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Tracing sources of ammonium in reducing groundwater in a 
well field in Hanoi (Vietnam) by means of stable nitrogen 
isotope (δ15N) values 
 
 
Abstract 

In the Southern part of Hanoi, high ammonium (NH4
+) concentrations in reducing 

groundwater have been an issue over the last 25 years. Elevated NH4
+ concentrations in 

groundwater, in general, are an indicator of influences from anthropogenic sources, but the 
buried peat layers in the Red River delta formation are also hypothesized to contribute to the 
high NH4

+ levels (up to 100 mg/L). We traced the sources of NH4
+ at the Nam Du well field 

of the Hanoi water works by means of isotope ratios (15N/14N). The δ15N values were 
determined for total sedimentary N and exchangeable NH4

+ of the peat material, and for NH4
+ 

dissolved in deep and shallow groundwater, sewage, and surface water. Groundwater NH4
+ of 

the upper (Holocene) and the lower (Pleistocene) aquifers had higher δ15N values than did 
total N and NH4

+ of the sediments, and were somewhat higher than the δ15N values of NH4
+ in 

sewage and surface water. We conclude that the present conditions of temperature and pH 
tend to promote deprotonation of NH4

+ to ammonia (NH3), which eventually degasses from 
the groundwater table to the unsaturated pore space. This can cause an enrichment of 15N in 
the remaining NH4

+, as the lighter 14N in NH3 is volatilized at a slightly faster rate. The 
intermediate δ15N values within the Pleistocene aquifer can be explained by the recharge 
thereto, which is a mixture of the high δ15N values of the Holocene aquifer and the low δ15N 
values of water infiltrating from the Red River into the Pleistocene aquifer. Some part of the 
increased groundwater NH4

+ is likely to arise from anthropogenic activities, as supported by 
several indications: a large drawdown in the Pleistocene aquifer caused by Hanoi’s extensive 
water abstraction and subsequent downward gradient from the upper Holocene aquifer; the 
presence of coliforms in groundwater; and a positive correlation between ammonium and 
DOC, Cl, Br and Ni, but a lack of correlation with As. However, the much higher 
concentrations of NH4

+ in the groundwater compared to the potential surface sources, the 
positive correlation between NH4

+ and DOC, the abundance of natural organic matter (OM), 
the amount of exchangeable NH4

+ in the sediments, and the highly reducing conditions in the 
aquifers indicate that N-mineralization of organic N from the peat contribute substantially to 
the high NH4

+ levels in groundwater of the Nam Du well field.  
 
Keywords: Ammonium, δ15N, Reducing conditions, Arsenic, Groundwater, Red River delta 
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1 Introduction 

A high concentration of ammonium in groundwater is typically associated with contamination 
by sewage water or with leakage of manure or mineral fertilizer from agricultural activities. 
The World Health Organization (WHO, 2003) has not derived any health-based guidelines for 
ammonia (including ammonium) in drinking water as the concentrations are typically below 
those posing a health concern. The Ministry of Health Care of Vietnam has regulated the limit 
for ammonia in drinking water to 3 mg/L (QCVN 01:2009/BYT). The European limit is set to 
0.5 mg/L (EC, 1998) and is an indicator parameter with regard to fecal contamination, for 
example. The Southern part of Hanoi has experienced increasing concentrations of 
ammonium in the deep groundwater over the last 25 years since the Phap Van well field was 
put into full operation in 1990 (Andersson and Norrman, 1998). High concentrations of 
arsenic have been another serious quality issue in the Red River delta area in general, and in 
the Southern part of Hanoi in particular, since the problem was uncovered in 1998 (Berg et 
al., 2001).  
 
At present, more than 1 million m3 of groundwater is pumped every day in the Red River 
delta, with 750,000 m3/day supplying the Hanoi area (Winkel et al., 2011). Approximately 11 
million people depend on groundwater from the delta area as their main water source (Berg et 
al., 2001). Public wells are mainly abstracting water from the lower (Pleistocene) aquifer 
system, whereas private wells predominantly tap groundwater from the upper (Holocene) 
aquifer system (Trafford et al., 1996). The heavy abstraction of the lower aquifer has resulted 
in drawdown of low-quality water from the upper aquifer into the lower aquifer (Norrman et 
al., 2008; Berg et al., 2008; Winkel et al., 2011).  
 
