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• The differential weathering-leaching of
sulfide-rich coal-measures in different sea-
sons induces a lower water pH in the rainy
season and a higher pH in the dry season.

• DIC transformation is controlled by AMD
input, CO2 degassing, OM degradation,
and carbonates dissolution and precipita-
tion in different seasons.

• Due to the mass input of AMD, the river
shows to drive CO2 outgassing in autumn.
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 Themining ofmedium- to high‑sulfur coal in karst areas has led to serious acidification problems in surfacewater, thus
encouraging a re-evaluation of DIC transformation and CO2 source-sink relationships in karst watersheds. The
weathering of limestone and sulfide-rich coal measures jointly influence the pH of the Huatan River in karst areas
in Southwest China, which is lower in the rainy season and higher in the dry season. Due to CO2 degassing, DIC con-
centration tends to decrease along theflowdirection, while δ13C-DIC gradually becomes heavier. In general, DIC trans-
formation in the Huatan River is controlled by AMD input, CO2 degassing, organic matter (OM) degradation, and the
dissolution and precipitation balance of carbonate minerals in different seasons. In spring, the mineralization of OM
from terrestrial and domestic sewage gradually enhances and replenishes DIC in the water. As the pH increases in
this season, the capacity for buffering CO2 increases. Meanwhile, OM degradation generates a large amount of CO2

in summer, and carbonic acid begins to dissolve limestone. In autumn, the pH decreases due to the enhanced
weathering of sulfide-rich coal measures and the mass input of AMD. Thus, the river shows the ability to drive CO2

outgassing. In winter, CO2 degassing gradually weakens, DIC concentration is at its lowest, and δ13C-DIC reaches
the heaviest value.
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1. Introduction

Globally, the karst process-related carbon sink is about 0.11–0.80PgC/a
(Liu et al., 2010; Liu et al., 2018). In comparison to other countries
around the globe, China has the largest karst area in the world, with a
karst area of 3.44 million km2; moreover, karst is widely developed in
2
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Southwest China. The weathering of carbonate rocks is an essential CO2

sink (Wang et al., 2019, 2020; Beaulieu et al., 2012); specifically, this
portion of carbon is stored in the form of DIC in the surface water system
in the karst area.

In the carbonate strata distribution area of China, coal measures are
generally well developed. The mining of medium- to high‑sulfur coal
has caused serious surface water acidification, in turn complicating
the evolution of DIC in surface watersheds. In fact, it is difficult to mea-
sure the amount of sulfuric acid-driven carbonate dissolution (Singer
and Stumm, 1970; Eq. (1)). The acid production from the hydrolysis of
metal ions such as Fe3+ is considerable during pyrite oxidation, and
the oxidation of reduced Fe2+ can cause an unsaturation of dissolved
oxygen (DO) in the water. In this case, the anaerobic oxidation of dis-
solved organic carbon (DOC) will produce a certain amount of organic
acid, leading to a further increase in the dissolution of carbonate rock.
It can be seen that DIC evolution in a surface watershed is controlled
by more than karstification-related processes in areas where carbonate
rocks and medium- to high‑sulfur coal measures coexist. Therefore, a
systematic study of the source, transport, and transformation of DIC
within surface water systems driven by acid mine drainage (AMD) can
help to further characterize the DIC evolution and CO2 source-sink rela-
tionships in karst watersheds.

FeS2 þ 14Fe3þ þ 8H2O ¼ 15Fe2þ þ 2SO42� þ 16Hþ (1)

Typically, the evolution of DIC in surface water is primarily driven by
CO2 outgassing, weathering of silicate and carbonate rocks, precipitation
and dissolution of calcite, the degradation of OM, and so on (Wang et al.,
2011; Weyhenmeyer et al., 2015; Lu et al., 2018). As the intensity of
human activities continues to increase, the mineralization of soil OM and
the input of domestic sewage also contribute large amounts of DIC to sur-
face water. As carbonate rocks undergo weathering, if the CO2 has resulted
from themineralization of soil OM, δ13C of the generatedDIC should reflect
the carbon isotopic composition of carbonate rocks and soil OM (Zhang
et al., 2014; Liu and Han, 2020). Even though the δ13C of DIC produced
by H+ erosion of limestone should mainly inherit the signal of carbonate
rock (Zhang et al., 1995; Song et al., 2021; ~0 ‰), a series of other
processes in surfacewaters are known to affect the evolution of DIC. For ex-
ample, aquatic photosynthesis converts DIC into DOC, a process that raises
the pH of the water and promotes the precipitation of calcium carbonate
(Chen et al., 2021; Zhong et al., 2021; Wang et al., 2015; Eq. (2)). CO2

outgassing also causes isotopic fractionation between different DIC compo-
nents (Wang et al., 2019, 2020; Liu and Zhao, 2000; Gombert, 2002).
Fonyuy and Atekwana (2008a) found that, being affected by the input of
AMD, CO2 degassing in a surface watershed led to heavier δ13C-DIC by
1.0 ‰ ~ 3.0‰, and 50 % ~ 98 % of the DIC was released into the atmo-
sphere through CO2 outgassing. In addition, the carbonate components
may have a certain buffer effect on the acidity of water and restrain CO2

outgassing (Zhang et al., 2019).

