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Abstract Transport of terrigenous carbon by rivers has been affected extensively by climate change and
anthropogenic activities in China over the last few decades. Here, we present results on carbon isotopes (**C,
1C) of dissolved and particulate inorganic carbon (DIC and PIC) and combined with major lithologic ions
measured in the four largest rivers in China, namely, the Yangtze, Yellow, Pearl, and Heilongjiang rivers,

to reveal the sources and transport of terrigenous inorganic carbon in the rivers. The DIC concentrations
showed large variations in the four rivers and ranged from 253 to 3,122 uM. The Yangtze, Yellow and Pearl
rivers transported high DIC contents that had low A'C values of millennium-aged DIC and very old PIC;
however, the Heilongjiang River presented a lower DIC concentration with much younger *C ages than the
global average (1,100 uM). The strong correlations between the DIC isotope values and major lithological
ions (Ca** and Mg”") suggest that chemical weathering played important but variable roles in controlling
the production and fate of DIC in the rivers. Using dual isotopes and the MixSIAR model, we calculated that
the chemical weathering of carbonate rocks contributed 95 + 5% of the riverine DIC to the headwater of the
Yangtze River while silicate rock weathering and riverine organic matter respiration contributed 62 + 25%
and 5 + 5% of the DIC in the middle and lower reaches of the river, respectively. In contrast, chemical
weathering of silicate rocks contributed the dominant fraction of DIC in the Yellow (55 + 17%), Pearl

(61 £ 20%) and Heilongjiang (83 + 29%) rivers.

1. Introduction

Rivers are important pathways for the mobilization and transportation of large amounts of terrestrial car-
bon, both organic and inorganic, into the ocean (Cole et al., 2007; Ludwig and Probst, 1998 ; Meybeck, 1993;
Milliman & Meade, 1983; Regnier et al., 2013). Globally, approximately 0.85 Gt (Gt = 1 x 10"* g) of terres-
trial carbon consisting of 0.45 Gt of organic carbon (OC) and 0.40 Gt of IC is delivered to the coastal oceans
annually by rivers (Bauer et al., 2013; Blair & Aller, 2012; Cai, 2011). For riverine IC, the majority is in the
form of dissolved inorganic carbon (Cole et al., 2007; Gaillardet et al., 1999). Among the world's 25 largest
rivers that carry approximately 42% of the terrestrial dissolved inorganic carbon (DIC), over 60% have high
DIC concentrations >1,000 uM (Cai et al., 2008). The high concentrations and fluxes of DIC in large rivers
thus represent a major transport pathway of atmospheric CO, and play an important role not only in carbon
cycling but also in climate variability (Beaulieu et al., 2012; Dosseto, 2015 ; Kump et al., 2000).

Chemical weathering is a major process that regulates atmospheric CO, and controls DIC concentrations
in rivers (Cai et al., 2008; Gaillardet et al., 1999; Goldsmith et al., 2010; Hartmann et al., 2009; Reeder
et al., 1972). From a geological standpoint, the chemical weathering of carbonate and silicate rocks are the
two most dominant processes that consume atmospheric CO, and contribute major ions (Na*, K*, Mg**,
Ca**) and DIC to rivers (Berner et al., 1983; Meybeck, 1976, 1987). The chemical weathering of the most
abundant rock minerals can be described by the following simplified reactions:

1. Carbonate rocks:

CaCO; (calcite) + CO, + H,0 = Ca** + 2HCO; 1)
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CaMg(CO;), (dolomite) + 2CO, +2H,0 = Ca** + Mg + 4HCO; )
1. Silicate rocks

Mg,Si0, (peridot ) + 4CO, + 4H,0 =2Mg** +4HCO; +H,Si0, (3)
2NaAISi303(Sodium feldspar) +2C0, + 11H,0 = AL,Si,05(OH), +2Na* +2HCO;™ + 4H,Si0,  (4)

During mineral dissolution, consumed atmospheric and soil CO, are transformed and dissolved as DIC
(mainly as HCO3") in rivers, which serves as an important pathway of carbon cycling on earth (Amiotte Su-
chet and Probst, 1995). The net CO, consumption by the weathering process is considered a major sink for
atmospheric CO, (Raymo and Ruddiman, 1992; Richey, 2004). However, as shown by the above reactions,
the two weathering processes differ in that carbonate weathering consumes 1 mol of atmospheric CO, and
produces 2 mol of dissolved carbonate ions, with 1 mol from the dissolution of carbonate itself. In contrast,
for silicate minerals containing no carbon, all of the consumed CO, is dissolved as carbonate ions during
weathering. The global CO, consumption rate of weathering has been reported to be 21.9 x 10" mol year™,
with 12.3 x 10" mol year™* (approximately 60%) from carbonate weathering and 8.7 x 10" mol year™* (40%)
from silicate weathering (Gaillardet et al., 1999; Meybeck, 1987; Moon et al., 2014). However, over geo-
logical time, silicate weathering could represent a major sink of CO, and the CO, consumed by carbonate
weathering would eventually be counterbalanced by carbonate precipitation in marine environments.

The sources of riverine DIC vary significantly based on the drainage basin mineralogy and surrounding environ-
ment of different rivers. The DIC concentration in natural waters consists of bicarbonate anion (HCO;"), car-
bonate anion (CO5>"), and dissolved CO, (including carbonic acid and CO,,y) in water-temperature- and pH-de-
pendent chemical equilibrium. Under natural environmental conditions, HCO;™ is the dominant component
of DIC in rivers and oceans (Millero, 2013). Most studies on the sources of riverine DIC have been based on the
determination of dissolved lithologic ions, such as Na*, K*, Mg**, and Ca**, which are derived from chemical
weathering in rivers (Berner et al., 1983; Gaillardet et al., 1999; Goldsmith et al., 2010; Meybeck, 1987). For
example, based on the measured riverine dissolved ion load and HCO;™ concentrations, Gaillardet et al. (1999)
calculated that the global consumption flux of CO, by rock chemical weathering was 0.288 Gt C year™", with 51%
by carbonate weathering and 49% by silicate weathering, which are comparable to previously reported values
(Berner et al., 1983; Holland, 1978; Meybeck, 1987). As a result, a large fraction of CO, consumed by rock weath-
ering is dissolved as HCO; ™ and transported as DIC in rivers. For some rivers with less of a chemical load from
rock weathering, organic matter (OM) decomposition has a considerable effect on riverine DIC because microbi-
ol respiration of OM transfers OC to CO, and then a portion of the CO, is dissolved as HCO;™ in the riverine DIC
pool. Using radiocarbon measurements, Mayorga et al. (2005) found that after acidifying water samples collected
from the Amazon River, the stripped CO, had relatively modern ¢ values (—17%0-98%0), indicating that CO,
dissolved and outgassing from the Amazon River was derived from the respiration of recently fixed biomass OM.
This finding is consistent with the report of Richey et al. (2002), who estimated that degradation of terrestrial
OM contributes approximately 75% of the CO, found in the Amazon River basin. Because the partial pressure of
CO, (pCO,) measured in many large rivers, such as the Amazon (Richey et al., 2002) and Mississippi (Reiman
& Xu, 2019), is supersaturated with respect to atmospheric CO,, rivers could represent important sources of CO,
to the atmosphere (Butman & Raymond, 2011; Raymond et al., 2013; Stets et al., 2017). In addition to chemical
weathering and OM respiration, other sources contribute to riverine DIC, such as groundwater and anthropo-
genic inputs (Duvert et al., 2019; Wachniew, 2006; Zeng & Masiello, 2010). The contributions to riverine DIC
from all these sources could also have strong seasonal variability and may largely depend on the geological and
environmental settings of the river drainage basins.

Radiocarbon has been a useful tool for identifying not only the sources but also the cycling time of carbon
in rivers (Mayorga et al., 2005; Raymond et al., 2007, 2013; Wang et al., 2016; Zeng & Masiello, 2010). This
method overcomes the possible overlap of using stable carbon isotopes to identify DIC sources, such as car-
bonate dissolution and atmospheric CO,. The majority of riverine DIC has been reported to present modern
AMC values (+2%o, n = 209) (Marwick et al., 2015), suggesting that the DIC in the rivers was derived from
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present-day biomass degradation and silicate weathering consuming at-

Table 1
General Information on the Four Largest Rivers Studied in China mospheric CO, (Marwick et al., 2015; Raymond et al., 2013). This finding
Basin area (x i Gl challenges the efldurmg geO?hemlcal belief that river DIC is largely con-
R Length (km)* 10* km?)* (kmyear™)° trolled by chemical weathering of carbonate rocks (Berner et al., 1983;
Holland, 1978; Meybeck, 1987).
Yangtze 6,397 180 893
Yellow 5464 79.5 29 Here, we present the first data set that combines carbon isotope (*C and
Pearl 2214 45.4 282 1C) and lithologic studies of the sources and fluxes of DIC in the four largest
. L rivers in China: the Yangtze, Yellow, Pearl, and Heilongjiang rivers. In recent
Heilongjiang 3,474 89.1 117

years, although the high riverine DIC concentrations in the Yangtze, Yel-

a- b .
Data from Xu (2006). "Average discharge rates for the Yangtze, Yellow, low, and Pearl rivers have been studied extensively (Cai et al., 2008; Z. Y. Liu

and Pearl rivers over the last 50 years (1950-2015) from the Sediment
Bulletin of Chinese Rivers (2018). Discharge rate for the Heilongjiang
River was from Xu (2006). ‘Length of the Heilongjiang River indicates
the length of the river in China.

etal., 2014; L. L. Wu et al., 2005; L. J. Zhang et al., 2014), the DIC sources have
not been well traced. In addition to biomass- or atmospheric-derived CO,,
whether carbonate weathering or silicate weathering is the major process
controlling DIC in rivers remains controversial. Some studies have reported
that carbonate weathering is likely the major factor (>90%) affecting DIC in
the Yangtze and Yellow Rivers (Gaillardet et al., 1999; J. Y. Li & Zhang, 2005;
Moon et al.,, 2014; Z. L. Wang et al., 2007; Zhang et al., 1995), whereas other studies have shown that silicate
weathering provides the most DIC in rivers (Chetelat et al., 2008; Wang et al., 2016; Wu et al., 2008a, 2008b). Our
goal is to use carbon isotope (*°C, 'C) measurements combined with lithologic results to quantitatively deter-
mine the sources of DIC as well as particulate inorganic carbon (PIC) in these rivers.

