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Abstract

Coastal river exports massive terrestrial materials to the adjacent marine environment with information about chemical
weathering, providing critical insights on riverine flux and the potential impact on marine ecosystem. In this study, the
preliminary data of dissolved strontium (Sr) and 37Sr/%6Sr in a typical coastal river in southeastern China were collected
along with hydrochemistry and C, N, S, and O isotopes to discriminate the source of terrestrial weathering and the riv-
erine flux. Sr concentrations exhibited a range of 0.084 ~1.307 pmol L', and 37Sr/*Sr values ranged 0.7089 ~0.7164.
The total cationic charge (TZ*) ranged 0.2~ 11.7 meq L~ with the predominant Ca** which accounted for > 50% of TZ",
while the anions were dominated by HCO;™. The extremely high Na* and Cl~ near the estuary indicated seawater mix-
ing in such a coastal river. §'3C-DIC, 615N-NO3‘, 6180-N03‘, and 634S-SO42‘ of river water ranged —24.1%0 ~ —9.2%o,
0.3%0 ~22.7%0, — 2.1%0 ~21.4%0, and — 9.3%o ~ 18.0%o, respectively. 8'C enhanced correspondingly to decreased 8,
confirming the attendance of H,SO, in carbonate weathering. Most 8'80 values exhibited within + 10%o, indicating the
dominant nitrification process. 8'°N presented slightly negative relationship with 8'3C and no obvious correlation with §**S,
indicating relatively limited impact of denitrification. The depleted 8'°C and 8'°N may be attributed to carbonate dissolu-
tion with nitric acids and the oxidation of organic matters into C and N pools. Quantitative analysis revealed that silicate
weathering accounts for 79% of total dissolved Sr, indicating the dominant weathering process. The estimated monthly flux
of dissolved Sr to the East China Sea was 138.1 tons, demonstrating an potential impact on seawater Sr isotope evolution.
Overall, the investigations of multi-isotopes revealed the enhancement of weathering rates and the consequently depleted
CO, consumption, which further proved the involvement of strong acids (H,SO, and HNO3). This study provides scientific
insight in terrestrial weathering and anthropogenic impact of a typical coastal watershed and may orient the management of
environmental issues related to coastal ecosystems.
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Introduction

As an essential connection between land and ocean, coastal
rivers export terrestrial materials from terrestrial weather-
ing to marine environment, which accordingly influence
the coastal carbon cycle and CO, consumption (Palmer and
Edmond 1989, 1992; Capo et al. 1998; Ding et al. 2017).
Chemical weathering leads a vital role in regulating ion
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composition and coastal river outflows (Gaillardet et al.
1999; Fan and Huang 2008; Cao et al. 2020; Mora et al.
2020) and dominates the CO, level through geological
times which makes great contribution to coastal and marine
carbon cycle (Krishnaswami et al. 1992; Wang et al. 2012;
Bertrand et al. 2022). Therefore, investigations on terres-
trial weathering and the quantification of source contribu-
tions to coastal riverine solutes have been widely conducted
throughout the world (Roy et al. 1999; Gaillardet et al. 2018;
Chen et al. 2020; Boral et al. 2021), providing us with fun-
damental understanding of the dynamic weathering pro-
cesses occurred in coastal riverine environment (Tripathy
and Singh 2010) and revealing the roles of both natural and
anthropogenic causes of changes in marine ecosystems.
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Terrestrial weathering in a coastal river basin mainly
depends on bedrock lithology, anthropogenic inputs, and
atmospheric wet/dry deposition. Previous works have indi-
cated that strong acids released via natural/anthropogenic
inputs may also have great impact on weathering process
(sulfide oxidation, nitrogen fertilizer, etc.) (Wang et al.
2012). Sr concentration and its isotope composition have
been widely demonstrated to be an effective tool for finger-
printing ion sources (Liu et al. 2016), identifying weathering
end-members, and estimating weathering rates and CO, con-
sumption budget, since 8’Sr/%Sr exhibit negligible variations
during weathering processes (Palmer and Edmond 1989,
1992; Krishnaswami et al. 1992; Negrel et al. 1993; Capo
et al. 1998; Mahlknecht et al. 2017). Strontium in riverine
systems can generally be expressed as a result of chemical
weathering from two end-members: One is originated from
carbonate mineral dissolution with higher Sr concentration
and lower ¥’St/*°Sr (0.708 ~0.710), while the other is silicate
weathering with lower Sr and higher 8’Sr/%6Sr (> 0.710) due
to enrichment of 87Sr (Zielinski et al. 2016; Zhang et al.
2019; Liu and Han 2020). The strontium concentration and
87Sr/%6Sr were investigated thoroughly in this study to reveal
the contributions of weathering agents in JLJ River basin
and provide basic insights on the potential origins of dis-
solved Sr and riverine fluxes into the ocean.

Multi-isotope coupling has been widely applied to
improve the precision of measuring and analyzing param-
eters of groundwater and surface water, especially those
cannot be interpreted thoroughly by one single isotope
(Aravena and Robertson 1998; Otero et al. 2009; Li and Ji
2016; Wu and Han 2018; Zeng and Han 2020; Zhang and
Wang 2020; Torres-Martinez et al. 2021). This method is
gradually adopted to the research of the large river ecosys-
tems in the world (Li et al. 2010b; Marchina et al. 2016;
Han et al. 2020), but the investigations on medium-sized
coastal river basin are still relatively rare. Jiulongjiang
(JLJ) River, the second largest river in Fujian Province
(southeast China), is a typical middle-size subtropical river
which is under the impact of coastal ecosystem. Consider-
ing the high-density regional population (more than 3.6
million) and rapid progress of urbanization within the JLJ
basin (Liu et al. 2021), the dissolved materials obtained
from terrestrial processes have been extensively altered
throughout the river flow and finally to the East China Sea.
Therefore, this change has threatened the environmental
security not only in the JLJ River basin, but also in such
an essential coastal ecosystem (Liu and Han 2020). Our
previous work on this typical coastal region has already
demonstrated the basic hydrological processes of regional
water cycle under the impact of anthropogenic influence
and precipitation (Yang et al. 2018; Li et al. 2019), the
sources of potential weathering agents based on geologi-
cal background and land use (Liu and Han 2020), and the
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dissolved inorganic carbon flux (Liu et al. 2019). However,
the end-member contribution and sources of chemical
weathering in detail under the background of both natural
and anthropogenic constraints is still unclear. In such cir-
cumstances, a further investigation of multi-isotope cou-
pling in this study could provide an explicit perspective on
terrestrial weathering under human disturbance and may
orient in solving environmental issues related to coastal
ecosystem.

