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ABSTRACT: To unravel the crucial components of natural
organic matter that respond to the process of anthropogenic
groundwater recharge (AGR) from different recharge water
sources, dissolved organic matter (DOM) and base-extractable
particulate organic matter (POM) in groundwater and surface
water were analyzed using excitation−emission matrix spectrosco-
py coupled with parallel factor analysis (EEM−PARAFAC). The
EEM and traditional spectral indices of samples show that the
fluorescent intensity, molecular weight, and humification degree of
the DOM were relatively higher than those of the POM, and the
groundwater in the reclaimed water recharge area (RWRA) was
more contaminated than in the south-to-north water recharge area (SNWRA). PARAFAC analysis indicates that the DOM was
dominated by an allochthonous humic-like substance (C1), whereas the POM was dominated by tryptophan-like substances
associated with microbial activity (C2). Partitioning of PARAFAC components between DOM and POM showed that the humic-
like substances (C1 and C4) were more likely to be distributed into a dissolved phase compared to the protein-like substances (C2
and C3), which suggested the potential use of C1 and C4 as a tracking indicator. In particular, the clear gradient distributions along
both the hydrogeological profile and different aquifer systems in terms of the concentration and composition of C1 also
discriminated between the RWRA and SNWRA with regard to the effects of various AGRs on the groundwater. The association
between C1 and water-quality indicators revealed by principal component analysis further indicated that refractory humic-like
substances would track the environmental impacts of intentional AGR processes.

1. INTRODUCTION
Groundwater is typically recharged by surface water to increase
its storage capacity and alleviate a continuous decline of the
groundwater level.1 Compared with natural groundwater
recharge, managed aquifer recharge (MAR), an intentional
measure of anthropogenic groundwater recharge (AGR), can
achieve more effective scheduling in time and space and more
properly address the pressure on the water supply.2 However,
various pollutants, including nitrate, nitrite, heavy metals,
organic pollutants, and even pathogenic microbes, might be
transported into aquifers through the intentional AGR and
contaminate groundwater.3−5 Previous studies have found that
refractory humic-like substances with low biogeochemical
reactivity can be used to track global carbon transport in
surface water,6,7 and they cannot be ignored in groundwater
due to their close association with many pollutants.8−10

Nevertheless, there is still a lack of understanding regarding
the environmental biogeochemical fate of natural organic
matter, especially the refractory humic-like substances, and its
applicability in tracking the process and environmental impacts
of the anthropogenic recharge of groundwater.
In fact, dissolved organic matter (DOM) has a good

response to the natural recharge groundwater process. For
example, rainfall recharge would change the characteristics and

composition of groundwater DOM in coastal peatland areas
and even affect the bioavailability of DOM in groundwater.11

Fluorescence organic matter could be an early warning for
groundwater contaminated by sewage.12 However, sedimen-
tary or soil organic matter (SOM) dominates the natural
organic matter (NOM) pool in groundwater systems. In
addition, the leaching of groundwater would strip the
immobile SOM into mobile particulate organic matter
(POM) through water−rock interaction, and POM would be
further converted into DOM through dissolution, desorption,
and microorganism-related pathways.13 Hence, it is worthwhile
to test the response of POM to AGR. Previous studies of
surface water systems have shown that the characteristics and
compositions of DOM and POM are distinctive in surface
water. The discrimination with respect to sources and
reactivity has revealed that DOM consists of more refractory
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substances, whereas POM is more dominated by fresh organic
matter.14,15 However, there were few studies that investigated
whether the differences between DOM and POM character-
istics in groundwater systems, especially in an AGR area, would
be similar to those in surface water systems. Furthermore, the
questions yet remain unanswered as to whether different
recharge water sources would cause any changes to existing
equilibria between DOM and POM and whether refractory
humic-like substances could ultimately serve as a monitoring
tracer.
Excitation−emission matrix (EEM) fluorescence spectros-

copy, which has the advantages of simple pretreatment, rapid
measurement time, and high sensitivity, has been widely

employed to trace the sources of NOM.14,16,17 Several
fluorescence signals, including humic-like, tryptophan-like,
and tyrosine-like, were assigned by Coble and are typically
named Coble peaks in many studies.18,19 The combination of
EEM and parallel factor analysis (PARAFAC) provides a
powerful statistical method to identify the fluorescence
components of NOM with biogeochemical significance and
further to illustrate the source and transformation of
NOM.20,21 EEM−PARAFAC can simultaneously decompose
the common components of both DOM and POM in the
aquatic environment, disclosing the environmental behavior of
organic matter. Although there are some limitations in the
study of tracking specific pollutants with EEM−PARAFAC,22

