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Abstract: Land use in karst areas affects soil properties, impacting carbon sinks. Accurate estimation
of carbon sink flux in karst areas through zoning and classification is crucial for understanding global
carbon cycling and climate change. The peak cluster depression is the largest continuous karst land-
form region in southern China, with the depressions primarily covered by farmland and influenced
by agricultural activities. This study focused on the Guancun Underground River Basin, a typical
peak cluster depression basin, where sampling and analysis were conducted during the agricultural
period of 2021-2022. Using hydrochemical analysis and isotopic methods, the results indicated that:
(1) The primary hydrochemical type in the Guancun Underground River Basin is HCO3-Ca, with hy-
drochemical composition mainly controlled by carbonate rock weathering. (2) The primary sources
of C1—, 50,427, and NOj3 ™ are agricultural activities, with agriculture contributing 0.68 mmol/L to
dissolved inorganic carbon (DIC), accounting for about 13.86%, as confirmed by ion concentration
analysis and isotope verification. (3) The size of the depression area is proportional to the contribution
of agricultural activities to DIC, while also being influenced by dilution effects. A comparison was
made regarding the contribution of other land use types to DIC. The impact of land use on DIC in
karst processes should not be overlooked, and zoning and classification assessments of carbon sink
flux under different influencing factors contribute to carbon peaking and carbon neutrality goals.

Keywords: peak cluster depression; agricultural activities; karst basin; land use; dissolved

inorganic carbon

1. Introduction

Recently, the assessment report by the Intergovernmental Panel on Climate Change
(IPCC) emphasized the gradual increase in global CO, gas emissions and the escalating
global warming. Based on the nationally determined contributions, the projected global
CO; emissions by 2030 could lead to a temperature increase of over 1.5 °C in the 21st
century, posing a challenge to achieving the target of limiting the rise to within 2 °C [1].
In response to climate change, China has established carbon peaking and carbon neutrality
goals, aiming to peak carbon emissions by 2030 and achieve carbon neutrality by 2060 [2,3].
Geological carbon sinks play a crucial role in attaining national dual carbon objectives,
and karst carbon sinks are a substantial constituent of these geological carbon sinks [4—-6].
As a large karst country, China boasts a wide variety of karst types and intricate struc-
tures [7,8]. It ranks first in terms of the distribution area of carbonate rocks worldwide [9].
Karst processes possess significant carbon sink capacity and potential. However, there are
numerous factors influencing karst carbon sink, and accurate measurement requires the
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consideration of different influencing factors through zoning and classification [10-15].
Peak cluster depression (PCD) is the most typical karst landform type in China and it
is the largest continuous area of karst landforms in southern China [16,17]. Agricultural
activities are the most important influencing factor in this region. Considering the im-
pact of agricultural activities on karst processes will help measure the carbon sink more
accurately [18-21].

Rivers play a vital role in carbon transport, serving as essential pathways for material
cycling and energy flow. They act as connecting hubs between terrestrial and oceanic carbon
reservoirs. The transfer of carbon from land to the oceans via rivers is a critical component
of the global carbon cycle. Research suggests that approximately 1.0 Gt C a~! carbon enters
the oceans through rivers each year [22]. Various human activities, such as industrial and
agricultural production, generate a large amount of nitrogen (N) and sulfur (S) compounds,
which undergo a series of reactions to transform into sulfuric and nitric acid etc. in the
natural environment [20,23-25]. These acids in rivers participate in the weathering of
carbonate rocks, leading to a significant increase in HCO3™ in the groundwater [26-28].
However, this increase does not consume CO, from the atmosphere or soil. Instead, it
lowers the pH of the river, resulting in a deviation in carbon sink measurement [12,29].
Anderson indicates that sulfuric acid, resulting from the oxidation of pyrite (FeSy) accounts
for about 20% of the total dissolution of carbonate rocks in glacial environments [30]. Perrin
found that the application of nitrogen fertilizers reduced the dissolution of carbonates
in carbonate rocks by approximately 10% through comparative studies in agricultural
regions [18]. Jiang found that exogenous acid dissolution of carbonate rocks leads to an
increase in the concentrations of ions such as Ca?*, Mg2+, and HCO3 ™ in the river water
through their research on the underground river in Laolongdong, Nanshan, Chongqing [31].
Sun estimated that the contribution range of exogenous acid dissolution of carbonate rocks
to inorganic carbon is approximately 10% to 30% in the Lijiang Basin [32]. Therefore,
considering the interference of natural conditions and human activities, the contribution
of sulfuric and nitric acid weathering dissolution to inorganic carbon in carbonate rocks
cannot be overlooked. Specifically, exogenous acids have an impact on reducing carbon
sinks and must be subtracted from the calculation of the karst carbon sink [33]. Scientific
research assesses the impacts of sulfuric and nitric acid on the weathering of carbonate
rocks and carbon cycling. This analysis is vital for accurately estimating carbon sinks
and improving our understanding of global carbon cycling mechanisms across different
geographic areas and conditions [34,35].

Karst landforms are widely distributed and more abundant in the typical karst region
of southwest China [15,36]. The unique dual structure of surface and subterranean features
facilitates the influx of external substances, thereby accelerating the weathering of carbonate
rocks in karst regions. The inflow of sulfuric and nitric acid accelerates the weathering rate
of carbonate rocks, resulting in an increase in dissolved inorganic carbon (DIC) concen-
tration in rivers. However, there is no consumption of CO; in this process and no carbon
sink process occurs [20]. The Guancun Underground River Basin is a typical karst PCD
landform in southwest China. In geology, the stratigraphic sequence consists of Upper
Devonian Rong’an Formation limestone and dolomitic limestone [37]. Previous research
has extensively studied the use of Na*, K*, Mg2+, Ca%*,HCO3~, Cl~,S04%~, and NO;~
to indicate the sources and composition of ions, analyze the weathering process of car-
bonate rocks, and calculate carbon sink intensity [18-20]. Guo analyzed the concentration
trends and sources of major ions in the basin and estimated the carbon sink intensity of the
Guancun Underground River Basin as 12.34 tC-km~2-a~! using the hydrochemical runoff
method [38]. However, these studies did not consider the land use patterns in depressions,
nor the impact of exogenous acids from agricultural activities on the weathering of car-
bonate rocks [20,39]. Therefore, this paper uses the Guancun Underground River Basin
as a research object. The objectives of the research are to: (1) analyze the hydrochemical
characteristics of the basin and the major ion sources; (2) determine agricultural activities
as the primary sources of C1~, SO,42~, and NO; ~ through ion correlations and isotopic ver-
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ification; (3) calculate the proportion of sulfuric and nitric acid generated from agricultural
activities that contribute to carbonate rock weathering; (4) Compare the influence of various
land use types on karst carbon sinks in different karst landforms. The goal of this study is
to improve the precision of inorganic carbon flux assessment in the PCD landform basin’s
water system, providing a theoretical basis for estimating carbon sink capacities in karst
critical zones in Southwest China. Furthermore, it offers insights into the measurement of
karst carbon sinks through zoning and classification.

