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Groundwater discharge and river runoff are two important ways for
allochthonous dissolved organic matter (DOM) to enter the ocean, but
they vary spatially. Currently, the source, composition, and efflux of
groundwater and riverine dissolved organic matter to the tropical
northern South China Sea remain poorly understood, preventing an
accurate estimate of coastal carbon budgets. In July 2021, nine
groundwater and six river water samples were collected along the coast
of western Guangdong and were characterized using dissolved organic
carbon (DOC) analysis, UV-visible, and fluorescence spectroscopy
techniques. Atypical absorption spectra were strongly observed in
groundwaters, which were mainly attributed to the high-level nitrates. An
exponential-Gaussian equation showed that the average contribution of
nitrate to total groundwater absorbances was up to 36% at ~ 300 nm.
Groundwater showed lower levels of DOC, colored dissolved organic
matter (CDOM), and fluorescent dissolved organic matter (FDOM) as
compared to river water, whereas the humic-like components dominated
both groundwater and river water FDOM pools. Higher values of spectral
slope Sszs50-400. fluorescence index, biological index, and the ratio of two
humic-like fluorescence jointly reveal that groundwater DOM mainly
originated from microbial activities, whereas the river water DOM had
considerable contribution from terrestrial soil. High precipitation, natural
or agricultural land types, and a lack of seawater intrusion are expected to
cause low levels of groundwater DOM in western Guangdong. Among
52 rivers from across the globe, high watershed productivity and
precipitation may lead to high—-moderate DOM levels in river water in
western Guangdong. The DOM fluxes via fresh groundwater discharge in
western Guangdong are comparable in magnitude to those by river runoff,
accounting for 16%-18% of the Pearl River DOM fluxes. Based on the slopes
of linear correlations between CDOM and DOC obtained in groundwater
samples and 52 rivers, as well as the data on water fluxes and DOC levels, the
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global CDOM fluxes via groundwater discharge and river runoff are
estimated to be 3.5-12.2 x 10 m?yr™ and 4.3 + 0.3 x 10 m?yr,
respectively, highlighting the importance of considering groundwater
discharge and river runoff in coastal carbon budgets.

KEYWORDS

western Guangdong, groundwater, river water, dissolved organic carbon, colored
dissolved organic matter, fluorescent dissolved organic matter, flux

1 Introduction

Marine dissolved organic matter (DOM) is one of the largest
organic carbon pools on Earth (~662 Pg C), which is equivalent
to atmospheric CO, (Hansell et al., 2009; Collins et al., 2013).
Besides in situ biological productions, external sources, such as
river runoff and subterranean groundwater discharge (SGD),
play an important role in shaping the DOM budget in coastal
regions (Carlson and Hansell, 2015). These allochthonous
of the level,
composition, export flux, and biogeochemical activity of

sources show large diversities in terms
DOM, resulting in distinct fates and profound implications
for coastal ecosystems (Raymond and Spencer, 2015; Shen
et al, 2015; Wang et al, 2018). Moreover, climate change
(e.g., global warming, extreme climatic events) and human
activities (e.g, damming, urbanization) have dramatically
changed the composition, reactivity, and export flux of
riverine (Liu et al, 2020; Qu et al, 2020, 2022) and
groundwater DOM (Lipczynska-Kochany, 2018; McDonough
et al, 2020a) delivered to sea. It is, therefore, crucial to
determine the quantity, quality, and export flux of DOM at
the dynamic land-sea interface, to provide a basis for a better
understanding of the coastal biogeochemistry on a changing
Earth.

Groundwater stores most of the liquid freshwater on Earth
(Ferguson et al., 2021). It is a major source of water and DOM for
coastal seas, especially those without input from large rivers (Dai
et al, 2021). Early studies on groundwater focused on the level
and source of DOM in groundwater (Leenheer et al, 1974;
Kalbitz et al, 2000), but increasing information is now
the (Shen et 2015),
transformation (McDonough et al, 2022), and export flux of
groundwater DOM (Yang et al, 2015; Dai et al, 2021). Its
response to changing environments is also better understood

available on bioavailability al,

in recent years (McDonough et al, 2020a, b). Groundwater
DOM, of
(McDonough et al, 2020c, 2022), generally originates from

consisting of tens thousands of formulae
the direct infiltration of surface DOM, plant litter, and soil
(Baker et al., 2000; Kalbitz et al., 2000; Shen et al., 2015) and
its environmental or microbial transformation (Donn and
Barron, 2013) or water-rock interactions (Walter et al., 2017).
Additionally, human activities (e.g., agriculture, urbanization)
provide additional organic molecules to the DOM pools
preserved in the aquifers, resulting in remarkable alterations
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in the composition, transformation, and fate of groundwater
DOM (Wang et al, 2013). The increasing reliance on
groundwater due to global population growth and climate
change may further intensify changes in the DOM cycle of
the (Wada, 2016). Globally, the
groundwater DOC concentration ranges from <40 pmol L™
to >1,000 umol L™ and varies spatially (Yang et al, 2015;
Chen et al., 2018), which is attributed to multiple factors,
including aquifer type, temperature, precipitation, water

groundwater  system

chemical conditions, and land use (McDonough et al., 2020a).
The large variability in groundwater recharge, DOM level, and
diverse influencing factors suggest that more studies are needed
to precisely quantify the export flux of DOM to the ocean via
SGD and better evaluate its impact on the global carbon cycle
(Mabher et al., 2013; Kwon et al., 2014).

