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A karst spring and two downstream ponds fed by the spring at the Maolan Karst Experimental Site, Guiz-
hou Province, China, were used to investigate the effect of submerged plants on the CO,-H,0-CaCOs sys-
tem during a time of spring base flow in summer when underwater photosynthesis was strongest.
Temperature, pH, electrical conductivity (EC) and dissolved oxygen (DO) were recorded at 15 min inter-
vals for a period of 30 h (12:00 29 August-18:00 30 August, 2012). [Ca**], [HCO;], CO, partial pressure
(pCO,) and saturation index of calcite (SIc) were estimated from the high-frequency measurements.
Water samples were also collected three times a day (early morning, midday and evening) for 8'3Cpc
determination. A floating CO,-flux monitoring chamber was used to measure CO, flux at the three loca-
tions. Results show that there was little or no diurnal variation in the spring water parameters. In the
midstream pond with flourishing submerged plants, however, all parameters show distinct diurnal
changes: temperature, pH, DO, Slc, 8'3Cp,c increased during the day and decreased at night, while EC,
[HCO3], [Ca?*], and pCO, behaved in the opposite sense. In addition, maximum DO values (16-23 mg/
L) in the midstream pond at daytime were two to three times those of water equilibrated with atmo-
spheric O,, indicating strong aquatic photosynthesis. The proposed photosynthesis is corroborated by
the low calculated pCO, of 20-200 ppmv, which is much less than atmospheric pCO,. In the downstream
pond with fewer submerged plants but larger volume, all parameters displayed similar trends to the mid-
stream pond but with much less change, a pattern that we attribute to the lower biomass/water volume
ratio. The diurnal hydrobiogeochemical variations in the two ponds depended essentially on illumination,
indicating that photosynthesis and respiration by the submerged plants are the dominant controlling
processes. The large loss of DIC between the spring and midstream pond, attributed to biological pump
effects, demonstrates that natural surface water systems may constitute an important sink of carbon (on
the order of a few hundred tons of C km?/a) as DIC is transformed to autochthonous organic matter. The
rates of sedimentary deposition and preservation of this organic matter in the ponds, however, require
quantification in future work to fully assess the karst processes-related carbon sink, especially under glo-
bal climate and land use changes.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

resource-environmental effects (De Montety et al., 2011; Hayashi
et al.,, 2012; Yang et al,, 2012; Zeng et al., 2012; Kurz et al., 2013).

Hydrochemical behavior in karst terrains exhibits marked
annual, seasonal, and even diurnal and storm-scale variations
(Liu et al., 2004, 2006, 2007, 2008). Thus, an increasing number
of studies have focused on the karst critical zone because of
its sensitivity to environmental changes and distinctive
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Surface waters in karst terrains are rich in dissolved inorganic
carbon (DIC) and provide a well-defined natural system to study
gas exchange between water and atmosphere, calcite deposition,
aquatic photosynthesis and respiration (Spiro and Pentecost,
1991). Previous studies have emphasized particular aspects of geo-
chemistry or biology in these waters, but data on the interactions
among physical, chemical and biological processes are still lacking.
These mutually dependent processes should be discussed together,
because consideration of water-rock-gas-organism interaction as a
whole is required to understand the spatiotemporal hydrochemical
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variations in karst waters (Liu et al., 2010; Yang et al., 2012). More-
over, due to the dynamics and complexity of karst processes, there
is still much to be learned about the biogeochemistry of karst
waters, especially diurnal spatiotemporal variation (Liu et al.,
2006, 2007, 2008; Yang et al., 2012).

A study of dissolved elemental and carbon isotopic composition
in the major karst springs at the Maolan Karst Experimental Site,
SW China (Maolan) has provided useful information about the
characteristics of spring water. Because different sources of dis-
solved inorganic carbon (DIC) have different isotopic compositions,
513Cpyc is a direct reflection of the physical, chemical and biological
processes in the water (Han et al., 2010). Identifying the transfor-
mation of DIC to organic carbon (OC) as evidenced by changes in
CO,, 05, DIC, pH, 8'3Cp;c and estimating this contribution quantita-
tively are the purposes of this study.

Here we report on an investigation of an epikarst spring (Liu
et al., 2007) and its two downstream ponds at Maolan. We have
obtained high time-resolution monitoring records of the physi-
cal-chemical parameters for about a 30-hour period (12:00 29
August-18:00 30 August, 2012) when underwater photosynthesis
was strongest. We also report selected 5'3Cp,c from the site. This
research focuses on the physical chemistry of karst water and the
evolution of >Cp,c influenced by major natural processes. The
aim of this study is to understand diurnal hydrochemical variations
and quantitatively estimate the C loss through the biological pump
in a typical karst spring and its two downstream ponds under sum-
mer, sunny and base flow conditions. These conditions represent
the time of most intensive biological activity. The results reveal
spatiotemporal differences and their underlying mechanisms,
which have implications for assessing karst processes as related
to the global carbon sink (Liu et al., 2010).

