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Abstract  14 

Inorganic carbonates are often used to establish radiocarbon (
14

C) chronologies for lake 15 

sediments when terrestrial plant remains (TPR) are rare or when bulk organic matter is 16 

insufficient for dating, a problem that is common for many lakes in arid regions. However, the 17 

reservoir effect (RE), as well as old carbon contributed from the lakes catchment make it 18 

difficult to establish reliable chronologies. Here we present a systematic study of inorganic 19 

14
C ages of two lake-sediment sequences, one from a small-enclosed saline lake – Lake Gahai 20 

in Qaidam Basin, and the other from a large freshwater lake – Lake Bosten in Xinjiang. 21 

Modern dissolved inorganic carbon (DIC) of the lakes, paleo-lake sediments exposed in the 22 

catchment, and mollusk shells in core sediments from Lake Gahai were dated to assess the RE 23 

and the contribution of pre-aged carbon to the old ages in the cores. We propose a statistical 24 

regression to assess more than one RE for the 
14

C carbonate ages within our sedimentary 25 

sequences. Old radiocarbon ages contributed by detrital carbonates were assessed by 26 

comparing the ages of mollusk shells with those of carbonates at the same sediment depths. 27 

We established the RE of the authigenic component and assessed detrital old carbon 28 

contributions to our two sites, and this was used to correct the 
14

C ages. Based on this 29 

approach, we developed age models for both cores, and tested them using 
210

Pb ages in both 30 

cores and TPR-based 
14

C-ages recovered from Lake Bosten. We further tested our age models 31 

by comparing carbonate-based oxygen isotope (δ
18

O) records from both lakes to an 32 

independently-dated regional speleothem δ
18

O record. Our results suggest if sedimentary 33 

sequences are densely dated and the RE and the contribution of old carbon from detrital 34 

carbonates can be ascertained, robust chronological frameworks based on carbonate-based 
14

C 35 

determinations can be established.  36 

 37 

Key Words: Inorganic carbon, radiocarbon dating, lake sediments, reservoir effect, NW 38 

China 39 

 40 

1. Introduction 41 

Lacustrine sediments record valuable information about regional environmental changes and 42 
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human impact during the late Quaternary, provided they are well dated (Yang et al., 2015). 43 

Radiocarbon (
14

C) dating has long been one of the most frequently used dating techniques in 44 

establishing a reliable chronology for lake sediments spanning the ~ 50,000 years (Geyh et al., 45 

1999). Terrestrial plant remains (TPR) are often the best material for 
14

C dating in lake 46 

sediments because they use atmospheric carbon, and therefore contain no old carbon, 47 

provided they have not been reworked (Abbott and Stafford, 1996; Geyh et al., 1998, Oswald 48 

et al., 2005; Colman et al., 2009; Bertrand et al., 2012; Hou et al., 2012). Bulk or aquatic 49 

organic matter is often used for 
14

C dating in the absence of suitable TPRs, although these can 50 

only be reliable if the ‘reservoir effect’ (RE) is properly assessed (Shen et al., 2005; 51 

Henderson et al., 2010; Mischke et al., 2010; Watanabe et al., 2010; Bertrand et al., 2012). 52 

Inorganic (calcium carbonate) carbon, including authigenic and biogenic carbonates have 53 

been used to date sediments that lack organic carbon, especially for lakes in arid regions, 54 

where the vegetation in the catchment is sparse or the aquatic productivity is limited due to 55 

high lake water salinity. The use of carbonate for 
14

C dating materials often generates dates 56 

that are far older than the true ages (Fontes et al., 1996; Wu et al., 2010; Yang et al., 2010), 57 

because of the incorporation of old carbon into the samples from either the dissolved 58 

inorganic carbon (DIC) pool of the lake water (the RE for the authigenic component of the 59 

carbonate) or from catchment-derived carbonate (the detrital component of the carbonates). 60 

Accurate determination of the RE and the old detrital carbonate contribution is therefore 61 

essential to establishing an accurate and precise chronology using carbonate-based 62 

radiocarbon ages. 63 

 64 

A number of studies have examined the RE on 
14

C ages on bulk, aquatic organic matter and 65 

biological remains of aquatic organisms that feed on aquatic material, based on general 66 

comparative estimates (Hendy and Hall, 2006; Shishlina et al., 2007, 2012; Zhou et al., 2009; 67 

Olsen et al., 2010; Ascough et al., 2010, 2011; Wood et al., 2013; Zhao et al., 2013), 68 

calculations based on carbon (C) and nitrogen (N) isotopes (Lanting and van der Plicht, 1998; 69 

Cook et al., 2001; Watanabe et al., 2010; Bronk Ramsey et al., 2014), N/C ratios (Bertrand et 70 

al., 2012) or models (Soulet et al., 2011; Watanabe et al., 2013; Yu et al., 2007, 2014; Groot et 71 
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al., 2014; Hart, 2014). However, as inorganic carbon is less frequently dated for radiocarbon 72 

estimates, the RE of inorganic carbon dates in lake sediments is not fully understood.  73 

 74 

In previous studies of inorganic carbon-based dating, the RE has either not been corrected 75 

(Gasse et al., 1991) or been assumed to be constant and estimated either by regression of the 76 

dated ages versus the depth of sedimentary cores and then using the intercept on the age axis 77 

to represent the RE (Fontes et al., 1996), or by using the age of modern DIC samples (Hou et 78 

al., 2012). A chronology is then established by subtracting the intercept of the regression or 79 

the modern DIC ages from the radiocarbon age determinations. However, recent researches 80 

suggest that the RE may not be constant through time (e.g. Lake Sugan, Zhou et al., 2009; 81 

Lake Qinghai, Hou et al., 2012; An et al., 2012; Zhou et al., 2014; Lake Kusai, Liu et al., 82 

2014; Lake Xingyun, Zhou et al., 2015). Thus, the RE of each dated sample remains an 83 

unresolved problem for dating both of organic and inorganic carbon, although several 84 

approaches to assessing RE have been developed (see Hou et al., 2012). We present a 85 

statistical regression method for assessing more than one RE for inorganic 
14

C ages in one 86 

sedimentary sequence by using sediment cores from a saline lake, Lake Gahai in the Qaidam 87 

Basin, NE Tibetan Plateau and a freshwater lake, Lake Bosten in Xinjiang, NW China. We 88 

aim to use the 
14

C ages from inorganic carbon to establish chronologies acceptable with this 89 

method for continuous Holocene lacustrine sedimentary sequences in arid NW China. 90 

 91 

2. Study sites 92 

We investigated two lakes that are located beyond the modern summer monsoon limit in arid 93 

NW China (Fig. 1a). One is Lake Gahai, a small-enclosed saline lake (surface area of the lake 94 

is ~35 km
2
) located in the eastern corner of Qaidam Basin on the northern Tibetan Plateau 95 

(Fig. 1b) with no perennial rivers flowing into the lake. Groundwater appears as springs on 96 

the northwestern and eastern shores (Fig. 1b). The regional climate is arid with a mean annual 97 

precipitation of c. 160 mm and a potential evaporation of c. 2000 mm·a
-1

 (Zhao et al., 2008). 98 

Evaporation is the main mechanism of water loss from the lake resulting in high salinity of 99 

the lake water (ca. 91 g·L
-1

). The pH of the lake water is 8.28 (Chen et al., 2007), with major 100 
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cations and anions of Na
+
 > K

+
 > Mg

2+
 > Ca

2+
 and Cl

-
 > SO4

2-
 > CO3

2-
 > HCO3

-
. There is a 101 

small area of wetland with grass and shrubs to the east of the lake, but vegetation around the 102 

lake is sparse and of desertic type (Zhao et al., 2008).  103 

 104 

The lake productivity is low, organic matter content in the sediments is less than 3%, and 105 

plant remains in the sediments are rare. 
210

Pb and 
137

Cs-dated short cores from Lake Gahai 106 

suggest a high sedimentation rate (the top 22 cm sediments covers the last 50 years at water 107 

depth of 6.4 m in northwest part of the lake, Zhao et al., 2008) and carbonate content, pollen 108 

and oxygen and carbon isotopes of ostracod shells suggest the lake is very sensitive to 109 

regional paleoclimate change over the late Holocene (Zhao et al., 2008; Li et al., 2012). Lake 110 

Gahai has long been a target for drilling with two long cores (DG02: 35 m; DG03: 37 m) 111 

drilled on the northern shore of Lake Gahai in 2003 proved to be of Holocene age, but the age 112 

control was poor due to lack of organic matter coupled with age reversals (Chen et al. 2007; 113 

Cao et al. 2009; Pan and Chen, 2010; He et al., 2014), indicating the difficulty of obtaining a 114 

chronology in such lakes in arid NW China.  115 

 116 

Fig. 1 

 117 

The other lake is Lake Bosten, a large freshwater lake located in the southeastern part of 118 