2. Materials and Methods
2.1. Study Area

The Guancun Underground River Basin is located north of Daliang Town, Rong’an
County, Liuzhou City, Guangxi (coordinates: 109°19" E~109°23' E, 24°84’ N~24°87' N).
The basin has an area of 30.5 km?2 [40] and is a typical karst PCD landform. The terrain is
higher in the northeast, with an average elevation of about 420 m. The geological formation
of the area consists of the Upper Devonian Rong’an Formation (Dsr), which comprises
medium-thickness layers of limestone with interbedded dolomite. The thickness of the
formation ranges from 606 to 1202 m [41]. The depression is elongated in shape and de-
veloped along the axis of the anticline fold. The underground river channel is controlled
by secondary vertical extension fractures along the axis of an anticline fold. Surface land-
forms such as funnels, uvala, poljes, and underground river skylights are extensively
developed in the area, along with underground features such as conduits, karst caves, and
underground rivers. The Guancun underground river originates in the northeastern, in a
sinkhole on the edge of a depression of siliceous rock. It flows underground for about one
kilometer between the mountains and then resurfaces as a surface river at Shanghudong
(SHD). At surface, the northern branch of the river flows northwest and leaves the basin,
while the southern branch continues along the main stream, passing through Xiahudong
(XHD) and Macao (MC), and resurfaces again at Macao. After one kilometer of open flow,
it rejoins the southernmost sinkhole and goes underground again. It then joins the east-
ern conduit and eventually discharges at the outlet of the underground river in eastern
Shankou (SK) Village (Figure 1a). The profile diagram (Figure 1b) is drawn along the A-B
profile. In the basin, agriculture is predominantly characterized by paddy fields, with major
crops including grass seedlings, rice, corn, and sugarcane. Fertilization occurs three times
during the farming season, which spans from April to September. Fertilizers, including
compound fertilizer with an average application rate of around 1000 kg-hm~2 and urea
with an average application rate of approximately 375 kg-hm 2 are applied in April, May,
and September [42].

2.2. Sampling and Analytical Methods

The water samples from the Guancun Underground River Basin collected by the project
team during the agricultural period of 2021-2022. A total of 8 sampling points was selected,
comprising 5 karst windows: Shanghudong (SHD) Karst Window (GC1), Xiahudong (XHD)
Window (GC3), Macao (MC) Karst Window (GC4), Mengdong (MD) Overflow Window
(GC5), and Dayantan (DYT) Karst Window (GC7); 2 karst springs: Legang (LG) Surface
Karst Spring (GC2) and Xizhailiao (XZL) Surface Karst Spring (GC6); and 1 underground
river outlet: Shankou (SK) Village Underground River Outlet (GC8). The distribution of
the sampling points is illustrated in Figure 1. On-site measurements of pH, Total Dissolved
Solids (TDS), and other river water parameters at the sampling points were conducted
using a portable water quality multi-parameter analyzer (YSI692). The accuracy of the
measurements was 0.01 pH units and 0.1 mg/L, respectively. For laboratory testing of
cations, anions, and isotopes (8°N-NO3~, §'80-NO;3~, and 5!3Cpyc), water samples were
collected in polyethylene bottles that had been pre-cleaned with deionized water. During
cation sampling, three drops of 1:1 nitric acid solution were added to acidify the samples to
pH < 2. Following carbon isotope sampling, saturated HgCl, solution was promptly added
to inhibit microbial activity, and the bottle caps were sealed with sealing film. All samples
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were stored in a refrigerated environment at 4 °C after collection and analyzed within
7 days.
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Figure 1. Study area (a) sampling points; (b) hydrogeological profile map from A to B.

The cations (K*, Na*, CaZ", Mg2+) in the collected water samples were analyzed in
the laboratory using an Optima 2100DV ICP-OES spectrometer (PerkinElmer, Waltham,
MA, USA), with a measurement accuracy of 0.01 mg/L. The anions (C1~, NO3 ~, SO4%")
in the water samples were analyzed using a Dionex ICS-900 ion chromatograph (Thermo
Fisher Scientific, Waltham, MA, USA) with a measurement accuracy of 0.01 mg/L. The mea-
surement error was within £5%. The total equivalent concentration of cations is repre-
sented as TZ* (TZ* = Na* + K* + 2Mg?* + 2Ca?"), and the total equivalent concentration
of anions is represented as TZ~ (TZ~ =Cl™ + 25042~ + NO3~ + HCO37). The inorganic
cation-anion charge balance is represented as NICB ([NICB = (TZ* — TZ™) x 100/TZ™]).
Carbon isotopes were analyzed using a MAT253 stable isotope mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany) with a measurement accuracy of £0.01%.. The results
were reported based on the V-PDB standard. The laboratory testing mentioned above
was performed by the Geological and Environmental Testing Center, Institute of Karst
Geology, Ministry of Natural Resources, in Guilin, Guangxi, China. The hydrochemical
data underwent cluster analysis using IBM SPSS Statistics 26.0 software. The analysis of
nitrogen and oxygen isotopes was conducted using the denitrification bacteria method.
Denitrifying bacteria converted NO3;~ to N,O gas, which was subsequently separated,
purified, and captured using a Trace Gas analyzer equipped with a Gilson autosampler.
The isotopic values of N and O in N,O were determined using an isotope ratio mass
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spectrometer. The isotopic values of N and O were referenced to atmospheric N, and
Vienna Standard Mean Ocean Water (V-SMOW), respectively. The measured gases were
calibrated using a two-point calibration method, resulting in a measurement accuracy of
0.01%o. The analysis was carried out by the Third Institute of Oceanography, Ministry of
Natural Resources, in Xiamen, Fujian Province, China. To accurately determine the river
flow rates, a flow meter and a water level gauge were deployed at the river outlet. The flow
meter was utilized to measure the velocity of the water flow, while the water level gauge
monitored the height of the water level. Together with the geometric characteristics of the
river cross-section, these measurements allowed for the effective calculation of the river’s
instantaneous flow rate, which was then averaged to obtain daily flow values. The place-
ment and setup of these measuring devices were strategically chosen to ensure the accuracy
and representativeness of the data, thereby supporting the reliability of the study results.

