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Abstract Tidal pumping is a major driving force affecting water exchange between land and sea,
biogeochemical reactions in the intertidal aquifer, and nutrient loading to the sea. At a sandy beach of
Tolo Harbour, Hong Kong, the nutrient (NH4

+, NO2
�, NO3

�, and PO4
3�) dynamic in coastal groundwater

mixing zone (CGMZ) is found to be fluctuated with tidal oscillation. Nutrient dynamic is mainly controlled
by tidal pumping-induced organic matter that serves as a reagent of remineralization in the aquifer.
NH4

+, NO2
�, and PO4

3� are positively correlated with salinity. Both NH4
+ and PO4

3� have negative
correlations with oxidation/reduction potential. NH4

+ is the major dissolved inorganic nitrogen species
in CGMZ. The adsorption of PO4

3� onto iron oxides occurs at the deep transition zone with a salinity of
5–10 practical salinity unit (psu), and intensive N-loss occurs in near-surface area with a salinity of
10–25 psu. The biogeochemical reactions, producing PO4

3� and consuming NH4
+, are synergistic effect

of remineralization-nitrification-denitrification. In CGMZ, the annual NH4
+ loss is estimated to be ~

4.32 × 105 mol, while the minimum annual PO4
3� production is estimated to be ~ 2.55 × 104 mol.

Applying these rates to the entire Tolo Harbour, the annual NH4
+ input to the harbor through the

remineralization of organic matters is estimated to be ~ 1.02 × 107 mol. The annual NH4
+ loss via nitrification

is 1.32 × 107 mol, and the annual PO4
3� production is ~ 7.76 × 105 mol.

1. Introduction

The hydrological cycle between land and ocean is crucial for the material exchange between terrestrial and
oceanic environments. As a major component of land-sea hydrological cycle, submarine groundwater
discharge (SGD) plays an important role in transporting of terrestrial materials (e.g., nutrients, carbon, and
metals) to the sea (Moore, 2010). Therefore, SGD has received great attention from hydrologists, oceanogra-
phers, and geochemists globally since 1980s (Burnett et al., 2006; Cable et al., 1996; Johannes, 1980; Michael
et al., 2005; Moore, 1996).

Nutrient elements such as nitrogen (N) and phosphate (P) are frequently investigated due to their impacts on
the autotrophic production of organic matter (OM) in seawater (Joye & Anderson, 2008). Because the nutrient
level is several orders of magnitude greater in groundwater than in seawater, SGD inputs a large amount of
groundwater-borne nutrients to the sea and subsequently affects marine ecology (Johannes, 1980; Slomp &
Van Cappellen, 2004). Meanwhile, nutrients derived by SGD are found to be comparable to riverine nutrient
inputs in many studies (Burnett et al., 2007; Hwang, Kim, et al., 2005; Kroeger et al., 2007; Niencheski et al.,
2007; Smith & Swarzenski, 2012; Sugimoto et al., 2015). SGD-derived nutrient loading is even the major exter-
nal source for marine nutrient pool in some places such as Bangdu Bay, Korea (Hwang, Lee, et al., 2005),
Masan Bay, Korea (Lee et al., 2009), Southern Yellow Sea, China (J. A. Liu et al., 2017), Mediterranean Bay,
Palma Beach and Balearic Islands (Rodellas et al., 2014), Arctic Ocean and Gulf of Alaska (Lecher et al.,
2016), Lynco Cove, Hood Canal, WA (Swarzenski et al., 2007), and Tampa Bay, Florida (Smith & Swarzenski,
2012). Groundwater-borne nutrients support the primary production and have impact on community struc-
tures of the phytoplankton in seawater (Lapointe, 1997; Luo et al., 2014). In addition, Paytan et al. (2006)
found that nutrients, particularly nitrogen, necessary for the growth of coral reefs were derived from SGD.
However, excessive land-sourced nutrient delivered by SGDmotivates environmental or ecological problems.
For instance, Laroche et al. (1997) suggested that nutrients induced by the increase of fertilizer use in 1970s
were transported to the sea through SGD and resulted in the brown tide blooms in 1980s. Lee et al. (2010)
pointed out that the outbreak of dinoflagellate red tide at southern sea of Korea was caused by a large
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amount of inorganic nutrients inputs through SGD instead of Yangtze River discharge and oligotrophic
Kuroshio warm current as suggested by previous studies (Choi, 2001; Yang et al., 2000).

As presented above, it is undeniable the noteworthy role of groundwater-borne nutrients played in
marine environments and ecology. Currently, many SGD-delivered nutrient flux was estimated indirectly
by multiplying the SGD flux with nutrient concentration in inland and nearshore groundwater end-members.
However, two problems exist when applying this method. (1) Large uncertainties, which are derived
from SGD estimation and the variation of nutrient concentration in groundwater end-members, make it
difficult to accurately evaluate the influences of SGD-derived nutrients on marine environments. (2) This
method neglects the chemical, biological, and geochemical transformation of nutrients during the transport
in coastal aquifer. The coastal aquifer may act as a source of marine nutrient pool or a barrier preventing
terrestrial nutrients discharging to the sea. Therefore, a better understanding of the spatial distribution
and biogeochemical transformation of nutrients in coastal aquifer is essential for appropriately selecting
groundwater end-members and quantifying global nutrient fluxes through SGD (Couturier et al., 2016;
Moore, 2010).

Recently, besides SGD, many investigations focus on the transformation processes of nutrients in coastal
aquifer. The mineral precipitation/dissolution and adsorption/desorption onmetal oxides are main processes
of phosphorus (P) in coastal aquifers (Santos et al., 2009; Spiteri et al., 2007). Since phosphorus is strongly
absorbable to iron oxides (Beck et al., 2010; Slomp & Van Cappellen, 2004; Spiteri et al., 2008), the precipita-
tion curtain of iron oxides in coastal groundwater mixing zone (CGMZ) may act as a sink for terrestrial phos-
phorus transporting to the sea (Charette & Sholkovitz, 2002; Rouxel et al., 2008). Nitrogen transformations in
coastal aquifers contain many processes such as nitrification (NTR), denitrification (DNTR), nitrogen fixation
(NFIX), dissimilatory nitrate reduction to ammonium (DNRA), remineralization (REM), and anammox
(ANAM) (Joye & Anderson, 2008; Santoro, 2010). The investigations on cycling or the fate of N in intertidal
sediments lead to many insightful findings (Couturier et al., 2016; Kroeger & Charette, 2008; Loveless &
Oldham, 2010; Schlesinger, 2009; Schutte et al., 2015; Spiteri et al., 2008; Talbot et al., 2003). For example,
Talbot et al. (2003) indicated that NH4

+ moved conservatively while the loss of terrestrial NO3
�was observed

in CGMZ of Waquoit Bay, Massachusetts. However, the research of Kroeger and Charette (2008) at the same
place indicated the concurrent removal of NH4

+ and NO3
� in freshwater and deep salinity transition zone.

The possible removal mechanisms were heterotrophic or autotrophic DNTR, coupled NTR and DNTR,
ANAM, and oxidation of NH4

+ by Mn oxides. Through modeling reactive transport of nutrients in CGMZ,
Spiteri et al. (2008) stated that the removal of terrestrial NO3

� through DNTR was limited by the supply of dis-
solved organic carbon. They also suggested SGD as a significant source of NO3

�. However, Couturier et al.
(2016) found that NO3

� delivered by terrestrial freshwater was transformed in shallow intertidal aquifer.
The nitrogen discharged to ocean in a form of NH4

+. The inconsistent findings indicate that variabilities of
nitrogen processes in coastal sediments of different places were great due to the unique microbial commu-
nities, redox conditions, aquifer mineralogy, and hydrological controls. Schutte et al. (2015) found that nitro-
gen cycling in coastal sediments mitigated environmental effects of land-sourced nitrogen. However, as a
byproduct of the nitrogen removal processes such AMAM, DNTR, and nitrifier DNTR, nitrous oxide (N2O) is
a potent greenhouse gas. Marchant et al. (2016) also confirmed the substantial N2O production in permeable
sediments of coastal aquifer. DNTR is usually regarded as a major sink of inorganic nitrogen in marine sedi-
ments and prevailing in suboxic and anoxic environments (Hulth et al., 2005). However, DNTR is found to
have occurred in oxic environments (named aerobic DNTR) through N isotope paring techniques and labora-
tory experiments (Gao et al., 2009; Rao et al., 2007, 2008). The aerobic DNTR contributed to substantial N loss
at continental shelf (Rao et al., 2007, 2008). The same N removal mechanism was also observed in intertidal
aquifer (Gao et al., 2012). Except for aerobic DNTR, N loss can also be caused by coupled NTR-DNTR in perme-
able sediment of coastal aquifers (Marchant et al., 2014, 2016).