The main aims of this study are to (a) characterize the
spatial distribution and variation of Sr and its isotopic com-
positions, (b) identify sources of dissolved Sr and its indi-
cations for weathering end-members, (c) demonstrate the
role of strong acids and other weathering agents combined
with hydrochemistry and multi-isotope data, and (d) esti-
mate the Sr output flux and weathering constraints based on
multi-isotopes. The results may deepen the understanding of
coastal environment and the ion flux to the adjacent ocean
under human perturbations.

Materials and methods
Study area

Jiulongjiang River (24°18'~25°88' N, 116°78'~118°03'
E, Fig. 1), with a drainage area of 14,087 km? and water
discharge of 14 km? annually, is the largest river in Fujian
Province which discharges into the East China Sea (Liu and
Han 2020). North River (NR, mainstream), West River (WR,
main tributary), and South River (SR, main tributary) are
three main channels of JLJ River. With the average tem-
perature of 21°C, JLJ basin is dominated by subtropical
oceanic monsoon climate with high rainfall amount and
about 75% of water discharge in the wet season (April to
September) (Liu and Han 2020). The upper reaches of the
JLJ River mainly flow through mountainous areas with high
vegetation coverage, relatively few human disturbances, and
a mean precipitation of 2000 mm annually. Lower reaches
flow through rural areas with less precipitation; that is, WR
exhibits an annual rainfall amount of 1754 mm (Liu and Han
2020). Under the circumstances of agricultural and indus-
trial development, a great amount of factitious wastes were
discharged directly or indirectly into river water, and a large
number of cascade reservoirs were constructed along NR
and WR (Yang et al. 2018). Cretaceous A-type and I-type
granites (98—119 Ma) are predominantly underlain in JLJ
River basin with a relatively small amount of Jurassic clas-
tic rock and carbonate (Liu et al. 2019; Liu and Han 2020).
A bit of sandstone is distributed along the estuary with no
obvious existence of evaporites. There also exists some coal-
bearing formations in the upper basin.
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Fig. 1 The location of sampling sites and geological map in JLJ River basin. Data of the lithology distribution were derived from the literatures

(Li et al. 2019; Liu and Han 2020)

Sampling and measurement

Water samples were collected at a depth of 15 cm from river
center along the JLJ River in June 2017 (wet season), cover-
ing 42 sites in the name of N1-23, W1-10, S1-4, and E1-5
for NR, WR, SR, and the estuary (E), respectively (Fig. 1).
Samples were stored in pre-cleaned high-density polyethyl-
ene (HDPE) bottles after rinsing, and samples for specified
analysis were filtered through a 0.22-pm membrane (Mil-
lipore) in situ and stored in a 2-mL glass bottle. All contain-
ers were sealed and preserved at approximately 4°C before
measurement (Liu and Han 2020).

Water temperature, pH, EC (electric conductivity), and
DO (dissolved oxygen) were measured in situ using a YSI
water quality monitoring meter. Major cations (Ca**, Mg?",
K*, Na™) and anions (SO,>~, NO;~, CI™) were derived by
ion chromatography (DIONEX ICS-900) in the Institute
of Geographic Sciences and Natural Resources Research,
CAS. The relative standard deviations of major ions and Sr
concentration were within +5%. The accuracy of analysis

was determined by replicate samples and standard solutions,
together with reagent and procedural blanks. Further details
can be found in our previous work (Liu and Han 2020).
The pre-treatment and measurement of 8'>C-DIC fol-
lowed the method of previous research (Atekwana and
Krishnamurthy 1998; Qin et al. 2020). In short,~ 10 mL of
each sample was injected into glass bottles with magnetic
stir bars and 1-mL 85% phosphoric acid. After converting
to CO, from DIC via chemical reaction, CO, was extracted
into a vacuum line and passed through the N, cooled ethanol
trap to separate H,O. Next, CO, was transferred into a tube
cryogenically for isotopic analysis. The 8'°C-DIC of col-
lected samples was performed relative to V-PDB (accuracy
of +0.1%0¢) by a mass spectrometer (Finnigan MAT252).
For the analysis of N and O isotopes in NO;~, samples
were firstly filtered and stored in a freezer (< —20 °C) to
inhibit microbial activity and then determined via denitri-
fier method following previous study (Zeng et al. 2020b;
Liu et al. 2021). Basically, after mixing with denitrify-
ing bacteria in the vials, NO;~ was converted to N,O and