This study focuses on the Nam Du area south of Hanoi city, where a well-field was 
constructed and brought into operation in 2004 (Fig. 1) with a groundwater extraction from 
the Pleistocene aquifer of 60,000 m3/day. The well-field is situated on the banks of the Red 
River to take advantage of induced infiltration. The heavy groundwater extraction has 
however severely affected the area by lowering of the groundwater table. Furthermore, the 
groundwater in this area is characterized by high concentrations of ammonium and arsenic 
and the sediments contain large amounts of organic matter, i.e., peat (e.g., Berg et al., 2008). 
The Hanoi sewage system also drains untreated wastewater to this area, with an outlet to the 
Red River just south of the Nam Du well field, subsequent to a number of settling ponds with 
varying connection to other surface bodies (Fig. 1). The reason for the high and increasing 
concentration of ammonium in the area is not clear. Andersson and Norrman (1998) 
postulated that two potential sources are mainly responsible for ammonium in the Hanoi 
region: (1) mineralization of organic nitrogen from peat layers buried in the delta formation, 
and (2) anthropogenic activities (i.e., wastewater, septic waste, mineral fertilizers, and 
manure) which cause infiltration of nitrogen-rich water into the groundwater.  
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Figure 1. Location of the Nam Du well field South of Hanoi, Vietnam, and the sampling 
locations used in the study. The outlet of the wastewater channel and the sewage settling 
ponds is indicated by a black arrow in Fig. 1c (adopted from Norrman et al., 2008). 
 
The main objective of this study was to trace the sources of the elevated ammonium 
concentrations in the Nam Du groundwater. For this purpose, measurements were made of 
isotope ratios (15N/14N) of total nitrogen and exchangeable ammonium in the peat layers, and 
ammonium in the groundwater and surface waters. Other chemical analysis of the water was 
also performed to support the conclusions. We hypothesized that the mineralization of peat 
should create a different 15N/14N  ratio in the ammonium ions compared to ammonium ions 
derived from surface based activities, as described, for example, by Heaton (1986), Kendall 
and Aravena (2000), and Widory et al. (2004).  
 

2 Study area: Nam Du 

2.1 Geology  

The Red River delta plain is located near the coast of the Gulf of Bac Bo (Gulf of Tonkin, 
South China Sea) and the delta evolution has been greatly affected by sea-level changes since 
the Last Glacial Maximum (LGM, c. 21 ka BP) (e.g., Trafford et al., 1996; Tanabe et al., 
2006). The Quaternary sediment thickness varies in the Hanoi area between 50 and 90 m 
(Jussuret et al., 2010). In addition, the geological structure within the present delta plain is 
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complex as the area has varied between being a sediment accumulation area beneath sea level 
and an area of weathering and erosion above sea level.  
 
The lower aquifer system consists of sediments deposited during the Pleistocene (Pleistocene 
aquifer) and are interpreted as shallow marine deposits of mainly laminated sand and 
bioturbated clay (Tanabe et al., 2006). The sediments constituting the lower aquifer have a 
stiff lithology with tanned colors as well as lateritic weathering, indicative of post-
depositional oxidizing conditions (Tanabe et al., 2006). The sediment exposure to oxidizing 
conditions can be explained by the LGM sea-level lowstand and/or crustal uplift as a response 
to high sediment loading in the Gulf of Tonkin (Hanebuth et al., 2006).  
 
Sediments forming the upper aquifer system were deposited during the Holocene (Holocene 
aquifer) and these are interpreted as deposited in a changing environment, from a tidal flat to 
tide-influenced channels and then changing into a floodplain. The upper aquifer consist of 25–
40 m of sand with interlayering of clay and silty clay, containing peat and plant remains 
(Funabiki et al., 2007; Tanabe et al., 2003a, 2003b;Trafford et al., 1996).  
 
Destructive drillings over the full Quaternary sequence along the Red River in the Nam Du 
area reveals a total depth of approximately 85 m of which about 40 m forms a Holocene river 
channel filled with sand on top of silt-clay (Jusseret et al., 2010).  
 

2.2 Hydrology and groundwater flow 

The characteristic delta formation is heterogenic by nature. The contacts between the water 
bearing formations vary spatially and confining layers are occasionally missing (Trafford et 
al., 1996). The upper aquifer (within the Holocene sediments) is mostly unconfined, but 
occasionally semi-confined, receiving recharge mainly from the Red River and by percolating 
surface water and rainwater (Van et al., 1996). In the Nam Du area, the top of the lower 
aquifer (Pleistocene sediments) is found at depths of 40 m. The aquifer is confined to semi-
confined, as the confining layer is partly missing in some places, causing leakage and 
recharge from the overlying aquifer as well as from the Red River (Trafford et al., 1996; Tran, 
1990).  
 
The southern Hanoi area is characterized by a large depression cone that has evolved from 
decades of heavy pumping of the well fields Ha Dinh, Tuong Mai, Phap Van, and more 
recently, Nam Du. The groundwater level in the Pleistocene aquifer shows a clear drawdown 
in the investigated area due to this pumping (Berg et al., 2008; van Geen et al., 2013; Winkel 
et al., 2011).  
 