Yanqi Basin on the south slope of Tianshan Moutains in Xinjiang, NW China (Fig. 1c). It is 119 

the largest inland freshwater lake (c. 1000 km
2
) in China. The lake is in an extremely arid 120 

region with mean annual precipitation of 70 mm and annual potential evaporation of c. 2000 121 

mm (Huang et al., 2009). The Kaidu River is the major river that recharges the lake in the 122 

west, accounting for more than 80% of the total water input. The lake water flows out of the 123 

lake through Peacock River (Fig.1c). The current salinity of the lake water is 1.8 g·L
-1

 and the 124 

pH of the lake water is 8.5. Similar to Lake Gahai, the organic matter content in the sediments 125 

is low (1~4%, Wünnemann et al., 2003; Zhang et al., 2010) and terrestrial plant remains are 126 

rarely found in the cores. Previous research on sediment cores from this lake has generally 127 

employed dating using bulk organic matter or more rarely plant remains (Wünnemann et al., 128 
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2003, 2006; Mischke and Wünnemann, 2006; Huang et al., 2009), leading to uncertainties in 129 

the resulting age models. 130 

 131 

3. Materials and Methods 132 

3.1. Lake Gahai (Core GHB) 133 

A 14-m long core (GHB) was recovered in May 2008 using a UWITEC drilling platform at a 134 

water depth of 11.4 m in Lake Gahai (Fig. 1b). A sand layer at 14 m sediment depth 135 

terminated the drilling hole. The sediments above the sand layer are continuous and are 136 

greyish clay, with some silt to silty clay (Fig. 2a). The total organic carbon (TOC) in the 137 

sediment is lower than 3%, therefore only 1 sample at 55.08 cm contained sufficient plant 138 

remains for 
14

C dating. As a result, we selected 28 carbonates samples at approximately 50 cm 139 

intervals to 
14

C date the inorganic carbon (Fig.2a). The selected samples were wet-sieved with 140 

deionized water through a 360-mesh sieve (44 μm) and the fine fraction was used for AMS 141 

14
C dating. 17 fine-grained samples were measured in the AMS 

14
C lab of Peking University, 142 

China and the other 11 samples, together with one sample of plant remains, were dated at Beta 143 

Analytic Inc., USA. Mollusk shells found in four of the samples (Fig. 2a) were also dated at 144 

Beta Analytic Inc. Both laboratories use the standard AMS 
14

C dating procedures for dating of 145 

carbonate sediments. The conventional half-life of 5568-year is used when calculating 
14

C 146 

ages with the measured percent modern carbon (pMC) value of each sample (Table 1). 147 

 148 

Samples of the total dissolved inorganic carbon (DIC) of the lake water were collected from 149 

Lake Gahai and two other lakes (Toson and Hurleg) in the catchment (Table 2 and Fig. 3). 150 

DIC was precipitated on site as BaCO3 by adding 15 ml of saturated Ba(OH)2 solution to 85 151 

ml of surface water following the method of Kusakabe (2001). Precipitated BaCO3 from the 152 

water samples was filtered using cellulose nitrate filter papers, washed several times with 153 

deionized water and then transferred into glass vials and sealed in the field before drying in 154 

the lab. In addition, samples taken from exposed paleolake sediments on the northwest shore 155 

of the lake were used to assess the potential contribution of detrital carbonates to the 156 

radiocarbon age of the sediment core (Table 2 and Fig. 3). Three surface horizon (<1 cm deep) 157 
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samples were collected, and the fine-grained fraction prepared using the same method for the 158 

core samples as described above. 12 DIC samples and three surface paleolake sediment 159 

samples were also dated at Beta Analytic Inc., USA. A short core (GHC1) taken in 2010 near 160 

the GHB core site was dated using 
210

Pb, and we used the 
210

Pb-based age model 161 

(Supplementary Fig. S1) to test our DIC-based chronology in the most recent part of GHB.  162 

 163 

3.2. Lake Bosten (Core BST04H) 164 

The BST04H core was recovered from Lake Bosten (Fig. 1c) using a Livingstone corer in 165 

2004. The total length of BST04H is 625 cm, and sand appears from 550 cm to the base. The 166 

upper 550 cm of the core is mainly greyish clay (Fig. 2b), and even though some of the results 167 

of this core have been previously published (Huang et al., 2009), the chronological control 168 

remains poor because terrestrial plant remains are rare, with only several age points 169 

constraining the last 8000 years of the sequence. Therefore we use inorganic carbon dating to 170 

improve its chronology and test the validity of our RE correction method in freshwater lakes.  171 

 172 

Inorganic carbon samples were selected at approximately 20-cm intervals for the upper 200 173 

cm and at c. 50-cm intervals for the rest of the core (Fig. 2b). The top 20 cm of the core was 174 

disturbed during the coring in the field and therefore was replaced by the top 20 cm of another 175 

parallel core (BST04C, Chen et al., 2006), which has been dated using 
210

Pb (Supplementary 176 

Fig. S1). 18 samples were selected and processed using the same procedure as described 177 

above for Lake Gahai, and inorganic radiocarbon samples for core BST04H were dated at 178 

Beta Analytical Inc.  179 

 180 

Fig. 2 

 181 

For both cores, the measured pMC values were corrected with their respective δ
13

C values to 182 

get the corrected 
14

C ages (Table 1). In the pMC correction, we use the equation proposed by 183 

Stuiver and Robinson (1974) for more precise calculations to reduce the error in corrected 
14

C 184 

ages: 185 
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 186 

 
2132 )1000/1/(975.0 CAA SSN                                          (1) 187 

 188 

where ASN is the corrected pMC values and AS is the measured pMC values (Stuiver and 189 

Polach, 1977). Corrected ages were then assessed for RE derived from old carbon in DIC and 190 

detrital carbonate from old sediments in the catchment (dated age – RE/detrital age). After the 191 

RE and old carbon were assessed, the dates were finally calibrated for calendar ages before 192 

establishing the chronology of the sedimentary sequences. The calibration for calendar ages 193 

was undertaken using IntCal13 (northern hemisphere, Reimer et al., 2013) in the newly 194 

developed R-based package, Bacon (Christen and Pérez, 2010; Blaauw and Christen, 2011; 195 

also see the Bacon manual distributed with the software package), which uses a Bayesian 196 

approach to provide the calendar ages of each depth (Dee and Bronk Ramsey, 2014), similar 197 

to the depositional model in OxCal (Bronk Ramsey, 2008; Bronk Ramsey and Lee, 2013). As 198 

this paper focuses on the methodology of how to establish a chronology with inorganic carbon 199 

dating, the detailed procedures of RE/old detrital carbon assessment and the parameters used 200 

in Bacon are described in Section 5. 201 

 202 

4. Results 203 

4.1. Ages of inorganic carbon in cores 204 

The top sample of GHB (1.15 cm) was dated to 4536 ± 35 
14

C yr BP (Table 1), and we use 205 

14
C yr BP for 

14
C ages and Cal a BP or Cal ka BP for calendar ages in this paper, 1 a = 1 year, 206 

1 ka = 1000 a, BP = before present, P = 1950 A.D. (Millard, 2014). Mischke et al. (2013) 207 

suggested if surface sediments are taken after 1950 A.D., then the influence of nuclear bomb 208 

testing should be considered in assessing the modern RE. The GHB core was taken in 2008, 209 

and the 
210

Pb profile of the short core nearby (Supplementary Fig. S1; Table S1) suggests a 210 

sedimentation rate of ca. 3 mm·a
-1

 for the top few centimeters. Therefore, the top 1 cm of 211 

GHB core covers sediments from 2006 to 2008 A.D. According to the extension curve of 212 

modern 
14

C fraction curve (F
14

C) published by Levin et al. (2008), the mean F
14

C value 213 

between 2006 and 2008 A.D. is 106.02%. When the estimated F
14

C value of 106.02% was 214 
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used for the atmospheric CO2 in 2006-2008, the calculated age of the top sample became 215 

5005 
14

C yr BP, nearly 500 
14

C years older than the dated age. As the surface sample was not 216 

dated in BST04H core, this post-bomb effect cannot be assessed. 217 

 218 

In the BST04H core, the sample at 20.5 cm was dated to 2688 ± 30 
14

C yr BP. The apparent 219 

top age of GHB (either 4536 
14

C yr BP or 5005 
14

C yr BP if the post-bomb effect is 220 

considered) and that of 20.5 cm in BST04H (2688 
14

C yr BP) are not the age of modern or 221 

recent sediments, suggesting that there are significant REs for inorganic carbon in both lakes. 222 

For other ages at lower depths, although most are generally in stratigraphic order, some of 223 

them are reversed (Table 1), suggesting older carbon is included in the samples.  224 

 225 

The ages of mollusk shells from four depth intervals from core GHB at 606.03 cm, 1058.85 226 

cm, 1125.56 cm and 1224.44 cm were dated to 8231 ± 40, 11768 ± 50, 12275 ± 50 and 13489 227 

± 50 
14

C yr BP, respectively. However, the inorganic carbonate samples at the same depths 228 

were dated to 12049 ± 50, 13720 ± 50, 15297 ± 55 and 20611 ± 90 
14

C yr BP, displaying 229 

much older ages than the shells at the same depths (Table 1), indicating these samples include 230 

pre-aged carbonates older than the shells. 231 

 232 

Table 1 

 233 

4.2. Ages of modern water DIC and surface sediments in Lake Gahai catchment 234 

Fig. 3 shows the location and ages of water DIC and paleolake sediments in the catchment of 235 

Lake Gahai (also see Table 2). The ages of water DIC decreases from 2140 ± 30 
14

C yr BP in 236 

the Bayin River to the south of Delingha City to 1190 ± 30 
14

C yr BP in Lake Hurleg (which 237 

is open), 1060 ± 30 
14

C yr BP in Bayin River between Lake Hurleg and Lake Toson, and to 238 

-183 ± 40 
14

C yr BP (pMC =102.3 ± 0.5, the DIC sample was taken in 2011) in southeast 239 

corner of Lake Toson. Similarly, in Lake Gahai, a spring water (groundwater) flowing into the 240 

lake at the northwest corner gives a DIC age of 5620 ± 30 
14

C yr BP, other water samples 241 

from the lake give DIC ages much younger than the spring sample, varying from 1550 ± 30 to 242 
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240 ± 30 
14