Absorption and fluorescence spectroscopies are effective
techniques for tracing DOM transport from the watershed to
the open ocean (Baker, 2001; Guo et al., 2014; Li et al,, 2019;
Wang et al,, 2021; Qu et al,, 2022). They are thus widely used to
characterize the sources, levels, composition, and flux of colored
and fluorescent DOM (CDOM and FDOM) in groundwater
(Chen et al,, 2010; Tedetti et al., 2011; Nelson et al.,, 2015;
Kim and Kim, 2017). Webb et al. (2019) determined high
variability in SGD-derived DOC and CDOM fluxes in
12 coastal systems in eastern Australia and Cook Island,
including tidal freshwater wetlands, estuaries, mangroves,
coral reefs, coastal lakes, a saltmarsh, and a residential canal
estate. Kim and Kim (2017) found that SGD dilutes DOC and
protein-like FDOM in the coastal water off Jeju Island, while
enhancing the inventory of humic-like FDOM storage in
seawater by 2-3 times. Due to dark conditions, SGD-derived
DOM tends to have a high potential for photochemical
degradation in the coastal sea. Carlson and Wiegner (2016)
speculated that the photochemical enhancement of the
bioavailability of DOC in some SGD plumes along the coast
of Hawai’i Island may facilitate the growth of the bacterial
community in the plumes. Qi et al. (2018) confirmed that the
of CDOM DOC
photodegradation in coastal groundwater were significantly

efficiencies photobleaching  and
higher than in inland groundwater along the Gulf of St.
Lawrence. As the photolabile DOM entered the sea via SGD,
they could be quickly transported to the surface (e.g., due to
buoyancy and physical mixing) and participate in the coastal

carbon cycle through photochemical and microbial degradation
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FIGURE 1

Map of the sampling stations. Squares represent river water
samples and diamonds represent groundwater samples.
Background color represents land use type in 2016: red color
represents urban residence; Green color represents natural
forest vegetation; Yellow color gray represents agricultural land
(data source: https://earthdata.nasa.gov/). The identification of
river water samples is as follows: R1, Nafu River; R2, Moyang River;
R2a, Huangshi River; R3, Rudong River; R4 and R5, Jian River.

(Fichot and Benner, 2014). Moreover, due to strong soil mineral
interaction and microbial activities, there is usually a high
concentration of iron (trivalent) and nitrate in groundwater
(Arslan et al., 2017). Iron and nitrate may absorb UV and
visible light, resulting in a large error in quantifying
groundwater CDOM concentration and its flux into the sea.
However, this possibility has received little attention in previous
studies on groundwater CDOM (Qi et al., 2018).

In this study, we aim to 1) determine the levels and sources of
DOC, CDOM, and FDOM in the groundwater and river water
from the western coast of Guangdong, China, where the
discharge of groundwater is fast but river runoff is relatively
slow, 2) identify and distinguish the interferences of nitrate and
iron on CDOM absorption spectra in groundwater using
additional experiments and an exponential-Gaussian equation,
3) estimate the fluxes of DOC, CDOM, and FDOM via SGD and
river runoff, and 4) highlight the importance of these fluxes by
comparing with other data from the world.

2 Materials and methods

2.1 Study area

The western coast of Guangdong, China is located at the west
of the Pearl River estuary, with a coast length of ~2,314 km (Tan
et al., 2018). The land in the study area is mainly used for
agriculture, human habitation, forestland, and aquaculture
(Figure 1). Due to the influence of monsoons and typhoons,
the annual precipitation on the western coast of Guangdong is up
to ~1800 mm (Chen et al, 2021). The Jianjiang and Moyang
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Rivers, with an average discharge of 8.98 x 10° and 8.59 x
10°m’ yr! to the northwestern shelf of SCS, respectively, are
two major rivers on the west coast of Guangdong. Other small
rivers, such as the Rudong, Nafu, and Huangshi Rivers, together
contribute <5% of total river runoff in the study area. Using a
three end-member mixing model and a Ra box model, Tan et al.
(2018) reported that SGD flux on the western coast of
Guangdong is up to 2.0 x 10" m’ yr!, which is ~11 times the
total flux of rivers on the western coast of Guangdong. It should
be noted that the SGD flux is composed mainly of recirculated
seawater (>90%, Tan et al., 2018; Dai et al., 2021).

2.2 Sampling

Nine groundwater samples and six river water samples were
collected along the western coast of Guangdong on July 16-17,
2021 (Figure 1). The groundwater samples were pumped from
the wells, and the river water samples were collected using a
Niskin bottle at a depth of ~0.5m below the surface. After
collection, the samples were filtered through MF-Millipore™
filters (pore size: 0.45 pm) and stored frozen until analysis for
nitrate, nitrite, and total dissolved iron. Samples for DOC,
CDOM, and FDOM analyses were filtered immediately
through pre-combusted (500°C, 5h) GF/F filters (Whatman,
nominal pore size = 0.7 um) into pre-combusted glass vials.
DOC samples were acidified with H;PO, (85%, Merck) to
pH < 2 and kept frozen until analysis. CDOM and FDOM
samples were stored in the dark at 4°C. All analyses were
finished within 2 days after sampling.

2.3 Salinity, nitrate, nitrite, and iron
analyses

The salinity of groundwater and river water samples was
measured using a Thermo Scientific™ Elite CTS tester (salinity
resolution of 0.10 ppt). Nitrate and nitrite concentrations of
groundwater and river water samples were determined using a

San™*

continuous flow analyzer (Skalar, Netherlands). The
quantification limit was 0.1 ymol L™ for the sum of nitrate
and nitrite. The concentrations of total dissolved iron in
groundwater and river water samples were measured using a
7500cx ICP-MS (Agilent, United States) with a detection limit of
~0.015 umol L' according to the Chinese standard: water
quality-determination of 65 elements-inductively coupled

plasma-mass spectrometry (HJ 700-2014).

2.4 Dissolved organic carbon analysis

DOC concentrations of 15 groundwater and river water
samples were measured in triplicate using an Elementar Vario
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TOC cube (Germany) in high-temperature catalytic oxidation
mode with the coefficients of variance <2% (Wang et al., 2021). A
five-point standard curve was generated using potassium
The
determined as the average of the peak area of the Milli-Q
water acidified with H;PO,.
obtained by subtracting the running blank from the average

hydrogen phthalate standards. running blank was

DOC concentrations were
peak area of the samples (injected 3-5 times) and dividing by the
slope of the standard curve. The analytical precision of the DOC
analysis was <3% based on the consensus reference material
(CRM) provided by Hansell Lab from the University of Miami
(https://hansell-lab.rsmas.miami.edu/consensus-reference-

material/index.html).

