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Lake sediments provide excellent archives to study past environmental and hydrological changes at high temporal resolution. However, their utility is often restricted by chronological uncertainties due to the “reservoir age effect” (RAE), a phenomenon that results in anomalously old radiocarbon ages of total organic carbon (TOC) samples that is mainly attributed to the contribution of pre-aged carbon from aquatic organisms. Although the RAE is a well-known problem especially in high altitude lakes, detailed studies analyzing the temporal variations in the contribution of terrestrial and aquatic organic carbon (OC) on the RAE are scarce. This is partially due to the complexity of isolating individual compounds for subsequent compound-specific radiocarbon analysis (CSRA). We developed a rapid method for isolating individual short-chain (C16 and C18) and long-chain (>C24) saturated fatty acid methyl esters (FAMEs) by using high-pressure liquid chromatography (HPLC). Our method introduces only minor contaminations (0.50 ± 0.22 µg dead carbon on average) and requires only few injections (≤10), therefore offering clear advantages over traditional preparative gas chromatography (prep-GC). Here we show that radiocarbon values (Δ14C) of long-chain FAs, which originate from terrestrial higher plant waxes, reflect carbon from a substantially pre-aged OC reservoir, whereas the Δ14C of short-chain FAs that originate from aquatic sources were generally less pre-aged. 14C ages obtained from the long-chain FAs are in closer agreement with 14C ages of the corresponding bulk TOC fraction, indicating a high control of pre-aged terrestrial OC input from the catchment on TOC-derived 14C ages. Variations in the age offset between terrestrial and aquatic biomarkers are related to changes in bulk sediment log(Ti/K) that reflect variations in detrital input from the catchment. Our results indicate that the chronological offset between terrestrial and aquatic OC in this high-altitude catchment is mainly driven by temporal variations in the mobilization of pre-aged OC from the catchment. In conclusion, to obtain accurate and process-specific lake sediment chronologies, attention must be given to the temporal dynamics of the RAE. Variations in the apparent ages of aquatic and terrestrial contributions to the sediment and their mass balance can substantially alter the reservoir age effect.
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INTRODUCTION
Lake sediments provide excellent high-resolution archives of regional environmental and climatic changes in the past. A prerequisite for paleoenvironmental reconstructions from lacustrine sediments are, however, reliable chronologies. Radiocarbon (14C) dating has been one of the most widely used dating techniques for lake sediment records spanning the last ∼50,000 years (Hughen et al., 2004; Reimer et al., 2013). Yet, 14C dating of lacustrine sediments has proven to be a challenging task, since many lakes are characterized by anomalously old 14C ages of sedimentary total organic material owing to a reservoir age effect (RAE, also termed “old carbon”, “dead carbon” and “hard water” effect) (Hou et al., 2012; Mischke et al., 2013). The most common cause of the RAE is the dissolution of 14C-depleted inorganic carbon in the lake water and its incorporation by aquatic plants and organisms (Philippsen, 2013; Zhang et al., 2016). This carbon is typically derived from the remobilization of pre-aged terrestrial OC (Howarth et al., 2013) and carbonate rocks in the catchment (Hou et al., 2012; Mischke et al., 2013). Terrestrial plant macrofossils, if deposited soon after their death, are the most suitable material for accurate 14C dating, since they incorporate carbon in equilibrium with atmospheric CO2 (Bertrand et al., 2012) and therefore do not require a reservoir effect correction. Yet, especially in arid and cold high-altitude and -latitude regions where the terrestrial vegetation cover is commonly sparse, total organic carbon (TOC) or aquatic organic matter are often the only available material that can be used for 14C dating. This, however, results in large temporal and spatial uncertainties of the RAE since TOC contains a mixture of allochthonous and autochthonous carbon and therefore contributions from 14C-dead or 14C-depleted sources (Hou et al., 2012). As a consequence, age models for lacustrine sequences from such settings are commonly established by assessing the present-day RAE and correcting chronologies based on 14C-dating of TOC or aquatic organic matter by assuming a constant RAE over time, which may be misleading (Geyh et al., 1998). Even though the RAE has been now known for over 60 years (Philippsen, 2013), detailed studies