C yr BP. Two samples of a very small spring to the east of the lake were dated to 243 

100 ± 30 and 600 ± 30 
14

C yr BP. One water sample from a well (groundwater) several 244 

hundred meters to the west of Lake Gahai gives a DIC age of 6280 ± 30 
14

C yr BP, but the 245 

water of the well was observed to be stagnant, and therefore may not be recharging Lake 246 

Gahai at present or charges the lake at a very slow rate. 247 

 248 

The three surface paleolake sediment samples to the northwest of Lake Gahai give very old 249 

ages between 14550 ±50 and 16690 ±60 
14

C yr BP (Fig. 3 and Table 2). They are exposed 250 

paleolake sediments deposited when the lake level was higher than the present (Fan et al., 251 

2010). These old carbonate ages have the potential to provide information for ages in the core 252 

(discussed in Section 5.3.). 253 

 254 

 255 

 256 

5. Processes for establishing an age model using inorganic carbon ages 257 

5.1. Preliminary RE assessment for the inorganic carbon ages 258 

In lake sediments that are not annually laminated, one way of assessing the RE is by 259 

determining the age of modern water DIC or of the surface sediment sample and using this as 260 

the RE for the dated sequence (e.g. Hou et al., 2012). In Lake Gahai, the age of the modern 261 

lake water DIC (section 4.2., Fig. 3) suggests they are site-specific and decrease rapidly at 262 

sites further away from the source of old DIC (e.g. groundwater = 5620 ± 30 
14

C yr BP). As 263 

the GHB core was recovered from the northern part of the lake, close to the source of 264 

groundwater, we can expect a DIC age < 5620 
14

C yr BP, however we cannot determine an 265 

exact age since we don’t have a measurement of modern water DIC at this location. Therefore, 266 

it is unrealistic to use the modern DIC age as the RE for the GHB core. In addition, the 267 

surface sediment sample is influenced by post-bomb effects, and therefore the age of 4536 ± 268 

35 
14

C yr BP only represents the minimum value for the modern RE at the coring site 269 

Fig. 3 

Table 2 
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(Mischke et al., 2013). Even if we correct our radiocarbon ages taking into account post-bomb 270 

effects, the retraction of 5005 
14

C yr BP does not resolve the age reversal problem for core 271 

GHB. This would suggest that applying a constant RE to all dates is unrealistic for Lake 272 

Gahai. In Lake Bosten, there is no age determination for surface sediments or lake water DIC, 273 

and therefore we cannot assess its modern RE. In order to assess RE across these two cores, 274 

and to draw comparisons between them in terms of changing RE we use an ‘intercept method’ 275 

(Hou et al., 2012) using inorganic ages that are in stratigraphic order.  276 

 277 

The ‘intercept method’ has been employed at many carbonate-rich sites on the Tibetan Plateau. 278 

It is based on the linear relationship between 
14

C ages and depth, and is defined by the 279 

following regression equation: 280 

 281 

A = a × D + b                  (2) 282 

 283 

where A = age, D = depth in core, a is the slope and b is the intercept of the regression. As a 284 

result, the intercept b on the age axis is then regarded as the RE for the 
14

C ages included in 285 

the linear regression (Fontes et. al., 1996; Shen et. al., 2005; Henderson and Holmes, 2009; 286 

Henderson et al., 2010; Wu et al., 2006, 2010; Kramer et al., 2010; An et al., 2012; Zhou et al., 287 

2014). This method, however, assumes a constant sedimentation rate and a relatively stable 288 

RE through time so that the linear relationship can be assumed. Hou et al. (2012) pointed out 289 

that such an assumption is unlikely valid for most lakes. Therefore, we need to consider 290 

improved ways of using the ‘intercept method’ by assuming a similar RE during periods with 291 

similar hydrological conditions for a continuous sedimentary sequence whose sedimentary 292 

rate changes, thus the regression is not limited to linear type. In practice, however, different 293 

intercepts are obtained if different dating points are included in the regression, resulting in 294 

many possible estimates for a lake’s RE and determining the most accurate one is non-trivial, 295 

especially when no TPR or varve ages are available for reference. In order to avoid such 296 

randomness, preliminary regressions should be tried based on careful observations on the 297 

general age-depth distributions and lithological changes before a regression model is fixed for 298 
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assessing the RE. The following steps are generally needed: 299 

 300 

1) Exclude the apparently reversed extremely old ages along the depth of the core and keep 301 

the remaining ages that are generally in stratigraphic order. Slightly reversed ages could be 302 

included for preliminary regressions;  303 

 304 

2) Make preliminary regressions from linear type with equation (2) to a quadratic type defined 305 

as: 306 

 307 

A = a × D
2 

+ b× D + c                (3)                                               308 

 309 

where A = age, D = depth in core, a is the quadratic term ratio, b is the coefficient on D, and c 310 

is the intercept. Compare these two types of regression and determine which equation gives 311 

higher correlation (represented by the r
2
 values). Select the type of regression with higher r

2
 312 

values as it should describe the age-depth relationship better (Colman et al., 2009);  313 

 314 

3) Refine the regression on the basis of the preliminary one to make sure the intercept of the 315 

refined regression could be used for RE assessment. 316 

 317 

In core GHB from Lake Gahai, when 13 extremely old ages are excluded, there are 19 ages 318 

that fall in stratigraphic order (shown in Supplementary Fig. S2). The linear equation for these 319 

data gives an intercept of 4066 ± 193 
14

C years, which is smaller than the minimum modern 320 

RE represented by the core top sediment (4536 
14

C yr BP) suggesting it is not suitable to be 321 

used as the RE for the whole core. In addition, the quadratic relationship between these dates 322 

gives a higher r
2
 value than the linear equation. According to this preliminary regression (A0 323 

in Fig. 4a, n = 19, r
2 

= 0.9764), there is an intercept of 4764 ± 243 
14

C yr BP. As demonstrated 324 

in Lake Gahai, the modern water DIC ages in the watershed can be used to assess if such 325 

preliminary regressions give reasonable RE values. Results in Fig. 3 suggest the ages of lake 326 

water DIC are highly variable, decreasing rapidly with increasing distance from the old DIC 327 
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water source at the northwest corner. The GHB core is in the northern part of the lake close to 328 

the old DIC source, suggesting the averaged RE for the carbonates in the sediment at the core 329 

site should be larger than other sites in the lake and smaller than the input groundwater DIC 330 

age (5620 ± 30 
14

C years). The range of our proposed offset is 4764 ± 243 
14

C years, less than 331 

that of groundwater DIC, indicating the regression-based assessment of the average RE for 332 

GHB is realistic. 333 

 334 

In core BST04H from Lake Bosten, we undertook a similar process to GHB core for a 335 

suitable regression by excluding 6 old ages and 2 younger ages after 4 pairs of regression and 336 

comparison (Supplementary Fig. S3a to S3h). Indeed, there are many possibilities for the 337 

intercepts for RE assessments as the older and younger ages were included. We identified the 338 

older ages after each pair of regression (lying out of the 95% confidence line) and excluded 339 

the two younger ages at 20.5 cm (2688 ± 30 
14

C yr BP) and 550.2 cm (9755 ± 40 
14

C yr BP) 340 

as they also lie outside of the 95% confidence line (Fig. 4b). The regression with the highest r
2
 341 

values for the RE assessment (A0 in Fig. 4b, n = 10, r
2 

= 0.9871) was selected, with an 342 

intercept of 3398 ± 182 
14

C yr BP. In this lake, although modern water DIC was not dated, we 343 

compared the intercept from our preliminary regression with the TPR age at a similar depth to 344 

make sure the average RE for the core is reasonable. For example, the carbonate age at 399.9 345 

cm is 8218 ± 40 
14

C yr BP, and the closest TPR age at 396 cm is 4740 ± 40 
14

C yr BP (Table 346 

1). The offset between the carbonate age and the TPR age is 3478 
14

C years, a little larger than 347 

the intercept of c. 3400 
14

C yr BP (Fig. 4b), indicating our preliminarily assessed average RE 348 

of c. 3400 
14

C yr BP for BST04H is also acceptable. 349 

 350 

 351 

5.2. Refining radiocarbon age-depth relationships 352 

Even after these preliminary regressions (Fig. 4) it is evident there are still some age reversals 353 

in the age-depth profiles, especially in core GHB (Fig. 4a). This means if one constant RE is 354 

applied to the whole sequence, these ages are still not in stratigraphic order. In order to refine 355 

Fig. 4 
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these initial regressions we need to test whether more than one RE is applicable for the 356 

sequence. In Fig. 4a, the younger and older ages lie to both sides of the preliminary regression 357 

line, indicating they may contain different REs. If we consider separating them into younger 358 

and older groups and undertake regression analysis for each group independently, four age 359 

points lie to the left of the preliminary regression line and define a ‘younger’ group (defined 360 

as A1) and the others define an ‘older’ group (defined as A2) of ages. Independent regression 361 

of these two groups show the coefficients (a1 and b1) do not change significantly (Fig. 5a) 362 

compared to the preliminary a and b in the age-depth relationship in Fig. 4a. For example, the 363 

quadratic term ratios (a1 and a2) are the same as the a (0.0024) in Fig. 4a. The b1 and b2 (~3.7) 364 

are slightly smaller than the b in Fig. 4a (~4.2). However, the correlation coefficient (r
2
) 365 

increases, resulting in an overall age-depth relationship of the refined regressions nearly 366 

parallel to the preliminary regression (as in Fig. 4a). Therefore, the age-depth relationships are 367 

not changed significantly, but there are two new intercepts for core GHB representing 368 

different REs within a single lake. In core BST04H, based on the preliminary regression in 369 