2.5 Colored dissolved organic matter
measurements and data processing

The absorbance spectra (240-800 nm; A,) for groundwater
and river water samples were measured using a Shimadzu
UV-Visible 1780 dual beam spectrophotometer and 10-cm
quartz cuvettes at room temperature. The fresh Milli-Q water
was measured to provide a blank to correct for any baseline drift.
Absorbance was corrected by subtracting the absorbance of Milli-
Q water, which was then converted to a Napierian absorption
coefficient, a) (m™') using the following equation:

ay = 2.303A,/0.1 1)

The spectral slope over 350-400 nm (S350_400» NM ') was
calculated based on the nonlinear fit of an exponential function
of the absorption spectrum (Eq. 2) over the wavelength range
(Helms et al., 2008).

a = aAOe's“"‘O) +K

(@)

where A, is the reference wavelength (nm), and K is a background
constant (m™") accounting for scattering in the cuvette and drift
of the instrument. Owing to the potential effect of inorganic
matter on the CDOM absorption coefficient, the specific
ultraviolet absorbance at 350 nm (SUVAj;5,) was calculated by
dividing the absorbance measured at 350 nm in inverse meters
(m™") by the concentration of DOC; the SUVA35, was reported in
units of m* g' C (Weishaar et al., 2003; Hansen et al., 2016).

2.6 Fluorescent dissolved organic matter
measurements and data processing

Excitation—-emission matrices (EEMs) for all samples were
made on an F-7100 spectrofluorometer (Hitachi, Japan) with a 1-
cm quartz cuvette at room temperature. The excitation (Ex)
wavelengths spanned from 240 to 450 nm with 5-nm intervals,
and the emission (Em) wavelengths ranged from 280 to 600 nm
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with 2-nm intervals. The slit widths for excitation and emission
were set to 5 nm. After the sample was analyzed, the Milli-Q
water blank was subtracted to remove Raman and Rayleigh
scatterings, and the fluorescence intensity was normalized to
Raman Unit (RU) according to the method of Lawaetz and
Stedmon (2009). The normalized EEMs were then calibrated for
inner filter effects using an absorbance-based approach
(Kothawala et al., 2013). Fifteen normalized and calibrated
EEMs were decomposed into several components using
parallel factor analysis (PARAFAC) on the MATLAB 2016b
platform using the DOMFluor toolbox (Stedmon and Bro,
2008; Wang et al., 2017). Split-half analyses were performed
to validate the number of components obtained based on a
randomized split of the dataset (Stedmon and Bro, 2008). To
enhance the robustness and confidence of the PARAFAC model,
a comparison was performed between our results and the
published fluorescent components from the online OpenFluor
database  (https://openfluor.lablicate.com/,
9 September 2022; Murphy et al., 2014).
Three fluorescence parameters based on the EEMs were used

last access:

to indicate the sources, composition, and reactivity of DOM. The
fluorescence index (FI) was calculated as the ratio of the emission
intensity at 470 nm to that at 520 nm, obtained with an excitation
at 370 nm (Cory and McKnight, 2005). The humification index
(HIX) was calculated as the integrated emission spectra at
435-480 nm divided by that at 300-345 nm, upon excitation
at 254 nm (Zsolnay et al,, 1999). The biological index (BIX) was
calculated as the ratio of fluorescence intensity emitted at 380 nm
to the intensity emitted at 430 nm, upon 310 nm (Huguet et al,
2009). Moreover, the ratio of humic-like fluorescence to protein-
like fluorescence (H/P) was calculated as the sum of the
intensities of all humic-like components divided by the total
intensity of protein-like components (Hansen et al., 2016). The
ratio of fluorescence intensity of traditionally “marine” and
“terrestrial” humic-like components was also reported in this
study (Yamashita et al., 2010; Wang et al., 2017).

2.7 Nitrate addition experiments

To assess the impact of nitrate on the absorption spectra of
groundwater and river water samples, we conducted a series of
nitrate addition experiments. Four representative samples
were selected based on the initial nitrate concentrations,
including two groundwater (G2, G5) and two river water
(R1, R2) samples with minimal and maximum nitrate
concentrations, respectively. Different amounts of sodium
nitrate (ACS reagent, Sigma-Aldrich) were added to these
samples to achieve the additional nitrate concentrations of
0, 200, 500, 1,000, and 2,000 pmol L™', respectively. The
of these
obtained using the conventional method described in

absorption curves ‘new’ samples were then

Section 2.5.
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TABLE 1 Salinity, nitrate, nitrite, and total dissolved iron in nine groundwater and six river water samples.

Station Description Salinity Nitrate (umol L)
Gl Groundwater 0 69.94
G2 Groundwater 0 1,287.47
G2a Groundwater 0 1,014.70
G3 Groundwater 0 713.06
G4 Groundwater 0 684.86
G5 Groundwater 0 274.71
G7 Groundwater 0 246.42
G7a Groundwater 0 611.95
G8 Groundwater 0 1,162.67
R1 River water 0 30.67
R2 River water 0 90.52
R2a River water 0 52.32
R3 River water 0 49.02
R4 River water 0 102.30
R5 River water 0 36.98

2.8 Calculations of dissolved organic
matter fluxes via groundwater discharge
and river runoff

The fluxes of DOC, CDOM, and FDOM exported to the
northern South China Sea by fresh groundwater discharge and
river runoff were estimated as follows (Tan et al., 2018; Li et al.,
2019; Dai et al., 2021):

F=QxC (3)

where F denotes the flux of DOC or CDOM or FDOM; Q
represents the fresh groundwater discharge rate or river
runoff, and C indicates the average concentrations of DOC or
CDOM or the average intensity of FDOM components in
groundwater or river water samples. The fresh groundwater
discharge rate in the research region was estimated to be
4.74 x 10" m® yr " according to the method of Zhang and Li
(2005) and Tan et al. (2018). Data on the river runoff in
western Guangdong (Jian River, Moyang River, and Rudong
River) were made available by the Water Resources Department
of Guangdong Province, China (http://slt.gd.gov.cn/yszx/).