67Ca2þ þ 134HCO3
� þ 39CO2 þ 16HNO3 þH3PO4 þ 55H2O

! CH2Oð Þ106 NH3ð Þ16 H3PO4ð Þ þ 67CaCO3 þ 138O2
(2)

Guizhou is characterized by a typical karst landscape, with carbonate
rocks covering 73 % of the land area of the entire province (Han and Liu,
2004). Additionally, Guizhou also has abundant coal resources, with a
coal output of 145 million tons in 2020. Most of this coal is medium- to
high‑sulfur coal. However, the impact of AMD on DIC in surface water sys-
tems during coal development has received insufficient attention (Mayo
et al., 2000; Fonyuy and Atekwana, 2008b). Accordingly, the Huatan
River, having this type of geological background, was selected as the
study object. Analyses of pH, DIC concentration, δ13C-DIC, and the Revelle
factor were conducted to reveal the temporal and spatial evolution charac-
teristics of DIC and δ13C-DIC under the influence of AMD input. The follow-
ing discussion of the main controlling factors affecting the evolution of DIC
2

is intended to deepen the understanding of the carbon transport process of a
surface water system in a karst area.

2. Overview of the study area

The Huatan River Basin is located in the eastern part of Jinsha County,
Guizhou Province (E: 106°26′ ~ 106°42′, N: 27°16′ ~ 27°28′). The basin
covers an area of 321 km2, with a total length of 59 km, a natural drop of
220 m, and an average annual runoff of 130 million m3. This region can
be described as having a subtropical monsoon humid climate, with a mild
climate and annual average rainfall of 1057 mm. The groundwater level
changes significantly with the season. Water levels begin to rise in May
every year, and the highest water level is from June to September, while
the normal water period is from October to December, and the lowest is
in March and April of the next year.

There is a reservoir at the upstream of the river, with a storage capacity
of 6.75 million m3. After entering the Shatu Town, several tributaries add
their inflow successively. Among them, the Chetian River, a vital tributary
on the left bank, is 12.6 km long, with a drainage area of 23.93 km2. Along
this tributary are found Huixin, Hongxing, Yutiancheng, and other coal
mines. A large amount of AMD is produced by coal mining, causing the
river's pH to reach levels as low as 3.05 and thereby exerting a significant
impact on the Huatan River.

The Huatan River Basin is located in the North-East tectonic deforma-
tion zone of the north Guizhou platform uplift in the Yangtze platform.
Themain structural features are theNorth-Eastern trending folds and faults.
The strata exposed in the basin include the Cambrian Loushanguan Forma-
tion (Є2-3ls2), the Lower Permian Maokou Formation (P1m), the Upper
Permian Longtan Formation (P2l), the Changxing Formation (P2c), the
Lower Triassic Yelang Formation (T1y1), the Yulongshan Section (T1y2),
the Maocaopu Formation (T1m1), the Shizishan Formation (T2sh), the
Songzikan Formation (T2s), and the loose Quaternary sediments (Q).

In terms of lithology, the areamainly contains carbonate rocks and clas-
tic rocks. Carbonate rocks are widely distributed. Funnels, crests, depres-
sions, ponors, volcanoes, and natural bridges can be seen everywhere.
The Longtan Formation is a coal-bearing rock system, about 95–110 m in
thickness and containing a total of 4–8 coal layers. In particular, the pyrite
ore sections occurring at the bottom of the Longtan Formation and above
the Maokou Formation are patchy, nodular, and scattered, being unevenly
distributed in clay rocks. Industrial ore bodies are formed in certain sec-
tions, with a thickness of 0.8–1.8 m.