The transformation processes of phosphorus (P) and nitrogen (N) in coastal aquifers are influenced by many
factors such as redox condition, aquifer heterogeneity, microbial communities, nutrient types in terrestrial
groundwater, and hydrogeological variations. Kroeger and Charette (2008) pointed out that the N loss is
not obvious in shallow salinity transition zone due to short groundwater residence time. Gonneea and
Charette (2014) indicated that SGD-derived nutrient flux was doubled in summer compared to winter due
to longer residence time in winter that strengthened N loss processes such as DNTR and ANAM in sediments.
Through column experiments, Santos et al. (2012) revealed that flow velocity has potential effects on DNTR in
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coastal sediments. Magalhães et al. (2005) suggested that NTR and DNTR were influenced by the availability
of inorganic nitrogen. Teixeira et al. (2016) found that the activity of ANAM had a positive correlation with the
increase of NO2

�, but it was inhibited by the increase of NH4
+. This is similar to NTR. Besides inorganic nitro-

gen availability, redox condition also influences the rates of ANAM (Teixeira et al., 2013; Teixeira et al., 2014),
NFIX, and DNTR (Lee & Joye, 2006). Furthermore, redox conditions variation alters microbial communities for
all functional groups that are crucial for nearly all transformation processes of nutrients in coastal aquifers
(Santoro, 2010; Santoro et al., 2006, 2008).

Located at the northeast of New Territories, Hong Kong, Tolo Harbour is a semiclosed embayment with a sur-
face area of 50 km2 and a shoreline of 82 km (Luo & Jiao, 2016). Due to the bottlenecked coastline configura-
tion and prevailing northeasterly wind direction, the water exchange with Mirs Bay, South China Sea is
inefficient, which may result in a low removal efficiency of nutrients in harbor seawater (Lee et al., 2012).
High frequency of algae bloom has been reported since 1980s (Xu et al., 2004). The Tolo Harbour Action
Plan conducted in 1987 reduced 83% of biochemical oxygen demand and 82% of anthropogenic total nitro-
gen loading until 2008 (Lee et al., 2012). However, phytoplankton density increased from 4,000 to
25,000 cell mL�1 (Lie et al., 2011). The reduction of point loading nutrient sources did reduce the occurrence
of red tide at Tolo Harbour area. The annual occurrence of red tide reduced from 13.3 in 1980s to 7.7 in 1990s
and 5.4 in 2000s as reported by Agriculture, Fisheries and Conservation Department of Hong Kong. Even so,
red tide occurrence is still very high recently (7.7 times per year since 2011), which demonstrates that nutrient
loading by anthropogenic activity is not the only reason for red tide or algae blooms. Previous studies have
demonstrated that nutrient (dissolved inorganic nitrogen, DIN; dissolved inorganic phosphorus, DIP; and
SiO2) loading by SGD was greater than by river discharge (Lee et al., 2012). This makes SGD-derived nutrients
the major source of nutrients supporting the growth of algae and phytoplankton in the harbor (Lee et al.,
2012; Luo et al., 2014; Luo & Jiao, 2016; Tse & Jiao, 2008). Through multiple geotracer-based models, Luo
and Jiao (2016) found that groundwater-borne nutrients were 1–2 orders of magnitude greater than other
nutrient sources. Their results also indicated the possible positive correlation between interannual SGD-
derived nutrient loading and red tide outbreak.

As one of major driving forces of land-sea water exchange (Abarca et al., 2013; Heiss & Michael, 2014;
Robinson et al., 2007), tidal pumping brings external nutrients to the coastal aquifer. Groundwater redox indi-
cators such as salinity, pH, dissolved oxygen (DO), oxidation/reduction potential (ORP), and temperature are
also found to be oscillated with tidal fluctuation (Liu, Jiao, & Liang, 2017). Under such circumstances, to inves-
tigate tidal fluctuation-influenced nutrient dynamics and its potential biogeochemical transformations in
CGMZ, a series of sampling campaigns along a transection perpendicular to the shoreline at different tidal
stages were conducted in this study. In this way, a better understanding of the influencing mechanism of
tidal fluctuation on the nutrient dynamics is expected to be obtained.

2. Material and Methods
2.1. Study Site

The sampling site (22°280 06.91″N, 114°13002.22″E) is located at a sandy beach of Ting Kok, Tolo Harbour,
Hong Kong. From land to sea, surficial sediments mainly contain Quaternary deposits such as river and beach
sediments originated from decomposed volcanic rock (woodland area in Figure 1). The shore (mangrove
zone and sandy beach in Figure 1) sediments are mainly enriched in littoral pebbles, tidal sand dunes, tidal
muds, fluvial pebbles or cobbles, sea shells, and some gravels. In the abandoned paddy field, sediments
are much finer and are enriched in loam, clay, and finer sand (Chan et al., 1995). Falling head (Li et al.,
2010) and constant head (Amoozegar, 1989) permeability tests were carried out to measure hydraulic con-
ductivity of the sediments. The estimated hydraulic conductivity is ~ 0.42 m/d in paddy field, ~ 1.6 m/d in
mangrove zone, and ~ 4.49 m/d at sandy beach. The porosity of sediments was measured to be ~ 0.3 in
laboratory following the standard procedure (Fetter, 2000). The slope of sandy beach is ~ 1:100. The annual
mean sea level is ~1.45 mPD (meter above principal datum) with an average tidal range of ~ 1.06 m. The typi-
cal hydraulic gradient is about 0.04 and the typical advection velocity is 0.2 m/d according to Darcy’s Law (Liu,
Jiao, & Liang, 2017). With the fluctuation of tidal level, the flow velocity oscillates around the typical advection
velocity accordingly. The measured tidal level during the sampling period is illustrated in Figure 2. The sea
level ranges from ~ �1.02 mPD to ~ 0.8 mPD with the highest tidal level observed during 7:00 a.m. to
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12:00 a.m. and the lowest tidal level observed during 17:00 p.m. to 18:00 p.m. The infiltration depth is ~ 1 m
according to the total alkalinity data (Liu, Jiao, Liang, et al., 2017).

A permanent multilevel sampling system (Luo et al., 2017) was installed in a transection perpendicular to the
shoreline at Ting Kok (Liu, Jiao, Liang, et al., 2017). The system contains 11 sampling sites (namely L1 to L5,
and S1 to S6) at different locations along a shore-perpendicular sampling transection, and each sampling site

Figure 1. (a)The location of the study site, (b) the multilevel permanent sampling system installed in the field, and (c) the
salinity of groundwater along the sampling transection on 25 April 2016. Sampling points are indicated by circles in
Figure 1a, and for the study discussed in this paper, only the points indicated by yellow dots are sampled.

