C27 dominance has the most positive δ 2H value of −157 ± 1‰ (Figure 2a).

Terrestrial δ 2HC31 of the lake surface sediment samples shows a range of ∼15‰ from −213 ± 1 to −198 ± 2‰ 
(Figure 3a). Although the range is small, δ 2HC31 values are slightly more negative along the northern shores and 
at two sample locations at the southern shore. Compared to δ 2HC31, the aquatic δ 2HC23 shows generally more 
positive values with a distinctly larger range of ∼40‰ from −188 ± 2 to −148 ± 1‰ (Figure 3b). δ 2HC23 values 
are more negative along the shorelines compared to the central parts of Lake Khar Nuur, which are more posi-
tive. The offset of δ 2HC23 and δ 2HC31 (Δaq-terr) shows low values for the samples located close to the shorelines 
(16–56‰), whereas samples located in the central parts of the lake show distinctly higher Δaq-terr values ranging 
from 56 to 68‰ (Figure 3c).

4.  Discussion
4.1.  The δ 2H Signal in Modern Reference Material From the Khar Nuur Catchment

The majority of the topsoil samples from the Khar Nuur catchment show distinctly negative compound-spe-
cific n-alkane δ 2H values of −212 ± 1 to −185 ± 2‰ (Figure 2a). Terrestrial leaf waxes incorporate the δ 2H 
signal of the local precipitation (δ 2HP) during the growing season through the uptake of soil water by the plants 
(Sachse et al., 2012). The observed n-alkane δ 2H values of topsoils in the Khar Nuur catchment are in good 
agreement with previous findings of Struck et al. (2020), who investigated δ 2HC31 in Mongolian topsoils. Struck 
et al. (2020) found that the apparent fractionation, that is, the isotopic difference of δ 2HP and δ 2HC31, is constant at 
−146 ± 14‰. Therefore, δ 2HC31 reflects δ 2HP only slightly modulated by a constant evapo(transpi)rative enrich-
ment (see Struck et al. [2020] for more detailed information). When subtracting this apparent fractionation factor 

Figure 2.  Compound-specific δ 2H signal of the topsoils from the Khar Nuur catchment. (a) Spatial distribution of δ 2H from the topsoils of the Khar Nuur catchment 
and the catchment's topography. (b) Reconstructed δ 2HP for the catchment's topsoils by subtracting the constant apparent fractionation of 146 ± 14‰ (Struck 
et al., 2020) from leaf wax δ 2H from respective topsoils. The modeled growing season δ 2HP is indicated by the blue bar and samples are classified to their location in 
the southern and northern part of the catchment (data source—satellite image [Planet Team, 2017]; δ 2HP [Bowen, 2021; Bowen et al., 2005]).
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(−146 ± 14‰) from δ 2H of topsoils in the southern part of the Khar Nuur catchment, values of reconstructed 
δ 2HP range from −77 ± 14 to −45 ± 14‰ and agree very well with modeled local growing season precipitation, 
ranging from −74 to −50‰ (June to September; Figure 2b) (Bowen, 2021; Bowen et al., 2005). Thus, terrestrial 
leaf waxes in the Khar Nuur catchment most likely incorporate the δ 2H signal of the local growing season precip-
itation. Moreover, we have to note that residual moisture from snowmelt (i.e., a more negative winter/spring 
precipitation signal) can contribute to the topsoil δ 2H signal from the southern part of the catchment to a certain 
degree. Patches of snowfields were present in this part of the catchment during our summer sampling campaigns 
in 2018 and 2019. However, δ 2H values of water samples we took from a snowfield and two closely located 
streams (see Figure 1b for sample location) gave more negative values that are in the range of the modeled annual 
mean of δ 2HP (∼−100‰; see Table 1) (Bowen, 2021; Bowen & Revenaugh, 2003). Because n-alkane δ 2H values 
of the topsoils from the catchment matches with the modeled growing season δ 2HP rather than with modeled 
mean annual δ 2HP, and winter precipitation only contributes with ∼30% to the annual precipitation sum (DWD 
Climate Data Center, 2020), we assume that n-alkane δ 2H is mostly dominated by growing season precipitation.