@ Springer



61400

Environmental Science and Pollution Research (2022) 29:61397-61411

further purified for isotopic analysis. NaOH was also applied
to remove other gases and prevent biological activities.
The dual isotopes of nitrate (8"N- and 6180—N03_) were
derived relative to atmosphere N, (accuracy of +0.3%o)
and V-SMOW (accuracy of +0.5%o), respectively. For 8°*S
analysis, the dissolved SO,*~ of water samples were con-
verted to barium sulfate precipitation (BaSO,) by adding
10% barium chloride solutions (BaCl,). After enough resting
time (50 h), samples were filtered through a 0.22-pm mem-
brane to separate the precipitation and then calcined under
800 °C for nearly 40 min. The determination of S stable
isotope (634S—SO42_) was conducted using Finnigan Delta-C
isotope IRMS, and the results were relative to V-CDT (Liu
and Han 2020). Water samples for Sr isotopic analysis were
dried directly on a hotplate at 90 °C and then treated with
2-mL concentrated HNO; to remove any organic material.
Finally, the solutions were dried and completely dissolved in
a 2-M HC1+0.1 M HF mixture before chemical separation.
The one-step separation procedure via AG50W-X12 resin
can be found in our previous work (Li and Han 2021). After
the column protocol, the samples were dried at 90 °C and
re-dissolved in HNO; and then evaporated until dryness and
dissolved in 2 vol% HNO; for measurement. The Sr isotopic
analysis was performed by a Nu Plasma 3 multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-
MS, Nu Instruments, UK) in the Surficial Environment and
Hydrological Geochemistry Laboratory in China University
of Geosciences (Beijing). Internally normalized 3’Sr/%6Sr
ratios were derived to avoid mass bias using a constant
86Sr/%8Sr value (0.1194) with the exponential law. Before
running the isotope analytical sessions of samples, about
500 ppb standard solution of Sr (NIST SRM 987) was intro-
duced into the plasma source, yielding an average value of
0.710299 +42 (2SD, N=14) for evaluating the accuracy of
the instrument.

Results
Physicochemical parameters

The statistics of hydrochemistry in JLJ River are pre-
sented in Table 1. Water temperature (7) had an average
of 26.5°C in the wet season, and river waters were slightly
alkaline (average pH=7.2). The TDS and EC values were
91 mg L™! and 160 pS cm™! in the wet season, respec-
tively. Compared with other rivers in China, the mean
TDS value (91 mg L™!) was lower than that in Wujiang
River (403 mg L™!) (Lang et al. 2006) and Yellow River
(502.5 mg LY (Wang et al. 2012). The total cationic charge
(TZ* =2Ca’* +2Mg*" + K" +Na™) ranged from 0.2 to
11.7 meq L~!, and Ca®** was the dominant cation in JLJ
River, accounting for more than 50% of TZ*. The anions
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Table 1 Descriptive statistics of hydrochemical parameters, major
ions, and multi-isotope compositions in JLJ River water (n=42)

Parameters Units Min Max Mean SD
T C 21.5 31.8 26.5 22
pH 6.4 7.6 7.2 0.3
EC pS cm™! 21 1602 160 242
Na* mg L' 1.5 189 10.7 30
K* mg L' 1.1 112 3.2 2.1
Ca®>* mgL™! 1.5 30 10.5 5.4
Mg** mg L' 0.3 26.4 3.7 44
Cr- mg L~ 0.9 110 8.1 17.1
NO;~ mgL~! 0.9 69 10.5 11.1
Neka mg L™ 1.4 92 17.8 18.1
HCO;~ mg L™ 7.5 49 22.1 9.2
Sio, mg L™ 11.3 24.8 15.8 3.7
TDS mgL™! 23 371 91 64
TZ* meq L™! 0.2 11.7 1.4 1.8
TZ~ meq L™! 0.2 4.4 1.2 0.8
Sr pumol L™!  0.084 1.307 0.490 0.2
87S1/30Sr 0.7089  0.7164  0.7133  0.002
813C-DIC %o -241  -92 -11.8 29
8'N-NO;™ %o 0.3 227 5.0 3.7
S80-NO,™ %o -2.1 21.4 24 4.1
5%8-S0,2~ %o -93 18.0 -0.4 6.7

n indicates the number of samples. TZ" represents the total cationic
charge; TZ™ represents the total anionic charge; TDS represents the
total dissolved solid; the data of 5**S-SO,>~ are referenced from our
previous work (Liu and Han 2020)

were dominated by HCO;™. It is noteworthy that samples
near the estuary and the lower reaches of SR displayed
extremely high Na* and CI~ concentrations, which may due
to seawater mixing around the estuary. To eliminate dilution
effect, the elemental ratios of major ions were applied in the
discussion section.

Sr concentration and isotope compositions

The strontium concentration and its isotopic ratios of JLJ
River are shown in Table S1 and Fig. 2. The Sr concentra-
tions of JLJ River varied within a wide range from 0.084
to 1.307 pmol L~! (average 0.49 pmol L), lower than the
global mean value (0.89 pmol L™!) (Palmer and Edmond
1992) and the Yangtze River (2.4 pmol L") (Chetelat et al.
2008). The Sr concentrations of NR varied between 0.084
and 0.903 pmol L~! (average 0.458 pmol L™"). For the two
main tributaries, the Sr concentrations of WR varied from
0.356 to 1.022 pmol L' (average 0.537 pmol L™!), while
SR varied between 0.399 and 0.482 pmol L™! (average
0.436 umol L™"). Sr concentration of NR slightly decreased
along the river flow, whereas that of WR increased. There
were no significant variations in SR.
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Fig.2 The spatial distribution patterns of Sr and its isotopic compositions in JLJ River basin
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Fig.3 Box graph of Sr isotope ratios in JLJ mainstream, tributaries,
and the estuary

The range of ¥’Sr/®6Sr in JLJ River was shown in the
box chart of Fig. 3. The ’Sr/%Sr ratios of the JLJ River
water varied from 0.7089 to 0.7164 (average 0.7133),
slightly higher than those in the previous research of Xiji-
ang River (0.7085-0.7103) in southwest China (Wei et al.
2013), but lower than those in southern Himalayan rivers
(0.7115-0.7822) (Bickle et al. 2003; Oliver et al. 2003;

Singh et al. 2006). The mean value of 37Sr/%Sr is slightly
higher than world average (0.7119) (Palmer and Edmond
1992). It should be noted in Fig. 2 that the Sr isotopic ratio
of NR is slightly higher in comparison with WR and SR
with an average of 0.7145. The decreasing of Sr isotopic
ratios along with river flow may be attributed to the ele-
vated surface runoff from other tributaries which provide
waters with lower isotopic composition. The most dramatic
fluctuation of ¥’Sr/*0Sr occurred between N22 (0.7158) and
N23 (0.7089) where WR and NR converged. A small drop
in ¥’Sr/%°Sr values was also recorded between sample N15
(0.7162) and N16 (0.7108), indicating the involvement of
some local, yet unspecified, Sr sources with lower 37Sr/%0Sr.
Nonetheless, since Sr concentration and discharge of SR
were both lower than those of the estuary, the influence of
SR on the Sr budget of the estuary is negligible.