A natural interaction occurs between the aquifers and the Red River, where leakage happens 
under pristine conditions during the dry season from the Holocene aquifer into the Red River. 
During the rainy season, river water normally infiltrates into the aquifers. This flow pattern 
has partly changed due to the heavy pumping within the southern Hanoi area and the 
predominant situation today is that water infiltrates into the aquifer from the Red River most 
of the year. The more southern sectors of the Nam Du area are less impacted by the heavy 
pumping and experience more outflow of groundwater into the river during at least parts of 
the year (Baric and Sigvardsson, 2007; Harms-Ringdahl, 2007). The water level in the Red 
River varies naturally by 7–10 m between the dry and rainy seasons, with lowest levels at the 
end of the dry season. The groundwater table in both the upper and lower aquifers varies 
naturally by about 4 m seasonally.  
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A previous study by Norrman et al. (2008) showed that the groundwater pumping in Nam Du 
caused a local drawdown of the groundwater level primarily in the Pleistocene aquifer and to 
a lesser degree in the Holocene aquifer. The hydraulic head in the Holocene aquifer indicates 
that the system of more or less connected ponds and sewage settling ponds within the Nam 
Du area recharge the Holocene aquifers locally.  
 

2.3 The wastewater system in Hanoi 

In 2008, an estimated daily production of domestic and industrial wastewater of 760,000 m3 
was generated in the central areas of Hanoi, of which only 10% was treated centrally by 
sedimentation in ponds (Schramm, 2011). About 90.5% of the households are equipped with 
septic tanks, but most of them are in poor conditions (Harada et al., 2008) and are thus likely 
to regularly overflow into the sewerage system. From households without septic tanks, 
blackwater goes directly into sewer pipes or nearby canals (Kuroda et al., 2015). All 
graywater from households and stormwater goes into the sewers and canals, together with 
industrial wastewater (e.g. Huong et al., 2008; Marcussen et al., 2008; Hung et al., 2015). The 
overall flow direction in the Hanoi area is from north to south, and the wastewater and the 
stormwater is collected by the canals and transported south of the city: the two main rivers 
being To Lich and Kim Nguu. At the Yen So WWTP, a fraction of the wastewater is treated 
(Schramm, 2011; Kuroda et al., 2015). The effluent and the majority of the untreated urban 
wastewater are discharged together into the Red River at the Yen My site (the outlet canal is 
shown with a black arrow in Fig. 1C). The rest of the urban wastewater is discharged into the 
Nhue River in the west (Kuroda et al., 2015).  
 

3 Material and methods 

Field campaigns were carried out during dry season in February–March 2006 and March–
April 2007. Water samples were collected for chemical analyses from wells within the 
Holocene aquifer (15 samples in 12 wells at the Nam Du site and 4 samples in 4 wells at the 
Dan Phuong site; see Larsen et al. (2008) for details of the Dan Phuong site and comments in 
the discussion Section 5), from wells within the Pleistocene aquifer (15 samples in 11 wells at 
the Nam Du site and 1 sample at the Dan Phuong site), from shallow groundwater at the river 
bank in Nam Du (6 samples from 6 different locations), and from surface waters in Nam Du 
(4 samples from the Red River and 3 from different ponds). Two samples of sewage water 
were collected in the open sewage channel system, one sample in one of the sewage settling 
ponds (A) and one sample after (B) the sewage settling ponds.  
 
Ten observation wells were installed by rotational drilling in 2007 at two different locations 
and at five different depths. Sediment samples were taken for analysis from different depths at 
two drilling sites. Drilling was also carried out close to the production well ND9 in 2006 to 
find peat material for analysis. No peat was found during the drilling, but sediment samples 
were collected at two different depths. Old samples containing peat material from drillings 
carried out in 2003 for the production well ND16 were analyzed; these were samples that had 
been stored in open air from 2003–2006. Sediments were also collected from a pond and from 
the riverbank in 2006. For more detailed information on the sampling campaigns and 
procedures, see Baric and Sigvardsson (2007), Harms-Ringdahl (2007), Moreskog (2007), 
and Norrman et al. (2008). The sampling locations are indicated in Figure 1.  
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3.1 Water sampling, field measurements, and chemical analyses   

Sampling procedures are described in detail in Norrman et al. (2008) and will only briefly be 
presented here. Temperature, pH, electrical conductivity, dissolved oxygen, and redox 
potential (Eh) of the groundwater were measured in the field via a flow cell. For surface water 
samples, measurements and sample collection were performed directly in the water.  
 
