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Identification of sources of ammonium in groundwater using stab-
le nitrogen and boron isotopes in Nam Du, Hanoi 

JOHAN LINDENBAUM 

Lindenbaum, J., 2012: Identification of sources of ammonium in groundwater using stable nitrogen and boron iso-

topes in Nam Du, Hanoi. Dissertations in Geology at Lund University, No. 300, 38 pp. 45 hp (45 ECTS credits). 

Keywords:  groundwater, contamination, ammonium, stable isotopes, δ15N, δ10B, arsenic, Hanoi, Vietnam 

Johan Lindenbaum, Department of Geology, Lund University, Sölvegatan 12, SE-223 62 Lund, Sweden. E-mail: 

johan.lindenbaum@gmail.com 

Abstract: In this study high concentrations of ammonium (NH4
+) and arsenic (As) in groundwater are investigated 

in the Nam Du well-field, Hanoi, Vietnam. Arsenic is unwanted in drinking water since it has severe consequences 

for human health. High concentrations of ammonium in groundwater, while not directly harmful to human health, is 

often a sign of the groundwater being affected by anthropogenic activities, such as spreading of fertilizers and 

manure or leaking sewage water. Groundwater from two aquifers (one shallow Holocene and one deep semi-

confined Pleistocene), the Red River, ponds in the area and wastewater canals were sampled and analyzed for stable 

isotopes of nitrogen (14N and 15N) and boron (10B and 11B), which were used to characterize potential pollution 

sources and investigate to what extent the groundwater are affected by pollution from anthropogenic sources. 

Samples were also taken for general chemistry, 3H/3He dating and bacteriological content. Arsenic concentrations 

were high and exceeded the WHO guideline value of 10 µg/L in all sampled groundwater and in several surface 

water bodies. Ammonium concentrations showed large variations but were generally very high. Based on the analy-

ses of the stable isotopes and other parameters the following conclusions were made: 

1. The main process responsible for the high ammonium concentrations are likely mineralization from sediments 

rich in organic matter 

2. In some parts of the Nam Du area, pollution by leaking wastewater or animal manure is likely a source of ammo-

nium 

The quality problems associated with the groundwater in Nam Du are likely to prevail and as such an alternative 

source of drinking water should be considered.  



 

 

Identifiering av ammoniumkällor i grundvatten med hjälp av sta-

bila kväve- och borisotoper i Nam Du, Hanoi 

JOHAN LINDENBAUM 

Lindenbaum, J., 2012: Identification of sources of ammonium in groundwater using stable nitrogen and boron iso-

topes in Nam Du, Hanoi. Examensarbeten i geologi vid Lunds universitet, Nr. 300, 38 sid. 45 hp. 

Nyckelord:  grundvatten, förorening, ammonium, stabila isotoper, δ15N, δ10B, arsenik, Hanoi, Vietnam 

Johan Lindenbaum, Institutionen för geologi, Lunds Universitet, Sölvegatan 12, 223 62 Lund, Sverige. E-post:  

johan.lindenbaum@gmail.com 

Sammanfattning: I denna studie undersöks grundvattnet i en vattentäkt (Nam Du) i Hanoi, Vietnam. Grundvattnet 

innehåller höga halter av ammonium (NH4
+) och arsenik (As). Arsenik är mycket giftigt och kan ha allvarlig inver-

kan på människors hälsa och är därför inte önskvärt i dricksvatten.  Höga halter av ammonium i dricksvatten är inte 

skadligt i sig, men är ofta ett tecken på antropogen påverkan av grundvattnet, exempelvis spridning av gödningsme-

del eller läckande avloppsledningar. Vattenprover togs från två akvifärer, en grund öppen holocen och en djup slu-

ten pleistocen för att utvärdera föroreningssituationen. Ytvatten och avloppsvatten provtogs också för att kunna 

karaktärisera potentiella föroreningskällor. Proverna analyserades för stabila kväveisotoper (14N och 15 N), stabila 

borisotoper (10B och 11B), allmänkemi, 3H/3He-datering och bakterieinnehåll (E. coli och totalt antal koliforma bak-

terier). Arsenikhalten i alla provtagna grundvatten utom ett, var över den av WHO fastställda gränsen för dricksvat-

ten på 10 µg/L. Även flera ytvatten påvisade höga halter av arsenik. Ammoniumkoncentrationen i de provtagna 

grundvattnen generellt mycket höga. Baserat på analysen av de stabila isotoperna och övriga parametrar drogs föl-

jande slutsatser: 

1. De höga halterna av ammonium kommer troligtvis till största del från mineralisering vid nedbrytning av orga-

niskt material i sedimenten. 

2. Grundvattnet uppvisar på en del platser i Nam Du antropogen påverkan, på dessa platser är läckage av avlopps-

vatten eller stallgödsel en trolig ammoniumkälla .  

Grundvattnet i båda akvifärerna är av låg kvalité och kommer troligtvis försämras ytterligare vid fortsatt pumpning. 

En alternativ dricksvattenkälla bör därför övervägas. 
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1  Introduction  
 

Water is the most important resource on Earth, for 

humans and other living organisms alike. Despite this, 

nearly half of the world’s population does not have 

access to drinking water of acceptable standard. 

Groundwater is usually a good source of drinking 

water since water is naturally purified when it is 

slowly percolating through soil. The use of ground-

water as a source for drinking water has expanded 

much in modern times and today makes up 25 to 30% 

of the total water extraction of the world (Younger, 

2007). 

 Anthropogenic activities and over-exploitation 

of groundwater resources has led to degradation of the 

groundwater quality in many places. There are also 

several natural contamination sources of groundwater. 

A large problem in many parts of the world, especially 

South America and South East Asia is high concentrat-

ions of arsenic (As) in drinking water. Arsenic is 

unwanted in drinking water since it can have severe 

consequences for human health even in small doses. 

Arsenic is highly cancerogenic and known to cause 

skin, bladder and lung cancers as well as dermal 

lesions and peripheral vascular disease in people inge-

sting arsenic contaminated water (WHO, 2008). The 

provisional guideline value set by the WHO for drin-

king water of 10 µg/L is exceeded in many places in 

Asia. The most well known cases are perhaps Bangla-

desh and India but it is also a problem in parts of Cam-

bodia, China, Mongolia and Vietnam. 

 

1.1 Background 

In Hanoi, the capital of the Socialist Republic of Viet-

nam, groundwater is the main source of drinking 

water. In and around Hanoi millions of people are de-

pending on groundwater extracted from the Red River 

Delta for drinking water. The water distributed to the 

public is pumped from a semi-confined aquifer of Plei-

stocene age, which is overlain by a shallow open 

aquifer of Holocene sediments. Between the 1960s and 

the 1990s groundwater extraction increased from 141 

000 m3/d to 410 000 m3/d and concerns were raised 

about possible degradation of the quality of the 

groundwater (Trafford et al., 1996). Water outtake 

today reaches 750 000 m3/d, which has significantly 

changed the hydrogeological patterns in the Hanoi area 

(Winkel et al., 2011). 

 Subsequent studies regarding groundwater 

quality in Hanoi has shown that the quality of the 

groundwater is indeed becoming worse with high and 

increasing concentrations of arsenic and ammonium in 

the groundwater. In 1999 a study concerning heavy 

metals in the environment around Hanoi showed that 

the groundwater beneath Hanoi contained high con-

centrations of arsenic (As) (Berg et al., 2001). These 

results were later confirmed by among others Norrman 

et al. (2008) who reported concentrations of As in both 

the Pleistocene and Holocene aquifers far above the 

provisional guideline value of 10 µg/L set by the 

World Health Organization (WHO). The source of the 

arsenic is thought to be mobilization by reductive dis-

solution of iron-oxides due to reducing conditions in 

the aquifers (Norrman et al., 2008). The low redox-

conditions are probably caused by decomposition of 

organic material, which is plentiful in parts of the 

Quaternary sediments underlying Hanoi. The high 

water outtake from the lower Pleistocene aquifer is 

likely to induce infiltration of As-rich water from the 

upper aquifer to the lower.  

 Several studies have also shown elevated con-

centrations of ammonium in the groundwater in the 

Hanoi area (Berg et al., 2001; Harms-Ringdal, 2007; 

Norrman and Andersson, 1998). Norrman and Anders-

son (1998) constructed a nitrogen budget for the area, 

which showed that large amounts of nitrogen are likely 

leached to the groundwater. Harms-Ringdal (2007) 

concluded that the elevated ammonium concentrations 

are probably due to infiltration from surface sources 

but the exact source of the ammonium remains 

unknown. The ammonium is also interesting in regard 

to the high arsenic levels since infiltrating water from 

surface sources could contain high quantities of 

organic material which could decrease oxygen levels 

and redox conditions even more, which might increase 

the mobilization of arsenic. Ammonium does not pose 

a risk for people’s health in concentrations that can be 

expected in groundwater. However, there is health 

implications with high concentrations of nitrate in 

drinking water, which ammonium can be oxidized to if 

exposed to oxygen. High ammonium concentrations 

are also a common sign that surface water influenced 

by anthropogenic activities are infiltrating to the 

groundwater. It is of great importance to find the 

source causing the high ammonium concentration, 

since infiltration of surface water contaminated by for 

example wastewater or fertilisers could further degrade 

the quality of the groundwater as well as potentially 

increase the mobilization of arsenic.  