Multi-isotope compositions ('3C-DIC, > N-NO;™,
180-NO,", 45-50,%)

As shown in Table 1, measured 8'>C-DIC in river waters
ranged —24.1%o0 ~ —9.2%o (average — 11.8%o) in the wet
season. The 8'3C-DIC value of NR was slightly higher
than that of WR and SR. The §'°N-NO;" in river waters
varied between 0.3 and 22.7%0 (average 5.0%oc), and
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8'80-NO;~ varied — 2.1%0 ~21.4%0 (average 2.4%o). It is
noteworthy that SR had 85N values three times higher than
that in WR and NR, indicating different nitrate sources.
The §°*S-SO,> of JLJ River ranged from —9.3 to 18.0%o
with a mean value of —0.4%o. An increasing trend in
634S-SO42‘ values in NR was exhibited in the wet season,
and the §°#S-S0,* signals in SR were higher than those in
NR and WR. The average 5°*S-SO,>~ value of JLJ River was
much higher than that in Wujiang River (Li and Ji 2016; Liu
and Han 2020).

Discussion

Sr isotope constraints on the implications
of weathering

Sr variations and its implications

Low 1/Sr and Si/TZ?* ratios of water samples in river basins
could be connected to carbonate weathering, whereas high 1/
Sr and Si/TZ" signature indicates the appearance of silicate
weathering (Chen et al. 2020), since St has similar chemical
properties to Ca as an alkaline earth metal and could replace
it by isomorphism. 1/Sr exhibited a strong polarized trend

87 87
( > = < ) X St + < Sr> X St + < S
riv w carb

86,

86g,

86, 86,

> < 87
X Sr,, +
ev

against Si/TZ" in JLJ River basin (Fig. 4a), implying mixing
end-members. It is noteworthy that N1, N2, N3, and N13
sites have extremely high 1/Sr and Si/TZ*, while N4 has
much lower 1/Sr and Si/TZ*. Considering regional lithology
(Fig. 1), N1-3 and N13 are generally silicate dominated,
while N4 is carbonate dominated. Furthermore, samples
W35, W9, and W10 exhibited lower 1/Sr and Si/TZ* as com-
pared to other sites in WR, which may be attributed to the
convergence of other small tributaries (W5) or the effect of
cascade dams near hydrological stations (W9 and W10). In
addition, a simple mixing relationship was also identified
in the mainstream (NR) when plotting 8’Sr/%®Sr versus 1/
Sr, but no obvious relationship was found in two tributaries
(WR and SR) (Fig. 4b), indicating additional end-member
contributions.

The end-member contributions on dissolved Sr

The determination of Sr end-member contributions is rather
essential, since silicate-derived Sr flux could indicate the
solid Earth CO, degassing process to alter coastal climate
(Wang et al. 2007). The relative contributions of silicate
and carbonate weathering can be derived from single end-
member values by bedrock Na/Sr, Mg/Sr, and Ca/Sr ratios
and Sr isotope ratios. The proportion of strontium isotopic
compositions is calculated as follows (Wang et al. 2007):
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Here, (¥7S1/%Sr),,, (¥7S1/%Sr),,,, (¥7St/%0Sr) ;10
(®7S1/%68r),,, and (¥7Sr/%Sr), represent the 87Sr/%Sr isotopic
ratios of river water, rainwater, carbonates, evaporates, and
silicate rocks, respectively. S7,y, STeary STey» and St repre-
sent the relative contribution proportions of each end-mem-
ber. Due to lack of 8’Sr/%6Sr data for carbonate and rainwater
in JLJ River basin, we took the commonly referenced value
of 0.709 in carbonate rivers and rainwater which is rela-
tively closest to our study region (Han and Liu 2004). Since
no evaporites appeared in JLJ River basin, the (87Sr/8(’Sr)eV
were neglected. The ¥’St/%Sr ratio of 0.716 determined for
continental crust was regarded as the Sr isotope composition
of silicate reservoir (Capo et al. 1998). The formula can thus
be simplified as:

87
( Sf) = (St + Sregp) X 0.709 + Sr X 0.716  (2)
8651‘ riv

Together with a simple mixing equation
(87 + STeu, + St =1), the conclusion can be drawn that
the mean proportion of carbonate weathering and rainwater
accounts for 21% of total dissolved strontium in NR, while
silicate weathering accounts for 79%. For two tributaries, the
carbonate weathering and rainwater accounts for 58% of dis-
solved Srin WR, whereas silicate weathering occupies 42%.
And SR are 72% and 28%, respectively. Furthermore, the
utilization of runoff coefficient in JLJ River basin can further
discriminate the relative contribution of rainfall event from
carbonates, since the rainfall events are generally coupled
with hydrological responses in duration and runoff (Chen
et al. 2022; Zeng et al. 2022). Thus, we took the monthly
runoff coefficient of 0.53 in NR in the wet season as our ref-
erence value (Gao et al. 2018). The result shows that rainwa-
ter contributes 11% of total dissolved Srin NR and carbonate
weathering contributes the other 10%. The results generally
indicate that the JLJ River basin is dominated by silicate
rocks, while the lower proportions of silicate contribution
to Sr isotopes in tributaries may be attributed to other poten-
tial chemical and geological impacts. Comparing to a recent
research on the Mun River (the largest tributary in the pan-
Mekong River basin) (Zhang et al. 2021), the silicate weath-
ering contributions of the JLJ mainstream (79%) are nearly
twice as high as that of the Mun River (37%) in Thailand,
even though both two rivers are within the monsoon climate
zone (Zeng et al. 2020a; Zhang et al. 2021). These variations
are probably due to different regional geological conditions,
since the Mun River basin is dominated by evaporite dis-
solution (Li et al. 2021), whereas the JLJ River is generally
controlled by silicate weathering. However, considering the
relatively insufficient sampling time, accuracy of laboratory
analysis, and lack of rainwater measurement, the calculation
results of this study may still exist with uncertainty to some
extent and need further probabilistic investigations.