Figure 2. The tidal fluctuation during the sampling period. The horizontal lines denote the ground surface of the sampling
sites at L1 (red), L2 (orange), and L3 (purple). The tidal level at each sampling round (SR) is denoted at the intersection
of vertical dash line. The SR number is denoted at the top, and red color means the tidal level surpassed the ground
elevation of L2 and L3. The gray background and white background represent the night and daytime, respectively.
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has 2–5 sampling tubes with different depths (Figure 1). The 43 sampling tubes in this system constitute a 2-D
sampling transection (about 110 m long and 3 m deep). In the study on nutrient dynamic, only three sites
(L1, L2, and L3, or filled circles in Figure 1) are sampled because they are located in the salinity transition
zone according to the spatial distribution of salinity (Figure 1). L1 has two sampling tubes (L1-1 and L1-2)
and only one (L1-2 with a depth of 2 m) was sampled. All four sampling tubes in L2 (L2-1 to L2-4, with
depths of 0.5, 1, 1.5, and 2 m) were sampled in this study. Four of five sampling tubes (L3-1, L3-3 to L3-5,
with the depths of 0.5, 1.5, 2, and 3 m) in L3 were sampled because L3-2 (depth of 1 m) was clogged. As
for the salinity and stable isotopes, groundwater from all sampling tubes was collected.

2.2. Sample Collection

Fifteen rounds of groundwater sampling (called sampling round (SR) hereafter) were conducted during 48 h
from 23 to 25 May 2016 with time interval about 3 to 4 h (Figure 2). According to tidal levels at different SRs
and the elevations of sampling sites plotted in Figure 2, seawater submerges L2 and L3 at SRs 06, 07, 13, and
14. At SRs 02 and 09, the tidal level is the lowest (1.02 m below the mean sea level) during the sampling
period. L1 is not submerged by seawater throughout the sampling period. At each SR, nine groundwater
samples (with a volume of 0.5–1 L for each sample) from three sampling sites (Figure 1) were pumped at
the same time with peristatic pumps preinstalled at each site and preconnected to each sampling tube.
Meanwhile, one nearshore seawater sample (with a volume of 4 L) was collected. During the sampling period,
150 samples in total were collected for nutrient (NH4

+, NO2
�, NO3

�, and PO4
3�) analyses. Samples for stable

isotope (δ2H and δ18O) analyses were collected on 25 April 2016. Groundwater pumped at the beginning of
each sampling was discarded to avoid the influence of residual water in tubes since previous sampling.
Groundwater was filtered in situ with the 0.45 μm syringe filter before placed in acid-washed centrifuge tubes
(50 mL). Nutrient samples were first stored in an ice box in the field and then transported back to laboratory
storing in frozen environment (�18°C). Groundwater samples for stable isotopes (δ2H and δ18O) analysis fully
fill in small centrifuge tubes (1.5 mL) after the filtering process. The sample tubes were sealed with parafilm
and stored in refrigeration environment (4°C) to prevent evaporation.

2.3. Analytical Methods

Indicators of redox condition such as salinity, pH, DO, and ORP were measured immediately after sample
collection with a portable multiparameter meter (Hanna HI 98194). Resolutions and accuracies of redox indi-
cators are 0.01 and ±0.01 psu for salinity, 0.01 and ±0.02 pH for pH, 0.01 and ±0.10 ppm for DO, and 0.1 and
±1.0 mV for ORP. The pH and platinum pin ORP sensor, four-ring stainless steel conductivity sensor, and gal-
vanic DO sensor of the meter were precalibrated with a standard solution (Hanna Instruments) in the labora-
tory. Concentrations of nutrients (NH4

+, NO2
�, NO3

�, and PO4
3�) were measured on a Lachat Instruments

Quickchem 8000 flow injection analyzer using standard colorimetric techniques within 1 week of sampling.
Analytical errors are<10% for NH4

+,< 8% for NO2
�,< 3% for NO3

�, and<5% for PO4
3�. Stable isotopes (δ2H

and δ18O) were analyzed with Off-axis integrated cavity output spectroscopy (OA-ICOS) laser adsorption
spectrometer. Water samples were introduced into OA-ICOS via a PAL HTC-xt autoinjector. δ2H and δ18O were
measured simultaneously within 90 s at each injection. Each sample was injected 6 times, and the last four
results were averaged as the final result. The precisions of measurements are <0.5‰ and <0.1‰ for δ2H
and δ18O, respectively.

3. Results
3.1. Stable Isotopes and Water Patterns

The stable isotope results represent the first measurements of δ2H and δ18O in groundwater of intertidal aqui-
fer at Tolo Harbour. Spatial distributions of stable isotopes (δ2H and δ18O) are shown in Figures 3a and 3b. δ2H
ranges from �38.3‰ to �10.3‰ while δ18O ranges from �6.08‰ to �1.85‰ (Table S1). The near-surface
area closed to the sea is enriched in heavy isotopes, and the inland deeper area is isotopically depleted in
both δ2H and δ18O. Stable isotopic compositions of fresh groundwater (FGW) from L1-1 (�28.32‰ and
�4.99‰ for δ2H and δ18O) and L1-2 (�23.43‰ and �4.58‰ for δ2H and δ18O) are different from the com-
positions of FGW from L2-3 (�35.31‰ and �5.69‰ for δ2H and δ18O) and L2-4 (�38.03‰ and �6.08‰ for
δ2H and δ18O). The dramatic variation of δ2H and δ18O within such a short distance (10 m) indicates the
different origins of FGW from L1 (L1-1 and L1-2) and L2 (L2-3 and L2-4). Plot of δ2H versus δ18O (Figure 3c)
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also clearly presents the differences in isotopic composition in these two groups of FGW. The δ2H and δ18O in
FGW from both groups of FGW are in the local meteoric water line (LMWL) in Hong Kong, which can be
presented by the equation δ2H = 8.13 δ18O + 11.39 (Li et al., 2012). The LMWL is highly identical to the
global meteoric water line described as δ2H = 8.0 δ18O + 10 (Craig, 1961). Therefore, this study merely uses
LMWL as a reference. Groundwater sample scatters of δ2H and δ18O (Figure 3c) are in a line between FGW
and nearshore seawater (standard mean ocean water, SMOW), suggesting that mixing process dominates
the stable isotopic composition of groundwater in the study area. The mixing line can be described by the
equation δ2H = 6.26 δ18O + 1.82 with a high R2 value of 0.989. According to salinity and stable isotopic
composition, the groundwater in this sampling transection is separated into three water patterns, that is,
surficial FGW (L1-2), deep FGW (L2-3 and L2-4), and saline water (L2-1, L2-2, and L3-1 to L3-5) (Figure 3d).
FGW and saline water are separated by salinity (S = 1 psu), while surficial FGW and deep FGW are
separated by an averaged value of stable isotopes (either δ2H = �30‰ or δ18O = �5.1‰) from sites L1
and L2. Either line of δ2H = �30‰ or δ18O = �5.1‰ can be used for the separation because both lines
are analogous between 0 and 15 m.

3.2. Ammonium (NH4
+) Dynamic

The NH4
+ dynamic is illustrated in Figure 4. Generally, NH4

+ concentration in surficial FGW (12.27 μM) is much
higher than that in deep FGW (0.84 μM) and saline water (2.94 μM) (Table 1). NH4

+ in saline water only exists
in near-surface area where nearshore seawater enters the aquifer suggesting that NH4

+ is originated from
nearshore seawater. From SRs 01 to 05, tidal levels are lower than the beach surface (Figure 2); thus, the
depleted NH4

+ in saline water is mainly led by biogeochemical reaction instead of seawater dilution.
However, at SR 04 the depletion of NH4

+ is hindered probably owing to a lower intensity of biogeochemical
activities (middle night). In addition, DNTR increases with flow velocity when the advection velocity is smaller
than 0.72 m/d as indicated by Santos et al. (2012). The typical advection velocity of this study is ~ 0.2 m/d
(Liu, Jiao, & Liang, 2017), which is within the range in which the DNTR increases with the velocity.
Therefore, the comparative high tidal level at SR 04 (0.23 m) lowers the flow velocity and subsequently hin-
ders the removal efficiency of NH4

+ by biogeochemical reactions. The seawater submerges the beach surface

Figure 3. Spatial distributions of (a) δ2H and (b) δ18O in the sampling site, (c) scatterplot of δ2H versus δ18O, and (d)
groundwater patterns separated by salinity and stable isotopic compositions. The LMWL and SMOW in Figure 3c are
local meteoric water line and standard mean ocean water, respectively.

