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In a karstic area affected by acid mine drainage (AMD), hydrochemical conditions,
such as temperature, salinity, alkalinity, DIC, dissolved oxygen, and nutrients, may
affect the buffering capacity of carbonate systems in freshwater systems. The
resulting pH fluctuation is larger than that of a marine system. Therefore, this study
focuses on the buffering of a riverine carbonate system under the input of AMD and
discusses the variations in a series of buffering factors, including the Revelle factor,
Yoic: Yaik Poic. Bak wpic. and way. The results revealed that the Revelle factor could
reflect the buffering process effectively; in addition, the maximum value of the
Revelle factor appeared at pH = 8.5. The data points for pH greater than this value
indicated that the Huatan River had the ability to absorb atmospheric CO, in spring.
Conversely, the data for pH less than this value reflected the buffering of H* during
CO, degassing in summer and autumn. In winter, the data were around the
maximum value, indicating the weakest buffering capacity. As a result, the
dynamics of the carbonate system caused the most sensitive response to pH.
In addition, the maximum Revelle factor value did not always indicate the carbonate
system had reached equilibrium; the presence of strong CO, degassing was still a
possibility. Under acidic conditions, as CO,(,q) increased, the absolute values of ypc,
Boic. wpic, and yak increased correspondingly, indicating the enhanced buffering
capacity of H* during CO, degassing. Under the four Representative Concentration
Pathways scenarios (RCPs) included in the IPCC's fifth assessment report, the
degassing rate of the Huatan River would decrease by 5%, 15%, 26%, or 48%,
depending on the scenario. Even though the Huatan River revealed CO, degassing
characteristics in winter and spring under current conditions, it will eventually
become a sink for atmospheric CO, as atmospheric CO, concentration increases.
In this light, the carbon sink effect in karst areas will become increasingly important.
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Introduction

Since the time of the Industrial Revolution, atmospheric
CO, concentration has increased significantly. The annual CO,
released by human activities has been estimated at ~8.9 PgC
(Regnier et al., 2013; Bianucci et al., 2018), and the marine
system has absorbed ~50% of the CO, from anthropogenic
sources, such as the combustion of fossil fuels, since the
Industrial Revolution (Sabine et al., 2004; Thomas et al,
2007; Shaw et al,, 2013). Due to the dynamic equilibrium of
carbonate components in surface water, CO;>~ can offset the H*
produced during CO, absorption and maintain the relative
stability of water pH. While this process slows down the process
of global warming, it also yields a series of chemical changes,
such as increasing concentrations of CO,(,q), DIC, and H" as
well as decreasing calcite saturation and CO5*” concentration in
the marine system (Caldeira and Wickett, 2003; Omta et al,,
2010). In the long run, as marine pH gradually decreases and
DIC concentration increases, the pH of seawater will become
more sensitive to biogeochemical processes.

This buffer process was first quantified by Revelle and Suess
(1957), who defined the Revelle factor as (Eq. 1):

R = (ApCO,/pC0;)/ (ATCO,/TCO,) (1)

where TCO, represents the total dissolved inorganic carbon
(CO,+HCO;™ + CO3*), pCO, refers to the partial pressure of
CO; in the water, and ApCO, and ATCO, represent the change in
the partial pressure of CO, and DIC concentration, respectively,
after CO, absorption. Since the change in pCO, is more sensitive
than that of TCO,, the Revelle factor, which indicates the buffering
capacity of water to the variation in CO,, is better able to reflect the
dynamic transformation relationship of carbonate components in
water. The Revelle factor reflects both the buffering capacity of
weakly alkaline water fixing atmospheric CO, and the buffering of
H* by CO, outgassing during water acidification.

Sundquist et al. (1979) proposed a more accurate formula for
calculating the buffering process (Eq. 2):

y[HCO;] - 4[co ]’ |
[HCO;] +4[CO | +y
(2)

Bhorn = TCOZ{ [COZ] + [Coé_ +

_ TB(Ky )

- 3
T ®

where aH* is the hydrogen ion activity, TB is the total
concentration of dissolved borate, and Ky is the first apparent
dissociation constant of boric acid.