regarding the temporally variable influence of terrestrial OC and aquatic OC on the RAE are rarely conducted. A substantial part of the existing knowledge on a variable RAE magnitude has been compiled in Central Asia (Hou et al., 2012). Central Asia has been and continues to be in the focus of paleoenvironmental research using various types of archives, such as tree rings (Sheppard et al., 2004; Liang et al., 2009; Yang et al., 2014), ice cores (Yao et al., 1996; Thompson et al., 1997; Thompson et al., 2006a; Thompson et al., 2006b) and lake sediments (Mügler et al., 2010; Doberschütz et al., 2014; Lauterbach et al., 2014; Günther et al., 2016; Zhang et al., 2017). To determine temporal variations in the RAE, compound-specific radiocarbon analysis (CSRA) of individual terrestrial and aquatic biomarkers is increasingly employed, as this method overcomes the mixed 14C signal of TOC dating (Smittenberg et al., 2004; Gierga et al., 2016). This can help to assess biomarker-specific transport characteristics and their residence times, thereby allowing an improved interpretation of processes that affect carbon cycling in various environmental settings (Eglinton et al., 1997; Makou et al., 2018). To date, however, only a relatively small number of studies carried out 14C analysis of individual lipid biomarkers. Major progress in accelerator mass spectrometry (AMS) within the last three decades has made CSRA more feasible and greatly reduced the required sample size for obtaining reliable 14C ages to <100 µg carbon (Eglinton et al., 1996; Pearson et al., 1998; Santos et al., 2007; Yokoyama et al., 2010; Ishikawa et al., 2018). For the isolation of individual compounds, preparative gas chromatography (prep-GC) is traditionally used (Eglinton et al., 1996; Kramer and Gleixner, 2006), but this time-consuming procedure often yields relatively low recovery rates (Haas et al., 2017). Conversely, high-pressure liquid chromatography (HPLC) strongly reduces the number of necessary injections required to isolate sufficient amounts of carbon (Ingalls et al., 2010; Bour et al., 2016; Schwab et al., 2019a).
Here, we present the results of extensive tests of a new method for the isolation of short- (C16 and C18 homologues) and long-chain fatty acids (FAs; C24, C26 and C28 homologues) from the sediments of Lake Chatyr Kol, Kyrgyzstan, by preparative HPLC for subsequent CSRA. Our method introduces only minor contamination of extraneous carbon and can be easily adopted in future studies. By comparing 14C data of terrestrial and aquatic biomarkers with an independent varve chronology (Kalanke et al., 2020), we assess the temporal variability of the RAE and ascertain the relative influence of aquatic and terrestrial OC on the 14C dating of bulk sediment TOC.
STUDY AREA
Endorheic Lake Chatyr Kol (40°37’N, 75°18’E), the third largest lake in Kyrgyzstan (Thorpe et al., 2009), is located at 3,545 m above sea level in the south-western Tian Shan (Figure 1). The lake, which has a surface area of ∼175 km2 (Mosello, 2015), a width of ∼12 km and a length of ∼23 km, occupies the westernmost past of a large intra-montane basin (catchment area ∼1,084 km2), which is confined by the At Bashy Range in the north and the Torugart Range in the south. Quaternary sediments, eroded from these mountain ranges, cover the surrounding plains, which are used as pastures. Climate conditions in the Kyrgyz Tian Shan are predominantly controlled by the interaction of the Siberian High and the mid-latitude Westerlies (Aizen et al., 1997; Lauterbach et al., 2014), which results in a generally low mean annual air temperature of −0.34°C (Ilyasov et al., 2013) and lake ice cover from October to April. Precipitation is highest during the summer months due to convection and unstable atmospheric stratification (Aizen et al., 1995; Aizen et al., 2001); the average annual precipitation amounts to ∼300 mm a−1 (Koppes et al., 2008). The prevailing cold climate at Lake Chatyr Kol promotes the preservation of permafrost soils and widespread thermokarst formations (Shnitnikov et al., 1978; Abuduwaili et al., 2019). The sparse desert and semi-desert vegetation around the lake is dominated by montane grassland without trees (Taft et al., 2011). Due to the absence of fish stock, large numbers of the amphipod species Gammarus alius sp. nov., which is constrained to fresh and brackish water habitats, colonize aquatic plants (Sidorov, 2012).
[image: Figure 1]FIGURE 1 | Location of the study area. The small insert map on the right shows the location of Lake Chatyr Kol (red star) in Kyrgyzstan. The small insert map on the left shows a close-up view of the lake with the coring location (white dot). Figures made with GeoMapApp (www.geomapapp.org) and SimpleMappr (www.simplemappr.net).