Journal of Geophysical Research: Biogeosciences 10.1002/2017JG004017

LIU ET AL. TIDE INFLUENCED NUTRIENTS DYNAMIC 3327



of L2 and L3 at SRs 06 and 07. The NH4
+ concentration in saline water increases accordingly and reaches a

comparatively high concentration (Figure 4). For example, from SRs 05 to 06, the NH4
+ concentrations at

L3-1 and L2-1 increase from 4.45 to 9.56 μM and 4.03 to 5.39 μM, respectively (Table S2). Since NH4
+

concentration in nearshore seawater (1.93 μM) is low, the high concentration of NH4
+ in saline water is

definitely transformed from organic form of nitrogen (dissolved organic nitrogen or particulate organic
nitrogen). Therefore, NH4

+ stems from REM of organic matters induced by seawater infiltration at high
tide. Additionally, identical trends of rising salinity (black line with numbers in Figure 4) and NH4

+ (color
contour in Figure 4) indicate that the infiltration of seawater at high tide is the causative factor of high

Figure 4. The dynamics of NH4
+ at different tidal stages. The SRs and corresponding sampling time and tidal level are denoted at the left bottom corner. The black

lines are contour lines of salinity.
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NH4
+ in saline water. The second tidal cycle (SRs 08 to 15) shows a uniform trend as the first one (SRs 01 to 07).

From SR 10 to SR 11, a slight increase of NH4
+ in saline water at near-surface area has a similar reason with the

increase of NH4
+ from SR 03 to SR 04. The time interval between SR 04 and SR 11 is exactly one tidal cycle

(24 h) that indicates NH4
+
fluctuates with tidal oscillation.

3.3. Nitrite (NO2
�) Dynamic

The NO2
� presented in Figure 5 shows rather different spatial distributions and temporal variations com-

pared to NH4
+. Generally, NO2

� concentration in surficial FGW (L1-2) is 0.09 μM, which is 2 orders of magni-
tude lower than NH4

+ concentration (12.27 μM) (Table 1). With an average value of 0.12 μM, the NO2
� is

slightly higher in deep FGW (L2-3 and L2-4) than in surficial FGW. NO2
� in saline water (0.29 μM) is the highest

among the three water patterns (Table 1). In saline water, NO2
� concentration varies with tidal oscillation.

However, the spatial and temporal distributions of NO2
� are distinguishing from NH4

+. Two reasons may
explain the dissimilarity. First, NO2

� is not originated from nearshore seawater because of a low NO2
� con-

centration in seawater (0.19 μM). Second, most of NO2
� in saline water is transformed from NH4

+ through
NTR (oxic condition when DO >20 μM) or from NO3

� through DNRA (suboxic or anoxic condition when
DO <20 μM) because all external mixing end-members (surficial FGW, deep FGW, and nearshore seawater)
are deleted in NO2

�. The efficiency of microbial activities that results in the depletion and production of
NO2

� in saline water is influenced by various factors such as DO, temperature, and flow rates. Since time
requirement for the transformation from NH4

+ to NO2
�, the variation of NO2

� lags behind the change of
NH4

+. This can be demonstrated by the fact that high NH4
+ concentration in saline water is observed at high

tide (e.g., SR 06), while high NO2
� concentration in saline water occurs 12 h later (SR 11). During the first tidal

cycle (SRs 01 to 07), NO2
� concentration in saline water increases initially and peaks at SR 04 and then drops

afterward (Figure 5). For example, NO2
� concentration at L3-1 climbs from 0.18 μM at SR 01 to 2.23 μM at SR

04 and then falls to 0.19 μM at SR 07 (Table S2 in the supporting information). During the second tidal cycle
(SRs 08 to 15), similar spatial distribution and temporal variation of NO2

� in saline water is observed and the
NO2

� concentration peaks at SR 11. Note that the time interval between SR 04 and SR 11 is exactly one tidal
cycle. Thus, temporal variation of NO2

� in saline water is directly regulated by tidal fluctuation. All relative
high concentration of NO2

� is observed at low tidal level (�0.31 m, 0.23 m, �0.43 m for SRs 03, 04, and 05
and �0.44 m, 0.21 m, and �0.49 m for SRs 10, 11, and 12). This is mainly because more air oxygen enters
the aquifer and high DO water from fresh FGW flows seaward much more easily at low tide, which strength-
ens NO2

� production from NH4
+ through NTR in oxic condition (The DO at L2-1 is ~ 42.5 μM during SRs 03 to

05 and ~ 35.42 μMduring SRs 10 to 12, while the DO at L3-1 is ~ 39.48 μM during SRs 03 to 05 and ~ 43.13 μM
during SRs 10 to 12). The tidal level is increasing from SRs 03 to 04, but it is still lower than the groundwater
level at L3 and L2. Groundwater flow direction remains unchanged from land to sea, but the flow velocity is
reduced. The low advective velocity at SR 04 is also a major driver of a low removal efficiency of NO2

� by
DNTR, which in return contributes to NO2

� accumulation in saline water.

3.4. Nitrate (NO3
�) Dynamic

The spatial distribution and temporal variations of NO3
� are shown in Figure 6. Generally, NO3

� concentra-
tion in surficial FGW, in deep FGW, and in saline water is 0.34 μM, 0.56 μM, and 0.23 μM, respectively (Table 1).
As discussed previously, high NH4

+ concentration mainly exists in surficial FGW while high NO2
� concentra-

tion mainly exists in saline water. However, high NO3
� concentration is mainly observed in deep FGW. The

comparatively high NO3
� plumes in deep FGW are observed at relatively low tidal level (SRs 02, 03, 08, 09,

Table 1
The Average Value of Nutrients in Different Water Patterns During the Sampling Period

Water patterns NH4
b (μM) Std NO2

� (μM) Std NO3
� (μM) Std PO4

3� (μM) Std N:P

Surficial FGWa 12.27 1.05 0.09 0.06 0.34 0.31 0.26 0.05 49
Deep FGWb 0.84 0.54 0.12 0.07 0.56 0.5 0.10 0.03 18
Saline waterc 2.94 2.82 0.29 0.36 0.23 0.29 1.25 2.03 20
Seawater 1.93 1.51 0.19 0.12 0.50 0.32 0.16 0.14 23

aThe value is averaged from L2-3 and L2-4. bThe value is averaged from L1-2. cThe value is averaged from L2-1, L2-2, L3-1, L3-3, L3-4, and L3-5.
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11, and 12). This is because low tidal level benefits the upwelling of deep FGWwith high NO3
� concentration.

When SRs have similar tidal levels, they have a similar plume shape and also a similar variation trend even
though some divergence occurs in concentrations of NO3

�. This can be demonstrated by that the
variation of NO3

� plume from SRs 06 to 08 is very similar to that from SRs 13 to 15 while the variation
from SR 04 to SR 05 is also similar to that from SR 11 to SR 12. The enrichment of NO3

� from L3-1 at SRs
04 and 11 (Figure 6) has a similar reason as enrichment of NO2

� due to the fact that the NO3
� at this

location is mainly transformed from NO2
�. The low tidal level results in more oxygen entering the aquifer,

which strengthens the transformation of NO3
� from NO2

� via NTR in oxic condition. The comparatively

Figure 5. The dynamics of NO2
� at different tidal stages. The SRs and corresponding sampling time and tidal level are denoted at the left bottom corner. The black

lines are contour lines of salinity.
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high concentrations of NO2
� at SRs 04 and 11 (Figure 5) also strengthen NTR and hinder the DNRA or DNTR.

These periodic variations indicate that NO3
� dynamic is highly influenced by tidal fluctuation or tidal

fluctuation-induced variation of microbial activities.