In order to determine Sr contributions from different
rocks, molar ratios and the distribution of Sr isotope ratios
were investigated in Fig. 4c. Most samples in JLJ River
have lower Ca/Sr ratios and higher Sr isotope ratios as com-
pared to Yellow River, Xijiang River, and Yujiang River,
implying that dissolved Sr mainly originated from silicate
weathering, whereas the contributions from carbonates are
relatively small. The weathering proportions of silicate rocks
can also be presented via plotting ’Sr/%°Sr against Ca**/
Mg?* (Fig. 4d), as the weathering products of silicate rocks
have higher ¥’Sr/%0Sr values (Krishnaswami et al. 1992) and
generally lower Ca**/Mg>" ratios (Wei et al. 2013).

Dissolved Sr flux and constraints on oceanic 87Sr/26Sr

Quantitatively estimating the flux of dissolved strontium can
provide insight into the impact of Sr flux to oceans, since JLJ
River flows into the East China Sea through Xiamen Bay.
In this study, the Sr flux of the JLJ River can be estimated
by river discharge and the concentration of dissolved Sr.
In addition, there is no obvious annual variation of river
runoff based on historical data. The data of river discharge
in JLJ main stream and its tributaries are derived from Liu
et al. (Liu et al. 2019). Station Punan and Station Zheng-
dian were chosen to represent the mean river flux values in
NR (520.83 m* s7!) and WR (224.92 m® s71), respectively.
Since there isn’t any hydrological station in SR, the average
total river flux value in the wet season (808.4 m®s™") (Wang
et al. 2013) was applied to subtract the value of NR and WR
to obtain an estimate flux value of SR (62.65 m> s™'). We
choose sites N23, W10, and S4 to represent the dissolved
Sr concentrations of each river, since they are located at
the most downstream channels without tidal influence. We
assume the constancy of their concentrations during the
sampling period. Therefore, the discharge-weight Sr con-
centration was calculated to be 0.066 mg L', and the river
output flux of dissolved Sr can be estimated in the wet sea-
son according to the Sr mass concentration of end-member
input. The equation is simplified as:

F;=Q; xG 3)

Table 2 Sr flux of JLJ in the wet season

NR WR SR Total
Q0 m’s™' 52083 22492 6265 8084
o mgL™ 0079 0.043 0.039
F; t/m 106.65  25.07 6.33 138.1
Percentage % 77 18 5 100
Excess flux t/m 0.63
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Here, F| represents the flux of dissolved Sr in river water
(t/day or t/month); Q; represents the average discharge of
river in the wet season (m> s™); C; represents the average
mass concentration end-member of dissolved Sr near the
estuary (mg L™1). The results demonstrate that the monthly
flux of dissolved Sr from the JLJ River to the East China Sea
is around 138.1 t m~! (Table 2) in total with the ¥’Sr/%®Sr
of 0.7135, in which the Sr flux of the main stream (NR)
accounts for 77%, together with 18% and 5% from WR and
SR, respectively. However, considering relatively insufficient
sampling time and the accuracy of measurements, there is
still some uncertainty in this calculation result which require
further study.

The ¥7Sr,y s, flux (Wang et al. 2007) is a measurement
of the relative flux of ’Sr in excess of seawater strontium
isotope composition (0.709) and can be derived from the
following equation:

89r _ flux =

excess

87Sr
Sog; ~ 0709 ) x Total Sty )

The calculated result of the JLJ River is around 0.63 t/m
in the wet season. According to a recent research on the
largest tributary of the Mekong River (Mun River, Thailand)
(Zhang et al. 2021), its annual discharge (2.6 x 10'° m®) and
total basin area (71,060 km?) are relatively comparable with
the JLJ River in SW China (with a discharge of 1.4 x 10!
m?> and an area of 14,087 km?). However, the ¥’Sr in excess
to the Mekong River (and finally to the Pacific Ocean) was
estimated to be only 0.06 tons each year (Zhang et al. 2021),
much less than that of the JLJ River. Considering relatively
lower discharge and smaller basin area in our study region,
these results obviously indicated the essential impact of JLJ
River on the adjacent seawater Sr isotopic records.

The impact of strong acids in weathering processes
and C cycle

According to the Gibbs diagram of JLJ River presented in
Fig. S1, it is obvious that most water samples exhibit the
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Nat/(Nat + Ca*") ratio of 0.1~0.6 (average 0.3) and the
CI'/(C1” + HCOj5") ratio of 0.04~0.5 (average 0.2), indi-
cating the primary dissolved ion source of rock weathering,
rather than evaporation and precipitation. When provid-
ing sufficient sources of acids, sulfuric (H,SO,) and nitric
(HNO,) acids can be demonstrated as strong weathering
agents (Perrin et al. 2008; Rao et al. 2017; Liu and Han
2020). Carbonate weathering by strong acids produces dis-
solved inorganic carbon (DIC) without consuming atmos-
pheric CO,. However, silicate weathering by strong acids
plays a minor role on carbon cycle due to non-participation
of carbon. As powerful tracers, 634S-SO42_ and dual isotopes
of nitrogen have been widely applied in identifying sulfate
and nitrogen sources (Li and Ji 2016; Liu et al. 2017) and,
furthermore, the strong acid impacts on chemical weathering
processes in coastal rivers.