Fig. 4b, there is only one younger age (122.3 cm: 3840 ± 30 
14

C yr BP) to the left side of the 370 

preliminary regression line (Fig. 5b). The refined quadratic term and the intercept change 371 

slightly but the regression line is parallel to the initial preliminary regression (as in Fig. 4b). 372 

However, the r
2
 value increases to 0.99 and the intercept value changes to 3464 ± 141 

14
C 373 

years closer to the offset (3478 
14

C years) between the carbonate age at 399.9 cm and the TPR 374 

age at 396 cm, indicating an improvement on the preliminary regression. 375 

 376 

Based on the refined regressions for GHB core (Fig. 5a), the two intercepts are 4522 ± 64 and 377 

5128 ± 154 
14

C years. This supports the notion that old groundwater DIC with an age of 5620 378 

± 30 
14

C years is ‘diluted’ to younger DIC with an age between c. 5130 and 4520 
14

C years at 379 

the coring site; this approximates to the preliminary estimate described above (
240

360
4760



 years). 380 

Therefore, our estimated RE of 4522 
14

C years for the younger ages and 5128 
14

C years for 381 

the older ages down core are reasonable. In BST04H, as the younger group only includes 3 382 

points, we could only obtain a refined A1 equation (Fig. 5b). However, the intercept (3464 ± 383 

141) is closer to the offset of 3478 compared above. This lends confidence to the refined 384 
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equation for BST04H describing the age-depth relationship and we therefore use 3464 
14

C 385 

years as the RE for ages included in the regression. 386 

 387 

When the refined values for the RE are applied to individual dates, the chronology can usually 388 

be established with enough dating points to establish a densely dated sediment sequence. For 389 

example, we obtained 17 radiocarbon ages for GHB and 9 for BST04H (Fig. 5). However, the 390 

excluded ages (see triangles in Fig. 5) are consistently very old in some stages making the 391 

usable ages (i.e. those included in the age model) unevenly distributed down core. As a 392 

consequence lower parts of the core lack dating control, and increase chronological 393 

uncertainty if they are included in the age model. This problem relates to the assessment of 394 

the old carbon component of these apparently older ages (in both cores) or younger ones (in 395 

BST04H) that cannot be constrained using this regression approach.  396 

 397 

Fig. 5 

 398 

5.3. Utilizing anomalously old or young dates in age models 399 

In most studies, outliers in an age-depth relationship are usually discarded because there is no 400 

obvious means by which to assess the RE or old carbon of such very old ages (e.g. Zhang and 401 

Mischke, 2009; An et al., 2012). However, if there is no evidence for hiatuses or sharp 402 

transitions in lithology that might lead to changes in sedimentation rate, these older ages may 403 

provide useful information on environmental changes within the lake or its catchment. For 404 

inorganic carbon dating, we consider the source material of the carbonates. If the carbonates 405 

are precipitated from the water column (authigenic or autochthonous carbonates) using water 406 

DIC, the old ages are likely to be caused by increased input of old DIC from old sediments or 407 

rocks in the catchment during wet periods when older carbonates are dissolved. If parts of the 408 

carbonate are from detrital input by river water or winds in arid regions (where allochthonous 409 

carbonates input is common), then the old ages are caused by the pre-aged detrital component.   410 

 411 

The four mollusk shells dated from core GHB in Lake Gahai (red filled circles in Fig. 5a) can 412 
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provide a basic framework for assessing whether these old ages were washed on to the coring 413 

site. As mollusk shells are secreted using DIC from the lake water (for shallow lakes that are 414 

not stratified we do not consider the difference between surface and bottom water as 415 

significant because the water mixes well in such shallow lakes), they should provide similar 416 

ages to those of authigenic carbonates. Indeed, the shell ages lie along the regression line of 417 

those dated using fine-grained carbonates (Fig. 5a). This suggests: 1) the shells were 418 

preserved in situ after death and their ages are representative those of the authigenic 419 

carbonates; and 2) these extremely old ages are caused by detrital input of pre-aged 420 

allochthonous carbonates. The offset between the shell ages and the old carbonate ages is then 421 

regarded as the radiocarbon contribution by detrital carbonates. This can provide an analogue 422 

for other reversed old ages. As the shell ages are lying along the A2 regression line (Fig. 5a), 423 

the offset between each old age and the A2 line represents the part contributed by detrital 424 

component, which can be determined by: 425 

 426 

Adetr = A - A2                  (4) 427 

 428 

where Adetr is the estimated contribution by the detrital carbonate component, A is 
14

C ages, A2 429 

is the regression line determined by equation (3).  430 

 431 

In order to check if such analogues are reasonable, we plot the estimated contribution from 432 

detrital carbonates (Adetr) with carbonate content of each dated sample in Fig. 6a. Results 433 

suggest that Adetr decreases with increasing carbonate content when the latter is less than 36% 434 

in Lake Gahai (Fig. 6a). When carbonate content continues to increase (greater than 36%), 435 

Adetr increases again (n = 14, r
2
 = 0.9). Such a distribution means the proportion of detrital 436 

carbonate could be brought into the lake either by inflowing water during wetter periods 437 

(lower carbonate content) or by wind during drier periods (higher carbonate content, Fig. 6a). 438 

During the wet periods when smaller amount of authigenic carbonates precipitated from the 439 

lake water, detrital components washed in account for larger proportions in the total carbonate 440 

content, leading to larger contribution of the old ages. During dry periods, however, detrital 441 
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components blown in can also contribute several thousand 
14

C yrs to the old ages although the 442 

total carbonate content is large. 443 

 444 

In order to assess whether these detrital carbonates have similar ages with different carbonate 445 

content or similar content with different ages, we also calculated the proportion of each age 446 

that is contributed by detrital carbonates (= Adetr/A, Fig. 6b). In many cases, Adetr increases 447 

with the proportion contributed by detrital carbonates but along different lines (the purple and 448 

blue lines in Fig. 6b). This suggests some samples are similarly pre-aged and the Adetr 449 

increases with the proportion of their relative contributions when environmental conditions 450 

are similar. However, there are also samples that were younger when transported into the lake 451 

(the dash line and the red dot in Fig. 6b), resulting in younger Adetr than those of similar old 452 

age contributions. For example, the red dot in in Fig. 6b indicates it contains younger Adetr but 453 

contributes more than 30% of the dated age. Such features of these old ages suggest it may 454 

not be possible to assume a constant ‘old-age’ for the detrital carbonates. This is supported by 455 

the three surface paleolake sediment samples to the northwest of the lake (Fig. 3), whose 456 

radiocarbon ages range from 14550 ± 50 to 16690 ± 60 
14

C yr BP. Although a similar pattern 457 

is not observed in Lake Bosten due to fewer extremely old ages along the sequence (Fig. 5b), 458 

it is clear in Lake Gahai detrital carbonates of different ages were mixed in the sediments that 459 

have been dated. This is also supported by the offset between the extremely old ages and the 460 

four mollusk shell ages (Fig. 5a), varying from c. 1900 to 7260 
14

C years. Therefore, it is 461 

reasonable to assess the contribution of detrital carbonates to old ages by the determining the 462 

offset between the dated ages and the A2 line which the shell ages generally follow in Lake 463 

Gahai (Fig. 5a).  464 

 465 

For the reversed old ages in core BST04H in Lake Bosten, we use the same method as in 466 

Lake Gahai to estimate the old ages contributed by detrital carbonates with equation (4) as 467 

samples below and above 300 cm of BST4H clearly suggest extremely old ages result from 468 

detrital carbonate contribution. Three younger ages could not be included in the A1 regression 469 

line for Lake Bosten (Fig. 5b). The ages at 20.5 cm (2688 ± 30 
14

C yr BP) and 550.2 cm 470 
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(9755 ± 40 
14

C yr BP) however can still be used. As shown in the preliminary regressions for 471 

BST04H (Supplementary Fig. S3e, S3f), if these two points are included, the calculated 472 

intercept is 2625 ± 136 (linear) and 2617 ± 226 (quadratic) 
14

C yr BP, indicating preliminary 473 

regressions are strongly influenced by these younger ages after all old ages are excluded, and 474 

the intercepts are closer to the RE of the younger ages. As both lie to the left of the regression 475 

line with similar feature in Fig.5b, we use 2600 ± 25 
14

C yr BP as the RE for these two depths 476 

assuming they contain a similar RE. Whether such an assumption is correct can be verified 477 

after the chronology is established. For the remaining one younger age at 122.3 cm (3840 ± 478 

30 
14

C yr BP) it is difficult to assess the RE as there are no suitable analogues, although we 479 

know the RE in this sample is between 2600 
14

C yr BP and 3464 
14

C years (Fig. 5b). 480 

Therefore, we have chosen to discard the younger age at 122.3 cm in establishing our new 481 

chronology.  482 

 483 

Fig. 6 

 484 

5.4. Establishment of a chronology 485 

After assessing the different REs for radiocarbon ages by determining A1 and A2 for the GHB 486 

core and the old carbon ages contributed by detrital carbonates (Adetr) for both cores, the 487 