 
1.2 Aim and scope of the study 

The main aim of this study was to investigate the 

source(s) causing the high concentrations of ammo-
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nium in groundwater in the Nam Du well-field, Hanoi. 

A second objective was to look at the groundwater 

quality more generally and see if anthropogenic activi-

ties are affecting the groundwater quality. The third 

and final objective of this study was to investigate if 

there is any relationship between the high concentrat-

ions of ammonium and arsenic and its possible part in 

the process of mobilizing arsenic in the Red River 

delta sediments.  

This study was carried out as a part of the project 

“Identification of sources of ammonium and its impli-

cations for arsenic mobilization in the Nam Du well-

field, Hanoi (AmonAs 2)”  

The AmonAs 2 is a collaborative research project 

between Lund University (Department of Geology), 

Hanoi University of Mining and Geology (HUMG), 

the Royal Institute of Technology (KTH), the Institute 

of Nuclear Science and Technology in Hanoi (INST), 

Research Center for Environmental Technology and 

Sustainable Development (CETASD, Hanoi Univer-

sity of Science) and the Swiss Federal Institute for 

Environmental Science and Technology (EAWAG).  

 
2 Theory 
 

2.1 Nitrogen 

Nitrogen (N) is a very common element which is es-

sential for almost all forms of life found on earth

(Schlesinger, 1997). For plants, nitrogen is an im-

portant nutrient and often limits the primary produc-

tion in ecosystems, both on land and sea. In living tis-

sues nitrogen is important because it is part of en-

zymes needed for respiration and photosynthesis. 

Compounds containing N is commonly found both in 

liquid, solid and gaseous forms. Not counting nitrogen 

bound in rocks, the most common nitrogen compounds 

found in nature are, N2 (nitrogen gas), N2O (nitrous 

oxide), NH4
+ (ammonium), nitrite (NO2

-) and NO3
- 

(nitrate). Nitrogen compounds are found at valence 

states ranging from -3 (NH4
+) to +5 (NO3

-). Many mi-

crobes use the potential energy of transformations of 

these compounds to sustain them with energy resulting 

in a complex geochemical cycle with many possible 

transformations.  

2.1.1 The nitrogen biogeochemical cycle  

Of all the nitrogen found on earth, 97.76% is bound in 

rocks, 2.01% is found in the atmosphere while the 

remaining 0.23% is located in the hydrosphere and 

biosphere (Kendall and McDonnell, 1998). The atmos-

pheric nitrogen is however not available to most of the 

biosphere. There are two natural possible pathways for 

nitrogen to enter the biosphere., see Figure 1. N2-gas in 

the atmosphere can be oxidised to the biologically 

more available form NO during thunderstorms, which 

is then dissolved in water and falls to the ground with 

precipitation (Atkins and Jones, 2010). Some plants 

are also able to directly fixate N2 from the atmosphere 

(Schlesinger, 1997).  
 The pool of inorganic nitrogen (NH4

+ and NO3
-) 

in the soil is usually very small at any time because of 

rapid uptake by plants and microorganisms. Organic 

nitrogen may however exist in large quantities in the 

soil since N is not available to plants in this form. Or-

ganic N must first be decomposed to NH4
+ by hetero-

troph microbes, a process known as mineralization. 

Mineralization is favoured in warm and moist environ-

ments.  NH4
+ is then oxidized by microbes to NO3

- in 

the presence of oxygen, with NO2
-  and NO as interme-

diate forms. The whole process is known as nitrifica-

tion.  Nitrogen is leached from the soil as NO3
- or in 

some cases NH4
+ and reach the groundwater. NO3

- is 

much more mobile in soils than NH4
+  since the posi-

tively charged NH4
+-ion, has a tendency to be ad-

sorbed to negatively charged clay particles (Kresic, 

2007). 

 Nitrogen re-enters the atmosphere from the soil 

or the sea through the multi-step process of denitrifica-

tion in which NO3
- is reduced to N2 by microbes under 

anaerobe conditions, with NO2
-,  N2O and NO as inter-

mediate forms, see Figure 1. Nitrogen can also be re-

turned to the atmosphere through the process 

of anaerobic ammonium oxidation, abbreviated anna-

mox. Annamox is an important process in anaerobic 

freshwater lakes and the oceans were microbes oxidize 

NH4
+  with the help of NO2

- to form nitrogen gas and 

water according to (Dalsgaard et al., 2003); 

NH4
++NO2

-→ N2+H2O (1) 

 If the redox-conditions are strongly reducing 

(i.e. anaerobic) combined with high amounts of carbon 

and limited amounts of nitrate, microbes may reduce 

nitrate to ammonium according to the following reac-

tion; 

NO3
- + 4H2 + 2H+→NH4

+ + 3H2O (2) 

 This reaction is known as dissimilatory  nitrate 

reduction to ammonium or DNRA. An important dif-

ference between DNRA and the processes of denitrifi-

cation and annamox is that nitrogen is retained in the 

system during DNRA while it is lost to the atmosphere 

during denitrification and annamox. The role of 

DNRA in the nitrogen cycle is however typically mi-

file:///E:/EXJOBB%20sista%20manuset.docx#_ENREF_32#_ENREF_32
file:///E:/EXJOBB%20sista%20manuset.docx#_ENREF_20#_ENREF_20
file:///E:/EXJOBB%20sista%20manuset.docx#_ENREF_3#_ENREF_3
file:///E:/EXJOBB%20sista%20manuset.docx#_ENREF_32#_ENREF_32
file:///E:/EXJOBB%20sista%20manuset.docx#_ENREF_23#_ENREF_23
file:///E:/EXJOBB%20sista%20manuset.docx#_ENREF_23#_ENREF_23
file:///E:/EXJOBB%20sista%20manuset.docx#_ENREF_12#_ENREF_12


8 

nor compared to that of denitrification (Tomaszek and 

Rokosz, 2007). Still recent studies have shown that it 

may be the dominant process of nitrate reduction in 

some environments (Rutting et al., 2011).  

 Humans have affected the global nitrogen cycle 

in a profound way. Since Haber and Bosch, in the ear-

ly 20th century, discovered how to synthesis ammonia 

using nitrogen and hydrogen gas enormous amounts of 

nitrogen has been added to nature in the form of syn-

thetic fertilizers (Smil, 2001). In 2001, an estimated 

130 million tonnes of ammonia were added to nature 

as fertilizer, mostly in the form of urea (CH4N2O). 

High temperature combustion from industry and vehi-

cles also produces large amounts of nitrous oxides, 

NOx, that reaches the atmosphere and is later deposited 

on land and in oceans with precipitation. As much as 

60 % of N that is fixated to the land surface from the 

atmosphere each year is estimated to originate from 

anthropogenic sources (Schlesinger, 1997). 

Wastewater is another potential source of elevated 

levels of N in soil or groundwater. Wastewater typical-

ly enters the soil by infiltration from wastewater 

ponds, leaking sewage systems or septic tanks.  

 
 

2.1.2 Ammonium and nitrate in groundwater  

Nitrogen is found in groundwater as dissolved organic 

nitrogen (DON), NO3
-, NO2

- or NH4
+. The most com-

mon N compound found in groundwater is NO3
-, but in 

strongly reducing environments NH4
+ can be the domi-

nant form. NH4
+ is found in groundwater naturally as a 

result of anaerobic decomposition of organic material 

(Böhlke et al., 2006). It is also commonly found in 

groundwater due to anthropogenic activities, primarily 

due to leaching from fertilizes, organic waste disposal 

or leaking sewage systems. NO3
-is usually not found in 

concentrations over 2 mg/L in unpolluted groundwa-

ter, though this may be higher in arid environments 

(Kresic, 2007). Higher concentrations of NO3
- in the 

groundwater are usually an effect of these anthropo-

genic activities. 

 The World Health Organization has set the rec-

ommended guide line values for NO3
- in drinking wa-

ter to 50 mg/L. The primary health concern regarding 

NH4
+ and NO2

- is so called methaemoglobinaemia 

(WHO, 2008). Methaemoglobinaemia is a condition 

where NO3
– or NO2

- reacts with haemoglobin in the red 

blood cells to produce methaemoglobin. Methaemo-

globin binds oxygen hard and does not release it, 

which can cause oxygen deficiency if methaemoglobin 

concentrations are too high. This state is also known as 

Figure 1. Simplified cartoon of pathways by which nitrogen enters the soil and groundwater by and possible reactions that 

occurs in the soil. 
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cyanosis or blue-baby syndrome, since infants are es-

pecially sensitive.  

 The WHO has not issued any guidelines for 

NH4
+ in drinking water since NH4

+  has no known toxic 

effects in concentrations that can be expected to be 

found in drinking water. High concentrations of NH4
+  

in drinking water are however not desirable, since it 

can be converted to nitrate in the water distribution 

net, compromise disinfection quality, cause failure of 

filters for removal of manganese as well as taste and 

odour problems (WHO, 2008). If high levels of NH4
+  

are found in groundwater it is likely that the ground 

water is being contaminated by anthropogenic sources 

and may as such contain pathogens, pesticides or other 

unwanted substances. 

  

2.2 Nitrogen isotopes as environmen-

tal tracers 

There are two stable isotopes of nitrogen, 14N and 15N. 

