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ABSTRACT

Karst waters (spring-fed streams, lakes and reservoirs) characterized by relatively high concentrations of dis-
solved inorganic carbon (DIC) and pco, significantly impact regional and global carbon cycles by releasing
carbon dioxide to the atmosphere. Investigating the transfer of DIC from karst waters to the atmosphere is
important to further our understanding of carbon cycling in karst environments. There is still considerable
uncertainty about the controls of DIC transfer in karst waters because of challenges associated with investiga-
tions that aim to mimic the continuum of changes in DIC concentrations to equilibrium with atmospheric CO, in
natural settings. Laboratory simulations can create controlled conditions that allow targeted investigations. In
this study, four tanks were taken to investigate the variations of pCO,, DIC and 813Cp;c when karst spring-waters
were exposed to the atmosphere from 40 to 360 h as: (1) agitated water containing Hydrilla verticillata; (2) static
water containing Hydrilla verticillata; (3) agitated water without Hydrilla verticillata; and (4) static water without
Hydrilla verticillata. The rates of photosynthesis/respiration of submerged plants, CO, outgassing and carbonate
precipitation/dissolution were quantified by a time-stepping chemical/isotopic mass balance model. This ex-
periment was designed to create ideal conditions to estimate the temporal evolution of DIC and 8'3Cprc, and
investigate mechanisms that control their evolution when karst spring-waters interact with atmospheric CO,.
Results show: (1) generally a steep decrease in DIC concentrations and 8'3Cp;c enrichment; (2) DIC loss and
8'3Cpc enrichment are faster in the agitated waters with submerged plants; (3) DIC evolution is mainly con-
trolled by the metabolism of aquatic plants; (4) carbonate precipitation/dissolution and CO2 outgassing has a
lower effect on the DIC evolution in waters with submerged plants; (5) 8'*Cp;c evolution is mainly controlled by
the metabolism of submerged plants; (6) CO, evasion, photosynthesis and 8'3Cp;c enrichment are accelerated by
the agitation of waters. Our analyses show that more than 40% of the total DIC resulting from carbonate
weathering was used for photosynthesis by submerged aquatic plants thereby transforming the DIC into organic
carbon (OC), suggesting that intense aquatic photosynthetic activities in continental surface water systems could
play an important role as natural carbon sinks.

1. Introduction

Most of the influx of carbon into rivers from soil respiration and phy-
sico-chemical weathering is (1) returned to the atmosphere through

Continental waters, such as rivers and streams, are important links
in the global carbon cycle long considered to be passive “pipes” and
conduits in carbon budgets and weathered products of carbonate rocks
(Schlesinger and Melack, 1981). However, recent findings suggest an
alternative view that the carbon discharged to the oceans is only a
fraction of the total carbon entering rivers from terrestrial ecosystems.
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degassing, as CO,g before the rivers discharge into the ocean, (e.g.
Richey et al., 2002; Cole et al., 2007; Battin et al., 2009; Aufdenkampe
et al., 2011; Striegl et al., 2012; Raymond et al., 2013), due to the high
CO,, partial pressure (pco,) in the rivers compared to atmospheric CO,;
and (2) sedimentary organic carbon (OC) buried in river deposits (e.g.,
Cole et al., 2007; Battin et al., 2009; Aufdenkampe et al., 2011), that
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accumulates over thousands of years and may eventually lithify, to
constitute a relatively long-term natural carbon sink.

Current estimates suggest that 2.7 Pg C year ' of terrestrial C fluxes
(organic and inorganic carbon) are exported to continental waters, of
which 1.2Pg Cyear ' are released to the atmosphere, 0.6 Pg Cyear !
are trapped in sediment, and only 0.9 Pg Cyear ! are delivered to the
world’s oceans (Aufdenkampe et al., 2011). However, there remain
large uncertainties on the magnitude of C fluxes in global continental
waters (Cole et al., 2007; Battin et al., 2009; Aufdenkampe et al., 2011;
Liu, 2011).

Carbonate outcrops represent approximately 20% of the earth’s ice-
free surface (Ford & Williams 2007) and their rapid dissolution by
carbonic acid increases the amount of dissolved inorganic carbon (DIC)
species (HCO3 ™, CO5?~, H,CO3 and CO2(aq)») and calcium ions in karst
ground- and surface waters. High concentrations of DIC, leading to a
change in the pCO, in these karst waters (e.g. in aquifers, rivers,
streams, reservoirs, and lakes), is a potential source for atmospheric
CO,, which could significantly impact the regional and ultimately the
global carbon cycle (Liu, 2011; Martin, 2017). Thus, to address the
uncertainties of C fluxes in global continental waters, it is necessary to
investigate and assess the role of karst (carbonate) impacted surface
water bodies like streams on DIC evolution. Ultimately, the transfer of
DIC from sediments and waters to the atmosphere depends on the
processes and concentrations that are locally at play.

Three principal processes that control DIC and 8'3Cp,c evolution in
surface waters from karst spring-waters are: (1) physical water - air
exchange, i.e. COy, transfer to the atmosphere; (2) geochemical re-
actions involving carbonate precipitation and/or dissolution; and (3)
biogeochemical processes involving respiration and photosynthesis.
The extent of the effect of each process depends on hydrologic condi-
tions (e.g. recharge/discharge, flow velocity, aquatic plant type and
productivity, residence time, and ion saturation), underlying geology,
climate and atmospheric conditions etc.