MATERIALS AND METHODS
Coring and Chronology
Five sediment cores, each consisting of one or two consecutive segments of 3 m length that partially overlapped with the segments of the other cores, were recovered in July 2012 from the south-western part of Lake Chatyr Kol (40° 36.37’ N, 75° 14.02’ E, ∼20 m water depth) by using a 60-mm-diameter UWITEC piston corer (Kalanke et al., 2020). Furthermore, six surface sediment cores were recovered in July 2012 and seven surface sediment cores were retrieved in September 2017 from different sites across the lake basin using a UWITEC gravity corer equipped with additional hammer weight (Kalanke et al., 2020). Using the piston cores recovered in 2012, a continuous composite profile (CHAT12) with a total length of 623.5 cm was compiled through correlation of the individual core segments via prominent macroscopically visible marker layers (Kalanke et al., 2020). As the sediments are annually laminated (varved) except for the uppermost 63.0 cm of the composite profile, a floating varve chronology (Chatvd19) was established by microscopic analysis of large-scale petrographic thin sections (Kalanke et al., 2020). This included the identification and characterization of different varve types, thickness measurements as well as the counting of varves. Based on the difference between two consecutive varve counts, the uncertainty of the Chatvd19 varve chronology was estimated to ∼5% (Kalanke et al., 2020). In order to extend the floating varve chronology until recent times, gamma spectrometry measurements (210Pb, 137Cs) were carried out on the uppermost non-varved sediments of the CHAT12 composite profile (Kalanke et al., 2020). The measured 210Pb activity concentrations were implemented in both a constant initial concentration (CIC) model (Robbins, 1978) and a constant rate of supply (CRS) model (Appleby and Oldfield, 1978). Both models are concordant with commencing elevated 137Cs concentrations associated with nuclear weapon testing after AD 1945 (Pennington et al., 1973; Kudo et al., 1998; Wright et al., 1999). By extrapolating the 210Pb-derived sedimentation rate, the gamma spectrometry chronology was linked at 63.0 cm composite depth to the floating varve chronology, allowing to establish a continuous age-depth model for the CHAT12 composite profile, which spans the last ∼11,620 years with a mean sedimentation rate of 0.55 mm a−1 (Kalanke et al., 2020). The mainly varve counting-based chronology of the CHAT12 composite profile is independently confirmed by AMS 14C dating of two terrestrial macrofossil samples (wood) obtained at 380.5 and 528.0 cm composite depth, which yielded conventional 14C ages of 5,360 ± 40 14C a BP and 8,890 ± 50 14C a BP, respectively. These were calibrated using OxCal 4.3 (Bronk Ramsey, 1995; Bronk Ramsey, 2009) with the IntCal13 calibration data set (Reimer et al., 2013), yielding calibrated ages of 6,140 ± 137 cal. a BP and 9,988 ± 203 cal. a BP, respectively (Kalanke et al., 2020).
Since the calibrated age difference between two 14C ages is not time independent, varve ages were converted to their corresponding 14C ages by reading the IntCal20 calibration curve in reverse using the “uncalibrate” function of the “rcarbon” package in R4.1.0 (Crema and Bevan, 2021; R Core Team, 2021; Soulet, 2015; Soulet et al., 2016). The resulting 14C age values are referred to as uncalibrated varve 14C ages in the following sections. All offsets between TOC, CSRA and varve counting data are reported in 14C years, accordingly.
Lipid Extraction and Purification of Fatty Acid Methyl Esters
In order to extract lipids for CSRA, ten 1-cm-thick sediment samples were taken at different depths from the CHAT12 composite profile (Supplementary Table S1), freeze-dried, homogenized, and subsequently processed using a pressurized solvent speed extractor (E-916, BÜCHI, Essen, Germany) with a dichloromethane/methanol mixture (9:1) at 100°C and 120 bar for 15 min in two cycles. Free fatty acids (FAs) were separated from neutral lipids, alcohols and ketones in the total lipid extract by elution with diethyl ether/acetic acid (19:1) over columns with aminopropyl-modified silica gel (CHROMABOND® NH2 polypropylene columns, 60 Å, Macherey-Nagel, Düren, Germany). FAs were then methylated using 5% hydrochloric acid in methanol of known isotopic composition at 80°C for 12 h to yield corresponding fatty acid methyl esters (FAMEs). Subsequently, FAMEs were obtained by liquid-liquid extraction with 5% NaCl and hexane and further purified by removing other functionalized FAMEs via elution with dichloromethane over silica gel columns (∼2 g). In order to minimize organic contaminants, all glassware was pre-heated to 450 °C for 5 h prior to use. A schematic overview of the workflow is depicted in Figure 2.
