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A B S T R A C T   

δ13C and D14C measurements on dissolved inorganic carbon (DIC), particulate organic carbon (POC) and aquatic 
plants from a karst spring and two spring-fed ponds in Laqiao, Maolan Township, Libo County, southeastern 
Guizhou of China in January, July and October of 2013 have been carried out to understand the roles of aquatic 
photosynthesis through DIC uptake in surface karst waters. The mean D14C and δ13C values of DIC for the spring, 
midstream pond (MP) and downstream pond (DP) are − 26 ± 36‰ and − 13 ± 2‰, 6 ± 56‰ and − 12 ± 3‰, and 
0 ± 64‰ and − 9 ± 2‰, respectively. The carbon source for the DIC is mainly from biogenic CO2 rather than the 
dissolution of limestone rock as the D14C and δ13C of limestone are about − 1000‰ and 2‰, respectively. The 
enrichment trend of D14CDIC and δ13CDIC from the spring to the DP indicates CO2 exchange between atmospheric 
CO2 and DIC, because D14C and δ13C values of atmospheric CO2 are ca. 50‰ and − 8‰, respectively. The average 
D14CPOC values in the spring, MP and DP were − 325‰, − 123‰ and − 158‰, respectively, which are all lower 
than these of the DIC in each reservoir. The lower D14C values of the POC may be caused by older soil carbon 
from surface runoff and dust fall. More aquatic algae were formed through photosynthesis in the stream ponds, 
especially in summer, shown by strongly increased D14CPOC and evidence of growth in EDS/SEM analyses. 
Furthermore, the D14C values of the submerged aquatic plants range from − 153‰ to − 26‰, reflecting that the 
aquatic plants used DIC for photosynthesis. The D14C value of an emergent plant which uses atmospheric CO2 
during photosynthesis is 52.5 ± 0.3‰, equivalent to the atmospheric D14C. Seasonal variations of D14CDIC and 
δ13CDIC are influenced by soil CO2 input, primary productivity in the ponds, and CO2 exchange; hydrochemical 
condition show lower D14C values but higher δ13C values in cold/dry season, and vice versa in summer rainy 
season. A simple mass balance calculation indicates ~90% of carbon for the spring DIC is from biogenic CO2, 
with higher contribution in summer due to higher productivity. Although this simple calculation may over
estimate the biogenic CO2, it indicates that organic decomposition is a major carbon source for DIC in the karst 
hydrological system. The results of the present study have implications for 14C dating on aquatic plant remains, 
regional and perhaps global carbon budgets, and the different behaviors of 13C and 14C in karst systems.   

1. Introduction 

Sourced from watershed inputs and influenced by fluvial processes 
(Sun et al., 2015), riverine input of dissolved and particulate carbons to 
oceans can play an important role in regional and global carbon budgets 

(Meybeck, 1982; Degens et al., 1991; Marwick et al., 2015; Xue et al., 
2017; Ge et al., 2020). For most rivers, dissolved inorganic carbon (DIC) 
that is dominated by bicarbonate ion comes mainly from chemical 
weathering of carbonates and silicates in their drainage basins. There 
are complex processes involved in the DIC cycling in river systems, 
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including oxidation of organic matter, precipitation or dissolution of 
carbonates, CO2 exchange with the atmosphere and photosynthesis 
(Buhl et al., 1991; Aucour et al., 1999; Sun et al., 2011; Liu et al., 2017). 

Falkowski and Raven (2007) estimated that approximately 50% of 
the photosynthesis on Earth occurs in aquatic environments. Therefore, 
aquatic carbon fixation is particularly relevant in the regulation of the 
global carbon cycles. The role of ocean aquatic photosynthesis in the 
uptake of CO2 and/or HCO3

− has been studied intensively (e.g., Fal
kowski, 1997; Cassar et al., 2004; Tortell et al., 2008). On the other 
hand, the role of terrestrial aquatic photosynthesis in the CO2 uptake is 
more complicated and less studied. How does terrestrial aquatic 
photosynthesis utilize DIC to form the autochthonous organic carbon? 
And, what is the carbon budget of terrestrial aquatic systems in global 
carbon cycles? Because karst water system contains abundant DIC in 
natural waters, carbon sources and their transformation as well as 
aquatic photosynthesis are particularly important in regional carbon 
budgets (Liu et al., 2010, 2015; Liu, 2013; Liu and Dreybrodt, 2015). In 
studies of the Xijiang River and its tributaries in a karst area of SW 
China, Sun et al. (2011, 2015) pointed out that the fractions transformed 
from carbonate-sourced DIC through photosynthesis of aquatic organ
isms ranged from 3.4% to 20.5% in the rainy season, and from 12.3% to 
22.1% in the dry season, implying an important sink of atmospheric CO2 
in river systems. However, the process of transformation from DIC into 
organic carbon in karst water is still poorly understood. 

Carbon isotopes are often used for tracing carbon sources and 

isotopic fractionations among phases and/or materials in natural water 
systems (e.g., Taylor and Fox, 1996; Yang et al., 1996; Atekwana and 
Krishnamurthy, 1998; Amiotte-Suchet et al., 1999; Aucour et al., 1999; 
Das et al., 2005; Han et al., 2010; Kanduč et al., 2012; Tsypin and 
Macpherson, 2012; Zhao et al., 2015a). However, using only δ13C in 
tracing carbon sources often encounters problems associated with 
source and process overlaps (Raymond and Bauer, 2001a). Radiocarbon 
isotope (14C) has a much greater dynamic range (− 1000‰ to 200‰) 
compared to δ13C (− 40‰ to 2‰), and offers a particularly powerful 
tracer of the origin of C pools and their cycling within aquatic ecosys
tems (Raymond et al., 2004; Sun et al., 2015; Marwick et al., 2015; 
Ishikawa et al., 2015; Liu et al., 2017). Thus, combining δ13C and D14C 
values in different carbon species (DIC, POC, dissolved organic carbon 
(DOC), and plants) can certainly provide much more detailed informa
tion on the source, age, residence time and transformation of carbon in 
an aquatic system and can overcome problems associated with source 
overlap (Raymond and Bauer, 2001a, 2001b, 2001c). 

The present study uses stable and radioactive carbon isotopes 
(13C–14C) of DIC, POC and aquatic plants in a karst aquatic system in 
southwestern China for identifying carbon sources and processes of 
carbon transformation. This study aims to identify the contribution of 
aquatic photosynthesis in the carbon cycle of this setting. 

Fig. 1. Geographic location of the study site (modified from Jiang et al., 2008; Chen et al., 2014). (A) Location of Guizhou in China. ISM and EAMS denote Indian 
Summer Monsoon and East Asian Summer Monsoon, respectively. (B) Location of Libo County in Guizhou. Color codes in the map indicate the degrees of karst- 
desertification (KD) (Kuo et al., 2011 and references therein). (C) Map of the study area. (D) Picture of the spring monitoring site (copied from Liu et al., 2007). 
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2. Study site 

Located in Libo county of Guizhou Province in SW China, Maolan 
National Reserve is well known for its dense virgin evergreen forests 
growing on cone karst and is listed by the United Nations Educational, 
Scientific and Cultural organization (UNESCO) as a world nature heri
tage site (Libo Karst, one of the three clusters of South China Karst, whc. 
unesco.org) (Fig. 1). With a subtropical monsoon climate, the average 
annual rainfall in the virgin forest area is about 1750 mm, nearly 80% of 
precipitation occurring in the monsoon season from April to September, 
and the annual mean air temperature is about 17 ◦C (Zhou, 1987). The 
lithology in this area is mainly dolomitic limestone of Middle and Lower 
Carboniferous age (Jiang et al., 2008; Liu et al., 2007; Han et al., 2010; 
Chen et al., 2014). Soils in the study area are relatively thin and 
discontinuous with thickness of 30–40 cm, often existing in rock frac
tures. However, a unique natural complexity of karst forest appears in 
this karst geomorphological setting under subtropical monsoons (Zhou, 
1987). The forest contains mixed deciduous broadleaved trees which 
form a stable ecosystem. 

Maolan Spring, is a Ca-HCO3 type epikarst spring with flow rates that 
vary from 0.05 to 3 L/s during the year (Liu et al., 2007). It is situated at 
the base of a cone karst slope that is covered by virgin karst forest. Fig. 2 
shows full views of the spring channel and the receiving ponds (MP =
midstream pond and DP = downstream pond). A large quantity of 
submerged plants (chiefly Hydrilla verticillata) grows in MP. In the 
spring, some submerged plants (chiefly Charophyta) exist, whereas no 
submerged plants appear in DP. Weirs were built to control spring and 
pond outflows. The weir for the spring was built in 2002 for long-term 
monitoring of water stage and flow calculation (Liu et al., 2007), 
whereas the weirs for MP and DP were built in 2004 but have only been 
monitored since 2011 (Liu et al., 2015). 

