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ABSTRACT: Many groundwater and surface water bodies around the world
show a puzzling and often steady increase in nitrogen (N) concentrations,
despite a significant decline of agricultural N inputs. This study uses a
combination of long-term hydrogeochemical and hydraulic monitoring,
molecular characterization of dissolved organic matter (DOM), column
experiment, and reactive transport modeling to unravel the processes
controlling N-reactive transport and mass budgets under the impacts of
dynamic hydrologic conditions at a field site in the central Yangtze River
Basin. Our analysis shows that the desorption of ammonium (NH4+) from
sediments via cation exchange reactions dominates N mobilization and
aqueous N concentrations, while the mineralization of organic N compounds
plays only a minor role. The reactive transport modeling results illustrate the
important role of cation exchange reactions that are induced by temporary
NH4+ input and cation concentration changes under the impact of both seasonal and long-term hydrologic variations. Historically,
cation exchangers have acted as efficient storage devices and mitigated the impacts of high levels of NH4+ input. The NH4+ residing
on cation exchanger sites later acts as a long-term N source to waters with the delayed desorption of sediment-bound NH4+ induced
by the change of hydrologic conditions. Our results highlight the complex linkages between highly variable hydrologic conditions
and NH4+ partitioning in near-surface, river-derived sediments.
KEYWORDS: nitrogen cycling, groundwater surface water interaction, reactive transport, cation exchange

■ INTRODUCTION
Excessive nitrogen (N) in groundwater is a prevalent problem
worldwide due to the adverse effects on water quality and
aquatic ecosystem health.1−5 It is particularly severe in aquifers
beneath agricultural areas, where nitrate (NO3−) is often the
main groundwater contaminant.2,3,6−12 Elevated ammonium
(NH4+) concentrations generally persist in reducing environ-
ments, while oxidation to NO3− through nitrification occurs
where O2 becomes available.

5,6,13−15 In many instances, NH4+
containing groundwater discharge has shown to serve as a
substantial N source for surface water bodies, where it induces
eutrophication.6,16−18

Increasing N concentrations in groundwaters and surface
waters have been reported for various settings, despite
declining N inputs. It was thereby ascribed to the transient
storage of N in sediments.2,3,10,19 Often, N-containing organic
compounds were considered as the predominant form of N
stored in the sediments of aquatic systems such as wetlands,
estuaries, and river deltas.3,11,20 Correspondingly, it has been
hypothesized that NH4+ is primarily released to groundwater in
response to the decomposition and release of sediment organic
N.1,3,4,10,11 Meanwhile, there is growing evidence that
sediment-bound NH4+ could play a considerable role and
that sorption/desorption of NH4

+ via cation exchange

reactions could significantly influence groundwater NH4+

concentrations.16,21,22 Fine-grained riparian sediments poten-
tially serve as an important temporary storage pool for
NH4+.

7,14,17,23−27 This has, for instance, been observed in
sediments from the Red River Delta plain and the Pearl River
Delta, where deeper sediments have been shown to contain up
to hundreds of mg of NH4 per kg.

1,28 Furthermore, some
studies have also found that exchangeable NH4+ (the sediment-
bound NH4+ that can be extracted with KCl solution at room
temperature) is particularly enriched in near-surface sediments,
where its content has shown to be 1 order of magnitude higher
than that of porewater NH4+ concentration.

7,22,29 However, the
role and relevance of NH4+ sorption and desorption on N
cycling are still not more broadly recognized and possibly
severely underestimated in many, if not most, previous field
studies.
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In riparian zones and other systems, where seasonal
groundwater and surface water interactions occur, highly
dynamic exchange fluxes can trigger complex hydrogeochem-
ical interactions30−33 and subsequently alter N-associated
biological processes.15,34−37 A similarly complicating factor
might be the occurrence of temporary upward fluxes in arid
climates, where evapotranspiration exceeds rainfall, which can
strongly impact the migration rate of contaminants, including
NO3−, in the vadose zone and in shallow aquifers.38,39

Significant repartitioning of NH4+ between sediment and
aqueous phases might occur in response to changes of water
chemistries induced by groundwater and surface water
interactions.16,23,26 Several recent studies have demonstrated
that recharge with oxygenated surface waters may enhance
NH4+ attenuation by promoting nitrification.