3.5. Phosphate (PO4
3�) Dynamic

Figure 7 presents PO4
3� dynamic. PO4

3� concentrations in surficial FGW and deep FGW are 0.26 μM and
0.10 μM, respectively (Table 1). The average PO4

3� concentration in saline water is 1.25 μM (Table 1). Note
that high PO4

3�concentrations are mainly observed in near-surface area (L2-1 and L3-1). For example, the

Figure 6. The dynamics of NO3
� at different tidal stages. The SRs and corresponding sampling time and tidal level are denoted at the left bottom corner. The black

lines are contour lines of salinity.
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average value of PO4
3� is much higher at L3-1 than that in saline water (5.61 versus 1.24 μM in Table S2).

Since PO4
3� in nearshore seawater is very low (0.16 μM), the PO4

3� in near-surface area is transformed
from organic phosphorus induced by seawater infiltration. A comparison of NH4

+ (Figure 4) and PO4
3�

dynamic (Figure 7) shows an identical variation in saline water especially in near-surface area. Specifically,
both PO4

3� and NH4
+ concentrations in near-surface area decline from SRs 01 to 03, rebound at SR 04,

and then drop again at SR 05. PO4
3� and NH4

+ in near-surface area climb to peak values when seawater
submerges ground surface of L2 and L3 at SRs 06 and 07. A repeated variation is observed at second tidal
cycle (SR 08 to SR 15). The identical PO4

3� and NH4
+ dynamic in near-surface area confirms the same

Figure 7. The dynamics of PO4
3� at different tidal stages. The SRs and corresponding sampling time and tidal level are denoted at the left bottom corner. The black

lines are contour lines of salinity.
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transformation pathway from REM of organic matters infiltrated with the seawater. Furthermore, the PO4
3�

plumes at different tidal stages are shaped by the low PO4
3� concentrations at L3-3. The configuration of

PO4
3� is attributed to the high content of iron oxides in the deep location of transition zone. The iron

oxides have strong adsorption ability to PO4
3�, which leads to the low concentration of PO4

3� in saline
water at L3-3.

4. Discussion
4.1. Nutrient-Salinity Relationships

NH4
+ concentration varies significantly in different water patterns as shown in Figure 4 and Table S2. The

NH4
+-salinity relationship (Figure 8a) shows that NH4

+ scatters with high salinity are located outside the
triangle zone (conservative mixing of surficial FGW, deep FGW, and nearshore seawater). This suggests
the intensive biogeochemical reactions of NH4

+ in aquifer. NH4
+ in high salinity seawater is low (1.92 μM);

however, NH4
+ in saline water with higher proportion of seawater holds a higher concentration (positive cor-

relation with salinity with R2 = 0.54, p < 0.0001). This confirms that NH4
+ in saline water is transformed from

REM of organic matters carried by nearshore seawater but not directly from NH4
+ in nearshore seawater.

Additionally, although NH4
+ concentration in surficial FGW is high (12.27 μM), NH4

+ scatters with the salinity
< ~ 15 psu falls far below the conservative mixing line between surficial FGW and nearshore seawater. This
indicates the removal of NH4

+ in surficial FGW by biogeochemical reactions (e.g., NTR) in coastal aquifer.
Meanwhile, the majority of NO2

� scatters fall above the theoretical conservative mixing line between FGW
and nearshore seawater (Figure 8b) indicating the production of NO2

�. NO2
� in saline water increases with

the salinity (R2 = 0.27, p< 0.0001) (Figure 8b), which is very similar to the distribution of NH4
+ in saline water.

This confirms the transformation of NO2
� from NH4

+ through NTR. The decreasing trend of NO3
� and com-

paratively low concentration of NO3
� (most of NO3

� smaller than 1 μM) shown in Figure 8c confirms that

Figure 8. (a) NH4
+ versus salinity, (b) NO2

� versus salinity, (c) NO3
� versus salinity, (d) PO4

3� versus salinity. The gray
polygon is drawn according to the conservative mixing between the three end-members (surficial FGW, deep FGW, and
nearshore seawater). The three end-members’ values are the average values of surficial FGW, deep FGW, and nearshore
seawater, respectively, during the sampling period. In Figures 8b and 8d, the mixing line between surficial FGW and
nearshore seawater and that between the deep FGW and nearshore seawater coincide with each other and become
one line.
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NO2
� in saline water is unlikely produced via DNRA from NO3

�. In addition, the large variation of NO3
� at

each sampling tube reflects the effect of tidal fluctuation on NO3
�. PO4

3� scatters shown in Figure 8d
indicate that the majority of PO4

3� is produced in the aquifer due to relatively low PO4
3� concentrations

in mixing end-members (0.26 μM for surficial FGW, 0.10 μM for deep FGW, and 1.25 μM for nearshore
seawater). Similar to NH4

+, PO4
3� in saline water increases with salinity (R2 = 0.66, p < 0.0001), which

confirms that the production of PO4
3� in saline water has the same pathways as NH4

+. Moreover, a better
linear fitting is observed with the salinity > ~ 5 psu, which indicates that PO4

3� production in the low
salinity saline water is not obvious owing to the limited organic matters from nearshore seawater. The
configuration of low PO4

3� and high NH4
+ in surficial FGW suggests that NH4

+ is originated from external
sources instead of local production via REM of organic matters.

4.2. Nutrient-ORP Relationships

As shown in Figure 9a, with the increase of ORP, NH4
+ in pore water of the intertidal aquifer decreases. NH4

+

scatters in surficial FGW are far away from those scatters in other water patterns because of their unique
origins. In this study, NH4

+ shows a declining trend along with the increase of ORP from �250 to 50 mV.
This is different from the results of Santos et al. (2008). In their study, NH4

+ concentration peaks in a slightly
reductive area (�100 mV). The negative correlation between NH4

+ and OPR indicates that NH4
+ is more likely

to exist in the reductive environments. This is because the electron receivers in oxidative environment facil-
itate NTR processes, which could significantly decreases NH4

+ concentration. In oxidative environment,
although NH4

+ prefers to desorb from aquifer solid grains, the desorbed NH4
+ does not compensates the

consumption of NH4
+ in water by improved NTR process (Morse & Morin, 2005). Under such circumstances,

the adsorption is not the major removal process of NH4
+, which highlights the importance of biogeochemical

reactions such as NTR, DNRA, and ANAM in the accumulation or removal of NH4
+ in the aquifers (Joye &

Anderson, 2008). Likewise, PO4
3� in pore water also reduces with the increase of ORP (Figure 9b). A similar

trend was also found in the study of nutrient biogeochemistry in an intertidal aquifer at Gulf of Mexico
(Santos et al., 2008). The decline rate of PO4

3� concentration is larger when ORP is smaller than �100 mV
(Figure 9b). The reason is analogous to the steeper increase rate of PO4

3� with the salinity > ~ 5 psu
(Figure 8d). Very limited PO4

3� is observed at slightly reductive (�100 mV > ORP > 0 mV) and oxidative
environments (ORP > 0 mV), which is different from the result of Santos et al. (2008). In their study, a very
high concentration of PO4

3� (10 μM) was found at oxidative environment (ORP > 100 mV). This difference
is mainly caused by the different controlling factors of the PO4

3� distribution. In this study, the distribution
of PO4

3� is mainly controlled by PO4
3� production via REM of organic matter induced by nearshore seawater,

instead of the other influencing factors such as the adsorption onto negatively charged clays or the copreci-
pitation with other dissolved species (Paytan & McLaughlin, 2007; Santos et al., 2008).