2.9 Statistical analyses

The significance of DOM comparisons between groundwater
and river water samples was tested using a t-test (two-tailed, o =
0.05) in IBM SPSS Statistics 23. Pearson correlation analyses
among the DOM and environmental variables were performed
using OriginPro 2022b and the significant level (p-value) was
determined by a two-tailed test.
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Nitrite (umol L) Total dissolved iron (umol L")

0.05 0.04
0.04 0.04
0.02 0.16
0.90 0.10
0.17 0.05
0.06 0.28
0.04 0.07
0.67 0.05
0.82 0.04
25.90 0.09
12.47 0.37
4,74 0.42
7.16 0.79
22.48 0.26
7.88 0.23
3 Results

3.1 Distributions of salinity, nitrate, nitrite,
and total dissolved iron

Table 1 shows salinity, nitrate, nitrite, and total dissolved iron
content in groundwater and river water samples. N salinity was
observed in the groundwater and river water samples. The nitrate
concentrations in nine groundwater samples ranged from 69.9 to
1,288 pmol L™ in groundwater, with average nitrate of 674 +
424 pmol L™'. Nitrate concentrations in six river samples varied
from 29.3 to 102.3 umol L' where the mean value (60.3 +
29.3 umol L") was less than one-tenth of that in groundwater
samples. On the contrary, nitrite concentrations were much
(0.04-0.90 pmol L") as
compared to those in river samples (4.7-25.9 umol L™"). The

lower in groundwater samples
concentrations of total dissolved iron ranged from 0.05 to
0.79 umol L' in all samples, with an average of 0.09 *
0.08 pmol L' and 0.36 + 0.24 umol L' in groundwater and

river waters, respectively (Table 1).

3.2 Distributions of dissolved organic
carbon and chromophoric dissolved
organic matter

The groundwater DOC concentrations ranged from 29 to
623 umol L. DOC
concentration in river waters varied between 221 and 442 pmol L™
with a higher average value (311 = 775umolL™) than that in
groundwaters (t-test, p < 0.001, Figure 2A). The absorption coefficient

190 umol L™ with an average of 936 =+
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at 350 nm (ass) of groundwater and river water samples ranged from
025 to 366m™ and 3.78-871m’', respectively, and was linearly
correlated to DOC concentration (R* = 092, p < 0001, n = 15,
Supplementary Figure SIA). As compared to the river water samples,
groundwater showed lower CDOM concentrations (t-test, p < 0.001,
Figure 2B). The groundwater spectral slope, Sss_400, ranged from 6.0 to
258 um™ with an average value of 19.7 + 62 um™. The average of
Sas0-400 In river waters (189 = 0.5pm™) was comparable to that in
groundwaters but varied on a smaller scale from 182 to 19.6 um™ at
different stations (Figure 2C). The variation range of SUV A3, values was
020-0.70 m* g™ C for groundwater samples and 0.52-091 m* g™ C for
river water samples (Figure 2D). Groundwaters showed a lower average
SUVA;5 value (036 + 0.15m’g'C) than river waters (078 +
015m*g" C, ttest, p < 0.001).

3.3 PARAFAC results

PARAFAC modeling resulted in a five-component model
that explained >99% of the variability among the EEMs,
including three humic-like components (C1-C3) and two
(C4 and C5) (Figure 3). The
comparisons to the online OpenFluor spectral database
(Murphy et al, 2014) show that five FDOM components in
this study are similar to PARAFAC-derived components
identified in previously published studies. In these cases, the
Tucker congruence coefficient (TCC) exceeded 0.95 on the

protein-like components
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excitation and emission spectra simultaneously. C1 displayed
two excitation maxima at < 240 and 300 nm and one emission
maximum at 400 nm. Similar fluorescence signatures were
previously categorized to represent a mixture of humic-like
1996).
C1 presented 56 pairs of matches in the online comparison,

peak A and marine humic-like peak M (Coble,

including components found in various aquatic environments,
such as seawater (Kowalczuk et al., 2013; Catala et al., 2015), river
and estuarine waters (Guo et al., 2011), and groundwater (Wang
etal, 2013; Yang et al., 2015), which were tightly related to in situ
microbial activities (Wang et al, 2021). C2 displayed two
excitation maxima at 250 and 340 nm and one emission
maxima at 448 nm. Similar fluorescence signatures have
previously been categorized to originate from a mixture of
terrestrial humic-like fluorescence peaks A and C (Coble,
1996). C3 had an excitation/emission maximum at 270/
460 nm, which was similar to common humic-like peak A.
Matches for C2 and C3 were found in seven and four
published models, respectively. However, these components
are ubiquitously found in aquatic DOM from watershed to
deep ocean continuum (Wang et al, 2013, 2021; Qu et al,
2022). C4 had excitation/emission maxima at < 240 and
275 nm/340 nm, which is consistent with tryptophan-like peak
T (Coble, 1996). C4 was demonstrated to be a good proxy of
freshly phytoplankton-derived and anthropogenic DOM (Guo
et al., 2014). Fifty online spectra matching C4 were obtained,
including spectra from natural aquatic environments, such as

frontiersin.org
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FIGURE 3

Fluorescence signatures of five PARAFAC components (C1-C5) identified in the groundwater and river water EEMs dataset (top row). Line plots
show split-half validations in which each component’s excitation (middle row) and emission loadings (bottom row) are produced from two
independent halves of the dataset (dashed and dotted lines) and the complete dataset (solid lines).

river water, groundwater, and seawater (Guo et al., 2014; Yang
et al,, 2015; Wang et al,, 2017), and engineered systems (Moona
et al., 2021). C5 showed excitation/emission maxima at 250 nm/
348 nm and covered the fluorescence region of tryptophan-like
fluorophores (Coble, 1996). It matched only two components in
the online database, including C5 in Wiinsch et al. (2015) and
C4 in Wang et al. (2020).