Water from the spring at the monitoring site (Fig. 1D) flows into a 
channel and enters a small pool (Fig. 2 Spring channel), then enters the 
MP. The distance from the spring outlet and MP is 38 m. The water 
chemistry and flow rate of the spring were monitored at the spring outlet 
(Fig. 1D). All water, POC and plant samples for the spring were also 
collected at the site shown in Fig. 1D. The volume of the spring reservoir 
is rather small with 0.5 × 2 m in area and <0.5 m deep, which 
approximately yields a volume <0.5 m3. The average spring discharge 

was 0.6 L/s in January, 2 L/s in July and 0.9 L/s in October, with 
relatively stable flow rates during each month. The areas of MP and DP 
were 280 m2 and 1300 m2 respectively. The water depth of MP is 
shallow, so that its volume is much smaller (about 60 m3) than that of DP 
(nearly 1300 m3) (Chen et al., 2014; Liu et al., 2015). The spring and 
pond setting is an ideal natural monitoring system for study of carbon 
cycle and transformation in surface karst water. 

Water from the spring enters the MP and DP directly with very short 
residence time, the ponds have the same environment. No other un
derground flows enter the ponds. Although the influence of surface 
runoff and direct rainfall on the hydrological system was not quantified, 
there was no rainfall recorded during the sampling dates. In the rainy 
season, water chemistry of DP may be buffered by its large size 
compared to the MP. Using the fore-mentioned spring flow rates, we can 
estimate the water residence time in MP was 28 h in January, 8 h in July 
and 19 h in October, considering no evaporation and other inputs. For 
DP, the estimated residence time was 25 days in January, 7.5 days in 
July and 17 days in October. The above estimation indicates that water 
residence time in MP was much shorter than that in DP, so that the ef
fects of environmental influence on water chemistry and biological ac
tivity between MP and DP are different. 

3. Methods 

3.1. Sample collection and pretreatment 

Measurements of hydrochemical parameters (flow rate, temperature, 
pH, conductivity, dissolved oxygen, and ions) and collections of samples 
(DIC, POC, plants) from the spring and the two spring-fed ponds were 
conducted during 27–28 January (winter), 24–25 July (summer) and 
24–25 October (autumn) of 2013. Water samples for δ13CDIC and 
D14CDIC were collected in pre-cleaned evacuated 60 mL glass vials, with 
no air space. One drop of saturated HgCl2 solution was added to each 
sample to prevent microbial activity, and samples were kept at 4 ◦C in 
the laboratory until analysis. The preserved samples for δ13CDIC and 
D14CDIC analyses were acidified with pure phosphoric acid (Raymond 
et al., 2004), and then evolved CO2 was purified on a vacuum extraction 
line after cryogenic removal of H2O using a liquid nitrogen-ethanol trap. 

Water samples were filtered by a vacuum filtration device through 
0.7 μm Whatman GF/F filter papers (47 mm in diameter) which were 
pre-weighed after combustion at 450 ◦C for 6 h. The GF/F filter papers 
were freeze-dried and analyzed for POC after removing the inorganic 
carbon by reaction with HCl fumes in the State Key Laboratory of 
Environmental Geochemistry (EG Lab) at the Institute of Geochemistry, 
Chinese Academy of Science, Guiyang. The treated POC samples on the 
papers were then combusted with CuO powder and Ag wire at 850 ◦C in 
an evacuated 9 mm quartz tube in the Accelerator Mass Spectrometer 
(AMS) Radiocarbon Dating Laboratory of the National Taiwan Univer
sity (NTUAMS Lab). Yields of CO2 were quantified using an absolute 
pressure gauge on a vacuum extraction line, and aliquots were taken for 
D14C measurements by AMS at NTUAMS Lab and for δ13C measurements 
by IRMS in the EG Lab. 

Plant samples collected from the spring and MP were pretreated in 
the NTUAMS Lab following the standard 14C methods of Oxford 
Radiocarbon Accelerator Unit (ORAU) to ensure that any adsorbed 
carbon dioxide was removed (Brock et al., 2010). Samples were rinsed 
with distilled water and freeze-dried prior to combustion and graphiti
zation. The dried samples (~2 mg) were then treated using the same 
procedures used for POC samples. 

3.2. In situ titration and chemical analysis 

Field titrations were used to measure the alkalinity and [Ca2+] of 
water, with the Aquamerck Alkalinity Test and Hardness Test. Since the 
majority of dissolved inorganic carbon species in the karst water when 
pH is around 8, the alkalinity measurement is close to [HCO3

− ]. In the 

Fig. 2. Full views of Maolan Spring and the spring-fed two ponds in winter, 
summer and autumn months. Aquatic plants are very abundant in the 
midstream pond. The cabin with 2 m wide, 2 m long and 3 m tall in each photo 
was built for monitoring device in 2004. Then, the monitoring device for MP 
and DP was transferred into a new cabin in 2011 shown in the lower panel. 
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karst environment, Ca2+ and Mg2+ are the major ions, but [Ca2+] is 2–3 
times larger than [Mg2+]. Thus, we use the results of the Alkalinity Test 
and Hardness Test as the results of [HCO3

− ] and [Ca2+] measurements. 
The precisions for [HCO3

− ] and [Ca2+] measurements are 6 mg/L and 1 
mg/L, respectively. Two sets of 60-ml samples were transferred in acid- 
washed hydroplastic bottles for chemical analysis of cations and anions 
after filtering through 0.45 μm Millipore filters. The samples for cation 
analysis were acidified to pH <2.0 using concentrated nitric acid. Pa
rameters of temperature, pH, electronic conductivity (EC) and dissolved 
oxygen (DO) were measured in situ by a hand-held WTW 350 water 
quality meter with 1σ error of <2%. 

The water samples were taken back to the EG Lab to determine cation 
concentrations of Na+, K+, Ca2+ and Mg2+ through an inductively 
coupled plasma optical emission spectrometer (ICP-OES) and anion 
concentrations of SO4

2− , Cl− , and NO3
− by a Dionex ICS-90 ion chroma

tography. All measured hydrochemical parameters are listed in Tables 1 
and 2. Since the concentrations of K+, Na+, Ca2+, Mg2+, Cl− , SO4

2− , NO3
−

and HCO3
− did not vary significantly for each reservoir during each 

sampling month, Table 2 lists only the average values of them. From 
Table 2, one can see Ca2+ is the major cation and HCO3

− is the major 
anion, which is the feature of karst hydrology. 

3.3. Calculating CO2 partial pressure and calcite saturation index 

CO2 partial pressure (pCO2) and the calcite saturation index (SIC) are 
calculated from a geochemical model with pH, temperature and con
centrations of seven major ions (Liu et al., 2007; Zhao et al., 2010, 
2015a). Since the host rocks in the study region are limestone and 
dolomite, intercalated with gypsum strata, Ca2+, Mg2+, HCO3

− and SO4
2−

are the major ions. With the recorded temperature and pH, as well as the 
measured ion concentrations, calculations of pCO2 and SIC were pro
cessed through the program WATSPEC (Wigley, 1977) based on the 
following equations: 

pCO2 = (HCO3
− )(H+)/(K1*KCO2) (1)  

SIC = log
[(

Ca2+)( CO3
2− )/KC

]
(2)  

where K1, KCO2 and KC are the equilibrium constants for carbonic acid 
(H2CO3), CO2 and calcite dissolution, respectively. If SIC > 0, water is 
supersaturated with respect to calcite and if SIC < 0, water is under
saturated. The calculated pCO2 and SIC values are listed in Table 1. 

3.4. Continuous monitoring of daily variations in hydrochemical 
conditions 

Diurnal cycles of the 3 water bodies were monitored in 3 seasons. In- 
situ hydrochemical parameters (temperature, pH, EC and DO) were 
measured every 15 min using a WTW 350i Multiline P3 automated de
vice. Two to three water samples for δ13CDIC analyses were collected 
over the course of a day. Table 3 lists the hydrochemical parameters 
corresponding to the δ13CDIC samples. The monitoring device (WTW) for 
the DP was broken at 14:00 PM in the afternoon of 10/25/2013, so that 
there was no hydrochemical record for the last five δ13CDIC samples of 
the DP in Table 3. 

3.5. Carbon isotopic analysis 

POC and plant samples were combusted by the method described in 
Section 3.1, and the purified CO2 was sealed in a glass tube for δ13C 
measurement. The δ13CDIC, δ13CPOC, and δ13Cplant were determined on a 
MAT-252 mass spectrometer with dual inlet in the EG Lab. Results are in 
Tables 3 and 4, relative to V-PDB (‰), and have ~0.15‰ (1σ) precision. 

The purified CO2 of DIC, POC and plant samples for D14C measure
ments were placed on the graphitization line under vacuum of 10− 3 

mbar in the NTUAMS Lab. When exposed to 400 mg Zn at 450 ◦C for 
reaction, the CO2 was reduced to graphite with Fe (Fe:C = 3.5:1) under 
550 ◦C for 6–8 h. Graphite samples were pressed into targets and 
measured for their 14C/12C and 13C/12C ratios with a 1.0 MV Tandetron 
Model 4110 BO-AMS made by High Voltage Engineering Europa B.V. 
(HVEE) in the NTUAMS Lab. Each batch of sample targets was run with 
three targets of oxalic acid standards (OXII, 4900C), three targets of 
carbonate backgrounds (NTUB), and two targets of inter-comparison 
samples. All standard, background and inter-comparison targets were 
processed with the same procedures as the sample targets. All reported 

Table 1 
Hydrochemical parameters and δ13CDIC values of the water samples from the study sites in different seasons. Water temperature (T), pH, electrical conductivity (EC) 
and dissolved oxygen (DO) were measured by an automatic WTW device in situ. Ca2+ and alkalinity were measured by titration in the field. SIC and pCO2 were 
calculated by the WATSPEC program. δ13CDIC values of water samples were measured by a MAT 252 IRMS.  