Figure 1. Topography and geological profiles of the study area. (A) Locations of sampling sites and profiles A−A′, B−B′, C−C′, and D−D′. The
stratigraphic profiles (B) A−A′, (C) B−B′, (D) C−C′, and (E) D−D′, where groundwater sampling depths are also shown. Groundwater samples
were collected at depths of 30, 50, and 80 m below the surface at sampling points including 1−5, 13−15, 22, and 23; at depths of 30 and 50 m
below the surface at sampling points including 11 and 26; and at depths of 80 m below the surface at the remaining sampling points.
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previous studies showed that the scores (Fmax) calculated by
the combined DOM−POM PARAFAC models helped to
prove the watershed’s contribution of organic nitrogen to an
estuary.17 Also, protein-like components in such combined
models facilitate revealing the phase transfer behavior of DOM
and POM at the sediment interface.23 The above cases
evidence that EEM−PARAFAC has potential feasibility to
explore the characteristics and dynamic exchange of DOM−
POM, as well as their association with the water quality of
groundwater.14,17,23

In order to conserve drinking−groundwater resources in the
Chaobai River Basin in Beijing, China, water transferred
through the South-to-North Water Diversion Project was used
for MAR. However, reclaimed water from wastewater treat-
ment plants was discharged into the surface water of the
Chaobai River Basin, which threatened the groundwater safety.
By utilizing several traditional spectral indices of NOM and the
combined PARAFAC model, this study aimed (1) to construct
the concentration and composition profiles of DOM and POM
in groundwater anthropogenically recharged by different water
sources, (2) to unravel the responses of the critical fluorescent
components of DOM and POM to various recharge processes
and water sources, and (3) to verify the applicability of
fluorescent organic matter (FOM) for tracking traditional
pollutants like chemical oxygen demand (CODMn), ammonia
nitrogen, and Cl− in groundwater.

2. MATERIALS AND METHODS

2.1. Sample Collection and Pretreatment. The study
area is located in the Chaobai River Basin in Beijing, China,
which belongs to the piedmont alluvial fan area. Most of the
riverbed is dry except the reaches, which were recharged with
reclaimed water. The stratigraphic structure is a single, mainly
gravel layer, and the surface lithologic particles are coarse with
strong permeability, providing a recharge path. The reclaimed
water from wastewater treatment plants has recharged this area
since 2008, and even deep groundwater (∼130 m) was affected
in 2010.24 Since 2015, clean water from the South-to-North
Water Diversion Project was intentionally recharged into the
groundwater to control the pollution caused by reclaimed
water. According to the location affected by different recharge
sources and the anthropogenic recharge history, the study area
was divided into the reclaimed water recharge area (RWRA)
and the intentional south-to-north water recharge area
(SNWRA). The annual average recharge contribution of
reclaimed water and the water transferred through the
South-to-North Water Diversion Project is 1:2.
Fifty-seven groundwater and 10 surface water samples were

collected in the Chaobai River Basin, Beijing, China, from May
7 to 13, 2019 (Figure 1A). The surface water was collected by
a vertical water sampler, and the groundwater was collected by
using a Grundfos submersible pump (SQ2-70). The samples
are divided into four groups: 9 surface water samples and 30
groundwater samples in the RWRA; 1 surface water sample,
which is the discharge point of the water transferred through
the South-to-North Water Diversion Project; and 27 ground-
water samples in the SNWRA. The water samples were filtered
through 0.7 μm micro-quartz fiber filters (Munktell), which
were prebaked at 450 °C for 6 h. More details of the study
area, the measurement of the water quality in the field, and the
sample collection and pretreatment are provided in Text S1 of
the Supporting Information (SI).

2.2. Sample Analysis. The dissolved organic carbon
(DOC) and absorption and fluorescent spectra of the filtrate
were measured for DOM samples.25 The POM was extracted
with an alkaline solution: the micro-quartz filter was cut into
pieces and extracted with 20 mL of 0.1 N NaOH at 4 °C for 24
h in the dark; after neutralization to pH > 6 with 1 mol L−1

HCl, which is close to that of the original sample, the extracted
solution was subsequently filtered through a 0.22 μm
poly(ether sulfone) membrane. The particulate organic carbon
(POC) and absorption and fluorescent spectra of the filtrate
were measured for the POM.17

The operation conditions for the fluorescence spectrometer
(Fluoromax-4, HORIBA JboinYvon) were as follows: the light
source was a 150 W xenon lamp, excitation (Ex) wavelengths
were from 250 to 400 at 4 nm intervals, emission (Em)
wavelengths were from 300 to 500 at 2 nm intervals, the width
of the slit was 3 nm, and the integration time of the scanning
signal was 0.1 s. The UV−vis absorbance was measured by a
spectrophotometer (UV8100, LabTech Ltd.) at 250−550 nm.
Analyses of TOC, POC, anions (Cl−, NO3

−, NO2
−, and

SO4
2−), cations (Ca2+, Mg2+, and NH4

+), chemical oxygen
demand (CODMn), total nitrogen (TN), and total phosphorus
(TP) are provided in Text S2 of the SI.