Since nitrogen in compounds can have a wide range of 

oxidation numbers and take part in many different 

reactions, there are many natural isotopic compositions 

of nitrogen. The average concentration of 15N in the 

atmosphere is constant with a 15N/14N ratio of 1/272 

(Kendall and Aravena, 2000). Stable nitrogen isotopes 

ratios (δ15N) are expressed in per mille relative to N2 

in atmospheric air: 

reaction. Different reactions will cause different frac-

tionations of N, meaning that δ15N-values can possibly 

be used to identify the origin of the nitrogen in a sam-

ple. Stable nitrogen isotopes has been used by many to 

identify sources of nitrate or ammonium in groundwa-

ter, for example;  Jiang et al. (2009), Li et al. (2010), 

Liu et al. (2006), Moore et al. (2006) and  Widory et 

al., (2004; 2005). Following here is a description of 

which δ15N-values that can be expected from samples 

containing nitrogen of different origin and how differ-

ent processes affect N-isotope fractionation, see also 

Figure 2. 

 

2.2.1 Fertilisers 

Synthetic fertilisers produced by fixation of atmos-

pheric N2 such as urea, ammonium nitrate and potassi-

um nitrate usually show δ15N-values quite similar to 

that of atmospheric N2, between -4‰ to +4‰ (Kendall 

and Aravena, 2000). Organic fertilisers (e.g. plant 

composts and animal waste) have a wider range of 

compositions of δ15N of +2‰ to +30‰. Animal ma-

nure commonly has high δ15N-values in the range of 

+10‰ to +20‰  (Widory et al., 2005). Wastewater N 

can usually be differentiated from fertilisers using δ15N 

alone, but it can be hard to separate fertiliser nitrate 

from soil nitrate enriched in δ15N due to denitrifica-

tion.  

2.2.2 Wastewater and septic systems 

Septic systems and wastewater can be important point 

sources for releasing contaminated water containing 

high levels of NH4
+ or NO3

- to the groundwater. Nitro-

gen in human and animal waste is hydrolyzed to am-

monia (NH3) and then ammonium. NH3 is easily lost 

to the atmosphere as gas depleted in 15N. This leaves 

remaining NH4
+ highly enriched in 15N. The NH4

+ is 

usually oxidized by microbes in the presence of oxy-

gen to NO3
- with high δ15N-values. Widory et al. 

(2004; 2005) reported δ15N-values in NO3
- between 

4.3 ‰ and 17.4 ‰ for sewage water while Liu et al. 

(2006) reported δ15N-values in NH4
+ between 4.7 ‰ 

and 5.6 ‰ in sewage water. Water contaminated by 

human or animal waste yields similar δ15N-signals and 

can as such not be differentiated from each other using 
15N alone.  

2.2.3 Soil nitrogen 

Organic soil nitrogen can be a significant source of 

both NO3
- and NH4

+ in the groundwater (Kendall and 

Aravena, 2000).  Soil NO3
-  is commonly enriched in 

15N due to denitrification. Soil nitrogen usually has 

δ15N-values in between fertilisers and human/animal 

 Fractionation of isotopes can occur during 

many chemical, biological and physical reactions. 

Fractionation means that the relative isotope composi-

tion in the reactant and the product will change as one 

isotope is favoured over the other during a reaction. 

During kinetic (unidirectional, irreversible) reactions, 

generally the lighter isotope (that with fewer neutrons) 

reacts more readily creating products that are isotopi-

cally lighter than the reactant (Kendall and McDon-

nell, 1998).  For example when ammonium is convert-

ed to nitrate by microbes during nitrification, 14N will 

be favoured over 15N resulting in the isotopically light-

er nitrate being formed compared to the ammonium 

left behind.  

 Many biological processes have multiple steps 

(like nitrification) where each step has a possibility to 

cause isotopic fractionation. The overall fractionation 

during a process is dependent on the number of steps 

in the process, soil pH, and species of organism and 

size of the reservoirs of compounds involved in the 
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nitrate will then start to increase towards the pre-

fertilisation levels. Mineralisation of organic N to 

NH4
+ does not cause a significant amount of fractiona-

tion (Kendall and Aravena, 2000). 

2.2.6 Denitrification 

Denitrification is a multi-step biochemical process 

where NO3
- is transformed to nitrogen gas (N2) by 

microorganisms under low-oxygen conditions. During 

denitrification residual NO3
- is enriched in 15N expo-

nentially as NO3
- concentrations decreases while re-

sulting N2 is depleted in 15N (Kendall and Aravena, 

2000). This effect can be substantial, denitrification of 

a nitrate fertiliser with an original δ15N-value of +0‰ 

can yield residual NO3
- with δ15N-values of +15 to +30 

‰. This can be a problem in the search for the N 

source, since this is the range of δ15N-values that can 

be expected from manure or septic waste.  

2.2.7 Dissimilatory nitrate reduction to ammo-

nium (DNRA) 

Under anaerobic conditions ammonium can be redu-

ced to nitrate by microbes. DNRA favors the lighter 
14N isotope and as such the resulting NH4

+ will be dep-

leted in 15N compared to the remaining NO 3
- 

(Lehmann et al., 2003).  

 

2.3 Boron isotopes as environmental 

tracers 

Boron, B, in not found in nature as a pure element but 

instead in compounds such as the borate minerals and 

boric acid. Boron compounds are usually found in 

waste and overlaps both their ranges of δ15N-values. 

Soil nitrogen is often successfully separated from 

wastewater because of the sometimes very high 15N-

values in wastewaters. NO3
- originating from soil ni-

trogen is however not usually distinguishable from 

fertiliser NO3
-  based on 15N analyses alone. 

2.2.4 Assimilation 

Assimilation is the uptake of N-containing compounds 

(NH4
+, NO2

- or NO3
-) by living organisms. Assimila-

tion discriminates between isotopes and favours the 

isotopically lighter 14N over 15N. The apparent frac-

tionation caused by assimilation of microorganisms 

ranges between -1.6 and +1.0 ‰ (Kendall and Ar-

avena, 2000). Assimilation by plants does not signifi-

cantly change the isotopic composition of residual soil 

nitrogen.  

2.2.5 Nitrification 

Nitrification is a multistep process where organic ma-

terial is first degraded to produce NH4
+ which is then 

oxidized to NO2
-  and then NO3

- as described in chap-

ter 2.1.1. If a system is N-limited, nitrification rates 

will be low and hence minimize fractionation of N. 

However if there is a large amounts of NH4
+  available, 

for example from fertilisation, nitrification will be 

stimulated and the oxidation of NH4
+  is likely to cause 

a large fractionation of N. Studies have shown that the 

resulting NO3
-  may be depleted in 15N with up to 35 

‰ compared to the source of the NH4
+  (Kendall and 

Aravena, 2000). As the NH4
+  is used up, nitrification 

rates decreases until oxidation of NH4
+  is no longer 

the rate-determining step. The δ15N-values of total soil 

Figure 2. Reported ranges of δ15N-values expressed in ‰ for different anthropogenic sources of N. Data compiled from; 

Widory et al. (2004), Liu et al. (2006), Kendall and Aravena (2000) and (Heaton, 1986). 
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(1998), Vengosh et al. (1999) and Widory et al. (2004; 

2005) to identify possible contamination sources of 

groundwater and surface waters. Boron is generally 

considered to be a conservative tracer. As such an ad-

vantage of using δ11B in conjunction with δ15N is that 

the δ11B-values are not influenced by for example ni-

trification, volatilization, and oxidation/reduction reac-

tions (Bassett, 1995). Fractionation of boron can how-

ever occur by adsorption to clay particles where the 

lighter 10B isotope is favoured, leaving water enriched 

in 11B. This effect is however small in most environ-

ments since uncharged boric acid, B(OH)3, is the dom-

inant form of boron where pH<9.24 and the sorption 

affinity of clay for B(OH)3 is fairly weak (Hem, 1985; 

Palmer et al., 1987).  
 Barth (1998) and Widory et al. (2004, 2005) 

reported significant differences in both δ11B-values 

and B-concentrations between wastewater and natural 

groundwater.  Manure and mineral fertilizers as well 

as wastewater have also been found to give different 

distinct isotope signals for boron (Widory et al., 2004; 

Widory et al., 2005). As can be seen in Figure 3, syn-

thetic borate products seem to have much lower δ11B-

values compared to organic substances. The low δ11B-

values of wastewater might be due to high concentra-

tion of synthetic borates (i.e. sodium perborate) in 

small concentrations (<0.05 mg/L) in natural ground-

water in the form of boric acid, B(OH)3, and as the B

(OH)4- anion but studies have shown that groundwater 

can show considerable variations in B levels (Vengosh 

et al., 1999). Groundwater affected by anthropogenic 

activities may show greatly elevated concentrations of 

boron. The most common anthropogenic use of boron 

is production of sodium perborate (NaBO3·nH2O), 

which is commonly used as a bleaching agent in deter-

gents, soaps and toothpaste, and results in its common 

occurrence in anthropogenic wastewater (Barth, 1998).  

Boron is also sometimes added to mineral fertilizers 

for use in areas with low amounts of boron in irriga-

tion water and high amounts of precipitation (Vengosh 

et al., 1999). Boron has two stable isotopes, 10B and 
11B which have the natural abundances of about 20 % 

and 80 % each respectively. The ratio 11B/10B is usual-

ly expressed as δ11B in per mille relative to the stand-

ard sample of boric acid according to;  

Figure 3. Reported ranges of δ11B –values expressed in ‰ for different anthropogenic sources of boron. Data compiled from; 

Barth (1998), Bassett (1995), Komor (1997), Vengosh et al. (1999) and Widory et al. (2004). 

where NBS951 is the standard for boric acid. Boron 

isotopes has previously been used as an environmental 

tracer by among others Basset et al. (1995), Komor 
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wastewater. The δ11B-signature of the sodium perbo-

rate is similar to the borate minerals used in the pro-

duction of the sodium perborate (Vengosh et al., 

1999).  Ca-borates are not used in bleaching agents but 

only as fertilizers.  