2. Methods
2.1. Study Area

The Yangtze (Changjiang), Yellow (Huanghe), Pearl (Zhujiang), and Heilongjiang Rivers are the four largest
rivers in China, and together, they drain ~41% of China's continental land. General geographic information
of the four rivers is summarized in Table 1, and their drainage basins are shown in Figure 1. As the largest
river in China, the Yangtze River is also ranked the third longest river (6,397 km) in the world (Milliman and
Meade, 1983). The Yangtze River originates in the Qinghai-Tibetan Plateau and drains the Yun-Gui Plateau,
the Sichuan Basin, the Three-Gorges region and subtropical plains in central and eastern China, and it fi-
nally flows into the East China Sea (ECS), undergoing a 6,620 m elevation drop (Cai et al., 2008; J. S. Chen
et al., 2002). The Yangtze River is divided into four basins: the headwater and the upper, middle, and lower
reaches. The headwater region consists of water from the Tongtian (sites C1-C2) and Jinsha (sites C3-C5) riv-
ers (the same river is given two names for different river lengths; Figure 1). The geo-environment in the river's
upper (sites C6-C11) and middle (sites C12-C14) reaches mainly consists of evaporites and carbonate rocks
(Cai et al., 2008; J. S. Chen et al., 2002). The lower reach (sites C15-C17) of the river flows through a densely
populated eastern plain to the Yangtze River Estuary. The average water discharge rate of the Yangtze River is
~893 km® year‘1 (average value from 1950 to 2015, Sediment Bulletin of Chinese Rivers, 2018), which provides
approximately 90% of the freshwater input to the ECS annually (C. T. A. Chen et al., 2008).

The Yellow River is the second longest river in China, and it has a total flow length of 5,464 km from
its headwater in the Qinghai-Tibetan Plateau to the river mouth. The Yellow River drains a basin area of
795,000 km” (Xu, 2006) before entering the western Bohai Sea (Figure 1). The drainage basin of the Yellow
River encompasses a broad range of geological tectonic features, from very old metamorphic rocks to mod-
ern fluvial-lacustrine sediments, including carbonates and clastic rocks of Paleozoic to Mesozoic age (Cai
et al., 2008; W. G. Liu et al., 2007; Zhang et al., 1995a 1995b). The most significant feature of the Yellow River
is its middle reach (sites H5-H6), which flows through the Loess Plateau, one of the largest and thickest
Quaternary loess deposits in the world (Hirshfield & Sui, 2011; W. G. Liu et al., 2007). Thus, despite its low
discharge rate (29 km® year, average value from 1950 to 2015, Sediment Bulletin of Chinese Rivers, 2018),
the Yellow River was once ranked the most turbid river in the world (Milliman & Meade, 1983). In the last
few decades, however, the Yellow River has been regulated largely by human activities, with over 200 large-
and mid-sized dams and reservoirs built along the river basin, which have reduced the export of suspended
sediment by 90% (Walling & Fang, 2003; Wang et al., 2016).
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Figure 1. Geological map showing the drainage basin and sampling sites along the Yangtze River (@ C1 to C17), Yellow River (4 H1 to H11), Pearl River (A
71 to Z4), and Heilongjiang River (<« L1 to L5). Two sampling sites along the Yangtze River are listed: The White-Water Terrace (WWT, %) in the upper basin
and Poyang Lake (PY, %) in the lower basin. For the Heilongjiang River, two samples were collected in the river's main tributaries: The Songhuajiang (SHJ, <)
and Wusulijiang (WSLJ, <). The colors show the dominant rock type along the river basin.

The Pearl River is the third longest river (2,214 km) and ranked the second largest river in China in terms
of its water discharge rate (282 km® year™"; Table 1, Figure 1). The Pearl River originates in the northern
Maxun Mountain region in Yunnan Province and drains a basin area of 454,000 km? in the south of China
before entering the northern South China Sea (SCS; Cai et al., 2008; Xu, 2006). The lower reach of the Pearl
River has three main tributaries, that is, the west river, north river, and east river, and these three rivers
flow into the Pearl River Estuary. The west river is the main water flow source of the Pearl River (Figure 1).

The Heilongjiang River is in the far north of China, and it is shared as a boundary line between China and
Russia (Figure 1). The Heilongjiang River is part of the Amur River flowing in China. The main stream of the
Heilongjiang River originates in Inner Mongolia of China and has a total length of ~3,474 km (Xu, 2006).
The Heilongjiang River basin consists of 49% sediments (6% of which are carbonates), 26% volcanics, 22%
plutonics, and 3% metamorphics (Hartmann et al., 2012). In the lower reach of the Heilongjiang River,
two major tributary rivers: Songhuajiang (SHJ) and Wusulijiang (WSLJ) flow into the river (Figure 1). Due
to the long-frozen winter and remote location, the Heilongjiang River has been less influenced by human
activities. Comprehensive studies on DIC in the Heilongjiang River have not been reported in the literature.

2.2. Sample Collection

Samples were collected from the headwater to the estuary of the Yangtze and Yellow rivers (Figure 1). A
total of 11 stations were sampled along the Yellow River during May and June 2015, and 17 stations were
sampled along the Yangtze River main streams from April to October 2016. The selection of the sampling
sites was largely based on the sampling convenience and representative of different river flow lengths. In
addition, for the Yangtze River basin, water from two special sites were collected. The first site was the

SHAN ET AL.

4 of 24



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2020JG005901

White-Water Terrace (WWT), which is a carbonate dissolution reference site located ~80 km east of the
Yangtze River upper reach (Figure 1). Here, highly DIC-saturated water flows continually from a mountain
spring and forms many small water pools and white carbonate deposition walls downhill (Figure S1). We
also collected water samples from Poyang Lake (PY), which is the largest freshwater lake connected with
the lower reach of the Yangtze River (Figure 1), and water from the lake flows into the river during the
rainy season. Samples were collected at four sites in the middle to lower reaches of the Pearl River (Z1-Z4)
in April 2018 (Figure 1). For the Heilongjiang River, samples at 7 sites (L1-L5 in the main stream and SHJ
and WSLJ in the tributaries) (Figure 1) were collected in the river's lower reach in September 2017. Detailed
information on the sampling sites in each river is provided in Table S1.

Water samples from each river site were collected from the main channel using small boats. Subsurface wa-
ter (0.5-1.0 m) was collected using a precleaned stainless-steel bucket, and water from the lower part of the
bucket was drained immediately into a narrow 100-mL borosilicate glass bottle with a ground-glass neck us-
ing precleaned silicone tubing. After overflowing approximately 100 mL of water from the full bottle, 50 uL
of saturated HgCl, solution was added to the sample using a pipette and the bottle was capped tightly with
a grease-coated ground-glass stopper. All sample bottles were secured with wide rubber bands to ensure a
gas-tight seal (McNichol et al., 1994). Triplicate samples were collected for DIC concentration, total alka-
linity (Alk) and isotope analyses. Suspended particles were collected by filtration of 4-5 L water through
prebaked (550°C for 4 h) GF/F (0.7 um) filters (Luo, 2017). Water samples for major lithologic ion meas-
urements were collected at the same time by filtering river water through 0.2 um polypropylene membrane
filters. The samples were then acidified to pH <2 with 10% HC], stored in polypropylene bottles and kept
at room temperature. The river water temperature and pH values were measured on-site during sampling.
The pH was measured using a METTLER TOLEDO FE 20 pH meter with precision of +0.01. In addition,
the temperature was measured using a THERMO TA-288 digital thermometer with precision of +0.1°C.