3. Results
3.1. Analysis of Hydrochemical Characteristics

TZ* in the water samples obtained from the Guancun Underground River varied
between 4.50 and 6.87 meq/L, with an average value of 5.32 meq/L. Similarly, TZ~ ranged
from 4.50 to 6.97 meq/L, with an average value of 5.30 meq/L. The difference between
cations and anions in terms of charge balance was less than 5%, indicating a relatively
balanced composition of ions. NICB can serve as an assessment of the reliability of the
hydrochemical analysis results or the level of water contamination. Based on the hydro-
chemical data parameters of the Guancun groundwater samples, the NICB values varied
from —3.99% to 4.62%. Figure 2 illustrates the relationship between TZ* and TZ~, showing
a linear fit with a correlation coefficient of R = 0.981, indicating a nearly balanced total
charges of cations and anions. The analysis results for various ions demonstrate a relatively
high level of reliability.
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Figure 2. Anion and cation balance of the Guancun Underground River.

The ion concentrations detected in the Guancun Underground River are presented in
Table 1. Among the cations, CaZ* exhibits the highest concentration, followed by Mg2+,
Na*, and K*. Ca?* and Mg2+ are the dominant cations, with concentration ranges of
69.32t0 98.90 mg/L and 6.75 to 27.90 mg/L, respectively. Together, they account for 98.45%
of the total cation content. Regarding the anions, HCO3~ is the primary species, with a
concentration range of 248.6 mg/L to 400.1 mg/L, representing 92.46% of the total anion
concentration. The subsequent anions are 5042~ and NO3—, with concentration ranges of
7.17 t0 18.35 mg/L and 0.05 to 21.91 mg/L, respectively.
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Table 1. Chemical composition of Guancun Underground River.

Date Site  pH K* Na* Ca** Mg?* Cl- SO42~ NO;~ HCO;~ TDS 6§BN-NO3~ §80-NO;- 813Cpic
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L  mg/L Yoo Yoo %0
GCl1 736 017 059 8853 1417 0.83 826 223 31950 2326 2.84 —2.54 —15.42
GC2 726 005 057 89.13 2370 096 1070 0.2 37350 269.7 7.20 8.33 —16.87
GC3 731 08 209 9806 895 396 1359 1932 30600 2123 2.16 —4.94 —13.76
April 2021 GC4 758 088 153 8306 1095 2.06 9.90 996 28350 245.6 231 —3.73 —13.19
GC5 759 086 144 8320 1096 2.04 9.78 9.88 28125 217.8 231 —3.42 —14.06
GC6 746 008 077 8419 2714 186 1052 12.01 363.38 270.5 231 —3.74 —15.95
GC7 - - - - - - - - - - - - -
GC8 768 083 1.26 8324 1190 229 1000 9.61 288.00 230.1 3.09 —6.25 —13.21
GC1 718 048 051 7482 1107 1.01 1343 <0.05 27058 209.8 17.93 25.40 —15.90
GC2 716 021 070 86.05 2160 158 13.86 7.66  353.84 275.9 1.79 20.83 —16.67
GC3 708 055 171 9248 1101 6.34 1560 2191 29556 2622 6.02 3.94 —13.28
June 2021 GC4 727 056 1.09 7836 1032 504 1468 1240 26642 221.9 20.94 ~7.79 —14.15
GC5 7.04 052 105 7868 10.10 5.00 1457 <0.05 27891 2213 31.40 —2.89 —14.27
GC6 748 007 082 8229 2733 1.60 13.63 1213 362.16 290.8 5.38 —0.04 —16.57
GC7 720 027 085 8526 1248 563 1408 1777 289.32 2467 4.14 —0.55 —14.90
GC8 7.75 044 094 7662 942 520 1453 1167 25393 220.4 5.58 -1.72 —13.75
GCl 742 110 113 69.32 13.02 1.21 1432 <0.05 25538 206.0 9.93 2.59 —14.48
GC2 730 004 082 9809 2351 099 1341 630  400.02 305.4 5.21 7.13 —17.05
GC3 750 068 220 9585 1122 643 1744 2097 30623 268.1 5.32 1.27 —13.01
September GC4 737 067 148 8213 1028 508 1616 928 27120 2306 5.55 —0.61 —14.01
2021 GC5 739 093 124 7790 882 516 1638 1222 24860 230.2 5.98 2.60 —14.20
GC6 728 016 083 89.64 1786 572 1585 7.87  299.36 2454 5.46 —3.65 —14.23
GC7 - - - - - - - - - - - - -
GC8 754 055 1.07 8342 1005 536 1514 1382 27120 2337 4.62 —0.55 —13.50
GCl1 735 012 049 7493 972 172 11.66 184 25742 199.2 2.37 0.96 —15.22
G2 - - — - - — - - — - — - -
GC3 736 072 204 9414 927 538 1835 1759 288.06 1159 478 3.96 —13.14
April 2022 GC4 729 051 096 7833 862 248 1396 285 25231 209.6 —0.42 —12.99 —13.49
GC5 721 046 093 7786 848 246 1380 1012 24925 2102 3.71 0.12 —13.66
GC6 7.08 010 082 8682 2708 220 1228 1283 371.83 289.3 3.47 1.88 —16.03
GC7 716 021 083 8846 11.09 534 11.86 1874 28296 2413 3.10 1.44 —14.25
GC8 770 056 093 7839 838 266 1376 572 25129 2102 461 251 —13.36
GCl 729 140 073 7363 866 088 11.66 <0.05 25514 199.0 6.94 5.97 —15.12
GC2 - - - - - - - — - - - - -
GC3 719 044 083 8449 793 156 1519 052 27227 2203 3.96 2.20 —14.36
June 2022 GC4 728 044 078 8399 723 144 1381 <0.05 27418 2138 4.02 —0.21 —15.10
GC5 726 036 075 8715 675 155 1310 678  279.89 2207 3.96 0.81 —15.54
GC6 735 015 069 7946 2137 102 1020 6.11 33320 249.3 4.60 1.99 —15.90
GC7 728 037 082 8336 1458 574 1388 1698 281.72 2487 456 —0.35 —15.05
GC8 769 047 083 8521 740 176 13.01 568 27132 217.8 3.65 476 —14.48
GC1 730 078 064 7646 1317 080 7.17 0.51 27796  219.6 430 —2.70 —15.32
G2 - - — — - — - - — — - - -
GC3 692 041 126 9237 1190 3.68 1347 1823  297.00 256.7 3.81 —0.68 —1291
September GC4 696 055 098 8355 1135 221 1285 7.68 27415 1276 5.83 1.95 —14.09
2022 GC5 696 058 097 8324 1169 216 1294 954 27415 2303 5.23 233 —14.03
GC6 6.88 0.08 074 8638 2790 1.22 825 697  369.34 2859 3.46 —4.25 —16.23
GC7 692 020 078 8892 1341 3.09 879 1598 293.19 2484 2.72 —1.12 —14.70
GC8 707 059 095 8422 1017 240 12.87 9.67 27225 2282 5.96 2.07 —13.95