4.3. Nutrient Speciation and N:P Ratio

Dissolved inorganic nitrogen (DIN) species (NH4
+, NO2

�, and NO3
�) are variable in different water patterns

due to their different origins and biogeochemical reactions (Figure 10a). In all the mixing end-members

Figure 9. (a) NH4
+ versus ORP, and (b) PO4

3� versus ORP. The dark fitting line in Figure 9b is made by the data with
ORP < �100 mV.
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(surficial FGW, deep FGW, and nearshore seawater), NH4
+ is the most while NO2

� is the least abundant DIN
species (Table 1). However, the proportion of NH4

+, NO2
�, and NO3

� in the three water mixing end-members
varies greatly. In surficial FGW, the average percentage of NH4

+ is 96.5% (ranges from 93.7% to 99.7%), and
NO2

� only accounts for 0.70% (ranges from 0.009% to 1.5%) of DIN. The percentage of NO3
� ranges from

0.007% to 5.5%, with an average value of 2.61%. In deep FGW, the percentage of NH4
+ is much lower than

in surficial FGW (55.3% versus 96.5%). The percentage of NO2
� is much higher in deep FGW than in

surficial FGW (7.6% versus 0.70%). The proportion of NO3
� in deep FGW is about 10 times of that in

surficial FGW (37.1% versus 2.70%). The fraction of the three components of DIN in nearshore seawater is
similar to that in deep groundwater with 73.7% NH4

+, 7.3% NO2
�, and 19.0% NO3

�. Similar to the DIN
composition in three mixing end-members mentioned above, accounting for 85.0% of DIN, NH4

+ is the
most abundant DIN species in saline water. However, NO2

� and NO3
� have a similar proportion (8.4%

versus 6.6%) in saline water, while NO3
� proportion in the three mixing end-members is several times

larger than NO2
�. This dissimilarity indicates that biogeochemical reactions such as NTR and DNRA that

transform NH4
+ or NO3

� to NO2
� are intensive in saline water.

The relationship between major DIN species (NH4
+) and DIP species (PO4

3�) is presented in Figure 10b. The
high correlation between NH4

+ and PO4
3� in saline water directly proves the same sources of the two ions,

that is, REM of organic matters. Theoretically, if all NH4
+ and PO4

3� in saline water is assumed transformed
from REM of organic matters, the slope of fitting line between PO4

3� and NH4
+ scatters should be around

1/16 (0.0625) according to the N:P ratio of organic matters (Redfield ratio: C:N:P = 106:16:1). However, the

Figure 10. (a) The ternary diagram and pie chart illustrating the percentage of different dissolved inorganic nitrogen
species for different water patterns, (b) the relationship between NH4

+ and PO4
3�, and (c) the relationship between

salinity and N:P ratio.
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actual slope of fitting line (0.558) is much greater than 1/16, indicating a significant NH4
+ loss via NTR in saline

water. Furthermore, NH4
+ and PO4

3� scatters in surficial FGW are far away from other scatters in saline water,
deep FGW, and nearshore seawater. This also demonstrates different sources of NH4

+ in surficial FGW and
other water patterns. Very high N:P ratio (average value of 49.6) in surficial FGW also confirms that NH4

+

enriched in surficial FGW is from the external source instead of REM of local organic matters. N:P ratio in deep
FGW is ~ 18 (Table 1), which is highly identical to the Redfield ratio (16). The N:P ratio variation in deep FGW is
mainly influenced by the interaction between solid and liquid phase such as the adsorption of NH4

+ onto
clay, the adsorption of PO4

3� onto iron oxides, and biogeochemical reactions that remove DIN such as
DNTR. The N:P ratio in nearshore seawater is about 23 (Table 1), which is slightly larger than the Redfield ratio
(16), which characterizes that the primary productivity of phytoplankton in Tolo Harbour is limited by the sup-
ply of DIP. The result is consistent with the previous SGD research (Luo et al., 2014; Luo & Jiao, 2016). The var-
iation of N:P ratio in nearshore seawater is attributed to the discharge of groundwater with different N:P ratios
and also the biochemical reactions in seawater. The N:P ratio in saline water can be classified into three parts
according to salinity and N:P ratio values (Figure 10c). Saline water with small salinity (< ~ 5 psu) has a N:P
ratio (~ 8.4) smaller than Redfield ratio (16) due to N removal by DNTR. The N:P ratio (~ 37) in saline water with
salinity between 5 to 10 psu is much higher than the Redfield ratio (16) (Figure 10c), which indicates a low N
removal rate and high intensity of PO4

3� adsorption onto iron oxides. Saline water with such N:P ratio con-
figuration is from L3-3, L3-4, and L3-5. At these locations, the organic matters are limited to support DNTR.
Furthermore, the location of sampling tubes (L3-3, L3-4, and L3-5) is the pending location of “iron curtain”
(Charette & Sholkovitz, 2002; Spiteri et al., 2006) in the intertidal aquifer by comparing with the iron curtain
location and associated salinity configuration in the study of McAllister et al. (2015). The N:P ratios (~2) in sal-
ine water with the salinity > ~ 10 psu is smaller than the Redfield ratio (16) (Figure 10c), which indicates an
intensive removal process of N in this area. The saline water with the salinity > ~ 10 psu is from near-surface
area (L2-1 and L3-1), where oxygen and organic matter availabilities are large. Abundant oxygen and organic
matters would strengthen N removal processes such as DNTR. Furthermore, in near-surface area, saline water
is mainly from the infiltration of nearshore seawater with a low Fe2+ concentration. Therefore, the adsorption
of PO4

3� onto iron oxides is unlikely to occur in near-surface area. As a result, a low N:P ratio is formed in near-
surface area. The discharge of saline water with high P concentration in near-surface area is the major DIP
source of seawater, which can strengthen the phytoplankton primary productivity in Tolo Harbour.

4.4. Nutrient Flux

The nutrient flux can be calculated by multiplying flow velocity and porosity to the integrated concentration
of each nutrient species at L1, L2, and L3, which can be described as follows (Couturier et al., 2016; Gonneea &
Charette, 2014):

Fi ¼ v·∫z0Ci zð Þdz; (1)

where Fi is the flux of nutrient species i, Ci is the concentration of nutrient species i, which is a function of
depth, z. According to water level data at this sampling transection, the horizontal velocity at shallow aquifer
is calculated to be 0.18 ± 0.01 m/d according to Darcy’s law.

Applying equation (1) to nutrient flux calculation, the fluxes of NH4
+, NO3

�, NO2
�, and PO4

3� at sampling sites
L1, L2, and L3 at each SR are presented in Table 2. During the sampling period, fluxes of NH4

+, NO2
�, NO3

�,
and PO4

3� at sampling site L1 are 2007.37, 24.98, 107.12, and 50.17 mmol m�1 yr�1, respectively. At
L2, the flux of NH4

+ decreases to 286.05 mmol m�1 yr�1 while the PO4
3� increases to 104.45 mmol m�1 yr�1,

and two other nitrogen species (NO3
� and NO2

�) are comparable to L1 with fluxes of 37.49 and
116.55 mmol m�1 yr�1, respectively. Therefore, the net production of PO4

3� in the aquifer between L1 and
L2 is 54.27 mmol m�1 yr�1, while net loss of NH4

+ is 1721.32 mmol m�1 yr�1. At L3, calculated fluxes of
NH4

+, NO3
�, NO2

�, and PO4
3� are 805.99, 78.01, 47.77, and 360.64 mmol m�1 yr�1, respectively. When water

flows from L2 to L3, NH4
+ in water is enriched with a net production of 519.94 mmol m�1 yr�1. The other two

enriched nutrient species are NO2
� and PO4

3�with net production rates of 40.52 and 256.19mmol m�1 yr�1,
respectively. NO3

� in water is depleted with a net consumption rate of 68.78 mmol m�1 yr�1.