13,14,40 Further-
more, sorption of NH4+ onto aquifer sediments is likely
promoted during discharge of NH4+-bearing groundwater,

23

and the long-term accumulation of NH4+ is commonly
observed in aquifer systems experiencing intensive ground-
water−surface water interactions.6,13,14,16
Here, we investigate the hypothesis that storage and release

of N in sediments via cation exchange may be the key process
responsible for the persistence of a high N concentration in
surface and groundwater bodies, long after excessive
agricultural N inputs have ceased. This hypothesis is derived
from long-term hydrogeochemical monitoring, observed sedi-

ment-bound (sorbed) N, and laboratory-scale column experi-
ments with molecular characterization of DOM. Constrained
by the field observations, we use reactive transport modeling to
analyze and reveal the mechanisms controlling transient N
storage and its release in aquifers under variable hydrologic
conditions in a large river basin. Our results demonstrate that
dynamic hydrologic conditions enhance enrichment of NH4+
in sediments and its later release is promoted by shifting water
chemistries, which in turn affects N-cycle processes and long-
term water quality.

■ MATERIALS AND METHODS
Study Site. The Shahu site is located in the southeast of the

Jianghan Plain (JHP), encompassing an area of approximately
10 km2. Within the study area, monitoring wells were installed
at 13 locations; at each location, 3 nested monitoring wells
were screened at depths of 10, 25, and 50 m, respectively. The
10 m wells were screened in the upper aquitard, which is
characterized by a relatively low permeability with a hydraulic
conductivity of ∼10−8 m/s, whereas the 25 and 50 m wells
were screened in the underlying sandy and considerably more
permeable confined aquifer with hydraulic conductivity
between ∼10−6 m/s and ∼10−4 m/s.13,41−43

The seasonal groundwater level fluctuations at the Shahu
site are mainly induced by variations in precipitation rates,
irrigation patterns, and pond infiltration as well as river−

Figure 1. (A) Location of JHP and regional groundwater flow, (B) the Shahu monitoring site, and (C) hydrogeological cross section in which
groundwater flow paths are indicated as dotted lines for wet season conditions and as solid lines for conditions during the dry season. TSR and DJR
refer to the Tongshun River and the Dongjing River, respectively.
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groundwater interaction. The Tongshun River (TSR),
Dongjing River (DJR), Lvfeng River (LFR), and Kuige River
(KGR) are embedded within the low-permeability upper
aquitard and, thus, only affect groundwater levels locally, i.e.,
within several tens of meters away from these rivers.41,44

Over several decades, the Shahu site has been subject to
intensive agricultural activity, and consequently, high levels of
groundwater NH4+ have been observed.

4,13,27 Due to shifts in
agricultural practices, fertilizer use has significantly declined
since 2012. However, both NH4+ and NO3− concentrations
have remained high and have indeed even increased in surface
and groundwaters (Figure S1). A detailed description of the
study site can be found in Text S1.

Data Collection. At the Shahu site, the measurements of
piezometric heads and river stages as well as sampling of
groundwater and surface water were conducted approximately
monthly from June 2012 to September 201413 and from June
2018 to July 2019 (Figure 1). The sediment core was collected
in March 2021 at the Eastern JHP from a newly drilled bore
from a depth of ∼28 m below the land surface (BLS). Full
details on water level monitoring and sample collection are
provided in Text S1.

Water Analysis. In situ analyses of physicochemical
parameters, including water temperature, pH, electrical
conductivity (EC), oxidation−reduction potential (ORP),
dissolved oxygen (DO), and alkalinity, as well as concen-
trations of redox constituents, including total Fe, Fe2+, sulfide
(S2−), NH4+, and NO2− were conducted. Concentrations of
major cations, anions, and dissolved organic carbon (DOC) in
the water samples were determined by standard methods. All
details of the applied sample preservation and analytical
techniques are described in Text S1.

Sediment Characterization. All sediment samples were
oven-dried to measure the bulk density, moisture content,
specific surface area (SSA), cation exchange capacity (CEC),45

and bulk mineral and elemental compositions. Additionally,
the extraction of sediment-bound NH4+ was conducted by
field-moist sediments. Water-soluble sediment-bound organic
matter (WSOM) was extracted from dried sediments to
analyze DOC concentration and molecular characterization.
Details of the extraction techniques for sediment-bound NH4+
and WSOM can be found in Text S2.

FT-ICR MS Analysis and Data Processing. The
molecular characterization of DOM was determined by a
7.0-T Fourier transform ion cyclotron resonance mass
spectrometer (FT-ICR MS) with the range of m/z set at
100−1000 for all WSOM samples. The DOM molecular
composition for each sample was interpreted by the FTMSDeu
Code. The full data processing details are provided by Zhou et
al.46 Content of DON in each sediment sample was
subsequently calculated by multiplying the N/C ratio by
DOC concentration. Details on the FT-ICR MS analysis and
data processing can be found in Text S3.