In freshwater systems, the buffer factor can be further
simplified if the effect of boric acid is omitted (Eq. 4):

Buom = TCO,{[CO,] + [CO ]} (4)
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As the Revelle factor increases, the buffering capacity of
freshwater carbonate system weakens. It is generally believed
that the Revelle factor in the ocean is about 10 on average,
while the factor can vary between 8 and 50 in a karst
freshwater system (Zhang et al., 2019; Wang and Li,
2021). In addition,
factors, such as Ybic, (—)’DIC: WpIcs YAlk BAlk> and wagk
which have mainly featured in discussions of the
absorption of atmospheric CO, by weakly alkaline water

scholars have also defined buffer

(Egleston et al., 2010; Hagens and Middelburg, 2016a). ypic,
Boic> ®p1cs Yalk Pal and wayy indicate the buffering of the
water carbonate system against changes in H*, CO,, and
CO;* concentrations when DIC or alkalinity is added. For
example, Py indicates the resistance capacity to changes in
hydrogen ion concentration (or activity) when alkalinity
changes. Table 1 displays detailed formulas for calculating
these parameters.

In fact, surface freshwater is essential in DIC transport
systems. Approximately 0.40-0.90 Pg of DIC is transmitted
to the ocean through surface rivers every year (Probst et al.,
1994; Battin et al., 2009; Cai, 2011; Shin et al., 2011; Quéré
et al,, 2018). CO, emission at the water-gas interface in
freshwater systems is about 1.8 Pg per year (Cole et al,
2007; Raymond et al., 2013; Wehrli, 2013; Borges et al,,
2015). In areas where karst is widely developed, the
absorption of CO, by the weathering of carbonate rocks
has become an intensely debated topic of concern. The global
annual karst carbon sequestration is about 0.11-0.80 Pg C
per year (Gombert, 2002; Liu et al., 2010; Liu et al., 2018).
Thus, the fact that coal-bearing rock systems are generally
well developed in the karst areas of Southwest China is a
problem (Li S. L. et al., 2020; Xu et al., 2021). The mining of
medium-to high-sulfur coal has caused serious surface water
acidification issues, which in turn has complicated the
evolution of DIC in surface freshwater systems in karst
areas (Han and Liu, 2004; Li et al., 2008; Huang et al.,
2017; Li et al, 2018; Jin et al, 2020). Compared to the
marine system, more complex influencing factors may
affect the buffer
freshwater systems in karst areas, and the pH fluctuation

capacity of carbonate systems in
is much wider than that found in marine systems (Lueker
et al., 2000; Sunda and Cai, 2012; Hagens and Middelburg,
2016b; Lan et al., 2017; Lauvset et al., 2020).

Therefore, this study explored the buffer effect of a
carbonate system in surface freshwater on acid mine
drainage (AMD) in karst medium- and high-sulfur coal
mining areas. The study procedures entailed analyzing the
Revelle factor and six other buffer factors, including ypic,
Bpics WpIcs Yalk Palk and wa, to further the understanding
of DIC cycling and CO, source-sink relationships in surface
freshwater in karst watersheds.
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TABLE 1 Buffer factor calculation method (Egleston et al., 2010; Zhang et al.,

Response of buffer factor to changes in DIC

10.3389/fenvs.2022.1020452

2019)

Response of buffer factor to changes in Alk

31In[CO,] Alk _ (3In[CO,J\-1 _ Alk’-DIC x §
Yoic = ()™ = DIC - Yan = CGaic)” = T am
oy = (UIIHTy-1 _ DICxS-AKS By = (BT _ A g
DIC ™ % oDIC Alke Alk = VALK DIC
— (9nQ Alke x P Inoy-1 DIC x [HCO;]
wprc = (G~ = DIC - [HCO; ] wak = (G227 = Alk, -
Where

(H'](B(OH);]
R+ (H] =

S = [HCO;] +4[CO¥ | + [OH" ;P = 2[CO,] + [HCO;]; Alke =

Materials and methods
Overview of the study area

The Huatan River watershed is located in the eastern part
of Jinsha County, Guizhou Province (Figure 1). The watershed
covers an area of 321 km?, with a total river length of 59 km, a
natural drop of 220 m, and an average runoff of 4 m*/s. The
topography of the watershed, which is high in the southwest
and low in the northeast, is dominated by hilly landforms. The
Huatan River watershed belongs to a subtropical monsoon
humid climate zone, with an annual average rainfall of
1,057 mm. Precipitation begins to increase in May every
year, and the river flow subsequently increases. The rainy
season is from June to September, leading to the highest river
flow. The normal water period begins from October to
December, and the dry season begins in March of the next
year, which sees the lowest flow. The karst landforms are well
developed in this area, and funnels, peak clusters, depressions,
sinkholes, undercurrent, and natural bridges are common