Piper and Durov diagrams are commonly employed methods for evaluating hydro-
chemical types. The Piper diagram provides information on the relationship between water
composition and rock types, while the Durov diagram elucidates how geochemical pro-
cesses impact groundwater [43,44]. In Figure 3a, the Piper diagram illustrates that the total
alkaline metal ions Ca?* and Mg?* surpass the total Na* and K*, and the weak acid radicals
HCO;~ and CO3%~ exceed the strong acid radicals SO42~ and Cl~. Figure 3b, presenting
the Durov diagram, demonstrates that the majority of constituents in the water are alkaline
dissolved solids. Dissolution emerges as the principal process shaping the hydrochemical
characteristics of the samples, signifying a noteworthy influence of alkaline rocks on water
chemistry. The ion distribution and concentration in the Guancun Underground River
Basin are relatively consistent, indicating a limited range of variation in ion concentrations.
Among cations, Ca®* holds the highest concentration, constituting an average of 85.37% of
the total cations. Among anions, HCO3;~ exhibits the highest concentration, accounting for
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an average of 91.56% of the total anions. To comprehensively analyze the karst groundwater
sources in the study area, the water samples demonstrate a consistent hydrochemical type

known as HCO3;—Ca type.

Se 60

Figure 3. Basin water phase characteristics Piper (a) and Durov (b) diagrams.
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To comprehensively analyze the sources of karst groundwater in the study area, hydro-
chemical data were subjected to cluster analysis using the software IBM SPSS Statistics 26.0.
The cluster analysis dendrogram (Figure 4) was generated with the average linkage method
and squared Euclidean distance, following data standardization. Correlation according
to ions: the ions can be categorized into two clusters, namely Type I blue and Type II red.
Type Iions, including Ca?t, Mg2+, and HCO3 ™, dominate the ion composition. These ions
likely originate from carbonate rock weathering. Type Il ions consist of Na*, K*, C1~, 50,42,
and NO;~. The concentrations of Na* and K* remain within permissible limits, while
Cl, SO42’, and NO3 ™~ may share a common source. Given the predominance of limestone
and dolomitic limestone, coupled with the presence of typical peak cluster depression
landforms and minimal industrial activities, it is possible that the source of C1~, S0,2,
and NO3 ™~ ions may be due to agricultural activities and atmospheric acid deposition.
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Figure 4. Cluster analysis dendrogram and correlation plot.

3.2.1. Determining the Primary Source of Ions in the Water
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The Gibbs diagram is a valuable tool for studying hydrogeochemical processes,
allowing the classification of controlling mechanisms of river water chemistry into three types:
“evaporation concentration type” (ECT), “rock weathering type” (RWT), and
“atmospheric precipitation type” (APT). Figure 5 demonstrates that TDS in the Guancun



Land 2024, 13, 952

8 of 19

Underground River Basin ranges from 248.6 to 400.2 mg/L, indicating relatively low con-
tent. The Na*/(Na* + Ca?*) ratio ranges from 0.001 to 0.069, and the CI™ /(C1™ + HCO3 ™)
ratio ranges from 0.002 to 0.021. Both ratios are below 0.5, with a majority of data points
aligning with the RWT, emphasizing its dominance in river water composition. The hydro-
chemical characteristics of the Guancun Underground River Basin primarily originate from
the weathering of carbonate rocks.
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Figure 5. Map of water chemistry control mechanisms.

The relationship between Mg?*/Na* and Ca?*/Na*, as well as HCO3~/Na* and
Ca®*/Na*, further supports this point. Ca?*, Mg?*, Na*, and HCO;~ originate from
distinct sources, and there are differences in their abundance. The relationship can be
summarized as follows: Na* abundance originates primarily from evaporation-related
weathering, followed by silicate weathering, and then carbonate weathering. On the other
hand, Ca?*, Mg?*, and HCO;~ abundance stems primarily from carbonate weathering,
followed by silicate weathering, and then evaporite weathering. To determine the pre-
dominant type of rock weathering in the Guancun Underground River Basin, a qualitative
analysis can be conducted by plotting the ratios of Ca?* /Na* and Mg?* /Na*, as well as
Ca?"/Na* and HCO;~ /Na*, for different sampling points. Figure 6 illustrates that the
sampling points are concentrated and all fall within the carbonate weathering end-member.
Considering that the predominant bedrock in the study area is limestone and dolomitic
limestone, it can be concluded that carbonate weathering, specifically from limestone and
dolomitic limestone, is the primary source of the hydrochemical composition in the basin.
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Figure 6. Rock weathering end-element diagram.