2. Study area

The Maolan Karst Experimental Site in China (Maolan; Fig. 1) is
well known for its dense virgin evergreen forests growing on cone
karst, and is listed by UNESCO as a world heritage site (Libo Karst,
one of the three clusters of South China Karst, whc.unesco.org).
Annual rainfall in areas with virgin forest is about 1750 mm, about
80% of which falls in the monsoon season from April to September,
July and August being the months with highest average precipita-
tion (Zhou, 1987). Annual rainfall is 400 mm less in surrounding
deforested areas due to absence of the forest microclimatic effect
(Zhou, 1987). The mean annual air temperature at Maolan is about
17 °C, with hot summers (June-August) and cold winters (Decem-
ber-February). The bedrock is mostly dolomitic limestone of Mid-
dle to Lower Carboniferous age (Liu et al., 2007; Jiang et al., 2008).

The sampled spring is a typical Ca-HCO;3 type epikarst spring
(here termed ‘Maolan spring’) with flow rate of 0.05-30L/s (Liu
et al,, 2007). It is at the base of a cone karst slope covered by virgin
karst forest. There is no net deposition of tufa at the spring and the
calcite saturation index of the water there is near zero (Liu et al.,
2007). Fig. 2 gives an oblique perspective of the spring and the
receiving ponds with different amounts of submerged plants
(chiefly Charophyta). The spring and two ponds have been modified
by the addition of weirs to control outflow. The spring weir was
built in 2002 for long-term monitoring of water stage and hydrog-
eochemistry (Liu et al., 2007), and the weirs for the two ponds
were built in 2004 by the local population for freshwater fish farm-
ing; fishing was abandoned in 2011.

The spring discharge was 1.2 L/s and almost stable during the
study period, and the surface areas of midstream and downstream
ponds were 280 m? and 1300 m? respectively. The midstream
pond volume was smaller (60 m?) than the downstream pond vol-
ume (1300 m?). The distances from the spring orifice sampling site

to the midstream pond sampling site was 38 m, and the distance
between the midstream and downstream pond sampling sites
was 29 m.

3. Methods
3.1. Field monitoring and sampling

The field study was conducted on 29-30 August 2012 under
summer, sunny and base flow conditions, when underwater photo-
synthesis was strongest. Two WTW® (Wissenschaftlich-Techni-
sche-Werkstaetten) Technology MultiLine® 350i’s and one SEBA®
multi-parameter data logger (Qualilog-16®) were programmed to
measure pH, water temperature, dissolved oxygen (DO), and elec-
trical conductivity (EC, 25 °C) at 15 min interval for 30 h (12:00 29
August-18:00 30 August, 2012) covering a complete diurnal cycle.
The meters were calibrated prior to deployment using pH (4, 7 and
10), EC (1412 ps/cm), and DO (0% and 100%) standards. One WTW-
350i® was located at the spring orifice to characterize discharging
groundwater. The Qualilog-16® monitored conditions at the mid-
stream pond and the second WTW-350i® monitored the down-
stream pond. The resolutions on pH, DO, EC and temp are 0.01,
0.01 mg/L, 1 ps/cm and 0.01 °C, respectively.

Water samples for §'3Cp;c were collected three times (midday
29 August; evening 29 August; morning 30 August) at the three
sites. The sampling site for the Maolan spring &'>Cpyc differed from
the location of the multi-parameter meter: the meter was put in
the orifice measuring groundwater conditions just before emer-
gence into the spring pool, whereas the 8'3Cp,c samples were col-
lected in the spring pool, after some equilibration with surface
conditions. The 8'3Cpyc samples were collected in pre-cleaned
30 mL glass vials, with no air space. One drop of saturated HgCl,
solution was added to each sample to prevent microbial activity
and all samples were kept at temperatures below 4 °C until
analysis.

A floating CO,-flux monitoring chamber (14 L volume with
diameter of 40 cm, and surface area of 0.126 m?) was placed on
the surface of the waters to determine CO, efflux from the three
sites. CO, flux was evaluated three times (midday 29 August; even-
ing 29 August; morning 30 August) at each location by collecting
five floating-chamber gas samples at 2-min intervals. The chamber
was emptied between sampling and flushed with ambient air. The
CO, concentration of the samples was measured by gas chroma-
tography (Agilent-7890®) with a resolution of 0.01 ppmv.

3.2. Estimating CO, partial pressure and the calcite saturation index

We attribute EC fluctuations in the spring and ponds to Ca?* and
HCO; variations induced by calcite precipitation or dissolution
because other dissolved components are not involved in dissolu-
tion or precipitation reactions, no rainfall occurred during the sam-
pling interval and evaporation is unlikely because of the high
humidity (83% annually, www.163gz.com) of Maolan. In karst area
with purely a bicarbonate type, Ca?*, Mg?* and HCO; were previ-
ously correlated with EC at this site (Liu et al., 2007). The regres-
sions were used to estimate concentrations of Ca** and HCO; for
further calculations, below. The relationships are:

[Ca*"] = 0.15EC - 0.78, r? = 0.94, 1)
[Mg**] = 0.04EC +0.22, 1* = 0.77, 2)
[HCO,] = 0.63EC - 4.70, 1* = 0.99, 3)

where brackets denote concentrations in mg/L and EC is electric
conductivity in puS/cm at 25 °C (Liu et al., 2007).
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Fig. 1. Location of the Maolan Karst Experimental Site and Maolan spring and the two ponds (monitoring sites) (modified from Jiang et al. (2008)). Due to the short distance
between spring and the ponds (<70 m), it is difficult to separate these locations on the map.