2.3. Data Handling. The spectral indices include the
humification index (HIX), the biological index (BIX), the
fluorescence index (FI), the concentration of OM with an
unsaturated structure (a254), the aromaticity index (SUVA254),
and the spectral slope (S275−295). Their calculations are shown
in Text S3 of the SI.
The background of blanks derived from the extraction of the

micro-quartz fiber material from POM samples has been
subtracted before PARAFAC analysis. The correction of the
EEM by the background fluorescence signal of ultrapure water
to remove both the primary and secondary inner filter effect
and Rayleigh and Raman scatterings, the construction of a
combined DOM−POM PARAFAC model using 134 samples,
and the comparison the PARAFAC components with those of
the previous studies were all conducted with the efc toolbox
[(http://www.nomresearch.cn/efc/indexEN.html) which was
developed using the MATLAB graphic user interface (GUI)],
with the FDOM correct toolbox,26 and with the N-way
Toolbox (https://www.mathworks.com/matlabcentral/
fileexchange/1088-the-n-way-toolbox).16 The fluorescence
components were finally identified by a core-consistency test
and split-half validation, for which the similarity was more than
0.95.27 The PARAFAC component scores [Fmax in Raman Unit
(R.U.)] as well as the proportion or composition (%Fmax) of
each sample were calculated for further analysis.
The variation of the data between groups was analyzed by

one-way analysis of variance (ANOVA), a one-sample t test, or
an independent-samples t test with the significance of p < 0.05.
The statistical analysis and tests noted above, the Spearman
correlation, and principal component analysis (PCA) were
performed by using SPSS v20.0 software. The parameters
included for the PCA were PARAFAC components (Fmax in
R.U.), traditional spectral indices (FI, HIX, BIX, and a254), and
water-quality parameters (e.g., DO, TN, TP, CODMn, Cl

−, and
NH4

+).

3. RESULTS AND DISCUSSION
3.1. Concentrations and EEM Characteristics of DOM

and POM. The DOM concentrations (median: 0.98 mg L−1 in
organic carbon, DOC) of groundwater in the RWRA were
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significantly higher than those in the SNWRA (median: 0.70
mg L−1), as indicated by the t test (p < 0.05). The POM
concentrations (median: 0.17 mg L−1 in organic carbon, POC)
of groundwater in the RWRA were slightly higher than those in
the SNWRA (median: 0.11 mg L−1). However, as suggested by
the ranges (Table S1, SI), some RWRA groundwater samples
had relatively lower POC levels than the SNWRA ground-
water, indicating that regional differences might be reflected in
the DOM and POM contents. Those differences could be
ascribed to two factors: (1) the DOC of surface water in the
RWRA is much higher than that in the SNWRA (Table S1, SI)
and (2) the content of clay minerals of aquifer sediments in the
SNWRA is higher than that in the RWRA (Figure 1E), which
may cause relatively higher adsorption of organic matter on
minerals and particles.28

The concentrations of unsaturated DOM (a254) of
unpolluted groundwater were less than 1 m−1 in previous
studies.29−31 Generally, the deeper groundwater is less affected
by artificial recharge. In this study area, we found that the
sample (N6) with the depth of 80 m below the surface in the
SNWRA had a minimum a254 of 1.13 m−1, indicating that the
values of a254 in the RWRA (median: 5.82 m−1) and SNWRA
(median: 2.67 m−1) were due to the anthropogenic recharge.
In addition, the a254 values in the RWRA were significantly
higher than those in the SNWRA (p < 0.05), indicating that
the groundwater in the RWRA was more contaminated than in
the SNWRA. For POM, the a254 in the RWRA (0.57 m−1) was
also significantly higher than that in SNWRA (0.47 m−1) (p <
0.05), although only one SNWRA sample was available, which
indicated that the regional variation of unsaturated organic
matter was relatively consistent between the DOM and POM.
The average fluorescence intensity of the POM (∼10−3

R.U.) was much lower than that of the DOM (∼10−2 R.U.)
(Figure S1, SI). In addition, the EEM features of the POM
were significantly different from those of the DOM. The peak
T signals in the EEM of the POM in groundwater from both

recharge areas were much stronger than those of other peaks,
indicating the dominant role of the bioactive tryptophan-like
substances in the POM.