Column Experiment. Dried sediment samples were
packed into three identical columns (10 cm in length and
2.6 cm in diameter). After presaturated with deionized water,
all columns were flushed with 5 pore volumes (PVs) of
artificial irrigation water (AIW), containing 5.5 mM NH4+, 1
mM Br−, and DO in equilibrium with the atmosphere, to
mimic a high NH4

+ input period. Varying influent
compositions were applied to simulate differing scenarios of
groundwater−surface water interactions: (i) column A: surface
water infiltration simulated by the injection of artificial surface

water (ASW), (ii) column B: groundwater discharge simulated
by the injection of artificial groundwater (AGW), and (iii)
column C: alternating injection of ASW and AGW after every
2 PVs to simulate the frequent exchange between surface water
and groundwater. The ASW contained 0.05 mM NH4+ and
0.15 mM NO3

− in equilibrium with the atmosphere,
corresponding to the average measured surface water
composition (Figure S2). While the AGW contained 0.5 mM
NH4+ and DO-free on the basis of typical shallow groundwater
composition.13 Detailed experiment procedures and hydro-
chemical compositions are provided in Text S4 and Table S1,
respectively. In total, 45 PVs of feed solutions were passed
through each of the experimental columns to investigate the
long-term behavior of the N-reactive transport.

Conceptual Hydrogeological Model. At the Shahu site,
in the shallow aquifer sections, particularly the upper aquitard,
groundwater flow, and groundwater flow paths are controlled
by local-scale groundwater−surface water interactions (Figure
1B,C). The model domain defined for our reactive transport
simulations represents the local-scale processes in the saturated
groundwater zone away from the rivers (i.e., TSR, DJR, LVR,
and KGR, see Figure 1B). There, groundwater flow
predominantly occurs in the vertical direction. It was therefore
idealized as a column in which transient flow and, accordingly,
reactive transport occur at variable rates. The shallow
groundwater zone is generally recharged by a combination of
rainfall and infiltration of surface waters, the latter including
ponds and irrigation water. Measured groundwater levels show
that upward hydraulic gradients from the confined aquifer into
the overlying low-permeability zones occurred only sparsely
during seasonal fluctuations of groundwater levels and at a
much smaller magnitude compared to the predominating
downward hydraulic gradient.47 From 2017 onward, a
continued decline in groundwater levels in the confined
aquifer induced an increased downward vertical hydraulic
gradient in the shallow aquifer zone, therefore enhancing
surface water infiltration.

Numerical Modeling Tools and Approaches. A multi-
component reactive transport model was set up for a
comprehensive analysis of the geochemical response to the
hydrological interactions between surface water and ground-
water from June 2012 to September 2021. MODFLOW48 and
PHT3D49 were used for simulating coupled flow, transport,
and geochemical processes under the dynamic hydraulic
conditions and the associated intensive exchange of surface
water and groundwater. Since vertical flow is the key
hydrological driver of the reactive transport processes at the
Shahu site, a one-dimensional (1D) model was developed to
represent the vertical groundwater flow and reactive transport
processes. The model domain extends over 25 m and is
discretized into 22 layers (the top layer is 4 m thick, while the
layers below have a uniform thickness of 1 m), thereby
covering the aquitard and connecting to the uppermost part of
the confined aquifer (Figure 1).

Groundwater Flow. Initial estimates of hydrogeologic
properties and hydraulic parameters were adopted from
previous studies41,42 and subsequently adjusted within
plausible ranges during calibration against our field observa-
tions. All employed physical parameters of the groundwater
flow model are listed in Table S2.
The hydraulic conductivity and the recharge rate were

calibrated according to the observed groundwater level data.
Detailed monthly recharge rates are listed in Figure S3. A drain
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with an elevation of 20.1 m allows groundwater to discharge.
The bottom boundary of the model domain was defined by the
time-varying Constant-Head (CHD) Package, based on the
averaged monthly groundwater levels observed at the 25 m
wells (Figure S3).