[image: Figure 2]FIGURE 2 | Schematic workflow diagram of biomarker extraction, purification, isolation and CSRA.
Bulk Sediment Geochemical Analyses and AMS 14C Dating of Organic Material From the Lake Chatyr Kol Sediments
To assess the influence of variations in terrigenous input on the compound-specific 14C ages, we analysed the major element composition of the CHAT12 sediments. These analyses were performed on the foil-covered fresh surface of the split sediment cores at 200 µm resolution using an ITRAX X-ray fluorescence (XRF) core scanner (Cox Analytical Systems, Mölndal, Sweden) equipped with a Cr X-ray tube operating at 30 kV and 30 mA. The measurement time per scanning step was 10 s. Here we only report the log-ratio of the measured intensities for potassium and titanium, reflecting relative variations of element concentrations without the potential bias of measurement and matrix effects (Weltje and Tjallingii, 2008). To better visualize the relation between the compound-specific 14C ages and variations in the high-resolution XRF element data, log(K/Ti) was averaged over 1.2-cm-intervals across the positions where the individual 1-cm-thick samples for CSRA were taken.
In addition to the two pieces of wood that have been AMS 14C-dated to support the Chatvd19 varve chronology (see chapter 3.1), eleven depth-matched sediments were decalcified and submitted to the Poznań Radiocarbon Laboratory, Poland, for bulk TOC AMS 14C dating (Kalanke et al., 2020). The conventional 14C ages are reported in Supplementary Table S2 as well as in Kalanke et al. (2020).
Isolation of Fatty Acid Methyl Esters by High-Pressure Liquid Chromatography
Individual FAMEs were isolated using an Agilent Technologies 1,200 Series HPLC system consisting of a vacuum degasser, a quaternary pump, a thermostat-controlled column compartment, an injection autosampler, a UV detector and a fraction collector (Figure 2). Separation was achieved on a reverse-phase column (Nucleodur® C8 Gravity, 250 mm × 4.6 mm, 5 µm particle size, Macherey-Nagel, Düren, Germany) along with a guard column (Macherey-Nagel, Düren, Germany), using an isocratic elution with 100% acetonitrile (ACN) at a flow rate of 1.0 mL min−1. The column was maintained at a constant temperature of 40°C and compounds were detected at a wavelength of 230 nm. Elution times of the short- and long-chain FAMEs and their stability have been determined beforehand by standard runs and were adjusted daily. Typical collection durations for FAMEs C16:0 to C28:0 were 20, 19, 36, 36, 40 s, respectively. Up to 10 injections of each sample with an injection volume of 10 µL were made to ensure quantities of 20—150 µg carbon required for CSRA using EA/AMS. Collected fractions of the same compounds were pooled into gas chromatography vials and evaporated to a volume of ∼2 mL under a stream of ultra-high-purity N2. In order to assure the purity of the collected FAMEs and to determine the recovery of carbon prior to 14C measurements, aliquots of 5 µL of several samples were run on a gas chromatograph (GC) equipped with a flame ionization detector (GC-FID, Agilent 7890B, Agilent Technologies, Santa Clara, United States) (Figure 2). The identification of the individual compounds was achieved relative to a FAME standard mixture on an Ultra two column (50m, 0.32 mm ID, 0.52-µm film thickness, Agilent Technologies, Santa Clara, United States). The PTV injector was operated in splitless mode, starting at 45°C for 0.1 min and heating up to 300°C at 14.5°Cs−1 (hold for 3 min). The GC oven increased from 140°C (hold for 1 min) to 310°C at a rate of 4°C min−1 (hold for 15 min) and finally to 325°C at 30°C/min (hold for 3 min). Since the concentrations of long-chain FAMEs in the Lake Chatyr Kol sediments were relatively low, long-chain FAMEs C24, C26 and C28 were recombined in order to provide sufficient amounts for Δ14C analysis. Purified FAMEs were transferred to tin capsules and all solvent residues were allowed to evaporate to complete dryness.