3.2. Spectral Indices of DOM and POM. As shown in
Figure 2 and Table S1 (SI), the aromatic structures of the
DOM, as indicated by mean values of SUVA254, in the
groundwater were more numerous than those of the POM,
indicating a larger proportion of the aromatic structures in the
DOM versus POM, but the spatial variations of SUVA254 for
the POM were larger, as indicated by the wider 25th−75th
percentiles range (box). In addition, the SUVA254 of the POM
in the groundwater was slightly higher than that in the surface
water, which was probably caused by microbial activities with
respect to the humification of the aquifer sediments.32 As for
the spectral slope (S275−295), the value for the base-extractable
POM was larger than that for the DOM, indicating the
relatively lower molecular weight of the POM, which was
consistent with a previous study of the estuary.17 This could be
explained by the microbial degradation of high molecular
weight organic molecules into smaller ones on particles.33 In
addition, the alkaline extraction could also cause the chemical
hydrolysis of larger phospholipid molecules in microorganisms
attached to the particles into smaller molecules, including
phosphatidic acid, β-glycerophosphate, and (unsaturated)
aliphatic acid.34

The average BIX of the DOM in groundwater ranged from
0.8 to 1.0, indicating the weaker influence of autochthonous
origins and a mixture of terrestrial and microbial sources,
whereas the average BIX of the POM was >1, indicating a
stronger autochthonous source.35 The highest BIX of the
DOM (BIXd = 0.94 ± 0.06) and POM (BIXp = 1.14 ± 0.20) in
surface water from the RWRA might be triggered by the high
nutrient content (Table S2, SI), which facilitated growth of
microorganisms like algae.36 The relatively higher BIX for the
POM, as indicated by the higher ratio of BIX for DOM to BIX
for POM (BIXd/BIXp) in most surface water and groundwater

Figure 2. Box-whisker plots of the spectral indices of RWRA surface water samples (red, R-S), RWRA groundwater samples (green, R-G), an
SNWRA surface water sample (hollow circle, SN-S), and SNWRA groundwater samples (blue, SN-G): (A) SUVA254, (B) S275−295, (C) BIX, (D)
HIX, and (E) FI. The upper point of the box chart is the maximum and the lower is the minimum, the upper boundary of the box is the 25th
percentile and the lower is the 75th percentile, and the middle horizontal line is the median value and the middle point is the average value.
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samples, showed that the feature of a higher biological activity
for POM in surface water is applicable to groundwater as well
(Table S1, SI).37 This could be due to the fact that
microorganisms in water tended to attach to the surface of
particles and/or the particles typically contained fresh organic
matter.15,38

The HIX of the DOM was significantly higher than that of
the POM (HIXd/HIXp > 2, Table S1, p < 0.05), indicating that
the DOM had a higher degree of humification, which probably
caused better stability and more persistence in the environ-
ment.39 Unlike the DOM, for which the HIX could not
effectively distinguish the spatial variations between the RWRA
and SNWRA, the HIX of the POM in the RWRA was
significantly higher than that in the SNWRA [Table S1 (SI)
and Figure 2, p < 0.05]. Although there was a significantly
negative correlation between the BIX and HIX [p < 0.05, Table
S5 (SI)], the HIX was more capable of discriminating between
the fluorescent features of the DOM and POM (Figure 2).
The FI of the POM in most groundwater samples from both

recharge areas was lower than 1.3 (Figure S2, SI), indicating
that the POM was dominated by terrigenous organic matter,
which was mainly derived from soil. Typically, the FI and BIX
are developed on the basis of the DOM in surface water like
rivers and lakes.41 The accordance and positive correlation
between the FI and BIX was observed in the DOM from
surface water.42,43 However, its applicability to the DOM in
groundwater or the POM in sediment or soil is still under
investigation.37,44 The FI of the POM from Lake Taihu in
China indicated that half of the POM had both terrestrial and
microbial sources and the other half was microbially
dominated, whereas the BIX showed that most POM had
both terrestrial and microbial sources and some was terrestrial-
dominated. The negative correlation between the FI and BIX
was found for extractable organic matter in soil collected
throughout China.44 The source identification based on the FI
and BIX was not accordant for POM (Figure S2, SI); that is,
the FI indicated that most POM was terrestrial-dominated and
the BIX showed that little POM had terrestrial-dominated
sources. Therefore, we claimed that the FI should be cautiously
interpreted on the basis of previous research and that other
statistical methods like PARAFAC and quantitive matching
methods like comPARAFAC should be further employed to
handle EEM data for POM.16,45 The FI values of the DOM
(FId) for most samples ranged from 1.3 to 1.9, indicating that
the DOM was derived from a mixture of terrigenous and
endogenous organic matters,41 which was in accordance with
the BIX. Previous studies showed that the FI was significantly
related to the HIX and BIX.42,43 However, the association
between the FI and HIX was not significant for DOM in the
present study (Table S5, SI). We supposed that the complex
hydrogeological conditions and anthropogenic activities like
the AGR process might lead to the decoupling between the FI
and HIX. For instance, microorganisms in the soil and aquifer
might produce or be fed with recharged organic matter.46 A
water−rock interaction might cause the release of indigenous
organic matter from the rocks,47 and some organic matter
tends to be retained by the minerals.48