Geochemical Reaction Network. The standard
PHREEQC database49−51 was used as a starting point for
assembling a problem-specific reaction network of equilibrium
and kinetically controlled reactions that potentially affect the
mobilization and attenuation of various N species. Additional
reactions were formulated to consider the kinetically controlled
biodegradation of organic matter by multiple electron
acceptors, including O2, NO3−, SO42−, and ferrihydrite(s).
On the other hand, all-included cation exchange reactions (i.e.,
Ca2+ + 2X− ↔ CaX2, Mg2+ + 2X− ↔ MgX2, Na+ + X− ↔ NaX,
K+ + X− ↔ KX, and NH4+ + X− ↔ NH4X) were directly
adopted from the PHREEQC standard database. The
thermodynamic constants are listed in Table S3.
In the following, we largely focus on the description and

discussion of the newly appended reactions. Both nitrification
and denitrification were considered to play critical roles in N
cycling, based on previous evidence for these reactions to
occur in the study area.6,13

Similar to previous modeling studies in related hydro-
chemical systems,52 biodegradation of organic matter was
modeled by employing a partial equilibrium approach (PEA),

in which it is assumed that organic matter oxidation is the rate-
limiting step, and the consumption of electron acceptors can
therefore be quantified as equilibrium reaction.40,50,53−55 The
electron acceptors are automatically consumed according to
their thermodynamic favorability. This implies that denitrifi-
cation34,37,40,55

+ + + ++4NO 5CH O 4H 2N 7H O 5CO3 2 2 2 2

is inhibited as long as aerobic respiration

+ +CH O O H O CO2 2 2 2

still proceeds.

+ + ++ +NH 2O NO H O 2H4 2 3 2

Nitrification was also assumed to be kinetically controlled and
to proceed in the presence of DO. The full list of rate
expressions and parameters that were incorporated into the
reaction database to quantify the kinetically controlled
oxidation of organic matter and nitrification is provided in
Text S5 and Table S4. Finally, the mineralization of N-
containing DOM was not included because of the negligible
concentrations that were detected in both surface water and
groundwater samples.13

Reactive Transport Model. Field-observed water compo-
sitions were used to define four discrete zones (0−4 m, 4−7m,
7−20 m, and 20−25 m depth, respectively) of initial water

Figure 2. (A) Groundwater levels and river stages, (B) NH4+ concentration, and (C) NO3− concentrations change along with time at the Shahu
site in the discharge area of JHP. Two whisker ends represent minimum and maximum, and solid squares show the mean values.
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compositions at the start of the simulations. The initial
concentrations of the considered N species, major ions, and
DOC were assigned according to measured concentrations
(Table S5). Two minerals were included in the reaction
network, calcite, and ferrihydrite, both as equilibrium phase
minerals that were assumed to be present at the start of the
simulations. The initial concentration contents of calcite and
ferrihydrite were estimated from X-ray diffraction (XRD) and
X-ray fluorescence (XRF) results (Figure S4 and S5) as well as
reported data in existing studies.56,57 Furthermore, the CECs
applied in the model were adopted from measured, site-specific
values. Subsequently, the initial exchanger occupancy was
determined through equilibration with the initial water
compositions and thus varied from zone to zone.
Fertilizer applications associated with irrigation and

subsequent infiltration of irrigated water are the primary
pathway for N entering the aquifer underlying the agricultural
area. Our previous investigations indicate that fertilizer-derived
N prevailing in irrigation recharge water generally occurs as
NH4+ in the JHP.

6,13 Thus, NH4+ was assumed to be the main
form of N loading to the groundwater system. In the model,
time-varying hydrochemical compositions were defined as
model boundary conditions, thereby reflecting both seasonal
changes and long-term input trends. The application of
fertilizers was normally performed in May of each year; thus,
the recharge water compositions for this period were
correspondingly characterized by high concentrations of
NH4+. In other months, NH4+ was absent from groundwater
recharge. The time-varying recharge water compositions
assigned at the top boundary corresponded to the observed
surface water composition, thus reflecting the distinct differ-
ences between dry and wet seasons, respectively. The detailed
seasonal cycle of recharge water compositions is illustrated in
Figure S6. To capture the long-term trend of decreasing
anthropogenic NH4+ input caused by changing agricultural
practices at the JHP, a gradual change in NH4+ concentration
from 4 mM in 2011 to 1 mM in 2020 was applied to the
recharge water compositions representing irrigation seasons

(Figure S6). The groundwater chemistry at the model bottom
boundary was adopted from the measured groundwater
composition at the 25 m wells.
To unravel and illustrate the importance of various key

reactions and hydrologic conditions on N-reactive transport, a
range of conceptual model variants were considered:
Case 1: Considering all the above reactions under field-

observed hydrologic conditions (base case),
Case 2: Nonreactive transport of solutes (no geochemical

reactions) under field-observed hydrologic conditions,
Case 3: As case 1, except for the exclusion of cation

exchange reactions,
Case 4: Reactions as in case 1, but assuming a constant

hydraulic gradient over the entire simulation period, excluding
seasonal hydrological dynamics,
Case 5: Reactions as in case 1, but assuming a self-repeating

seasonally varying flow (with a constant average hydraulic
gradient), and
Case 6: Reactions as in case 1, but assuming a successively

changing hydraulic gradient without the occurrence of seasonal
changes.