Date Time T (◦C) pH EC (μs/cm) DO (mg/L) Ca2+ (mg/L) Alkalinity (mg/L) SIC pCO2 (ppm) δ13CDIC (‰) 

Spring  
20130127 12:00  15.7  8.14  328  8.6  70  195  0.7  1191  − 11.18  
20130725 08:00  17.8  7.23  361  6.3  53  223  − 0.2  11,668  − 15.26  
20130724 20:00  17.5  7.20  363  6.1  54  224  − 0.3  12,274  − 15.05  
20131025 08:00  16.9  7.65  381  7.6  62  238  0.3  4645  − 12.63  
20131025 15:00  17.5  7.70  378  8.0  58  226  0.3  3954  − 12.17  
20131025 18:00  17.4  7.73  377  8.1  56  238  0.3  3890  − 12.06  

Midstream pond  
20130127 18:00  15.5  9.03  251  12.8  44  146  1.2  101  − 6.75  
20130128 08:00  10.9  7.87  271  9.0  48  153  0.1  1690  − 8.68  
20130724 14:00  30.8  8.98  316  15.1  46.6  194  1.4  171  − 11.86  
20130725 08:00  24.4  7.53  335  0.7  49.5  206  0.1  6012  − 15.15  
20130725 12:00  27.9  9.00  320  11.9  47.2  197  1.4  160  − 13.90  
20131025 08:00  14.4  8.01  320  2.4  46  177  0.3  1462  − 12.84  
20131025 12:00  17.1  9.18  234  3.0  34  171  1.3  80  − 10.96  
20131025 15:00  22.1  9.27  201  1.4  18  116  1  45  − 9.92  
20131025 18:00  21.8  9.83  180  12.6  16  110  1.2  7  − 10.41  

Downstream pond  
20130127 12:00  10.5  8.30  295  9.7  50  183  0.6  735  − 7.92  
20130127 18:00  12.8  8.35  289  10.2  46  177  0.6  647  − 7.93  
20130128 08:00  10.4  8.27  294  9.6  48  183  0.6  789  − 7.99  
20130724 14:00  30.0  8.37  289  8.6  42.6  177  0.9  755  − 12.05  
20130725 08:00  26.7  8.16  293  8.2  43.2  180  0.7  1280  − 12.38  
20131025 08:00  10.8  8.34  293  10.0  48  177  0.6  647  − 8.93  
20131025 15:00  21.5  8.41  337  5.7  48  207  0.9  718  − 8.36  
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D14C values were corrected for carbon isotopic fractionation using δ13C 
values of the samples measured with 14C by the AMS (Stuiver and 
Polach, 1977). The AMS 14C counting statistical error for OXII is 
generally <0.5%, and all AMS 14C dates are listed in Table 4. 

3.6. Scanning electron microscopy (SEM) 

Structures and elemental contents of some POC samples were 
analyzed by an Oxford Instruments Field Emission Scanning Electron 
Microscope (SEM) with an EMAX-ENERGY EDS system in the Depart
ment of Geosciences at National Taiwan University. The images and 
chemical compositions of some algae particles can be detected by the 
EDS-SEM. The results are shown in Fig. 12. 

4. Results and discussion 

4.1. Hydrochemistry of the spring-pond system 

Table 1 shows the values of the measured water temperature, pH, EC, 
DO, Ca2+, HCO3

− and δ13CDIC, as well as the calculated pCO2 and SIC 
values in January, July and October at each site. Data measured and 
samples collected from the different months represent hydrochemical 
conditions corresponding to soil activity and primary productivity in the 
study site under typical climatic conditions of different seasons, being 
January for winter, July for summer and October for autumn, 
respectively. 

The measured results in Table 2 indicate that Ca2+ and HCO3
− are the 

major cation and anion which come from dissolution of limestone and 

Table 2 
Average concentrations of cations and anions measured by an inductively coupled plasma optical emission spectrometer (ICP-OES) and a Dionex ICS-90 ion chro
matography. Concentrations of HCO3

− are averaged from the alkalinity measurements in the field. All values are in mg/L.  

Time Pond K+ Na+ Ca2+ Mg2+ Cl− SO4
2− NO3

− HCO3
−

January SP  0.23  0.40  49.41  15.77  1.01  5.64  12.19  202 
MP  0.33  0.42  34.13  15.98  1.06  2.21  11.86  163 
DP  0.21  0.36  40.71  16.59  0.92  2.22  13.23  180 

July SP  n.a.  n.a.  53.58  16.87  0.61  3.53  12.72  224 
MP  0.52  n.a.  44.72  17.77  1.86  0.24  8.57  186 
DP  n.a.  n.a.  43.69  17.09  0.89  1.13  9.86  182 

October SP  0.16  0.39  55.41  15.26  1.05  12.09  5.39  234 
MP  0.17  0.38  53.98  15.37  0.95  13.01  2.43  139 
DP  0.21  0.37  52.15  15.39  1.08  12.82  3.44  208  

Table 3 
Diurnal variations of the hydrochemical parameters and δ13CDIC in the spring pool, midstream pond, and downstream pond at the study site. Water temperature (◦C), 
pH, electronic conductivity (μs/cm) and dissolved oxygen (mg/L) were measured every 15 min by an automatic WTW device in each reservoir respectively. The δ13CDIC 
(‰, V-PDB) of the water samples were measured by a MAT 252 IRMS.  

Date Time T 
(◦C) 

pH EC 
(us/ 
cm) 

DO 
(mg/ 
L) 

δ13CDIC 

(‰) 
T 
(◦C) 

pH EC 
(us/ 
cm) 

DO 
(mg/ 
L) 

δ13CDIC 

(‰) 
T 
(◦C) 

pH EC 
(us/ 
cm) 

DO 
(mg/ 
L) 

δ13CDIC 

(‰) 

Spring Midstream pond Downstream pond  

20130127  12:00  15.7  8.14  328  8.6  − 11.11  11.9  8.34  287  10.0  − 8.56  10.5  8.30  295  9.7  − 7.92  
20130127  14:00  15.9  8.13  328  8.5  − 11.35  14.9  8.78  278  12.5  − 6.18  11.4  8.30  295  9.9  − 7.8  
20130127  16:00  15.7  8.14  329  8.6  − 11.10  16.6  9.06  263  13.3  − 7.08  12.6  8.30  293  10.0  − 7.59  
20130127  18:00  15.6  8.19  329  8.9  − 10.96  15.5  9.03  251  12.8  − 6.75  12.8  8.35  289  10.2  − 7.93  
20130127  21:00  15.4  8.10  329  8.2  − 11.16  14.1  8.99  243  13.5  − 7.88  11.8  8.31  292  9.9  − 7.98  
20130128  00:00  15.3  8.05  330  8.0  − 11.23  12.9  8.82  247  13.0  − 8.30  11.3  8.31  292  9.7  − 8.18  
20130128  04:00  15.3  8.03  331  8.0  − 11.26  11.8  8.43  254  10.7  − 8.32  10.6  8.29  294  9.6  − 8.14  
20130128  09:00  15.3  8.08  330  8.5  − 11.26  11.1  8.06  282  9.0  − 8.68  10.3  8.28  294  9.6  − 7.99  
20130128  13:00  15.5  8.17  328  9.2  − 11.21  11.5  8.50  292  9.7  − 8.79  10.7  8.31  294  9.9  − 8.05  
20130724  14:00  17.6  7.22  362  6.4  − 15.04  30.6  9.03  316  14.9  − 11.86  30.0  8.37  289  8.6  − 12.05  
20130724  20:00  17.5  7.20  363  6.1  − 15.05  28.0  8.91  280  15.0  − 12.20  29.1  8.39  297  7.4  − 12.07  
20130725  08:00  17.8  7.23  361  6.3  − 15.26  24.3  7.50  335  0.4  − 15.15  26.7  8.16  293  8.2  − 12.38  
20130725  12:00  17.7  7.22  362  6.1  − 15.07  28.3  8.98  324  15.7  − 13.90  28.2  8.24  297  9.3  − 12.23  
20131024  15:00  17.6  7.69  379  8.1  − 12.37  22.0  9.26  211  20.4  − 11.70  20.2  8.40  333  6.5  − 8.76  
20131024  16:00  17.6  7.68  378  8.1  − 12.40  22.2  9.21  192  19.5  − 10.65  20.3  8.44  339  5.8  − 8.76  
20131024  17:00  17.6  7.69  379  8.1  − 12.39  21.7  9.31  185  19.8  − 10.70  19.9  8.46  339  5.7  − 8.79  
20131024  18:00  17.5  7.69  379  8.2  − 12.89  21.1  9.43  183  19.0  − 10.98  19.5  8.45  339  6.1  − 8.91  
20131024  20:00  17.4  7.69  379  7.7  − 12.15  19.7  9.18  191  17.9  − 11.14  18.7  8.34  340  5.7  − 8.39  
20131024  22:00  17.3  7.66  380  6.7  − 12.28  18.4  9.09  200  17.7  − 11.57  18.2  8.33  339  5.6  − 8.63  
20131025  00:00  17.2  7.62  380  6.8  − 12.61  17.4  8.73  212  13.2  − 11.89  17.7  8.33  338  5.8  − 8.73  
20131025  02:00  17.1  7.64  381  6.8  − 13.34  16.4  8.32  233  11.8  − 12.31  17.3  8.33  339  5.6  − 8.80  
20131025  07:00  17.0  7.70  381  6.8  − 12.76  14.4  8.01  320  2.4  − 13.24  16.5  8.17  340  4.9  − 8.83  
20131025  08:00  17.1  7.72  378  8.2  − 12.63  14.1  8.04  325  2.1  − 12.84  16.4  8.19  340  4.4  − 8.93  
20131025  09:00  17.5  7.68  378  7.9  − 12.47  14.4  8.31  325  2.5  − 12.67  16.7  8.23  340  4.9  − 8.84  
20131025  10:00  17.5  7.68  378  7.9  − 12.20  15.0  7.91  245  1.9  − 12.39  16.9  8.28  339  4.9  − 8.44  
20131025  11:00  17.6  7.69  378  8.1  − 11.93  15.6  8.90  232  6.8  − 11.93  18.6  8.35  338  6.2  − 8.17  
20131025  12:00  17.6  7.70  377  8.0  − 11.77  17.1  9.18  234  3.0  − 10.96  18.8  8.37  334  5.8  − 8.22  
20131025  13:00  17.5  7.70  377  8.0  − 11.92  18.9  9.25  251  4.0  − 10.26  20.1  8.37  332  6.8  − 8.48  
20131025  14:00  17.6  7.70  378  8.0  − 13.04  20.7  9.27  221  4.5  − 10.11      − 9.12  
20131025  15:00  17.5  7.70  378  8.0  − 12.17  22.1  9.27  201  1.4  − 9.92      − 8.36  
20131025  16:00  17.5  7.71  378  8.0  − 12.64  25.0  10.29  190  17.0  − 9.47      − 8.73  
20131025  17:00  17.5  7.71  377  8.1  − 12.38  22.8  10.41  191  16.2  − 10.07      − 8.08  
20131025  18:00  17.4  7.73  377  8.1  − 12.06  21.8  9.83  180  12.6  − 10.41      − 8.11  
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soil carbonate, so that the karst water system belongs to Ca-HCO3
− type. 