The water chemistry analyses were carried out at the Swiss Federal Institute of Aquatic 
Science and Technology (Eawag) using the procedures described in Berg et al. 2008 and 
Norrman et al. 2008. Samples used for the analysis of metals, NH+

4; PO4
3-, As(III), As(V), 

and trace elements were acidified with suprapur 1:1 HCl to a pH < 2, to avoid precipitation. 
Samples taken for analyses of other major anions, alkalinity and DOC were not acidified. The 
Institute of Nuclear Science and Technology (INST) carried out the bacteriological analyses, 
as well as isotopic measurements (δ15N and δ18O) from dissolved nitrate and dissolved 
ammonium. The samples for nitrogen isotopic analyses were also acidified with suprapur 1:1 
HCl to a pH < 2, to avoid precipitation. 
 
Samples for trace element analyses and As speciation were stored at room temperature before 
and during transport, and at 4°C in the dark in the laboratory. All other samples were 
continuously stored at 4–8°C in the dark, except during transport. The chemical constituents 
in the groundwater samples were quantified in triplicate. The median deviation of the sum of 
cationic and anionic charge (eq/L) was 3.9% (range -4–20%) with an overall coefficient of 
correlation (r2) of 0.98. The quality assurance measures are given in Berg et al. (2008). 
Methodology for the different analyses are summarised in Table S1 (Supporting Material).   
 

3.2 Sediment sampling and analysis 

Sediment samples were collected at different depths during the course of the drilling of the 
two deepest wells at the DHA and DHB locations in 2007. Depending on the grain size, 
different core sample devices were used. Ten sediment samples were collected from each of 
the two locations. The samples were analyzed by sequential leaching, water content, loss on 
ignition (LOI), Mössbauer, and color at the Earth Science Department at Gothenburg 
University in Sweden (for further description and results, see Norrman et al., 2008; 
Sigvardsson and Baric, 2007). The sediment samples were also analyzed for the amount of 
exchangeable ammonium and for the δ15N value of the exchangeable ammonium, TOC (all at 
INST), and the N-mineralization potential (at the Centre for Environmental Technology and 
Sustainable development, CETASD) and loss on ignition (LOI) for total carbon content 
(Gothenburg University). In 2006, cores were drilled to collect peat samples and although no 
peat was encountered during the drilling, sediments were collected (for details, see Harms-
Ringdahl, 2007). In addition, sediment samples with organic material were collected from the 
core of one of the production wells, ND16, in 2003. The samples from the ND16 core were 
stored in ambient air until analysis (2006 and 2007). Samples of sediments collected in 2006 
were analyzed for exchangeable ammonium (at the Royal Institute of Technology, KTH), and 
the δ15N and δ13C of the Total N and Total C, respectively (at the Swedish Agricultural 
University in Umeå, SLU). For a summary, see Table S1 in Supporting Material.  
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4 Results  

4.1 Water 

Table S2 (Supporting Material) shows a summary of concentrations of selected species in the 
groundwater collected in the dry season in 2006 and 2007. For data on Fe, HCO3-, Mn, Mo, 
Sb, see Norrman et al. (2008).  
 
The groundwater in the Pleistocene aquifers is typically of bicarbonate type, with low sulfate 
content below the level of detection (although the sulfate detection limit is high, 5 mg/l), with 
one exception. All major anions and cations were tested for correlations searching for r2 > 0.5 
in the Holocene and the Pleistocene aquifers. The Holocene aquifer demonstrated no clear 
correlation between ammonium and other elements. In the Pleistocene aquifer, positive 
relationships were found between HCO3 and As, Mo and HCO3, Mo and As, As and Ca, and 
HCO3 showed a strong positive correlation with Ca, Mg, and Sr (for details see Norrman et 
al., 2008). In the same study, positive correlations were also noted between NH4 and Cl and 
DOC in the Pleistocene aquifer: NH4–Cl (r2 = 0.82, n= 15), and NH4–DOC (r2 = 0.69, n= 15). 
In addition, positive relationships can also be found between NH4 and Na (r2 = 0.73, n= 15), 
NH4 and Ba (r2 = 0.65, n= 15), and NH4 and Ni (r2 = 0.67, n= 15) in the Pleistocene aquifer, 
see Figure 2. Using the non-parametric Mann-Kendall test, it was concluded that there are 
statistically significant evidence of increasing trend at the specified level of significance 
(0.01) for all afore mentioned positive relationships with NH4. No positive correlation was 
found between NH4 and As, K, or PO4.  
 
In general, the ammonium concentrations in the analyzed samples were higher than would be 
expected in groundwater not affected by anthropogenic activities. The ammonium 
concentrations in the Holocene and the Pleistocene aquifers show a mean and standard 
deviation in the Holocene of 18.0 and 13 mg/l, respectively, and 12.2 and 6.9 mg/l in the 
Pleistocene. However, a two-sided Welch-Satterthwaite hypothesis test (data approximately 
normally distributed with unequal variances) for the two samples could not conclude different 
populations at a confidence level of 95%.  
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Figure 2. Scatterplots of NH4 - Na (r2 = 0.73, n= 15), NH4 - Ba (r2 = 0.65, n= 15), and NH4 - 
Ni (r2 = 0.67, n= 15). All samples are from the Pleistocene aquifer.  
 