Water temperature, pH, derived Ca** and HCO;, with mean
monthly values of K*, Na*, Mg?*, CI~ and SO (resolutions are
0.01 mg/L) (Liu et al., 2007), were speciated using PHREEQC
(Parkhurst and Appelo, 1999) to calculate CO, partial pressure
(pCO,) and the calcite saturation index (SIc) for each record.

3.3. Determining DIC and 53Cp;c

The pH of the water in the study ranged from 7.20 to 9.63. At pH
9.6, HCO; and CO?™ are 84% and 16% of the DIC, respectively. At pH
9, HCO3 and CO3™ constitute 96% and 4% of the DIC, respectively.
However, only four pH points for the midstream pond have values
higher than 9.5. Thus, calculated HCO; is used as an approximation
of DIC for this study.

8'3C was analyzed on a MAT-252 mass spectrometer with dual
inlet. The results are reported relative to the V-PDB standard with
an uncertainty less than +£0.03%. (Sun et al., 2011).

4. Results
4.1. Diurnal variations in physical chemistry and 6'>Cp;c

Fig. 3 shows the diurnal variations of the physical chemistry of
the Maolan spring and ponds during the study of 29-30 August
2012. Each location is discussed separately, below.

(1) Maolan spring

The pH values of the spring water ranged from 7.11 to 7.28,
averaging 7.21. Except for fluctuations of DO (coefficient of varia-
tion, CV =4%) and pCO, (CV =6%; Table 1), there was almost no
diurnal change in all of the other physical and chemical parameters
at the spring (CV < 1.0%, Table 1, Fig. 3). !3Cp;c of Maolan spring
was lowest in the sample collected in the morning and highest at
midday (Fig. 4).
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Fig. 2. Maolan spring and the spring-fed midstream pond with flourishing submerged plants (a) and downstream pond with few submerged plants (b) due to use of herbicide
by local farmer. The red arrows represent the positions of the measuring points where continuous data were acquired. The surrounding vegetation cover is virgin karst forests.

(2) Midstream pond

All parameters in the midstream pond showed distinct changes
over the sampling period (Fig. 3, Table 1). Temperature, pH, DO, Slc
and 8'3Cpyc increased during the day and decreased at night, while
EC, HCO;, Ca?*, and pCO, decreased in the daytime and increased
at night (Figs. 3 and 4).

Water temperature in the midstream pond ranged from 24.2 °C
at 8:00 to 31.8°C at 16:00 in response to insolation; the mean
value was 27.7 °C (Fig. 3, Table 1). Correspondingly, pH, DO, Slc
and 8'3Cp,c of the waters increased during the day and peaked at
9.62, 23.49 mg/L, 1.62, and —8.4%o., respectively, about an hour or
two after temperature was the highest. These parameters declined
during the night to reach lowest values (7.47, 0.05 mg/L, 0.03, and
—12.3%., respectively) in the early morning before the sun rose. EC,
HCO;, Ca®" and pCO, displayed the reverse of this behavior; EC,
estimated HCO3, estimated Ca** and pCO, continuously decreasing
during the day to a minima (249 ps/cm, 152 mg/L, 37 mg/L, and
20 ppmv, respectively) around 18:00, then gradually increased to
a maxima (335 ps/cm, 206 mg/L, 50 mg/L, and 6750 ppmv, respec-
tively) in the early morning.

(3) Downstream pond

All of the parameters in the downstream pond followed pat-
terns similar to those in the midstream pond from morning to mid-
day but at lower amplitude (Fig. 3, Table 1). Water temperature
varied from 26.7 °C to 30.5 °C with an average of 28.6 °C, reaching
its minimum at about 8:00 and peak at around 16:00. Similarly, EC,
estimated HCO;, estimated Ca** and pCO, decreased from 301 pS/
cm, 185 mg/L, 44 mg/L and 1430 ppmv respectively at 8:00 to
280 pS/cm, 172 mg/L, 41 mg/L and 660 ppmv at around an hour
or two after temperature peaked (Fig. 3, Table 1). pH, DO, and SIc
of the water increased from 8.12, 6.95 mg/L, and 0.66 respectively
at 8:00 to 8.43, 11.5 mg/L, and 0.93 at about one or two hours after
maximum temperature.

4.2. CO5 flux
(1) Maolan spring

Fig. 5a, Tables 2 and 3 show that CO, degassing in the spring
pool was the weakest during midday and the most intense in the

evening. In the morning, CO, increased from 504 ppmv to
602 ppmv after 8 min, with an efflux of 2500 mg/d/m?2. During
midday, initial CO, concentration was 382 ppmv and gradually
increased to 416 ppmv after 8 min, with an efflux of 1400 mg/d/
m?. In the evening, the starting CO, concentration in the chamber
was 566 ppmv and increased to 660 ppmv over the measurement
period of 8 min, with an efflux of 3100 mg/d/m?.

(1) Midstream pond

CO, concentration ranged from 517 ppmv to 544 ppmv after
6 min and 491 ppmv to 518 ppmv after 8 min in the morning
and evening samplings, respectively, (Fig. 5b), with both effluxes
of 1100 mg/d/m? (Table 3). During midday, there was no CO, out-
gassing. Instead, atmospheric CO, evidently dissolved into the
pond water. CO, started at 364 ppmv in the chamber then gradu-
ally decreased to 273 ppmv after 8 min, with an influx of
—3600 mg/d/m?.