These ions dominate the changes of the electrical conductivity (EC), 
shown by strong positive correlations between HCO3

− and EC (Fig. 3a), 
and by generally positive trends for Ca2+ and EC (Fig. 3b). Previous 
studies have demonstrated that such positive correlations commonly 

exist in the karst water of the study area (Chen et al., 2014; Zhao et al., 
2010, 2015a). Hence, variations of the measured EC can reflect changes 
in HCO3

− concentration of the karst water. Fig. 3 shows that Ca2+ and 
HCO3

− concentrations in the spring pool are generally higher than these 
in MP and DP, and the variation of Ca2+ and HCO3

− concentrations in MP 

Table 4 
δ13C and D14C values of the DIC, POC, and plant species from the karst water system. Aquatic plants, Hydrilla verticillata, Charophyceae, Spirogyra are submerged plants, 
whereas Sparganium stoloniferum is an emerged aquatic plant. For the DIC data, the sampling time is indicated in the bracket. See text for this discussion.   

Lab code Type δ13CDIC (‰) δ13CPOC (‰) δ13Cplant (‰) pMC (%) D14C (‰) Age (yr BP) Average 

Spring 
January NTUAMS-1991 DIC (12:00)  − 11.18   93.12 ± 0.59 − 68.8 ± 0.4 573 ± 51  

NTUAMS-1049 POC    64.69 ± 0.86 − 353.1 ± 4.7 3499 ± 107  
NTUAMS-1553 Hydrilla verticillata    − 22.68 96.99 ± 0.71 − 30.1 ± 0.2 246 ± 59  

July 

NTUAMS-860 DIC (8:00)  − 15.26   97.75 ± 0.78 − 22.5 ± 0.2 183 ± 64  
NTUAMS-859 DIC (20:00)  − 15.05   101.81 ± 0.63 18.1 ± 0.1 − 144 ± 49  
NTUAMS-1707 POC    54.66 ± 0.57 − 453.4 ± 4.7 4853 ± 84  
NTUAMS-1708 Charophyceae    − 28.78 97.43 ± 0.76 − 25.7 ± 0.2 209 ± 63  

October 

NTUAMS-857 DIC (8:00)  − 12.36   97.12 ± 0.64 − 28.8 ± 0.2 235 ± 53  
NTUAMS-1191 POC   − 28.80  79.19 ± 1.14 − 208.1 ± 3.0 1875 ± 115 DIC 
NTUAMS-1071 POC    71.56 ± 1.11 − 284.4 ± 4.4 2688 ± 125 − 25.5 ± 35.5 
NTUAMS-1491 Charophyceae    − 34.53 86.75 ± 0.63 − 132.5 ± 1.0 1142 ± 58 POC 
NTUAMS-1491-1 Hydrilla verticillata    − 43.77 84.75 ± 1.01 − 152.5 ± 1.8 1329 ± 95 − 325 ± 104  

Midstream pond 

January 

NTUAMS-1992 DIC (9:00)  − 8.68   94.41 ± 0.65 − 55.9 ± 0.4 462 ± 55  
NTUAMS-858 DIC (12:00)  − 11.77   109.51 ± 0.63 95.1 ± 0.6 − 730 ± 46  
NTUAMS-1583 DIC (18:00)  − 6.75   104.02 ± 0.80 40.2 ± 0.3 − 317 ± 62  
NTUAMS-1051-1 POC    82.50 ± 0.89 − 175.0 ± 1.9 1546 ± 87  
NTUAMS-1074 POC    72.94 ± 0.92 − 270.6 ± 3.4 2535 ± 101  
NTUAMS-1552 Hydrilla verticillata    − 30.59 94.86 ± 0.79 − 51.4 ± 0.4 424 ± 67  
NTUAMS-1502 Spirogyra    − 27.21 86.70 ± 0.80 − 133.0 ± 1.2 1147 ± 74  

July 

NTUAMS-862-1* DIC (8:00)  − 15.15   93.34 ± 0.67 − 66.6 ± 0.5 554 ± 58  
NTUAMS-861 DIC (12:00)  − 13.90   100.52 ± 0.58 5.2 ± 0.03 − 42 ± 46  
NTUAMS-1069 POC    95.65 ± 0.76 − 43.5 ± 0.3 357 ± 64  
NTUAMS-1067 POC   − 30.39  94.02 ± 1.06 − 59.8 ± 0.7 495 ± 91  
NTUAMS-1493 Sparganium stoloniferum    − 28.52 105.25 ± 0.55 52.5 ± 0.3 − 411 ± 42  

October 

NTUAMS-1060 DIC (12:00)  − 10.96   99.73 ± 0.75 − 2.7 ± 0.02 22 ± 60  
NTUAMS-862 DIC (15:00)  − 9.92   102.68 ± 0.51 26.8 ± 0.1 − 213 ± 40 DIC 
NTUAMS-1188 POC    87.61 ± 1.00 − 123.9 ± 1.4 1063 ± 92 6.0 ± 55.9 
NTUAMS-1189 POC   − 30.29  88.72 ± 1.01 − 112.8 ± 1.3 962 ± 92 POC 
NTUAMS-1190 POC   − 32.44  92.42 ± 0.98 − 75.8 ± 0.8 633 ± 85 − 123 ± 78.7  

Downstream pond 

January 

NTUAMS-1914 DIC (18:00)  − 7.93   103.01 ± 0.79 30.1 ± 0.2 − 238 ± 62  
NTUAMS-1051 POC    66.19 ± 1.09 − 338.1 ± 5.6 3315 ± 133  
NTUAMS-1073 POC    82.73 ± 0.95 − 172.7 ± 2.0 1523 ± 93  
NTUAMS-1072 POC    74.39 ± 0.90 − 256.1 ± 3.1 2377 ± 97  

July 
NTUAMS-844 DIC (8:00)  − 12.38   91.02 ± 0.77 − 89.8 ± 0.8 756 ± 68  
NTUAMS-1070 POC   − 37.49  93.65 ± 0.90 − 63.5 ± 0.6 527 ± 77  
NTUAMS-1068 POC   − 37.66  90.99 ± 1.04 − 90.1 ± 1.0 758 ± 92 DIC 

October 
NTUAMS-1915 DIC (8:00)  − 8.93   105.65 ± 0.83 56.5 ± 0.4 − 441 ± 63 0.3 ± 63.7 
NTUAMS-1916 DIC (15:00)  − 8.36   100.45 ± 0.81 4.5 ± 0.04 − 36 ± 65 POC 
NTUAMS-1192 POC   − 37.78  97.44 ± 1.07 − 25.6 ± 0.3 208 ± 89 − 158 ± 121  