[HCO;] +2[CO3 |; DIC =

[CO,] + [HCO;5] + [CO3 ]; Alk = [HCO; ] +2[CO3"] + [B(OH),] - [H'] + [OH]

The strata exposed in the study area include Cambrian (€),
Permian (P), Triassic (T), and Quaternary (Q). The lithology is
mainly carbonate rocks and clastic rocks, and the carbonate rocks
primarily include the Permian Qixia Formation (P;q), Maokou
Formation (P;m), Changxing Formation (P,c), Triassic Yelang
Formation (Ty;), and YongningZhen Formation (T;yn). The
Longtan Formation (P,l), a coal-bearing rock system, is about
95-110 m thick and contains 4-8 layers of coal. There are many
coal mines in the watershed, such as the Huixin Coal Mine and
Hongxing Coal Mine. Coal mining produces a large amount of
AMD, with a pH as low as 2.3, which has a significant impact on
the Huatan River (Li et al., 2018; Huang et al., 2022; Du et al.,
2022).

Sample collection and analysis

In this study, 18 sampling sites were set up in the Huatan
River, and samples were collected every month from November
2020 to November 2021. The variable parameters, such as

features. temperature, pH, and dissolved oxygen (DO), were measured
Tian jian
hui gui
Mudstons
T | Dimesone
T,y | Limestone
Ty | Mudsty
P1 | Mudstne
Linestane
_ﬁ‘%_ Limestone
o K
B s (e B O e S
River EI Coal mine E] Sample site 0 1 5 4 6 km €, Is] Dolomite
FIGURE 1
Distribution of stratigraphic outcrops and sampling points in the Huatan River watershed (after Huang et al. (2022)).
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on-site with a YSI ProPlus multi-parameter water quality
analyzer. Electrodes, such as pH, EC, and DO, were calibrated
the night before sampling according to the manufacturer’s
specifications. The alkalinity was titrated on-site using a
Merck titration box (Item NO. 1.11109.0001). This parameter
requires three parallel samples to be titrated continuously to
ensure that the error rate of three titrations is within 0.05 mmol.
The water samples were filtered on-site with a 0.45 um filter
membrane under positive pressure. For cation analysis, nitric
acid was added to the aliquot to adjust the pH < 2.0. Meanwhile,
for anion analysis, no reagent was added into the aliquots; all
samples were sealed bubble-free and stored under refrigeration at
4°C. The supplementary materials offer more detail about the
basic hydrochemical parameters.

The Revelle factor was calculated according to Eq. 4, and the
results appear in Supplementary Table S1. The six buffer factors,
YpIG> Bp1C WDIC YAl Palk and Wy, were calculated according to
the equations listed in Table 1; in addition, the PHREEQC
program was used to calculate the pCO, and HCO;~
concentrations and SIc values in the water.

Variation characteristics of the buffer
factors

Revelle factor

Huang et al. (2022) and Li et al. (2022) reported that the
pH in the Huatan River was lower in summer and autumn
(8.1 on average) and higher in winter and spring (8.4 on
average). We believed that the oxidation of pyrite on a
watershed scale would promote the acidification of water in
the rainy season and enhance the carbon cycle through
carbonate weathering. In the study area, AMD flows into the
Huatan River at sampling point W11. The annual pH at
sampling point W11 ranged from 5.0 to 6.9. It was observed
that the pH of sampling point HT9 was lower than that of HT9-
1 during the whole sampling period. In our consideration, the
decrease of pH was due to the supply of AMD.

The Revelle factor in the Huatan River ranged from 12.5 to
53.6 throughout the year, with an averaging 42.2. In general, the
Revelle factor demonstrated significant seasonal variation,
varying in an “M” pattern along the flow direction. At
sampling point HT9, the value of this factor decreased
significantly, which may be attributed to the inputs of AMD-
influenced tributaries at this point. At the Huatan reservoir
(HT1) and downstream sampling sites (HT15, HT16), the
water was relatively deep. Consequently, the influence of
aquatic ecological processes on the factor increased. At the
remaining sampling points, the Revelle factor yielded higher
values, reflecting the carbonate weathering background.