3. Sample collection and analysis

3.1. Sample collection

In this study, 18 sampling sites were set up along the river flow (Fig. 1).
The sampling campaign was conducted from November 2020 to November
2021. A total of 234 water samples were collected during the 13-month
sampling period. A YSI Pro Plus multi-parameter water quality analyzer
was used to determine temperature, pH, dissolved oxygen (DO), and other
variable parameters. The electrodes were calibrated the night before sam-
pling according to the manufacturer's specifications. The alkalinity was ti-
trated on-site using the Merck titration box (Item No. 1.11109.0001). This
parameter required three parallel samples to be titrated continuously to en-
sure that the error was within 0.05 mmol. The concentrations of DIC and
different DIC components are calculated based on the chemical equilibrium
of H2CO3−HCO3

−− CO3
2−, pH, and alkalinity but does not account for the

uncertainties of water temperature and EC. The specific calculation method
was developed by Liu andHan (2020) and Rosentreter and Eyre (2020). The
water sampleswerefiltered on-sitewith 0.45 μmfiltermembrane under pos-
itive pressure. For cation analysis, the aliquot was added with nitric acid to
adjust the pH < 2.0. Meanwhile, for anion analysis, no reagent was added,
and for δ13C-DIC analysis, the samples were filtered through 0.45 μm
nylon membrane with positive pressure and stored bubble-free in 50 mL
brown glass bottles. All samples were maintained at 4 °C until analysis.



Fig. 1. Sampling point map of the Huatan River Basin.
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3.2. Analysis

SO4
2−, Cl−, NO3

−, and F− were analyzed with an ICS-90 ion chromato-
graph produced by Dionex, Inc., USA. The concentration of Ca2+, Mg2+,
Na+, and K+ were determined by a Vista MPX inductively coupled plasma
optical emission spectrometer (ICP-OES) produced by Varian, Inc., USA.
Blank samples and parallel samples were added for quality control. The
charge balance error was controlled within 5 %. The anion and anion
tests were conducted in the State Key Laboratory of Environmental Geo-
chemistry, Institute of Geochemistry, Chinese Academy of Sciences.

A Delta V Advantage gas isotope mass spectrometer equipped with a
Gasbenchwas used to analyze the δ13C-DIC. First, 0.2mL of high-purity phos-
phoric acid was added to a high-borosilicate glass vial. Then, high-purity
He was used to purge the glass vial for approximately 7 min. Subsequently,
a 0.5 mL water sample was injected into the glass vial and equilibrated for
1 h. The generated CO2was loaded into themass spectrometer via He for iso-
topic analysis. Interspersed parallel samples and international standard sam-
plesNBS18 and IAEA603were used for quality control. Themeasured carbon
3

isotopes were expressed as δ13C-DIC (‰) using the international standard
sample VPDB, and the calculation equation was as follows:

δ13CDIC ‰ð Þ ¼ RSample=RVPDB
� �

−1
� �� 1000‰ ð3Þ

δ13CCO2 ¼ δ13CDIC þ 23:644 � 9701:5
T

(4)

ΔHCO3
� �CO2 ¼ �9:866� 103

T
þ 24:12 ¼ δ13CHCO3

� � δ13CCO2 (5)

3.3. Calculation of buffer factor

Due to the existence of a self-delivering equilibrium process among car-
bonate components, surface water has a certain buffering capacity in terms
of absorbed CO2 (Eq. (6); Broecker et al., 1979; Revelle and Suess, 1957).
This capacity can be calculated using Eq. (7), in which TCO2 denotes total
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dissolved inorganic carbon (Egleston et al., 2010; Zhang et al., 2019). The
larger the Revelle factor, the lower the buffering capacity of the water
will be for CO2.

CO2 þ CO3
2� þ H2O ¼ 2HCO3

� (6)

R ¼ TCO2= CO2½ � þ CO3
2�� �� �

(7)

4. Results

4.1. Conventional water chemistry parameters

The pH in the Huatan River Basin was lower in summer and autumn
(7.47–8.96, 8.06 on average) and higher in winter and spring (7.80–8.92,
8.43 on average). The pH of rainwater collected in summer was 5.64.

The temperature in summer ranged from 18.6 to 30.4 °C, with an aver-
age water temperature of 23.2 °C. In contrast, winter temperatures ranged
from 6.2 to 18.8 °C, with an average water temperature of 12.5 °C. In
Fig. 2. (a)-(c) Spatial and temporal variation of DIC, CO2, and HCO3
− concentrations; (

Huatan River Basin; (g) Co-evolution of DIC and δ13C-DIC in different seasons.

4

terms of spatial distribution, the water flow and water depth gradually in-
creased during the runoff process, and the water temperature had a
tendency to increase gradually with distance traveled.

DO in the Huatan River Basin ranged from 1.27 to 9.32 mg/L through-
out the year, with an average of 5.22 mg/L. Overall, DO demonstrated
obvious seasonal changes, being high in winter and spring versus low in
summer and autumn. Considering that the pH was lower in summer and
autumn than in winter and spring, the oxidation of reducing metal ions
leached out of the coal-bearing rock systems may be a noteworthy factor
influencing the seasonal variation of DO.