CO,g exchange is a physical flux driven by DIC concentrations,
speciation reactions and relative the pCO, between water and the at-
mosphere. Surface waters with high DIC concentrations and higher
pCO, will lose CO,g) to the atmosphere as the waters evolve towards
chemical equilibrium with atmospheric CO(g). As a result of CO; eva-
sion, increase the solubility of calcite, leads to saturation and CaCO3
precipitation from the solution (e.g. Jacobson and Usdowski, 1975;
Dreybrodt et al., 1992).

Metabolic reactions by submerged plants can force diel cycles of DIC
in waters, especially in karst waters with high pCO, (Parker et al., 2007,
2010; de Montety et al., 2011; Gray et al., 2011; Nimick et al., 2011;
Tobias & Bohlke, 2011; Jiang et al., 2013; Peter et al., 2014; Liu et al.,
2015; Chen et al., 2017; Pu et al., 2017). Calcite precipitation due to the
joint effect of chemical and biological processes can be represented by
Eq. (1) (Smith and Gattuso, 2011).

Ca?* + 2HCO; < CaCO;3l+x (CH, O+ 0,) + (1 — x)(CO,1+H,0) (1)

Thus, in addition to being a source for atmospheric CO,, high
concentrations of DIC and pCO, in karst waters can also be the C source
for photosynthesis of submerged plants, converting DIC into organic
carbon. With time, some of the organic carbon could eventually be
buried and converted into autochthonous organic matter as a long-term
or permanent carbon sink (Cole et al., 2007; Einsele et al., 2001).

In these karst water systems, the 8'3Cpyc in the evolving DIC waters
will change because of the isotopic fractionation accompanying carbon
loss/gain (degassing to the atmosphere, calcite precipitation/dissolu-
tion and carbon assimilation/disassimilation during metabolism) from
the system (e.g. Clark and Fritz,1997; Parker et al., 2007; Tobias &
Bohlke, 2011; Abongwa and Atekwana, 2013, 2015; Jiang et al., 2013;
Khadka et al., 2014; Liu et al., 2015; van Geldern et al., 2015; Pu et al.,
2017). The resulting 8'3Cpyc of the karst waters can thus be described
by either kinetic or equilibrium isotope fractionation (Zhang et al.,
1995). Although DIC evolution in surface waters tends towards
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chemical and isotopic equilibrium with the atmosphere, it is challen-
ging, especially in karst waters, to map this kind of DIC evolution. These
challenges result from complications due to the complexity of reaction
pathways and large variations in field settings. Thus far, isotopic dis-
equilibrium appears to be the rule especially for field-based investiga-
tions of karst waters to date. Laboratory experiments (e.g. Abongwa and
Atekwana, 2013, 2015) can provide near ideal ways to assess how the
DIC and 8§'°Cp,c of karst waters evolve to chemical and isotopic equi-
librium with the atmosphere.

In this study, the temporal evolutions of DIC and §'3Cp,c were as-
sessed in karst spring-waters treated to different hydro-biological con-
ditions and exposed to attain equilibrium with the atmosphere in a
laboratory setting. The objectives are to (1) document how the DIC and
813Cpyc in karst spring-waters exposed to atmospheric COy, evolve
under agitated and static conditions with/without aquatic plants, and
(2) determine the effect of physical, chemical and biological processes
on the evolution of DIC and 8"3Cp;c in karst spring-waters exposed to
atmospheric COy).

2. Experimental design and methods
2.1. Experimental design

Four tanks were prepared with different treatments to address the
hydro-biological conditions for investigation as follows: two tanks with
465g = 2.5g of contain a common submerged macrophyte in karst
environments, Hydrilla verticillata (e.g. Sousa, 2011), collected from an
experimental pool on the campus of the Southwest University, and two
other tanks treated with ClO, were mixed with 1L of a 2.5mg/L CIO,
solution to eliminate microbial activity. One tank from each set (treated
with Hydrilla verticillata and ClO,) was subjected to agitation by con-
tinuously circulating the water at a rate of 14L/min using a sub-
mersible pump (to simulate turbulent flow conditions) and the other
tanks were maintained under static conditions (to simulate laminar
flow or steady conditions) (Table 1).

Unfiltered and untreated water was collected from Chongqing
Qingmuguan karst spring (106°20"10”E, 29°47/00”N) around 8:00 a.m.
on July 7th, 2015, in 80L tightly sealed (headspace free) tanks and
transported within 15min to the laboratory. Under laboratory condi-
tions, the water was transferred by pumping into four smaller
(63 cm X 45 cm), acid pre-washed plastic tanks (WT1, WT2, WT3 and
WT4), and immediately measured for physicochemical parameters. The
initial measurements of the unfiltered/untreated water are reported in
Table 2. After initial measurements, the water samples were then sub-
jected to hydro-biological, and chemical treatments, as shown in
Table 1.

All four tanks were exposed under the same atmospheric conditions
for the duration of the experiment, by placing them on the roof of the
building of the School of Geographical Sciences. The duration of the
experiments depended on the time required by each tank to reach
chemical and isotopic equilibrium with atmospheric COy(,). As a con-
sequence, the experiments lasted between 48 and 360 h depending on
the time it took for the waters to reach chemical and isotopic equili-
brium with atmospheric COy). The experimental setup of the four
tanks is shown in Fig. 1.