AMS Measurements on Fatty Acid Methyl Esters
Δ14C analysis of the FAMEs was performed at the Max Planck Institute for Biogeochemistry, Jena (Steinhof et al., 2017), using a Mini Carbon Dating System (MICADAS, Ionplus, Dietikon, Switzerland) connected via a gas interface system to a Vario Isotope Select elemental analyzer (Elementar Analysensysteme, Langenselbold, Germany) that was used as a combustion unit (Synal et al., 2007) (Figure 2). The settings for the MICADAS were ensured by measuring the Oxalic acid II standard (NIST SRM 4990) to account for fractionation and standard normalization. 14C background of the MICADAS was quantified by 14C-free CO2 reference gas.
Results are normalized to Oxalic Acid II (National Institute of Standards and Technology) primary standard. All obtained 14C values were corrected for the contribution of the methyl carbon derived from the methanol (F14C = 0.00238 ± 0.00016) used during the derivatization of the FAs by an isotopic mass balance equation:
[image: image]
where n is the number of carbon atoms in the original fatty acid. All 14C data are reported in Supplementary Table S1 as F14C and conventional 14C ages.
Correction for Extraneous Carbon
Because 14C analysis is sensitive to contributions from extraneous carbon (Cex), it is mandatory to assess the amount of Cex that is added to the sample during compound isolation and subsequent processing (Santos et al., 2007; Shah and Pearson, 2007; Mollenhauer and Rethemeyer, 2009; Ziolkowski and Druffel, 2009; Hanke et al., 2017). We therefore performed extensive blank corrections based on Schwab et al. (2019b) using commercially available modern-14C-content (MC) and 14C- dead (DC) reference materials to monitor the modern and 14C-free constituents of Cex, respectively. Detailed information about blank assessment can be found in Santos et al. (2010) and Hanke et al. (2017). FAMEs C16:0 (Sigma-Aldrich, 76,119, Δ14C value of 111 ± 28‰) and phenanthrene (Sigma-Aldrich, lot MKBB7303, Δ14C value of -997 ± 0.1‰) were used as modern and 14C-free standards, respectively, to quantify the contamination that derived from all steps in isolation of biomarkers in the HPLC and in the determination of radiocarbon in the AMS. In addition, the new oxalic acid (NOX), graphite (Merck, 50,870) and phenanthrene standards were used to quantify the EA and AMS contamination. In our approach, contaminating carbon might be taken up during process steps such as HPLC isolation (CHPLC) and during AMS sample preparation and analysis itself (CAMS). Accordingly, the total contamination Cex is the sum of CHPLC contamination and CAMS contamination.
RESULTS AND DISCUSSION
High-Pressure Liquid Chromatography Isolation and Purification
A typical chromatogram of a HPLC run and corresponding retention times of FAMEs C16:0, C18:0, C24:0, C26:0 and C28:0 is illustrated in Figure 3. Using an isocratic elution with acetonitrile, short- and long-chain FAMEs were well separated on the reverse-phase column. Short-chain FAMEs eluted between 5 and 8 min, while long-chain FAMEs eluted between 12 and 18 min (Figure 3). The available carbon amounts varied between 15 and 89 μg C for the short-chain FAs and between 55 and 149 μg C for the long-chain FAs throughout the sediment record (Supplementary Table S1). GC-FID chromatograms of the collected fractions affirmed the purity of the isolation by HPLC (Supplementary Figure S1).
[image: Figure 3]FIGURE 3 | Typical HPLC-UV/VIS chromatograms of a standard run (upper picture) and a sample run (lower picture). Roman numbers stand for targeted saturated fatty acid methyl esters (FAMEs) with I: C16:0, II: C18:0, III: C24:0, IV: C26:0, V: C28:0.
Cex From AMS Sample Preparation and High-Pressure Liquid Chromatography Isolation
Contributions from CAMS were assessed by preparing and measuring standards ranging from 14C-dead to modern values (phenanthrene, graphite, oxalic acid (OX-1), FAME standards C16:0 and C26:0) at similar measurement conditions as the samples. The amount of carbon introduced during AMS sample preparation was 0.28 µg of MC and 0.20 µg of DC. CHPLC was quantified using FAME standards C16:0 and C26:0 and phenanthrene. These standards were injected directly on the C8 reverse-phase column of the HPLC in different concentrations. Each injection on the HPLC was collected separately and merged to cover carbon amounts between 20 µg (1 HPLC injection) and 80 µg (10 HPLC injections) to coincide with the weight range of the carbon in the samples. The isolation via HPLC introduced DC contaminations of 0.50 ± 0.22 µg on average. The F14C results of our DC standards were not significantly altered by HPLC isolation, suggesting that no substantial MC contaminations were introduced by HPLC. Previous HPLC-based isolations of phospholipids resulted in highly similar contaminations of 0.57 ± 0.29 µg DC with no substantial MC being introduced (Schwab et al., 2019b). Despite the low amounts of Cex that were introduced during our laboratory procedures, the F14C values of our sediment samples were corrected according to the DC contaminations identified through our standard measurements (Supplementary Table S1).