2.3. Chemical Analyses (DIC, Alk, and Ions)

For the DIC concentration measurements, a 20 mL water sample was filtered with a 0.45 um cellulose ace-
tate membrane attached to a glass syringe in an N,-filled bag and the DIC was measured using a Shimadzu
TOC-L Analyzer equipped with an ASI-L autosampler with total inorganic carbon (IC) mode (X. C. Wang
et al., 2016). A DIC standard solution was prepared using reagent-grade sodium carbonate and sodium bi-
carbonate dissolved in DIC-free Milli-Q water. The instrument blank and DIC values were checked against
Certified Reference Materials (CRMs) provided by Dr. A.G. Dickson of the Scripps Institute of Oceanogra-
phy, University of California San Diego. The average blank value associated with DIC measurements was
<2.0 umol, and the analytic precision on triplicate injections was +2% or better. The total Alk was measured
using the 848 Titrino Plus Automatic Potentiometric Titration method based on Gran titration (Gran, 1950).
The precision of the method was +0.1% based on replicate analyses for DIC standards. All measurements
were made within 5 days after sample collection.

Based on the measured DIC, pH, and temperature, we calculated the CO, partial pressure pCO, values using
the CO2SYS program (Lewis et al., 1998) by setting salinity = 0 for freshwater and using K1 and K2 values
from Millero (1979). Similarly, the HCO;™ concentrations were calculated based on DIC, pH and tempera-
ture. Due to the low Alk (<1,000 ueq L™") values measured in the Heilongjiang River, the calculated partial
pressure pCO, was corrected for errors from organic alkalinity and pH measurements in low ionic strength
freshwaters according to S. Liu et al. (2020).

Concentrations of the major cations (Ca®* and Mg*") were measured by inductively coupled plasma atomic
emission spectrometry (ICP-AES, iCAP 6300, Thermo, UK) using 2% HCl solution as a blank. The analytical
precision was +2% for both Ca’* and Mg2+. Unfortunately, other ions such as Si, K, and Na were not meas-
ured in this work.

2.4. Carbon Isotope Measurement

Carbon isotopes (**C and **C) were measured for both DIC and PIC. For DIC, we used a modified DIC extraction
method (Ge et al., 2016; Wang et al., 2016) based on McNichol et al. (1994). Briefly, in an N,-filled bag, 50 mL
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of each river water sample was filtered using a syringe-type 0.45 um cellulose acetate membrane and injected
through a rubber septum-sealed tube into a preevacuated 100-mL borosilicate glass bottle connected to a strip-
ping probe by a ground-glass joint. Then, 1.0 mL 85% H;PO, solution was injected into the bottle to acidify DIC
to pH < 2. The glass bottle was placed in a 70°C hot water bath for 30 min and shaken several times by hand. At
pH <2, all forms of DIC (carbonate, bicarbonate, and CO,) dissolved in water will become CO,. The glass bottle
was removed from the hot water bath, cooled for 5 min, and then attached at the top to a vacuum line. All CO,
generated from DIC was collected cryogenically in the liquid nitrogen trap. After measuring the volume of CO,
(for the extraction efficiency calculation), the CO, was flame-sealed inside 6 mm OD Pyrex tubes for the "*C and
'C analyses. The extraction efficiency of the method was >97% for all samples as determined via comparisons
with the DIC concentration. Blanks associated with the DIC extraction method were trivial (~2 ug C). For the
PIC isotopic measurement, particles collected on the GF/F filters were placed in a specially designed reaction
tube for acidification. PIC was acidified with 85% H;PO, in the evacuated tube, and the CO, released from the
PIC was collected and purified cryogenically on a vacuum line. After the CO, volume was measured, the CO, was
flame-sealed inside 6 mm OD Pyrex tubes for the "*C and **C analyses (Wang et al., 2016).

The isotopic (8°C and A™C) values of the Yangtze and Yellow river samples were measured in the National
Ocean Science Accelerator Mass Spectrometry (NOSAMS) facility at Woods Hole Oceanographic Institu-
tion (WHOI), USA, and samples from the Pearl and Heilongjiang rivers were analyzed in the Center for
Isotope Geochemistry and Geochronology (CIGG) at the Qingdao National Laboratory for Marine Science
and Technology (QNLM) in Qingdao, China. A small split of CO, was measured for §"°C using a dual-inlet
Thermo 253 Plus Isotope Ratio Mass Spectrometer (IRMS) at the CIGG. Values of §"°C were reported in %o
relative to the IAEA carbonate standards, and the analytic deviation was <0.2%. (n = 10). The sample ke
was measured by accelerator mass spectrometry (AMS) after graphitization of CO,. The A™C values were
reported as the modern fraction based on modern reference material (OX-I or OX-II). Because all our sam-
ple sizes ranged from 600 to 1,000 ug C for the DIC and PIC A™C measurements, the replication of samples
was >96%; moreover, the analytical precision was generally <5%.. Conventional radiocarbon ages (years
before present) were calculated based on the equation of Stuiver and Polach (1977):

1(1950- YL‘)_

AMC(%o) = {Fm xe 1} x 1,000 (5)

"*C Age=-18,033In(F,) (6)

where F,, is the modern *C fraction; A = 1/8,267; and Yc is the year of sample collection.

2.5. Quantification of the Potential Sources of Riverine DIC

To quantify and compare the contributions of different sources of riverine DIC in the four large rivers in
China, we used dual isotopes (§°C and A'C) and the MixSIAR model. The MixSIAR model is a Bayesian
mixing model with improvement upon simpler linear mixing models by explicitly taking into account un-
certainty in source values, categorical and continuous covariates (Stock & Semmens, 2016). The model can
be used for **C and *C analyses to determine the carbon sources (Schuur et al., 2016). The riverine DIC
was considered to be in chemical equilibrium, and a mixture was derived from four potential sources as
follows: (1) DIC produced from the chemical weathering of rocks consuming atmospheric CO,, (2) DIC
produced from the chemical weathering of rocks consuming soil CO,, (3) carbonate dissolution to DIC
during weathering, and (4) DIC produced from OM respiration in the river. For the model calculation, the
following equations were set:

13 13 13 13 13
6 Csample = fatm5 Catm +fsoi15 Csoil + fcarb5 Ccarb + fom5 Com @)

14 14 14 14 14
A Csample = fath Catrn + soilA Csoil + fczurbA Cca:b + fomA Com (8)
f;ltm + f;oil + f;:a:b + f;)m =1 (9)
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gzl:lizrf Isotopic Values of Potential DIC Sources in the Yangtze, Yellow, Pearl and Heilongjiang Rivers
813C (%o) AMC (%0)
Source Range Mean Range Mean Reference
Atmospheric CO,
—6.3t0 0 —3.2 35 Ishikawa et al. (2015); Levin et
al. (2010)
Carbonate dissolution®
—2.2t0 1.1 —0.5 —964 to —872 —918 This study
Organic matter respiration”
Yangtze —27.5t0 —22.9 =52 —401 to =97 —249 Qi (2019)
Yellow —28.8 to —23.1 —26 —613 to —58 —335 Xue et al. (2017)
Pearl —31.2 to —26.7 —29 —270to —124 —197 Qi (2019)
Heilongjiang —31.4to —26.2 —28.8 —204 to —52 —76 Qi (2019)
Soil CO*

Yangtze —26to —21 —23.5 —230 to —100 —165 Qi (2019); Zeng et al. (2011) and

—26t0 —21 ~23.5 28 t0 42 35 R L )
Yellow —26 to —20 -23 —230 to —100 —165 Xue et al. (2017); Tao et al. (2016)

—26t0 —20 -23 28 t0 42 35 AT (AL
Pearl —31to —21 —26 —230 to —100 —165 Qi (2019); Yu et al. (2010) and

—31t0o—21 ~26 28 10 170 35 e it oL (UL
Heilongjiang —22to —15 —18.5 —230 to —100 —165 Tu et al. (2018) and Zeng

—22t0-15 ~18.5 28 t0 42 35 CEEL G

“Carbonate rock dissolution values were based on the results of PIC. "Isotope values of riverine OM respiration were based on the DOC and POC results in
the four rivers. °Soil CO, was derived from respiration of terrestrial OM. The 8"°C of soil CO, was between —26%. and —18%o in the C; dominated area. The
8"C ranges of the soil CO, were based on the different river basins and consider the fraction of CO, in H,CO; and HCO5", which could also represent the
groundwater DIC signature. The A™C of young soil was equivalent to atmospheric CO,. The A™C of old soil is the '*C value from aged soil OM respiration, and
it is also influenced by wastewater.

where faims fsoils fearbs and fom are the contribution fractions of the four potential DIC sources, namely,
atmospheric CO; (fum), s0il CO; (fioin), dissolution of carbonate (f..,), and respiration of OM (f,m), re-
spectively; and 8" Cgumple and A" Cyampie are the measured isotopic values for the samples. The isotopic
values assigned to each source end-member were expressed as 8Cym, 8" Cyoi. 8 Cears and 8Copy
and A™Cym, AMCyoit, AMCoeurp, and AMC,,, as listed in Table 2. In our calculation, we also defined the

following:
Featy =2 fcart (10)
Eiii = fam + Jooit = Jearw (1)
Jsoit = Soit—young F Sroil-old 12)

where F,y is the total contribution to the riverine DIC from the chemical weathering of carbonate rocks
(1/2 from carbonate dissolution +1/2 from the consumption of atmospheric and soil CO,) and Fy; is the
contribution of chemical weathering from silicate rocks consuming CO,. Soil CO, (f;,i) was divided into
CO, derived from young OM and preaged OM. The model calculation was based on the R package (2019)
MixSIAR GUI (graphical user interface) program (Stock & Semmens, 2016).
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3. Results
3.1. Distributions of DIC, Alk, pCO,, Ca’*, and Mg**