Table 1
The basic conditions and duration of experiment for each tank.
Tank ID WT1 WT2 WT3 WT4
Hydrilla verticillata (465 g) v v X X
Agitation (14 L/min) v X v X
Reagent X X ClO,, solution ClO,, solution

Duration of experiment (h) 48 48 96 360
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Table 2
Initial values of chemistry and 83Cpyc of karst spring-water for all 4 tanks.
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T°C pH SpCuS/ DO Ca** mg/ Mg** mg/ K* Na* HCO;™ mg/ SO4*” mg/ NOs3” mg/ Cl~ pco, ppmv pcoy ppmv 8'3Cpic (%o0)
cm mg/L L L mg/L mg/L L L L mg/L (water) (air)
20.4 7.25 650 8.05 120 16.9 2.6 3.1 329.4 18.0 19.7 7.1 16,500 410 -10.9

2.2. Measurements, sampling and laboratory analyses

2.2.1. Measurements

Two WTW Technology MultiLine 340 multi-probes and two HACH
multi-parameter data loggers were programmed to regularly measure
pH, water temperature (T), dissolved oxygen (DO) and specific con-
ductivity (SpC) at 15 min interval from the start to the end of the ex-
periment. Prior to measurements, the instruments were calibrated ac-
cording to manufacturer specification. The precision on pH, DO, T and
SpC are 0.01, 0.01mg/L, 0.01°C and 1uS/cm, respectively.
Atmospheric CO, was measured at 15min intervals using a GMP22
carbon dioxide probe (Vaisala, Finland), and the pco, in the waters
were also measured at 15 min intervals using four GMP22 carbon di-
oxide probes fitted with films that prevent water from entering the
probes, but allow CO,, with a resolution of 1 ppmv.

In situ, HCO3~ (CO527) and Ca®* concentrations were determined
by test kits using a titration pipette (Aquamerck) with resolutions of
0.1 mmol/L and 1 mg/L, respectively, at 1 h intervals for the first 48 h.
The measurements and samplings of tanks WT1 and WT2 ended after
48 h. Measurements of HCO5~ (CO527) and Ca®™ ions were continued
for tanks WT3 and WT4 until equilibrium was reached after 96 and
360 h, respectively. Sampling intervals were determined from varia-
tions in DIC concentrations. Sampling times are reported in Table S1.

2.2.2. Sampling and laboratory analyses

Water samples for measuring anion species were collected using
syringes and immediately filtered through 0.45pum filter membranes
into pre-rinsed plastic containers. NO;~ and SO,>~ were determined by
ultraviolet-visible spectrometry, and Cl~ was analyzed by titration

with silver nitrate. The precision of all anion measurements is 0.01 mg/
L. For major cation measurements (K™, Na* and Mg>*), water samples
were collected in 100 mL plastic containers pre-acidified with HNO3 to
pH < 2.0. Cations were analyzed by an Inductively Coupled Plasma
Optimal Emission Spectrometer (ICP-OES) with a resolution of
0.01 mg/L, at Chongqing Key Laboratory of Karst Environment
(Southwest University).

Samples collected for 8'3Cpjc measurements were filtered through
0.45 um membrane, to which 2 drops of a saturated solution of HgCl,
were added. Using the modified method by Atekwana and
Krishnamurthy (1998) for stable carbon isotope analysis of dissolved
inorganic carbon, a 10 mL water sample was injected by syringe into
glass bottles that were pre-filled with 1 mL 85% phosphoric acid and
magnetic stir bars. The CO, in the samples was extracted and purified
after cryogenic removal of H,O using a liquid nitrogen-ethanol trap.
Finally, the extracted CO, was transferred cryogenically into a tube for
isotope measurement. The §'3Cp;c were measured by Delta plus XL Gas
stable isotope mass spectrometry. For the 8§'°Ccq, of atmospheric gas,
samples were collected from the air around the tanks in the mornings
and afternoons using an evacuated glass vessel from July 7 to 13, and
measured by Trace-Gas gas sample concentration system linked with an
Isoprime-100 mass spectrometer. The Hydrilla verticillata samples were
ultrasonically cleaned for 15 min in deionized water, and dried in an
oven at 50 °C for 48 h. After drying, the plant samples were ground into
a powder form with diameters < 150 um to ensure homogeneity. One
to 2mg of the powdered sample was placed into stannum cups for
carbon isotope analysis. The carbon isotopic compositions of Hydrilla
verticillata samples were determined using an elemental analyzer cou-
pled to an isotope-ratio mass spectrometer (EA-IRMS). The isotopic

GMP22 carbon dioxide
probe and data logger

WT1
Agitated groudwater
with submerged plants

Static groudwater
with submerged plants

HACH multi-parameter
data loggers

§  Agitated groudwate
" without biological
activities

WT4
Static groudwater
without biological
activities

>

Fig. 1. Experimental set-up.
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Table 3

The correlations between Ca?™ and SpC, HCO3; ™~ and SpC.
Reactor ID WT1 WT2 WT3 WT4
[Ca2t] 0.26 SpC —48.44 0.21 SpC —3.44 0.3 SpC —78.58 0.37 SpC —120.69
Correlation coefficient ? = 0.99 r? = 0.93 r? = 0.99 > =0.97
[HCO3] 0.85 SpC —189.04 0.98 SpC —696.87 0.8 SpC —169.75 0.95 SpC —287.38
Correlation coefficient r? = 0.99 r? = 0.96 r? =0.97 r? = 0.96

The brackets denote concentrations in mg/L and SpC is specific conductivity in uS/cm at 25 °C.

analyses were conducted in the Environmental Stable Isotope Labora- this study, At = 15 min.

tory of the Chinese Academy of Agricultural Sciences. Stable carbon

isotope results, 8'°C, are expressed in the usual delta-notation per mil O3y = Oz¢yy + ((GPP + R) + Ko, (Ozsary = Oy )AL 3)

(%o0) deviation from the standard Vienna Pee Dee Belemnite (V-PDB).
The overall experimental accuracy for §'3C measurements was =
0.2%o.