3.4 Distributions of fluorescent dissolved
organic matter

Three humic-like components (C1-C3) showed good linear
correlations in pairs (R* > 0.96, p < 0.001, n = 15, Supplementary
Figures S2A-C). The total intensities of the three humic-like
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components in groundwaters spanned two orders of magnitude,
from 0.013 to 3.21 RU, with an average intensity of 0.78 *
1.01 RU. By comparison, the total intensities of the three
humic-like components in river waters were much higher
(1.81 £ 0.70 RU) and varied in a smaller range (0.79-2.81 RU,
Figures 4A-C). The intensity of protein-like C4 varied from
0.028 to 0.42 RU in groundwaters and from 0.24 to 0.42 RU in
river waters; an extremely low value of 0.013 RU was noted for
the R1 station (Figure 4D). C4 intensities were strongly
of the three humic-like
components (R* > 0.64, p < 0.001, n = 15, Supplementary
Figures S2D-F). The intensities of the three humic-like
components (C1-C3) and C4 were positively correlated with
DOC concentration (R* = 0.38-0.62, p < 0.001-0.02, n = 14),
provided that the groundwater sample (G1) with abnormally low

correlated with the intensities
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FIGURE 4

Distributions of (A) humic-like C1, (B) humic-like C2, (C) humic-like C3, (D) humic-like C4, (E) fluorescence index (Fl), (F) humification index
(HIX), (G) biological index (BIX) and (H) the ratio of C1 to C2 (C1/C2) in groundwater and river water samples. The dotted lines and shadows denote the

average values and standard deviations, respectively.

DOC excluded from consideration

(Supplementary Figures S3A-D). Similarly, the intensity of the

concentration was

four fluorescent components (C1-C4) was moderately related to
azso (R 0.55-0.72, p: < 0.001-0.02, n = 14, Supplementary
Figures S3E-H). Notably, the correlations between FDOM vs.
DOC and FDOM vs. FDOM were absent when only groundwater
samples were considered (Supplementary Figure S3). The
intensity of C5 varied over the range of 0.007-0.35RU and
0-0.05 RU
respectively. The average intensity of C5 in groundwaters
(0.10 + 0.11 RU) was ~30 times that in river waters (0.035 +
0.019 RU). C5 intensity showed no correlations with DOC, ass,
and other FDOM components (p > 0.05) in groundwater and

in groundwater and river water samples,

river water samples.
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FI in groundwaters ranged from 2.5 to 3.1 (Figure 4E), with
an average value of 2.9 + 0.2, which was higher than that in river
waters (2.5 + 0.1, t-test, p < 0.001). BIX followed a similar trend,
where a higher average value was noted for groundwater (1.05 +
0.15) as compared to river water (0.79 * 0.08, Figure 4G). On the
contrary, HIX in groundwaters (2.9 + 2.7) was significantly lower
than that in river waters (6.8 * 3.0, t-test, p < 0.001, Figure 4F).
HIX was positively correlated to the intensities of humic-like
components (R> = 0.39, p = 0.01, n = 15) but was negatively
correlated with FI (R* = 0.64, p < 0.001, n = 15) and BIX (R* =
0.76, p = 0.01, n = 15, Supplementary Figures S4A-C). BIX
showed a negative correlation with the intensities of humic-like
=0.62, p < 0.001, n = 15) and a strong positive
0.86, p < 0.001, n = 15) (Supplementary

components (R
correlation with FI (R* =
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Relationships between (A) HIX and H/P and (B) HIX and C1/C2 in groundwater and river water samples. Sample R1 and G2 were excluded in the
linear and exponential fittings (black solid lines), respectively. Gray shadows represent the 95% confidence bands for the fitting lines.

Figures S4D-E). The ratio of the two humic-like fluorescence
components (C1/C2) ranged from 0.5 to 3.4 in groundwaters and
from 0.9 to 1.0 in river water samples (Figure 4H), with a higher
mean value in the former (t-test, p < 0.001). H/P ranged from
0.5 to 8.3 and 3.4 to 9.7 in groundwater and river water samples,
respectively, except for an abrupt high value of 58.2 at the
R1
groundwaters compared to that in river waters and was
positively correlated with HIX (R* = 0.82, p < 0.001, n = 14,
Figure 5A). Except for the G2 station, C1/C2 and HIX showed an
exponential negatively correlation (R* = 0.75, p < 0.001, n = 14,

station (Figure 5A). Generally, H/P was lower in

Figure 5B).

4 Discussion

4.1 Interferences in colored dissolved
organic matter absorption spectra of
groundwater

The general exponential shape of CDOM absorption spectra
in natural aquatic environments from inland watershed to the
deep ocean (e.g., lake, river, estuary, coastal sea, and open ocean)
has been known for decades (Jerlov, 1968; Stedmon et al., 2000;
Nelson et al., 2010; Massicotte et al., 2017). Correspondingly, an
exponential equation has been widely used to model CDOM
absorption curves (Bricaud et al., 1981; Stedmon and Markager,
2001). The spectral slope derived from the fitting exponential
equation became a good proxy for the average molecular weight
of DOM, which was widely used to trace the DOM sources and
(e.g.
bleaching, humification process, diagenetic process) (Helms
et al,, 2013; Wang et al,, 2017; Zhu et al, 2018; Yang et al,
2020). In this study, the absorption spectra of river water

associated biogeochemical processes photochemical
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generally decrease with increasing wavelength, whilst the
absorption curves of groundwater samples do not fully
conform to the general exponential features of natural aquatic
CDOM (Supplementary Figure S5). Instead, there is a strong
absorption peak centered at 300 nm and abnormally high
absorbance at a wavelength of <260 nm for all groundwater
samples (Supplementary Figure S5). Previous studies have
shown that nitrate concentration in groundwater was often
several orders of magnitude higher than that in the surface
natural water, which was attributed to strong microbial
mineralization and anthropogenic discharge (Arslan et al,
2017). The mean nitrate concentration in 9 groundwater
samples was up to 674 umol L™ (Table 1), which might result
in considerable UV absorption superimposed on the CDOM
absorption signal (Mack and Bolton, 1999). Here, we carried out
a series of nitrate addition experiments (0, 200, 500, 1,000,
2000 umol L") in two groundwater (G2, G5) and two river
water (R1, R2) samples. The absorption peak at 300 nm for all
groundwater and river water samples was gradually highlighted
with the increase of additional nitrate
(Supplementary Figure S6). the
additional nitrates on the absorption spectra of groundwater

concentration
Moreover, influence of
and river water samples was restricted to a wavelength lower than
350 nm (Supplementary Figure S6), indicating that the selected
ass0 and Szs50_400 could accurately evaluate the CDOM features in
groundwater without being affected by the presence of high
nitrate concentrations (Li and Hur, 2017).