In summary, the HIX and S275−295 could distinguish between
the DOM and POM of both groundwater and surface water.
The DOM mainly consisted of the substance with higher
molecular weight and a higher degree of humification, whereas
the POM seemed to have a lower molecular weight and
humification degree. Furthermore, according to the top and

bottom edges of the box diagram in Figure 2, the spatial
heterogeneity of the POM with respect to the biological
activity (BIX and FI), aromatic characteristics (SUVA254), and
the molecular weight (S275−295) was greater than that of the
DOM, whereas the spatial heterogeneity of the humification
degree in the POM was smaller than that in the DOM.

3.3. DOM−POM PARAFAC Components. Models with
three to five components could pass the split-half validation of
the combined DOM−POM PARAFAC analysis. After
excluding the unstable five-component model with low core
consistency, the four-component PARAFAC model was finally
selected and further conducted by random initialization
analysis (Figure 3). In the four-component PARAFAC

model, C1 is a terrestrial and allochthonous diagenetic mixture
of fulvic-like and humic-like substances, which resembles a
mixture of Coble A and C peaks;40,49 C2 is UVB protein-like
and tyrosine-like, associated with microbial activity, and often
appears in the fluorescence signals of domestic sewage;50,51 C3
is similar to Coble T peak tryptophan-like substances, which
could originate from both autochthonous production (algal

Figure 3. Four split-half validated fluorescent components (A) C1,
(B) C2, (C) C3, and (D) C4 of combined DOM−POM PARAFAC
models using EEM spectroscopy of groundwater and surface water in
the anthropogenic recharge areas. The individual excitation and
emission loadings for the PARAFAC model are shown as the solid
line and the excitation and emission loadings for PARAFAC models
using the split-half data (splits 1−2 and 3−4) are shown as dash lines
with different colors.
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bloom) and sewage;52,53 C4 is similar to the Coble M peak,
being soluble, microbial-product-like, humic-like substances
with low molecular weight, which might dominate the
fluorescence of wastewater DOM.50,54

According to the PARAFAC composition, as measured by
the median percentage of the total fluorescence maxima for the
four components (%Fmax) (Table S4, SI), the amount of each
component varied substantially between the DOM and POM
pools. C1 predominated the DOM with a %Fmax value of
42.4%, indicating its dominative source of allochthonous
substances. For POM, C2 accounted for 46.6% of the total
fluorescence maxima. The C2 in the POM was far more
abundant than that in the DOM, indicating the dominative
role of protein-like substances in the POM.14,15

To reveal the impacts of water types and recharging
strategies on the PARAFAC component composition, the
median %Fmax values of four components for surface water and
groundwater in various recharge areas are compared in Table
1. As a result, the dominative roles of the humic-like
components C1 and C4 were found in the DOM from
groundwater and surface water in different recharge areas,
whereas the %Fmax values of the protein-like components C2
and C3 in the POM were higher than those in the DOM. The
%Fmax values of C1 and C4 for POM of groundwater from the
RWRA was slightly higher than those from the SNWRA,
indicating that the humification of the POM in the RWRA
progressed further, which was consistent with the results of the
HIX. Furthermore, the %Fmax value of C2 in both the DOM
and POM of groundwater and surface water in the SNWRA
was larger than that in the RWRA, suggesting the relatively
higher fraction of labile organic matter in the SNWRA. In
addition, the difference in the composition of FOM between

the SNWRA and RWRA implied the function of C2 as a
crucial fluorescent component to discriminate various
recharging areas. The comparable %Fmax values of C3 in
both the DOM and POM of groundwater in various recharge
areas showed that C3 was rather conservative. Considering the
similar hydrogeological conditions in the two recharge areas, it
can be inferred that C3 might be the organic matter produced
by in situ microorganisms in the aquifer.
Because of the low concentration of organic carbon in water

samples, the inner-filter effect could be corrected by the
FDOM correct toolbox,26 and it was possible to use Fmax to
denote the relative concentrations of the four components55