Meteorological data were recorded from a BS28-VP2 field weather
station located at the experimental site. Parameters were measured at
15 min interval, including air temperature, solar radiation and eva-
poration rate. The resolutions of the measurements were 0.5 °C, 5% and
0.25 mm, respectively.

3. Data processing and analysis
3.1. Preprocessing

Since Ca?™ and HCO3 ™ are the main ions in karst waters, the time
series of Ca®* and HCO3~ concentrations were calculated from the
linear relationship between the in-situ titration data and logged data of
SpC (Table 3). The DIC concentrations were calculated from the time
series of HCO3~ (CO3%7) concentrations and logged data of pCO,.

3.2. Determining DIC loss by CO evasion

Carbon dioxide fluxes across the water—air interface were calculated
using a molecular diffusion model (Raymond et al., 2012):

Fa =k« (pCOZWLl[er - pCOZaiV) (2)

where F is the CO, evasion flux (mg/m2'15 min) between water and air,
k is the gas transfer velocity (cm/15min), pCOsyater — PCO24ir is the
CO, concentration gradient between the water and air, in ppmv. The
value of k is calculated using the temperature-dependent Schmidt
number (Scr) for fresh water (Raymond et al., 2012).

3.3. Determining changes in DIC concentrations from calcite

Carbonate precipitation decreases Ca>* and HCO; ™~ concentrations
by a ratio of 1:2mol, and simultaneously releases 1 mol of COy(,q) into
solution, and conversely, carbonate dissolution increases Ca®* and
HCO;~ concentrations by a ratio of 1: 2mol, and remove 1 mol of
COx(aq) from the solution. Thus, the DIC loss by calcite precipitation or
gain by calcite dissolution were calculated from the changes in Ca®*
concentrations and molar ratio between Ca?" and HCO5;~ concentra-
tions.

3.4. Determining changes in DIC from the metabolism of Hydrilla
verticillata

The biologically-generated DIC was obtained from the gross primary
productivity (GPP) and respiration rates (R) through variations in DO
concentrations (Hotchkiss and Hall, 2014; Tobias et al., 2007). GPP and
R were calculated using a one-station, open-channel metabolism model
(Odum, 1956), where the change in DO concentrations between mea-
surement intervals (t and t — 1) are a function of R, GPP, air-water gas
exchange, and the change in time between measurements (At). During

Where R and GPP are O, consumption and production rates. For O,
production, GPP and R values are positive rates, and for O, consump-
tion, GPP and R values are negative rates respectively, expressed in mg
0, min~}; Ko, is the O, gas-water exchange rate, determined from the
slope of the line relating the change in DO per 15 min intervals and the
DO saturation deficit; Ossar, (mg Oy) is the saturation concentration of
DO, calculated from water temperature (Gilcreas, 1966); R is the esti-
mated night-time DO variations caused by the respiration of aquatic
plants based on a temperature-driven O, metabolism model according
to Eq. (4).

R= Rnight X 1. 047(T—Taverage) @

where Rpigy is average respiration rate at night; T and Tayerage are the
observed water temperature and the average value of water tempera-
ture (°C), respectively. The GPP can be calculated from the mass bal-
ance of DO concentrations. The DIC affected by the metabolism of
Hydrilla verticillata can be estimated based on C:O; molar stoichiometry
(1:1) (del Giorgio and Williams, 2005).

3.5. Estimated magnitudes of §">Cp,c variations

The contributions of biological, chemical and physical processes to
variations in 8'3Cp;c were calculated using a time-stepping chemical/
isotope (*2C and '3C) mass balance model (Tobias and Béhlke, 2011)
based on the DIC loss/gain. The model requires (1) the initial 813¢
values of the DIC from the karst spring water (Table 2), Hydrilla verti-
cillata and atmospheric CO, (Table 4); (2) the isotope fractionation
factors a, (defined as Ra/Rb, where R is the isotopic ratio of 3C/*2C
between Cgpecies Of air-water exchange (COxz(aq)/CO2(gas) at equilibrium)
(Zhang et al., 1995). The fractionation factor used for air-water ex-
change (for CO3(aq~COx2(gasy €quilibrium) and gas dissolution are
0.9989 + 0.0002 and 1.00118 * 0.0004 at 25 °C (Zhang et al., 1995),
for carbonate precipitation (HCO3; /CaCO3) is 1.00185 *+ 0.0001
(Turner, 1982), for photosynthesis and respiration by Hydrilla verti-
cillata assumed to be constants at 0.9830 (Mook, 2006; Bade et al.,
2006) and 1.0000 (assuming no fractionation during the respiration of
Org C to CO,), respectively. The 8'3Cp;c values were calculated from
the modeled '2C and '3C molar concentrations according to the rela-
tion:

81Cpic = (13C/12C-89.45 — 1) 5)

where 89.45 is the molar ratio of '>C/!3C in the VPDB isotopic re-
ference (Coplen et al., 2002).