(3) Downstream pond

CO, concentration was the highest in the morning, varying from
534 ppmv to 551 ppmv in the chamber within 8 min, with an
efflux of 500 mg/d/m?2. In the midday and evening, it increased
from 385 to 433 ppmv after 8 min and 446 to 470 ppmv after
8 min respectively, with effluxes of 960 mg/d/m? and 560 mg/d/
m?, correspondingly (Fig. 5c, Table 3).

5. Discussion
5.1. Mechanisms for DIC and 6'3Cp,c changes in the Maolan spring pool

Atmospheric CO, has an isotopic composition of 8'3C of —7%,
and the isotopic composition of marine limestone is 0+ 5%o
(Telmer and Veizer, 1999). Generally speaking, the 8'C of CO,
derived from respiration of C3 plant roots is similar to the
8'3Ccoy from degradation of soil organic matter derived from C3
plants, which is close to —24 +2%. (Cerling et al., 1991; Aucour
et al., 1999). According to a recent study in the Maolan spring
catchment, 8'3Cpc ranges from —8.1% to —16.6%. with a mean
value of —13.4%. (Han et al., 2010), which encompasses the range
in this study of —13.4%o to —14.3%., with a mean value of —13.9%o



H. Liu et al./Journal of Hydrology 522 (2015) 407-417 411

33 1

29 1
M ;ﬁ*“ —e— Spring (orifice)
AN

25+ —a— Midstream pond
21 —a— Downstream pond

17 s o)

T T T LI B B R |
25 -
204 M

10

Water temp. (°C)

DO (mg/L)

0 T T ¢ T 1
10.04

9.4 2~
8.8

8.2 1 e

7.6 o

7.0
390

pH

350
310-W
270 1 q

230 T T T T d
55

EC (us/cm, 25°C)

50
45 -

40

[Ca*'] (mg/L)

35 T T T T 1
240
220 v
200
180 + L
160 4
140 T T T T 1
20000

16000
12000 M W G s
8000 -
4000 ﬁ 2

0 "

2.0
1.5 M{“
1.0 a

.5
0.04
-5 ; : . . .
12:00 18:00 0:00 6:00 12:00 18:00

Time (August 29-30, 2012)

[HCO4] (mglL)

pCO, (ppmv)

Slc

'
d N aendie ot 4 e

Fig. 3. The diurnal variations of the physical-chemical parameters of Maolan spring (orifice) and the midstream and downstream ponds (2-sigma error bars are smaller than
the symbols). Notes: The y axes for [Ca?*], [HCO; ], pCO, and Slc are derived values.

Table 1

Daily minimum, maximum, mean values of hydrobiogeochemical parameters in Maolan spring and two ponds during August 29-30, 2012.
Maolan spring Midstream pond Downstream pond
Item Unit Min Max Mean (n=120) Min Max Mean (n=120) Min Max Mean (n=120)
Temp. °C 17.4 17.9 17.6 24.2 31.8 27.7 26.7 30.5 28.6
DO mg/L 5.79 7.05 6.34 0.05 23.49 11.31 6.95 11.46 8.46
pH - 7.11 7.28 7.21 7.47 9.62 8.5 8.12 8.43 8.29
EC us/cm 358 364 362 249 335 304 280 301 296
Ca®* mg/L 52.9 53.8 53.6 36.6 49.5 44.8 41.2 444 43.7
HCO;5 mg/L 220.8 224.6 223.6 152.2 206.4 186.6 172 185 182
Slc - -0.35 -0.19 -0.25 0.03 1.62 0.93 0.66 0.93 0.81
pCO, ppmv 10,400 15,500 12,200 20 6750 1910 660 1430 950

(Fig. 4). These 8'3C values are lower than those of karst groundwa- et al. (2010) also determined that 56 + 9% of the DIC in the Maolan
ter measured in city springs in southwest China (Han et al., 2010), spring water is from degradation of organic matter in the soil and
the difference attributed to the dense virgin forests in Maolan. Han the remainder from dissolution of carbonate.
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In this study, the 8'3Cpc of the Maolan spring pool started at
—13.4%0 at 13:30 on 29 August then decreased to —14.0%. at
19:40, and continued decreasing to —14.3%o. at 7:30 of 30 August.
It is unlikely that the diurnal variation of the 5'3Cp,c in the spring

pool was caused by the dissolution of calcite or the degradation of
soil organic matter for the following reasons. First, the degradation
of soil organic matter would be the most intense during midday
when the air temperature was the highest, resulting in more CO,
entering the groundwater. This would affect the §'3Cpjc in two
ways. On the one hand, lighter CO, from soil organic matter degra-
dation would cause depletion of the §'3Cpc. On the other hand,
higher CO, could drive calcite dissolution and increase the 8'3Cp,c
because of the heavier 5!'>C of limestone. Because the §'3Cpc at
13:30 was the highest, organic matter degradation is not likely
the main influence on the §'3Cpic. Second, the Slc, [Ca®'] and
[HCO; ] of the spring were stable and SIc was always slightly below
0 (Fig. 3), indicating the groundwater was undersaturated with
respect to calcite. This suggests that there was little precipita-
tion/dissolution of limestone in the spring. Because the diurnal
variation of the 8'3Cp,c in the spring pool is not likely controlled
by organic matter degradation or calcite dissolution, it is most
likely controlled by the change in CO, efflux or aquatic photosyn-
thetic uptake of CO,.