4.2. DIC concentration and carbon isotopes

As can be seen from Fig. 2, the DIC concentration showed a clear
seasonal variation, high in autumn (2.84 to 4.53 mmol/L, 3.92 mmol/L
on average) and low in winter (2.84 to 4.53 mmol/L, 3.16 mmol/L on
average). Spatially, the overall trend of DIC concentration decreased from
upstream to downstream. In October 2021, a 60% loss of DICwas observed
from HT1 to HT16. In particular, HT5 and HT9 showed a significant
d)-(f) Spatial and temporal variation of δ13C-DIC, δ13C-CO2 and δ13C-HCO3
− in the
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decrease in DIC concentrations due to the input of two AMD-influenced
tributaries at these two points. From Fig. 2, it can be seen that the compo-
nents of H2CO3

⁎
and HCO3

− show a variation pattern more or less consistent
with that of DIC. However, the seasonal variation patternwasmore obvious
for H2CO3

⁎
than DIC.

The δ13C-DIC in the Huatan River also showed an obvious seasonal var-
iation pattern. In autumn, the range of δ13C-DICwas−13.3‰ to−8.9‰,
with an average of −11.2 ‰; In winter, it ranged from −10.6 ‰ to
−7.2‰, with an average of−9.4‰. Interestingly, the DIC concentration
and δ13C-DIC exhibited opposite evolutionary trends in different seasons.
In summer and autumn, DIC concentration was high, while δ13C-DIC was
low (Fig. 2). Contrariwise, in winter and spring, DIC concentration was
low, while δ13C-DIC was high. The isotopic variation characteristics
among different components of DIC were further revealed by calculating
the carbon isotopic compositions of HCO3

−, CO2, and CO3
2− for all samples

according to Eqs. (4) and (5) (Mook et al., 1974; Samanta et al., 2015;Wang
et al., 2019, 2020). The results showed that δ13C-HCO3

− and δ13C-CO2

could better reflect the isotopic variation characteristics than δ13C-DIC
(Fig. 2).

4.3. Revelle factor

The Revelle factor in the Huatan River ranged from 12.47 to 53.63
throughout the year, with an average of 42.20. In general, the Revelle factor
also demonstrated an obvious seasonal variation. As can be seen from Fig. 3,
the variation of the Revelle factor along the flow direction resembled the
“M” type. It decreased in all seasons at the sampling site HT9, which could
be attributed to the input of an AMD-influenced tributary at this site. At
the source (HT1) and downstream sampling sites (HT15, HT16), the water
was relatively deep. Hence, the influence of aquatic ecological process
on the Revelle factor increased. At the remaining sampling sites, the
Revelle factor displayed high values, reflecting the carbonate weathering
background.
Fig. 3. (a) Spatial and temporal variation of the Revelle Factor; (b) relationship between
Factor and CO2; and (d) relationship between Revelle Factor and CO3

2− in the Huatan R

5

5. Discussion

5.1. The buffering capacity of the carbonate system

In their investigation of the role of carbonate buffering in controlling
CO2 escape, Duvert et al. (2019) found that in rivers with particularly
high CO2 escape, the carbonate systemwas able to maintain high CO2 con-
centrations by adjusting the carbonate balance. Meanwhile, Hauck and
Völker (2015) studied CO2 transport relationships at the South Pacific
water-air interface through an analysis of the Revelle factor. The results
indicated that the contribution of biological activities to CO2 uptake has
become increasingly important. However, this buffer capacity is not unlim-
ited; there is a limited level in terms of the transformation of different DIC
components.

It is generally accepted that the Revelle factor in the ocean averages
about 10, while the variability of karst watershed systems ranges from
8 to 50 (Egleston et al., 2010; Zhang et al., 2019; Wang and Li, 2021). Com-
pared with pure carbonate systems and the ocean, the Huatan River, under
karstic geological background conditions, had a weaker buffering capacity
for CO2. The illustration in Figs. 3 and 4 reveals that the Revelle factor
reached its maximumwhen pH=8.46. Similarly, when the TCO2:alkalinity
ratio= 1, CO3

2−=0.029mmol/L, and CO2= 0.031 mmol/L, according to
the Revelle factor, the river had the lowest buffering capacity for carbonate.

This limit value was also observed to occur in winter. At this time, the
Huatan River Basin was in the dry season (December 2020 to February
2021). As the rainwater recharged and AMD input was reduced, the pH
of the river water gradually increased (pH > 8.46). Next, the proportion
of CO3

2− gradually increased, and the Revelle factor gradually decreased.
Therefore, this outcome implies an enhancement of atmospheric CO2 ab-
sorption capacity in spring (Fig. 3).

Summer represented the rainy season (June 2021 to August 2021) in
the study area. Atmospheric precipitation tended to enhance the leaching
of sulfide-rich coal measures. Moreover, coal mining produced a larger
Revelle Factor and TCO2/(HCO3
−+2CO3

2−) ratio; (c) relationship between Revelle
iver Basin.