Table 4
Average initial 8'3C values for the DIC model.

Source 813C (%0)

Hydrilla verticillata (n = 8)
atmospheric CO, (n = 14)

—19.3 (varying from —17.9%o to —20.8%o)
—9.9 (varying from —8.0%o to —11.9%o)
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Fig. 2. The temporal variations of the physico-chemical parameters of WT1
(agitated karst spring-water with Hydrilla verticillata) and WT2 (static karst
spring-water with Hydrilla verticillata). White areas represent daytime and Gary
areas represent nighttime which are determined from the amount of solar ra-
diation. The horizontal red lines of pco, and 8'3Cpic represent chemical and
isotopic equilibrium with atmospheric CO, (410 ppmv and —1.5%o, respec-
tively). The vertical lines represent the time when pco, and 83Cpc reached
chemical and isotopic equilibrium with atmospheric CO,, respectively. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

between 350 ppmv and 500 ppmv with a mean value of 410 ppmv
(Table 2), and 8'3Cqo, varied between —8.0%o0 and —11.9%0 with a
mean value of —9.9%o (Table 4). The stable carbon isotope fractiona-
tion between DIC and COy, is about +8.4%o at 25°C (Zhang et al.,
1995). Therefore, the pCO, and 8'3Cp;c in karst waters that achieve
chemical and isotopic equilibrium with atmospheric COy) will be
around 410 ppmv and —1.5%o (+0.4%o to —3.5%o), respectively.

4. Results

4.1. Temporal variations of physico-chemical parameters and §"*Cp,c in
agitated karst spring-waters with Hydrilla verticillata: WT1

The pH in WT1 (Fig. 2b) showed a small diel variation, character-
ized by daytime increases and nighttime decreases. During the first 2h
of the experiment, pH increased rapidly from 7.25 to 8.00, followed by
a slower increase to 8.15 before decreasing to 7.95 overnight. The
following daytime, pH increased again to 9.58, followed by a steady
decreased to 8.07 by night. The overall pH increase was by 2.3 pH units,
and the range was 1.0 pH unit during day 1 and 1.5 pH units during day
2, respectively.

The DO concentrations in WT1 (Fig. 2c) showed a diel variation
with an amplitude of about 5.2 mg/L. DO steadily increased to a peak of
11.4 mg/L during the day and then decreased gently to a low of 6.2 mg/
L by nighttime.

The Ca?* and DIC concentrations in WTI (Fig. 2d and e) decreased
steeply during the day and slightly flattened during the night. Ca®*
decreased from a high of 120 mg/L to 58 mg/L during the first day, and
stabilized around a final low of 27 mg/L by the end of the experiment.
DIC decreased from 356 mg/L to 125 mg/L during the first day, and
stabilized around a low of 25 mg/L by the end of the experiment.

The pCO, in WTI (Fig. 2f) showed a similar trend to Ca2* and DIC
concentrations, but differed in the steepness of the decreases during the
daytime and the sharp transitions between day and night during the
first 24h. During the first 2h, pCO, decreased steeply from
16,500 ppmv to 3000 ppmv, then gradually to 1000 ppmv over the next
11 h. During the nighttime a slight steady increase to 1500 ppmv oc-
curred. During the next daytime, the pCO, again decreased sharply to a
low of 410 ppmv and then gradually decreased to ~0 ppmv till the end
of the experiment.

As shown in Fig. 2g, the 8"3Cpc in WT1 generally increased. The
8'3Cpyc in WT1 was enriched by +8.5%o0 (—10.9%o0 to — 2.4%o) during
the first 10 h, and was slightly depleted by —1.1%o (—2.4 to —3.5%o)
overnight. The following day, enrichment of the §'3Cp;c in WT1 oc-
curred by +3.1%0 (—3.5%0 to —0.6%o) before slightly decreasing at
night.

4.2. Temporal variations of physico-chemical parameters and §">Cp;c in
static karst spring-water with Hydrilla verticillata: WT2

The pH in WT2 sample (Fig. 2b) showed a similar variation to WT1,
but was characterized by lower pH values. The pH increased from 7.25
to 7.96 during the first day, and then decreased to 7.40 at night. The pH
increased rapidly to 9.17 during the following daytime, and then de-
creased to 7.86 at night.
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The DO concentrations in WT2 (Fig. 2c) also showed a marked diel
variation of about 13.6 mg/L that peaked at 24.0 mg/L during the day
and dropped to a low of 10.6 mg/L overnight till the next morning.
Unlike WT1, sharp peaks and troughs observed for DO values lasted for
about 1 h.

The Ca®?* and DIC concentrations in WT2 (Fig. 2d and e) showed
similar variations to those observe for WT1 with generally higher va-
lues. They showed a notable decrease during the daytime and slight
increases at nighttime. During the first day, Ca®>" and DIC decreased
steeply from 120 mg/L to 70 mg/L, and 356 mg/L to 140 mg/L during
the day, and then slightly increased to 80 mg/L and 180 mg/L over-
night, respectively. The next day, Ca®>* and DIC gradually decreased to
45mg/L and 42 mg/L during the daytime, and then stabilized around a
low of 48 mg/L and 58 mg/L to the end of the experiment, respectively.