Sulfate sources based on S isotope

As a common sulfide mineral, pyrite usually occurs in sedi-
mentary and igneous rocks (Spence and Telmer 2005) with
the global contribution of 28% in riverine sulfide due to oxi-
dative weathering (Burke et al. 2018; Ge et al. 2021). There
exists a large magnetite mining area in NR basin, and its
contact zone is abundant in sulfide. There are several small
coal mines situated in Longyan City as well. The chemical
reaction equations of carbonate and silicate dissolution by
H,CO; and H,SO, agents are as follows:

H,CO;-carbonate weathering (CCW)

Ca,_, Mg, CO; + H,CO, — (1 —x)Ca’* + xMg”* + 2HCO;
®
H,SO,-carbonate weathering (SCW)
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2Ca,_ Mg, CO; + H,S0, — 2(1 — x)Ca’* + 2xMg** + 2HCO; + SO}~ (6)
H,CO;-silicate weathering (CSW)

CaAl,Si,04 + 2CO, + 4H,0 — Ca’t + 2HCO3_ + 2510, + 2A1(OH); @)

NaAlSi;Og + CO, + 2H,0 — Na* + HCO; + 3Si0, + AI(OH),
®
KAISi; 04 + CO, + 2H,0 — K* + HCO; + 3SiO, + Al(OH),
®

H,SO,-silicate weathering (SSW)

CaALSi,04 + H,SO, — Ca? + SO; + 2Si0, + 2AI00H
(10)

2NaAlSi;Og4 + H,SO, —> 2Na* + SOZ‘ + 6Si0O, + 2AI00H
an
The major weathering products of carbonate and silicate
weathering include HCO;™, Ca’*, and Mg?*, with a small
number of Na*™ and K* when only HCO;™ is involved, so the
equivalence ratio of (Ca** +Mg>" +Na* +K*)/(HCO;")
should be close to 1. However, all river samples of JLJ River
have larger ratios with the maximum of 11.31 and minimum
of 1.24 (average 2.86), implying extra balance contributed
by strong acids other than the original anions.
The natural sources of sulfate mainly include evaporite
dissolution, atmospheric input, sulfide oxidation, and anthro-
pogenic input. The effects of evaporite dissolution in JLJ are

quite limited according to regional geologic setting (Fig. 1).
Previous research have found the great impact on JLJ river-
ine chemical composition by anthropogenic activities, but
the pollution source differentiates among NR, WR, and SR.
Pollution source of NR is more related to coal mining and
urban sewage (sulfide oxidation), whereas WR and SR are
more related to urban sewage and anthropogenic agricultural
wastes (nitrogen fertilizer) (Liu and Han 2020).

As shown in Fig. 5a, sulfate in JLJ River water came
from anthropogenic inputs and the sulfide oxidation. The
positive correlations between 8°*S and 1/SO,>~ indicate
mixing process from multiple sources. Mining activities
lead to the oxidation of reduced sulfur and contribute more
to the upper reach of the JLJ River, since the mining area
is widely distributed in the upper part of the basin. There-
fore, sulfuric acid produced from sulfide oxidation could
become a useful agent of carbonate weathering. Figure 5b
indicates the relationship between 8**S and 8'*C-DIC in the
JLJ River. Enhanced §'*C-DIC values along with decreasing
S values confirm the attendance of H,SO, in the weather-
ing process of carbonates, which is also in consistency with
the findings from Li et al. (Li and Ji 2016).
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basin, b compositions of N-O 4t \Atzl'lt"lmral inputs A SR (Tributary)
. : : < N Fertilizer and
1sotopes from'varlous'so.urces in E— & Estuary 5 16 I+ stospherie
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The constraints of nitrate sources by N-O dual isotopes

The headwater of JLJ River flows through the karst area
with complex geographical conditions. Cities and towns are
densely distributed along the river with developed indus-
try and cascade dams. In addition, the area of irrigation
and agricultural fertilization accounts for a large propor-
tion of land use in JLJ River basin. Therefore, the source
of NO;™ in JLJ River is quite complex. Potential sources of
nitrate mainly include precipitation, nitrogen fertilizer, urban
sewage and manure, and soil organic nitrogen (SON). Lower
CI™ concentrations and higher NO;7/CI™ ratios can be found
in chemical fertilizers (Li and Ji 2016), whereas domestic
inputs are generally on the contrary. Therefore, the varia-
tion of NO;7/CI™ is widely applied to distinguish the impact
of anthropogenic activities. As shown in Fig. 6a, domestic
inputs (manure and sewage) had less impact on river waters,
while fertilizer and precipitation made greater contribution
to nitrogen in JLJ River. Elevated NO;™ concentrations along
with enhanced SO42_ exhibited in the upper reach (N1-N5),
demonstrating atmospheric deposition from mining area as
a common source of NO;~ and SO,>".

Stable isotope analysis is increasingly applied to inves-
tigate connectively in coastal aquatic-terrestrial ecosys-
tems (Nakayama et al. 2018; Jiang et al. 2020). Dual iso-
topes of nitrate (§'°N-NO;~ and §'*0-NO;") were plotted
in Fig. 6b with typical source isotopic compositions to
discriminate nitrite source, since different N sources have
distinct N-O isotope signal (Kendall et al. 2007; Grabb
et al. 2021; Jiang et al. 2021). As shown in Fig. 6b, §'°N
in most river samples generally falls into the range of
three factors: nitrogen fertilizer/atmospheric deposition,
manure/sewage, and SON (dominant input). Although pre-
cipitation has less impact on NO;™ in river water because
of the lower NO;™ content of rainwater, larger runoff in the
wet season would be regarded as an important transport
process to carry more soil N and fertilizer into the river,
which significantly affect the NO;™ content. It is note-
worthy that an extremely high N-O isotopic composition
appears in SR (sample S1), which may be attributed to the
superimposed effects of urban waste water and denitrifica-
tion. In addition, 6180—NO3_ can be used to discriminate
the sources of water nitrification and atmospheric deposi-
tion, since the 6180—N03_ of nitrification generally varies
between — 10 and + 10%o, while that of atmospheric depo-
sition was larger than 60%. (Kendall et al. 2007; Wang
et al. 2022). The §'80-NO;~ compositions in most samples
are in the range of + 10%o, indicating the dominant process
of nitrification.