■ RESULTS
Temporal Variations of Hydrologic Condition and

Water Chemistry in Different Seasons. The Shahu site is
characterized by seasonal fluctuations of river stages that can
reach 8 m. Groundwater level variations, particularly at 10 m
depth, closely coincide with the river stage fluctuations but
were attenuated to 1−2 m (Figure 2A). Furthermore,
groundwater levels show a decreasing trend from 2012 to
2014 to 2018−2020, especially at 25 and 50 m depths, before
increasing again in 2020−2021 (Figure 2A). The vertical
hydraulic gradients generally increased in 2018−2021
compared to those in 2012−2014.13
In response to the hydrological processes and their

variations, both transport- and reaction-induced hydrochemical
changes occurred over the monitoring period. NO3

−

concentrations at all depths (10, 25, and 50 m wells) increased

Figure 3. Vertical distribution of (A) DON and exchangeable NH4+ concentrations, (B) measured cation exchange capacity (CEC) and specific
surface area (SSA), and (C) relative abundance of DOM formulas extracted from sediment collected from the Shahu site located in the JHP
discharge area. Clay-rich sediments at depth from 4.5 to 20 m showed 1 order of magnitude higher CEC and SSA values than the silty and sandy
sediments.
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over time, even though the fertilizer-associated N input was
significantly reduced over this period (Figure 2C). NH4+
concentrations at 10 m depth remained initially constant
from 2012 to 2014 but then showed an increase in the 2018−
2021 data, while at 25 and 50 m depth, the concentrations
showed a decrease in the 2018−2021 period. Surface waters,
such as river water, pond, and irrigation waters within the
Shahu site, show similar, but seasonally varying, major ion
compositions (Figure S2). Higher concentrations of Ca2+ and
Mg2+ usually occurred during the wet seasons (between April
and July), while the NO3− concentrations and pH values were
higher during the dry seasons (between December and
March). Compared to the groundwater hydrochemical
compositions, surface waters were generally characterized by
lower NH4+, Ca2+, and Mg2+ concentrations and higher NO3−
and Cl− concentrations and pH values (Figure S2). NO3−
concentrations in surface waters were 1 order of magnitude
higher than those in groundwaters, especially during the period
of 2018−2021. The concentrations of Ca2+, Mg2+, and HCO3−
decreased and K+ and Cl− concentrations and pH significantly
increased in groundwaters in the 2018−2021 period compared
to the 2012−2014 period.

Storage of N in Sediments. Sediment samples collected
from the Shahu site showed relatively high exchangeable NH4+
concentrations, varying between 0.46 and 17.14 mmol/kg
(Figure 3A). Notably, higher concentrations of exchangeable
NH4+ usually occurred in clay-rich sediments, with an average
content of 7.75 mmol/kg. Vertically, near-surface sediment
generally had higher concentrations of exchangeable NH4+,
peaking at a depth of ∼5 m.
Vertically, CEC and SSA of sediment samples at the Shahu

site showed a very similar depth profile. Low CEC and SSA
values were found at depth <4 m, similar to depth >20 m,
where sandy sediments prevail. Sediment samples collected at a
depth of 4.5 m showed the highest values for CEC (2.78
mequiv/100g) and SSA (36.9 m2/g) (Figure 3B).
Generally, N-containing DOM molecules showed a relative

abundance below 10%. The relative abundance of CHON
formulas ranged from 9% to 17%, therefore comparatively
lower than CHO formulas (Figure 3C). Calculated DON
contents ranged between 0.10 and 1.12 mmol/kg, peaking at a
depth of ∼5 m, similar to the depth of the peak exchangeable
NH4+ concentration occurred. Importantly, the maximum
exchangeable NH4+ concentration is more than 16 times

higher than that of DON (Figure 3A). Thus, exchangeable
NH4+ clearly dominates the sediment N pool rather than
DON. As shown in Figure S7, most of the CHON molecules
of high relative abundance were determined to be lignin, and
therefore of limited bioavailability, since their H/C ratio is
<1.5.58