2.4 Oxygen and hydrogen isotopes as 

environmental tracers 

There are two stable isotopes of oxygen, 16O (99.7% of 

all oxygen atoms) and 18O (0.2%), and hydrogen, 1H 

and 2H (2H is also known as deuterium and makes up 

0.016 % of all hydrogen atoms) (Kresic, 2007). These 

isotopes combine to make up water molecules of dif-

ferent molecular mass (between 18 and 22). Ratios 

between the isotopes (18O /16O and 2H/1H) are ex-

pressed in δ-units relative to a reference standard 

(Vienna standard mean ocean water) in the same way 

as nitrogen and boron isotopes as described earlier.  

Fractionations of oxygen and hydrogen isotopes in 

water occur during freezing, melting, evaporation, 

condensation as well as chemical and biological reac-

tions.  As such δ18O and δ2H values in precipitation 

vary greatly around the world and seasonally in the 

same region. Average annual δ-values in precipitation 

is however rather constant at a single location. δ18O 

and δ2H values in groundwater will vary depending on 

the source of recharge and as such it is often used  as 

an hydrological tracer to identify potential differences 

in the source of recharge. There is a strong correlation 

between δ18O and δ2H values which has been used to 

create a global meteoric water line (GMWL) with the 

equation (Kresic, 2007):  

lead to a massive increase of tritium in the atmosphere 

and precipitation during that time. The amount of triti-

um in precipitation during the bomb peak varies 

around the world, but for example it was around 2000 

TU in parts of the USA in 1962. Concentrations have 

since then declined rapidly due to the short half-life of 

tritium. Tritium can be used to assess the age of a 

groundwater that has received recharge from precipita-

tion in modern time. However since groundwater is 

usually not derived from a single source but rather 

subject to mixing, the tritium concentration in a 

groundwater sample can only provide a rough estimate 

of the age of the groundwater.   

 A more exact dating can be provided by also 

measuring the 3He concentrations of a sample. 3He is 

the daughter product of decaying tritium (Kresic, 

2007). 3He is a noble gas and as such virtually inert in 

groundwater and is not usually derived from anthropo-

genic sources. Subsurface sources of 3He are usually 

minor and the following equation can be used to calcu-

late the amount of tritiogenic 3He (3He resulting from 

radioactive decay of 3H) in a sample (Kresic, 2007): 

 At a smaller scale local meteoric water lines 

(LMWL) can be constructed by measuring δ18O and 

δ2H in precipitation. This can then be used as a refe-

rence when evaluating the isotopic composition of 

groundwater.  

2.5 Tritium/
3
He dating of ground water 

Tritium, 3H, is an unstable isotope of hydrogen with a 

half-life of 12.43 years. Tritium is found naturally in 

low amounts in the upper atmosphere where it is creat-

ed when nitrogen is bombarded by cosmic radiation 

(Kresic, 2007). Tritium levels are usually measured in 

tritium units (TU) where 1 TU equals 1 tritium atom 

per 1018 hydrogen atoms. Natural concentration of 

tritium in precipitation is about 5-20 TU. The testing 

of nuclear weapons during the 1950s and early 1960s 

Where 3Hetrit is the amount of tritiogenic 3He in TU, 
4Hetot is the measured 4He concentration (cm3 STP/g 

H2O), Rtot is the 3He/4He ratio of the sample, Ratm is 

the atmospheric 3He/4He ratio (1.384 x 10-6),4Heeq is 
4He concentration in air-equilibrated water (cm3 STP/

g H2O) and β is the difference in solubility between 
3He and 4He (0.983). 

  If the amount of tritiogenic 3He in a sample is 

known the age can be calculated by: 

 Where τ is the 3H-3He age in years,3Hetrit  is the 

amount of 3He resulting from tritium decay, 3H is the 

measured tritium concentration in TU and T1/2 is the 

half-life of tritium. The above equations make the 

assumption that the sampled groundwater is unmixed . 

They also do not take into account the possible effects 

of dispersion and diffusion of the gases. As such mod-

elling techniques might need to be applied to provide a 

more accurate estimation of the age of a groundwater.  
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3 Study area 

3.1 Hanoi 

Hanoi is the capital of the Socialist Republic of Vi-

etnam and is situated by the Red River in the middle of 

the Red River delta, northern Vietnam. In 2005, urban 

Hanoi had approximately 3.1 million inhabitants (Van 

Horen, 2005). In and around Hanoi there is a lot of 

surface waters apart from the Red River, ranging from 

small ponds and streams to larger lakes. The water 

resources are used for irrigation, aquaculture, transpor-

tation, sewage disposal and recreation. Outside of ur-

ban Hanoi the land is dominated by cultivated fields 

and rice paddies, which equals about 53 % of the total 

land use of the Hanoi province (Thapa and Murayama, 

2008). The most common crops are rice and corn but 

large fields of bananas can also be found. Large 

amounts of fertilisers are used in the agriculture. 

Chemical fertilisers dominate but manure (chicken) 

and wastewater are also commonly used (Khai et al., 

2007). 

 

3.2 Climate and hydrology 

Northern Vietnam has a humid subtropical with gener-

ally high temperatures and lots of rain. The weather in 

Vietnam is dominated by the monsoon and as such 

there are two distinct seasons, a dry and cold one be-

tween November-April and a wet and warm between 

May-October. During the winter temperatures can fall 

to 6°C but reaches up to 45 °C during summer (Van 

Horen, 2005). Total annual average precipitation is 

1678 mm, where 80-90% of the rainfall occurs during 

the rainy period. The Red River drains a catchment 

with an area of approximately 160 000 km3. Discharge 

and water levels in the Red River varies considerably 

over the year and reaches annual maximum discharge 

of about 23 000 m3/s in July-August and minimum 

during the dry season (January-May) of 700 m3/s in 

Hanoi (Tanabe et al., 2003). The Red River carries 

heavy loads of sediment and the abundance of sus-

pended silt particles colours the river red and has given 

it its name. Smaller streams, ponds and lakes are a 

common occurrence in the Hanoi province; about 16 

% of the total area of the province are water bodies of 

some kind (Thapa and Murayama, 2008). 

 

3.3 Geological setting and hydrogeol-

ogy 

Hanoi is located on a large sedimentary basin known 

as the Bac Bo plain. The city is underlain by unconsol-

idated Quaternary sediments of marine, deltaic and 

alluvial origin, which rests upon Tertiary deposits of 

Neogene age (Trafford et al., 1996). Climatic changes 

and past sea level transgressions and regressions have 

created a complex stratigraphy with rapid lithological 

changes both vertically and laterally.   The sediments 

consist of lenticular channel deposits such as sand, 

gravel and cobbles interbedded with layers of finer 

material such as clay and silt. The total thickness of 

the sediments reaches over 400 m, whilst individual 

layers of sand and gravel sometimes exceed 30 m. In 

the south-western part of Hanoi, large peat deposits are 

found in the Quaternary sediments.  

 Beneath Hanoi are six different geological for-

mations that make up two aquifer systems which are 

separated by a discontinuous semi-permeable layer of 

clay, see Figure 4. At some places only one of the aq-

uifer systems is present due to large variations in 

Figure 4. Generalized stratigraphy for the Hanoi area. The 

sediments make up two aquifer systems, the Upper Aquifer 

System (UAS) and the Lower Aquifer System (LAS). Modi-

fied from Harms-Ringdal (2007).  

UAS 

LAS 
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thicknesses caused by the meandering of the Red Riv-

er channel.   

 The upper aquifer system (UAS) is made up of 

Quaternary sediments consisting of sand, silts and 

clays with a typical thickness of 20-40 m, but are at 

some places up to 70 m thick (Trafford et al, 1996). 

Two geological formations are found within the UAS, 

the Thai Binh formation and the Hai Hung formation. 

The Thai Binh formation makes up an unconfined 

shallow aquifer of Holocene age, consisting of alluvial 

deposits from the Red River with grainsizes ranging 

from silty clay to medium grained sand and cobbles 

(Van et al., 1996). Lacustrine and marine sediments 

consisting of silty clay, silty sand and peat makes up 

the underlying Hai Hung formation. Groundwater ex-

traction from these layers is limited to a number of 

shallow private wells in more rural to semi-urban areas 

outside of central Hanoi. 

 Separating the upper aquifer system from the 

lower aquifer system (LAS) is the upper member of 

the Vin Phuc formation, a semi-confining layer of allu-

vial clay deposits (Trafford et al., 1996; Van et al., 

1996). This aquitard is however discontinuous which 

makes the amount of leakage between the two aquifer 

systems  highly variable, for example in the Yen Phu 

area north-east of Hanoi the aquitard is completely 

missing, resulting in total connectivity between the 

two aquifer systems.  

 Three formations of Pleistocene age create the 

lower aquifer system. The uppermost part of the LAS 

consists of the lower member of the Vin Phuc for-

mation. This layer is characterised by gravels, pebbles 

and sand mixed with silt and clay (Van et al., 1996). 