The δ15N values of N-NH4 for different waters are shown in Fig. 3 together with two 
theoretical binary mixing lines. An apparent positive relationship exists between the 
concentration of NH4 and the enrichment in 15N in ammonium. The groundwater samples 
from the Holocene and the Pleistocene aquifers in Nam Du showed δ15N values between 10‰ 
and 22‰, with a slightly larger range of values in the Holocene aquifer. For mixing line I, the 
Red River surface water is used as one end-member and the Holocene groundwater from well 
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P1B, with the highest measured ammonium concentration, represents the other end-member. 
For mixing line II, the average calculated from the sampled sewage settling ponds are used as 
the one end-member together with P1B. A mixing process which is a dilution between a two 
end-members can be described with a simple binary mixing model. The concentration of 
substance X in a binary mixed sample can be described as follows:  
 

, 
 
where Xp is one end-member, Xb is the baseline end-member and f (0 ≤ f ≤ 1) is the 
proportion of the baseline end-member in the mixing (Buschmann and Berg, 2009; Widory et 
al., 2005). When stable isotopes are used as environmental tracers, the following equation 
system can be obtained (Widory et al., 2005):  
 

 . 
 
The equations allows for estimations of mixing if concentrations and isotope ratios are 
known. In this study, the above mixing models cannot fully explain the concentrations and 
isotope ratios of the samples. Instead a more complex system than a binary mixing is 
indicated, with a possible third end-member with lower δ15N ratio and higher NH4-
concentration. Figs. 4a and b show the NH4 and the δ15N value of different waters as a 
function of depth. A slight negative trend is evident in the Pleistocene aquifer with depth, 
which was not observed in the Holocene aquifer.  
 
 

 
Figure 3. δ15N values of NH4

+ in water including a theoretical binary mixing model (mixing 
line), where the Red River surface water is used as the baseline end-member for mixing line I 
and the average measured values from sewage settling ponds for mixing line II, and the 
Holocene groundwater in well P1B (where ammonium concentration is the highest 
measured), as the other end-member for both. 
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Figure 4. a) NH4

+ concentration in water by depth (logarithmic scale on the x-axis). b) δ15N 
values of N-NH4 in water by depth.  
 
The δ18O and δ15N values in N-NO3 are shown in Fig. 5. Only one sample from the aquifers 
contained any nitrate, due to the strongly reducing conditions in the groundwater. The 
bacteriological content in the groundwater is shown in Table 1. The correlation with 
ammonium was investigated by Baric and Sigvardsson (2007), but could not be confirmed. 
Escherichia coli (E. coli) was found in DHB at 14 m depth, where the highest counts of total 
coliform bacteria were also found, which clearly indicated influence from the surface.  
 
 

 
Figure 5. δ18O and δ15N values of NO3 in water.  
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Table 1. Bacteriological content in the groundwater 
Sample location Total coliform bacteria

[no./100 ml]
E. coli  

[no./100 ml]
DHB 14 110 000 9 300
DHB 18 20 n.d.a)

DHB 22 93 n.d.a)

DHB 26 23 n.d.a)

DHB 52 48 n.d.a)

P3A 28 n.d.a)

P3B 28 n.d.a)

ND9 48 n.d.a)

ND13 75 n.d.a)

a) Under the detection limit of 3/100 ml.  
 

4.2 Sediments 

The aquitard dividing the Holocene and Pleistocene aquifers in DHA and DHB reaches from 
30–48 m depth. Sediment samples were collected from the Holocene layers; the deepest 
sample is from just above the top of the Pleistocene (~46 m). In Figs. 6 and 7, LOI, 
exchangeable NH4, and the δ15N ratios of the exchangeable NH4 are plotted by depth together 
with the ammonium concentration and associated δ15N ratios in groundwater, in DHA and 
DHB, respectively. 
 
Ammonium concentrations in the sediments were highest around 30–40 m below surface. At 
depths of about 30–45 m, the δ15N (NH4

+, exch) was 5–3 ‰, which is significantly lower than 
the δ15N (NH4

+ (aq)) measured in the groundwater at depths above 30 m and below 45 m (see 
Fig. 4b for a comparison). However, no data are available for the δ15N in the pore-water at 
depths 30–45 m below the surface, as no wells were installed due to the low flow in the fine-
grained material.  
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Figure 6. Loss on ignition (LOI), exchangeable NH4, δ

15N values of the exchangeable N-NH4 
and ammonium concentration and associated δ15N ratios in groundwater in DHA.  
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Figure 7. Loss on ignition (LOI), exchangeable NH4, δ

15N values of the exchangeable N-NH4 
and ammonium concentration and associated δ15N ratios in groundwater in DHB.  
 