In fact, the Revelle factor can be translated into a function of
pH (Eq. 5). For the carbonate system in pure water, the
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maximum Revelle value occurs at pH = 8.4; by comparison,
for the marine system, due to the influence of boric acid and
other factors, the DIC concentration is close to alkalinity
(2.3 mM) at pH = 7.5 and shows the characteristics of co-
evolution with alkalinity (Omta et al., 2010; Cai et al., 2011;
and Middelburg, 2016a; Wang and Li, 2021)
(Figure 2A). At this pH condition, the carbonate component

Hagens

in marine system is mainly HCO;~, with a small proportion of
CO,(aq) and CO5”. Therefore, the Revelle factor reaches the
maximum value, and the water exhibits the weakest ability to
buffer H* and absorb atmospheric CO, (Hofmann et al., 2010).
Since the pH of surface seawater is usually maintained within a
narrow variation (8.33 * 0.10), the marine system usually
displays the ability to absorb atmospheric CO,, and the
variation range of the Revelle factor is maintained in the
range of 8.0-15.0 (Cai et al., 2011; Jiang et al, 2019; Lauvset
et al., 2020).

H'IK, + [H']* + KiK;,

R= TCOZ{[COZ] + [Cogi]}il = [ [H+]2 +K K
10N2

®)

In terrestrial freshwater systems, especially in karst areas,
factors affecting the buffer capacity of carbonate systems are
more complex, and the variation in pH is much larger than that
found in marine systems (Lauvset et al., 2015; Zhang et al., 2019).
Moreover, the DIC concentration and alkalinity are also higher
than those found in the ocean, and they often demonstrate non-
linear evolution, resulting in a greater variation in the Revelle
factor (Huang et al., 2022). Moreover, the process revealed by the
data on both sides of the maximum Revelle value is inconsistent.
The right side shows the ability to absorb atmospheric CO,, while
the left side shows the buffer of CO, degassing to H*. Near the
maximum value, the dynamic transformation of the carbonate
system causes a more sensitive response in pH (Hofmann et al.,
2010).

In order to forecast the future climate, Intergovernmental
Panel on Climate Change (2014) identified four greenhouse gas
The different
Concentration Pathways (RCPs), from low to high, are
RCP2.6, RCP4.5, RCP6.0, and RCP8.5. The figures following
the RCP show that by 2,100, the radiation forcing level will be
26W-m>2, 45Wm32 6Wm?2 and 85W-m2 An RCP
represents an expectation that describes future greenhouse gas

concentration  scenarios. Representative

emissions in terms of pollution scenarios (Moss et al., 2010; Han
et al, 2019). Under different scenarios, there are significant
differences in the source sink relationship of greenhouse gases
at the water-air interface.

Figure 2C reveals the relative changes in the Revelle factor
versus Log (pCO,) at DIC of 2.2 and 4.6 mM, representing the
average concentrations of DIC in the ocean and the freshwater in
the study area, respectively. Under the IPCC RCP2.6, RCP4.5,
RCP6.0, and RCP8.5
concentrations will reach 420 ppm, 538 ppm, 670 ppm, and

scenarios, the global atmospheric
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FIGURE 2
(A) Correlation between the Revelle factor and pH under different aqueous media conditions; (B) Relationship between the Revelle factor and
pH in the Huatan River watershed; (C) Correlation between the Revelle factor and Log(pCO2) under different DIC concentration conditions; (D)
Relationship between the Revelle factor and Log (pCO,) in the Huatan River watershed.

uatm

20patm

BOpaim

Revelle Factor

Revelle Factor

FIGURE 3

Three-dimensional relationship among the Revelle factor, pH, and Log (pCO2) for given ranges of pH (4-12) and Log (pCO2) (-4 ~ 6). The three
light-blue lines represent atmospheric CO2 concentrations (280 patm, 420 patm, and 936 patm) under different RCP scenarios. The blue dots
represent the distribution of sampling sites in the Huatan River over 13 months. Most of the data points are located in the interval of pH < 8.4 and Log
(pCO2)>3.04, indicating the buffering of H+ by CO2 degassing, while the data points in the range of pH > 8.4 and Log (pC02)<3.04 reflect the
uptake of atmospheric CO,. The distribution of the data points in the Huatan River is mainly in the range of Log (pCO,) between 2 and 4. As a result,
(B) is an enlarged version of part of the area in (A).
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FIGURE 4

Characteristics of buffer factors (Bpic. Pak Ypic. Yak wpic, waw) relative to pH in the surface seawater system.