3.2.2. Investigating the Primary Sources of CI~, SO4>~ and NO; ~ in Water

Cluster analysis indicates that the type II ion comprises CI~, SO4%>~, and NO3 .
Figure 7 illustrates that the variations CI~, S042~, and NO; ™~ exhibit consistent trends
and spatial distribution characteristics across different sampling points. Notably, sam-
pling points GC3, GC5, and GC8 demonstrate higher concentrations of these three ions.
These findings strongly suggest that C1~, SO42~, and NO;3~ likely originate from com-
mon sources.
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Figure 7. Trends in C1™, 5042* and NO3 .

The correlation between NO3 ™ and Cl~ derived from various sources serves as an
indicator for distinguishing the origin of nitrate. The NO3~ /Cl™ ratio is instrumental
in identifying the source of NO3 ™. A high NO3™ /Cl™ ratio coupled with low C1™ levels
suggests an agricultural origin, whereas a low NO3;~ /Cl~ ratio combined with high C1~
levels indicates sources such as animal manure and domestic wastewater. When both the
NO;3; 7 /Cl™ ratio and Cl™ are low, it indicates atmospheric deposition. Figure 8a shows a
scatter plot of C1~ against the NO3 ™~ /Cl™ ratio for the sampling points, utilizing a color
density mapping distribution. The concentration of colors in the region, characterized
by a high NO3~/Cl~ ratio and low CI~, signifies that the primary source of NO;~ is
agricultural activities.

Sulfate (SO427) in water primarily originates from gypsum dissolution, sulfide ox-
idation, and anthropogenic inputs. However, given the lack of sulfur in the strata, the
absence of sulfate deposition, and no sulfide deposits found during the field investigation
and sampling process, the contribution of carbonate rocks to the groundwater SO42~ con-
centration can be neglected. Therefore, the SO4%~ primarily originates from anthropogenic
inputs. The analysis of the SO4%~ source can also utilize the ratios of SO42~ /Ca®* and
NO;~ /Ca?*. The relationship among S042~,NO;~, and Ca?* ratios facilitates the differ-
entiation of the impact of various human activities on surface water. A high SO42~ /Ca®*
ratio suggests a predominant influence of mining activities, while a high NO;~ /Ca?* ratio
indicates a significant impact from agricultural activities. The underlying lithology does
not contain sulphate rock. Figure 8b illustrates the ratio relationship between SO,2~ /Ca?*
and NO; ~ /Ca?*, with the sampling point data showing lower SO4%~ /Ca?" ratios predom-
inantly on the side associated with agricultural activities. This observation indicates that
agricultural activities primarily influence the SO,2~ content in the basin, which aligns with
the inferred conclusions. Previous collection and analysis of rainwater in this area have
been conducted, revealing that the concentrations of 5042’ ions range from 5 to 8§ mg/L
and NO3™ ions from 1 to 3 mg/L. Findings suggest the presence of soil buffering, which
excludes the contribution of atmospheric acid deposition to river ion concentrations.

To further ascertain agricultural activities as the second influential factor on ion hy-
drochemical characteristics in the basin, the utilization of §1°N-NO;~ and §80-NO3~
isotopic values is necessary for source identification of NOs~. However, it is imperative
to first identify denitrification processes, as isotopic fractionation can impact source iden-
tification of NO3 ™. Figure 8c shows the relationship between NO3™ concentration and
§1°N-NO;~ values.

The linear regression analysis showed R? = 0.161, indicating a limited influence of
denitrification processes, as the 51°N-NO; ~ values did not exhibit a significant increase
with decreasing NO3 ™~ concentration, highlighting the feasibility of utilizing isotopic finger-
printing for source identification of NO3 ™. In Figure 8d, the §"°’N-NO3~ and §'80-NO3~
isotopic values of the sampling points in the basin are visualized through a color density
mapping distribution projected onto the NO3 ™ source interval. The scattered red points
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may indicate isotopic fractionation, and their impact on result accuracy should be disre-
garded. The remaining points are distributed within the overlapping interval of NH;"
fertilizers and soil organic nitrogen. Interviews conducted with local farmers revealed
that compound fertilizers commonly used during agricultural activities contain NH,*,
including urea (CO(NHy);), potassium sulfate (K,SO4), ammonium sulfate ((NHy4)2SO4),
diammonium phosphate ((NH4),HPOj), potassium chloride (KCl), and other components.
This aligns with the distribution range of experimental data, indicating that both NH,*
fertilizers and soil organic nitrogen, derived from agricultural activities, contribute to the
main source of NO3 ™ ions in the basin.
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Figure 8. Subfigures (a,c,d) depict the sources for NO3~, and Subfigure (b) represents the source
for SO42~.