Underlying Vin Phuc is the thick Hanoi formation. 

The Hanoi formation is made up of three members. 

The uppermost consists mostly of fine sediments like 

clayey silt with lenses of silty clay mixed with humus. 

The other members are mostly made up of coarser 

sediments ranging from coarse sand to gravel and cob-

bles. The lowermost formation of the LAS is named 

Le Chi. The upper part of Le Chi consists of poorly 

sorted clay, sand and silts of flood plain facies. The 

middle part is made up of old river beds consisting of 

well sorted silty fine sand. Coarser sediments of a  

river facies, like sand, cobble and pebbles dominate 

the lower part of the formation. These layers are gener-

ally highly permeable and yield large amounts of wa-

ter. Reported values for transmissivities and storage 

coefficients are 700-2300 m2/d and 0.002-0.1 respec-

tively (Trafford et al., 1996). As such this is a major 

supply of water for the city of Hanoi. Underlying the 

Quaternary sediments is the Vinh Bao formation 

which consists of unconsolidated conglomerate, sand-

stone and claystone of Pliocene age. 

 The upper aquifer system receives its recharge 

from percolating rain water and surface water as well 

as the Red River which is in direct hydraulic contact 

with both the upper aquifer system and the lower aqui-

fer system. During the rainy period the Red River is a 

major source of recharge for both aquifers. However 

during the dry season the water level in the Red River 

drops significantly and groundwater flow is reversed 

so the Red River is recharged by ground water from 

the aquifers. It has been proven that the groundwater 

level in both the Holocene and Pleistocene aquifers 

close to the river correlate closely with the water level 

in the Red River, indicating strong hydraulic contact. 

(Norrman et al., 2008; Van et al., 1996). The lower 

aquifer system also receives recharge in the form of 

leakage from the upper aquifer system. 

 Before groundwater extraction started in large 

scale during the 1960’s, the piezometric level of the 

groundwater in the lower aquifer system was at about 

the same as the water table in the upper aquifer sys-

tem, which means the system was static with little or 

no seepage between the two aquifer systems (Trafford 

et al., 1996). The large-scale extraction of groundwater 

has lowered the piezometric water level considerably 

in the LAS, which has induced steep vertical hydraulic 

gradients from the upper aquifer system to the lower. 

The high leakage is also seen as a lowering of the wa-

ter table in the upper aquifer system. Trafford et al. 

(1996) calculated that the two aquifer systems had a 

combined storage capacity of 945 million m3, while 

the total extraction between 1912 and 1996 was about 

3.5 billion m3 of groundwater. This calculation clearly 

shows that most of the groundwater pumped today 

should be of fairly recent origin. Today water outtake 

from the lower aquifer system reaches 750 000 m3/d 

(Winkel et al., 2011). 

 

3.4 The Nam Du well-field 

The Nam Du well-field is located south of central Ha-

noi close to the Red River, see Figure 5. The Nam Du 

well-field is dominated by cultivated fields where the 

main crops grown are corn and bananas. In the area are 

also many canals and ponds used for irrigation and 

aquaculture. Large amounts of fertilizers and pesti-

cides are used in the agriculture in the area. Nam Du is 

surrounded by the suburbs of Hanoi to the west and 

the Red River to the east.  The well field consist of 18 

production wells pumping water from the Pleistocene 

aquifer at a rate of 60 000 m3/day (Pham, 2012, pers. 

comm.). In the area are also several monitoring wells 

used for a national monitoring program of groundwa-
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ter levels and quality. A sewage plant lies in close vi-

cinity to the Nam Du well field. Wastewater from Ha-

noi is drained in open canals to the sewage plant, not 

far from the Nam Du-area, where the water is collected 

in large basins. The only treatment domestic waste 

water receives is time for sedimentation and some bio-

logical purification. Industrial wastewater is treated by 

the respective industries before being led to a 

wastewater plant. From the wastewater plant the 

wastewater is led out in canals and discharged into the 

Red River.  

4 Methods 

4.1 The field study 

The field study was carried out during April and May 

in 2011. Water samples were collected from 20 wells/

boreholes spread throughout the area, 10 in the Pleisto-

cene aquifer and 10 in the Holocene aquifer, see Fig-

ures 5C and 6. The wells that are labelled P(number)

A/B are observation wells part of a national monitor-

ing program. PX and PY are private wells while the 

ND wells are used for ground water extraction in large 

scale. The DHA/DHB boreholes were made for scien-

tific purposes.  The sampled locations in this study 

have been used in several previous studies regarding 

ammonium and arsenic mobilisation (Baric and 

Sigvardsson, 2007; Harms-Ringdal, 2007; Norrman et 

al., 2008). Samples were also collected from 

wastewater canals, ponds, the Red River and shallow 

groundwater from the Red River riverbank, see Figure 

5. In total 29 objects were sampled. See Appendix 1 

for a summary of all samples that were collected, what 

they were analysed for and which laboratory did the 

analyses of the different parameters.  

Figure 5. Location of the study area and sampling points. The production wells is located in the marked area. Geodetic model: 

WGS 84. Projection: UTM 48 N. Data from ESRI and Natural Earth Data. Land cover digitized from Google Earth (2009) .  
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4.2 Sampling and analyses 

4.2.1 Sampling of water 

Groundwater was extracted from existing wells using a 

Grundfos MP1 submersible pump driven by a gasoline 

fuelled generator or a battery driven SuperNova sub-

mersible pump. The pumps were directly connected to 

a flow-through cell with an Aquaread AP-800 Aqua-

meter probe, see Figure 7. Water was led through 

the flow cell into contact with the probe, which was 

equipped with electrodes for measurement of pH, dis-

solved oxygen (DO), total dissolved solids (TDS), 

redox potential (against standard hydrogen electrode, 

SHE), temperature and conductivity. Water was 

pumped up and led through the flow cell until the val-

ues for dissolved oxygen had stabilized. The values for 

the measured parameters were noted after which sam-

pling of groundwater commenced. Groundwater levels 

were also measured in the P and DHA/DHB boreholes. 

 Wastewater (collected from canals and ponds) 

and surface waters (collected from the Red River and 

ponds) were sampled in much the same way as the 

groundwater samples except that the samples were 

collected directly from the water bodies. A bottle at-

tached to a long stick was used to collect the samples 

at a depth around 50 cm, although some ponds and 

canals were too shallow to allow for sampling at the 

50 cm depth.  

 Samples were collected in acid washed poly-

propylene bottles (unless otherwise noted). Before 

sampling the bottles were rinsed three times with 

water from the source. Samples were taken so that no 

air (or as little as possible) was caught in the bottles. 

The lids of the bottles were screwed on tightly and 

then taped to prevent air from entering the samples. 

Samples for analyses of TOC, DOC, δ15N, δ11B and 

bacteriological content (E. coli and total coliform) 

were kept cool at all times using chilly boxes filled 

with ice.  

 For analysis of major elements, metals, DOC 

and δ18O/ δ2H, 30 mL of water were filtered through a 

0.45µm cellulose nitrate filter using a 60 mL plastic 

syringe connected to the filter using a short bit of sili-

con tubing and then acidified to pH <2 using 1mL of 

concentrated HNO3 (65%). To separate arsenite, As

(III), from arsenate, As(V), the sample was filtered 

through an As-speciation cartridge as described by 

Meng and Wang (1998) . Samples for determination of 

anions, alkalinity, NH4
+ and TOC were collected unfil-

tered and non-acidified in 250 mL plastic bottles. Sam-

ples for TOC analyses performed by CETASD in Ha-

noi were collected in 24 mL glass bottles, and were 

acidified to pH <2 in the field using concentrated HCl.  

 Samples for analyses of δ15N were taken in 500 

mL acid washed PET bottles and stored in chilly boxes 

filled with ice before they were delivered to INST. The 

Figure 6. To the left, one of P-boreholes and to the right one of the ND-wells. 

Figure 7. The Aquaread AP-800 Aquameter probe with a 
flow-through cell.  
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δ15N samples were neither filtered nor acidified.  For 

analyses of δ11B, 125 mL of water was collected (not 

filtered or acidified) according to the normal procedure 

described above. One sample of rainwater was also 

taken from the roof of INST, for analyses of δ11B. The 

water samples for δ11B analysis were kept cool at all 

times except during transport from Hanoi to Lund and 

later from Lund to Luleå. Samples for δ18O/ δ2H con-

sisted of 30 mL of unfiltered water. 

 Samples for analyses of bacteriological content 

were collected in clean 500 mL PET-bottles. These 

samples were immediately put on ice and delivered to 

the laboratory the same day as the samples were col-

lected to prevent bacterial growth.  

 Samples for dissolved noble gases and tritium 

were taken from three of the boreholes (P1A, P1B and 

P2A), two from the Pleistocene aquifer and one from 

the Holocene.  Water samples for tritium analyses 

were collected using a submersible pump in the same 

way as the other water samples and collected in 500 

mL plastic bottles. Sampling of dissolved noble gases 

was done using a passive gas sampler supplied by the 

Noble Gas Lab in Utah. The sampler consists of a 

small metal cylinder with a permeable membrane 

(Gardner and Solomon, 2009). The samplers were con-

nected to a long piece of plastic tubing and lowered 

into the boreholes to a depth corresponding to about 

the centre of the screen of the borehole. The samplers 

were left there for about 72 hours before they were 

collected. During collection a bicycle pump was con-

nected to the plastic tube and a pressure was applied to 

the sampler to close it while the sampler was still sub-

merged in the well. The samplers were then retrieved 

and immediately shut tight using special clamps.  