RE-corrected 
14

C ages (‘conventional’ ages in Table 2) can be obtained through: 488 

 489 

(5) 490 

(6) 491 

(7) 492 

 493 

where A′ is RE-corrected 
14

C ages, A is the 
14

C ages before RE corrections, equations (5) and 494 

(6) are used for ages along A1 and A2 lines in GHB core, equation (5) is used for BST04H core, 495 

and (7) is used for the reversed older ages in both lakes. The corrected 
14

C ages and their 496 

respective REs (or RE+Adetr, Table 2) were then calibrated using the R-based Bayesian 497 

software package, Bacon (Christen and Pérez, 2010; Blaauw and Christen, 2011). In the GHB 498 
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core, the top age was set to -55 ± 5 as the core was taken in 2008 and the topmost sample 499 

covers sediments from 2006 to 2008. The calculation section (‘thick’ in Bacon) was set to 20 500 

cm and 70 sections were used for age modeling along the 1400 cm core. In BST04H core, the 501 

top age was also set to -55 ± 5 (as the core was taken in 2004) and the ‘thick’ was set to 15 cm 502 

(41 sections were used), and the resulting Bayesian age-depth models are shown in Fig. 7. 503 

The bottom age of the GHB core from Lake Gahai is calculated as 11420 Cal aBP (Table 1), 504 

while the age at the depth of 600 cm of BST04H core is 9622 Cal a BP, and therefore both 505 

cores span the Holocene.  506 

 507 

Fig. 7 

 508 

5.5. Validation of the chronology 509 

Age models established using radiocarbon dating of bulk organic matter or carbonate can be 510 

verified in a number of ways, e.g. by counting annual laminations if preserved in lake the 511 

sediments (Liu et al., 2014) or by dating TPR samples at the same or similar depths of the 512 

inorganic samples (Zhou et al., 2015). For the most recent sediments, 
210

Pb ages can also be 513 

compared with the radiocarbon age model to provide verification. In Lake Gahai, the 514 

chronology of the top 24 cm is constrained using 
210

Pb ages from a nearby short core, with a 515 

terrestrial plant remain (TPR) dated at the depth of 55.05 cm. In Lake Bosten, the 
210

Pb ages 516 

for the top 20 cm and three TPR ages from the lower parts of the core have been previously 517 

published (Chen et al., 2006; Huang et al., 2009), and they can therefore be used for a direct 518 

comparison (see Fig. 8). In Lake Gahai (Fig. 8a, b), the 
210

Pb was dated to 24 cm (CRS model, 519 

Supplementary Fig. S1, Table S1), yielding an age of 56.3 Cal a BP, which compares well to 520 

59.5 Cal a BP at 24 cm based on our inorganic carbon age model. The TPR-based age at 55.05 521 

cm is 192 ± 25 Cal a BP, while the inorganic carbon age dated at 57.38 cm is 205 ± 40 Cal a 522 

BP. Based on our Bayesian age model the dates at 55.05 and 57.38 cm are 206.7 and 217.9 523 

Cal a BP respectively, and are therefore within dating error (Fig. 8b).  524 

 525 

In Lake Bosten (Fig. 8c and d), the 
210

Pb profile for the top 20 cm of the parallel core of 526 
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BST04H shows that the 
210

Pb age at 19.5 cm is 83 Cal a BP (Chen et al., 2006, 527 

Supplementary S1). The radiocarbon-based age model gives an age of 90.7 Cal a BP at 19.5 528 

cm, suggesting the RE of 2600 ± 25 
14

C BP applied to 20.5 cm is appropriate (Fig. 8d). The 529 

age model below 300 cm follows the three TPR ages (Huang et al., 2009; Fig. 8c); two of the 530 

inorganic carbon ages (502 cm and 396 cm) are very similar to the TPR ages, and the 531 

remaining one (335 cm) is younger than the TPR age. The cause for this is unknown, but 532 

either the inorganic carbon age is underestimated or the TPR age is older than the real age due 533 

to a longer terrestrial residence time before being transported to the lake (Oswald et al., 2005; 534 

Zhang et al., 2006; Colman et al., 2009). However, the overall distribution of our inorganic 535 

carbon age model overlaps with the 
210

Pb ages at the surface and spans two of the three TPR 536 

ages below 300 cm (Fig. 8c and d). Previous research in Lake Bosten has suggested lake 537 

sediments above the sand layer (550 cm in BST04H and ca. 900 cm in XBWu46) post-dates 538 

8100 Cal a BP (Chen et al., 2006; Mischke et al., 2006; Wünemman et al., 2006; Huang et al., 539 

2009). We have applied the same RE value as that at 20.5 cm (2600 ± 25 
14

C BP) to the age at 540 

550.2 cm, which gives an age estimate of 8074 Cal a BP (Table 1), suggesting an RE value of 541 

2600 ± 25 
14

C BP can be applied to these two younger ages also. 542 

 543 

Fig. 8 

 544 

Compared to previous cores taken from Lake Gahai and Lake Bosten, our chronologies 545 

provide a much tighter age control for both lakes. For example, two long cores drilled on the 546 

northern shore of Lake Gahai, DG02 (35 m long) and DG03 (37 m), were estimated to contain 547 

Holocene sediments (Chen et al., 2007; Cao et al., 2009; Pan and Chen, 2010; He et al., 2014), 548 

however a reliable chronology could not be established. Dating for DG03 was undertaken on 549 

plant remains and mollusk shells (Fig. 9), but the ages of plant remains are apparently not in 550 

stratigraphic order. The top TPRs ages are older, suggesting some plant remains were 551 

pre-aged before being transported into the lake. For such long cores, relatively few dating 552 

points and reversed ages make it difficult to establish a reliable chronology. In practice, only 553 

three ages including one shell age, were used to estimate the age of DG03 and the core was 554 
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estimated to have sediments from 11 Cal ka BP above 31m (Zhang et al., 2009). Our 14 555 

m-long GHB core at the water depth of 11.4 m in the northern part of the lake was dated to 556 

11.4 Cal ka BP, corresponding to the sediments above 31 m of DG03. Lithology and dating 557 

comparison confirms our chronology is therefore reasonable (Fig. 9). For BST04H in Lake 558 

Bosten, Fig. 8c shows the improvement of the age control on this core, especially for the 559 

upper 3 m, 10 dating points were added and provide a much better age control compared to 560 

the poor chronology without TPR ages for the upper 3 m when published (Huang et al., 2009). 561 

 562 

Fig. 9 

 563 

The above comparison only demonstrates parts of the inorganic carbon chronology of both 564 

cores are robust. In order to further test our chronology, we need to compare proxy records of 565 

past climate from our two lake sites with an absolutely dated record for the Holocene period 566 

that shares a common forcing, such as a regional speleothem δ
18

O record and the δ
18

O of lake 567 

carbonate. We analyzed the δ
18

O composition of carbonate (δ
18

Ocarb) in both cores and 568 

compared them to the δ
18

O record from Kesang Cave in the Tianshan Mountains in Xinjiang, 569 

China (Cheng et al., 2012). In Lake Gahai, as the 
14

C ages of carbonates confirm frequent 570 

detrital carbonates input in the sediments (Fig. 5a), the δ
18

Ocarb is biased due to detrital 571 

components, especially in the lower part of the core. Therefore we choose to use the δ
18

O of 572 

ostracod shells (δ
18

Oostr) of Limnocythere inopinata preserved in GHB. The δ
18

Oostr was 573 

corrected by subtracting 0.8‰ according to the vital effect of this species (= 0.8‰, von 574 

Grafenstein et al., 1999). For Lake Bosten, as the carbonate content is quite high (>30%, 575 

suitable for δ
18

O measurements, Leng and Marshall, 2004) and the radiocarbon ages suggest 576 

detrital carbonate contamination is minor, we use the δ
18

Ocarb values directly. Due to different 577 

sample resolution and δ
18

O values at each site we detrended all the isotope records and 578 

filtered the data using a low-pass filter (based on Mann, 2004) to create a 200-year resolution 579 

record in order to provide an isotopic comparison at the same resolution (Fig. 10).  580 

 581 

Fig. 10 
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 582 

Comparison of the 200-yr resolution lake δ
18

O records shows a remarkable similarity to the 583 

δ
18

O of Kesang Cave during the Holocene (Fig. 10). Prior to 8 Cal ka BP the GHB δ
18

Oostr 584 

record follows a similar trend to that observed in Kesang Cave from more positive to more 585 

negative isotope values. Despite the BST04H δ
18

Ocarb record being shorter than GHB and 586 

Kesang Cave, its general decreasing isotope trend maps onto the other two isotope records 587 

(Fig. 10). After 8 Cal ka BP, all three sites show similar variability in δ
18

O; showing an 588 

increasing trend from 8 to 5.5 Cal ka BP before decreasing between 5.5 and 3 Cal ka BP, 589 

followed by an increase in δ
18

O values from 3 to 1 Cal ka BP, with similar δ
18

O variability 590 

over the last thousand years (Fig. 10). As the δ
18

Oostr record from GHB is more variable 591 

during the mid-Holocene, the shift toward more negative values around 6 Cal ka BP appears 592 

to occur earlier than in BST04H and Kesang Cave (at c. 5.5 Cal ka BP). This may be a result 593 

of the individual nature of the chronologies. The chronological control for this period is only 594 

anchored using two dated points at 8.45 m (4658 ± 40 
14

C yr BP) and 9.0 m (5758 ± 50 
14

C yr 595 

BP) in GHB (Table 1) using the same RE (5128 
14

C yrs, Fig. 5a). Calibrated ages in the 2σ 596 

range at 8.45 m are 5390 ± 82 (96.5%) and 5562 ± 10 (3.5%) Cal ka BP (Fig. 9). However, 597 