Implication of Mixed Organic Carbon Pools for Total Organic Carbon Dating
To assess the RAE on the AMS 14C ages obtained from bulk sediment TOC (Supplementary Table S2) as well as on the 14C ages obtained from FAs by CSRA (Supplementary Table S1), we compared these ages to the Chatvd19 varve chronology established by Kalanke et al. (2020). We found that the 14C ages of TOC were substantially higher than what would be expected from the uncalibrated varve 14C ages at the respective depth (Figure 4; and Kalanke et al. (2020), Fig. 7). Over the last ∼10,000 years (based on the varve chronology), these 14C ages were between ∼1,000 and ∼3,000 14C years older than the corresponding uncalibrated varve 14C ages. The deviation increases with sediment depth, possibly related to increased input of pre-aged OC from glacial erosion material during the early Holocene. This reveals that 1) the sediments of Lake Chatyr Kol were strongly affected by the RAE in the past and 2) the magnitude of the RAE was highly variable through time.
[image: Figure 4]FIGURE 4 | 14C ages of bulk sediment TOC as well as, short-chain and long-chain FAs obtained from the CHAT12 sediments in comparison to the uncalibrated varve 14C ages reveal a temporally variable lake reservoir effect at Lake Chatyr Kol.
The CSRA of the short- and long-chain FAs yielded 14C ages ranging between the TOC 14C ages and the uncalibrated varve 14C ages for most of the composite sediment core. The 14C ages of the long-chain FAs are systematically older than those of the short-chain FAs (average ∼1,430 14C years, maximum ∼4,250 14C years). As the long-chain FA 14C ages were closer to the TOC 14C ages than the uncalibrated varve 14C ages, a major source of pre-aged terrestrial OC likely contributed to the complex TOC mixture. In contrast, the 14C ages of the short-chain FAs reveal a smaller offset compared to the uncalibrated varve 14C ages than those of the long-chain FAs, suggesting that compound-specific sources, transport and pre-deposition aging processes control the magnitude and variability of the RAE in the Lake Chatyr Kol sediments. Long-chain FAs (>C24) are generally considered to derive from terrigenous sources such as higher plant leaf waxes (McIntosh et al., 2015; Meyers, 1997; Parkes and Taylor, 1983) and can thus be utilized as tracers of terrestrial vascular plant carbon. In contrast, short-chain FAs (C16 and C18) are, though being ubiquitous lipids, mostly ascribed to in situ autotrophic and heterotrophic microbes (Cranwell et al., 1987; Meyers, 1997; Tao et al., 2017). In addition, their respective transport mechanisms greatly depend on the FAs chemical properties: short-chain FAs are more water-soluble than long-chain FAs and hence can be mobilized more easily from soils and are preferentially degraded by microorganisms (Matsumoto et al., 2007). In contrast, long-chain FAs are less water-soluble and consequently more resistant to microbial degradation (Matsumoto et al., 2007; Moucawi et al., 1981). Their relative persistence and delayed transport properties, which derive from their chemical characteristics, can explain the higher 14C ages of the long-chain FAs in the Lake Chatyr Kol sediment record compared to their short-chain homologues. Nevertheless, the short-chain FAs are also characterized by higher 14C ages than would be expected from the varve counting at the respective depths in the composite profile. Short-chain FAs are likely influenced by the 14C content of dissolved inorganic carbon (DIC) prevailing in the lake, which can, for example, be influenced by the input of surface water and/or groundwater 14C (Zhou et al., 2015; Zhou et al., 2020). They could further be affected by the exchange rate between the lakes surface and atmospheric CO2 resulting in 14C depleted lake water compared to the atmosphere (Sayle et al., 2016; Zhou et al., 2020). Consequently, aquatic plants may assimilate 14C-depleted DIC during photosynthesis and therefore may appear older than the deposition age. This is evidenced by the discrepancy between the aquatic macro remain-derived 14C ages and the Chatvd19 varve chronology reported in Kalanke et al. (2020), Figure 5. Furthermore, remobilization of pre-aged terrestrial OC that enters the lake needs to be considered as an influence on the 14C ages derived from short-chain FAs (Howarth et al., 2013). While we cannot disentangle the individual effects of 14C-depletion on TOC in both short- and long-chain FAs, our data indicate a common trend towards an increasing magnitude of the RAE with sediment depth. We therefore hypothesize that instead of compound-specific characteristics, the overarching temporal trend potentially resulted from system-wide shifts in OC input from the catchment.