Fig. 3. (a) Correlations of EC and Alkalinity. (b) Relationship trends between EC and Ca2+.  
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are much larger than these in DP. This is because the Ca2+ and HCO3
−

concentrations are affected by dilution, CaCO3 precipitation (depending 
on buffering capacity of the carbonate system), atmospheric exchange, 
and biological productivity to a different extent for each site. In the 
study area, rainy season is in the summer. But, no rain event occurred 
during the sampling dates, so that dilution from surface runoff might be 
small. In fact, if dilution effect caused lower concentrations of Ca2+ and 
HCO3

− in the spring-fed ponds, one would see lower Ca2+ and HCO3
−

concentrations in July, especially in the MP. However, this was not the 
case (Table 1). Since the input water of MP and DP came mainly from the 
spring, CO2 degassing of the water will increase pH which might lead to 
CaCO3 precipitation and decrease of Ca2+ and HCO3

− . Biological uptake 
of CO2 in MP and DP may further reduce the TCO2 (i.e., total CO2 
including dissolve CO2 gas, HCO3

− and CO3
2− ions). The consequence of 

those processes can be seen by changes in pH, SIC and pCO2 shown in 
Figs. 4 and 5. In Figs. 4a and 5d–f, the spring always has the lowest pH. 
Consequently, the calculated pCO2 in the spring is higher than these in 
MP and DP, and SIC is generally lower (Fig. 4b). The monitoring results 
also indicate that the spring water temperature (~2 ◦C variation) and EC 
(~10% variation) remained relatively constant through the year 
(Fig. 5), reflecting a relatively uniform source water. The summer spring 
water (7/24–25/2013) has the lowest pH and the highest pCO2 with an 
unsaturated SIC value (<0) (Table 1), probably because higher subsur
face biological activity in soil during the summer added additional CO2, 
as indicated by the more negative value for δ13C. 

The above observations provide the following basic information: (1) 
The spring has relatively stable hydrochemical conditions over the 
course of the year, with stable water temperature, the lowest pH, highest 
EC (as well as Ca2+ and HCO3

− concentrations) and high pCO2; (2) 
Seasonally, there is a higher subsurface CO2 contribution to the spring 
water during the summer causing lower pH, higher pCO2 and unsatu
rated SIC; (3) The absence of significant diurnal changes suggests very 
low biological activity and CaCO3 precipitation occur in the spring pool; 
and (4) From the spring to MP and DP, loss of CO2 from degassing, 
CaCO3 precipitation and biological uptake change the hydrochemical 
conditions and isotopic composition of the DIC in the water. Based on 
these observations and carbon isotope values, we will discuss the carbon 
source and transformation processes. 

Changes in the hydrochemical parameters and carbon isotopic 
compositions of MP and DP should have the similar trends and pro
cesses, considering that they have the same source water and environ
mental conditions. However, as mentioned above, the volume and depth 
of MP are much smaller than that of DP, so that the water residence time 
of MP is much shorter than that of DP. In MP, abundant submerged 
plants (dominated by Chara fragilis) exist, whereas fewer aquatic plants 
exist in the spring and DP (Fig. 2). And, as shown by the diurnal changes, 
the primary productivity in MP is much stronger than that in DP (Fig. 5). 

The diurnal hydrochemical variations of MP and DP (Fig. 5) will help 
in understanding controlling factors on the daily variations of DIC. 
During these monitoring days, there was no rainfall event to directly 
affect the hydrological condition. The pH is positively correlated with 
the water temperature. The EC varied negatively with T and pH. The 
variation patterns are similar in all seasons, so that one should not 
expect variation of seasonal soil CO2 input to cause such changes. These 
daily changes should largely depend on CO2 degassing, CaCO3 precipi
tation, aquatic photosynthesis and respiration influenced by water 
temperature and sunlight (De Montety et al., 2011; Chen et al., 2014; 
Yang et al., 2015). As calculated earlier, the water residence time of SP, 
MP and DP were <1 h, 8–28 h and 7–25 days, respectively with much 
shorter time in July. One should consider the water replacement in MP. 
The water temperature increased from morning to late afternoon and 
then decreased continuously to the next morning. As water temperature 
increases, CO2 degassing and CaCO3 precipitation increase. Conse
quently, pH increases and EC (mainly HCO3

− and Ca2+) decreases. 
Aquatic photosynthesis increases during the daytime, while aquatic 
respiration occurs during the nighttime. The former process will take up 
CO2, and the latter process will release CO2. Compared to DP, the large 
variations of pH and EC in MP should be caused by much stronger 
aquatic photosynthesis and respiration in the smaller water body. The 
daily hydrochemical variation also provides insight to the changes in 
carbon isotopic composition. 

4.2. δ13CDIC variation in the karst water system 

Dissolved inorganic carbon (DIC) in the spring comes primarily from 
CO2 released by organic matter oxidation and limestone bedrock 
dissolution in the subsurface. The DIC of the spring water is the main 
supply of the DIC in MP and DP. As water flows to MP and DP, CO2 
degassing, CaCO3 precipitation, aquatic photosynthesis and respiration, 
and surface runoff dilution, can affect the DIC concentration and carbon 
isotopic fractionation. In a study of DIC behavior and δ13CDIC in three 
karst water catchments of Guizhou, Zhao et al. (2015a) summarized the 
factors influencing DIC concentration and δ13CDIC, including (1) car
bonate bedrock dissolution and CaCO3 precipitation relative to water 
residence time, which is controlled by rates of groundwater flow, geo
morphology, and initial pH of surface water; (2) soil CO2 input 
controlled by vegetation, soil coverage and thickness, and land use; (3) 
exchange with atmospheric CO2; and (4) aquatic plant photosynthesis 
and respiration in the water system. 

δ13CDIC variations in the SP, MP and DP during each sampling period 
(Fig. 6) show several characteristics. First δ13CDIC values in the spring 
were lower than MP and DP during all sampling periods. Second, δ13CDIC 
values in all 3 settings were lower in July and October, and the highest in 
January. Third, δ13CDIC generally co-varies with pH in each reservoir, 

Fig. 4. (a) Relationship between Alkalinity and pH. (b) Relationships among pH, SIC and pCO2.  
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showing lower δ13CDIC corresponding to lower pH (Fig. 7). This finding 
agrees well with the results of Zhao et al. (2015a). 

The above observations indicate that: (1) Assuming that decaying 
vegetation releases δ13CDIC with ~− 25‰ and the limestone is near 0‰, 
DIC input to the spring comes mainly from soil CO2 rather than lime
stone bedrock dissolution. (2) Groundwater input to MP and DP is 
negligible, and their DIC is mainly from the spring; (3) Dilution of TCO2 
by surface water runoff (rainfall) to the karst water system is minor. (4) 
The δ13C of the source water is controlled by the soil CO2 input, which is 
the major factor influencing seasonal δ13CDIC in each reservoir, with 
lower δ13C in the summer rainy season. (5) The large diurnal variations 
of pH, EC, SIC and pCO2 in MP indicate that aquatic photosynthesis/ 
respiration is much more important for the carbonate system than CO2 
degassing/CaCO3 precipitation in MP. However, since the water resi
dence time in MP is close to one day, part of the variations in MP is 
caused by inflow of spring water into the pond. The observation (4) can 
be demonstrated by the strong correlation of δ13CDIC - pH in the spring 
(Fig. 8a). The dominance of aquatic photosynthesis and respiration in 
MP reflects its abundant aquatic plant community. Considering HCO3

− is 
the dominating ion in TCO2, we use a plot of δ13CDIC - 1/[HCO3] to 
illustrate the influence of aquatic photosynthesis. Fig. 8b shows that a 
strong correlation in MP indicates the effect of photosynthesis, although 
the relation may also be influenced by carbonate precipitation and CO2 
escape to the atmosphere. 

The average δ13CDIC values with sample standard deviations for 
January 27–28, 2013 in the spring, MP and DP were − 11.18 ± 0.11‰, 
− 7.84 ± 0.94‰ and − 7.95 ± 0.18‰, respectively (Table 3). In general, 

δ13C of soil CO2 in Guizhou ranges from − 20‰ to − 24‰ (unpublished 
data). The spring water TCO2 should be a mixture of carbon released by 
soil respiration and dissolution of the carbonate bedrock. Assuming an 
average δ13C of soil gas CO2 in the study area is − 22‰, the carbon 
isotopic fractionation at 20 ◦C will lead to 8.5‰ increase as it dissolves 
to become HCO3

− (Chacko et al., 2001), so that the DIC in the surface 
water supplied from vadose zone respiration to the spring should have a 
δ13C value around − 13.5‰. Carbonate dissolution in the soil and 
through limestone bedrock along the passageway to the spring is a 
second source. Carbon isotopes in marine limestone and dolostone have 
been reported to range from − 1‰ to 2‰ (Clark and Fritz, 1997), so δ13C 
of the DIC from limestone dissolution should be around − 1‰ (Chacko 
et al., 2001). The measured δ13CDIC of the spring is − 11.18‰. Using the 
following simple mass balance equation, we can calculate the percent
ages of DIC from soil CO2 (f1) and limestone dissolution (f2): 

δm (carbon isotope of the carbon mixture) = f1×δ1 + f2×δ2 (3)  

f1 + f2 = 1 (4)  

where δm = δ13CDIC (δ13C of the DIC in the spring) = − 11.18‰, δ1 =

− 13.5‰, and δ2 = − 1‰. The carbon fraction from limestone dissolution 
is about 18.6%, whereas the carbon fraction from soil CO2 is 81.4%. This 
mass balance calculation is quite different from the view implied by 
reaction (5) that would suggest DIC contribution in the karst water 
should come from an equal mixture of limestone dissolution and 
oxidized organic material (Hendy, 1971). 