4.5. Biogeochemical Reactions

Biogeochemical reactions that produce PO4
3� from organic matters are REM and DNTR. The net removal of

NH4
+ should be the processes of coupled NTR-DNTR (Marchant et al., 2016), or coupled NTR-ANAM. Some
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studies indicate that ANAM can contribute a large proportion in NH4
+ removal in sediments with low content

of organic matter (Gao et al., 2009; Marchant et al., 2014; Rao et al., 2008), however, in a sandy beach with high
content of organic matters in this study, DNTR is predominant over ANAM (Canion et al., 2014). According to
Table S2, the groundwater sometimes is in oxic condition (> 20 μM) or suboxic condition (between detection
limit and 20 μM). Because the growth of the ANAM bacteria was reversibly inhibited even by DO level
even below 0.5% air saturation (~ 1.25 μM) (Kuenen, 2008), in the system with such a high concentration
of DO (> 6 μM) in this study (Table S2), the removal of NH4

+ is hardly due to ANAM. Therefore,
biogeochemical reactions possibly responsible for the production and removal of nutrients are coupled
REM + NTR + DNTR. The biogeochemical reactions are given in Table 3. According to biogeochemical
reactions and combination scenarios, the production and removal rates of nutrient species (NH4

+, NO2
�,

NO3
�, and PO4

3�) are calculated and presented in Table 4.
4.5.1. REM + NTR + DNTR
In the aquifer between L1 and L2, external NH4

+ input (2007.37 mmol m�1 yr�1) from L1 which contributes
80.2% of NH4

+ is the major source while the REM of organic matter (496.19 mmol m�1 yr�1) only accounts for
19.8%. The reaction leading to the depletion of NH4

+ is NTR1 that consumes NH4
+ and produces NO2

� simul-
taneously with a rate of 2217.51 mmol m�1 yr�1, and accounting for 88.6% of total NH4

+ sinks. The produced
NO2

� is continuously oxidized to NO3
� via NTR2 with a rate of 2205.00 mmol m�1 yr�1. For PO4

3�, 48.0% is
from external input (50.17 mmol m�1 yr�1), 29.7% is from REM of organic matter (31.01 mmol m�1 yr�1), and
22.3% is from DNTR (23.26 mmol m�1 yr�1). The total consumption rate of O2 in the aquifer between L1 and
L2 is 7716.01 mmol m�1 yr�1, in which O2 consumption via REM, NTR1, and NTR2 accounts for 42.6%, 43.1%,
and 14.3%, respectively. The total O2 consumption rate is very close to the net loss of O2 in the aquifer
(7716.01 versus 9217.71 mmol m�1 yr�1), which indicates that the oxygen supply in this aquifer is mainly
from the oxic surficial FGW and it is believed that there are some other reactions consume the oxygen
besides the REM and NTR.

Table 2
The Nutrient Fluxes of Each Sampling Sites at Sampling Rounds With Different Tidal Levels

SRs

L1 (mmol m�1 yr�1) L2 (mmol m�1 yr�1) L3 (mmol m�1 yr�1)

NH4
+ NO2

� NO3
� PO4

3� O2 NH4
+ NO2

� NO3
� PO4

3� O2 NH4
+ NO2

� NO3
� PO4

3� O2

1 1753.40 6.46 40.79 55.03 13567.05 98.88 19.87 53.40 182.07 3043.758 676.87 35.58 28.50 352.65 9827.283
2 1819.63 33.64 109.32 49.93 18691.65 242.27 50.37 215.60 126.60 5661.492 593.01 60.05 75.55 304.03 7319.391
3 2068.24 22.92 154.20 64.96 15028.88 134.19 50.79 172.18 83.08 5892.469 595.44 34.24 95.54 237.54 6386.245
4 2142.35 32.06 95.19 50.14 16063.65 362.01 29.89 81.22 71.89 7139.742 711.63 181.20 148.41 423.39 6645.966
5 1987.82 16.82 35.16 56.92 19512.9 340.65 38.43 43.81 110.03 9973.055 528.59 43.59 1.65 289.48 11939.95
6 2154.96 23.65 169.30 55.56 17262.68 379.91 21.19 132.24 149.52 11523.16 886.79 45.96 76.89 465.07 9738.998
7 1976.78 37.11 89.95 45.20 10741.95 208.43 35.79 98.77 143.64 8479.406 720.66 35.19 27.00 472.63 8725.781
8 2038.80 17.87 170.03 36.79 18018.23 352.48 23.98 143.36 105.23 8407.547 570.47 54.76 19.45 493.11 6354.422
9 2199.11 43.10 296.49 60.76 20596.95 433.29 53.05 250.56 82.40 8417.813 789.02 64.75 10.72 305.94 8255.616
10 2244.31 44.88 119.56 68.49 18133.2 473.04 68.99 119.98 81.37 6472.477 696.68 97.30 19.84 345.31 12206.85
11 2048.26 26.28 114.21 48.88 11743.88 336.38 38.76 169.64 78.53 3464.648 976.73 197.76 103.55 346.13 6606.956
12 1639.35 19.45 144.91 35.16 15455.93 294.83 30.39 126.37 44.59 5071.219 869.77 119.46 73.38 166.97 4705.763
13 1992.55 21.55 31.43 49.62 11793.15 156.69 43.85 46.58 78.08 3161.813 827.06 90.70 31.39 317.47 5211.858
14 1877.44 8.41 16.45 32.06 15111 182.32 38.93 47.32 153.18 6056.719 1444.09 56.27 0.22 503.22 8105.738
15 2167.57 20.50 19.76 43.10 15258.83 295.32 18.07 47.21 76.51 5948.93 1202.97 53.38 4.48 386.67 7609.908
Avg. 2007.37 24.98 107.12 50.17 15798.66 286.05 37.49 116.55 104.45 6580.95 805.99 78.01 47.77 360.64 7976.05

Table 3
The Equations of the Biogeochemical Reactions in the Aquifer

Name Reaction

Remineralization of organic matter (REM) (CH2O)106(NH3)16H3PO4 + 106O2 + 16H+ → 106CO2 + 16NH4
+ + 106H2O + H3PO4

Nitrification (NTR1) NH4
+ + 1.5O2 → NO2

� + H2O + 2H+

Nitrification (NTR2) NO2
� + 0.5O2 → NO3

�

Denitrification (DNTR) (CH2O)106(NH3)16H3PO4 + 94.4NO3
� + 94.4H+ → 106CO2 + 55.2N2 + H3PO4 + 177.2H2O

Anammox (ANAM) NH4
+ + NO2

� → N2 + 2H2O
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In the aquifer from L2 to L3, REM of organic matters contributes majority of NH4
+ (92.6%) with a rate of

3576.23 mmol m�1 yr�1. NTR1 consumes 79.1% (3056.29 mmol m�1 yr�1) of total NH4
+ inputs (both external

input from L2 and produced via REM of organic matter) and is a major sink. The 98.7% of the produced NO2
�

via NTR1 (3056.29 mmol m�1 yr�1) is transformed to NO2
� with a rate of 3015.77 mmol m�1 yr�1. The reac-

tion rate of DNTR is 3084.56 mmol m�1 yr�1, and DNTR is the major sink of NO3
�. External inputs, DNTR, and

REM of organic matter contribute 29.0% (104.45 mmol m�1 yr�1), 9.0% (32.68 mmol m�1 yr�1), and 62.0%
(223.51 mmol m�1 yr�1) of the PO4

3� input source, respectively. As for the oxygen consumption, REM holds
an oxygen consumption rate of 23692 mmol m�1 yr�1 that accounts for 79.5% of the total oxygen consump-
tion. The oxygen consumption rates via NTR1 (4584.44 mmol m�1 yr�1) and NTR2 (1507.89 mmol m�1 yr�1)
account for the rest 15.4% and 5.1%, respectively. It is worth noting that the net DO (output from L3 subtract
input from L2) is positive even though the oxygen consumption via REM and NTR is very large, which is
because DO in the aquifer from L2 to L3 is supported by the infiltration of high DO nearshore seawater
(~ 140 μM).