In addition to nitrate isotopes, 8'3C-DIC and
834S-S0,%~ can also be applied to discriminate the sources
and transport of riverine NO;™ (Li and Ji 2016). Under gen-
eral circumstances, organic matters and/or sulfides contribute
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electrons in denitrification process (NO;~ — N, or N,0),
which could increase 8'°N- and §'80-NO;~ while simulta-
neously decrease 8'°C-DIC and 8*S-S0O,*, since lighter
isotopes are preferentially utilized (Kendall et al. 2007). The
variation trend of §'°N-NO;~ versus 8'3C-DIC plotted in
Fig. 6¢ presented a slightly negative relationship, whereas
the crossplots of 615N-NO3_ versus 8*#S-S0,2~ (Fig. 6d)
exhibited no obvious relationships, indicating relatively
limited impact of denitrification process on JLJ River basin
during the sampling period. The depleted 3'°C-DIC values
and 8'°N-NO;™ may be attributed to the oxidation of organic
matters into C and N pools according to previous research
(Li and Ji 2016). Nitric acid originated from SON oxidation
can also occur in carbonate weathering; thus, the slight vari-
ation of 8'°N-NO;~ and §'*C-DIC may be explained by car-
bonate dissolution with nitric acids produced from the nitri-
fication process. Furthermore, the slightly increasing trend
of 8"°N-NO;~ and §**S-SO,*>~ may be attributed to deriving
from atmospheric input, and a better explanation could be
made if the typical isotope range of regional N and S from
rainwater is accessible. The unclear relationships between
8'°N-NO;~, §"°C-DIC, and §**S-SO,*~ may also result from
other mixing factors, such as precipitation intensity and the
amount of riverine discharge during the wet season, which
may be further elaborated in the future research.

Carbonate weathering by strong acids: evidence from C
isotope

Although granite bedrock dominates the lithology of JLJ
River basin, the role of carbonate weathering still attracts
significant attention, since carbonate rocks generally
weather faster than silicate rocks (Gaillardet et al. 2018).
Therefore, carbonate rocks and minerals are quite sensitive
to various perturbations. JLJ River basin has a regional
distribution of sulfide-associated iron deposits in the upper
reach, corresponding with carbonate distribution. There-
fore, the sulfuric acid contribution of carbonate weather-
ing should be considered thoroughly.

As an important component of dissolved carbon trans-
portation and main product of chemical weathering (Yin
et al. 2020), DIC is composed of aqueous CO,, H,CO;,
HCO;~, and CO,*~ which could be identified by pH. Dis-
solved HCO;™ is the major component of DIC in the JLJ
River and is equivalent to §'*C-DIC within the basin.
Carbon evolution can thus be constrained by §'*C-DIC
because of its relations to various DIC sources and bio-
geochemical processes, such as soil and atmospheric CO,
(outgassing and exchange) and carbonate dissolution. To
simplify the analysis, we assumed that riverine 8'*C-DIC
values have rather limited effects from photosynthesis
process and CO, outgassing. Therefore, according to the
weathering reactions with carbonate minerals, riverine
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Ca**, Mg**, HCO;™, and SO,*~ (or NO; ™) can be regarded
as a mixing of carbonate weathering products. The con-
tributions of H,CO; and H,SO, (or HNO;) on carbonate
weathering in JLJ River are represented as follows:

HCO; /(Ca** + Mg?) =2

SO;™/(Ca®* +Mg*) =0

HCO, ( HCO, - ( HCO, 5
_— = _— Ot (——— - 7)) =
Ca+ Mg theory it Ca + Mg sulf carb Ca+ Mg carb SO4 /(HC03 ) O
(12)
13 —
( SO4 ) ( SO4 ) N ( 504 ) 8"°C —DIC = —13 + 2%o0
e = o If s ., A T ———
Ca+ Mg’ heory W Ca+ Mgy T Cat Mgy, (2) H,SO,/HNOj;-derived carbonate weathering:
(13)
553 C ( HCO;, ) s3 ¢ ( HCO;, ) 18dcC ( HCO, (14)
—_—m = a — = (x —_—
theory Ca+ Mg thoory sulf Ysulf Ca+ Mg i carb“carb Ca+ Mg carb
Agurf + Kearb = 1 (15)
where the a_,, (@) denotes Ca** (Mg?*) proportions
produced by H,CO; (H,SO,) weathering. The chemical
ratios and isotopic values with their errors of two weather-
ing reactions are shown as follows:
(1) H,COs;-derived carbonate weathering:
0 — - r 0 > 7 0 3
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Fig.7 8'3C-DIC values versus molar ratios of CO;57, SO42‘, NO;7,
and (Ca’*+Mg?*") in JLJ river waters. The anthropogenic and
atmospheric inputs were corrected in the molar ratios. Yellow (8'3C-
DICH2C03 wealhering= —11 and 613C_I)ICHZSO4 weathering=2) and blue
(SISC_DICH2C03 weathering — 15 and 613C_DICHZSO4 weathering — -2
solid lines represent the theoretical mixing lines between carbon-

NO/HCO; (molar ratio)

ate weathering triggered by H,CO; and strong acids (H,SO, and
HNO;). The dashed lines represent the mixture assuming 30% of
(Ca®* +Mg>*) precipitation after carbonate dissolution. Gray solid
points represent data from Xijiang River, Wujiang River, Houzhai
River, and Beipanjiang River in literatures (Li et al. 2008, 2010a; Li
and Ji 2016; Zhong et al. 2017, 2018)

@ Springer



61408

Environmental Science and Pollution Research (2022) 29:61397-61411

HCO; /(Ca** + Mg?h) = 1

SO2™/(Ca™ +Mg™) = 0.5 SO¥ /(HCO;) = 0.5
NO; /(Ca®* + Mg?*) = 1 NO; /(HCO;) = 1
8!3C — DIC = 0 + 2%o0

This equation set has been solved by an inversion algo-
rithm compatible to all parameters. The detailed informa-
tion about this technique can be found in previous research
(Spence and Telmer 2005; Li et al. 2008). The data was
already corrected for atmospheric inputs and other end-
members. As shown in Fig. 7, about one third of the
data presented is located within the range of H,CO; and
H,SO,/HNO; weathering (Fig. 7b—7¢), implying the con-
tributions from strong acids. These results are also dem-
onstrated by positive relationships between &'*C-DIC and
SO,*/(Ca*t + Mg?™).