Fig. 4. Relationship between Revelle Factor and pH in the Huatan River Basin and Plot of Revelle Factor versus pH correlation under different aqueous media conditions (A:
CO2 uptake buffering capacity of marine system at pH= 8.38, the weakest pure carbonate buffering capacity; B:CO2 uptake buffering capacity of marine system at pH =
9.00; C:CO2 uptake buffering capacity of pure carbonate system at pH = 9.00; D:CO2 uptake buffering capacity of karst at pH = 9.00; b:CO2 absorption buffering
capacity of the marine system at pH = 8.00; c:CO2 absorption buffering capacity of the karst system at pH = 8.00; d:CO2 absorption buffering capacity of the pure
carbonate system at pH = 9.00; solid circles (pH = 7.50) are the weakest buffering capacity of the marine system; solid triangles (pH = 8.38) represents the weakest
buffering capacity of the pure carbonate system; solid diamond (pH = 8.46) is the weakest buffering capacity in the Huatan River Basin).
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amount of AMD (Teemu et al., 2018; Elghali et al., 2018). The river water
pH gradually decreased (pH < 8.46), and the Revelle factor decreased.
This process was accompanied by strong CO2 outgassing. Correspondingly,
this observation also shows the enhancement of the erosion ability of car-
bonate rocks.

5.2. The transport and transformation of DIC in the Huatan River

5.2.1. Δ[CO2] and ΔDO stoichiometric balance
A dynamic equilibrium relationship exists between DO and water-

soluble CO2 in freshwater systems (Wang et al., 2015; Richey et al.,
1988). We used ΔCO2 to define the difference between the actual amount
of water-soluble CO2 and the theoretical value when CO2 at the water-gas
interface reached equilibrium (Richey et al., 1988; Zhai et al., 2005;
Eq. (8)); similarly, the apparent oxygen utilization (ΔDO) refers to the dif-
ference between the measured DO concentration and the saturated oxygen
content under water-gas equilibrium conditions (Richey et al., 1988; Zhai
et al., 2005; Eq. (9)).

ΔCO2 ¼ CO2½ � � Kh � pCO2 in ptairð Þ (8)

ΔDO ¼ DO cal:ð Þ � DO
� �

=32 (9)

DO cal:ð Þ ¼ P=P0ð Þ � 477:8
Tþ 32:26

(10)

where [CO2] represents the total free CO2 in the water; Kh is the equilib-
rium constant of CO2; DO is the measured value of dissolved oxygen; P rep-
resents the atmospheric pressure in the sampling site in the Huatan River
Basin; P0 represents the standard atmospheric pressure, taking the value
of 101 kPa; and T is the measured water temperature (Zhang, 1999).

According to the Redfield equation (Eq. (11)), the ratio of excess CO2

and apparent oxygen utilization (ΔCO2:ΔDO) should be 0.90 (Redfield
et al., 1963). However, the effect of lipids was not considered in this equa-
tion (Chen et al., 1996). Chen et al. (1996) andHedges et al. (2002) pointed
out that ΔCO2:ΔO2 are usually in the range of 0.62–0.79 due to the various
elemental compositions of marine plankton biomass. Zhai et al. (2005) and
Wang et al. (2015) supposed that estuarine organic carbon may include
more reduced molecules than the typical average OM. Therefore, the
upper limit of ΔCO2:ΔDO is 0.90, and the lower limit is 0.62. When
ΔCO2:ΔDO ≥ 1.0, the production of CO2 exceeds that found when OM is
fully mineralized under saturated oxygen conditions. This phenomenon
is mainly attributed to the erosion of carbonate rocks by H+. When
ΔCO2:ΔDO < 0.62, the consumption of DO does not produce the corre-
sponding CO2. Therefore, aerobic degradation of OM is not the main
6

process controlling ΔCO2:ΔDO. It is possible that the oxidation of reducing
components such as Fe2+ in the river consumes most of the DO or that the
anaerobic oxidation of OM produces organic acids rather than CO2 (Zhai
et al., 2005; Chen et al., 1996; Hedges et al., 2002).

CH2Oð Þ106 NH3ð Þ16H3PO4 þ 138O2 þ 18HCO3
�

! 124CO2 þ 140H2Oþ 16NO3
� þHPO4

2� (11)

As can be seen from Fig. 5, the ratio of ΔCO2:ΔDO followed a clear sea-
sonal variation. During the rainy seasons of summer and autumn, the river
water pH was relatively low. The dynamic transformation of DIC induced a
greater proportion of H2CO3⁎. Thus, theΔCO2was greater in summer and au-
tumn than in winter and spring. Commonly, biogeochemical processes are
more robust in summer and autumn. The ratio of CO2 loss to O2 production
during photosynthesis is about 0.97 (Zhai et al., 2005; Eq. (12)). Obviously,
Fig. 5 does not reflect the signal of photosynthesis. The data points between
0.62 and 0.90 reflect the degradation of OM in summer and autumn.