4.2.3 Analyses of general groundwater chem-

istry and δ
18

O/ δ
2
H  

General chemical analyses were performed by 

EAWAG, Switzerland. Element concentrations were 

measured with ICP-MS. Phosphate and ammonium 

ions were determined by photometry while nitrate, 

sulphate and chloride were determined by ion chro-

matography. TOC and DOC were analyzed with a 

TOC 5000A analyzer  

 Isotope ratios 18O/16O and 2H/1H of the surface 

water and groundwater samples were determined by 

cavity ring-sown spectroscopy (Picarro L1102-i, Santa 

Clara, CA) against calibrations performed with water 

isotope standards of the International Atomic Energy 

Agency. The overall analytical errors are 0.2‰ and 

1.2‰ for δ18O and δ2H, respectively. 

 

 

4.2.4 Analyses of δ
15

N and δ
11

B 

δ15N were measured at INST. Samples were filtered 

through a 0.45 μm Millipore filter and then passed 

through a column packed with 2 g AAG 50W X8 cat-

ion exchange resin to retain NH4
+
. The enriched am-

monium was eluted from the column with 10% HCl. 

The excess HCl was neutralized with NaOH (0.05M) 

to pH 6.8. The ammonium-chloride was crystallized 

using a dry freezer and approximately 385 μg NH4Cl 

was placed in a tin capsule for analysis of δ15N in a 

mass-spectrometer.  

 ALS environmental in Luleå, Sweden analysed 

the δ11B samples using inductively coupled plasma 

sector field mass spectrometry (ICP-MFS). For a de-

scription of the methodology, see http://www.isotope-

analysis.com/ 

.  

4.2.5 Bacteriological content 

The samples for bacteriological content was analysed 

by the Centre for Preventive Medicine in Hanoi. Bac-

teria from the water samples were grown on substrates 

and then the number of bacteria were counted, or ap-

proximated in case of large number of bacteria. Re-

sults were reported as most probable number of bacte-

ria (MPN) / 100 mL of water. 

4.2.6 Tritium dating of groundwater and noble 

gas measurements 
3H/3He and dissolved noble gases were performed by 

Dissolved and Noble Gas Lab in Utah. Concentrations 

were measured using magnetic-sector mass spectrome-

try. For a detailed description of the methodology see 

Bayer et al. (1989) and http://www.earth.utah.edu/

noblegaslab/. 

 

4.3 Mixing models 
A pollution process were a polluted end-member is 

diluted by an unpolluted end-member can be described 

with a simple binary mixing model. The concentration 

of a substance, X, in a sample can be described with 

the following equation: 

 Where Xp is the polluting end-member, Xb is 

the baseline (unpolluted) end-member and f (0 ≤ f ≤ 1) 

is the proportion of the unpolluted end-member in the 

mixing (Buschmann and Berg, 2009; Widory et al., 

2005). When using staple isotopes as environmental 

tracers the following equation system can be acquired: 

(Widory et al., 2005): 
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 The equations above allow for estimations of 

the amount of mixing if concentrations and isotope 

ratios are known. In this study the above mixing model 

was used to construct mixing lines to see if the high 

ammonium concentrations could be explained by bina-

ry mixing from a pollution source rich in ammonium.  

5 Results and interpretation 

Below are the results concerning ammonium and 

possible sources, while arsenic in detail will be treated 

in a different Master’s Thesis by Olsén (in pub.).  

During this project, large amounts of data have been 

gathered and samples have been analyzed by several 

different laboratories, see Appendix 1 for a list of all 

samples. Measured parameters that are discussed in 

detail in this chapter are found in Table 1 while all 

data are found in Appendix 2. 

 

5.1 Groundwater flow and general che-

mistry 

Though groundwater levels were measured in the P, 

DHA and DHB boreholes, a satisfactory map of the 

groundwater flow could not be constructed due to too 

few data points. Figure 8 shows maps, revised from 

Norrman et al. (2008), of groundwater levels (or pie-

zometric head in case of the Pleistocene aquifer) con-

structed using groundwater monitoring data from 

2004. The groundwater levels measured in this study 

are added to this map and differ slightly from those 

measured in 2004. This can be attributed to the poor 

elevation data for this study and/or different pumping 

rates and slightly different time of year for the 

measurements. Considering that, the pattern for 

groundwater flow today is probably similar to 2004. 

 Groundwater flow in the Holocene aquifer is 

divided by a groundwater divide around P2B and 

flows inland towards the west and towards the Red 

River and ND-wells to the east. In the Pleistocene 

aquifer system, groundwater flows inland towards the 

production wells (ND-wells) from the Red River. A 

clear drawdown around the production wells can be 

observed. Around P2A there is a groundwater divide 

and water flows inland to the west and towards the 

Red River and production wells to the east. There is 

also a clear difference in groundwater level and piezo-

metric head level between the two aquifers signifying 

that induced leakage from the Holocene aquifer to the 

Pleistocene aquifer is occurring. A modflow calculat-

Figure 8. Groundwater levels and piezometric head levels in 

the Holocene and Pleistocene aquifer respectively. Ground-

water levels are from late April in 2004, data from Norrman 

et al. (2008). The red numbers indicate the groundwater 

levels that were measured in this study.  

Figure 9. Piper diagram showing main chemical composit-

ion of the water samples taken from the Nam Du area.  
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ion with input field values collected in 2009, shows 

that leakage from the Holocene aquifer constitutes 

between 13 and 23 % (depending on season) of the 

total recharge to the Pleistocene aquifer (Pham, 2012, 

pers. comm.).  

 The distribution of major an- and cations are 

shown in a piper diagram, Figure 9. For exact concent-

rations, see Appendix 2. The sampled groundwater and 

the Red River are generally dominated by HCO3
- and 

Ca2+ with low amounts of Cl- and SO4
2-. The sampled 

ponds and wastewater are more influenced by Cl- and 

SO4
2-, of which Cl- are a typical constituent of sewage 

water (Kresic, 2007; Liu et al., 2006; Widory et al., 

2004). Wastewaters and ponds also shows a higher 

tendency toward Na+ and K+ compared to the ground-

water in the two aquifers and the Red River. The hyd-

rogeochemical composition of the groundwater is usu-

ally similar to the Red River, indicating that the Red 

River is a major source of recharge. Some samples 

plot closer to the ponds, indicating that standing water 

bodies contribute to a significant amount of recharge.   

 Measured δ18O and δ2H plotted against each 

other reveals two distinct groups of water in the Pleis-

tocene aquifer system, see Figure 10. The lines in Fig-

ure 10 represents the LMWL (local precipitation) with 

a slope of 9.9 and the GMWL with a slope of 8.17 

(Berg et al., 2008). The GMWL is a good approxima-

tion for the isotopic composition of the Red River . 

One group of wells from the Pleistocene aquifer plots 

on the GMWL and close to the values measured in the 

Red River indicating that river water is probably the 

main source of recharge. The wells with the isotopic 

composition closest to that of the Red River are the 

ND-wells which are used for large scale groundwater 

abstraction.  The other group of wells plot in between 

that of the river values and that of the Holocene aqui-

fer system and the ponds. It indicates that these wells 

receive large amounts of recharge by leakage from the 

Holocene aquifer system. Many samples plot beneath 

the LMWL indicating that the source of recharge has 

been subject to evaporation. The groundwater in the 

Holocene aquifer system plots on a straight line be-

tween the river isotope signal and surface water 

(ponds) indicating that one group might be receiving 

most recharge from a source similar to that of the 

ponds, while those with lighter isotopic composition 

may be receiving more recharge from the Red River. It 

should however be noted that the hydrogeochemical 

and isotopic composition of the surface waters (ponds 

and the Red River) measured in this study might not 

be representative since they could vary seasonally.   

Figure 10. δ2H vs. δ18O in groundwater, ponds, wastewater and the Red River in April and May 2011. The LMWL is derived 

from δ2H=9,9δ18O+27 (Berg et al. 2008)   

LMWL 

GMWL/ 

Red River 

ND-wells 
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Almost all groundwater samples have very high con-

centrations of iron, Fe, with an average of 11.56 mg/L 

in the Holocene aquifer system and 10.83 mg/L in the 

Pleistocene aquifer system. Several groundwater 

samples also show high concentrations of manganese 

(Mn), between 0.11-0.36 mg/l in the Holocene aquifer 

system and 0.07-0.63 mg/L in the Pleistocene aquifer 

system. Four samples, (3 in the Pleistocene aquifer, 1 

in the Holocene aquifer) exceeded the guideline value 

for drinking water set by WHO of 0.40 mg/L. Addit-

ionally five samples (3 in the Holocene aquifer, 2 in 

the Pleistocene aquifer) showed concentrations very 

close to the guideline value, between 0.34 – 0.39 mg/

L. The high concentrations of the redox sensitive Mn 

and Fe species can as such be attributed to the redu-

cing conditions (Appelo and Postma, 2005). 