[Table S1 (SI) and Figure 4A]. In the RWRA, the Fmax values
of the four components of groundwater were consistently
higher than those in the SNWRA, indicating a higher
abundance of FOM in the RWRA samples. In the RWRA,
the Fmax values of C1 in the groundwater were similar to those
of the surface water (p > 0.05). Considering that reclaimed
water has been used for recharge since 2008,56 the high
concentrations of C1 were likely caused by the reclaimed water
recharge. In contrast, the groundwater samples in the SNWRA
exhibited significantly lower C1 concentrations than the
surface water (p < 0.05) because the recharge has occurred
for no longer than 5 years. The difference between the
SNRWA and RWRA revealed that C1 in groundwater was the
component that would be affected by the surface water
recharge. With respect to the protein-like substances (C2 and
C3), there were no significant differences between ground-
water and surface water samples from the RWRA (p > 0.05). It
was generally believed that the protein-like substances are
derived from biological activities or urban sewage,57 and thus,
the AGR process might introduce some components related to

Table 1. Comparing the Median %Fmax of the DOM and POM in Surface Water and Groundwater from the RWRA and
SNWRA Combined with DOM−POM PARAFAC Components

C1 C2 C3 C4

sites DOM POM DOM POM DOM POM DOM POM

RWRA surface water 41.2 22.5 14.7 27.7 20.8 28.7 19.9 12.6
RWRA groundwater 45.1 19.7 19.4 44.6 16.6 19.6 17.2 12.6
SNWRA surface water 40.3 11.6 27.0 60.8 20.0 22.8 12.8 5.0
SNWRA groundwater 41.2 15.2 25.2 53.1 15.4 20.1 18.2 9.3

Figure 4. Box-whisker plots of Fmax values of the (A) DOM and (B) POM from RWRA surface water samples (red, R-S), RWRA groundwater
samples (green, R-G), an SNWRA surface water sample (hollow circle, SN-S), and SNWRA groundwater samples (blue, SN-G). The upper point
of the box chart is the maximum and the lower is the minimum, the upper boundary of the box is the 25th percentile and the lower is the 75th
percentile, and the middle horizontal line is the median value and the middle point is the average value.
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microbial activities. However, the possibility cannot be ruled
out that microorganisms from aquifer sediments made a
potential contribution to the observation.50,51 Meanwhile, the
concentration of C4 in surface water was higher than that in
groundwater in both the RWRA and SNWRA, indicating that
the component is hardly transported into the aquifer. The C4
might represent some humic substances that are easily
fractionated by minerals.48 In summary, the FOM transport
from surface water to groundwater in the RWRA could be
tracked by C1, whereas the input of FOM from surface water
in the SNWRA was lower than in the RWRA.
Generally, POM contains labile and fresh organic matter like

proteins and is associated with high biological activity.14,15 In
the RWRA, the concentrations of protein-like components (C2
and C3) of POM from groundwater and surface water were
not consistent with each other [Table S1 (SI) and Figure 4].
Table S4 (SI) indicates that C2 is closely related to microbial
activities, whereas C3 is associated with the activities of algae.
By combining the observation with the spatial heterogeneity
indicated by the box size in Figure 4B, it can be inferred that
C2 and C3 are the specific components that might indicate
microbial/biological activities in groundwater and surface
water, respectively. Due to the lack of surface water samples
in the SNWRA, it was difficult to explain the spatial
heterogeneity of C2 and C3. However, the concentration of
C3 was relatively lower than that of C2 in the surface water
from the SNWRA, which could be explained by the lower
nutrients, such as nitrogen and phosphorus (Table S2, SI).
Such limited nutrients would inhibit the growth of algae and
reduce the concentration of C3, but organic matter like C3
might come from airborne fungal spores, bacteria in water, and
microorganisms in soil or sediment.58−60 The C1 and C4 of
POM could not discriminate among various groundwater
groups as significantly as those of DOM, but they could
discriminate among various surface water groups (p < 0.05).
Those differences might be attributed to the hydrogeochemical
characteristics, including hydrodynamic conditions, chemical
properties of particles, etc. Still, we needed to disclose those
differences through the analyses of molecular characteristics
and the mineral composition for the POM in the future.
According to the two-component PCA (Figure 5A), humic-

like components C1 for DOM (C1d) and POM (C1p) and C4

for DOM (C4d) and POM (C4p) are located on the positive
side of PC1 (which accounted for 29.07% of the variance),
indicating that the PC1 may be mainly related to humic-like
substances. On the other hand, the protein-like components
C2 for DOM (C2d) and POM (C2p) and C3 for DOM (C3d)
and POM (C3p) are placed on the positive side of PC2
(17.75%), suggesting the association of the PC2 with protein-
like substances. The C2 for DOM (C2p) on the negative side
of PC1 indicates its negative relationship with humic-like
substances. In PC1, C4d, C3d, and C3p were related to DO,
pH, and TP. The unsaturated organic matter in water (a254d),
Cl−, and CODMn presented positive loadings to PC1,
indicating its association with humic-like substances. The
negative association between the HIX and BIX was also
disclosed by their opposite loadings along PC2. The
unsaturated organic matter in particles (a254p) had negative
loadings along PC2, indicating its negative influence on
protein-like substances. Although DOM and POM shared
the same PARAFAC components and traditional spectral
indices, the paired DOM−POM indicators, including FI, a254,
C2, and C4, are not always closely associated.17 It is suggested
to employ high-resolution mass spectrometry to associate the
apparent spectral indices with particular organic molecules in
the future.61