CO, outgassing (efflux) causes an enrichment of 53Cpyc in the
residual DIC. One study documented shifts in 8'Cp;c of up to 5%
as a result of CO, outgassing at carbonate springs (Michaelis
et al., 1985). According to Fig. 5a and Table 3, CO, efflux was the
weakest at the midday sampling and most intense in the evening.
If CO, efflux was the primary influence on §'3Cpc, then 8'3Cpc
should be the lightest at midday and the heaviest in the evening,
the opposite of what is observed. Therefore, the observed 5!3Cp,c
pattern is most likely related to the change in aquatic photosyn-
thetic uptake of CO, by the submerged plants in the spring pool,
stronger during midday when insolation is high than in the early
morning and evening.

It should be pointed out, however, that we do not have a full
diurnal time series of 8'3Cpc values, which limits our ability to
interpret the rates of change of the isotopes and thus the causes
of the changes (e.g., carbonate mineral precipitation or dissolution,
CO, degassing, and organic carbon oxidation).

In addition, the reason why all the physical and chemical
parameters of the spring did not fluctuate was because the
WTW350i electrode was placed in the spring orifice, free from
any photosynthesis activity and thus reflecting the characteristics
of groundwater without any modification from the open surface.
Because photosynthesis utilizing CO, was most intense at noon-
time and in the evening, CO, outgassing was the weakest at this
time, consistent with our data from the floating chamber.

5.2. Mechanisms for diurnal variations in physical, chemical and
isotopic properties of the midstream pond

Physical and chemical parameters of surface water may be con-
trolled by groundwater input, temperature changes, gas exchange
between water and atmosphere, aquatic photosynthesis and respi-
ration, and calcite precipitation and dissolution (Spiro and
Pentecost, 1991). These are discussed below.

(1) Groundwater input

From the data in Fig. 3, little or no diurnal variations were
observed in the physical-chemical parameters of the Maolan
spring: groundwater parameters were stable and thus the diurnal
changes in physical and chemical properties in the midstream
pond were not caused by changes in the groundwater input.

(2) Temperature

Solubility of both O, and CO, are temperature-dependent with
higher solubility when water temperature is low. In the midstream
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Table 2
Measured CO, concentration in the floating chamber.
Location Time CO, ppmv
Spring pool Morning (7:31-7:39) 540 555 574 588 602
Midday (13:25-13:33) 382 390 395 407 416
Evening (19:43-19:51) 566 611 630 615 660
Midstream Morning (7:49-7:55) 517 560 552 544
Midday (14:51-14:59) 364 329 312 284 273
Evening (20:13-20:21) 491 494 516 509 518
Downstream Morning (8:09-8:17) 534 546 538 543 551
Midday (15:17-15:25) 385 440 402 404 434
Evening (20:48-20:56) 446 467 446 454 470
Table 3
Estimation of CO, flux (F) in the floating chamber in Maolan spring pool and the spring-fed two ponds in the morning, midday and evening.
Location Time F (mg/s/m?) F (mg/h/m?) F (mg/d/m?)
Spring pool Morning (7:31-7:39) 0.029 100 2500
Midday (13:25-13:33) 0.016 57 1400
Evening (19:43-19:51) 0.035 130 3100
Midstream pond Morning (7:49-7:55) 0.013 47 1100
Midday (14:51-14:59) —0.042 -150 —3600
Evening (20:13-20:21) 0.0123 46 1100
Downstream pond Morning (8:09-8:17) 0.0058 21 500
Midday (15:17-15:25) 0.011 40 960
Evening (20:48-20:56) 0.0065 24 560

§ Flux(mg/s/m?) = 0.001963 + (dc/dt)  (V/A)  (273.15/Tm) # (Pm/101.325).
Flux(mg/h/m?) = 7.069 % (dc/dt) + (V/A) % (273.15/Tp) * (Pm/101.325).
Flux(mg/d/m?) = 169.6 « (dc/dt) * (VJA) * (273.15/Ty,) * (P/101.325).

where dc/dt: change rate in CO, partial pressure in the floating chamber; V: chamber volume; A: chamber bottom area; 273.15: standard temperature in K; Tr,: the measured
temperature of the sampling day in K; Py,: the measured pressure on the sampling day in kPa; 101.325: standard pressure in kPa.

The “~" sign indicates CO, influx, and the positive values mean effluxes.

pond, pH and DO increased and pCO, decreased when water tem-
perature increased during the day, and all trends reversed as tem-
perature decreased at night (Fig. 6a and b). Although the pH and
pCO,, trends follow the expected trends for temperature control
on gas solubility, the DO trend is the opposite of what is expected.
Therefore, the changes in water temperature might not be the
major factor controlling pH, pCO,, and DO in the midstream pond
during the study period.