Solute Transport Behavior Observed in Column
Experiments. Conservative solute transport, as indicated by
Br, exhibited identical behavior in all three columns. Br− was
detected at ∼1 PV and approached injected concentration after
∼1.4 PVs (Figure 4). In comparison, NH4+ reached peak
concentrations much slower than that of Br−. Effluent NH4+
concentration remained low for more than 8 PVs, before
starting to increase. After breakthrough (∼10 PVs), effluent
NH4+ concentrations remained much lower than the injected
concentrations, particularly in column A, where ASW was
injected, and concentrations peaked at ∼1.6 mM. However,
NO3− concentrations in the effluent were higher than the
injected concentrations. Column B, in which AGW was
injected, exhibited a higher NH4+ peak concentration of ∼3.8
mM.
The observed breakthrough behavior of NH4+ shows to be

linked with the changes in Ca2+ and Mg2+ concentrations.
NH4+ concentration increased in concert with decreasing Ca2+
and Mg2+ concentrations, while conversely, there was a notable
decrease in NH4+ concentrations with increasing Ca2+ and
Mg2+ concentrations. Sediments sampled from column B
displayed the highest exchangeable NH4+ concentrations after
the end of the experiment. Accumulation of exchangeable
NH4+ was also observed in the sediments of column C, which
was exposed to the alternating injection, particularly in the top
of the column. On the other hand, in column C, exchangeable
NH4+ concentrations in the sediments were even below the
initial concentration at depths between 0 and 6 cm.

Reactive Transport Modeling. Recharge to the deeper
groundwater zones mainly occurs during wet seasons (Figure
S3A). The resulting observed water level dynamics were
captured well by the simulated groundwater levels at both 10
and 25 m depths (Figure S3B). Accordingly, the simulated
flow velocities at 10 m depth fluctuate seasonally. In addition,
the simulations also capture the increased downward flows
induced by increasing head gradients (case 1 in Figure S3C).
The reactive transport model simulations that considered

the full set of biogeochemical reactions (case 1) reproduce the

Figure 4. Breakthrough curves of Br, NH4+, NO3−, Ca, and Mg in columns A, B, and C, as well as exchangeable NH4+ concentrations in the
sediments at the end of the experiments.
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field-observed concentration trends for most major ions (Ca2+,
Mg2+, Na+, K+, NH4+, SO42−, Cl−, HCO3−, and NO3−) and pH
reasonably well (Figure 5), therefore suggesting that the
hypothesized conceptual hydrogeological and hydrogeochem-
ical model is highly plausible. In contrast, the corresponding
nonreactive transport simulations (case 2), where all geo-
chemical processes were switched off, and also the reactive
transport model variant (Case 3) that solely excluded cation
exchange reactions from the full reaction network employed in
Case 1, failed to match field observations.
Similarly, the model variants that either assumed (i) a

constant hydraulic gradient (case 4), (ii) constant averaged
yearly hydraulic gradients with seasonal dynamic (case 5), or
(iii) observed yearly hydraulic gradients without seasonal
dynamic (case 6) could neither capture the NH4+ and NO3−
transport behavior or observe the major ion concentrations,
such as Ca2+, Mg2+, HCO3−, and SO42−, and pH, especially in
the later part of the simulation period.
The accumulation of NH4+ on exchanger sites, particularly in

clay-rich sediments, is indicated in Figure 6. While the
simulated NH4X concentrations were relatively low (∼0.3
mM) in the earlier part of the simulation period, they increased
after June 2014, eventually reaching up to 0.6 mM. The NH4X

concentration at a depth of ∼5 m was almost doubled during
the simulation period, before a slight decline occurred after
2021 in the near-surface clay-rich sediments.
The decrease of MgX2 occurs during the increase of NH4X

that is accumulating during the intrusion of NH4+ with the
infiltrating surface water, which was enhanced, while vertical
hydraulic gradients increased after 2014 (Figure 6 and S7).
Note that NaX and KX concentrations were approximately 1
order of magnitude lower than those of CaX2 and MgX2
(Figure S8).

■ DISCUSSION
Prominent Role of Cation Exchange on Controlling

Ammonium Storage and Release in JHP. Our sediment
analysis shows that exchangeable NH4+ concentrations are
relatively high and approximately 1 order of magnitude higher
than DON-hosted N concentrations (Figure 4A). Importantly,
this contrasts with many previous studies suggesting that DOM
is the predominant form of N storage and accordingly for long-
term N release from sediments.1,4,11 Characterization of near-
surface clay-rich sediments collected in this area show their
large CECs and SSAs, which promotes NH4+ sorption.