During the additional experiments, the total absorption
coefficients at 300nm (a3p) showed a strong linear
correlation with the total nitrate concentrations (R> > 0.99,
p < 0.001, n =9, Supplementary Figure S7). This provides
powerful evidence that a high concentration of nitrate
(>100 pmol L") was the primary factor responsible for the

occurrence of the visible absorption peaks at 300 nm in all
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groundwater samples S2A). The

intercepts of the above linear regressions represent the

(Supplementary Figure
absorption signal of groundwater samples excluding the
contribution of nitrate (Supplementary Figure S7). Aside from
nitrate, ferric iron and nitrite are also absorbers of UV-Visible
radiation (Mack and Bolton, 1999; Xiao et al., 2013) and thus

may interfere with CDOM absorbance at elevated
concentrations. Yet the total dissolved Fe and nitrite
concentrations are <0.8umolL™ and <26pumolL™" in

groundwater and river water samples (Table 1), respectively,
making them unlikely to significantly affect the absorption
spectra and the absorbance-based SUVAj;5, values in this
study (Hansen et al,, 2016).

4.2 Mathematical decomposition of
absorption curves

After depicting the nitrate absorption curve and confirming

its interference in absorption spectra, an exponential-Gaussian
approach could be applied to distinguish the absorption of
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CDOM and nitrate in all groundwater and river water

samples (Massicotte and Markager, 2016). Firstly, the
absorption spectra between 350nm and 650 nm were
demonstrated to be attributed to the CDOM  signal

(Supplementary Figure S6) and were fitted using the general
exponential equation (Eq. 2, Figure 6A). Next, the residuals of the
the
(250-650 nm) were smoothed using a Savitsky-Golay method

baseline exponential model for whole  spectrum

to remove potential noise in the data (Figure 6B). The smoothed
residuals were then modeled using the following Gaussian curve:

-(ap)?

flx g p0)=ge 7 (4)

where o is the standard deviation (nm) controlling the width of

L9=-7) andpuis
the position of the center of the peak (nm). Here, the ¢ is 300 nm

the curve, ¢ is the height of the curve peak (m~

for all curves according to the validation of the nitrate addition
experiment, and the ¢ was estimated as the residual at 300 nm for
each curve (Figure 6C). Finally, the complete spectra for
groundwater and river water samples were fitted using an
exponential equation plus one Gaussian component (Figure 6D):
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—s(A-Ao 202

ay = aye )+ ge +e (5)

where e is the final residual representing the variability not
accounted for by the model. The estimated ¢ values were
positively  correlated ~ with  nitrate  concentrations in
groundwater samples (R* = 0.75, p < 0.001, n = 9, Figure 7A).
Furthermore, a strong linear relationship between the original
asso and corrected asgo in groundwater samples occurred when
the Gaussian component was removed (R* = 0.99, p < 0.001, n =
9, Figure 7B), which follows the common feature that CDOM
absorption coefficients at two wavelengths (300 vs. 350 nm) show
synchronous changes at the land-sea interface (Massicotte et al.,
2017; Li et al,, 2019). These results prove that the exponential-
Gaussian equation is sufficient to distinguish CDOM and nitrate
absorption signals throughout the natural or engineered systems
with the advantages of simplicity, rapidity, and low cost, which
has good potential in the simultaneous monitoring of aquatic
carbon and water quality.

The mathematical method showed that the contributions of

nitrate to the total absorbance of groundwater were apparent. It
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showed a maximum at the wavelength of ~300 nm and <250 nm
and a lower value near the wavelength of ~260 nm (Figure 7C). In
terms of several wavelengths commonly used to quantify COOM
(Massicotte et al., 2017), the absorption of nitrate accounted for
13% + 12% (254nm), 17% + 14% (280 nm), 34% + 22%
(300 nm), 20% + 17% (325nm) of the total absorption in
70),

interference

nine  groundwater respectively,
the of high

concentration nitrate on groundwater CDOM absorption

samples  (Figure

demonstrating considerable
spectra in western Guangdong. In sharp contrast, the average
contribution of nitrate to the absorbance for six river water
samples was less than 1% over the whole wavelength range
(Figure 7D). Generally, the in situ biological productions of
riverine CDOM are concomitant with the consumption of
nitrate. The aphotic groundwater CDOM could be consumed
as the substrate of microbes (McDonough et al., 2022), whereas
various geogenic interactions and anthropogenic pollutions lead
to the rapid accumulation of nitrate in groundwaters (FHuno et al,
2018). As a result, the ratio of CDOM to nitrate inventory
enhances in the river water but declines in the groundwater,
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which is the predominated factor for the emergence of distinctive
absorption curves in two types of natural fresh waters.

4.3 Factors affecting the sources,
compositions, and levels of DOM in
groundwaters and river waters

Previous studies showed that the optical parameters could
provide valuable information on the source and composition of
DOM in aquatic environments (Baker, 2001; Chen et al., 2010;
Derrien et al., 2017; Li and Hur, 2017; D’ Andrilli et al., 2022). The
relatively high contribution of humic-like components to total
FDOM fluorescence was found in both the groundwater (77 +
18%) and river water samples (88 = 7%), suggesting that the
highly reworked humic-like molecules dominate the riverine and
groundwater DOM pool (Figure 5A). Higher FI (2.88 + 0.18),
BIX (1.05 + 0.15) and C1/C2 (1.50 + 0.8) values observed in
groundwater (Figures 4E,G,H) further indicate that the humic-
like components in groundwater were mainly produced by the
recent in situ microbial activity (Cory and Mcknight, 2005;
Huguet et al., 2009). In contrast, the direct input of terrestrial
soil humus through infiltration had a considerable contribution
to the humic-like DOM in river water. It was consistent with the
lower molecular weight and aromaticity of groundwater DOM, as
supported by higher S;50_400 and lower SUVAjs, values in
groundwaters (Figures 2C,D). We also found a strong linear
correlation between DOC and a3so (Supplementary Figure STA)
but an absence of a link between a35, and humic-like FDOM in
groundwater (Supplementary Figure S3). It seemed to indicate
that groundwater CDOM could serve as the labile substrate for
microbial activity, which differed from the general rule that
CDOM shares a similar distribution pattern to humic-like
FDOM in the surface natural aquatic environment (Guo et al,,
2014). A possible explanation from a case in the deep
Mediterranean Sea where was that microbes could consume
relatively refractory CDOM when the DOC is insufficient and
the environment is warm (Catald et al., 2018). However, the
linear correlations among DOC, CDOM, and FDOM in river
water samples (Supplementary Figure S3) supported that their
distributions were mainly regulated by the same process (i.e., the
terrestrial input). This conclusion sounds to be reasonable
because the high precipitation occurred during the sampling
period (315 mm/month, https://www.ncei.noaa.gov/) which
could intensify the soil erosion and induce an enrichment of
terrigenous DOM in river water (Qu et al., 2020). On the other
hand, the residence time of groundwater was generally longer
than surface river water (Downing and Striegl, 2018), permitting
a stronger microbial reworking of DOM and lower DOC
inventory preserved in the aquifer (Figure 2A).