3.4. Organic Matter Partitioning between Water and
Particles. POM is generally attached to particles of aquifer
sediments and serves as an important contributing source to
DOM. It can also be derived from the transformation of DOM
to POM.13 The concentration ratios of DOM to POM (DOC/
POC) differed between the surface water and groundwater
(Table S1, SI). Compared with groundwater (DOC/POCRWRA
= 7.0 ± 5.0, DOC/POCSNWRA = 5.3 ± 4.0), the surface water
DOC/POC (DOC/POCRWRA = 20.3 ± 12.1, DOC/
POCSNWRA = 20.7) was significantly higher (p < 0.05),
indicating that organic matter was more easily retained by
particles in the groundwater than in the surface water.48

Interestingly, the unsaturated organic fractions do not appear
to partition into/onto the particles as much as the total organic
matter because of the relatively higher ratios of a254d/a254p than

DOC/POC in the groundwater. In detail, a254d/a254p ratios for
groundwater in the RWRA and SNWRA were 9.6 ± 6.2 and

Figure 5. Principal component analysis diagram for DOM and POM by (A) loadings (variables) and (B) plots of scores (samples) of fluorescence
components, spectral indices, and water-quality indicators (DO, TP, TN, pH, Cl−, NH4

+, and CODMn). The triangles represent the samples from
the RWRA and the circles represent the samples from the SNWRA in panel B.
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8.0 ± 5.3, respectively. For surface water, those ratios were
even 2 times larger than the DOC/POC ratios, probably
because unsaturated organic matter in particles is likely to
photodissolve into the water phase, as demonstrated in
previous studies.13,62 The hardness and bivalent cations like
Mg2+ and Ca2+ are other factors affecting the DOM/POM
ratios.23 Groundwater has higher hardness than surface water,
as shown in Table S2 (SI). Therefore, DOM tends to aggregate
into POM through a cross-linked bridge (or chelation), which
may lead to the relatively lower DOM/POM ratios in
groundwater.63

Organic matter partitioning between water and particles has
been further investigated by comparing the ratios of EEM−
PARAFAC components of DOM with those of POM.23 From
the boxplots of Cxd/Cxp (x = 1−4) ratios for four groups of
water samples in the RWRA and SNWRA (Table S1 and
Figure S4, SI), significant differences were observed in DOM−
POM partitioning behavior for various components (pANOVA <
0.05), which could be ranked as C1d/C1p > C4d/C4p > C3d/
C3p > C2d/C2p. The DOM−POM partitioning behavior of the
humic-like substances (C1 and C4) was significantly different
from that of the protein-like substances (C2 and C3) (p <
0.05). The results suggest that the humic-like substances were
more likely to partition into the water phase than the protein-
like substances. The finding corroborates that humic-like
substances can be a crucial indicator for tracking the recharging
process. With respect to the partitioning behavior of humic-like
components (C1 and C4), there were no significant differences
between the groundwater from the SNWRA and RWRA
(pANOVA > 0.05). However, the protein-like components (C2
and C3) in groundwater showed significant differences in the
partitioning behavior between the SNWRA and RWRA (p <
0.05), which might be caused by various geomicrobial
communities and hydrogeochemical properties.31,59

3.5. Response of OM Spectral Characteristics to the
AGR Process. The Kriging interpolation graphs for the
concentrations and proportions of PARAFAC components for
DOM and POM are shown in Figures 6 and S5 (SI). The total

fluorescence intensity (CTd) of the DOM in the funnel area
(20 km), i.e., the SNWRA, was lower than that in the
surrounding area. The concentrations of C1, C3, and C4 in the
groundwater of the SNWRA were lower than those of the
RWRA, and the spatial gradient of the concentration and
proportion of C1 was clearly demonstrated in the C−C′ profile
(RAWA) and D−D′ profile (SNWRA) located near the dotted
line in Figure 6, which indicated that two recharge areas could
be distinguished by using humic-like substances (C1).64 The
concentration of C2 could not discriminate well between the
two recharge areas, but its proportion distribution could
discriminate as effectively as C1. For POM, the concentrations
of FOM on both sides of the dotted line were significantly
different, and the total fluorescence intensity (CTp) in the
RWRA (C−C′) was lower than that in the SNWRA. This is
because the dominant protein-like components C2 and C3 also
followed the above spatial distribution in that the fluorescence
intensities of C2p and C3p in the RWRA (C−C′) were lower
than in the SNWRA, whereas the humic-like components C1
and C4 showed the opposite distribution trend in that the left
side was lower than the right side in Figure 6. For the
composition, the spatial distributions of C1, C2, and C4 were
similar to those of the concentration distribution maps (Figure
S5, SI). In general, it appears that refractory humic-like
substances with low biological activity could be effectively used
to track the groundwater recharge process even though
background effects of protein-like substances are hardly
excluded due to their potential production by geological
microorganisms.31,58