20,42

The elevated CEC values and the high exchangeable NH4+

Figure 5. Comparison of results from different reactive/nonreactive model variants with observation data for major ions, N species (NH4+ and
NO3−), and pH at 10 m depth. The observed data shown represent the averaged values from 13 monitoring wells.
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concentrations strongly suggest that cation exchange plays a
dominant role in the transient storage of N in sediments and as
a regulator for aqueous N concentrations. This finding
complements the results of previous studies that noted the
absence of significant organic N concentrations,13 therefore
attributing a minor role of DON decomposition in controlling
aqueous N concentrations.
The important role of cation exchange for NH4+ storage and

release is further underpinned by the results of both the
reactive transport simulations and column experiments. With
respect to the former, key evidence is provided by the
comparison of the reactive transport simulation results (case 1)
with those from the corresponding conservative model (case
2), and the case where only cation exchange reactions were
excluded (case 3). Only the full reactive transport model was
able to match the majority of the observed hydrochemical
patterns, while the other model variants failed to match
particularly the observed cation concentrations. The retarded
breakthrough of NH4+ in the complementary column experi-
ments, in concert with declining Ca2+ and Mg2+ concen-
trations, provides further supporting evidence for the role of
cation exchange in N storage.
The observed increase of aqueous NO3− concentrations at

all monitoring wells, which coincides with the observed
decrease of groundwater NH4+, particularly at the monitoring
wells screened in the confined aquifer (Figure 3), suggests that
nitrification is another important reaction affecting N-cycling.
It is promoted under the more oxidized conditions created by
infiltrating surface water.7,13,15 Observed effluent NO3

−

concentrations that were higher than the influent concen-
tration in the column experiments, particularly in the column

with aerobic ASW influent composition, also confirm the
occurrence of nitrification (Figure 3). Subsequently, most of
the NO3− produced was removed via denitrification in the
anoxic zone, causing an obvious N mass loss during the
experiments. The main reactive transport model variant in
which nitrification-denitrification was considered (case 1)
captures the observed NO3− variations and, therefore, supports
the hypothesis that nitrification-denitrification controls
groundwater NO3− concentrations.

Seasonal Hydrological Dynamics Control N Enrich-
ment in Shallow Groundwater. As the rates at which
recharge to the shallow aquifer occurred followed a seasonal
pattern, this also implied seasonally varying downward
hydraulic gradients and magnitudes of flow velocities (Figures
2 and S3). The alternating chemical compositions of the
surface waters cause the periodic change in groundwater
chemistry at shallow depth (<10 m) (Figure S9). The distinct
NH4+ adsorption/desorption behavior that is induced at the
Shahu site and its link with the alternating compositions of the
recharged water are mimicked by the corresponding column
experiments, i.e., under controlled conditions (column C in
Figure 3). The comparison of modeling results obtained for
case 1, which considers the seasonal flow dynamics, and case 6,
which assumes an equivalent but steady recharge rate,
illustrates the importance of the seasonal dynamics on the
N-reactive transport behavior. In the former case, inflow of
aerobic surface water (DO ≥ 0.4 mM) during the dry season
while downward flow rates are slow constrains the extent of the
oxic zone, where nitrification can occur, to shallow ground-
water depths <4 m (Figure 6). In comparison, the much higher
downward flow velocities during the wet season, i.e., while

Figure 6. Comparison of the concentrations of groundwater NH4+, NO3−, and DO, as well as sediment-bound NH4+ (NH4X) between models with
different hydrologic conditions.
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fertilizers are utilized, leads to an enhanced N mass loading and
downward transport of NH4+ (Figure S10) without the
opportunity for nitrification to occur due to absence of oxygen
(DO < 0.01 mM). Thus, the seasonal hydrological dynamics
largely suppressed the nitrification of NH4+ to NO3− and
facilitated NH4+ preservation at depths between 4 and 10 m,
where groundwater remains anoxic during the dry and wet
seasons (Figure S10). This finding contrasts previous studies,
which suggested that slowly moving NH4+ could be largely
consumed by nitrification during groundwater residence.16 The
relevance of the seasonal dynamics is illustrated by the
modeling results for case 6, which did not consider the
dynamics and as a consequence underestimated NH4

+

concentrations and overestimated NO3− concentrations in
the shallow groundwater zone.
Overall, there is combined evidence from field observations,

column experiments, and reactive transport modeling (case 1)
that the seasonal alteration of the recharge water composition
in combination with the variations in flow velocities initially
enhances the storage of NH4+ in the near-surface clay-rich
sediments at the depth around 5 m (Figures 3 and 6). In more
recent years, however, the release of adsorbed NH4+ from clay-
rich sediments via cation exchange sustained elevated ground-
water NH4+ concentrations at the shallow depth (<10 m), even
though N inputs from fertilizer applications decreased or
ceased during this period (Figure S1).