The pCO, for WT2 (Fig. 2f) also generally decreased, with small diel
variations. The pCO values decreased steeply from 16,500 ppmv down
to 3000 ppmv during the first 7h, and then gradually to 1500 ppmv
over the next 5h before slightly increasing to 3500 ppmv overnight. In
the following day, the pCO, values sharply decreased to 410 ppmv by
29h and then gradually decreased to ~0 ppmv to the end of the ex-
periment.

The §'3Cpyc of WT2 (Fig. 2g) also generally increased. The §'3Cp¢
had slightly higher during the first 10h and lower values afterwards
compared to WTL During the first day, the §'*Cp;c of WT2 was enriched
by +8.0%o, (—10.9%0 to — 2.9%o) during the daytime, and was slightly
depleted by —2.5%o0, (—2.5%0 —5.4%0) during the nighttime. The next
day, the 8'3Cpyc was enriched by +4.4%0 (—5.4%0 to —1.0%o) during
the day and then dropped to —2.3%o at night.

4.3. Temporal variations of physico-chemical parameters and §">Cp;c in
agitated karst spring-water without Hydrilla verticillata: WT3

The pH in WT3 (Fig. 3b), generally increased to the end of the ex-
periment with an overall increase of 1.3 pH units. During the first 12 h,
pH steeply increased from 7.25 to 8.10, followed by a gradual increase
to 8.60 during the rest of the experiment.

The DO concentrations in WT3 (Fig. 3c) showed symmetrical diel
variations but inversely in phase with water temperature, characterized
by an increase of about 1 mg/L in the mornings and evenings. The peak
concentrations were around 8 mg/L and troughs were above 6.5 mg/L.

The Ca?* and DIC concentrations in WT3 (Fig. 3d and 3e) declined
steadily from 120 mg/L to 50 mg/L, and 356 mg/L to 110 mg/L to the
end of the experiment, respectively.

The pCO, in WT3 (Fig. 3f) showed a similar but more abrupt trend
of decline compared to Ca®>* and DIC. During the first 12 h, the pCO,
decreased steeply from 16,500 ppmv to 2000 ppmv. During the night,
the pCO, continued to decline gradually to 410 ppmv after 70h and
then slowly to 300 ppmv to the end of the experiment.

The 8'3Cp;c of WT3 (Fig. 3g) showed a different temporal pattern
when compared to WT1 and WT2. The 8'3Cpic of WT3 was rapidly
enriched by +7.4%o (from —10.9%o to —3.5%o) at the first 36 h, fol-
lowed by a more gradual enrichment phase to —1.5%o.

4.4. Temporal variations of physico-chemical parameters and §">Cpyc in
static karst spring-water without Hydrilla verticillata: WT4

The pH in WT4 (Fig. 4b) also generally increased to the end of the
experiment with an overall increase of 1.1 pH units. The pH increased
gradually from 7.25 to 8.00 during the first 36 h, and then increased
more slowly to 8.45 after 168 h and then fluctuated at 8.40 till the end
of the experiment.

DO concentrations in WT4 (Fig. 4c) showed a cyclical diel pattern
that varied out of phase with water temperature. The DO cycles had
increases of about 1 mg/L with the maxima in the mornings and minima
in the evenings. The diel pattern shows symmetry with sharp minimum
and maximum peaks and varied between 6.5 mg/L and 8.0 mg/L.
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Fig. 3. The temporal variations of the physico-chemical parameters of WT3
(agitated karst spring-water without Hydrilla verticillata). The horizontal lines of
pco, and 8'3Cpic represent chemical and isotopic equilibrium with atmospheric
CO, (410 ppmv and — 1.5%o, respectively). The vertical lines represent the time
when pco, and 8'3Cp;c reached chemical and isotopic equilibrium with atmo-
spheric CO,, respectively.
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Fig. 4. The temporal variations of the physico-chemical parameters of WT4
(static karst spring-water without Hydrilla verticillata). The horizontal lines of
pco, and 8'3Cp¢ represent chemical and isotopic equilibrium with atmospheric
CO, (410 ppmv and — 1.5%o, respectively). The vertical lines represent the time
when pco, and §'*Cp;¢ reached chemical and isotopic equilibrium with atmo-
spheric CO,, respectively.
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The Ca®* and DIC concentrations in WT4 (Fig. 4d and e) generally
decreased over time. During the first 36 h, the Ca®>* and DIC con-
centrations remained near stable, followed by a steep decline to about
144 h before slightly steadying to the end of the experiment. Ca®*
decreased from 117 mg/L to 60 mg/L and DIC decreased from 330 mg/
L to 145mg/L and then remained more or less stable until the end of
experiment.

The pCO, in WT4 (Fig. 4f) decreased steeply from 16,500 ppmv to
5000 ppmv during the first 36 h, and then gradually to 1400 ppmv after
144 h. The pCO2 continued to decrease slowly to 1000 ppmv by the
192 h, and then to 410 ppmv after 330 h and then stabilized to the end
of the experiment.

The 8'3Cp;c of WT4 (Fig. 4g) showed similar variation as WT3
(Fig. 3g). The 8'3Cpc increased with slight enrichment of + 0.9%o
(from —10.9%o0 to —10.0%0) during the first 12h, followed by sig-
nificant enrichment of +7.9%o (from —10.0%o0 to —2.1%o) during the
next 256 h. By the end of the experiment, gradual enrichment continued
to —1.5%o.