Fig. 7a suggests the calibrated age at 9.0 m (6654 ±114 Cal ka BP, 100%) seems older 598 

compared to the lower and upper points. Therefore, the RE could have potentially been 599 

underestimated using our modelling approach for this section of the GHB core at 9.0 m (Fig. 600 

9), resulting in the older modeled ages around 5.5 Cal ka BP.  601 

 602 

If we assume the age control is correct, then the second possibility is that sedimentary rate 603 

changed in the core, which could not be captured in the age model using Bacon as the dating 604 

points are not dense enough. An earlier response of δ
18

Oostr in Lake Gahai to regional 605 

environmental changes is also possible – if both the age control is correct and sedimentary 606 

process did not change – as Lake Gahai lies more than a thousand kilometers to the south of 607 

Lake Bosten and Kesang Cave (Fig. 1a). Considering the compatibility of the δ
18

O records 608 

from all three sites during other periods in Holocene, we would attribute this earlier shift at 6 609 

Cal ka BP in GHB to the underestimation of RE at 9.0 m of the core. In spite of this minor 610 
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dissimilarity, the overall compatibility of the δ
18

O records from GHB and BST04H with that 611 

of the Kesang Cave still provides a robust test of our chronologies for both cores during the 612 

Holocene. The comparison of the 
18

O records from our lakes and Keshang Cave helps to 613 

validate our proposed chronological corrections, and also provides an excellent opportunity to 614 

compare δ
18

Ocarb records in arid NW China.  615 

 616 

6. Discussion 617 

6.1. Source of old carbon in the carbonate samples for 
14

C dating 618 

6.1.1. Authigenic part determined by lake water DIC 619 

For authigenic carbonates precipitated in the lake water column and shells living in lake water 620 

using the DIC pool, their RE is reflected by the age of the lake water DIC (Geyh et al., 1998, 621 

1999; Zigah et al., 2011; Philippsen and Heinemeier, 2013). For lakes fed by river runoff, 622 

generally two types of old carbon sources contribute to the age of DIC in lake water: 623 

 624 

1) The geogenic old carbon: Weathering and dissolution of parent material will add old DIC 625 

to the lake water (Fontes et al., 1996, Ascough et al., 2010; Hou et al., 2012). Carbonate 626 

dissolution of bedrock or top soil within the catchment will produce old DIC to the runoff 627 

entering the lake. In many circumstances, although the catchment contains no carbonate 628 

bedrocks, secondary calcites can also form during the decomposition of silicate minerals such 629 

as plagioclases (Arslan et al., 2006). Weathering and dissolution of such secondary old 630 

carbonates can also contribute old DIC to the lake. Re-dissolution of previously precipitated 631 

carbonates in the lake sediments can also happen (Geyh et al., 1999) and add old DIC to the 632 

lake water directly. 633 

 634 

2) The biogenic old carbon: The decomposition of peat and organic-rich top soil emits CO2 635 

that contains old carbon (Abbott and Stafford, 1996; Billett et al., 2007). The CO2 dissolves in 636 

the ambient water forming old DIC before entering the lake. Within the lake, this process also 637 

happens if the sediments are organic-rich and the dissolved oxygen in the bottom water is 638 

sufficient. 639 
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 640 

For lakes fed by melt water and groundwater, old DIC in the lake water is also quite common 641 

as melt water from glaciers contains ‘dead’ or old carbon that has previously been trapped in 642 

the ice (Hendy and Hall, 2006) and groundwater often contains very old DIC of either 643 

geogenic or biogenic origin (Geyh et al 1998, 1999; Ascough et al., 2010, 2011). 644 

 645 

When the source of old DIC is fixed, the age of lake water DIC depends on the exchange rate 646 

of CO2 between lake water and the atmosphere. If the DIC of the lake water does not 647 

equilibrate with the atmospheric CO2 (Fontes et al., 1996), an older (than modern carbon) age 648 

will be measured. There are several controlling factors that drive the equilibration, such as the 649 

stratification of the lake water (water depth), the wind regime that is responsible for the 650 

mixing of the lake water, and the duration of ice cover in cold regions.  651 

 652 

In the process of assessing the RE of lake water DIC for authigenic carbonates in Lake Gahai, 653 

we can exclude old DIC of biogenic origin, as both the vegetation cover in the catchments and 654 

productivity in the lakes are low, resulting in insufficient organic matter for 
14

C dating. In 655 

addition, the high pH value of the lake (8.28) is favorable for carbonate precipitation, 656 

suggesting re-dissolution processes are likely to be insignificant. The lake is shallow and 657 

unstratified; strong winds occur during winter and spring. Lake Gahai is not completely 658 

covered by ice during the winter due to its high salinity, and modern water DIC data from the 659 

Lake Gahai catchment (Fig. 3) suggests the Bayin River contains old DIC. This is most likely 660 

from carbonate dissolution within top soil or from secondary carbonates formed during the 661 

decomposition of silicate minerals such as plagioclases (Arslan et al., 2006), although the 662 

catchment contains no carbonate bedrocks. However, the DIC ages decrease rapidly to Lake 663 

Hurleg (open) and Lake Toson (closed, Fig. 3), indicating that flowing water is rapidly 664 

exchanging CO2 with the atmosphere, leading to near equilibration (Doran et al., 1999). In 665 

addition, within Lake Gahai, apart from the groundwater in the northwest corner, which gives 666 

a very old DIC age (5620 ± 30 
14

C yr BP), other samples in the east and south of the lake 667 

yield young DIC ages. This suggests the major source of old DIC is the groundwater from the 668 
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northwest corner of the catchment (sampled well water appears stagnant but contains very old 669 

DIC), as the spring water on the east shore gives very young DIC ages (100~600 
14

C yr BP). 670 

It also implies the lake water mixes well and the 
14

C-depleted DIC is rapidly diluted and 671 

equilibrates with atmospheric CO2 although it is still 240 
14

C yr BP in the south of the lake. 672 

The results of modern water DIC ages suggest that the RE of inorganic carbon precipitated in 673 

the lake water column is site-specific, depends on the distance to the source of old DIC input 674 

by groundwater, the further away, the smaller the RE is expected. The GHB core taken from 675 

the northern part of the lake is close to this old DIC source. Therefore, the RE in the 676 

carbonates in the core sediment will be larger than for other sites in the lake, and < 5620 
14

C 677 

years, which is the age of groundwater in this part of the basin. Our assessment of the average 678 

RE based on preliminary regression suggests it was 4764 ± 243 
14

C yr BP, and the refined two 679 

REs of 4522 ± 64 and 5128 ± 154 
14

C BP, all < 5620 
14

C yr BP of the old DIC source water, 680 

suggesting that our RE assessment for the core sediments is reasonable.  681 

 682 

In Lake Bosten, although we don’t have a detailed study of water DIC, the age-depth 683 

distribution (Fig. 4b) suggests that the water DIC at the core site in the eastern part of the lake 684 

is quite old. The Kaidu River flows from the Tianshan Mountains (the source water is distant 685 

from the lake) and the river water DIC should be nearly in equilibrium with the atmosphere 686 

(Doran et al., 1999). However, the wetland around the river mouth to the west of Lake Bosten 687 

(Fig. 1c) has had a peat deposit since the last deglaciation (Zhong and Xiong, 1998) and the 688 

decomposition of old organic matter may have contributed old DIC to the water in the river 689 

mouth flowing into the lake. In addition, the longer period of ice-cover (from November to 690 

April) may have led to insufficient lake-atmosphere exchange of CO2, resulting in the aging 691 

of DIC in the lake. Finally, the fact that the outlet of the lake water is close to the river mouth 692 

may have slowed the dilution in the eastern part of the lake by freshwater (Mischke and 693 

Wünnemann, 2006, Fig. 1c).)  694 

 695 

6.1.2. Detrital part from the catchment 696 

Results from Lake Gahai (Fig. 6) suggest the detrital carbonates could be delivered to lake 697 
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sediments either by water or by wind in arid regions, and their ages could be similar or 698 

different before entering the lake. In Lake Bosten, although the core is from the eastern part of 699 

the lake, some distance from the river mouth, there is still the possibility for fine grained 700 

carbonates that have been eroded from soil or old lacustrine sediments along the Kaidu River 701 

to be transported to the core site. This increases the difficulty in dating carbonate samples for 702 

chronological purposes, particularly if there are no shells for comparison, and it is hard to 703 

make use of the extremely old ages. In practice, we compared ages of carbonate samples and 704 

mollusk shells at the same depths in GHB core to assess the contribution of old ages in the 705 

detrital carbonates (Section 5.3. and Fig. 5a). Shells gave ages in good stratigraphic order and 706 

apparently younger than the carbonate ages suggested they were preserved in-situ and may be 707 

more reliable than bulk carbonates for dating purposes. Therefore, our results suggest if 708 

carbonate samples have to be used for establishing a chronology, a few shell ages (like in 709 

Lake Gahai) or TPR ages (like in Lake Bosten) are still necessary for RE and detrital old 710 

carbon assessment so that the authigenic carbonates and the detrital components can be 711 

identified by ages of shells (as in GHB) or TPR at the same depths (as in BST04H, Fig. 4-5).  712 