The concentrations of DIC, Ca*t, and Mg2+ measured for the four rivers are provided in Table 3. The DIC
concentrations showed large variations in the four rivers ranging from 253 to 3,122 uM. As plotted in Fig-
ure 2a, the Yangtze River headwater (C1-C4) had high DIC concentrations (2,846 + 49 uM at C1), which de-
creased downstream to site C6 and then increased (C7-C11). The DIC concentrations in the middle (C12-C14,
1,749 + 188 uM) and lower reaches (C15-C16, 1,585 + 98 uM) of the Yangtze River were relatively lower than
those in the headwater and upstream (Figure 2a). For the carbonate reference sitte WWT, the DIC concentra-
tion was very high at 16,198 + 492 uM (Table 3). In comparison, the DIC concentration in the fresh lake of
Poyang (PY) was much lower (387 = 10 uM). The DIC concentrations in the Yellow River were the highest
among the four rivers and ranged from 2,398 to 3,122 uM, with an average of 2,941 + 206 uM (Table 3). The
DIC along the Yellow River exhibited relatively constant distributions except at site H5 (Figure 2a). The DIC
concentrations in the Pearl River ranged from 1,544 to 2,273 uM and decreased from the midstream site (Z1)
to the lower reach (Z4; Figure 2a). Among the four rivers, the Heilongjiang River had the lowest DIC concen-
trations, with values ranging from 253 to 895 uM (average 448 + 204 uM). The DIC concentration in the trib-
utary SHJ was higher (895 uM) than that in the main streams of the Heilongjiang and WSLJ (Figure 2a). The
calculations indicated that HCO;~ was the dominant form of DIC and accounted for 95%, 97%, 90%, and 87%
of the DIC in the Yangtze, Yellow, Pearl and Heilongjiang rivers, respectively. The measured total Alk ranged
from 354 to 3,220 peq/L (Table 3) and had very similar distributions as the DIC in the four rivers (Figure 2a).

The calculated partial pressure (pCO,) of dissolved CO, in the rivers also varied widely, ranging from 384
to 10,803 patm, with an average value of 1,834 + 1,560 patm in the Yangtze River, 1,555 + 1,050 patm in
the Yellow River, 8,974 + 1,391 patm in the Pearl River and 1,322 + 388 patm in the Heilongjiang River
(Table 3). The pCO, was lower (384-426 patm) in the headwater (C1-C3), increased along the river, and
remained relatively constant in the upper and middle reaches (C7-C13) in the Yangtze River, and it ranged
from 587 to 4,104 patm in the Yellow River and was higher in the upstream and relatively lower and con-
stant in the middle and lower reaches (Figure 2b). The Pearl River had the highest pCO, values, which
decreased along the river. The pCO, values were lower and constant in the main stream of the Heilongjiang
River (537-780 patm) and higher in the two tributaries, SHJ (1,667 patm) and WSLIJ (1,186 puatm). The four
rivers were all supersaturated with pCO, with respect to atmospheric CO, (~400 patm) except in the head-
water of the Yangtze River (Figure 2b).

The concentration and distributions of Ca** and Mg in the four rivers also showed large variations (Ta-
ble 3). In the Yangtze River, the concentrations of Ca®* ranged from 633 to 1,542 uM and were much higher
than those of Mg** (178-1,056 tM). The concentrations of both Ca** and Mg** decreased from the headwa-
ter to downstream sites (Figure 2c). Sitt WWT again had the highest Ca®* (9,248 uM) and Mg** (99,861 uM)
concentrations (Table 3, not plotted in Figure 2c), and PY Lake had the lowest Ca** (216 uM) and Mg**
(65 uM) concentrations (Table 3, Figure 2c). In the Yellow River, the Ca** and Mg** concentrations ranged
from 327 to 1,528 uM and 267 to 1,250 uM, respectively, and exhibited different distribution patterns along
the river, with lower values in the headwater and higher values downstream (Figure 2c). The concentration
of Ca®* was higher than that of Mg>* in the upstream sites (except for H1) but lower than that of Mg** in
the middle and downstream sites (except for H7; Figure 2c). In the Pearl River, the concentration of Ca*t
(average 1,193 + 60 uM) was much higher than that of Mg”* (average 309 + 30 uM) and exhibited more con-
stant distributions in the river (Figure 2c). In comparison, the concentrations of both Ca** and Mg** were
lowest in the Heilongjiang River, with averages of 287 + 105 uM and 119 + 53 uM, respectively (Figure 2c).

3.2. Isotopic Compositions

The values of §**C and A™C measured for the DIC and PIC in the four rivers are summarized in Table 4 and
plotted in Figure 3. For the Yangtze River, the DIC 8"°C values ranged from —1.4%. to —10.2%0 and were higher
in the headwater (—1.4 to —4.6%o) and decreased toward downstream sites (—8.4 to —9.4%o) (Figure 3a). For
DIC, the WWT site had the highest §"°C value (—1.3%o) and PY Lake had the lowest §"“C value (—11.3%o),
whereas for PIC, the §°C values in the Yangtze River were higher than those of DIC and ranged from —2.2%o
to 1.1%o. The PIC in the four headwater sites (C1-C4) had high positive 8"°C values (0.3-1.1%o; Figure 3a).
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Table 3
Concentration of DIC, Alk, HCOj5, Cca*, Mngr and pCO, in the Yangtze, Yellow, Pearl, and Heilongjiang Rivers
Cca* Mgt DIC Alk HCO;~ pCO,
River Sample ID uM uM uM peq/L uM patm
Yangtze River
Tongtian C1 1,542 1,056 2,846 + 49 2,771 £+ 36 2,787 405
C2 1,481 882 2,766 + 51 2,803 £+ 20 2,708 426
Mean 1,512 + 31 969 + 87 2,806 + 40 2,787 £ 16 2,748 * 39 416 = 10
Jinsha C3 1,386 800 2,687 + 16 2,629 384
C4 1,079 647 2,375 £ 57 2,257 £ 8 2,282 2047
C5 2022 + 28 1865 £ 25 1892 2,980
Mean 1,233 + 153 723 + 77 2,361 * 272 2,188 + 241 2,268 + 301 1803 + 1,073
Upstream Cé 803 367 1844 + 23 1,695 + 22 1708 3,138
C7 878 382 2,190 + 36 2,190 £ 58 2,137 991
C8 1,135 464 2,375+ 11 2,299 + 17 2,318 1,036
C9 2,360 = 10 2,361 + 47 2,312 682
C10 2,427 £ 20 2,347 £ 10 2,364 1,114
C11 2,359 + 35 2,220 = 16 299 1,076
Mean 939 + 142 404 + 43 2,259 + 200 2,185 + 228 2,190 + 227 1,340 + 816
Midstream C12 633 178 1,483 +9 1,554 + 46 1,422 1,347
C13 928 322 1893 + 13 1965 + 30 1833 1,257
C14 918 299 1871 + 10 1877 £ 11 1,260 4,870
Mean 826 + 137 266 + 63 1749 + 188 1799 + 177 1,505 * 241 2,491 + 1,682
Downstream C15 729 255 1,487 + 10 1,574 + 10 1,212 5,862
C16 779 276 1,682+ 6 1,622 £ 12 1,598 1723
Mean 754 + 25 266 =11 1,585 + 98 1,585 + 98 1,405 + 193 3,792 + 2069
Mean 995 + 254 481 + 256 2,167 + 416 2,115 + 384 2048 + 487 1834 + 1,560
PY 216 65 387 £ 10 803 £ 15 221 3,565
WWT 9,248 99,861 16,198 + 492
Yellow River
Upstream H1 327 411 3,036 + 12 3,215+ 15 2,944 1,276
H2 480 267 2,715 £ 55 2,910 + 28 2,596 2073
H3 973 505 2,843 + 31 3,066 + 63 2,741 2,163
H4 918 677 3,122 + 20 3,220 £+ 56 2,954 4,104
Mean 674 + 277 465 *+ 149 2,929 + 160 3,103 + 127 2,809 + 149 2,403 + 1,040
Midstream H5 820 1,035 2,398 + 48 2,857 + 29 2,325 1850
Ho6 750 1,182 3,111 £ 19 3,206 + 24 3,049 905
Mean 785 + 35 1,109 + 74 2,755 * 356 3,032 + 175 2,687 * 362 1,378 + 472
Downstream H7 1,528 1,250 3,069 + 32 3,162 + 26 3,006 787
HS8 815 1,148 3,058 £ 22 3,182 £ 13 2,994 710
H9 895 1,150 3,003 + 46 3,120 + 26 2,941 632
H10 957 1,165 2,988 + 23 3,170 + 27 23922, 587
H11 1,045 1,160 3,006 £ 30 3,136 + 34 2,927 2021
Mean 1,048 + 252 1,175 + 38 3,025 + 32 3,154 + 43 2,958 + 35 947 + 541
Mean 864 + 294 905 + 347 2,941 + 206 3,113 + 130 2,855 + 218 1,555 £+ 1,050
SHAN ET AL. 9 of 24
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Continued
Cca* Mgt DIC Alk HCO;~ pCO,
River Sample ID uM uM uM peq/L uM patm
Pearl River 71 1,272 351 2,273 + 10 2,759 +9 1856 10,803
72 1,128 281 2082 + 15 2,529+ 1 1753 8,686
73 1,178 294 1998 + 25 2,352+ 12 1723 7,433
74 1,544 + 6 1749 + 38
Mean 1,193 * 60 309 + 30 1974 + 268 2,347 + 374 1777 £57 8,974 +1,391
Heilongjiang River L1 195 85 305+1 430 £5 249 707 + 51
L2 187 53 285+ 3 432423 235 662 + 49
L3 253+ 1 354 + 21 210 537 + 40
L4 300 129 514+ 9 684 + 22 467 680 + 44
L5 274 119 414+ 6 575+ 14 361 781 £ 53
SHJ 478 210 895 + 3 1,302 + 8 806 1,667 + 94
WSLJ 47243 709 + 4 398 1,186 + 78
Mean 287 + 105 119 + 53 448 + 204 641 + 297 389 + 191 889 + 399

Note: Space left blanks are not measured. DIC, dissolved inorganic carbon; PIC, particulate inorganic carbon; PY, Poyang Lake; SHJ, Songhuajiang; WSLJ,
Wausulijiang; WWT, White-Water Terrace.