In 2006, Harms-Ringdahl (2007) analyzed old sediment samples containing organic matter 
(peat), collected from the drilling of production well ND16 in 2003, for δ15N and δ13C of total 
N and C; see Table 2. Table 3 shows the results from the analyses of the nitrogen 
mineralization potential in the sediment samples. It should be noted that the composition of 
the sediments can vary spatially, even within short distances of few meters. 
 
 
Table 2. Isotopic signatures and concentrations of sediment-bound C and N. 

 Depth [m] C [mass 
fraction]

N [mass 
fraction] δ

13C δ
15N C/N 

ND16 23 4.5 0.1 -27.7 2.4 34.4

ND16 44 18.7 0.5 -27.5 4.1 40.3
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Table 3. Nitrogen mineralization potential in the sediments.  
 Anaerobic incubation, 7 days Difference 

Sample 
N control N after 

incubation Mineralized N 

[µgNH4/g] [µgNH4/g] [µgNH4/g] 

DHA35.5 (1) 300.5 298.0 (-2.5) 

DHA35.5 (2) 303.0 287.5 (-15.5) 
    

DHA44.4 (1) 64.5 68.0 3.5 

DHA44.4 (2) 64.0 68.5 4.5 
    

DHB41.8 (1) 72.5 73.5 1.0 

DHB41.8 (2) 73.0 73.0 0.0 
    

DHB35.5 (1) 287.0 293.5 6.5 

DHB35.5 (2) 288.5 310.0 21.5 

 

5 Discussion 

At least two main pools can be considered as sources of the dissolved ammonium in the 
groundwater at Nam Du: infiltrating nitrogen-rich water from the surface and organic nitrogen 
from the buried peat and abundant organic matter. Figure 8 shows a summary of δ15N values 
derived both from literature and measured in Nam Du as well as in Dan Phuong. The highest 
δ

15N values are found in the groundwater in Nam Du. In fact, the δ15N values in the 
groundwater are clearly higher than the δ15N values of total N in the sediments, and to some 
degree also higher than in exchangeable NH4

+ in the sediments, as well as the δ15N values of 
NH4

+ in sewage and surface water. This indicates an enrichment of 15N in the dissolved 
ammonium in the aquifers. The only known process which would enrich 15N in N-NH4 under 
anaerobic conditions is dissociation of ammonium to ammonia. According to Kendall and 
Aravena (2000), the δ15N in the residual ammonium ions may be well above 20‰. Li et al. 
(2012) found that isotopic fractionation primarily takes place during the conversion of 
NH4

+(aq) to NH3(aq). Further, Li et al. (2012) concluded that ammonium can deprotonate to 
ammonia in conditions above pH 6, and the ammonia product can degas, particularly in the 
range of water temperatures of 19-27°C as is the case in Nam Du. The pH ranges from 6.29 to 
7.35 in the Holocene aquifer and from 6.29 to 8.28 in the Pleistocene aquifer (most values 
below pH 7). The strongly reducing conditions in the aquifers also produces methane (Postma 
et al., 2007) and Gerber et al. (2013) found that depleted stable noble gas concentrations 
correlated with high concentrations of dissolved methane, suggesting that degassing occurred 
due to the high methane partial pressure in the Pleistocene aquifer in the south of Nam Dinh 
Province, Red River Delta, Vietnam. Under such conditions, ammonia will likely be 
degassed, thereby shifting the reaction (NH4

+(aq) ↔ NH3(aq) → NH3(g)) to the right. The 
remaining ammonium ions will thus be enriched in 15N. The groundwater would in turn 
theoretically be depleted in ammonium, but this relationship is not shown in data, instead 
there is a positive relationship between δ15N in ammonium and the ammonium concentration 
in groundwater (Fig. 3). This is possibly explained by an increase in δ15N associated with a 
constant release of ammonium from organic material that balances the loss of ammonia.  
 