The outranged data from the mixing lines probably
indicate the predominant source of silicate weathering. In
the JLJ River basin, the HNO;-derived carbonate weath-
ering makes more contribution to the whole weathering
process than that of H,SO, weathering, and the data dis-
plays a certain degree of deviation comparing to other
researches on southwest China (gray dots in Fig. 7),
reflecting the impact of different lithologies due to wide
distribution of carbonate rocks in karst regions in south-
west China. Moreover, according to previous research, the
dominant local vegetation in JLJ River basin is C4 plants
with the mean 8'3C value of — 28.7%o, and the 8'°C of
soil CO, should be —24.3%o after the correction of iso-
topic fractionation (Cerling et al. 1991). Samples N12,
W1, and W2 in JLJ River all have relatively low 8'°C
values (—24.12%o0 ~ — 17.72%o), indicating the potential
impact of soil CO,. Photosynthesis and CO, degassing
could increase 8'3C-DIC values to some extent (Li et al.
2010a; Li and Ji 2016). Therefore, our results of carbon-
ate weathering contribution by H,SO, and HNO; derived
from mixing models and 8'>C-DIC values may be over-
estimated on the total budget to some extent.

Other potential constraints on coastal riverine
weathering

Chemical weathering rates can be constrained by many
factors, such as lithology, climate (temperature and pre-
cipitation), geomorphology, and tectonics (Gaillardet
et al. 1999, 2018). According to our previous research
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about riverine hydrochemistry (Li et al. 2019), the calcu-
lated carbonate and silicate weathering rates of the JLJ
River basin are 2.2 x 10° mol km~2 and 3.7 x 10°> mol km~>
each year, respectively, and the real CO, consumption rate
in JLJ River basin is 85.5% (or less) without considering
the contribution of H,SO, and HNO;. The carbon sink
CO, consumption may thus be overestimated due to the
ignorance of strong acid effects on chemical weathering.

Previous study has indicated that the carbonates,
highly sensitive to climate changes and human perturba-
tions, generally weather 10-20 times faster than silicate
rocks (Gaillardet et al. 2018). The consequently increased
runoff with higher temperature would also change river-
ine solutes, resulting in the deviation of thermodynamic
equilibrium in mineral dissolution. The relationship may
also rely on the influence of soil moisture, soil CO,,
and far more agents. Although the mainstream exhibited
rather limited impact of carbonate weathering on C cycle
and climate change in a long-time scale (Ma), its fast
perturbation to the carbon cycle at short-term scale is
still remarkable (Xu et al. 2021). The process involved
in terrestrial weathering would boost the coupling and
interaction of basic elements on coastal riverine geochem-
istry, thus further affecting the adjacent marine ecosys-
tems. However, the multi-isotope analysis of this study on
coastal river system still has some limitations which may
cause a certain impact on weathering calculations. Firstly,
since the sampling was only done in the wet season, the
seasonal variations of riverine solutes and water discharge
may influence the analysis. Therefore, further compari-
son between two different seasons is necessary in such a
monsoon-impacted coastal region in the future. Secondly,
the uncertainty of input data may produce some deviation
in the outcomes of end-member contribution, and this
may be better illustrated via probabilistic methods like
Bayesian (Ju et al. 2021) or Monte Carlo approach, which
could be applied in future research.

Conclusions

Dissolved Sr combined with multi-isotope analysis of the
JLJ River was investigated to fingerprint coastal water
sources and coupling interactions. The specific conclu-
sions are as follows:

(1) The total cationic charge (TZ") ranged 0.2~ 11.7 meq
L' with the predominant Ca’>* which accounted
for>50% of TZ*, while the anions were dominated by
HCO;". The extremely high Na* and C1™ near the estu-
ary indicated seawater mixing in such a coastal river. Sr
concentrations of JLJ River varied 0.084 ~ 1.307 pmol
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L~!, and ¥St/%0Sr varied 0.7089 ~0.7164, slightly
higher than world average.

(2) Dissolved Sr inputs are mainly affected by precipita-
tion, weathering, and bedrocks. Silicate weathering
accounts for 79% of dissolved Sr in JLJ mainstream,
which is in line with lower Ca/Sr and Ca®*/Mg?* ratios
and higher 3’Sr/%Sr values. The monthly Sr flux to the
East China Sea is around 138.1 tons with the contribu-
tion of 77% in JLJ mainstream. The calculated ®Sr, .
flux indicates an essential influence on the strontium
isotope evolution in the ocean.

(3) 8'3C enhanced correspondingly to decreased §**S, con-
firming the attendance of H,SO, in carbonate weather-
ing. Most 5'%0 values exhibited within + 10%o, indicat-
ing the dominant nitrification process. 8'°N presented
slightly negative relationship with '*C and no obvi-
ous correlation with 8°*S, indicating relatively limited
impact of denitrification. The depleted 5'°C and §°N
may be attributed to carbonate dissolution with nitric
acids and the oxidation of organic matters into C and
N pools. The multi-isotope approach demonstrated the
involvement of strong acids in chemical weathering,
which contributes more DIC to the upper reach of JLJ
River. Due to larger runoff in the wet season, SON and
fertilizer are washed out into coastal river and signifi-
cantly affect NO;~ content. Therefore, the involvement
of strong acids in weathering should be carefully con-
sidered in coastal environment.
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