Based on the analysis conducted using ion correlation and isotopic methods to iden-
tify the sources of C1~, SO4%>~, and NO3~ ions, along with a comprehensive geological
assessment of the Guancun Underground River Basin, the results indicate a possible link-
age between the identified ions and their geological sources. The sources of these three
ions show consistency in terms of variation trends and spatial distribution, all of which
are attributed to agricultural activities. Atmospheric sulfur emissions have significantly
decreased due to regulatory measures, yet there is a substantial addition of reactive sulfur
to agricultural lands in the form of fertilizers, pesticides, and soil conditioners [45]. The in-
put of nitrogen and sulfur from agricultural activities cannot be ignored. The compound
fertilizer used in farming in this area contains sulfur fertilizer and nitrogen fertilizer, and
the specific reaction process is as follows:

NH; +1.50, — NO, +2H* + H,0

NO, +0.50; — NO; M
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S+ 1.50; + HyO — HySO4
H,S + 20, — HySO4 (2)
H,SO4 — 2H™ +S03~

4. Discussion
4.1. Contribution of Agricultural Activities to Carbonate Rock Weathering

The hydrochemical characteristics of the Guancun Underground River Basin are
primarily influenced by the weathering process of carbonate rocks. The weathering of
carbonate rocks involves the dissolution of carbonates through the action of carbonic,
sulfuric and nitric acid, as expressed by the following equations:

CaxMg, ,CO; + HyCO; — xCa?" + (1 — x)Mg*" + 2HCO; 3)
2CaMg(; ) COs + HyS04 — 2xCa™* +2(1 — x)Mg?" +2HCO; +S0;~  (4)
CaxMg(; ,)CO3 + HoNO3 — xCa®* + (1 — x)Mg>" + HCO; + NO; (5)

Equation (1) depicts the carbonate weathering process through carbonic acid.
Equations (2) and (3) involve the participation of sulfuric and nitric acid in the chemi-
cal weathering of rocks without any CO, consumption, thus lacking a carbon sink process.
Despite not consuming CO;, the weathering process of carbonate rocks through sulfuric
and nitric acid generates HCO;3; ™. This distinction is crucial as it impacts the overall car-
bon balance in weathering reactions. When quantifying the carbon sink, this contribution
should be subtracted. Agricultural activities constitute the primary influencing factor in
the Guancun Underground River Basin. The presence of SO,?>~ and NO3 ™~ in the basin
primarily stems from agricultural activities. Hence, during the calculation of carbon se-
questration in this basin, the quantity of sulfuric and nitric acid generated by agricultural
activities involved in the chemical weathering of carbonate rocks should be subtracted.

Based on Table 1, the pH values across different sampling points within the Guancun
Underground River Basin range from 6.88 to 7.75, with an average of 7.30. DIC in the
river water mainly comprises CO3%~, HCO;~, and dissolved CO,. Within the pH range of
6.4 to 10.3, HCO3™~ predominantly constitute DIC. As the pH in the basin hovers around
7.30, DIC serves as a representative of HCO3 ™. Hydrochemical equilibrium methods are
frequently employed for estimating the weathering process of rocks by carbonic, sulfate
and nitrate acids. Through the calculation of the contribution ratio to HCO3~, the respective
rates of carbonic, sulfate and nitrate contributions to DIC in the river water can be deter-
mined. This analysis aids in comprehending the extent of agricultural activities implicated
in the weathering of carbonate rocks.

Equations (1)—(3) presented above represent the involvement of sulfuric and nitric acid
in the dissolution reaction of carbonate rocks. Nevertheless, in the real world, dissolution
does not strictly adhere to stoichiometric ratios. In calculations of the actual dissolution
of carbonate rocks, molar coefficients can be used as assumptions. The specific process is
as follows:

Let y1, 2, and u3 denote the respective moles of carbonic, sulfuric, and nitric acid
participating in the dissolution reaction of carbonate rocks. The equation can be expressed
as follows:

u1Cay Mg, CO3 + 11COz + pHpO — i1 (1 — x)Ca® + pyxMg®™ + 2)HCO;  (6)

212Ca ;) Mg, CO3 + upHyS04 — 2pi5(1 — x)Ca®t + 2upxMg?" + 21,HCO; + 42805 7)

13Ca(1_ Mg, CO3 + u3HNO3 — p3(1 — x)Ca*" + p3xMg®" + usHCO; + u3NOj  (8)
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Based on the provided reaction equation, the molar concentrations of S04%~,NO; 7,
and HCO3~ are known to be as follows:

(5037 ] = 2 9)
[NOs | =us (10)
[HCO3 ] oy = 2#1 + 202 + i3 (11)

Equations (7)—(9) allow for the calculation of y#1, where y1 is determined by the formula
pp =(HCOs™] — 2[SO4%27] — [NO3;~])/2. The quantity of carbonate dissolved by carbonic
acid p1 can be determined by considering the concentrations of Ca?*, SO42~, and NO3 ™ at
sampling points. Subsequently, the dissolution ratios of carbonic, nitric, and sulfuric acid to
carbonate rock at each sampling point can be calculated using the values of y1, 2, and y3.
The calculations conducted for each sampling point yield the results depicted in Figure 9.
Carbonic acid accounted for 87.77% to 94.55% of DIC, whereas sulfuric acid contributed
3.87% to 6.74%, and nitric acid contributed 0.28% to 5.96%. Notably, sulfuric acid exhibited
a greater contribution than nitric acid. Within the Guancun Underground River Basin,
the impact of agricultural activities on carbonate rock weathering follows the following
order: GC3 > GC7 > GC8 > GC5 > GC4 > GC2 > GC1. GC8 serves as the main outlet of the
Guancun Underground River Basin, where the upstream section receives water from the
confluence of the main and tributary channels. This confluence results in the mixing of GC5
and GC7 ions as well as the dilution of water from the main and tributary streams. Except
for GC8, Figure 1 illustrates a clear relationship between the size of depressions near the
sampling sites and the extent of carbonate rock weathering caused by agricultural activi-
ties, with larger depression areas indicating a higher degree of weathering. The Guancun
Underground River Basin exhibits a distinctive topographical pattern consisting of peaks
and depressions, with the depressions serving as significant agricultural cultivation areas.
The extent of agricultural activities is directly related to the size of these depressions, with
larger areas indicating a higher proportion of agricultural practices. Moreover, the concen-
trations of SO4%>~ and NOj3 ~ significantly rise during the fertilization period of agricultural
activities, thereby intensifying the degree of rock weathering.
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Figure 9. Proportion of DIC contributions from carbonic, nitric and sulfuric acid weathered carbon-
ate rocks.