The values of §"C for both DIC and PIC showed less variation in the Yellow River and ranged from —7.0%o
to —2.2%o for DIC and from —3.8%o to —2.2%o for PIC. The DIC §"C values in the downstream of the Pearl
River were less variable and ranged from —9.1%o0 to —9.7%o, and the PIC §'"°C values (only one site) were
much higher (—2.0%o) than that of DIC. The DIC 8'"C values in the Heilongjiang River main stream were low
(—11.3 + 2.0%o0) and slightly higher at sites L4, SHJ and WSLIJ. No PIC was collected in the Heilongjiang River.

The A™C values of DIC and PIC also showed large variations (Table 4). In the Yangtze River, the DIC A™C
ranged from —125%o to —455%o and the values increased from the headwater to downstream and remained con-
stant in the middle and lower reaches (Figure 3b). The DIC A'C values in the headwater of Tongtian (C1-C2,
—444 + 11%o) and Jinsha (C3-C5, —355 + 37%o0) were significantly lower than those at other sites. The calculated
'C ages indicated that the DIC in the headwater was much older (4,655 + 165 years) than that in the lower reach-
es (1,260 = 70 years) of the Yangtze River. The DIC "C age was the oldest (22,400 years) at the WWT site and
the youngest at the PY Lake site (615 years; Figure 3b). In comparison, the A™*C values of PIC were much lower
than those of DIC in the Yangtze River and ranged from —756%o to —915%0; the corresponding '*C ages were
11,250 to 19,800 years, which was over 10,000 years older than the DIC ages (Figure 3b). The DIC AYC in the
Yellow River ranged from —138%o to —231%. and slightly increased from the headwater to the middle stream and
remained steady (Figure 3b). Similar to the PIC in the Yangtze River, the Yellow River PIC also had very depleted
AM™C values (average —937 + 34%o) and was much older (average 23,020 + 3,699 years) than the average DIC age
(1,358 + 285 years; Figure 3b). In the Pearl River, the DIC had relatively constant A'*C values (—137 + 8%o) and
'C ages (1,115 = 76 years). Again, the only PIC in the Pearl River was much older (10,570 years) than the DIC in
the Pearl River. In comparison, the DIC in the Heilongjiang River had relatively modern A'C values that ranged
from —28%o to —110%o, which corresponded to "“C ages of 165-865 years (Figure 3b).

4. Discussion
4.1. Variations of DIC in the Rivers

The concentrations and distributions of DIC, total Alk, and cations (Ca*" and Mg*") in the four large rivers
in China showed wide variations. In general, the Yellow River had the highest DIC concentrations (average
2,941 + 206 uM) and Alk (3,113 + 130 peq/L), followed by the Yangtze (2,167 £+ 416 uM, 2,115 + 384 peq/L),
Pearl (1,974 + 268 uM, 2,347 = 374 peq/L), and Heilongjiang (448 + 204 uM, 641 + 297 peq/L) rivers
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Figure 2. Concentrations of (a) DIC and Alk, (b) calculated pCO,, and (c) measured Ca** and Mg** for the four
rivers. The distance is measured from the river mouth. Error bars represent the range of duplicate measurements. Alk,
alkalinity; DIC, dissolved inorganic carbon; pCO,, partial pressure of CO,.

(Figure 2a and 2c). We compared these DIC concentrations with that of the 12 largest rivers in the world
in terms of the discharge rates. As shown in Figure 4a, the concentrations of DIC carried by the Yellow,
Yangtze, and Pearl rivers are among the highest in the large rivers worldwide (Cai et al., 2008; Gaillardet
et al., 1999; Goldsmith et al., 2010). The concentration of DIC identified in the Heilongjiang River was com-
parable to that in the Congo and Orinoco rivers (Figure 4a). These observed differences in the DIC distribu-
tion in the four studied rivers could be controlled by many factors, such as differences in the drainage basin
environmental settings, mineral coverage differences, climate variability and anthropogenic influences (Cai
et al., 2008; Zhang et al., 2013, 2014). Additionally, some of the variations could be related to the seasonal
variations because we conducted our field sampling at different times and seasons for each river.

The Yangtze and Pearl rivers flow through a subtropical climate region, and the concentrations of DIC in
these two rivers are comparable. Thus, the DIC in the two rivers are likely controlled by the similar processes.
The upper streams of both the Yangtze and Pearl rivers drain basement rocks that consist of evaporites and
continental deposits abundant in carbonates (Cai et al., 2008; J. S. Chen et al., 2002; S. Y. Li et al., 2011). The
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ITsz(l)lt)(};i: Values of DIC, PIC in the Yangtze, Yellow, Pearl, and Heilongjiang Rivers
Sample DIC PIC
River ID 8C (%)  AMC (%)  Age(year)  8°C (%) A“C (%)  Age (year)
Yangtze River
Tongtian C1 -1.4 —455 4,820 0.5 —757 11,300
Cc2 —2.0 —433 4,490 1.1 —781 12,150
Mean —-1.7+03 —444+11 4,655+165 0.8+03 —769+12 11,725+ 425
Jinsha C3 —2.8 —402 4,070 0.4 —756 11,250
C4 —3.0 —354 3,450 0.3 —766 11,600
C5 —4.6 —310 2,920 —0.6 —805 13,050
Mean —-34+08 —-355+37 3,480+470 0.0*+04 -776+21 11,967 + 779
Upstream C6 —6.4 —224 1,980
C7 —6.3 —223 1,960 —0.8 —915 19,800
C8 =72 —194 1,670
C9 —-7.2 —175 1,480
C10 —7.7 —185 1,580
C11 —7.7. —179 1,530
Mean —-71+06 —197+20 1,700 %+ 199 —0.8 —915 19,800
Midstream C12 —-10.2 —125 1,010
C13 —9.2 —148 1,220 —2.2 —786 12,350
C14 —8.8 —150 1,250
Mean —94+06 —-141+11 1,160 =107 —2.2 —786 12,350
Downstream C15 —8.6 —161 1,350
C16 —8.5 —143 1,180 —0.6 —894 17,950
C17 —8.2 —151 1,250
Mean —8.4+0.2 —-152+8 1,260 + 70 —0.6 —894 17,950
Mean —6.5+2.6 —236+107 2189+1,222 —-02+1.0 -807+58 13,681+ 3,084
PY —11:3 —81 615
WWT -1.3 —939 22,400
Yellow River
Upstream H1 —2.2
H2 —6.5 —2311 2,050 —2.6 —964 26,500
H3 -7.0 —192 1,650
H4 —-2.2 —-959 25,500
Mean —52+22 —-212+20 1850+200 —24+0.2 -—961+2 26,000+ 500
Midstream H5 -2.3 —155 1,290
H6 =57 —144 1,190
TG -3.8 —956 25,100
ZW —2.3 —932 21,600
Mean —4.0+1.7 -149 £ 5 1,240 50 —31+08 —944+12 23,350+ 1750
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Continued
Sample DIC PIC
River D 8"C (%o) AMC (%0) Age (year)  8°C (%)  AM™C (%o) Age (year)
Downstream H7 —6.2 —153 1,270
H8 —6.2 —=152 1,260
H9 —5.6 —-138 1,130
H10 —5.4 —-138 1,130
H11 6.2 -151 1,250 —4.4 —872 16,400
Mean —59+03 —146+7 1,208 + 64 —4.4 —872 16,400
Mean —53+1.6 —162+29 1,358+285 —3.1+0.9 —937+34 23,020+ 3,699
Pearl River 71 —9.7 —145 1,190 —2.0 —734 10,570
72 -94 —138 1,120
73 —-9.1 —141 1,160
Z4 —9.4 —-123 990
Mean —94+02 1378 1,115+76 —-2.0 —734 10,570
Heilongjiang River L1 -13.9 —34 215
L2 -13.4 —28 165
L3 —-12.6 -39 255
L4 —9.2 -110 865
SHJ —8.7 —58 410
WSLJ —9.9 —-34 215
Mean —113+2.0 —51+28 354 + 241