5. Discussion

5.1. Chemical and isotopic behavior of DIC in karst spring-waters exposed
to the atmosphere

The DIC concentrations and §'3Cpyc in treated karst spring-waters
with different hydro-biological conditions, exposed to the same atmo-
sphere, exhibit different temporal, chemical and isotopic behaviors
(Figs. 5 and 6, and Table S1). Although the DIC concentrations and
8'3Cpyc in all karst spring-waters reached chemical and isotopic equi-
librium with atmospheric CO, (Fig. 2e, 2 g, 3e, 3 g, 4e and 4 g), DIC loss
and 8'3Cp;c enrichment are faster in waters that contained Hydrilla
verticillata (WT1 and WT2) than in waters without Hydrilla verticillata
(WT3 and WT4). DIC loss and 8'3Cp;c enrichment are faster in agitated
waters than in static waters (WT1 vs. WT2, and WT3 vs. WT4). It took
25 h and 26 h for the agitated water with Hydrilla verticillata (WT1), and
29h and 30h for the static water with Hydrilla verticillata (WT2), to
reach chemical and isotopic equilibrium with atmospheric CO,, re-
spectively. Meanwhile, it took more time, 70 h and 96 h for the agitated
water without Hydrilla verticillata (WT3), and 330 h and 360 h for the
static water without Hydrilla verticillata (WT4), to reach chemical and
isotopic equilibrium with atmospheric CO,, respectively. Since all the
waters were obtained from the same karst spring source, and had si-
milar initial DIC concentrations and 8'3Cp;c values, and were all ex-
posed to the same laboratory atmosphere, the different temporal re-
sponse, and chemical and isotopic behaviors of the waters as they
attained equilibrium could be attributed to differences in hydro-biolo-
gical conditions of the treated waters. Thus, such significant differences
in the temporal evolution of DIC and 8'3Cpy¢ in karst spring-waters
exposed to the atmosphere is primarily related to the effects of the
aquatic plants, and also of the water agitation. With these observations,
we show that by evaluating the effects of different processes (physical,
chemical and biological) under different hydrological conditions on the
temporal evolution of DIC and 8'3Cp;c, greater insights into how and
why different Karst spring-waters exhibit different chemical and iso-
topic behaviors are gained.

5.2. DIC-8"3Cpyc evolution in karst spring-waters with/without aquatic
plants: metabolic process vs. physical process vs. chemical process

Fig. 7 shows that as waters evolved to chemical equilibrium with
atmospheric CO,, for the waters with aquatic plants (WT1 and WT2),
the DIC evolution is primarily controlled by metabolic processes
(photosynthesis and respiration) of Hydrilla verticillata. During meta-
bolism, the DIC loss by Hydrilla verticillata was 200 mmol (accounting
for 42%) and 210 mmol (accounting for 44%) in WT1 and WT2, re-
spectively, of which 225mmol and 225 mmol of DIC was used for
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Fig. 5. Calculated results of total DIC loss and DIC loss by three different processes (CO, evasion, calcite precipitation and metabolism by Hydrilla verticillata) by
15 min intervals over time. The positive values represent DIC loss by photosynthesis, calcite precipitation and CO, evasion. The negative values represent DIC gain by
respiration, carbonate dissolution and CO, absorption.

photosynthesis, while 25 mmol and 15 mmol DIC were produced during chemical equilibrium with atmospheric CO, is calcite precipitation/
the respiration of Hydrilla verticillata in WT1 and WT2, respectively. The dissolution, where 95 mmol and 100 mmol DIC were lost by calcite
secondary control on the DIC evolution as the waters evolved to precipitation, while 15 mmol and 25 mmol were produced by calcite
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Fig. 6. The measured and modeled values of §'Cpc, and '°C fractionation enrichment due to physical, chemical and biological processes.

dissolution in WT1 and WT2, respectively. The third control on DIC
evolution is CO, outgassing, where 75 mmol and 55 mmol CO, was
released to the atmosphere as the waters evolved to chemical equili-
brium with atmospheric CO, in WT1 and WT2, respectively. In contrast,
as the waters without aquatic plants evolved to chemical equilibrium
with atmospheric CO,, the DIC evolution was primarily controlled by
CO,, outgassing, where 210 mmol (accounting for 44%) and 240 mmol
(accounting for 50%) of CO, were released to the atmosphere from WT3
and WT4, respectively. The DIC evolution in these waters without
aquatic plants was secondly controlled by calcite precipitation, where
150 mmol and 190 mmol of DIC were lost from WT3 and WT4, re-
spectively, as the waters evolved to chemical equilibrium with atmo-
spheric CO,. Thus, the sharp decrease in DIC concentrations observed in
WT1 and WT2 is primarily caused by the photosynthesis of Hydrilla
verticillata, while the gentler loss in DIC observed in WT3 and WT4 is
caused by CO, outgassing and calcite precipitation.

Similarly to DIC evolution, as shown in Fig. 7 and Table S1, for Karst
spring-waters with aquatic plants (WT1 and WT2), the §'*Cpc evolu-
tion is almost entirely controlled by the metabolic activities (photo-
synthesis and respiration) of Hydrilla verticillata. As a result, the 8'*Cp;c
was enriched by 12.65%o0 and 12.47%o during photosynthesis and de-
pleted by —0.82%o and —1.78%o during respiration in WT1 and WT2,
respectively. Calcite precipitation/dissolution and CO, outgassing show
negligible effects on the 8'3Cpyc evolution in these waters (WT1 and
WT2). In contrast, for waters without aquatic plants, as the waters
evolved to isotopic equilibrium with atmospheric CO,, the 8'3Cpyc in-
creased by 11.90%o and 14.20%o as a result of CO, outgassing, and
decreased by 2.80%o0 and 5.10%o0 due to calcite precipitation in WT3
and WT4 respectively. Thus, the observed sharp increase in 8'3Cp,c in
WT1 and WT2 waters is primarily resulted from the photosynthesis of
Hydrilla verticillata, while the slower increase in 8'3Cpc in WT3 and
WT4 is entirely caused by CO, outgassing.