Impact of Long-Term Increased Downward Hydraulic
Gradient on Ammonium Desorption and Aqueous N
Concentrations. Enhanced surface water infiltration induced
by a long-term decline in groundwater levels, attributed to
human activities such as groundwater pumping, has been
observed at the Shahu site (Figure S3)47 and also reported for
other regions.59−61 There, the enhanced recharge of surface
waters in the period between 2018 and 2020 caused a shift to
more oxidized conditions at shallow depth <4 m, compared to
the earlier monitoring period (Figure 6), leading to more
NO3− produced via nitrification. Due to the increased
downward hydraulic gradients, transport of NO3− to deeper
groundwater was enhanced (Figure 6). This explains the
observed increase of NO3− concentrations at 10 m depth and
further below. In comparison, the downward movement of
near-surface produced NH4+ was retarded by cation exchange,
whereby the long-term trend of decreased Ca2+ and Mg2+
concentrations promoted NH4+ sorption and its enrichment in
sediment at depths of around 10 m (Figures 5 and 6). Thus,
the downward movement of NH4+ was further prohibited,
leading to the dilution of aqueous NH4+ at greater depth. This
resulted in the decrease of NH4+ concentrations in ground-
water zones at the >10 m depths (Figures 4 and 6). The
changes of groundwater NH4+ and NO3− concentrations along
the profile are more complex than those reported in previous
studies, which suggested that surface water infiltration would
efficiently lower groundwater NH4+ concentrations by dilution
and promotion of nitrification reaction.7,17,40

The role of the long-term increased downward hydraulic
gradient in controlling N concentrations is illustrated by
comparing model results for case 1 with those for cases 4 and
5. The model variants, which did not consider the enhanced
vertical hydraulic gradients (cases 4 and 5) and their induced
change in geochemical conditions (i.e., concentrations of O2
and major ions), were unable to capture the trend of increasing
NH4+ concentrations at 10 m depth, neither with nor without

considering seasonal hydrological dynamics, and underestimat-
ing both aqueous NH4+ and NO3− concentrations (Figure 5).

■ IMPLICATIONS
Despite changes in agricultural practices, N remains one of the
most concerning diffuse groundwater contaminants, and
understanding the physical and hydrogeochemical processes
that control its transit time in large catchments is key for
developing and adapting water management practices. Our
study highlights the importance of exchangeable NH4+ as the
most important N pool for groundwaters in an intensely
studied large river basin, the JHP, therefore contrasting many
studies that attributed N-related water quality deterioration to
sediment-hosted DON. Through multiple lines of evidence,
combining field, lab, and modeling studies, we illustrate the
importance of N release from sediment-bound exchangeable
NH4+ on groundwater quality under the impact of dynamic
hydrologic conditions.
Fertilizer applications for agricultural activities are common

in many large river basins around the world, which often
exhibit seasonal or other hydrological dynamics induced by
groundwater and surface water interaction.5,13,14,54 For the past
decades, the intervention actions that have been taken to
reduce riverine nutrient loading in large river basins such as the
Mississippi, Susquehanna and Songhuajiang River Basins, failed
in many cases to achieve the expected water quality
improvements, similar to what occurred at the JHP study
site.2,3,9,10 Previous studies attributed the time lag between
reduced N inputs and delayed water quality improvement to
legacy N accumulated in soils and groundwater.3,11,62

However, it remained unclear under what conditions the
sorption/desorption of NH4+ is promoted and how it affects
long-term water quality. Our simulating results now demon-
strate that seasonal hydrological dynamics, coupled with
geochemical processes, can enhance N enrichment in shallow
subsurface sediments and sustain high levels of N release into
groundwaters at later times. Large river basins that have a
similar fertilizer application history to the JHP are likely to
store large masses of N in groundwater zones, as NH4+, and
experience a delayed release of N to water bodies, especially
where hydrologic conditions change, for example, through
(over)extraction of groundwater and/or climate change
impacts. Thus, water resource management must consider
the transient storage and release of N and its long-term effect,
and long-term continuous hydrological and chemical monitor-
ing networks are required for better predicting water quality
change in large river basins. This study deepens our broader
understanding of long-term water quality changes in large river
basins and the necessary steps for a better water quality
management.
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