Note: space left blanks are not measured. DIC, dissolved inorganic carbon; PIC, particulate inorganic carbon; PY,
Poyang Lake; SHJ, Songhuajiang; WSLJ, Wusulijiang; WWT, White-Water Terrace.

high DIC concentrations in the headwater and upper stream of the Yangtze River and the middle stream of the
Pear] River could be controlled largely by the weathering of abundant carbonate rocks as suggested in previous
studies (Cai et al., 2008; JI. Y. Li & Zhang, 2005; Z. L. Wang et al., 2007; Zhang et al., 1995a 1995b). L. J. Zhang
et al. (2014) reported that the upper stream of the Yangtze River is the major source of DIC and contributes
47%-61% of the overall riverine DIC flux in the lower reach of the river. As strong evidence, the DIC concen-
tration measured in the WWT carbonate dissolution reference site of this study was 16,198 uM, which was
7.5 times higher than the average riverine DIC concentration. In the lower reach of the Yangtze River, many
freshwater lakes that contain low DIC concentrations, such as Poyang (PY), could supply water to the river
during the rainy season and dilute the DIC in the main river stream (L. J. Zhang et al., 2014). A recent study by
Duvert et al. (2019) addressed the importance of groundwater input of DIC in streams, which could also be an
important factor contributing to the DIC contents of the lower reach of the river; however, data have not been
reported on this subject in these rivers. In contrast, the Yellow River originates in the same Qinghai-Tibetan
Plateau as the Yangtze River. Although the average water discharge rate (29 km? year™") of the Yellow River is
30 and 10 times lower than that of the Yangtze and Pearl rivers, respectively, DIC concentration is the highest
among the four rivers and remains relatively constant along the entire river (Figure 2a). As reviewed by Cai
et al. (2008), the carbonate coverage in the Yellow River drainage basin is relatively low (~7%) and the water
evaporation rate (1,100 mm year ") is usually higher than the precipitation rate (476 mm year ") in most of
the basin area in summer and fall (J. S. Chen et al., 2006), which often results in high DIC concentrations in
the river. The DIC concentration in the Heilongjiang River was the lowest among the four rivers, especially in
its main stream (~280 uM) despite its high flow rate. Such findings are similar to that for the Amazon River
with the highest discharge rate (6,642 km? year™") but much lower DIC concentrations (Figure 4a), suggesting
difference sources and influences on the riverine DIC compared with that in the Yangtze, Yellow, and Pearl
rivers. We found that the dissolved organic carbon (DOC) concentrations in the Heilongjiang River were much
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Figure 3. Values of (a) §"°C and (b) AMC and calculated "*C ages for DIC and PIC in the four rivers. The distance is
measured from the river mouth. DIC, dissolved inorganic carbon; PIC, particulate inorganic carbon.

higher (~1,000 uM) than those in the other three rivers (~160 uM; Qi, 2019) and the DOC concentrations
exceed the DIC concentrations, which is similar to that in the Amazon River (Mayorga et al., 2005; Richey
et al., 1990). We expect that OM respiration could play a major role in affecting the DIC in the Heilongjiang
River, which was similar to the case of the Amazon River (Mayorga et al., 2005; Richey et al., 1990). This find-
ing is supported by our isotopic data as discussed in Section 4.3.

Compared with the 12 largest rivers in the world (Figure 4b), the oversaturated pCO, in the four large Chinese
rivers suggests that these rivers could also be significant sources of CO, outgassing to the atmosphere, which is
also observed in other large rivers, such as the Amazon and Mississippi (Butman and Raymond, 2011; Reiman
and Xu, 2019; Richey, 2004 ). The pCO, in river systems could be controlled largely by an influx of soil CO, and
in situ respiration of OM (Richey, 2004). The results of our study are also consistent with previous studies con-
ducted for the Yangtze, Yellow and Pearl rivers in which degassing of CO, was found to be common, especially
in the lower reaches and estuaries of the rivers (Cai et al., 2008; C. T. A. Chen et al., 2008; L. J. Zhang et al., 2014).

4.2. Correlation of DIC with Major Ions

As the major ions produced from rock dissolution during chemical weathering, Ca>* and Mg** present dis-
tributions in the rivers that are positively correlated with DIC as plotted in Figure 5. In the Yangtze and Pearl
rivers, a good correlation between the concentrations of HCO;~ and the ions (Ca** and Mg*") was found in our
study (R* = 0.86, p < 0.001) and previous studies (R* = 0.76, p < 0.001; R* = 0.85, p < 0.001). Concentrations
of HCOj;™ increased linearly with increases in the concentrations of (Ca** and Mg*") in the rivers (Figure 5a
and 5c¢). The load of Ca** was higher than that of Mg®* in both rivers. These similar distribution patterns
suggest that the chemical weathering of carbonate rocks along the river basins is likely an important factor
influencing the DIC concentration in the Yangtze and Pearl rivers (Cai et al., 2008; L. J. Zhang et al., 2014).
In comparison, the concentrations of Mg** at most sampling sites exceeded those of Ca** in the Yellow River.
A high Mg®" concentration might suggest that the chemical weathering of silicate rocks is higher than that
of carbonate rocks along the Yellow River basin considering that the carbonate coverage in the Yellow River
drainage basin is relatively low (~7%) (Cai et al., 2008; J. S. Chen et al., 2005; Zhang et al., 1995a 1995b). As
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Figure 4. Comparison of (a) DIC and (b) pCO, in the four rivers with the 12 largest rivers in the world. The DIC
literature data sources: Amazon River (n = 3, Mayorga et al., 2005); Congo River (n = 13, Z. A. Wang et al., 2013);
Yangtze River (n = 136, L. J. Zhang et al., 2014; Wu et al., 2008a 2008b); Brahmaputra River (n = 8, Singh et al., 2005);
Mississippi River (n = 9, Reiman & Xu, 2019); Yenisey River (n = 20, Prokushkin et al., 2011); Parana River (n = 25,
Villar & Bonetto, 2000); Lena River (n = 22, Semiletov et al., 2011); Mekong River (n = 11, S. Li et al., 2013); Ob River
(n = 43, Pipko et al., 2019); Ganges River (n = 77, Chakrapani & Veizer, 2005; Samanta et al., 2015); St Lawrence River
(n = 67, Hélie et al., 2002); Pearl River (n = 16, Z. H. Liu et al. 2017); Heilongjiang River (n = 4, Moon et al., 2009);
Yellow River (n = 29, L. Wang et al., 2016). The pCO, literature data sources: Amazon River (n = 3, Mayorga

et al., 2005); Congo River (n = 13, Z. A. Wang et al., 2013); Yangtze River (n = 50, Hartmann et al., 2019); Brahmaputra
River (n = 39, Hartmann et al., 2019); Mississippi River (n = 9, Reiman & Xu, 2019); Yenisey River (n = 15, Hartmann
et al., 2019); Parana River (average value, S. Li et al., 2013); Lena River (n = 22, Semiletov et al., 2011); Mekong River
(n =11, S. Li et al., 2013); Ob River (n = 39, Pipko et al., 2019); Ganges River (average value, S. Li et al., 2013); St
Lawrence River (n = 67, Hélie et al., 2002); Pearl River (average value, S. Li et al., 2013); Heilongjiang River (n = 4,
Hartmann et al., 2019); and Yellow River (n = 18, Hartmann et al., 2019). DIC, dissolved inorganic carbon; pCO,,
partial pressure of CO,.

shown in Figure 5b, the concentrations of HCO;™ versus (Ca’" and Mg*") for the Yellow River are weakly cor-
related (R* = 0.25, p < 0.001 and R* = 0.14, p = 0.25), suggesting that the DIC concentration and distribution in
the Yellow River are unlikely to be controlled by carbonate weathering. Among the four rivers we studied, the
concentrations of Ca®* and Mg>* in the Heilongjiang River were the lowest. Despite the low concentrations
of both DIC and ions in the Heilongjiang River, the concentrations of HCO5~ versus Ca’* and Mg*" showed
strong correlations in our study (R* = 0.98, p < 0.001) and previous studies (R> = 0.80, p < 0.001; Figure 5d).
These differences suggest that carbonate weathering could also play a role but is not likely a main contributor
to the DIC in the river because the lithology of the Amur River basin is mostly silicate and the cation load
in the river has mostly been derived from silicate weathering. Moreover, the silicate weathering rate in the
Heilongjiang River is much lower than that of other rivers (Moon et al., 2009).

Based on the variable correlations between the concentrations of HCO;~ and the ions in these rivers, our
study suggests that quantitative estimation of the riverine DIC from the contributions of chemical weather-

SHAN ET AL.