The measured δ15N values of the dissolved ammonium ions in groundwater are significantly 
lower in Dan Phuong (4–6 ‰) compared to Nam Du. At Dan Phuong, all samples contained 
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traces of nitrate, indicating a more oxic environment. The Dan Phuong area is located 30 km 
NW of Hanoi upstream along the Red River (for details see Larsen et al., 2008). It is an 
abandoned sandbar island outside of the dyke, situated in a river bend intersected by two 
minor distributaries to the Red River. The total thickness of the Holocene and the Pleistocene 
layers here are about 50-60 m. The Holocene layers have sand containing disseminated 
fragments of organic material and clay-rich layers with larger plant fragments and roots, but 
no peat layers. There is no large abstraction in the area and the groundwater level and 
recharge is dominated by the seasonal fluctuation of precipitation and the water level of the 
Red River. Postma et al. (2007) described the groundwater chemistry of the Dan Phuong site 
where the degradation of organic matter is an important process in the aquifer and is 
associated with the classical redox sequence (oxygen, nitrate, manganese, iron, sulphate and 
methane). Arsenic is associated with the redox conditions, with As(total) concentrations in the 
Holocene aquifer reaching up to 7 µM (525 µg/l). The NH4 concentrations reach up to 0.4 
mM (7.2 mg/l) in the most reduced part of the Holocene aquifer where also production of 
methane gas is shown. Postma et al. (2007) concludes that the NH4 concentration is a good 
indicator of the intensity of organic matter degradation due to the good correlation of methane 
and NH4 in Dan Phuong. The load of nutrients from the surface is considerably less than in 
Nam Du, but some nutrient load originating from the small village and the agricultural 
activities on the sandbar island is likely. The difference in δ15N values between Nam Du and 
Dan Phuong are likely due to that the process of dissociation of ammonium to ammonia is not 
present at the same rate in Dan Phuong, as a result of lower concentrations of ammonium. The 
lower ammonium concentrations are likely due to that (1) the natural source of nitrogen is 
smaller compared to the Southern parts of Hanoi, (2) a lower nutrient load from the surface, 
and (3) no induced downward flow from the Holocene to the Pleistocene aquifer.  
 
 

 
 
Figure 8. Comparison of δ15N values in Nam Du (this study) and in Dan Phuong (this study) 
with ranges of literature (Heaton, 1986; Kendall and Aravena, 2000; Widory et al., 2004).  
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Several studies in similar aquifer conditions as in Nam Du concluded that elevated levels of 
ammonium are derived from organic layers in the soil (e.g. Jiao et al., 2010; Wang et al., 
2013; Berg et al., 2008, Postma et al., 2007). The measured δ15N value of total N in the peat 
in Nam Du is 2–4 ‰. Mineralization of Organic-N does not imply any noticeable 
fractionation according to Kendall and Aravena (2000) and Hoefs (1997). Hinkle et al. (2007) 
conclude that ammonium concentrations up to 38 mg/l in groundwater were due to a natural 
source; i.e., mineralization of organic N, with measured δ15N values of ammonium of 2.5–
3.9‰. For NH4 concentrations reaching up to 700 mg/l in aquitard pore water of the Pearl 
River delta (China), Wang et al. (2013) reported δ15N between 4.7 – 7.4‰, concluding that 
the ammonium originates from naturally abundant organic matter. The N-mineralization 
potential of the sedimentary organic matter determined in our study at two different depths in 
DHA and DHB was low (0–6.5 µg NH4/g, Table 3) compared to measured values of up to 
528 µg NH4/g in peat by Hart et al. (1986). However, Stenberg et al. (1998) reported even 
lower values ranging from 0.005–0.04 µg NH4/g for 6 days incubation, on different soils with 
much lower C/N ratios than the peat at Nam Du. The relatively high C/N ratio in the two peat 
samples from Nam Du indicates an N-poor environment. However, the C/N ratio was not 
measured on any layers with pure peat in this study, so additional analyses on fresh peat 
would be valuable.  
 
The theoretical binary mixing model line I (Holocene 1B and Red River water as end-
members) in Fig. 3 has a poor fit to the measured data in Nam Du, while the binary mixing 
model line II shows a better fit. The mixing line II (sewage settling ponds and Holocene 1B as 
end-members) does however indicate an internal source to fully explain the elevated NH4

+ 
concentrations and levels of δ15N in the Holocene aquifer. However, the mixing line I cannot 
fully explain the measurements in the Pleistocene aquifer: instead a more complex system is 
present. The hydrological conditions in Nam Du are likely to be transient as the pumping in 
the new well-field has changed the hydrogeological regime, starting before our sampling 
campaigns, but at the time of the sampling not yet in equilibrium. The recharge from the Red 
River has increased, and will likely increase even more with time, and the groundwater table 
in Pleistocene has been lowered. Figures 6 and 7 shows that the measured δ15N values of 
exchangeable NH4 in the sediments varies between 0.5 and 12 ‰, with highest values around 
10 – 25 m depths at the locations DHA and DHB. The exchangeable NH4 in the sediments 
varies from near zero to more than 300 mg/kg sediment.  
 