4.2. Carbon Isotope Verification of Carbonate Weathering by Sulfuric and Nitric Acid

Through the hydrochemical calculations discussed above, it is demonstrated that
agricultural activities in the Guancun Underground River Basin generate sulfuric and nitric
acid, both of which actively participate in the weathering of carbonate rocks. The dissolu-
tion of carbonate rocks by carbonic, sulfuric, and nitric acids contributes to the component
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of DIC in the river water. To verify the involvement of sulfuric and nitric acid in carbonate
rock weathering, carbon isotope analysis can be utilized. In the karst area of Maocun,
Guilin City, the measured soil §13Cpyc values range from —29.35%o0 to —18.26 %0, with an
average of —22.68%o.. Studies on carbon isotope fractionation during gas-water exchange
and CO, dissolution indicate that soil CO; dissolving in water at temperatures between
10 °C and 30 °C results in a fractionation of approximately —1.2%o % 0.05%.. Consequently,
the 513Cpyc of dissolved soil CO; is approximately —23.88 %o [31,46—-49]. Carbon isotope
tests reveal a §'3Cpjc value of —0.06%. for carbonate rocks in the Lijiang basin [31,48,50].
Equation (1) illustrates that HCO3~ formed during carbonate rock weathering has two
sources: half from soil CO, and half from carbonate rocks. The DIC generated in this
process comprises equal proportions of dissolved CO, (§'3Cpjc = —23.88%0) and carbonate
(8"3Cpic ~ —0.06%o), resulting in an approximate §13Cpic of —11.97%o. As it attains equi-
librium with the dissolved isotopes, it will shift towards negative values of approximately
—13.5%0 £ 1.1%0. The HCO3~ resulting from the weathering of carbonate rocks by sulfuric
and nitric acid, originating from agricultural activities as denoted by Equations (2) and (3),
comes exclusively from carbonate minerals, yielding a §'*Cpjc of approximately —0.06%o.
An end-member hybrid model can be employed to estimate the 5!3Cpjc of the Guancun
Underground River Basin using the following formula:

) 13CDIC—esti = f 511?1szqu + f cla?)rbccarb (12)

where f . and fqy¢ as the fractions of DIC contribution from carbonic acid-induced
carbonate weathering and sulfuric/nitric acid-induced carbonate weathering, respectively.
813Cpic.esti denotes the estimated value derived from the mixed model.

Figure 10 presents the comparison between the estimated 813Cpjc.esti Values obtained
from the end-member hybrid model and the measured 513Cpjc values. The measured
and estimated values at each sampling location exhibit close agreement, indicating the
accuracy of hydrochemical methods in quantifying the contribution of sulfuric and nitric
acid, resulting from agricultural activities, to carbonate rock weathering. The measured
813Cpyc values generally show slightly more negative values compared to the estimated
813Cpic.esti Values. Fluctuations in 53Cpjc in the Guancun Underground River Basin are
attributed to the presence of phytoplankton and their photosynthesis and respiration pro-
cesses. Photosynthesis utilizes dissolved '2CO,, causing a positive shift in §!3Cpyc values,
while respiration releases '2CO,, leading to a negative shift. Although photosynthesis
and respiration are interconnected, they do not reach perfect equilibrium. It is important
to consider the biogeochemical processes occurring in the system when interpreting the
fluctuations in §3Cpyc.
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Figure 10. Plots of §'3Cpjc and §'3Cpjc_esy for each sampling point.
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4.3. The Impact of Agricultural Activities on Carbon Sink in Karst Processes

Hydrochemical methods, based on the principle of mass conservation, are utilized
to determine the weathering rates of carbonic, sulfuric, and nitric acid on carbonate rocks
by employing ion ratios within basins. However, this method fails to incorporate inputs
from human activities when assessing the carbon sink in the basin. In the weathering
process of carbonate rocks, carbonic acid alone contributes to the carbon sink, whereas
activities related to agriculture, such as the weathering of sulfuric and nitric acid, do not
consume CO;. The application of fertilizers has the potential to increase the mineralization
of soil organic matter. For example, nitrogen-rich fertilizers can enhance microbial activity
in the soil, leading to soil acidification. This acidification is subsequently neutralized by
soil inorganic carbon. This process accelerates the decomposition of soil organic matter,
releasing CO, and dissolved organic carbon (DOC) [51]. The amount and ratio of nitrogen
and phosphorus released into downstream water bodies are influenced by the soil’s nitrogen
and phosphorus content and their release efficiency [52]. In karst regions, where the average
soil layer thickness is approximately 50 cm, these dynamics are particularly significant.
Studies have documented significant increases in DOC flux from agricultural soils following
fertilizer application, indicating a direct link between fertilization practices and carbon loss.
The Guancun Underground River Basin exhibits PCD landforms, and agricultural activities
serve as the primary influencing factor. Hence, when evaluating the carbon sink process,
it is crucial to consider the impact of agricultural activities, rendering the aforementioned
hydrochemical method inapplicable. The contribution rates of SO4>~ and NO3~ to DIC in
the Guancun Underground River originate from agricultural activities. The hydrochemical-
runoff method is employed to assess the impact of agricultural activities on the karst
carbon sink. Assuming that all HCO3 ™ is derived from the weathering of carbonate rocks,
unaffected by sulfuric and nitric acid, HCO3;~ can be attributed to half of the atmospheric
CO, concentration, i.e., [CO,] = 1/2[HCO3~]. The calculation of the carbon sink in the
basin using the hydrochemical-runoff method is expressed by Equation (13):

CSF = % caax 9 x [HCO; |

a (13)

river
where CSF is the flux of carbon sink (t/km?-a); Q is the total annual runoff volume (m?/a);
A is the basin area (km?); [HCO3 ™ |,iner is the molar concentration of HCO5 ™~ in the water
(mmol/L), and 44 is the relative molecular weight of CO,.

Due to agricultural activities, sulfuric and nitric acids are involved in the dissolution of
carbonate rocks. The formula for calculating the net carbon sink flux (NCSF), which takes
into account the effects of sulfuric and nitric acid generated by agricultural activities,
is modified based on Equations (2) and (3) and can be expressed as follows:

44 1. IR PR
NCSF = = [2Q % (2 [HCO3 |dt — SO |dt — 5 [NO; ]dt)
445

1 _ _ 1 _
= Z%Qt X (2[HCO3]t— {SOE L_z[NO:&}t)

(14)

where NCSF is the net carbon sink flux (t/km?-a); Q is the flow rate (m3/a); A is the basin
area (km?); [HCO; ] is the molar concentration of HCO3~ in the water (mmol/L); [SO42"]
and [NO; ] represent the molar concentrations of SO,4%~ and NO; ™~ in the water (mmol/L).
The value 44 represents the relative molecular weight of CO,.