15 of 24



L.X ety . . .
MJW  Journal of Geophysical Research: Biogeosciences 10.1029/2020JG005901
AND SPACE SCIENCE
(a) 5000 ° %g(l)g (this study) o L4 (b) 5000 { y=0.14x+2821.1
O 2005-2007 - R’=0.25, p<0.001
< 4000 4 1997 A g5 <& 4000 A o
2 A 1987 A = o @ _______7&-4\-4
= 3000 { ¥166+3394 < 12 s000d. _,--—::fsﬁﬁ——b "
Ien R’=0.76, p<0.001 A% Ien o
8 20001 o8 S 20001 i y=1.04x-1191.57
= ~f y=0.92x-377.30 | = @ 2015 (this study) ~ R'=0.14,p=0.25
1000 R2=0.86, p<0.001 1000 8 %882
/6'0 Yangtze River A %823_2000 Yellow River
0 T T 0 T T
0 1000 2000 3000 0 2000 4000
2 2 2 2
(©) Ca’"and Mg ! (uM) (d) Ca’"and Mg ! (uM)
50004 @ 2018 (this study) 50001 @ 2017 (this study)
o 2005 o
0 2000 0 1962-1984(SHJ)
< 4000 A 1958-2002 S 4000 1
= =
3 3
len 30001 Wes 1 30007 ¥=2.32x-96.46
8 2000 /,a: o Y-137x+484.11 8 2000 1 R*=0.80, p<0.001
T ;,// R’=0.85, p<0.001 | T %E,EE)TO.75)(+93.70
1000 g 1000 1 B R*=0.98, p<0.001
&4 Pearl River Meilongiiang River
0 T T 0 T T T T
0 1000 2000 3000 0 250 500 750 1000
2 2 2 2
Ca’"and Mg ! (uM) Ca’"and Mg ' (uM)

Figure 5. Plots of HCO;™ versus (Ca”* + Mg*") concentrations for the four rivers. The solid lines represent the linear
relationship of this study, and the dashed lines represent the linear relationship of previous studies. The gray areas
show the 95% confidence interval of the linear regression. For the Yangtze River: data for 1987 and 2005-2007 are from
Wu et al. (2008a 2008b); data for 1997 are from Z. L. Wang et al. (2007); data for 2006 are from Chetelat et al. (2008).

For the Yellow River: data for 1958-2000 are from J. S. Chen et al. (2005); data for 2005 are from Wu et al. (2008) and

Z. L. Wang et al. (2007); data for 2007 and 2009 are from Wang et al. (2016). For the Pearl River: data for 2005 are from
B. Wang et al. (2012); data for 2000 are from Xu and Liu (2007, 2010); and data for 1958-2002 are from S. R. Zhang

et al. (2007). For the Heilongjiang River: data for 1998 are from Moon et al. (2009), and data for 1962-1984 are from Cao
et al. (2014).

ing of carbonate and silicate rocks is difficult and limited. This is due to many facts such as the uncertainty
of the lithogenic coverage, variable climate, precipitation and evaporation, and variable river flow rates. All
these could affect the chemical weathering rate and dissolution dynamic of the ions in rivers (Gaillardet
etal., 1999; Goldsmith et al., 2010), thus, resulting in uncertainties of DIC sources in some large rivers in the
world as previously reported (Cai et al., 2008; Chetelat et al., 2008; Gaillardet et al., 1999; Moon et al., 2014).
These differences can be better distinguished by the carbon isotopic evidence for DIC in rivers.

4.3. Characteristics of DIC Isotopes and Lithology in the Rivers

As discussed above, the DIC in the four rivers was derived from different sources and the carbon isotopic
values should reflect the source end-member signatures. The DIC §"C values were controlled by the iso-
topic fractionation and mixing processes of each source end member, such as the consumption of atmos-
pheric CO, during chemical weathering of rocks and respiration of OM. In contrast, the A™C values reflect
not only the sources but also the **C age of the source carbon, thus providing more reliable information
combined with 8"C on the origin and cycling of riverine DIC (Marwick et al., 2015; Mayorga et al., 2005;
Raymond et al., 2013; X. C. Wang et al., 2016; Zeng & Masiello, 2010).

For the four studied rivers, a very strong correlation occurred between the DIC §"C and A™C values (R* = 0.91,
p < 0.001) except for the sites in the middle and lower reaches of the Yellow River (Figure 6a). DIC with enriched
8"C had lower A™C values and old **C ages, which is also the case in the headwater of the Yangtze River. DIC
with more depleted 5"°C had high A™C values with modern **C ages as observed in the lower reach of the Yangtze
River and Heilongjiang River (Figure 6a). The high 8"*C values of DIC (—1.3%o) in the carbonate dissolution ref-
erence site WWT and PIC in the rivers (—0.2%0—2.0%o), which were similar to the §"*C values of carbonate rocks
(Hoefs, 2015), provided strong evidence indicating that the DIC in the headwater of the Yangtze River was mainly
derived from the dissolution of carbonate rocks during chemical weathering. Moreover, the DIC could have been
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Figure 6. Plots of the measured DIC values of 8"°C versus A'“C for the four rivers in China. The solid line represents
the linear relationship of the data (R* = 0.91, p < 0.001) and the gray area shows the 95% confidence interval of the
linear regression. The sites of H4-H11 in the Yellow River were not included. (b) Plots of the measured DIC values of
8"3C versus A™C in the four rivers in China and in the Amazon River for comparison. The data for the Amazon River
were cited from Mayorga et al. (2005). DIC, dissolved inorganic carbon.

influenced by gypsum dissolution (Noh et al., 2009). Downriver, increasing amounts of DIC from OM respiration
were likely added to the flowing river, resulting in the more depleted 5"*C and relatively modern A™C values of
the riverine DIC as suggested in other studies (Mayorga et al., 2005; Raymond et al., 2013; Zeng & Masiello, 2010).
It is also possible that the increased degassing of CO, in the lower river could cause isotope fractionation of DIC.
Without direct isotope measurements, however, we are not able to quantify the influence of these processes.

The isotopic signatures of DIC in the Yellow River showed obvious differences relative to those of the Yangtze
and Pearl rivers (Figure 6a). The DIC isotope values collected in the two upstream sites (H2, H3) fell on the re-
gression line, although DIC collected in the middle and lower reaches of the river (sites H4 to H11) all had similar
AMC values (=146 + 7%o) but was more enriched in 8"°C values than the regression line value (Figure 6a). As
discussed above, this finding could suggest that in the middle and lower reaches of the Yellow River, processes
other than the weathering of carbonate rocks and OM respiration could play more important roles in controlling
the distribution of DIC. In our previous study on DIC in the Yellow River Estuary using carbon isotope (**C and
14C) measurements, we estimated that silicate rock weathering, which consumes atmospheric CO,, was a major
source of DIC in the lower river, thus contributing 73.4 + 3.0% of the DIC, whereas carbonate dissolution had a
less important effect (Wang et al., 2016). The A™C values of the DIC and PIC also distinguished that these two
forms of IC in the Yangtze, Yellow, and Pearl rivers were derived from different sources.

There are very limited data of DIC 8§°C and A'C reported for the entire large river basin in the world. In
Figure 6b, we compared the DIC §"*C versus A™C values in the four large rivers in China with the Amazon
River reported by Mayorga et al. (2005). The correlation clearly demonstrates the two end member sources
of riverine DIC: one with very low A™C (old *C ages) and high §"*C values and one with high AC (modern
1€ ages) and low 8"°C values (Figure 6b). For the headwater and upper stream of the Amazon River in the
high mountain region, the riverine DIC had very old '*C ages and high §"C values as influenced mainly by
the carbonate dissolution during weathering, like the case as we found for the Yangtze River. In the middle
and low reaches of the Amazon River, it appears that more and more DIC derived from the OM respiration
was added to the river, resulting in modern *C ages and low 8"*C values (Mayorga et al., 2005). These results
suggest that the combined carbon isotopic approach can be applied more properly for identification of DIC
sources in large rivers with different drainage basins.

To further examine the correlations of DIC isotopes and the ions (Ca** and Mg*") produced mainly from the
chemical weathering of carbonate and silicate rocks in the rivers, we plotted the DIC §°C and A'*C values
versus (Ca*t + Mgz*)sﬂmrb concentrations, which are the corrected concentrations by subtracting the ions
(Ca** + Mg*") contributed from evaporated rocks from the measured total ion concentrations as described
in the caption of Figure 7. A strong correlation between the DIC §"°C and A'C values and (Ca®" + Mg**)
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sil+carb 10 the Yangtze River can be observed (Figure 7a and 7c). The DIC 813C values increased linearly with
increasing (Ca®* + Mg“)simarb load (R* = 0.78, p < 0.001), and the DIC A™C values decreased linearly
with the increase in (Ca** + Mg2+)si1+wb load (R* = 0.82, p < 0.001). These strong isotope and lithological
correlations support our above discussion that the DIC in the Yangtze River headwater was derived largely
from the carbonate rock weathering and its isotope signatures were diluted with DIC from OM respiration
and atmospheric CO, consumed by silicate weathering downstream. In contrast, a correlation between the
DIC 8"C values and (Ca*" + Mg“)smcarb was not seen (Figure 7c). Moreover, a weak opposite correlation
was observed, showing that the DIC A™C values slightly increased as the ion concentration increased in the
Yellow River (Figure 7d), which supports the conclusion that carbonate rock weathering is not likely the
major process contributing DIC in the middle and lower reaches of the Yellow River (Wang et al., 2016). For
the Pearl and Heilongjiang rivers, such correlations were not found due to the limited samples.