67Ca2þ þ 134HCO3
� þ 39CO2 þ 18Hþ þ 16NO3

� þHPO4
2� þ 122H2O

! CH2Oð Þ106 NH3ð Þ16 H3PO4ð Þ þ 67CaCO3 þ 138O2
(12)

Most of the data points in winter and spring fell below 0.62, indicating
that the consumption of DO did not produce a corresponding amount of
excess CO2. A high DO deficit makes it difficult for OM to be completely
oxidized toCO2. Its degradation productsmay be a series of smallmolecular
organic compounds, such as organic acids (Richey et al., 1988; Salomão
et al., 2008). Therefore, a systematic study of the sources and transport
processes of DOC in the watershed became necessary. The data points of
ΔCO2 < 0 indicate that the river water absorbed CO2 from the atmosphere
in winter and spring. Possible reasons include the precipitation of calcite
and denitrification. These processes will increase the pH, then drive the dy-
namic transformation of DIC components to promote CO2 deficit. Notably,
AMD contains a large amount of reducing components, such as Fe2+, and
the oxidation of these ions consumes a large amount of DOwithout produc-
ing CO2 (Atekwana and Fonyuy, 2009). The data points ofΔCO2:ΔDO> 1.0
indicate that the excess CO2 may have been due to the dynamic conversion
of HCO3

− to H2CO3⁎ at low pH (Lee et al., 2021).

5.2.2. Co-evolution of DIC and alkalinity
The variation of alkalinity and DIC can reflect the carbon transport and

transformation processes in surface water bodies. In weakly alkaline water,
these two parameters usually show the law of co-evolution. Drawing on the
idea of Jiang et al. (2013), HT1 at the head of theHuatan Riverwas selected



Fig. 5. Relationship between Δ[CO2] and ΔDO in the Huatan River Basin.

Fig. 6. Relationship between ΔTA and ΔDIC in the Huatan River Basin. ΔTA
and ΔDIC were proportional, and the sampling points fell mainly in quadrants
one and three, with quadrant one being influenced mainly by CaCO3 dissolution,
terrestrial and sewage inputs, and respiration. The third quadrant is mainly
influenced mainly by primary production and CaCO3 precipitation. In line ΔTA =
0, ΔDIC<0 shows the CO2 degassing process and ΔDIC>0 shows the CO2 invasion
process.
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as a reference to assess the evolutionary characteristics of DIC and alkalinity
in the Huatan River, especially the CO2 transport at the water-gas interface.

ΔDIC ¼ DICi � Si
S1

� DIC1 (13)

ΔTA ¼ TAi � Si
S1

� TA1 (14)

In these equations, ΔDIC denotes the surplus or deficit of DIC at any
sampling point, while ΔTA similarly indicates changes in alkalinity; Si
(S1), DICi (DIC1), TAi (TA1) represent the salinity, DIC concentration, and
alkalinity at point i, respectively.

It is generally believed that, during the dissolution and precipitation of
calcium carbonate, ΔTA and ΔDIC evolve along a 2:1 slope, as shown in
Fig. 6 (Cai et al., 2004; Liu et al., 2014; Jiang et al., 2008). Although the
transport of CO2 at the water-gas interface does not affect TA, the concen-
tration of DIC changes. On the X-axis of Fig. 6, the horizontal arrow to the
left indicates CO2 degassing, and the horizontal arrow to the right indicates
the absorption of atmospheric CO2. In these processes, DIC concentration
varies, but TA remains stable. Under the influence of primary processes of
productivity, such as photosynthesis and respiration, the ratio between
ΔTA and ΔDIC is approximately 106:15 (Redfield et al., 1963). In domestic
wastewater, DIC and TA are maintained at a high level; specifically,
ΔTA:ΔDIC is approximately 0.97 (Li et al., 2017).

As shown in Fig. 6, DIC and TA in theHuatanRiver co-evolvedmainly in
accord with the ratio of ΔTA:ΔDIC= 1:1. The data points in the first quad-
rant show that terrestrial and domestic sewage inputs were themain reason
for the increases in alkalinity and DIC (Herath et al., 2022). The contribu-
tion of the dissolution of carbonates and the respiration of the aquatic eco-
systemwas very limited. On the one hand, there aremany villages along the
Huatan River. The direct discharge of domestic sewage may be a main
source of DIC. On the other hand, the vegetation coverage in the basin is
7

high; thus, the mineralization of leaf litter is also likely to contribute large
quantities of DIC.