(3) Gas exchange between water and atmosphere

Inland streams and rivers tend to be CO,-supersaturated with
respect to the atmosphere and thus, are a net source of CO, to
the atmosphere (Butman and Raymond, 2011). Khadka et al.
(2014) estimates that the pCO, of a karst river water could be as
high as 105 times supersaturated with respect to the atmospheric
CO,. Gas exchange between water and air can induce large diurnal
variations in DO and pCO,, the major controls of Eh and pH (Hoffer-
French and Herman, 1989; Liu et al., 2006, 2008). In this study,
pCO, and DO followed opposite trends in the midstream pond
(Fig. 6¢).

CO, outgassing should be the weakest at midday and highest in
the morning in the midstream pond, as inferred from the estimated
pCO, values and measured CO, concentrations in the floating
chamber (Fig. 5, Table 2). CO, degassing enriches 8'3Cp,c in streams
(Doctor et al., 2008). The expected highest rate of outgassing in the
early morning should have yielded the highest 8'3Cp,c. Instead, the
highest 5'3Cp,c was at midday, when the estimated pCO, was the
lowest.

These observations and trends indicate that outgassing may not
have been the dominant factor controlling pH, concentrations of
DO and CO,, and 5'3Cpjc during the study period. Our observations
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agree with Khadka et al. (2014) who state that CO, degassing does
not fully control the §'3C enrichment in water.

(4) Photosynthesis and respiration by submerged plants

Diurnal variations of DO and pCO, are commonly influenced by
aquatic photosynthesis and respiration processes which can be
approximated by standard equations (e.g., Liu et al., 2008):

6H,0 + 6CO, = CzHqu + 60,
C,H,06 + 60, = 6H,0 + 6CO,

photosynthesis 4)
photosynthesis (5)

Measured DO showed positive variation with water tempera-
ture, and inverse correlation with pCO, (Fig. 6), suggesting a link
to photosynthesis and respiration. During the day when the rate
of photosynthesis exceeded respiration, submerged plants used
DIC and the energy from the sunlight to produce organic matter
and O,. Fig. 3 shows that when sunlight was strong during the
day, water temperature increased until 16:00 and DO increased
until 18:00. pH of the water increased as photosynthesis consumed
CO,. On the other hand, respiration occurs at all times, consuming
0, and releasing CO,. Therefore, after 16:00 when water tempera-
ture started to decrease, DO and pH decreased by the respiration
release of CO, into the water, with a time lag of one or two hours.
During the night, in the absence of photosynthesis, respiration was
dominant, and consequently DO and pH fell to their minima and
pCO, peaked (Fig. 3). The inverse relationship between pCO, and
DO over the study period (Fig. 6¢) suggests that the effect of aqua-
tic biological processes surpassed the temperature effect and out-
gassing. We suggest biological processes are the main factors
dominating pH, concentrations of DO and CO,, and 5'3Cpc in the
midstream pond on a daily timescale under climatic conditions
similar to those during the study period.

(5) Calcite precipitation/dissolution

The decrease in Ca?* concentration between Maolan spring and
the midstream pond (Fig. 3, Table 1) suggests that calcite was
being precipitated in the midstream pond. During the daytime,
submerged plants utilize CO, and therefore DIC in the ponds,
thereby increasing the pH, and potentially driving calcite precipita-
tion. During the nighttime, with the absence of photosynthesis,
submerged plants release CO, back into the water by respiration,
thereby increasing the solubility of calcite, and potentially driving
calcite dissolution in the midstream pond. The following equations
can express these processes (Liu et al., 2011):

Ca®" + 2HCO; = CaCO; + X(CO, + Hy0) + (1 — X)(CH,0 + 0,)
(daytime) (6)
CaCO; + CO, + H,0 = Ca** + 2HCO; (nighttime) (7)

where X and 1-X are stoichiometric numbers.

When calcite precipitates (which enriches '3C in the carbonate,
with ~2%. heavier than HCO;, Deines et al., 1974) and organic
matter forms (which depletes 3C in the pool, with ~15%o lighter
than HCO3, Sun et al., 2011) during the day, EC, Ca** and HCO; con-
centrations all decrease, causing depletion of 'C in the remaining
DIC in water (i.e., increase in 8'*Cpyc). At night, the EC, Ca®*, HCO3
concentrations increase due to calcite dissolution and §'3Cpc
decreases due to release of light 12C0O, into water from respiration.
However, EC, Ca** and HCO; in the midstream pond never
exceeded those in Maolan spring (Fig. 3). Moreover, SIc of the mid-
stream water ranged from 0.03 to 1.62 which is always at least
slightly oversaturated with respect to calcite, indicating no carbon-
ate dissolution. The Sl¢ values in present study are compared with
those from another study of a karst river by De Montety et al.

(2011), who showed that river water was slightly undersaturated
relative to calcite (minimum SIC of —0.01) during the night and
highly oversaturated during the day. Therefore, carbonate dissolu-
tion in the midstream pond is an unlikely mechanism contributing
to variations in DIC concentrations and 8'3Cp,c on a daily timescale.

5.3. Mechanisms for diurnal variations in physical, chemical and
isotopic properties of the downstream pond

The same factors addressed in the midstream pond also apply to
the downstream pond. When the sun rose at 8:00, the water tem-
perature started to increase and DO increased rather than
decreased. Thus, the DO increase likely resulted from aquatic pho-
tosynthesis. pCO, decreased causing higher pH. The variations of
the chemical parameters in the downstream pond were much less
than those in the midstream pond, as were variations in §'3Cp,c
values. In the downstream pond, however, the 5!3Cp,c value lower
at midday than in the evening may be explained by the deposition
of more calcite at midday, which is enriched in 3C, leaving DIC rich
in 12C (Deines et al., 1974; Michaelis et al., 1985).