The Guancun Underground River Basin has a basin area of 30.5 km? and a flow rate
of 20.28 x 10° m3/a. The calculated results for the flux of carbon sinks were carried out
both without considering the influence of agricultural activities and taking this influence
into account. The values obtained are 71.87 t/(km?-a) and 61.91 t/(km?-a), respectively.
The ratio of net carbon sink to carbon sink is 86.14%, indicating that approximately 13.86%
of the carbon sink can be attributed to the contribution of sulfuric and nitric acid generated
by agricultural activities to DIC. It is important to note that these activities do not consume
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CO, from the atmosphere or soil, and thus, it should be deducted when calculating the
overall carbon sink.

The presence of agricultural activities affects the composition of HCO3; ™ in groundwa-
ter, which is not solely derived from the weathering of carbonate rocks but also involves
the absorption of CO; from the atmosphere or soil. Moreover, a small fraction of HCO; ™ is
generated through the weathering of carbonate rocks by acids produced from agricultural
activities. In the Guancun Underground River, the average concentration of HCO3™ is
4.91 mmol/L, with 86.14% contributed by the carbonic acid of carbonate rock weathering
and 13.86% contributed by the sulfuric and nitric acid weathering of carbonate rocks caused
by agricultural activities. Consequently, when assessing the carbon sink flux in karst basins
located in PCD areas, it is crucial to consider the impact of agricultural activities.

Different karst basins and landforms, along with various land use types, exhibit vary-
ing influencing factors, which result in different contributions of sulfuric and nitric acid
to DIC. Comparisons with three other karst types within the Southwest region of China.
Hydrochemical data from the high mountain karst Jinfo Mountain karst spring [42] and the
trough valley karst Qingmuguan and Nanshan Laolongdong underground rivers were uti-
lized for analysis, as outlined in Figure 11. Observations indicate that karst basins primarily
influenced by agricultural activities exhibit relatively low contributions of sulfuric and ni-
tric acid to DIC. Conversely, areas influenced by tourism activities and urban development,
characterized by higher population density and frequent human activities, demonstrate a
greater contribution of sulfuric and nitric acid to DIC. Jinfo Mountain karst spring, officially
certified as a 5A tourist attraction by the Chinese government, experiences periodic surges
in visitor numbers. However, due to its unique geographical location, the construction of
Medicine Pond Dam, a reservoir atop the mountain, has resulted in wastewater discharge
that impacts the DIC contribution. Consequently, it exhibits the highest contribution of sul-
furic and nitric acids to DIC [53]. The Nanshan Laolongdong Underground River Basin is
undergoing rapid urbanization, is primarily used for residential construction, and features a
widespread population distribution and mining areas. With relatively weak surface runoff,
groundwater replenishment occurs mainly through sink holes, karst depressions, and karst
fissures influenced by precipitation and surface sewage. As a result, this underground river
is significantly influenced by human activities. The Qingmuguan Underground River Basin,
characterized by its small area, mainly consists of dryland and paddy fields, accounting
for approximately 34.73% of the entire basin. The agricultural fertilizers employed include
amino nitrogen fertilizer, nitrogen-phosphorus compound fertilizer, potassium fertilizer,
animal manure, and sulfur-containing pesticide sprays. In the Guancun Underground River
Basin, the cultivated land area accounts for 12.58% of the total land area, which is 22.15%
smaller than the proportion in the Qingmuguan Underground River Basin. Unexpectedly,
the contribution of sulfuric and nitric acids to DIC is 20.61% lower. This suggests that the
impact of agricultural activities on the karst carbon sink is correlated with the cultivated
land area, whereby larger areas and higher fertilizer applications exert a greater influence
on the carbon sink. The utilization of land is influenced by karst landforms and geological
conditions, and humans develop and utilize the land based on locally suitable conditions,
indirectly affecting the carbon sink. Thus, this portion should be excluded for an accurate
calculation of the carbon sink.
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Figure 11. Contribution of sulfuric acid and nitric acid to the DIC in different basins.

5. Conclusions

In the PCD landform of Guancun, the C1~, SO42~, and NO;~ ions in the Under-
ground River Basin exhibit consistent trends, spatial distribution, and sources. Based on
ion correlation analysis using hydrochemical methods, these ions primarily originate from
agricultural activities. Using isotopic methods, the sources of §'°N-NO;~ and §'80-NO;~
were analyzed and identified as originating from NH4™ fertilizers and soil organic nitrogen
in agricultural activities. Approximately 13.86% of the DIC in the basin originates from the
weathering of carbonate rocks by sulfuric and nitric acid arising from agricultural activities.
This process does not involve CO, consumption, thereby lacking a carbon sink mechanism,
resulting in a reduction of carbon sink by 9.96 t/ (km?-a). The size of the depression where
the sampling sites are located is related to the degree of carbonate rock weathering induced
by agricultural activities. Larger depression areas are associated with greater proportions
of agricultural cultivation, leading to increased carbonate rock weathering and reduced net
carbon exchange rates. Comparing the contribution of sulfuric and nitric acid to DIC in karst
basins with different land use types, such as the subalpine landform of Jinfo Mountain, the
trough and valley landform of Qingmuguan, and the Nanshan Laolongdong underground
rivers, agricultural activities are found to have less contribution to DIC, whereas tourism
and urban activities contribute more to DIC. Analysis of the impact that karst basins have
on inorganic carbon sinks provides valuable insights for accurately assessing carbon sink
flux and offers a theoretical reference for quantifying the karst carbon sink in diverse types
and regions. Moreover, this analysis enhances our understanding of the global carbon
cycle mechanism, playing a crucial role in striving to achieve carbon peaking by 2030 and
working towards carbon neutrality by 2060.
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