According to the concentrations and characteristics of the
DOM and POM in the RWRA and SNWRA groundwater
(Table S8, SI), it can be found that TOC and a254 decrease
with the increase of depth, indicating that the deeper
groundwater was the less affected by the recharge source. In
the DOM and POM from both the RWRA and SNWRA
groundwater, the contents of humic-like components C1 and
C4 decreased gradually with the increase of depth, which
showed an obvious gradient, but for protein-like components
C2 and C3, we found that there was a high content in the
DOM and POM at the depth of 80 m below the land surface,
which may be due to the influence of the original geological
environment. This also indicates that protein-like components
might fail to indicate the recharge process in the case of
interference from background biological sources.
The PCA scores showed that the sample points in the

RWRA had gradient changes along the PC1 (Figure 5B). In
other words, the deeper groundwater samples (∼80 m) were
located on the more negative side of PC1, and the shallower
groundwater (∼50 and ∼30 m) and surface water samples
were located on the more positive side of PC1. Those spatial
gradient variations revealed the response of humic-like
substances to the anthropogenic recharging process and its
potential to track the recharge process. The deep groundwater
samples in the RWRA and SNWRA (∼80 m) were located on
the negative side of PC1, indicating a relatively lower degree of
humification. The strong correlation between C2p and TN,
ammonia nitrogen (Table S5, SI) might be explained by the
nitrogen cycle caused by geological microorganisms (p <
0.05).65 On the negative side of PC1, some groundwater in the
SNWRA overlapped with the deep groundwater in the RWRA,
which might be due to the fact that the deep groundwater was
less affected by anthropogenic recharge. Similar to the
observation that humic-like substances varied with depth in

Figure 6. Distributions of (A) C1 of DOM and (B) C2 of POM along
the D−D′ and C−C′ profiles plotted by the Kriging interpolation
method. The upper boundary of the map is the water level line. The
bottom boundary is 10 m below the deepest sampling point. The
colorbar from blue to red denotes fluorescent intensities (R.U.) from
the smallest to the largest.
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the RWRA, the shallower groundwater (∼50 and ∼30 m) in
the SNWRA was on the negative side of PC2, while the deeper
groundwater samples (∼80 m) were placed on the positive
side of PC2, which indicates that the protein-like fluorescent
organic matter could also respond to the process of water
recharge and mixing in the SNWRA. However, it might fail in
the case in which the background biological source interferes.
3.6. Environmental Implication of the Relationships

between OM and Water Quality. Natural organic matter in
groundwater might interact with inorganic salts and metals and
affect their environmental behavior, including chemical forms,
mobility, desorption, and reactive oxygen species produc-
tion.59,65−67 Notably, anthropogenic activities, like the
generation of landfill leachate, would significantly affect the
concentrations of ammonia nitrogen and organic matter in
groundwater.68 Furthermore, the reclaimed water discharged
into rivers would elevate organic matter in the recharged
groundwater through the natural groundwater recharge
process.69 The significant correlations between ammonia and
C1, C3, and C4 in the DOM showed that the FOM in the
groundwater was associated with the source of ammonia.8 In
addition, significantly positive correlations between CODMn
and C1, C3, and C4 in the DOM indicated FOM’s consistent
responses to the traditional organic matter indicator
(CODMn).

36 The pH of groundwater was positively correlated
with the DOC concentration and PARAFAC components (p <
0.05), indicating that an increase of pH would lead to release
of organic matter from the aquifer sediments and fluorescent
signals could respond to that. It is interesting to observe the
negative correlation between C2p and pH, because it implies
that a high pH could cause the release of protein-like
substances attached to minerals in the aquifer sediments into
the dissolved phase. Furthermore, C2 had more significant
association with water-quality indicators than C3 for POM,
whereas C3 was more significant than C2 for DOM, indicating
that PARAFAC components’ response to or impact on water
qualities depended on the phases of organic matter. Chloride
ion is sensitive to anthropogenic or natural recharge due to its
stable nature in groundwater, which has been technically used
to track the groundwater recharge process.70 Its high
correlation with humic-like C1d and C4d (p < 0.01) in this
study demonstrated that humic-like fluorescence also had a
potential to track the recharge process.
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