Compare aquifer from L1 to L2 with aquifer from L2 to L3, intensities of REM of organic matter, NTR, and DNTR
in aquifer from L2 to L3 are much larger than that in aquifer from L1 to L2. The higher intensity of REM in aqui-
fer from L2 to L3 is caused by more organic matter inputs and oxygen supply via seawater infiltration. The
higher rates of EM of organic matters are the causative of the high rates of NTR and DNTR in this aquifer
because the external input of NH4

+ in the aquifer from L2 to L3 is less than that in the aquifer from L1 to
L2. In addition, the higher production (REM) and removal (NTR) rates of NH4

+ result in a higher oxygen
consumption rates in the aquifer from L2 to L3 than in the aquifer from L1 to L2 (7716.01 versus
�29784.88 mmol m�1 y�1). For P species, the contribution of production via REM of organic matter is much
larger in aquifer from L2 to L3 than in the aquifer from L1 to L2. These differences in the production of nutri-
ents and consumption of oxygen in the two aquifers suggest that the different degree of organic matters and
oxygen input via the infiltration of seawater during the high tide is the main controlling factor of biogeo-
chemical transformation of nutrients in the aquifer.
4.5.2. Nutrients Loss and Production
Regarding the aquifer between L1 and L3 as the whole CGMZ (20 m), NH4

+ loss in the aquifer is
5273.80 mmol m�1 yr�1 via NTR. The 77% of NH4

+ loss in the aquifer is supported by REM of organic matter.
The production rate of PO4

3� is 310.46 mmol m�1 yr�1, and within
which more than 80% is from REM of organic matter, and less than
20% is from DNTR. The oxygen consumed by REM of organic matters
is 2.56 times that by NTR in CGMZ. The input and output of nutrients
flux to CGMZ and the removal and production of nutrients via biogeo-
chemical reactions in the aquifer are all illustrated in Figure 11.

Extrapolating the consumption or production rate to the whole Tolo
Harbour with 82 km coastline, total annual NH4

+ loss via NTR is about
4.32 × 105 mol in the CGMZ, and total annual PO4

3� production is
about 2.55 × 104 mol. It worth noting that the calculated value could
be underestimated as it is based on the assumption that Tolo
Harbour is surrounded by 20 m wide beach. Thus, the value calculated
in this section represents the minimum value for the entire Tolo
Harbour. If the whole Tolo Harbour (including the subtidal and

Table 4
The Budget of Each Nutrient Species in Different Biogeochemical Reactions (the Positive Value Means Production While the Negative Value Means Consumption)

L1-L2 (mmol m�1 yr�1) L2-L3 (mmol m�1 yr�1)

NH4
+ NO2

� NO3
� PO4

3� O2 NH4
+ NO2

� NO3
� PO4

3� O2

Net �1721.32 12.51 9.43 54.27 �9217.7 519.94 40.52 �68.78 256.19 1395.1
REM 496.19 0 0 31.01 �3287.3 3576.23 0 0 223.51 �23692.6
NTR1 �2217.51 2217.51 0 0 �3326.3 �3056.29 3056.29 0 0 �4584.4
NTR2 0 �2205 2205 0 �1102.5 0 �3015.77 3015.77 0 �1507.9
DNTR 0 0 �2195.57 23.26 0 0 0 �3084.56 32.68 0

Figure 11. The schematic diagram of nutrients flux, production, and removal of
nutrients in CGMZ.
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bottom area) is considered, the calculated areal rates of REM, NTR, DNTR, and the consumption of O2 are
0.56 mmol N m�2 d�1, 0.72 mmol N m�2 d�1, 0.73 mmol N m�2 d�1, and 5.14 mmol m�2 d�1,
respectively. Those calculated values agree well with the values in literature, which are listed in Table 5.
Extrapolating the consumption or production rates to the whole Tolo Harbour with an area of 50 km2, the
annual NH4

+ inputs via REM is about 1.02 × 107 mol while the annual NH4
+ loss via NTR is about

1.32 × 107 mol. The annual PO4
3� production is about 7.76 × 105 mol. This value is comparable to the DIP

inputs via SGD estimated by Luo and Jiao (2016), which indicates that the REM of organic matter is the
major input of DIP in Tolo Harbour.

5. Conclusions

In this study, the intensive measurements of nutrients in CGMZ at different tidal stages successfully grasp the
fluctuated temporal variation of nutrients with tidal oscillation. The mechanism of the variation under tidal
fluctuation and the biogeochemical reactions in the aquifer are revealed by both quantitative and qualitative
analysis. The results show that tidal pumping influences REM of organic matters through controlling inputs of
the organic matter. Subsequently, tidal pumping affects the configuration and fluctuation of NH4

+ and PO4
3�

in the aquifer. Therefore, NH4
+ and PO4

3� are positively correlated with salinity and have negative correla-
tions with ORP. N:P ratio results show that the adsorption of PO4

3� onto iron oxides occurs at the deep tran-
sition zone with a salinity between 5 to 10 psu, and the intensive N-loss occurs at near surface area with a
salinity between 10 and 25 psu. REM of organic matters, accounting for >65% of the total NH4

+ input to
groundwater, is the major NH4

+ source. As the major PO4
3� source, REM + DNTR produces ~ 86% of the total

PO4
3�. NTR is the major sink of NH4

+ that consumes ~ 87% of the total NH4
+. The minimum annual NH4

+ loss
in CGMZ is estimated to be 4.32 × 105 mol for NTR, and the minimum annual PO4

3� production in CGMZ is
estimated to be 2.55 × 104 mol. As for the whole Tolo Harbour, the annual NH4

+ input via REM is estimated to
be 1.02 × 107 mol. Annually, NH4

+ loss via NTR is estimated to be 1.32 × 107 mol, while the PO4
3� production

is about 7.76 × 105 mol.

Table 5
The Geochemical Reaction Rates in Costal Sediments, Unit: mmol m�2 d�1

Location Type of sediments NTR DNTR O2 consumption References

Tolo Harbour Intertidal upper flat (0–3 m) > 0.72 > 0.73 > 5.14 This Study
German Bight Subtidal (0–5 cm) 0.21–2.98 0.52–2.28 26.3–49.6 Marchant et al. (2016)
Spiekeroog Island, Wadden Sea Intertidal upper flat (0–15 cm) 31.14–82.08 975.6–1652.4 Marchant et al. (2014)
East Frisian, Wadden Sea Intertidal (0–10 cm) 3.5–7.2 Gao et al. (2012)
Janssand, Wadden Sea Intertidal (0–6 cm) > 4.56 Gao et al. (2009)
Sapelo Island, Georgia Intertidal Aquifer (1–5 m) 10 Schutte et al. (2015)
Texel, Wadden Sea Intertidal (1–2 cm) 0.02–1.01 Kieskamp et al. (1991)
Southern North Sea Seafloor (0–5 cm) 0.14–0.21 Lohse et al. (1996)
North Pacific Continental shelf (0–8 cm) 0.21–0.29 Devol (1991)
Washington State Shelf Continental shelf 3.1992
Bering, Chukchi, and Beaurfort Seas Seafloor (0–25 cm) 0.8064 Devol et al. (1997)
Mid-Altantic Bight Continental shelf 1.6512 Laursen and Seitzinger (2002)
North Sea, off Belgian Coasts Seafloor (0–30 cm) 0.9–16.6 0–7.25 Billen (1978)
Baltic Sea Seafloor 0–1 Shaffer and Rönner (1984)
Baltic Sea Beach and Seafloor 0.012–0.69 Deutsch et al. (2010)
Northern Baltic Sea Seafloor (0–10 cm) 0–3 Tuominen et al. (1998)
Gulf of Finland Seafloor (0–10 cm) 0.072–0.64
Aarhus Bay Seafloor (5–9 cm) 0.29–0.5 Nielsen and Glud (1996)
North-West Africa Continental shelf 0.8–9.0 Sokoll et al. (2016)
South Atlantic Bight Continental shelf 0.25–1.5 Rao et al. (2007)
Australian Coast Lagoon floor (0–5 cm) 0–8.1 Santos et al. (2012)
Thames Estuary Intertidal (0–2 cm) 0.3–1.28 Trimmer et al. (2003)
Arctic Marine Sediments Subtidal (0–4 cm) 0.03–0.46 0.03–0.27 Rysgaard et al. (2004)
Logan River, Australia Mangrove sediments 3.38–70.86 Meyer et al. (2005)
Yodo Estuary Japan Intertidal (0–2 cm) 8.76–36.8 Amano et al. (2007)
Heron Island, Australia Subtidal (0–10 m) 0.1–5.9 Huettel et al. (2014)
All over the world 0–30.2 Joye and Anderson (2008)
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