Fig. 5. Diurnal variations in water temperature, pH and EC in the spring, midstream and downstream ponds during three sampling periods. (a) January 27–28; (b) 
July 24–25; (c) October 24–25, 2013. 
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H2CO3 +CaCO3→Ca2+ + 2 HCO3
− (5) 

If this was the case, then the δ13C of the spring water would be 
− 7.25‰. In fact, many cave studies show that soil CO2 is a major source 
of total CO2 in cave and epi-karst waters and lighter δ13C of cave and epi- 
karst waters in the summer is due to more contribution of soil CO2 (e.g., 
Li et al., 2011, 2012; Zhao et al., 2015a). The δ13CDIC measurements of 
the spring pool indicates that the 18.6% contribution of carbonate 
dissolution is very likely under cooler water temperature and longer 
water residence time in the seepage path during the dry winter season. 

High temperature in the rainy season leads to increased biomass 
productivity, strong root respiration and organic decomposition, 
providing more soil CO2 with low δ13C (Atkin et al., 2000). On the other 
hand, fast flow rate of seepage water reduces groundwater residence 
times, resulting in decreased carbonate dissolution per ml (Zhao et al., 
2015a). The average δ13CDIC value of the spring in July 24–25 was 
− 15.11 ± 0.11‰, with the lowest pH, negative SIC and the highest pCO2, 
confirming the above interpretations. Again, using − 22‰ for the δ13C of 
soil gas CO2 and 30 ◦C for the summer temperature, the carbon isotopic 
fractionation between HCO3

− (aq) and CO2 (g) can be estimated (Chacko 
et al., 2001): 

1000lnαHCO3− (aq) and CO2 (g) = − 0.0945T(◦C)+ 10.41 (6) 

An enrichment of 7.55‰ should exist from soil CO2 to HCO3
− in the 

seepage water. Thus, the estimated δ13C of the seepage water should be 
about − 15‰. As the measured δ13CDIC value of the spring is − 15.11 ±
0.11‰, it means that carbon contribution of limestone bedrock disso
lution in the summer is minor. If there is apparent CO2 degassing and/or 
limestone bedrock dissolution in the seepage water, its δ13CDIC value 
should become heavier. CaCO3 precipitation in the spring during July 
24–25 was unlikely because SIC < 0. 

The average δ13CDIC value of the spring in October 24–25 was 
− 12.42 ± 0.39‰ (n = 20). A similar estimation of the carbon contri
bution from soil CO2 is >90%. 

Comparing the δ13CDIC values between the spring and DP during the 
three sampling periods, about 3‰ enrichment in the δ13CDIC occurred 
from the spring to DP in each period, and the variation patterns of the 
δ13CDIC in the two reservoirs were very similar (Fig. 7). The 3‰ 
enrichment can only be explained by the following processes: (1) CO2 
degassing, (2) CO2 exchange between DIC and the atmospheric CO2, (3) 
increase CO3

2− /HCO3
− ratio due to pH increase, (4) aquatic photosyn

thesis, and (5) carbonate dissolution, since other processes such as 
CaCO3 precipitation, aquatic respiration and organic decomposition 
lead to δ13CDIC depletion. Process (5) is unlikely because the SIC values 
for DP are >0 (Table 1). Processes (1) to (3) occur simultaneously, but 
have different degrees of influences on carbon isotopic fractionation. 
CO2 degassing leads to 12C preferentially entering the atmosphere and 
pCO2 decrease in the water, which results in pH increase and SIC rise. 
The increased pH will further elevate the CO3

2− /HCO3
− ratio in the water 

that is Process (3) to have about 1‰ enrichment of δ13CDIC (Palmer 
et al., 2001). The pH increase and pCO2 decrease from the spring to the 
spring-fed ponds support the Processes (1) and (3). Process (2), CO2 

Fig. 6. Diurnal variations of δ13CDIC in Maolan spring and the two spring-fed 
ponds. (a) January 27–28; (b) July 24–25; (c) October 24–25, 2013. 

Fig. 7. Variations of δ13CDIC and pH in Maolan spring and the two spring-fed 
ponds through time. (a) Spring; (b) Midstream pond; (c) Downstream pond. 
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exchange between the DIC of the karst water and the atmospheric CO2, is 
happening all the time. As the δ13C of escaping CO2 gas (about − 22‰) in 
the spring is lighter than the δ13C of atmospheric CO2 (− 8‰), Process 
(2) will lead to enrichment of δ13CDIC in the karst water. However, 
equilibrium CO2 exchange would not affect pH of the karst water. 
Nevertheless, the influences of Processes (1) to (3) on the δ13CDIC change 
from the spring to the spring-fed ponds can happen simultaneously. 
Using δ13C only, it is difficult to identify the relative importance of 
Processes (1) to (3). 

Aquatic photosynthesis/respiration is an important process influ
encing isotopic composition. De Montety et al. (2011) pointed out that 
photosynthesis and respiration of aquatic plants are the dominant pro
cesses controlling in-stream diel isotopic variation. In daytime, a 
simultaneous increase of δ13CDIC and decrease of DIC indicates that 
photosynthesis is a primary control on DIC concentrations (Liu et al., 
2015; Yang et al., 2015). Fig. 8 shows that correlation of δ13CDIC and pH 
in MP was not very strong (Fig. 8a), but correlation of δ13CDIC and 1/ 
[HCO3] in MP was rather strong (Fig. 8b), indicating the influence of 
biological activity on the isotopic signal in MP. In this karst water sys
tem, biological activity was relatively weak in the spring and DP, so that 
the influence of aquatic photosynthesis and respiration on their δ13CDIC 
was negligible, especially in winter time. However, diurnal variations of 
the δ13CDIC of the spring and DP during the October sampling period 
show some modest variation in both spring and DP reservoirs (Fig. 7c). 
Those variations in the δ13CDIC may not be attributed to aquatic 
photosynthesis and respiration in the water bodies. Instead, the varia
tions may be caused by the δ13C changes from the input water to the 
spring. Fig. 9 shows that the δ13CDIC of the spring and DP do not co-vary 
perfectly with their pH, EC and DO through time. Since the DIC of the 
spring comes mainly from the soil CO2, its δ13CDIC variation may reflect 
δ13C change in the soil water. For example, the decreased δ13CDIC during 
the night of October 24 might be attributed to low δ13C of soil water due 
to plant respiration (shown by low DO and low pH) (Fig. 9). 

In general, aquatic photosynthesis using CO2 of DIC and producing 
oxygen will increase pH, CO3

2− /HCO3
− ratio and SIC. This reduces pCO2 

and EC if CaCO3 precipitates (Gattuso et al., 1999). The δ13CDIC of the 
water should increase as organic carbon formation preferentially up
takes 12C (Yang et al., 1996). Aquatic plant respiration has the opposite 
effects. Therefore, if aquatic photosynthesis and respiration is signifi
cant, one should see above correlations among δ13CDIC, pH, DO, SIC, 
pCO2 and EC. Fig. 10 demonstrates these correlations among δ13CDIC, 
pH, DO, SIC, pCO2 and EC in MP where abundant aquatic plants exist. 

During daytime, aquatic plants uptake CO2 (aq) for photosynthesis, 

facilitating precipitation of calcite; at night, on the other hand, respi
ration becomes the major process and produces CO2 in the water that 
can cause the dissolution of calcite. Aquatic photosynthesis and respi
ration can be described by the following simplified reactions: 

Fig. 8. Relationships of (a) δ13CDIC and pH, and (b) δ13CDIC and 1/[HCO3
− ]. The left panel shows strong correlation of δ13CDIC and pH in the spring water, indicating 

the influence of CO2 degassing/atmospheric exchange on the isotope change. The right panel exhibits strong correlation of δ13CDIC and 1/[HCO3
− ] in MP, reflecting 

the influence of biological activity on the isotope variation. 