In the third quadrant, the data points basically fall between geochemical
processes such as CO2 degassing, calcite precipitation, and photosynthesis.
According to the calcite saturation index, the Huatan River showed the
supersaturation of calcium carbonate in spring, and the precipitation of
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calcite during this period caused the loss of DIC and TA. According to Fig. 5,
OM degradation had a certain regulatory effect on DO and CO2 in summer
and autumn, but the impact of photosynthesis was relatively limited. How-
ever, OM degradation was also not the main factor controlling the co-
evolution of TA and DIC (Fig. 6). Therefore, the CO2 degassing is likely to
be another significant factor affecting the co-evolution of TA and DIC in ad-
dition to calcite precipitation. The analysis of the buffering capacity appears
to confirm that pH > 8.46 indicates the uptake of atmospheric CO2, while
when the pH was <8.46, the dissolved CO2 in the waters gradually
increased (Fig. 3). Thus, the data points in the third quadrant evolve
along a 1:1 slope under the combined influence of CO2 degassing and
calcite precipitation.

There are various sources of organic matter in the Huatan River Basin.
Due to the large number of towns and villages, the first important source
is the domestic sewage discharged by nearby residents. The study area
has high vegetation coverage, and a second important source is the miner-
alization of plant litter. The coal bearing strata in the study area are very de-
veloped, and the leaching of sedimentary OM in the process of mining
development will also be an important source. The fourth one is mainly
from aquatic ecosystems, such as the remains of phytoplankton. ΔTA/
ΔDIC suggests obvious seasonal changes. In spring and summer, the miner-
alization of terrestrial OM and the input of domestic sewage contributed a
certain amount of alkalinity and DIC to the Huatan River. In autumn and
winter, affected by the precipitation of calcite and CO2 degassing, this
ratio showed a DIC and TA deficit.

5.2.3. Factors affecting DIC concentration and isotope changes
To gain a deeper understanding of the effects of such processes as the

mineralization of OM from terrestrial and domestic sewage input, and car-
bonate rock dissolution on the evolution of DIC concentration and δ13C-DIC
in the Huatan River, we established the following method based on the re-
lationship between ΔDIC2 concentration and Δδ13C-DIC (Alling et al.,
2012; Yin et al., 2020; Fig. 7):

Δ δ13CDIC
� � ¼ δ13CDIC

� �
ið Þ � δ13CDIC

� �
1ð Þ (15)

Δ DIC½ � ¼ DIC½ � ið Þ � DIC½ � 1ð Þ (16)

Where Δ[DIC] and Δ[δ13C-DIC] represent the DIC and δ13C-DIC differ-
ences between any point andHT1 in the correspondingmonth, respectively.
Fig. 7. Relationship between Δδ13C-DIC and ΔDIC in the Huatan River Basin. The
four quadrants show the processes most likely to influence DIC, with the first
quadrant mainly influenced by Carbonate dissolution I, the second quadrant by
primary production and outgassing, the third quadrant by calcite precipitation,
and the fourth quadrant by the degradation of OM and Carbonate dissolution II
(CO2 produced by organic matter degradation further dissolves carbonate rocks).
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For samples collected in autumnandwinter,most of the data points fall in
the second quadrant, indicating that photosynthesis and CO2 degassing may
have been the twomain factors for the decrease in DIC concentration and the
heavier isotopic composition. Since the DIC concentration and isotope
changes caused by the two processes were consistent, it is difficult to
distinguish between the two processes (Samanta et al., 2015; Wang et al.,
2019, 2020). However, according to the previous analysis, the influence of
photosynthesis on the transport and transformation of DIC was limited
(Fig. 6). Therefore, it can be concluded that the decrease inDIC concentration
and the heavier isotopic compositionweremainly caused by CO2 outgassing.

The degradation of OM, respiration and the soil CO2 influx tend to in-
crease the content of DIC and lighten the carbon isotopic composition of
DIC (Zhong et al., 2017; Zhong et al., 2018). Therefore, these processes
would result in a negative correlation between ΔDIC and Δδ13C-DIC, as
shown in Fig. 7 (De Montety et al., 2011; Alling et al., 2012; Wang et al.,
2019, 2020). Due to the limited impact on DIC of aquatic ecological pro-
cesses such as respiration, the data points in the fourth quadrant in Fig. 7
mainly revealed the degradation of OM. Asmentioned in the previous anal-
ysis, there are many towns distributed along the Huatan River, and the
input of domestic sewage is a major source of DIC. The degradation of a
large amount of OMwould have increased the content of DIC and lightened
the δ13C-DIC (Wachniew, 2006; Barnes and Raymond, 2009). Interestingly,
carbonate dissolution pathway II displays a clear signal in Fig. 7. This path
indicates that CO2 produced by OM degradation was transformed into
H2CO3, which then dissolved carbonate rocks. This processmakes the isoto-
pic composition of DIC reflect the mixed characteristics of carbon isotopic
composition in OM and limestone.