936 ppm, respectively, by 2,100 (Gattuso et al., 2015; Taranu,
2016; Wei etal,, 2018; Li et al., 2020). Obviously, the dynamics of
CO, at the water-gas interface vary significantly in the different
RCP scenarios. Even a constant, maximum Revelle factor value
does not always indicate equilibrium of the water carbonate
system, and CO, degassing may still be significant.

According to Eq. 4, the Revelle factor reflects the variation in the
relative proportion of DIC and CO,+CO;* and cannot be indicative
of the CO, transport at the water-air interface under different DIC
concentrations. In Figure 3, the synergistic evolution relationship of
the Revelle factor, pH, and Log (pCO,) can clearly reveal the
dynamic buffer process of the water carbonate system, thus
effectively avoiding the limitation caused by only analyzing the
Revelle factor. According to the data in Figure 3, the maximum
Revelle factor values are not fixed and fluctuate significantly along
with the rise and fall of pCO, in the water. In the marine system, the
variation in pH is narrower, and the value of the Revelle factor
appear only on the right side of the peak. By comparison, within the
freshwater system, the data related to the Revelle factor are
distributed on both sides of the peak, and the variation is larger.
Therefore, the interpretation of the Revelle factor data within the
terrestrial freshwater system must be carefully combined with the
variation in pH and pCO, for a comprehensive analysis.

Yoic: Boic, wpic, Yak Pak and wak

Table 1 shows that Ypic, Ppics Wpics Yaik Baik and wa are all
binary equations concerning pH and DIC concentration. For both
the marine system and the terrestrial freshwater system, the
varjation in these six parameters is less than 1.0. Figure 4
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illustrates the correlation between these six parameters and
pH under the condition of average DIC concentration in surface
seawater (2.2 mM). For PBpic, Ypioo Wpic, and yap within the
watershed system affected by AMD, the variation in these four
parameters widens during water acidification and CO, degassing.

Interestingly, the Bpic and ypic curves overlap under acidic
conditions, while the wp;c and ya curves also overlap (Figure 4).
An explanation for this result is that CO3> is negligible under
acidic conditions; the expression equations of Ppic and yp;c can
be simplified to Eq. 6, while the expression equations of wp;c and
Yalx can be simplified to Eq. 7. There is only a slight difference
between these two sets of parameters. Moreover, Bay. and wap
are similarly opposite to each other (Egs. 8, 9). Under acidic
conditions, DIC comprises mainly HCO3™ and CO,, which are
mutually related. At pH = 6.4, the extreme values of Py and wa
appear, and HCO;3™ and CO, each account for half of the DIC.

[CO,]) x [HCO;]

Yoic OF Boic = [HCO;] (6)
CO HCO;
Yaw OF Wpic = —%&]3] ()
_[CO,] x [HCO;]
WAl = W (8)
B - [CO,] x [HCO;] ©)

[HCO;] + [CO,]

Under alkaline conditions, the six parameters can be
summarized as three sets of mutually signed equations for ypic
VS. Yallo Poic VS- Pale and wpc Vs. wa. Among these, wpic vs. WAk
has a larger variation interval. wp;c, W Bpic, and Py demonstrate
extreme values at pH = 10.3, where HCO;™ and CO5* each account
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for half of the DIC. However, pH rarely exceeds 10 under natural
water conditions.

The buffer effect of the carbonate system was further revealed
by establishing a three-dimensional plot of buffer factor versus
pH and Log (pCO,), which appears in Supplementary Figure S3.
Supplementary Figure 54 displays a three-dimensional plot of the
buffer factor versus pH and DIC. Within the given pH (4-12) and
Log (pCO,) (-4~+6), there are obvious differences in the
distribution patterns of the six buffer factors for ypic, Ppic
WpIcs Yallo Pale and wap. Because various explanations are
possible, a comprehensive analysis of parameters such as
pH and pCO, is necessary when discussing the buffering
effect of a terrestrial freshwater system. Simply discussing the
buffering factors may lead to implausible inferences.

According to Supplementary Figure S3, the extreme values of
the buffer factors did not mean that the buffer effect of the carbonate
system in the water body was in equilibrium. It is also obvious that
Ypic> Poic Wpic, and yay had large variation intervals and were
more sensitive to the change in pCO, under acidic conditions. Of
the factors under consideration, wpjc was the only one of the six
factors that was sensitive to changes in a large pH range (4-12). In
fact, under natural conditions, the six buffer factors only spread in a
limited distribution interval, as shown in Supplementary Figures S3,
S4, and the peaks in alkaline conditions do not have much practical
significance.