Fig. 9. Diurnal variations of δ13CDIC, pH, EC and DO in Maolan spring and the 
downstream pond during October 24–25, 2013. (a) δ13CDIC and pH variations in 
the spring; (b) δ13CDIC and pH variations in the downstream pond; (c) EC and 
DO variations of the spring and DP. 
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Ca2+ + 2HCO3
− ⇒CaCO3 + x (CO2 +H2O)+ (1 − x) (CH2O+O2) (daytime)

(7)  

6H2O+ 6CO2⇒C6H12O6 + 6O2 (8)  

CaCO3 +CO2 +H2O⇒Ca2+ + 2HCO3
− (night) (9)  

C6H12O6 + 6O2⇒6H2O+ 6CO2 (10) 

As discussed before, respiration in soil affects the δ13C, pH, EC and 
DO of the source water, bedrock dissolution, CO2 degassing/exchange 
with the atmosphere, change of CO3

2− /HCO3
− ratio, CaCO3 precipitation, 

aquatic photosynthesis/respiration, and all these can influence δ13CDIC. 
However, these factors have different time scales and depend on bio
logical conditions. Fig. 10 shows that change of soil respiration is the 
major factor controlling δ13CDIC and hydrochemistry on seasonal or 
longer time scales, with low δ13C, pH and DO, but high EC and pCO2 in 
summer. In winter, both soil respiration and aquatic biological activity 
are less apparent. Changes in hydrochemical condition become domi
nant factors. The δ13CDIC of MP increased with increased water tem
perature, pH, CO3

2− /HCO3
− ratio and photosynthesis during daytime; the 

situation reversed during night time (Fig. 10). In addition, when bio
logical activity is strong, the effect of CO2 degassing becomes minor. For 
instance, CO2 degassing should reach a maximum at noon on 10/25/ 
2013, but the highest δ13CDIC appeared at 16:00, showing influence of 
photosynthesis on the δ13CDIC. 

4.3. D14C signatures of DIC in the karst water system 

D14C expresses the 14C/12C ratio as (pMC – 1) × 1000, where pMC 
denotes fraction of modern carbon which is defined as the atmospheric 
14C in 1950 CE. In 1950 CE, pMC = 1 and D14C = 0‰. For a sample older 
than 60 ka, its pMC is close to zero and D14C = − 1000‰. Owing to 
nuclear weapon testing in the atmosphere, its D14C reached to 800‰ in 
1964, then started to decrease, primarily due to dilution as it mixed with 
other carbon reservoirs, including the terrestrial biosphere, the upper 
ocean and fossil fuel CO2 input. In 2013, the atmospheric D14C was 
about 40‰ in North Hemisphere (Hua et al., 2013). Plants grown in land 
will have D14C values similar to that of the atmospheric CO2. An 
emerged plant (Sparganium stoloniferum in Table 4) has D14C of 52.5 ±
0.3‰ which can represent the atmospheric D14C in the study site, 
although 14C may be somewhat higher in the soil carbon pool that is 
decaying. If soil CO2 is completely from decomposition of organic car
bon (including plants and animals) which has the same D14C value as the 
atmospheric D14C, its D14C is about 40‰. Considering DIC of the spring 
water comes from soil CO2 and carbonate dissolution in the soil and 
along the seepage pass way, one may simply estimate the fractions of the 
two endmembers by the Eqs. (3) and (4). To make the model simple we 
do not consider the selective oxidation of young or old organic carbon, 
which could affect the 14C mass balance. 

The D14CDIC values of the spring in January, July and October of 
2013 were − 68.8‰, − 2.2‰ (average of − 22.5‰ and 18.1‰) and 
− 28.8‰, respectively (Table 4). Giving δ1 = 40‰ (soil CO2) and δ2 =

− 1000‰ (limestone rock), then the contribution of soil CO2 to the DIC 
in the spring in the January, July and October were 90%, 96% and 93%, 

Fig. 10. Diurnal variations of δ13CDIC and hydrochemical parameters in the midstream pond during the three sampling periods. (a) pH and δ13CDIC; (b) EC and DO; 
(c) SIC and pCO2. The numbers with arrows denote the D14CDIC values. 
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respectively. The percentage of limestone dissolution was <10%. If the 
D14C of the soil CO2 is smaller than the atmospheric D14C, then the 
estimated contribution of limestone dissolution should be even smaller. 
The mass balance calculation of the D14C supports the result of the 
δ13CDIC. Nevertheless, estimation by the D14CDIC shows the CO2 contri
bution from carbonate dissolution to the DIC in the karst water system is 
<10%, and the contribution of soil CO2 (or carbonate dissolution) is 
higher (or lower) in the summer time. The CO2 of the DIC is mainly from 
soil CO2. This result may provide constraints for radiocarbon dating of 
stalagmite samples (Li et al., 2015; Yin et al., 2017; Zhao et al., 2015b, 
2017). 

Compared to the spring, the D14CDIC values of MP and DP should be 
higher (more positive) because CO2 exchange with the atmosphere al
lows D14CDIC to approach the atmospheric D14C. The D14CDIC values of 
MP and DP are complicated, as shown in Table 4 and Fig. 11. Sometimes 
the D14CDIC values of the ponds were higher than these of the spring, but 
sometimes they were lower. As discussed before, CO2 degassing, CO2 
exchange with the atmosphere, increased CO3

2− /HCO3
− ratio and 

photosynthesis will lead to increased δ13CDIC, and CaCO3 precipitation 
and respiration will cause δ13CDIC decrease. Among these processes, only 
CO2 exchange with the atmosphere and respiration will influence 
D14CDIC. CO2 exchange with the atmosphere always leads to increased 
D14CDIC. The influence of respiration on D14CDIC depends on the CO2 
input from the respiration. If the CO2 input from the respiration has a 
D14C value higher than the D14CDIC of the water, the mixture will have 
higher D14CDIC. Otherwise, the mixture will have lower D14CDIC. Nor
mally, respiration of terrestrial plants should provide a higher D14C 
value, but respiration of aquatic plants might not. It is interesting that 
the samples taken from both MP and DP in the mornings had lower 

D14CDIC with lower δ13CDIC, DO, and SIC values but high pCO2, whereas 
the samples taken in the afternoons had higher D14CDIC with relatively 
high δ13CDIC, DO, and SIC values but low pCO2 (Table 3 and Fig. 10). The 
results clearly demonstrate the influence of CO2 exchange with the at
mosphere accompanied by CO2 degassing and aquatic respiration. Since 
the aquatic respiration caused both D14CDIC and δ13CDIC decreases 
especially in the summer time, one may expect that the D14C of the CO2 
decomposed from organic carbon is relatively low. However, whether 
the decomposed organic carbon which had low D14C comes from soil or 
in the aquatic system is unclear; the downstream pond should have weak 
aquatic respiration, but both D14CDIC and δ13CDIC during the July sam
pling period show strong depletion, reflecting a significant amount of 
organic carbon decomposed. Therefore, it is possible that the CO2 of 
respiration may come from older soil. Carbonate dissolution should not 
cause the δ13CDIC decrease, so it cannot be the mechanism to explain the 
decreased D14CDIC, especially in July and October. 

4.4. D14C of POC in the karst water system 

POC samples in this study were collected through 0.7 μm Whatman 
GF/F filter papers (47 mm in diameter) and consist of suspended par
ticles in water. Sample weights are generally a few mg. The suspended 
particles include algae formed in the water, and detritus from aeolian 
dust and surface runoff. Since the algae are only a few μm in size, it is 
impossible to separate enough algae particles for AMS 14C measure
ments. Therefore, the D14CPOC value is for the total organic carbon 
(TOC) of a POC sample. 

The average D14CPOC values in the spring, MP and DP during January 
27–28, 2013 were − 353‰, − 223‰ (average of − 175‰ and − 270.6‰) 
and − 256‰ (average of three POC values), respectively, with a total 
average of − 261 ± 77‰ (n = 6), much lower than D14CDIC values for DIC 
in the corresponding sites (Table 4 and Fig. 11). It is not surprising that 
D14CPOC value of surface fresh water is lower than the atmospheric D14C. 
For instance, Kao and Liu (1996) found that an average D14C value of 
POC samples from Lanyang Hsi (Lanyang River) was − 875‰. The 
D14CPOC values of samples from Zhujiang and Xijiang rivers varied from 
− 425‰ to − 65‰ and − 425‰ to − 201‰, respectively (Wei et al., 2010; 
Sun et al., 2011; Liu et al., 2017). This is probably due to old organic 
carbon from detrital input through aerosol and surface runoff. Ishikawa 
et al. (2012) pointed out that the primary production in surface water 
transfers 14C depleted carbon from carbonated rock into stream 
ecosystem food webs. Liu et al. (2017) also pointed out that POC is older 
than DIC in the Zhujiang River, consistent with a reservoir effect asso
ciated with POC “spiraling” (suspension/re-deposition) in streams and 
rivers. The absolute ages of DIC and POC in riverine systems are influ
enced by the geomorphic and hydrologic variations in different 
watersheds. 

Besides POC “spiraling” (suspension/re-deposition) reason, CO2 ex
change with atmosphere is another reason for the D14CPOC < the D14CDIC 
in the corresponding sites. DIC in the surface water can have strong CO2 
exchange with atmosphere, whereas POC cannot have CO2 exchange 
with the atmosphere. Theoretically, if all POC were formed throughout 
photosynthesis by taking up dissolved CO2 in the water (endogenous), 
their D14C values would be close to the D14CDIC in the corresponding 
sites. However, all D14CPOC are much lower than the D14CDIC in the 
corresponding sites, indicating the majority of POC comes exogenously 
from detritus. During the winter, primary productivity is low so that 
algae production can be also low. The EDS/SEM analyses shown in 
Fig. 12A provide such evidence, showing more detritus and low carbon 
contents in the January samples. Hence, the POC collected in January 
27–28 of 2013 contains mainly detrital carbon which has older 14C ages. 