The reduced amplitude of the variations in the downstream
pond in comparison with the midstream pond may result from
the larger volume in the downstream pond that buffered the sys-
tem. The depth of the downstream pond water was around 1 m,
while the depth of the midstream pond water was less than
0.2 m. With the surface areas of about 1310 m? and 284 m?, water
volumes were estimated to be about 1300 m® and 60 m? in the
downstream and midstream ponds, respectively. The volume effect
was further intensified by the lower biomass (submerged plants) in
the downstream pond than in the midstream pond, as indicated by
the water color (Fig. 2).

5.4. Contribution of aquatic biological effects to the stability and sink
of carbon

(1) Transformation of DIC into OC: organic carbon preservation
potential

The initial DIC of the midstream pond water was contributed
mainly by the Maolan spring and the initial DIC of the downstream
pond water was controlled by the midstream pond water input.
DIC concentration in the midstream and downstream ponds waters
were always lower than that of the spring water. The average esti-
mated DIC concentration of the spring was 224 mg/L, while the
average estimated DIC concentrations of the midstream and down-
stream ponds were 187 mg/L and 182 mg/L, respectively. The
decrease in the DIC concentrations between the spring and the
midstream pond, and between the midstream pond and the down-
stream pond reflects the loss of inorganic carbon. The processes
influencing the DIC concentrations in the two ponds were: (1) pre-
cipitation and dissolution of calcite, (2) exchanges with atmo-
spheric CO,, and (3) aquatic photosynthetic and respiratory.

Since this loss of DIC will be partly transformed into OC (Sun
et al,, 2011) as stated in Eq. (6), and eventually partly buried as
autochthonous organic matter (OC(s)) (Liu et al., 2011, Fig. 7), it
constitutes a “biological carbon pump” (De La Rocha and Passow,
2007) and increases the organic carbon preservation potential in
the ponds. Moreover, if the terrestrial “biological carbon pump”
effect is strong enough, as in the case of midstream pond, there
is even a CO, sink directly from the atmosphere to surface waters
(Fig. 5b, Table 3) as discussed below in more detail.

(2) CO; influx from atmosphere to water: insight from the float-
ing chamber data in the midstream pond

During 13:00-19:00, the strong aquatic photosynthesis (with
high DO concentrations) resulted in pCO, levels of less than
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Table 4
Comparison of CO, degassing to the atmosphere from some carbonate-dominated rivers in the world.
River/region Climate Average CO, degassing rate (t C/km?/a) References
Changjiang river Subtropic 186-410 Zai et al. (2007)
Xijiang river Humid subtropic 830-1560 Yao et al. (2007)
Santa Fe river Subtropic 402-1156 Khadka et al. (2014)
Maolan spring-ponds Subtropic —139 to 232 This study

100 ppmv (Fig. 3, Table 1). Further, CO, concentration in the cham-
ber started with 364 ppmv at 14:51 then gradually decreased to
273 ppmv after 8 min (Fig. 5b). The pCO, in the chamber was lower
than that of the atmosphere (around 390 ppmv), suggesting that
there was CO, influx from the atmosphere to water instead of
CO, evasion. This phenomenon in the midstream pond suggests
that strong aquatic photosynthesis in terrestrial surface waters
might form another important natural carbon sink by drawing
CO, directly from the atmosphere, as occurs in the oceans
(Ducklow et al.,, 2001; Passow and Carlson, 2012). Due to the
strong biological pump effect, the average CO, degassing flux for
Maolan Karst spring-ponds is much less compared with the other
karst rivers in the world (Table 4), where underwater photosynthe-
sis may be weak (evidenced by low DO values, generally <8 mg/1).
When the biological pump effect was strong enough, there was
even an influx from air to water, showing the importance of under-
water photosynthesis in both stabilizing the carbon sink (as DIC)
by carbonate dissolution (Table 4) and creating new carbon sink
directly from atmosphere.

(3) Quantification of daily organic carbon formation in the two
ponds

The decrease in DIC between Maolan spring and the ponds
results from the joint effects of calcite precipitation, exchanges
with atmospheric CO,, and aquatic photosynthesis. We have used
the decrease in Ca?* concentrations to predict calcite precipitation
(Table 1) and the flux of exchanges with atmospheric CO, (Table 3)
in the two ponds. The daily organic carbon formation in the two
ponds can be estimated as follows:

|Atmospheric, soil COz(g)| (T,P)

Moc = Q  (DIC; — DIC,)/5.080 — Q = (Ca; — Cay)/3.337
— (F/3.664)'A

where Mo is mass of organic carbon formed in a day (mg/d); Q is
the discharge of the stream (i.e., the discharge of the spring if evap-
oration is ignored under conditions of high humidity, L/d), DIC; and
DIC; are the HCO; concentrations at the inlet and outlet of the pond
(in mg/L), 5.080 is the HCO; —carbon conversion factor, Ca; and Ca,
are the Ca®* concentrations in mg/L at the inlet and outlet of the
pond, respectively, 3.337 is the calcium-carbon conversion factor,
(40.08/12.011), F is the CO, flux from water surface (mg/d/m?),
3.664 is the CO,—carbon conversion factor, and A is the area of pond
water surface (m?).
For the midstream pond:

Moc = 103680 * (223.6 — 186.6)/5.080 — 103680
«(53.5 — 44.8)/3.337 — (—450/3.664) 280
= 519000 (mg/d);

For the downstream pond:

Moc = 103680 « (186.6 — 182)/5.080 — 103680
« (44.8 — 43.7)/3.337 — (670/3.664) « 1300
— —178000(mg/d).