 Arsenic concentrations in all sampled ground-

water are very high, between 9-594 µg/L in the Ho-

locene aquifer and 22-412 µg/L in the Pleistocene 

aquifer. Arsenic concentrations in all groundwater 

samples except one are well above the provisional 

guide line value of 10 µg/L set by the WHO. The 

highest concentrations are found in the shallow DHA 

wells where concentrations range between 200 µg/L 

(DHA30) and 594 µg/L (DHA14). Arsenic in ground-

water is mainly present in the oxidation state of +3 

(arsenite) which corresponds well to the reducing con-

ditions (Berg et al., 2008; Kresic, 2007; Norrman et 

al., 2008). Several of the sampled surface and waste 

waters also contains high concentrations of As, see 

Table 1. High concentrations of As in water is usually 

a sign of anthropogenic activities but in this case it is 

likely “recycled” groundwater that is causing the high 

As concentrations in waste- and surface waters. The 

Vietnamese national standard for arsenic in drinking 

water is 10 µg/L (Pham, 2012, pers. comm.), as such 

water originating from the civic water network (for 

example treated groundwater pumped from Nam Du) 

and is released as wastewater into open canals may 

contain arsenic concentrations of up to 10 µg/L, while 

groundwater pumped from private wells with no puri-

fication may have concentrations of several hundred 

µg As/L . If this water is then discharged into canals 

and ponds it could cause the measured high As con-

centrations.  

 
5.2 Ammonium  

The highest levels of NH4
+ are found in the samples 

taken from the Holocene aquifer system where con-

centrations vary widely, between 0.1 (Riverbank, 

which probably contains a high amount of Red River 

water) to 69.8 mg/L (P2B). The average concentration 

of NH4
+ in the Holocene aquifer system is 18.9 mg/L. 

In the Pleistocene aquifer system concentrations vary 

between 2.4 and 27.0 mg/L with an average concent-

ration of 11.4 mg/L. NO3
- concentrations are below the 

limit of detection (<0.25 mg/L) in all sampled ground-

water, which seems reasonable considering that the 

anoxic and reducing conditions in the groundwater 

would prevent nitrification of NH4
+. The reducing con-

ditions would cause any infiltrating NO3
- to be lost as 

N2(g) due to denitrification or be reduced to NH4
+ by 

the process of DNRA. The importance of DNRA is 

Figure 11. NH4
+ concentrations in groundwater measured in this study (2011) compared to concentrations reported by Harms-

Ringdal (2007) for years 2004 and 2006  and Baric and Sigvardsson (2007) for 2007.  

Holocene aquifer Pleistocene aquifer 
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usually subordinate to that of denitrification (Appelo 

and Postma, 2005; Smith et al., 1991), but in some 

climates, especially warm and humid, DNRA may be 

an important process (Rutting et al., 2011). Surface 

water samples had much lower concentrations of NH4
+ 

than the groundwater, an average of 3.2 mg/L in the 

wastewater and 0.9 and 0.3 mg/L in the ponds and Red 

River respectively. NO3
- concentrations were de-

tectable in most surface waters, in medium levels in 

ponds and wastewater (average of 4.0 and 6.5 mg/L) 

and in low levels in the Red River (average of 0.1 mg/

L). All samples were also tested for nitrite (NO2
-), but 

concentrations were below the limit of detection in all 

samples. Overall the concentration of total N in the 

groundwater samples is usually in the same range as 

the sampled wastewater. In several groundwater 

samples, the total N concentration however far ex-

ceeds that of any surface water sample. The measured 

concentrations of ammonium are mostly in good agre-

ement with previous studies (Baric and Sigvardsson, 

2007; Harms-Ringdal, 2007). When comparing the 

results of this study with results from previous studies 

in the same area, the measured concentrations of a 

NH4
+ seems to be quite stable in most wells, see Fi-

gure 11. In a couple of wells from the Holocene 

aquifer (P1B, P2B) the measured concentrations of 

NH4
+ has varied significantly. Drastic changes 

(increases) in NH4
+ concentrations probably indicate 

that the NH4
+ is derived from an anthropogenic source 

but could also be attributed to contamination of 

samples or measurement errors.  

 When studying all water groups (groundwater, 

surface waters, wastewaters, and ponds) no relations-

hip can be found between TOC and total N, see Figure 

12. The comparison to total N instead of NH4
+ are to 

correct for possible effects DNRA since surface waters 

had very low concentrations of NH4
+ but quite high 

concentrations of NO3
-. However studying just the 

groundwater there is a quite strong correlation 

(R2=0.77, n=20) between NH4
+ and TOC concentrat-

ions. This correlation was also found to be significant 

P<0.00. This means that the ammonium likely origina-

tes from a source rich in TOC.  

 NH4
+ concentrations corresponds well to con-

centrations of nickel, Ni, when removing an outlier, 

P1B (R2=0.70, n=19), see Figure 13. Including the 

outlier gives a much weaker correlation, R2=0.38. Ni 

concentrations in the groundwater vary between below 

the LOD (<0.1 µg/L) and 6.2 µg/L. Most groundwater 

samples have concentrations below 2 µg/L. One bore-

hole (P1B) has a much higher concentration reaching 

15.0 µg/L. High concentrations of Ni are usually an 

indicator of anthropogenic influence, for example Ni-

Ca battery disposal, metal industries and sewage 

sludge deposition (Uren, 1992). Ni is also a micronu-

trient for plants and commonly adsorbed to dissolved 

organic matter, DOM (Fageria et al., 2002). Since con-

centrations of Ni in the groundwater are in the trace 

amounts that could be expected naturally, degradation 

of organic matter in the sediments is a likely source of 

Ni. The very high level of Ni in the P1B sample com-

pared to the others is possibly a sign of that P1B is 

influenced by anthropogenic activities.  No correlation 

could be seen between As concentrations and NH4
+ 

Figure 12. The graph is showing total N concentrations vs. TOC. A significant correlation between the two was found in the 

sampled groundwater, R2=0.77.  
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concentrations in groundwater (R2=0.013, n=20).  

 The measured δ15N values in groundwater vary 

between 0.42 - 13.09 ‰ (average 6.41‰) and 1.39-

6.50 ‰ (average 4.26) in the Holocene and Plei-

stocene aquifer respectively. The NH4
+ in Pond86 and 

wastewaters are highly enriched in 15N, between 12.4 

and 13.85 ‰, in the range normally found in animal 

manure or wastewater. These values are much lower 

than those reported by Harms-Ringdal (2007), which 

showed δ15N values between 26 - 31 ‰ in most 

groundwater samples. Harms-Ringdal also reported 

isotopic signals for ponds, between 23 and 28 ‰.  

Most of the samples from both the Holocene and the 

Pleistocene aquifer system show δ15N values corre-

sponding to what can be found in soil organic matter, 

see Figure 14. Most of the samples are also in the iso-

topic range that could be expected in sewage water. If 

the NH4
+ in groundwater are originating from a source 

enriched in15N (e.g. animal manure) there should be a 

trend of increasing δ15N values with increasing con-

centrations of ammonium. No such trend can be seen 

here (R2=0.37). Few samples are in the isotopic range 

of mineral fertilisers which makes it unlikely that min-

eral fertilisers are a major source of NH4
+. One sample 

from the Holocene aquifer system (P2B) has a very 

high concentration of NH4
+, 69.8 mg/L, and is heavily 

Figure 13.  Correlation plots between NH4
+ and As and Ni. R2 values are 0.38 and 0.70 respectively. 

 

Figure 14. The graph is showing δ15N values vs. NH4
+ concentrations. Most groundwater samples plots in the δ15N range of 

both soil N and sewage. δ15N values for soil, sewage, manure and fertilizers are compiled from Heaton (1986), Kendall and Ar-

avena (2000) Liu et al. (2006) and Widory et al. (2004). 
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enriched in 15N (13.09 ‰) indicating pollution from a 

source highly enriched in 15N, most likely by leaking 

sewage water or manure. Since this type of anthropo-

genic influence is only seen in this well it is possible 

that the well is poorly constructed and therefore re-

ceives a high amount of leaking wastewater or manure.  

Interestingly this borehole has an isotopic signal very 

similar to that of the sampled wastewaters, but with 

much higher concentrations of NH4
+ possibly indicat-

ing that the sampled wastewater is heavily diluted by 

for example precipitation. 

 Figure 15 below shows a mixing line con-

structed using a binary mixing model (equation 9), 

using the groundwater sample with the lowest NH4
+ 

concentration (PY) as the unpolluted end-member and 

P2B as the polluting end-member. δ15N -values are 

plotted against total N concentration to make sure 

possible effects of DNRA is taken into account. Most 

groundwater samples plots far below and to the right 

of the mixing line which shows that a simple binary 

mixing model with one polluting end member does not 

explain the high NH4
+ concentrations in Nam Du. 

Studying the way the data plots, it seems like there 

should be at least one more end member, characterized 

by high NH4
+ concentrations and low δ15N –values. 

Interestingly the sampled wastewaters plot very close 

to the mixing line, which could indicate that the 

wastewater is indeed heavily diluted and that P2B is 

polluted by wastewater.   

 Two profiles were also created from well-logs 

to see if there was a connection between NH4
+ concen-

trations  and/or δ15N values  depending on the 

thickness of the aquitard and distance to the Red Ri-

ver, see Figure 16. While no clear trend can be seen in 

the profiles, some things of interest can be seen. In 

locations P3, DHA and DHB the highest ammonium is 

found in the deeper borehole(s). If the ammonium is 

derived from a surface source the higher concentration 

would be expected to be found in the shallower bore-

hole. From the different groundwater levels in the 

aquifers it is evident that induced leakage from the 

Holocene to the Pleistocene occurs. 