The D14CPOC values of the samples collected from MP and DP during 
July 24–25 and October 24–25 of 2013 range from − 124‰ to − 26‰ 
with an average of − 74 ± 33‰ (n = 8). This average D14CPOC value is 
much higher than the average D14CPOC value of the winter samples 
(− 223 ± 68‰), reflecting abundant algae formed in the ponds during 

Fig. 11. D14C values of DIC, POC and aquatic plants in Maolan spring and the 
two spring-fed ponds. 
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warm seasons. The EDS/SEM results show abundant algae and high C 
contents in the July from the ponds (Fig. 12B). As the D14CPOC of 
exogenous POC is unknown, however, currently we are not able to 
independently estimate how much POC was exogenous (surface runoff 

and aeolian dust). Because all the D14CPOC values are much lower than 
the atmospheric D14C even in MP during the summer time, our next 
question is whether the algae growing in the warm seasons uses DIC in 
the ponds or not. To answer this question, we need to know the D14C of 

Fig. 12. EDS/SEM analysis of algae for the POC samples from the study site, (A): in January; (B): in July; (C): in October. The wire-like materials are glass fibers of 
the filter paper. 
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pure algae grown in the ponds. Unfortunately, we are unable to separate 
detrital POC and algae from a sample. And, even if the separation is 
possible, the amount of algae is not enough to date in the NTUAMS Lab. 
Nevertheless, the POC in the epi-karst system comes mainly from 
exogenous source in the winter time, but contains abundant algae 
(endogenous) in the spring-fed ponds during the warm seasons. The next 
section will show biological uptake of DIC through aquatic photosyn
thesis in the epi-karst system. 

4.5. D14C signature of aquatic plants 

The aquatic plants collected from the spring and MP are three sub
merged plants: Hydrilla verticillata, Charophyceae and Spirogyra, and one 
emerged plant: Sparganium stoloniferum (Table 4). The D14C values of the 
submerged plants range from − 152.5 ± 1.8‰ to − 25.7 ± 0.2‰ with an 
average of − 87.5 ± 57.9‰ (n = 6), all significantly lower than the D14C 
value (52.5 ± 0.3‰) of the emerged plant which is equivalent to the 
local atmospheric D14C. The results clearly demonstrate the submerged 
plants uptake their CO2 from DIC in the water. If the submerged plants 
used atmospheric CO2 only, then their D14C values should be close to 
that of emerged plants. 

Nielsen (1946) determined that some plants could assimilate not 
only free CO2 but also HCO3

− . In fact, more and more studies demon
strate that aquatic plants uptake DIC for photosynthesis (e.g., Li et al., 
2019; Blyakharchuk et al., 2020). Waterson and Canuel (2008) showed 
that the proportion from DIC transformation to TOC in the Mississippi 
River by aquatic photosynthesis could be 20% and 57% as revealed by 
lipid biomarker and δ13CTOC analyses. This loss of DIC will be partly 
transformed into organic carbon as stated in Eq. (7) (Sun et al., 2011), 
and eventually partly buried as autochthonous organic matter (Liu et al., 
2011). This process constitutes a “biological carbon pump (BCP)” (De La 
Rocha and Passow, 2007; Liu et al., 2017) and increases the organic 
carbon preservation potential in the ponds (Liu et al., 2015). As Liu et al. 
(2015) suggested, if the terrestrial BCP effect is strong enough, as in the 
case of midstream pond (including both algae POC and plants), there is a 
carbon sink by drawing CO2 directly from the atmosphere to surface 
water. This organic carbon is buried in the sediments, and its storage 
should be better quantified in the carbon cycle models. 

Currently, quantitative estimation of the DIC fraction used for sub
merged plants during aquatic photosynthesis in the karst water system is 
limited by long-term measurements of D14CDIC in a year. This study 
shows that the D14CDIC varies during a day (Table 4), so that the D14CDIC 
value used for photosynthesis of submerged plants is uncertain. We 
cannot use the D14C values of DIC and submerged plants in Table 4 for a 
mass balance calculation. However, one may ask why the D14C of the 
submerged plants in the spring pool during October (− 132.5‰ and 
− 152.5‰) was much lower than those during January (− 30.1‰) and 
July (− 25.7‰). In order to lower the D14C of the submerged plants, 
either the local atmospheric D14C or the D14CDIC of the spring during 
autumn was lower. First of all, the study site is a forest environment far 
away from urban area, so there is no evidence that the local atmospheric 
D14C should be significantly lower. Second, if the submerged plants used 
only atmospheric CO2 for photosynthesis, their D14C would be positive, 
and not related to D14CDIC variation. Our hypothesis for the lower D14C 
of submerged plants in the spring during October is that the submerged 
plants have strong CO2 uptake from DIC during photosynthesis and the 
long-term D14CDIC in the spring was lower during late summer to 
autumn due to decomposition of organic matter shown by Reactions (9) 
and (10). Both POC (with D14C of − 200‰~− 450‰) decomposition and 
carbonate (with D14C of − 1000‰) dissolution can contribute to low 
D14C CO2. However, we think that the organic matter decomposition 
should be main reason as the δ13C of the submerged plants were lower in 
October than those in January and July (Table 3). 

Geyh et al. (1998) suggested that the primary 14C sources in fresh
water (aquatic) environments are atmospheric CO2 exchange at the air- 
water interface and groundwater input of DIC. However, their 

explanation did not consider the process of carbon transformation. Our 
study indicates that (1) the majority of TCO2 in the studied water comes 
from soil (biogenic) CO2 rather than limestone dissolution; (2) sub
merged plants and algae formation through aquatic photosynthesis 
probably use larges amount of CO2 from the DIC rather than the atmo
spheric CO2 directly; and (3) aquatic photosynthesis in karst water can 
produce not only organic matter but also carbonate through the re
actions shown by reactions (7) and (8). The carbon buried through this 
process is considered as a carbon sink. Nevertheless, our study illustrates 
that a strong biological pump effect in terrestrial surface waters should 
be considered as another important natural carbon sink, similar to the 
atmospheric CO2 removal into the oceans (Ducklow et al., 2001; Passow 
and Carlson, 2012). 

In addition, the 14C ages of submerged plants are on the order of 
several hundreds and thousands of years. This means that plant remains 
from lake sediments and peat mires, especially in karst regions, may 
have initial 14C ages. 14C dating of aquatic plants should be done with 
caution. 

5. Conclusions 

Variations in hydrochemical data, δ13C and D14C values of DIC, POC 
and plants in Maolan spring-pond system during January 27–28, July 
24–25 and October 24–25 of 2013 have been studied. Influences of soil 
respiration adding CO2, carbonate dissolution, CO2 degassing and ex
change with atmospheric CO2, CO3

2− /HCO3
− ratio change, aquatic 

photosynthesis and respiration, and mixing of detrital carbon on tem
poral and spatial variations in δ13C and D14C values of DIC, POC and 
plants have been discussed. Our understanding of the carbon source and 
processes in the karst water system can be summarized as follows:  

1. CO2 produced by respiration in soils is the major source for the DIC of 
the spring system, with higher input in the summer due to stronger 
biological activity under warm and wet conditions. Changes in soil 
CO2 input is the major controlling factor for the variations of δ13C 
and D14C on seasonal or longer scales. This discovery indicates that 
dissolution of CO2 from the gas phase in soils is a significant factor in 
the carbon dynamic of this karst setting.  

2. δ13C and D14C have different behaviors during the processes of CO2 
degassing and exchange with atmospheric CO2, CO3

2− /HCO3
− ratio 

change, carbonate dissolution and precipitation, and aquatic 
photosynthesis. D14C is a better carbon source indicator. When δ13C 
and D14C are enriched simultaneously in the system, it reflects 
enhanced aquatic photosynthesis accompanied by CO2 exchange 
with the atmospheric CO2; whereas simultaneous depletion of δ13C 
and D14C indicates plant respiration and/or organic matter decom
position. Diurnal variations of δ13CDIC in the karst water, aquatic 
photosynthesis and respiration have stronger influence than hydro
chemical changes when the system has abundant aquatic plants. The 
mass balance estimate based on D14CDIC results indicates that the 
contribution of respired soil CO2 to the DIC in the spring may be 
>90%.  

3. D14CPOC is much lower than the D14CDIC value in the corresponding 
sites in the winter. This is due to effect of “spiraling” that introduces 
exogenous POC, but not attributed to DIC uptake. The increased 
D14CPOC values in warm seasons are attributed to greater algae for
mation which reduces the old carbon influence from the detritus.  

4. Emerged aquatic plants use atmospheric CO2 directly for organic 
carbon formation through photosynthesis, so that the initial 14C age 
is small. However, submerged plants and algae primarily use DIC to 
form organic carbon through aquatic photosynthesis, so that they 
may have initial 14C ages up to a few thousand years. The magnitude 
of carbon burial related to aquatic photosynthesis in fresh water 
systems should be re-evaluated in global carbon cycle budgets. 
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