In this study, the DOC concentration of groundwater in
western Guangdong (94 + 62 pmol L™') was close to the lower
limit of the range of reported global groundwater DOC
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concentration (McDonough et al, 2022). Previous studies
have confirmed that the variations of aquifer depth (age), land
use, precipitation, and water chemical environment (e.g., ionic
strength, redox condition) are key factors shaping the levels of
DOM in the groundwater system (McDonough et al, 2020a;
McDonough et al., 2020b; Moore and Joye, 2021). Groundwater
samples in this study were collected from wells for domestic use
and should represent shallow aquifers with water tables of <3 m.
Generally, shallow groundwater with a longer residence time and
larger aquifer age tends to have a lower DOC concentration than
surface water as a result of enhanced removal pathways such as
oxidation processes, biodegradation, and adsorption to soil and
aquifer mineral surfaces (Shen, 1999; Downing and Striegl, 2018).
In addition, the sampling region was mostly covered by natural
and agricultural land that receives lower amounts of organic
contaminants from human activities than the region within
urban land use (Figure 1). It may be a critical factor
responsible for the low DOC concentration in western
Guangdong compared to that in the region within urban land
use (McDonough et al, 2022). Another important factor is
reflected in the enhanced dilution effect owing to high
precipitation in the study area (~1800 mm/yr, Chen et al,
2021), whereby accumulated soil DOM infiltrates the aquifer
during initial rainfall and is later diluted by additional rainfall
(McDonough et al.,, 2020a). Accordingly, we speculated that the
comparable but low concentrations of groundwater DOC
observed in western Guangdong between July 2021 and April
2012 (94 + 62 vs. 97 + 40 pmol L™, Dai et al., 2021) could be
closely associated with the equivalent but high precipitation over
the sampling periods (315 vs. 343 mm/month, https://www.ncei.
noaa.gov/). Although parameters related to water chemical
conditions were not considered in this study, we also found
the implication between the groundwater DOM and water
chemistry in western Guangdong by running a comparison
with other data along the global coast (Figure 8). The
groundwater DOC concentration in western Guangdong was
only higher than that on the coast of Taiwan Island (45 +
20 umol L™, Yang et al, 2015), the western coast of South
Korea (72 + 20 umol LY, Kim et al, 2012). It was slightly
lower than that on the coast of Hainan Island (114 +
112 pmol L', Wang et al, 2018), the southeastern coast of
South Korea (139 + 23pumolL™', Oh et al, 2017), and
Chongming Island (212 + 170 umol L™, He et al., 2022), but
significantly lower than that in southern
(732-1,184 umol L™, Chen et al,  2018), America
(196-1,020 umol L', Goodridge, 2018; Pain et al, 2019; Qi
et al, 2018; Porubsky et al, 2014; Suryaputra et al., 2015),
Australia (369-882 pmol L™, Maher et al.,, 2013; Stewart et al.,
2015; Webb et al,, 2019), Indian islands (318 umol L™, Tedetti
et al,, 2011) and Europe (334-483 pmol L', Szymczycha et al.,
2014; Ibanhez et al., 2021). Overall, the groundwater with low
DOC concentration collected in western Guangdong was

Guangxi

freshwater (salinity = 0, Table 1), while the majority of the
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Histogram showing groundwater DOC concentrations in global coast regions. Error bars represent the standard deviations of multiple data for
individual columns. Red and blue dashed lines indicate the global median and mean values of groundwater DOC concentrations (n = 9,404),

respectively, presented by McDonough et al. (2020a).

other coastal groundwaters with high DOC levels were
significantly affected by seawater intrusion and were termed
recirculated seawater (Figure 8). The seawater intrusion could
mobilize surface-bond ions and organic matter absorbed onto
sediment and further accelerate the degradation of organic
matter via anaerobic metabolism, which could lead to
increased DOC concentration in salty coastal groundwater
(Moore and Joye, 2021).

Globally, the level of DOC and CDOM among the 52 rivers
around the world varied over a wide range of 28-868 umol L™
and 0.15-23 m™", respectively (Supplementary Table S1). High
values were found in the pan-Arctic great rivers surrounded by
soil with high inventories of organic matter (Stedmon et al,
2011), the tropical large rivers concomitant with high watershed
vegetation productivities (Lopez et al., 2012; Lambert et al.,, 2015;
Raymond and Spencer, 2015; Valerio et al., 2018) and some
populated rivers with high loading of anthropogenic pollutants
(Spencer et al,, 2013; Yang et al,, 2013). Correspondingly, low
DOC and CDOM concentrations are often observed in natural
rivers with little vegetation cover and such as subtropical rivers
on the Chinese mainland and mountain rivers on Taiwan Island
(Yang et al,, 2013; Guo et al,, 2014; Li et al,, 2019). Here, the
concentrations of DOC and CDOM in the small tropical rivers of
western Guangdong were high-moderate among the global
52 rivers and were comparable to those in large tropical rivers
(e.g,» Amazon and Orinoco Rivers). These tropical rivers still
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shared an equivalent ratio of asso to DOC, which may indicate
that the small tropical rivers in western Guangdong received a
large quantity of highly aromatic DOM as a result of a high cover
of dense vegetation (Lambert et al., 2015). The ratio of asso to
DOC in river waters of western Guangdong was only lower than
that in United States rivers (Figures 9A,B) but larger than those in
other categories such as pan-Arctic rivers, small mountains, and
populated rivers in Taiwan Island and Chinese mainland rivers
(Figure c—f). It broke the previous result based on limited data
that temperate rivers had a moderate ratio of assy to DOC
(Lambert et al, 2015). Many factors such as climate zone,
land cover, watershed morphology, climate change, and
human-induced perturbation may regulate this ratio as well as
the composition of riverine DOM (Guo et al., 2014; Lambert
et al, 2015; Qu et al,, 2020, 2022), thereby exerting a potentially
important impact on the local coastal ecosystem.