5.3. The evolution of DIC in the Huatan River Basin

According to the above analysis, the factors affecting DIC transforma-
tion in the Huatan River include CO2 degassing, the input of terrestrial
and domestic sewage, OM degradation, CaCO3 dissolution and precipita-
tion, and AMD input. Based on the seasonal variations of hydrochemical
composition, we developed a conceptual model to illustrate DIC transport
and transformation in the Huatan River (Fig. 8).

In summer and autumn, the input of terrestrial and domestic sewage is a
significant source ofDIC, and the influence of photosynthesis on carbon trans-
port is very limited. In summer, OMmineralization produces a large amount
of CO2 and further dissolves limestone in the form ofH2CO3. Hence, the δ13C-
DIC reflects the superposition of the two sources (Romanek et al., 1992). In
autumn, under the influence of AMD input, the oxidation of acid-producing
metal ions makes the DO unsaturated, and CO2 degassing makes the δ13C-
DIC heavier. Therefore, in summer and autumn, karstification is not the
main process controlling DIC transmission and transformation. In other
words, CO2 degassing has a more significant influence on the evolution
of DIC.

Winter and spring represent dry seasons for the Huatan River. The
leaching of rainwater and the input of AMD are weakened. Correspond-
ingly, the pH of the river water increases. During this period, the transport
and transformation of DIC gradually weaken. In particular, the buffering ca-
pacity ofwater to carbonate components is theweakest inwinter. DIC input
reduces, and its concentration decreases gradually. Therefore, the CO2

degassing gradually weakens, and the δ13C-DIC reaches the heaviest level
in winter. In spring, with rising temperatures, the OM degradation pro-
duces a large amount of CO2, and DIC can be supplemented (Zhong et al.,
2020). This process also leads to the precipitation of carbonate minerals.
It can be seen that terrestrial and domestic sewage are still notable sources
of DIC; moreover, karstification is not the main process affecting the trans-
mission and transformation of DIC during this period.

6. Conclusion

(1) Controlled by the jointly influence of theweathering of carbonate rocks
and sulfide-rich coal measures, river pH varied from 7.47 to 8.96
throughout the year, specifically, low in summer and autumn and



Fig. 8. Conceptual model of DIC evolution in the Huatan River Basin. The main processes affecting DIC evolution were degradation of OM; terrestrial and sewage input in
spring and summer; photosynthesis and degassification in autumn; and the effects of various processes were weakened in winter.
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high in winter and spring. The concentration of DIC ranged from
1.69 to 4.45 mmol/L, with an average of 3.45 mmol/L, which was
high in summer and autumn and low in winter and spring. Seasonal
variation was also evident in δ13C-DIC, which was light in summer
and autumn and heavy in winter and spring. Due to CO2 degassing,
DIC concentration spatially demonstrated a decreasing trend along
the flow direction. Similarly, δ13C-DIC was lighter upstream and
heavier downstream.

(2) The buffering capacity to carbonate had obvious seasonal variation.
In winter, the Revelle factor reached the maximum value, and the
buffer capacity was theweakest. In spring, as pH increased, the concen-
tration of CO3

2− also increased, resulting in the oversaturation of
CaCO3. During this period, the buffer capacity related to CO2 was en-
hanced. In summer and autumn, with the advent of the rainy season,
the leaching of rainwater into the basin and the input of AMD in-
creased, the pH decreased, and the Revelle factor decreased gradually,
9

indicating that the dissolution capacity of carbonate rocks increased
gradually.

(3) According to the results of our analysis of Δ[CO2] and ΔDO stoichiom-
etry, the co-evolution of DIC and alkalinity, and the correlation be-
tween Δδ13C-DIC and ΔDIC, the DIC transport and transformation in
the Huatan River were influenced by the input of AMD, CO2 degassing,
the degradation of OM, CaCO3 dissolution and precipitation, and so on.
Starting from spring, the input of terrestrial and domestic sewage grad-
ually enhanced and replenished DIC in the water. In summer, the OM
degradation produced a large amount of CO2, which then dissolved a
certain amount of limestone. In autumn, the OM mineralization weak-
ened, and CO2 degassing was gradually increased under the influence
of AMD input. In winter, CO2 degassing gradually weakened, DIC con-
centration dropped to the lowest level of the year, and δ13C-DIC
reached its heaviest value of −7.2 ‰. The annual variation of δ13C-
DIC reaches 7.5 ‰ in the whole basin.
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