We also observed good correlations between the DIC isotope values and the concentrations of [Si]/[HCO5
] in the Yangtze River as shown also in Figure 7. The DIC 8"°C values decreased linearly with increasing
[Si]/[HCO; ] load (Figure 7e, R* = 0.70, p < 0.001), and the DIC AC values increased with increasing [Si]/
[HCO; ] load (Figure 7g, R* = 0.93, p < 0.001) in the Yangtze River. These strong correlations again suggest
that chemical weathering of silicate rocks could also play an important role in controlling the riverine DIC.
The weathering of silicate rocks consumes both atmospheric and soil CO,. The soil CO, is derived mainly
from soil OM respiration; thus, the soil CO, §"*C values should be more depleted than the atmospheric CO,
813C (—6.3%0—0%o; Ishikawa et al., 2015; Levin et al., 2010). In the middle and lower reaches of the Yangtze
River, in addition to OM respiration, the weathering of silicate rocks increased and consumed more soil
CO, than atmospheric CO,, thus contributing more depleted §"°C and modern A'C to the riverine DIC. In
comparison, these trends were not observed in the Yellow River largely due to the relative stable low con-
centrations of Si and less variable isotope values of DIC (Figure 7f and 7h).

4.4. Quantification of the Potential Sources of DIC in Rivers

The potential sources of riverine DIC depend largely on the environmental and geological setting of the
drainage basin of each river. Here, we applied dual isotopes and the MixSIAR model to quantitatively cal-
culate the contribution of the potential sources to DIC in each river. As described in Section 2.5 and plotted
in Figure 8, the four potential sources were as follows: (1) DIC produced from the chemical weathering of
rocks consuming atmospheric CO,, (2) DIC produced from the chemical weathering of rocks consuming
soil CO,, (3) carbonate dissolution to DIC during weathering, and (4) DIC produced from OM respiration
in the river. The results calculated based on the isotope values for each potential source (Table 2) are shown
in Figure 9. Clearly, in the headwater of the Yangtze River (C1-C5), the weathering of carbonate rocks con-
suming atmospheric CO, and the resulting carbonate dissolution were the main sources and contributed
95 + 5% of the riverine DIC. This contribution is largely related to the geological environment of the Qing-
hai-Tibetan Plateau, which has abundant carbonate and a thin layer of soil coverage; thus, the weathering of
carbonate rocks mainly consumed atmospheric CO, (S. L. Li et al., 2014). This finding is also consistent with
other studies conducted in the headwater of the Yangtze River (J. Y. Li & Zhang, 2005; S. Y. Li et al., 2011;
Noh et al., 2009; Z. L. Wang et al., 2007; Zhang et al., 1995a 1995b). As the Yangtze River flows down, con-
tributions to DIC from the carbonate dissolution decreased and the consumption of atmospheric and soil
CO, via silicate rock weathering increased in the river (Figure 9a). In the middle and lower reaches of the
Yangtze River, the weathering of silicate rocks contributed 62 + 25% of the riverine DIC, whereas carbonate
weathering contributed 33 + 6% and OM respiration contributed <6%. For soil CO,, approximately 50% was
derived from the respiration of recently fixed OM and 50% was derived from preaged soil OM (Figure 9a).

Compared with the Yangtze River, the contributions to DIC from the weathering of carbonate rocks, weath-
ering of silicate rocks and OM respiration were 42 + 5%, 55 + 17%, and 3 + 3% in the Yellow River, respec-
tively (Figure 9a). These values are consistent with the results reported by Wang et al. (2016), indicating
that the consumption of atmospheric and soil CO, during silicate rock weathering is an important source of
DIC in the Yellow River. Silicate weathering contributed 47 + 22%, 61 + 15%, and 61 + 20% and carbonate
weathering contributed 50 + 7%, 38 + 5%, and 37 + 4% of the riverine DIC in the upper, middle, and lower
reaches of the Yellow River, respectively. OM respiration had much less of an effect (<3%) on the river DIC.
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Figure 8. Carbon isotopic (8"°C vs. A™*C) values of the potential four sources contributing to the DIC in the four rivers.
The potential sources are (1) atmospheric CO,, (2) soil CO,, (3) carbonate dissolution and (4) riverine OM respiration.
The isotopic values for each source are listed in Table 2.

The DIC in the Pearl River appeared to have similar sources as the DIC in the middle and lower reaches
of the Yangtze River, with 61 + 20% DIC from silicate weathering consuming atmospheric and soil CO,,
30 + 4% DIC from carbonate weathering and 9 + 6% DIC from OM respiration. In the Heilongjiang River,
silicate weathering was the major source of DIC, contributing 83 + 29% of DIC, followed by OM respira-
tion, which contributed 13 + 10% (Figure 9b). The large calculated contribution of DIC from the atmos-
pheric CO, and OM respiration in the Heilongjiang River is well supported by the younger DIC *C ages
(354 + 241 years BP) relative to that in the other three rivers (1,115-2,189 years BP).

5. Conclusions

This study investigated DIC concentrations and carbon isotopes and revealed the different sources and cycling
time scales of DIC in the four largest rivers in China. The following conclusions were drawn from the results.

Figure 7. Plots of the (a) measured DIC values of 8"°C versus concentrations of (Ca** + Mg*)gicars in the Yangtze

River; (b) measured DIC values of A™C versus concentrations of (Ca®" + Mg**)gs.can in the Yangtze River; (c) measured
DIC values of 8"*C versus concentrations of (Ca*" + Mg*gis.can in the Yellow River; (d) measured DIC values of A™C
versus concentrations of (Ca** + Mg**)g,can in the Yellow River; (d) measured DIC values of §"°C versus concentration
ratio of [Si]/[HCO5] in the Yangtze River; (e) measured DIC values of A'*C versus concentration ratio of [Si]/[HCO5]

in the Yangtze River; (f) measured DIC values of 8"°C versus concentration ratio of [Si]/[HCO;™] in the Yellow River;

and (h) measured DIC values of A™C versus concentration ratio of [Si]/[HCO5] in the Yellow River. The lines are the
linear regression fit to the data. The gray areas show the 95% confidence interval of the linear regression. We used

data on riverine ions from the literature to calculate the ratio of silicate and carbonate rocks contributions (Rgjcarp)

to (Ca*" + Mg*"). We used SO, as the evaporite contribution of (Ca®" + Mg**) to correct (Ca** + Mg**). Then,

(Ca® + Mg* giiscary can be calculated as follows: (Ca** + Mg* )giyear = (Ca®* + Mg**) X Rgiiycart- The ratio of [Si]/[HCO5]
was calculated based on data from previous studies. The data for the Yangtze River were from Wu et al. (2008a 2008b) and
Chetelat et al. (2008); and data for the Yellow River were from L. Wang et al. (2016). DIC, dissolved inorganic carbon.
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Figure 9. Plots of (a) the calculated mean contributions of the potential four sources to riverine DIC in the four rivers
in China. For the soil CO,, it was divided to two fractions of old and young CO, based on the *C ages; and (b) the
calculated mean contributions of the carbonate weathering and silicate weathering to riverine DIC in the four rivers.
The error bars represent the ranges of the 95% credible intervals. DIC, dissolved inorganic carbon.

1. The DIC concentrations showed large variations in the four rivers. The Yangtze (2,167 + 416 uM), Yellow

(2,941 £ 206 uM), and Pearl (1,974 + 268 uM) rivers carried high DIC concentrations, and the Heilong-
jiang River carried much lower DIC concentrations (448 + 204 uM). In the Yangtze River, the DIC
concentration was high in the headwater and decreased rapidly downstream. In the Yellow River, high
DIC was distributed along the whole river. The DIC fluxes in the Yangtze, Pearl, and Yellow rivers were
among the top 25 values for the largest rivers of the world.

. The Yangtze, Yellow, and Pearl Rivers all transported millennium-aged DIC. The *C ages of the DIC

were the oldest (3,950 + 689 years) in the headwater of the Yangtze River. Furthermore, the Heilongjiang
River carried much younger (354 + 241 years) DIC than the other three rivers. The variable DIC '*C ages
and 8"°C values indicate that the riverine DIC was produced by different sources and largely controlled
by the environmental and geological setting of the drainage basin of each river. The linear correlation
between the DIC isotope values and major lithological ions (Ca®" and Mg**) suggests that chemical
weathering played an important role in controlling the production and distribution of DIC in the Yang-
tze River. The old DIC transported by the Yangtze, Yellow, and Pearl rivers could have an important
influence on carbon cycling and ecosystems in estuaries and coastal waters.

. Using dual isotopes and the MixSIAR model, we calculated that the weathering of carbonate rocks con-

tributed 95 £ 5% of riverine DIC in the headwater of the Yangtze River and the consumption of at-
mospheric and soil CO, during silicate rock weathering and OM respiration contributed 65 + 25% and
6 = 6% of the riverine DIC in the middle and lower reaches of the river, respectively. For the Yellow River,
the weathering of carbonate rocks and silicate rocks and OM respiration contributed 42 + 5%, 55 + 17%,
and 3 * 3% of the riverine DIC, respectively. Silicate rock weathering appeared to be a major source of
DIC in the Yellow River. For the Pearl River, 61 + 20% of the DIC was from silicate weathering, 9 + 6%
was from OM respiration and 30 + 4% was from carbonate weathering. In the Heilongjiang River, silicate
weathering and OM respiration were the major sources of DIC, and they together contributed 96 + 40%
of the DIC in the river.
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