[image: Figure 5]FIGURE 5 | The observed offset between the long- and short-chain FAs is highly correlated to changes in the log(Ti/K) of the sediment, indicating that mobilization of pre-aged OC from the catchment is a major determinant of RAE magnitude. Error bars on the log(Ti/K) data show the standard deviation within a 1.2-cm sediment interval across the positions where samples for CSRA were taken.
To assess variations in the mobilization of OC from the catchment we measured the Ti/K log-ratio of the sediment (Supplementary Figure S2). The elements K and Ti are both confined to the detrital sediment fraction, therefore variations in the log(Ti/K) record indicate relative variations in its composition. Ti/K has previously been used as a proxy for grain-size variability in allochthonous material (Gascon Diez et al., 2017; Marshall et al., 2011) as it reflects mineralogical variations associated with size-selective transport. In general, fine-grained detrital material such as clay contains relatively high amounts of K, whereas relatively high amounts of Ti are found in coarser sediments such as coarse silt and very fine sand (Bloemsma et al., 2012; Henares et al., 2019; Rothwell and Croudace, 2015). Grain-size sediment fractions analysed by Ausín et al. (2021) showed that OC associated with the silt fraction had higher radiocarbon ages compared to clay-associated OC in various continental margin settings. The substantial pre-aging of silt-associated OC is attributed to its tendency for resuspension and prolonged translocation as silt is generally considered non-cohesive (Ausín et al., 2021; McCave et al., 1995). Conversely, the clay fraction is considered cohesive and has been found to be associated with allochthonous OC, which is less pre-aged. Therefore, variations in the log(Ti/K) ratio in our lake sediments could indicate changes in the mobilization of allochthonous material and the pre-aging of its associated OC. Increases in the inputs of highly pre-aged OC to the lake system could consequently be a major contributor to the age offset between terrestrial and aquatic biomarkers. Indeed, the age offsets between long- and short-chain FAs in the Holocene Lake Chatyr Kol sediments are positively correlated to log(Ti/K) (Spearman rank correlation coefficient ρs = 0.70, p < 0.025; Figure 5). High log(Ti/K) values are consistent with higher age offsets, suggesting that variations in sediment supply from the catchment are an important driver of the RAE magnitude at Lake Chatyr Kol. Our findings support recent global assessments of the importance of physical erosion processes for the export of carbon from the land (Galy et al., 2015) and highlight the importance of tracking their temporal variation.
CONCLUSION
The data from the Lake Chatyr Kol sediment record show that in lacustrine systems with temporally variable influx from the catchment, the magnitude of the RAE can be highly variable. Therefore, assuming a temporally constant RAE and applying a respective age correction may be misleading and can result in severely offset chronologies (e.g. Smittenberg et al., 2004; Gierga et al., 2016; Hein et al., 2020). In the case of Lake Chatyr Kol, the CSRA results quantify the discrepancies between aquatic and terrestrial biomarker 14C ages to up to ∼4,250 14C years and furthermore provide insights into the relationship between catchment processes and lacustrine biomarker deposition. Therefore, several factors of OC dynamics and transport mechanisms need to be considered in the study of OC cycling. Although CSRA is generally considered very time-consuming and analytically challenging, this study introduces a rapid HPLC-based method for isolating short- and long-chain FAs. With only few injections, the reported HPLC approach can provide sufficient amounts of carbon for 14C analysis while minimizing the risk of contaminations at the same time. We therefore advocate for the regular implementation of compound-specific 14C dating, as methodological advances give easier access to CSRA and 14C dating of bulk sediment TOC is often less reliable. The data from Lake Chatyr Kol exemplify the substantial potential of compound-specific 14C dating to detect temporal variations in the RAE and consequently develop more robust chronologies for lake sediment records from sparsely vegetated high-latitude and -altitude regions.
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