Buffer processes in the Huatan River
watershed

The Huatan River is a typical karst watershed influenced by
AMD (Huang et al, 2022). The DIC concentration in this
watershed has a relatively large variation (1.69-4.53 mM), with
a mean value of 3.44 mM, which is significantly higher than that in
the Wujiang River downstream as well as the marine system
(Makkaveev, 2013; Zhong et al., 2017). Under the influence of
AMD, the pH varies from 6.8 to 8.9, and ApH reaches 2.1 units.
According to Huang et al. (2022), the study area is subject to strong
CO, degassing from upstream to downstream. Taking the data
from October 2021 as an example, the variation in the Revelle
factor in the Huatan River watershed ranged from 12.5 to 48
(Supplementary Table S1). From sampling point HTO01 to HT14,
the CO, degassing process resulted in a 0.77 unit increase in
pH and a 0.3 mM loss of dissolved CO,. Therefore, the buffer effect
of the water carbonate system exerts an essential influence in terms
of maintaining the stability of water pH in the watershed.

Buffer processes indicated by the Revelle
factor

The variation in the Revelle factor in the Huatan River
watershed ranged from 12.5 to 53.6, with an average value as
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high as 42.2, revealing a significantly lower buffer capacity than
the marine system (Hagens et al., 2015; Hagens and Middelburg,
2016a). This finding was also lower than that of the Guijiang River
watershed in Guangxi, China, which has a similar karst geological
background (Zhang et al,, 2019). As shown in Figure 2B, the Revelle
factor in the Huatan River watershed demonstrated obvious
seasonal variation characteristics. The data points in winter are
basically near the peak in the figure, indicating that the carbonate
system in the watershed might have basically reached equilibrium at
this time, and the kinetic transformation of DIC was relatively weak.
In spring, the data points are basically located in the right interval of
the peak in the figure. Along with the increase in pH, the
concentration of CO;> in the water gradually increased,
indicating an ability to absorb atmospheric CO, and promote
CaCO; precipitation. In summer and autumn, the pH in the
watershed decreases under the influence of AMD recharge
(Huang et al,, 2022; Li et al,, 2022). As a reslut, the Revelle factor
was mainly distributed in the left interval of the peak, showing strong
CO, degassing characteristics and the ability to dissolve limestone.

However, according to Figure 2D, although the Huatan River
yielded higher Revelle factor values in winter, pCO, still
displayed obvious CO, degassing characteristics during that
season. This finding suggests that the carbonate system in the
watershed had not reached equilibrium, which might have been
related to strong hydrodynamic conditions and high DIC
concentrations (Pu et al., 2017). Moreover, in October 2021,
the DIC concentration decreased by 1.69 mM from HTO1 to
HT16 sampling sites; while, the Revelle factor increased by only
9.4, pH increased by only 0.3 units, and only 0.08 mM of
dissolved CO, was lost. These values suggest that the
transport and evolution of DIC in terrestrial freshwater
systems is more complex, and the dynamic equilibrium of the
water carbonate system is controlled by a variety of factors.
Hence, an analysis of the Revelle factor alone may be insufficient
to draw any firm conclusions.

Buffer processes indicated by ypic, Poic.
wpic, YAk Baw and way

To further reveal the CO, degassing and buffering process of
the carbonate system in the Huatan River watershed under the
influence of AMD, we analyzed the correlation between the six
buffer factors (Ypic, Poic, Wpics Yalo Pane and wapy) and Log
(pCO,) and pH (Figure 5 and Supplementary Figure S1). Given
that the pH in the Huatan River watershed ranged from 6.8 to 8.9,
the absolute values of the six buffer factors did not differ much,
but they were still able to reflect the dynamic transformation
processes of the carbonate system in the water near the extreme
values. As shown in Figure 5, the Huatan River watershed
demonstrated strong degassing characteristics in summer and
autumn on the whole. In autumn and winter, the absolute values
of the six buffer factors were all less than 0.10. The change was
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Huatan River watershed.

even small, suggesting that the water body had a weak buffer
capacity during the autumn and winter, the CO, transmission at
the water-air interface was basically in equilibrium, and the
dynamics of DIC in the river were very weak.