In contrast, few topsoil samples in the northern part of the catchment show more positive n-alkane δ 2H values 
(−179 ± 1 to −157 ± 1‰; Samples A8, A9, A11, and A12; Figures 2a and 2b). On the one hand, southward 
exposition possibly favors the  2H enrichment of soil and leaf water by elevated evapo(transpi)ration rates (Sachse 
et al., 2012; Zech et al., 2015). On the other hand, the shallow soils on the steep slopes have low water holding 
capacities for residual water and growing season precipitation at these sites. Therefore, both aspects likely explain 
the more positive δ 2H values of the topsoil at few sites within the catchment, which is in good agreement with 
previous studies similarly discussing the δ 2H signal in terrestrial leaf waxes and its modulation by soil and leaf 
water evapo(transpi)ration (e.g., Kahmen et al., 2013; Lemma et al., 2021; Sachse et al., 2012; Struck et al., 2020).

4.2.  The δ 2H Signal in Lake Khar Nuur Surface Sediments

4.2.1.  The Terrestrial δ 2H Signal

The compound-specific δ 2H signal of the terrestrial n-alkane C31 (δ 2HC31) shows only small differences of ∼15‰ 
within the Lake Khar Nuur surface sediments and is in good agreement with the majority of the n-alkane δ 2H 
values from the catchment topsoils (Figures 2 and 3a). Thus, δ 2HC31 in the lake surface sediments and the major-
ity of the n-alkane δ 2H in the topsoils from the catchment likely reflect δ 2HP of the growing season. Although the 
majority of terrestrial C31 n-alkanes with δ 2H values in the range of growing season precipitation are deposited in 

Figure 3.  Compound-specific δ 2H of terrestrial and aquatic n-alkanes. Spatial distribution of (a) δ 2HC31, (b) δ 2HC23, and (c) the offset between δ 2HC23 and δ 2HC31 
(Δaq-terr) from the surface sediment samples of Lake Khar Nuur. The figures also show the locations of the surface sediment samples within the lake (white dots) and the 
catchments topography (satellite image [Planet Team, 2017]).
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the two sediment accumulation zones in the central part of the lake (Figure 1b; Strobel et al., 2021), some surface 
sediment samples at the shore lines are exceptional and show a divergent δ 2H signal. Samples at the northern 
shore show slightly more positive δ 2HC31 values. This could be due to the input of terrestrial n-alkanes from the 
steep slopes of the northern part of the catchment where n-alkane δ 2H values are possibly more positive due to 
exposition driven increased soil and leaf water evapo(transpi)rative enrichment. Along the southern shore, three 
samples show also slightly more positive δ 2HC31 values for this part of the lake (Figures 2a and 3a). Several 
gullies erode deeper and older soil material from the well-developed soils in the southern part of the catchment 
(Figure 2a) (Strobel et al., 2021), possibly leading to relocated terrestrial n-alkanes that might be aged. Those 
possibly relocated n-alkanes further might question if δ 2HC31 of the surface sediment samples in Lake Khar Nuur 
represent a contemporary signal that become deposited shortly after the n-alkane formation in the catchment or if 
those n-alkanes are pre-aged due to residence times in the catchment soils and/or transfer times through the catch-
ment. Such a pre-aging of terrestrial biomarkers has been previously reported from different lakes around the 
world, and time lags can be in the order of hundreds to thousands years, and often strongly increase with increased 
anthropogenic activity in the lake catchment (Douglas et al., 2018; Freimuth et al., 2021; Gierga et al., 2016). 
In this context, compound-specific radiocarbon dating provide the opportunity to directly date single terrestrial 
n-alkanes. Unfortunately, surface sediment samples at Lake Khar Nuur do not provide sufficient amounts (i.e., 
>20 μg carbon) for precise age termination by accelerated mass spectrometry of the terrestrial chain-lengths C31. 
Therefore, we cannot provide compound-specific age information for the terrestrial n-alkanes in the Khar Nuur 
surface sediments. However, dating modern/recent organic material is often complicated by the fact that the cali-
bration curve flattens between ∼1700 and 1950 CE and that nuclear weapon testing increased atmospheric  14C 
dramatically after 1950 CE (Reimer et al., 2020; Schuur et al., 2016). All this can lead to quite large uncertainties 
in modern  14C-ages. Although we cannot fully rule out the potential pre-aging of terrestrial n-alkanes in Lake 
Khar Nuur surface sediments, especially for those three shoreline samples at the southern shore, the majority of 
the samples should rather represent a contemporary deposition signal because of the small catchment without 
significant intermediate storages and the rapid transport and deposition in the accumulation zones of the Lake 
(Strobel et al., 2021).