Therefore, the organic carbon sink flux by the submerged plants
in the midstream pond is ~1850 mg/d/m?, equivalent to 677 t C/
km?/a, which shows the significant role of submerged plants in sta-
bilizing the carbon sink by karst processes (carbonate weathering)
(from DIC to OC) and/or uptake of CO, directly from the
atmosphere.

XCO,(g)|[ (1-x) O,
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Fig. 7. Conceptual model of the carbon cycle in karst settings based on water-rock-gas-biota interactions (drawing in reference to Liu et al. (2011)). T, P and Q are the air
temperature, precipitation and discharge of a karst catchment area respectively. DIC; and DIC; are the concentrations of dissolved inorganic carbon in the karst underground
water system and surface water system respectively, and TOC is the concentration of total organic carbon in surface water system transformed from DIC; by the submerged
plants via photosynthesis. OC(s) is the sedimentation of organic carbon. Note: Unlike the traditional carbonate weathering carbon cycle model, which only considers water-
rock-gas interaction (ignoring the organic matter deposition formed by aquatic photosynthetic uptake of DIC), this model helps to answer important questions such as
whether carbonate weathering could be a long-term carbon sink, if accompanied by burial of autochthonous organic matter, thus controlling long-term climate change.
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The organic carbon sink flux in the downstream pond is
—137 mg/d/m?, equivalent to —49.9 t C/km?/a, the negative value
showing no net organic carbon sink by the few submerged plants
in the downstream pond, but, instead, release of CO, by decompo-
sition of allochthonous organic matter. We assume this organic
matter is the legacy of fish farming, ceased ~1 year before this
study, in the downstream pond.

6. Conclusions

Physical and chemical parameters (water temperature, pH, DO,
and EC) were monitored at high time-resolution (15 min) over a
30-hour period to investigate the controls on hydrobiogeochemist-
ry at the Maolan Karst Experimental Site, Guizhou province, China.
The study site included a karst spring and two downstream ponds
with different development of submerged plants, and sampling
occurred under summer, sunny, base-flow conditions, when
underwater photosynthesis was strongest. [Ca**], [HCO;], CO, par-
tial pressure (pC0O,) and saturation index of calcite (SIc) were esti-
mated from the high-resolution measurements. Samples for
5'3Cpjc were collected three times over the 30-hour period (mid-
day, early evening and early morning) at the three locations. Gas
samples collected from a floating chamber were used to calculate
CO, efflux from the three locations.

Results show that there was little or no diurnal variation in
most of the spring physical and chemical parameters. The mid-
stream pond, assumed to have received input only from the spring
~38 m upgradient, was filled with submerged plants, and all phys-
ical and chemical parameters showed distinct diurnal changes. The
temperature, pH, DO, Sc, 8'3Cp,c in the midstream pond increased
during the day and decreased at night, while EC, HCO;, Ca**, and
pCO, decreased during the day and increased at the night. The
maximum DO values (16-23 mg/L) in the midstream pond during
the day were twice to three times those expected of water equili-
brated with atmospheric O,, and suggesting strong aquatic photo-
synthesis. The midstream pond had the lowest estimated pCO, of
the three locations, at 20 ppmv, which is much less than the atmo-
spheric CO, concentration, also suggesting aquatic photosynthesis.
In addition, during the midday sampling time, the CO- flux direc-
tion was from the atmosphere into water. The downstream pond
had only a few submerged plants. At this location, all of the param-
eters varied similarly to the midstream pond, but with much lower
amplitude. We suggest that this results from the dilution effect
because of the lower biomass/water tank ratio. The diurnal hydro-
biogeochemical temporal variations in the two ponds are consis-
tent with results expected from aquatic photosynthesis and
respiration.

The large loss of DIC between spring and midstream pond is
attributed to biological storage of carbon, demonstrating that nat-
ural surface waters may constitute an important carbon sink. Since
this loss of DIC is at least partly and likely mostly transformed into
OC, burial as autochthonous organic matter constitutes a “terres-
trial biogeochemical carbon pump” (TBCP). Moreover, if the TBCP
effect is strong enough, as in the case of midstream pond under
optimum photosynthesis conditions, there is a CO, sink directly
from the atmosphere to surface waters.

The distribution and extent of surface waters with strong TBCP
is as yet unknown. In addition, sedimentation and preservation
rates of autochthonous OC (Fig. 7) in terrestrial surface water is
also poorly known, especially under rapid global climate and land
use changes occurring recently. However, with the changing cli-
mate and the ecological systems, the link between dissolution
and precipitation within the carbonate areas may be altered, lead-
ing to a net influence on the local or global carbon cycle (Martin
et al., 2013). This study suggests that an important goal in improv-

ing global carbon budgets may include quantifying the importance
of the TBCP in terrestrial aquatic settings.
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