Figure 6 shows the correlation between wpyc and different DIC
fractions. The response of wp;c to DIC concentration is not very
obvious, while the effect of pH to wpic is more visible. This
difference may be due to the buffer factors being affected by a
combination of conditions, such as temperature, salinity, alkalinity,
DIC, and pH. The increase in dissolved CO, concentration was an
critical driver of the increase in the absolute value of wpic. This
process was accompanied by water acidification and significant CO,
degassing, which resulted in a buffer effect on H'. When the CO3>
concentration >0.03mM, an increase in the concentration of CO5*
had a limited effect on wp;c (Figure 6C).

The saturation index of calcium carbonate (SIc) is a vital
indicator of the equilibrium state of the carbonate system in

Frontiers in Environmental Science

08

water. When the aqueous carbonate is in a supersaturated state,
the response of the buffer factor is not obvious in conjunction
with the increase of supersaturation degree. This phenomenon
indicates that the water carbonate system is not very efficient in
absorbing atmospheric CO,. When calcium carbonate is
unsaturated, the response of the buffer factor becomes more
sensitive as the degree of unsaturation increases, reflecting the
buffer of H* by the CO, degassing process, which is beneficial in
maintaining the stability of water pH.

Characteristics of buffer processes in
the Huatan River watershed under
different RCP scenarios

According to the four RCP scenarios included in the IPCC’s
fifth assessment report (RCP2.6, RCP4.5, RCP6.0, and RCP8.5),
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atmospheric CO, concentrations are likely to reach 420 ppm,
538 ppm, 670 ppm, and 936 ppm by 2,100 (Meinshausen et al.,
2011; IPCC 2013). As Figure 2D shows, the pCO, in the Huatan
River generally exceeded 1,000 patm in summer and autumn,
indicating a strong CO, degassing process under the different
RCP scenarios, but the degassing rate would be obviously
different. Therefore, we made a rough calculation of the
variation in the degassing rate under the four RCP scenarios.
In this calculation, we did not consider the temperature changes
under the different scenarios. The results revealed that the
degassing rate of the Huatan River watershed would decrease
by 5.0%, 14.7%, 25.6%, or 47.7%, depending on the scenario.
Obviously, climate change will have a significant impact on the
karst process.

Conversely, the water body in the Huatan River watershed
could be anticipated to increase the background of increasing
atmospheric CO, concentration and global climate change, the
carbon sink effect of karstification in limestone outcropping areas
will become increasingly important.

Conclusion

1) The Revelle factor did not reflect the CO, transport process
at the water-gas interface accurately under different DIC
concentration conditions. In the marine system, the
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2)

3)

pH variation is small, and the value of the Revelle factor
appears only when pH > 8.5. Contrariwise, within the
freshwater system examined in this study, the data for
the Revelle factor were distributed on both sides of the
peak and revealed a much larger variation. Therefore,
the interpretation of the Revelle factor within the
terrestrial freshwater system must be carefully combined
with the variations in pH and pCO, for a comprehensive
analysis.

Within the given pH and Log (pCO,) ranges, there were
obvious differences in the distribution patterns of ypic, Bpic,
WpIc> Yalk Pane and way. Under natural conditions, the six
buffer factors were only spread within a limited distribution
interval. Under acidic conditions, ypic, Ppic, Wpic, and yaix
had a large variation and were sensitive to changes in pCO..
The extreme value of buffer factors did not always mean that
the buffer effect of the carbonate system in water reached
equilibrium.

The increase in CO,q) concentration was a crucial
driving factor for the increase in the absolute value of
wprc in the Huatan River, and this process was
accompanied by water acidification and significant CO,
degassing. This process had a buffer effect on H* and
helped maintain the stability of water pH. In addition,
an increase in the concentration of CO5* had a limited
effect on wpic.
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4) Under the four scenarios for RCP, the degassing rate in the
Huatan River would decrease by 5.0%, 15%, 26%, or 48%,
depending on the scenario. Even if this phenomenon
manifests as a source of atmospheric CO, in winter and
spring under current conditions, it will eventually change,
becoming a sink for atmospheric CO, as atmospheric CO,

increases. the
of CO,
concentration and global climate change, the carbon

concentration Therefore, against

background increasing  atmospheric

sink effect of karstification in limestone outcropping
areas will become increasingly significant.
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