5.3. DIC-8"3Cpyc evolution in the agitated/static karst spring-waters

The results in Fig. 7 and Table S1, show that not only are there
differences in the rate of DIC loss from the waters subject to different
bio-chemical treatments, there is also a significant difference in the
amount of DIC loss due to different physical treatment either by

agitation or static.

For agitated waters (WT1 vs. WT2), the water with aquatic plants
(WT1), lost 75 mmol DIC (15% of the total DIC), 80 mmol DIC (17% of
the total DIC) and 200 mmol DIC (42% of the total DIC) by outgassing,
calcite precipitation and photosynthesis, respectively, within 25h,
while the static water (WT2) treated with the same aquatic plants lost
55 mmol DIC (11% of the total DIC), 75 mmol DIC (16% of the total
DIC) and 210 mmol DIC (44% of the total DIC) by outgassing, calcite
precipitation and photosynthesis within 29h, respectively. In other
words, our results suggest that the average rate of DIC loss by the CO,
evasion, calcite precipitation and photosynthesis is about 3.0 mmol/h,
3.2mmol/h and 8.0 mmol/h, respectively, for agitated (turbulent)
Karst spring-water with aquatic plants, and 1.9 mmol/h, 2.6 mmol/h
and 7.2 mmol/h, respectively, for static (lamina) Karst spring-water
with the same aquatic plants.

Regarding waters without aquatic plants, (WT3 vs. WT4), for the
agitated water without the aquatic plants (WT3), 210 mmol DIC (44%
of the total DIC) and 150 mmol DIC (31% of the total DIC) was lost to
the atmosphere by outgassing and lost by calcite precipitation within
70h, respectively, while in the static water without aquatic plants
240 mmol DIC (50% of the total DIC) and 190 mmol DIC (40% of the
total DIC) (WT4) was lost to the atmosphere by outgassing and by
calcite precipitation after 330h, respectively. In other words, the
average rate of DIC loss by CO, evasion and calcite precipitation from
agitated karst spring-water without aquatic plants, is about 3.0 mmol/h
and 2.1 mmol/h, respectively, while the average rate of DIC loss by CO,
evasion is 0.7 mmol/h and by calcite precipitation is 0.6 mmol/h in
static karst spring-water without aquatic plants. These results suggest
that the agitation (turbulence) of water accelerates CO, evasion, calcite
precipitation and photosynthesis of aquatic plants (Hydrilla verticillata).

However, as shown in Table S1 and Fig. 7, although no obvious
differences appear in the overall 8'3Cp,c enrichment for the agitated
and static karst spring-waters with/without aquatic plants, there are
marked differences in the timing of when the karst spring-waters
evolved to isotopic equilibrium with atmospheric CO, in the agitated
and static karst spring-waters. The §'3Cp;c enrichment is faster in the
agitated waters than that in the static waters, indicating that the agi-
tation (turbulence) of water may accelerate 8'3Cpc enrichment.
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6. Implications

Our results show that DIC produced from carbonate weathering can
be used by aquatic organisms thereby converting it into OC. This means
that the view of carbon shifts that exclude sequestration during the
transformation of weathered carbonate rock deposits (Curl, 2012) could
be revisited in order to factor in the proportion of DIC from the
weathered carbonate that is converted by aquatic plants through pho-
tosynthesis into organic carbon for possible long-term sequestration by
aquatic organisms rather than being released to the atmosphere as CO,
in continental surface water systems or oceans.

Furthermore, as shown in Fig. 7, the significant flux of CO, from the
atmosphere to the karst spring-waters after they attain chemical equi-
librium with atmospheric CO,, suggest that intense aquatic photo-
synthetic activities in continental surface water systems could play an
important role as a natural carbon sink, drawing CO, directly from the
atmosphere when there is not enough DIC in the waters (rivers and
streams) to maintain the normal metabolic rates of the aquatic organ-
isms.

7. Conclusion

At the laboratory scale, the temporal evolutions of DIC and 8'3Cpic
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in karst spring-waters with high pCO, exposed to atmospheric CO,
under agitated and static conditions with/without aquatic plants were
quantitatively assessed. The controls on DIC and 8'3Cp, of the karst
spring-waters during evolution to equilibrium with atmospheric CO,
were deciphered. Results of the temporal behavior of DIC and 8'3Cpic
observed from the laboratory experiments could be applied to char-
acterize carbon evolution in carbonate-rich surface waters (e.g.,
streams, lakes and reservoirs) evolving and interacting with the atmo-
sphere.

DIC evolution appears to be mainly controlled by the metabolism of
aquatic plants (< 40%), while calcite precipitation/dissolution and CO,
outgassing show little effects on the DIC evolution in the karst spring-
waters with aquatic plants (< 20%). The 8'3Cp;c evolution is also
mainly controlled by the metabolism of the aquatic plants, while calcite
precipitation/dissolution and CO, outgassing have a lesser effect on the
8'3Cpyc evolution in the karst spring-waters with aquatic plants.
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