 713 

Even though the REs for Lake Gahai and Lake Bosten have been assessed in a similar way, 714 

the sources of old carbon in the water DIC are different. For example, the groundwater with 715 

old DIC is the major source for Lake Gahai (Fig.3) and the peat land near the river mouth is 716 

the major old carbon source for Lake Bosten. When the source of old DIC is identified, the 717 

REs at the coring sites depend on the dilution rate of the lake water, which is determined by 718 

the mixing rate of the water and water-atmosphere exchange of CO2. In this process, the 719 

duration of ice cover and wind regime are important factors. On the other hand, the age of the 720 

old DIC may also have been changing due to catchment hydrology or temperature changes, 721 

which lead to carbonates of different ages being dissolved in the groundwater DIC or organic 722 

matter at different depths of the peat decomposed and contributed DIC of different ages to the 723 

river water before entering the lake. All above factors are responsible for the younger and 724 

older REs in both lakes, although this has not been investigated in detail.  725 

 726 
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6.2. Possibility of applying more than one RE for inorganic carbon ages to a sedimentary 727 

sequence 728 

The ‘intercept-method’ for RE assessment for a sedimentary sequence requires a precise 729 

regression equation describing the age-depth pairs. If a linear regression describes the 730 

age-depth relations well, it means both the RE and the sedimentation rate are relatively stable, 731 

e,g. Fontes et al. (1996). If a quadratic or even more complex polynomial regression is 732 

reached with higher confidence for the age-depth pair, it means the RE is around a certain 733 

value but the sedimentation rate changes. In such cases, the intercept of the polynomial 734 

equation represents the average RE of the dated ages and the curvature of the regression curve 735 

reflects the variations of sedimentary rates. In Lake Gahai and Bosten, we found quadratic 736 

regressions performed better than linear ones, therefore the variation of sedimentary rate 737 

change were reflected in the curvature of the regression lines (Fig. 5). For example, the 738 

curvature of the regression lines in both cores suggests a higher sedimentary rate for the upper 739 

parts of both cores (late Holocene). In Lake Gahai, the refined A2 line nearly parallels the A1 740 

line (Fig. 5a) and confirms that the sedimentary rate determined by the two regressions are 741 

similar, but only the RE changed. Such a method is applicable for continuous sedimentary 742 

sequences without hiatuses or complicated sedimentary rate changes as in Lake Gahai and 743 

Bosten. If there are hiatuses or frequent sedimentary rate variations, this method may not be 744 

applicable. For a continuous sedimentary sequence, if it is densely dated on the same material 745 

(similar carbon source), it is possible to find more than 2 similar equations with different 746 

intercepts for RE assessment as shown Fig. 5a for GHB core. The important principle here is 747 

the refined regression equations should be as similar as possible to the preliminarily observed 748 

regression equation (from Fig. 4a to Fig. 5a) so that the overall age-depth relationship is not 749 

significantly changed (as the sedimentary rate of a sequence is fixed).  750 

 751 

The assumption of a constant RE, which is assessed by extrapolation, on the basis of the 752 

radiocarbon age of modern sediment or modern DIC ages with radiocarbon dates is often 753 

unjustified as our cases in both GHB and BST04H demonstrate. The modern DIC ages within 754 

a lake are site-specific (Fig. 3) and the age of top sediments under-estimates the RE of many 755 
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dated 
14

C ages down core (Fig. 5). In addition, the work of Liu et al. (2014) from Kusai Lake 756 

has shown the RE is not constant. Although the varve counting indicates a stable 757 

sedimentation rate, the 
14

C ages became older than the varve ages in the lower parts of the 758 

core, suggesting one RE is not enough to make use of the radiocarbon ages. Recently more 759 

than one RE has been applied to one sedimentary sequence, for example in Lake Qinghai (An 760 

et al., 2012; Zhou et al., 2014) although based on different calculations, suggesting the 761 

necessity of finding more practical ways to assess more than one constant RE for samples 762 

containing old carbon, especially when both the RE and sedimentary rate changed due to 763 

hydrological condition shifts resulting from regional climate changes in the past.  764 

 765 

7. Conclusion 766 

Inorganic carbon dating from a small-enclosed saline lake and large freshwater lake in NW 767 

China was systematically studied for the possibility of establishing an inorganic carbon 768 

chronology. Results suggest the traditional assumption of one constant RE may not be 769 

realistic for inorganic carbon dating in lake sediments in arid regions. Our method of applying 770 

refined regressions suggest authigenic carbonates precipitated from the water column using 771 

DIC generally have an average RE of c. 4760 
14

C years in Lake Gahai and 3400 
14

C years in 772 

Lake Bosten, but could be smaller (4522 
14

C years in Gahai; ca. 2600 
14

C years in Bosten) 773 

and larger (5128 
14

C years in Gahai; 3464 
14

C years in Bosten). Modern water DIC ages in the 774 

drainage basin suggest it is site-specific either within the catchment or within the lake. They 775 

are useful in providing information on identifying the source water with old DIC, but cannot 776 

be used as the reservoir age for calibrating the authigenic carbonates ages in the core 777 

sediments. Calcium carbonate shells or even a few TPR samples should be dated if possible to 778 

provide additional assessment of the reservoir age of the water DIC and the extremely old 779 

ages contributed by the detrital carbonates. Detrital carbonates seem to be frequently 780 

transported into the lake either by inflowing water in wetter periods or by wind in drier 781 

periods. If the old ages contributed by both authigenic DIC part and/or the detrital component 782 

are properly assessed, our method could be used to establish a reliable chronology for both 783 

saline and freshwater lakes in arid regions where terrestrial plant remains are rare.  784 
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Table 1 The inorganic carbon ages of GHB and BST04H.  

Sample No Lab Code Depth 
(cm) 

Material pMC (%) δ
13
C(‰) Correct. 

pMC(%) 
Correct. Ages 

14
C yr BP 

RE/old C 
14

C yr BP 
Conv Ages 
14

C yr BP 
Cal a BP 

Bacon in R 

GHB01-01-001 BA10217 1.15 carbonates 60.03 1.85 56.86 4536±35 4522 -55±5 -54.5 

GHB01-01-050 Beta-298485 57.38 carbonates 39.2 1.39 37.16 7952±40 7727 225±40 218.0 

GHB01-01-101 BA10218 115.90 carbonates 45.25 2.41 42.81 6185±35 6345 470±35 501.9 

GHB01-01-150 Beta-298486 172.13 carbonates 50.2 2.63 47.47  5985±40 5128 857±40 728.6 

GHB01-01-201 BA10219 230.66 carbonates 50.13 2.68  47.40  5997±40 5128 869±40 892.0 

GHB02-01-008 Beta-298487 288.15 carbonates 47.7 1.8 45.18  6382±40 5128 1254±40 1166.5 

GHB02-01-041 Beta-325159 321.75 carbonates 50.7 2.35 47.97  5901±30 4522 1379±30 1314.4 

GHB02-01-067 BA10220 348.22 carbonates 41.85 2.22  39.61  7440±35 5834 1606±35 1495.2 

GHB02-01-116 Beta-298488 398.11 carbonates 47.3 2.51 44.74  6461±40 4522 1939±40 1903.5 

GHB02-01-167 BA10221 450.04 carbonates 41.05 0.81  38.96  7572±35 5128 2444±35 2394.9 

GHB02-01-217 Beta-298489 500.95 carbonates 41.8 2.51 39.54  7454±40 5128 2326±40 2624.0 

GHB02-01-267 BA10222 551.85 carbonates 31.67 1.90  29.99  9674±45 6859 2905±45 2936.6 

GHB03-01-048 BA10223 608.52 carbonates 25.18 2.16  23.83  11520±50 8333 3187±50 3284.4 

GHB03-01-095 BA10224 656.03 carbonates 23.57 2.09  22.31  12049±50 8539 use shell age --- 

GHB03-01-095 Beta-325155 656.03 mollusk shell 37.5 -3.4 35.89  8231±40 5128 3103±40 3496.8 

GHB03-01-145 Beta-298490 706.57 carbonates 32.1 3.89 30.28  9597±50 5731 3866±50 4286.1 

GHB03-01-195 BA10225 757.11 carbonates 31.53 3.38  29.77  9733±40 5128 4605±40 5087.6 

GHB03-01-241 BA10226 803.61 carbonates 30.96 1.55  29.34  9850±45 5128 4722±45 5374.8 

GHB04-01-005 BA10227 845.36 carbonates 31.25 2.25  29.57  9786±40 5128 4658±40 5551.6 

GHB04-01-056 Beta-298491 900.08 carbonates 27.2 1.27 25.79  10886±50 5128 5758±50 6353.2 

GHB04-01-105 BA10228 952.64 carbonates 29.46 1.96  27.90  10256±40 4522 5734±40 6620.1 

GHB04-01-150 Beta-298492 1000.92 carbonates 9.8 0.15 9.31  19068±80 12884 6184±80 7034.7 

GHB04-01-204 BA10229 1058.85 carbonates 19.13 1.73  18.12  13720±50 7301 use shell age --- 

GHB04-01-204 Beta-325156 1058.85 mollusk shell 24.1 -4.3 23.11  11768±50 5128 6640±50 7517.1 

GHB05-01-005 BA10230 1125.56 carbonates 15.71 1.39  14.89  15297±55 8006 use shell age --- 

GHB05-01-005 Beta-325157 1125.56 mollusk shell 22.7 -2.7 21.70  12275±50 5128 7147±50 8002.5 

GHB05-01-050 BA10231 1175.56 carbonates 18.45 1.30  17.49  14004±50 6248 7756±50 8569.5 

GHB05-01-094 Beat-298493 1224.44 carbonates 8.1 0.91  7.69  20611±90 12389 use shell age --- 

 



Table 1 The inorganic carbon ages of GHB and BST04H (continued). 