4.4 The export flux of DOM by fresh
groundwater discharge and river runoff

Previous studies reported that the fresh groundwater
discharge flux in western Guangdong was up to 4.74 X
10" m? yr! (Zhang and Li, 2005; Tan et al., 2018), amounting
to more than 2 times the total river runoff in this region (1.84 x
10" m? yr'). Even so, the export fluxes of DOC and FDOM by
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fresh groundwater discharge were comparable to those by river
runoff (Table 2) due to the huge difference in DOM levels
between the groundwater and surface river systems (Figures 2,
4). The CDOM export flux by fresh groundwater discharge was
even 40% of that by river runoff in western Guangdong (Table 2).
By comparison with the river with the highest flow around the
South China Sea, the Peral River, the fluxes of water, DOC, and
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CDOM by groundwater discharge in western Guangdong to the
South China Sea accounted for 16%-18% of the fluxes by the
Pearl River runoff (Table 2, Li et al,, 2019). Globally, the paired
data of DOC and CDOM in the groundwater environment are
quite lacking compared with the single study of groundwater
DOC (McDonough et al., 2020a). Using the slope of correlation
between a35p and DOC in the groundwater (0.016 + 0.003,
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TABLE 2 The export fluxes of water, DOC, CDOM, and FDOM via fresh groundwater discharge and river runoff in western Guangdong.

Water flux DOC CDOM flux Humic-like Humic-like Humic-like Protein-like
flux (azso) C1 flux C2 flux C3 flux C4 flux
10°m’yr' 10°gC 10° m* yr! 10° RU m® yr! 10° RU m® yr™* 10° RUm* yr! 10° RU m* yr!
yr!
Jian River 8.98 41 +97 72 + 89 87+ 08 92+ 17 49 + 09 2.6 +0.01
Moyang 8.59 22.8 46.7 5.0 49 22 36
River
Rudong River  0.86 3.6 7.5 0.6 0.7 0.36 0.2
Total 18.4 67 +9.7 126 + 8.9 14 + 0.8 15+ 1.7 75+ 09 6.4 + 0.01
Groundwater  47.4 53 £ 35 52 + 53.5 16 £ 19 14 + 19 7.1 £ 10 57 +53

Supplementary Figure S1), the global median and mean
(100 317 umol L™,
McDonough et al., 2020a) and the water flux to the ocean via
SGD (2.2-2.4 x 10 m® yr'!, Zekiser et al.,, 2007), these values
represent 3.5-12.2 x 10" m”* yr' of groundwater CDOM (a3so-

groundwater  concentrations and

based) exported to oceans from SGD annually. A total of 52 rivers
summarized in this study with respect to discharge contribute
~39% of the total annual global discharge and were located across
the major continents and climatic zones (Supplementary Table
S1). In this sense, the correlation between ass, and DOC could
reflect the general feature of global rivers. The global CDOM flux
(asso-based) by river runoff can be estimated at 4.3 + 0.3 x
10" m? yr! based on the slope of the above correlation (0.021 +
0.001, Figure 9G), and the global riverine DOC flux of
250 Tg Cyr' (Raymond and Spencer, 2015). Owing to its
high
degradations (Fichot and Benner, 2014; McDonough et al,
2022), the impact of exported DOM by SGD and river runoff
on coastal carbon budget and ecosystem is significant under the

sensitivity to  photochemical —and/or  biological

background of the changing climate and intensified human
activities.

5 Conclusion

The first comprehensive investigation of DOC, CDOM, and
FDOM in the groundwater and river water from western
Guangdong reveals the distinct sources, levels, composition,
and export fluxes of DOM to these aquatic reservoirs. High
concentrations of nitrate, rather than nitrite or dissolved iron,
lead to the non-exponential absorption spectra observed in
but the
of <350 nm. The nitrate contribution to total absorption was

groundwater were restricted  to wavelength
apparent in groundwater but was small in river water, which
should be considered in the future characterization of CDOM.
The successful application of an exponential-gaussian equation

on the precise separation of CDOM and nitrate absorption
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signals highlights an important experimental prospect for the
synchronous monitoring of groundwater organic matter and
nutrients.

Five PARAFAC components were identified in groundwater
and river water samples, including three humic-like and two
protein-like fluorescence components. Both groundwater and
river water samples were dominated by humic-like components,
accounting for ~87% of the total fluorescence intensity. The DOC
concentration, assp, and FDOM intensity in groundwater
samples were significantly lower than those in river water
samples. Moreover, groundwater DOM had higher S3s0_400
FI, BIX, and C1/C2, but featured lower HIX and SUVA;s,
suggesting that it mainly originated from microbial activities;
terrestrial input had a considerable contribution to river water
DOM. In the global context, groundwater DOC concentration in
western Guangdong was low-moderate, while river water DOC
and assy concentrations were high-moderate. Several factors
(e.g., precipitation, land use, water chemistry, and watershed
vegetation productivity) functioning in concert may lead to this

phenomenon.
The fluxes of DOC and CDOM by fresh groundwater
discharge in western Guangdong were found to be

comparable in magnitude to those via the total runoff of
rivers in the same region and the adjacent Pearl River. These
observations demonstrate that groundwater discharge in western
Guangdong is an important source of allochthonous DOM to the
northern shelf of the South China Sea. The linear relationships
between CDOM and DOC were pronounced in groundwater and
river water samples; they showed large variability among
different river categories, which is likely to be related to
complex factors, such as climatic zone, land use, and human
activities. Based on the slopes and the reported data on water
fluxes and DOC levels, the global CDOM fluxes via groundwater
discharge and river runoff are reported. More case studies are
needed in the future to reduce the bias in calculating CDOM flux
and deepen the understanding of their impact on the coastal
carbon cycle.
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