4.2.2.  The Aquatic δ 2H Signal

The compound-specific δ 2H signal of the aquatic n-alkane C23 (δ 2HC23) reveals distinct differences in the Lake 
Khar Nuur surface sediments. δ 2HC23 is most negative at the shorelines (∼−188‰) and strongly more positive 
(∼−150‰) in the deeper basins (Figure 3b). Generally, lake water is used for synthetization of the aquatic n-al-
kanes (Aichner et al., 2019; Sachse et al., 2012), but the observed pattern of δ 2HC23 at Lake Khar Nuur is mostly 
the result of the complex climate at the study site. While the lake is ice-covered for 8–9 months, the shorelines 
become ice-free first and macrophytes there start to synthesize n-alkanes. During this early growing season, melt 
water and episodic runoff from winter precipitation contribute to the lake water which is used for aquatic n-alkane 
synthesis at the shorelines, and the δ 2HC23 signal becomes consequently more negative. Such distinctly negative 
δ 2H values along the shorelines due to input of isotopically negative runoff from melt water and/or precipita-
tion  were also found in modern lake water isotope analyzes in other regions (Li et al., 2021; Wu et al., 2019;  Yi  
et al., 2008). These studies therefore support our findings at Lake Khar Nuur.

With increasing temperatures during the growing season (summer months June to September), Lake Khar Nuur 
becomes ice-free and macrophyte productivity strongly increases throughout the whole lake. While growing 
season precipitation is generally more positive compared to winter precipitation anyway, evaporation of the lake 
water strongly increases during the summer months. Hence, n-alkanes synthesized and deposited in the deeper 
basins and the center of the lake show a more positive δ 2HC23 signal that is distinctly driven by evaporative 
enrichment of the lake water. This is supported by lake water samples taken from Lake Khar Nuur. Compared to 
the stream and snowfield water samples from the catchment and modeled local mean annual δ 2HP, the lake water 
is strongly more positive, that is, up to ∼55‰ (Table 1). Although we only have water samples from the summer 
period of 2 years and the residence time of the water in the lake is not investigated, it supports our findings that 
the lake water used for aquatic n-alkane synthesis is strongly more positive due to evaporation enrichment in the 
endorheic Lake Khar Nuur. It is notable that Betula species produce also C23 to a certain amount in more humid 
regions, which might limits the interpretation of the C23 n-alkane to be solely of aquatic origin there (Hepp 
et al., 2019 and discussion therein). However, Strobel et al. (2021) found evidence at Lake Khar Nuur, that C23 
is solely of aquatic origin and that the terrestrial Betula nana (L.) from the catchment does not contribute to the 
sedimentary C23 pool.
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4.3.  Paleoenvironmental Implications