Sample No Lab Code Depth 
(cm) 

Material pMC (%) δ
13
C(‰) Correct. 

pMC(%) 
Correct. Ages 

14
C yr BP 

RE/old C 
14

C yr BP 
Conv. Ages 
14

C yr BP 
Cal a BP 

Bacon in R 

GHB05-01-094 Beta-325158 1224.44 mollusk shell 19.5 -3.1 18.65  13489±50 5128 8361±50 9286.5 

GHB05-01-150 BA10233 1286.67 carbonates 12.91 1.29  12.24  16872±65 8040 8832±65 9945.0 

GHB05-01-200 Beta-298494 1342.22 carbonates 9.3 2.37 8.80 19524±110 10132 9392±110 10645.8 

GHB05-04-004 BA10234 1400.00 carbonates 12.07 1.72 11.43 17420±70 7429 9991±70 11419.6 

BST04H01-005 Beta-325130 20.5 carbonates 75.4 0.8 71.6 2688±30 2600 88±30 99.3 

BST04H01-023 Beta-325131 38.8 carbonates 61.4 0 58.4 4325±30 4105 220±30 265.4 

BST04H01-045 Beta-325132 61.2 carbonates 64 -2.4 61.1 3953±30 3464 489±30 502.7 

BST04H01-065 Beta-325133 81.6 carbonates 62.9 -2.6 60.1 4089±30 3464 625±30 592.9 

BST04H01-084 Beta-325134 100.9 carbonates 62.3 -4.2 59.7 4140±30 3464 676±30 655.8 

BST04H01-105 Beta-325135 122.3 carbonates 64.8 -3.2 62.0 3840±30 --- --- 734.9 

BST04H01-125 Beta-325136 142.6 carbonates 62.3 0.9 59.1 4222±30 3464 758±30 824.6 

BST04H01-145 Beta-325137 163.0 carbonates 59.5 -0.6 56.6 4568±30 3464 1104±30 998.0 

BST04H01-165 Beta-325138 183.3 carbonates 56.5 0.9 53.6 5007±30 3464 1543±30 1392.2 

BST04H01-184 Beta-325139 202.7 carbonates 50.9 1.6 48.2 5857±30 4151 1706±30 1633.7 

BST04H01-231 Beta-325140 250.5 carbonates 35.7 -0.8 34.0 8668±40 6358 2310±40 2318.6 

BST04H01-280 Beta-325141 300.3 carbonates 45.5 -0.2 43.3 6729±30 3464 3265±30 3426.4 

BST04H02-068 Beta-325142 350.6 carbonates 28.4 -1.4 27.1 10496±50 6673 3823±50 4248.8 

BST04H02-110 Beta-325143 399.9 carbonates 37.9 1.1 35.9 8218±40 3464 4754±40 5382.2 

BST04H02-153 Beta-325144 450.4 carbonates 34.2 -0.1 32.5 9024±40 3464 5560±40 6308.1 

BST04H02-196 Beta-325145 500.9 carbonates 27.1 0 25.8 10895±40 4169 6726±40 7473.1 

BST04H02-238 Beta-325146 550.2 carbonates 31.2 -0.5 29.7 9755±40 2600 7155±40 8074.3 

BST04H03-057 Beta-325147 600.6 carbonates 14.9 -5.9 14.3 15605±60 6534 9071±60 9622.2 

GHB01-01-048 Beta-325149 55.08 TPR 98 -24.2 97.84 160±30 --- 175±30 192±25 

BST04H LAMS05097 335 TPR --- --- --- 4105±40 --- 4105±40 4698±130 

BST04H LAMS05098 396 TPR --- --- --- 4740±40 --- 4740±40 5516±70 

BST04H KIA25466 502 TPR --- --- --- 6337±28 --- 6337±28 7247±76 



Table 2 

 

 

Table 2  Radiocarbon dating of water DIC and paleolake sediments exposed in the catchment. 

Sample 

ID 

Location HCO3
-
 

(mg·L
-1

) 

CO3
2-

 

(mg·L
-1

) 

Conductivity 

(µS·cm
-1

) 

14
C Age 

(yr BP) 

Water DIC 

BYHCD 37°18′48″N; 97°22′07″E 150.4 0 408 2140±30 

HL02 37°17′34″E; 96°53′43″N 48.69 85.04 1224 1190±30 

HL01 37°14′23″N; 96°50′32″E 24.97 159.29 1448 1060±30 

TSN01 37°09′16″N; 96°59′22″E 407.61 764.70 40924 102.3±0.5pMC 

NGH01 37°08′33″N; 97°31′06″E 162.67 0 324 5620±30 

GHCW2 37°07′35″N; 97°31′48″E --- --- --- 1550±30 

GH012 37°09′23″N; 97°32′27″E 154.61 184.52 101630 360±30 

GH08 37°08′30″N; 97°33′25″E 124.36 304.12 99760 270±40 

GH03 37°06′54″N; 97°34′35″E 87.39 203.07 98282 240±30 

EGH01 37°08′49″N; 97°34′08″E 352.97 9.057 --- 100±30 

EGH02 37°08′41″N; 97°34′11″E --- --- --- 600±30 

WGH02 37°06′34″N; 97°31′33″E 426.63 0 690 6280±30 

Paleolake Sediments 

NGH03 37°08′39″N; 97°30′59″E --- --- --- 14550±50 

NGH04 37°08′34″N; 97°30′51″E --- --- --- 16660±60 

NGH05 37°08′29″N; 97°30′38″E --- --- --- 16690±60 

 

 



Figure Captions 

 

 

Fig. 1. Locations of Lake Gahai and Lake Bosten (a) and the core sites of GHB (b) and BST04H (c). The 

dash blue line in (a) roughly represents the modern summer monsoon limit. The red dot in (a) shows the 

location of Kesang Cave (Cheng et al., 2012) which is mentioned in the text. The isobaths of both lakes are 

also shown in (b) and (c). The black arrows in (c) show the locations of input river mouth and the outlet of 

Lake Bosten.  

 

Fig. 2. Lithology of GHB and BST04H and depths where fine-grained carbonate (FGC) samples were dated. 

Depths where there are shells in GHB and terrestrial plant remains (TPR) previously dated in BST04H 

(Huang et al., 2009) are also shown. 

 

Fig. 3. Locations and ages of modern water DIC and exposed paleolake sediments in the catchment of Lake 

Gahai. The black triangle shows the location of GHB core in Lake Gahai. The black arrows show the 

flowing direction of the Bayin River. 

 

Fig. 4. Preliminary age-depth relationships of cores GHB from Lake Gahai (a) and BST04H from Lake 

Bosten (b) with the range of 95% confidence. Each type of symbols is listed in the legend box below the 

figure. 

 

Fig. 5. Refined regressions for ages of GHB form Lake Gahai (a) and BST04H from Lake Bosten (b). Each 

type of symbols is listed in the legend box below the figure. 

 

Fig. 6. Ages contributed by detrital carbonates and their relationship with the carbonate content of the dated 

samples (a) and the relationship of detrital ages with their proportions (b). The scale and unit of the vertical 

axis of (b) is the same as that of (a). 

 

Fig. 7. Calibration results of the radiocarbon ages with Bacon in R for GHB from Lake Gahai (a) and 

BST04H from Lake Bosten (b). The red line within the shaded area is the age model, namely the weighted 

mean (wmean) values of each depth provided by Bacon. 

 

Fig. 8. Comparison of calendar ages based on inorganic carbon dating of both cores and the 
210

Pb and TPR 

ages. (a) and (b) are results of GHB from Lake Gahai; (c) and (d) are results from BST04H in Lake Bosten. 

FGC = fine-grained carbonates. 

 

Fig. 9. Comparison of the lithology and dating results from GHB core (water depth of 11.4 m in the lake, 

Fig. 1b) and DG03 core on the northern shore of Lake Gahai, which was estimated to be Holocene 

sediments but failed in establishing a reliable chronology (Chen et al. 2007; Cao et al. 2009; Pan and Chen, 

2010; He et al., 2014).  

 

Fig. 10. Comparison of the detrended and filtered carbonate δ
18

O at 200-yr resolution from Gahai and 

Bosten with that of the speleothem record from Kesang Cave (Cheng et al., 2012) for testing the 

chronologies. Four vertical grey lines show the major shifting points during the Holocene. 

Figure



Highlights 

 

1. Systematic AMS 
14

C dating using inorganic carbon materials for chronological 

purpose have been done in lake sediments from a small-enclosed saline lake and a 

large freshwater lake in arid NW china. 

 

2. Total dissolved inorganic carbon (DIC) of modern water in the catchment, mollusk 

shells in core sediments and exposed paleolake sediments in the catchment have also 

been dated for assessment of RE and old carbon contributed by detrital carbonates. 

 

3. An improved regression method has been developed to assess more than one RE for 

a lacustrine sediment sequence, which has not been employed in lakes in arid regions. 

 

4. The inorganic carbon chronologies for core sediments from both fresh and saline 

lakes have been tested by 
210

Pb dating, TPR dating, and regional absolutely dated 

speleothem δ
18

O record, proven to be robust. 

*Highlights (for review)
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