Isotopic signatures for N and O in nitrate in the Nam Du samples, where nitrate was present, 
are plotted in Fig. 5. Comparison of the results to similar plots (e.g. Chang et al., 2002; Mayer 
et al., 2002; Mengis et al., 2001) shows that the sample from Pond 3 seems to be associated 
with either nitrate from nitrification in soils or ammonium or nitrate from NH4NO3 fertilizer. 
The samples from observation well P86b (Holocene aquifer) and Ponds 1 and 2 have higher 
values of both δ15N and δ18O, potentially indicating a denitrification trend. In our study, there 
are unfortunately relatively few samples of surface water and sewage water. Figure 4a shows 
that the highest ammonium concentrations in all water samples can be found in the 
groundwater (up to 40 mg/l in the lower part of the Holocene aquifer and up to 26 mg/l in the 
upper part of the Pleistocene aquifer). Huong et al (2008) report nitrate concentrations ranging 
from 4.1 to 7.4 mg/l in wastewater collected before the Yen So pumping station in the Kim 
Nguu and the To Lich rivers. Dao et al. (2010) reports concentrations of total nitrogen ranging 
from 8 – 13 mg/l in the same two rivers. An influence from the open sewage settling ponds 
and channels in Nam Du can be supported by the bacteriological content, as coliform bacteria 
are found both in the Holocene and Pleistocene aquifers (Table 1). In the Pleistocene aquifer, 
NH4 correlates positively with DOC, Cl, Ni, Ba, and Br. Trafford et al. (1996) describe the 



  

 16

elevated concentrations of Cl- and HCO3 in the groundwater beneath Hanoi city as a possible 
sign of the influence of the sewage system. However, no positive relationship between NH4 
and K or PO4 was found.  
 
A positive correlation was apparent between Na and NH4 (Fig. 2), being ions which compete 
for exchange sites at negatively charged surface sites on clay minerals and organic matter. An 
increasing concentration of either ion could cause an increasing concentration of the other ion 
due to competition (Seitzinger et al., 1991). Jiao et al. (2010) observed a close correlation 
between ammonium and TDS (total dissolved solids) in the Pearl River Delta, China, where 
the high salinity is attributed to paleo-seawater. In our study, the exchangeable ammonium 
ions in the deeper sediments ranged from less than 10 and up to 320 mg NH4/kg (see Figures 
6 and 7), with potentially large amounts of ammonium ions being available from the 
sediments at spatially varying degrees. The Neogene formation below the Pleistocene aquifer 
locally (south-western part of Hanoi) contains brackish water (Bui et al., 2012), and an 
increased extraction of groundwater could cause an upward flow of more saline water from 
the Neogene formations. Another possible explanation for the observed relationship is that the 
source of both ammonium and sodium ions is sewage water, which often is enriched in both 
(Ozaki et al., 2014). The results in this study could however not identify any surface source 
with neither high enough sodium nor nitrogen levels that can explain the higher levels in the 
Holocence and Pleistocene aquifers.   
 

6 Conclusions 

Based on the findings in this study, the following conclusions are drawn:  
• The δ 15N values in the Holocene aquifer are higher than in any of the hypothesized 

sources, i.e. the surface and waste water samples and in the Holocene sediments, see 
Figure 8. The strongly reducing conditions in the aquifers will maintain nitrogen as 
ammonium in groundwater and under the current temperature and pH conditions, 
ammonium tends to deprotonate to ammonia, which can degas from the groundwater 
table to the unsaturated pore space. This process appears to dominate within the 
Holocene aquifer and causes an enrichment of 15N in the remaining ammonium. The 
degassing of the aquifer, as indicated by Postma et al. (2007), can explain why the 
ammonium increases in δ15N-values as 14N ammonia leaves the system by diffusion 
together with CH4 produced from decomposition of organic material within the reducing 
aquifer.  

• The likely process does not, however, clearly indicate the original source of ammonium. 
There are several indications of influence from anthropogenic activities: the large 
drawdown in the Pleistocene aquifer and subsequent downward gradient and thereby 
leakage from the upper aquifer; the bacteriological content; the positive correlation 
between ammonium and DOC, Cl, Br and Ni. However, the higher concentrations of 
ammonium in the groundwater (1.8 – 40.3 mg/l) compared to the potential surface 
sources (0.1 – 9 mg/l), the positive correlation between ammonium and DOC, the 
abundance of natural organic matter as well as amount of exchangeable ammonium in the 
sediments, and the highly reducing conditions in the aquifers indicates that a substantial 
amount of the ammonium in the groundwater is derived from mineralization of organic 
nitrogen in the organic matter in the Holocene aquifer-aquitard system.  

 
Confirmation that the enrichment of 15N is due to degassing of NH3 will require further 
studies where gas is trapped from the aquifer sediments and analyzed for ammonia. Influences 
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of surface activities may threaten groundwater with contaminants other than ammonium, so 
confirmation of this influence by analysis of persistent anthropogenic tracer molecules, such 
as recalcitrant pharmaceuticals and pesticides, would also be valuable. The study of the long-
term evolution of groundwater quality under the substantially altered hydraulic regime in the 
Hanoi area should also continue in order to supply the inhabitants of Hanoi with drinking 
water of high quality.  
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