Lake surface sediments from Lake Khar Nuur contain a terrestrial δ 2HC31 signal that mainly reflects the local 
growing season precipitation and an aquatic δ 2HC23 signal that is influenced by evaporative lake water enrich-
ment in the deep central parts of the lake and snowmelt and runoff along the shorelines (Figures 3a and 3b). 
Consequently, the isotopic difference between the aquatic δ 2HC23 (i.e., lake water) and the terrestrial δ 2HC31 (i.e., 
growing season precipitation) can be used as valuable hydrological proxy (Δaq-terr) indicating different degrees 
of lake water evaporation. Distinctly higher Δaq-terr values in the deeper central parts of Lake Khar Nuur indicate 
enhanced lake water evaporative enrichment, whereas lower Δaq-terr values of some samples at the northern shore 
indicate less evaporative enrichment at first sight. However, the latter samples are influenced by meltwater input 
and runoff as mentioned earlier (see Section 4.2.2). Lower Δaq-terr values are also shown by few samples at the 
central southern shore which might be due to a biased δ 2HC23 and δ 2HC31 signal by gully erosion and the input of 
potentially pre-aged organic material/biomarkers from this part of the catchment (see Section 4.2.1). Although 
differences in Δaq-terr, δ 2HC23 and δ 2HC31 exist between the surface sediment samples at the shorelines and the 
central deeper parts of the lake, it is important to note that n-alkane concentrations of aquatic and terrestrial n-al-
kanes are much lower in the samples located along the shoreline compared to those of the deeper parts of the lake 
(Strobel et al., 2021). Therefore, the aquatic and terrestrial n-alkanes become preferentially deposited in the deeper 
basins of the lake, that is, the lake's sediment accumulation zones, and their δ 2H signal is less influenced  from 
intra-catchment hydrological variability. While the strongly positive δ 2HC23 values in those accumulation zones 
well reflect the effect of lake water evaporative enrichment, more negative δ 2HC31 values mainly origin from the 
southern parts of the catchment and therefore well-reflect δ 2HP of the growing season precipitation. Thus, Δaq-terr 
is a valuable proxy for evaporative enrichment in the semi-arid and high-altitude Lake Khar Nuur catchment 
and will be a great indicator for past hydrological changes when used in paleoenvironmental studies from such 
semi-arid lakes. Changes in the evaporative enrichment of lake water inferred by Δaq-terr were also formerly shown 
in  surface sediment samples from semi-arid and high-altitude sites for example, from the Tibetan Plateau, where 
Δaq-terr values were in a similar range to Lake Khar Nuur at ∼68‰ (Aichner et al., 2019;  Mügler et al., 2008). 
Recently, Bliedtner et al. (2021) successfully applied the Δaq-terr in a first regional paleoclimate reconstruction 
on lake sediments from Lake Khar Nuur covering the past 4.2 ka. Lower Δaq-terr values indicate reduced evap-
oration rates in the Khar Nuur catchment between ∼3.5 and 1.6 cal. ka BP, whereas higher Δaq-terr  values indi-
cate  strongly  increased evaporation after ∼1.5 cal. ka BP (Bliedtner et al., 2021).

5.  Conclusions
For this study, we carried out compound-specific δ 2H analyses on surface sediment samples from Lake Khar 
Nuur and topsoils from its catchment to investigate differences in the spatial distribution of δ 2H and potential 
intra-catchment hydrological variations. Our study gave the following results:

1.	 �The majority of the topsoils in the Khar Nuur catchment have n-alkane δ 2H values that agree well with the 
modeled growing season precipitation (JJAS). Only few samples show more positive n-alkane δ 2H values on 
the steeper slopes of the northern part of the catchment. This is potentially due to southward exposition and 
shallower soils which potentially lead to higher evapo(transpi)ration of soil and leaf water as well as reduced 
water availability at these sites.

2.	 �The δ 2H signal of the terrestrial n-alkane C31 in the surface sediments of Lake Khar Nuur shows only small 
variability (14‰) and is in good agreement with the δ 2H values of the topsoils. Hence, δ 2H31 values of the 
surface sediment samples most likely reflect the δ 2H signal of the growing season precipitation.

3.	 �The aquatic n-alkane C23 shows distinctly more positive δ 2H values in the central and deepest parts of the lake, 
that is, the lake's sediment accumulation zones, and more negative δ 2H values along the shorelines. While the 
shorelines become ice-free first, the aquatic δ 2H signal there is likely influenced by isotopically negative melt-
water from distinctly negative winter precipitation. The δ 2H signal in the central parts of the Lake Khar Nuur 
is likely the result of distinct evaporative enrichment of the lake water used for biosynthesis at those sites.

4.	 �The isotopic offset of aquatic δ 2HC23 and terrestrial δ 2HC31 (Δaq-terr) shows highest values at the center of 
Lake Khar Nuur because of distinct lake water evaporative enrichment. Therefore, Δaq-terr is a valuable proxy 
to investigate past changes in lake water evaporation, and thus past hydrological changes. While samples at 
the shoreline are potentially biased by intra-catchment hydrological variations, samples located in the lake's 
sediment accumulation zones provide consistent and robust Δaq-terr values. Therefore, our study demonstrates 
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that sediment retrieval for paleoenvironmental studies should carefully be constrained and be related to the 
sediment accumulation zones of the lake to avoid potential biases from intra-catchment hydrological varia-
tions in the catchment.

Data Availability Statement
Data used in this study are available on PANGAEA via https://doi.pangaea.de/10.1594/PANGAEA.940115.
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