Figure 15. Graph showing a binary mixing model using the least polluted and the most polluted boreholes as end members. The 

grey box represents possible δ15N and N ranges of a third end member. 

3rd end-member? 

P2B 

PY 
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Figure 16.  NH4
+ concentrations (bold black numbers) and δ15N values (italic grey numbers) for those samples that were ana-

lysed, in wells/boreholes along two transects, one parallel to Red River (A) and one from boreholes close to the Red River to 

boreholes further inland (B). Horizontal distances, ponds and the Red River are not to scale. For boreholes where logs could not 

be acquired, stratigraphy has been left out. 
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5.3 Boron 

Boron concentrations are overall quite low in most 

samples. Boron is found in varying concentrations 

between 5.1 and 17.0 µg/L (average of 10.2 µg/L) in 

groundwater samples from the Pleistocene aquifer. 

The concentrations measured in the Holocene aquifers 

varies between below the limit of detection (<1.3 µg/

L) and 45.0 µg/L (average concentration of 18.8 µg/L) 

and seems to be higher compared to samples from the 

Pleistocene aquifers, though this difference can not be 

confirmed statistically. The highest concentrations of 

B were found in the wastewaters and ponds. Even 

though B concentrations in the sampled wastewaters 

are quite low, it is still higher than in almost all sam-

pled groundwater, indicating that “high” B concentra-

tions in groundwater could be a sign of infiltrating 

surface water such as ponds or wastewater.  A correla-

tion plot between the depth of the borehole and B-

concentrations possibly shows no clear correlation 

between B-concentration and borehole depth (R2=0.35, 

n=20), see Figure 17 to the right. By studying the 

shape of the plot is seems like there might be a trend 

of decreasing B concentrations with increasing depth 

of the well, more samples are needed to confirm this. 

The highest concentration in groundwater is found in 

the shallowest borehole and the lowest concentration is 

found in the deepest borehole. 

 The measured δ11B values vary greatly, ranging 

from -0.6 to 20.9 ‰ in the Pleistocene aquifer and        

-10.2 to 18.4 ‰ in the Holocene aquifer. Pond and 

wastewater samples exhibit a narrower range of values 

between 5.4 to 10.0 ‰ and -0.9 to 4.6 ‰, respectively. 

The isotopic signal of wastewater corresponds rela-

tively well to those reported by other authors, though 

boron concentrations are much lower than previously 

reported (Bassett et al., 1995; Vengosh et al., 1999; 

Widory et al., 2004; 2005). The Pleistocene aquifer 

does not show any clear signs of anthropogenic influ-

ence when looking at B since concentrations are low 

and δ11B –values are in the range of the sampled rain 

and river water, see Figure 18 below. B concentrations 

and δ11B –values are also shown along two profiles, 

see Figure 19. Two samples from the Pleistocene aqui-

fer has δ11B values slightly above that of rain, which 

could be a sign of anthropogenic influence (manure), 

but since the B concentrations are very low this is 

probably due to natural variations or processes such as 

fractionation by adsorption to clay particles (Palmer et 

al. 1987).  One of the Holocene samples (P2B) has a 

fairly high B concentration of 40 µg/L and a δ11B val-

Figure 17. Correlation plot between depth of the borehole 

and B-concentrations. R2=0.35. 

Figure 18.  δ11B values vs. B concentrations. δ11B values for different anthropogenic sources compiled from  Barth (1998), Bas-

sett et al. (1995), Komor, (1997) Vengosh et al. (1999) and Widory et al. (2004).  
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Figure 19.  B concentrations (bold black numbers) and δ11B values (italic grey numbers) for those samples that were analysed, 

in wells/boreholes along two transects, one parallel to Red River (A) and one from boreholes close to the Red River to bore-

holes further inland (B). Horizontal distances, ponds and the Red River are not to scale. For boreholes where logs could not be 

acquired, stratigraphy has been left out. 
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ue of 18.2 ‰ possibly indicating influence of animal 

manure which would be consistent with the high δ15N-

value and NH4
+ concentration also found in this bore-

hole. B concentrations and δ11B values of two samples 

from the Holocene aquifer are similar to the values 

measured in some of the ponds which might indicate 

that groundwater from these boreholes are effected by 

infiltrating surface water. This is especially true in the 

case with the sample DHA30 which has a B concentra-

tion and δ11B-value similar to that of Pond DHA which 

lies in the immediate vicinity of the DHA boreholes. 

However water from DHA18 has a low B concentra-

tion and is highly depleted in 11B. If Pond DHA is the 

source of B in DHA30,  water from DHA18 would be 

expected to have a similar concentration of B and δ11B

-value, since it is more likely to be in hydraulic contact 

with the pond than the deeper borehole. In fact water 

from DHA30 has the highest concentration of all DHA

-boreholes, see the profile in Figure 18. An explana-

tion for this could be that the pollution event occurred 

some time ago and traces can no longer be seen in the 

shallower boreholes. However, as can  be seen in Fig-

ure 18, in boreholes P1, P2 and P3, there is higher B 

concentrations in the shallower borehole which is what 

would be expected if the B is derived from an anthro-

pogenic source. 

 There seems to be a trend of increasing NH4
+ 

concentrations with increasing B concentrations in the 

sampled groundwater (R2=0.58). This indicates that at 

least some amount of the NH4
+ in the groundwater 

could be derived from a source rich in B. However as 

seen in Figure 20, the sampled wastewaters and pond 

are characterized by high B concentrations and low 

NH4
+ concentrations, indicating that the sampled 

wastewaters and ponds are not a likely source. B is an 

essential micronutrient for some plants and is frequent-

ly incorporated to organic matter as borates which are 

released when organic matter is degraded (Yona, 

1996). If mineralization from organic matter is major 

source of NH4
+ it is possible that B is also mineralized 

at the same time which would explain the possible 

trend between NH4
+ and B.  

 
5.4 Bacteriological content 

Coliform and E-coli bacteria are found in large 

amounts (>2400 MPN/100mL) in all surface waters 

indicating pollution from wastewater, human and/or 

animal excrement (WHO, 2008). Coliform bacteria are 

found in seven wells in the Holocene aquifer and in 

four wells in the Pleistocene aquifer. E-coli are also 

encountered in four of the wells in both the Holocene 

and Pleistocene aquifers. The average number of total 

coliform bacteria, 27/100 mL of water, seems to be 

higher in water from the Holocene than in the Plei-

stocene aquifer with an average of 9 MPN/100 mL of 

water, although this difference cannot be verified 

statistically due to the low number of samples. Corre-

Figure 20.  Correlation plot between NH4
+ and B in groundwater. R2=0.58. 
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sponding values for E. coli are 3 MPN/100 mL and 2 

MPN/100 mL for the Holocene and Pleistocene 

aquifers respectively. According to the WHO-

guidelines, water where the presence of E. coli has 

been confirmed is not suitable for drinking. The WHO 

has not issued any guide line value for the number of 

total coliform bacteria, but according to for example 

the Swedish drinking water guidelines, water contai-

ning 10 coliform bacteria per 100 mL of water is 

unsuitable for drinking (SLVFS 2001:30). The pre-

sence of bacteria in just some wells could indicate that 

leakage of wastewater is localized to a few point sur-

face sources or that some wells are poorly constructed. 

Care should be taken when interpreting the results of 

the bacteriological content since samples are easily 

contaminated. This is especially true for the Plei-

stocene wells/boreholes since microorganisms like 

bacteria are usually encountered in shallow aquifers 

with high permeability (Kresic, 2007). The presence of 

coliform bacteria or E. coli in some wells in the Plei-

stocene aquifer could also be explained by poor well 

construction, allowing dirty surface water to leak into 

the well/borehole on the side of the well casting if it is 

not sealed tightly. However, coliform bacteria are pre-

sent in wells showing other signs of anthropogenic 

influence like P2B and P1B which has isotopic signals 

of NH4
+ and B similar to that of animal manure as well 

as high concentration of NH4
+ and B. This indicates 

that coliform bacteria or E. coli can be expected to be 

found in wells affected by anthropogenic activities and 

are as such a clear sign that surface water is infiltrating 

down to the groundwater, at least to the Holocene 

aquifer.  

5.5 Tritium and noble gas dating 

The samples taken for 3H/3He-dating were stripped of 

He and other noble gases. Stripping (degassing) of 

noble gases in groundwater can occur if some other 

processes are generating gas below the water table, 

like N2(g) from denitrification or methane, CH4(g), 

from methanogenesis (Visser et al., 2007). This can 

cause the total dissolved gas pressure to exceed the 

hydrostatic pressure which causes some of the gases to 

be lost to the atmosphere. Considering the reducing 

conditions and low (non-detectable) nitrate concentrat-

ions in both aquifers it seems reasonable that product-

ion of N2(g) and/or CH4(g) is the cause for degassing 

the samples. The degassed samples did not fit any of 

the age models used by Dissolved and Noble Gas Lab 

in Utah and as such the age of the groundwater could 

not be determined.   

 It is however possible to make a qualitative 

estimation of the age using only the measured tritium 

levels. Measured tritium levels are between 1.62 TU 

(P1A) and 1.99 TU (P2A) in the Pleistocene aquifers. 

In P1B the tritium levels were measured to 0.81 TU. 

This indicates a mix of pre-bomb water (before 1952) 

and modern water  in all boreholes (Kresic, 2007).  

 

6 Discussion 

6.1 Hydrogeology 

There are several sources of recharge to the aquifers in 

the Nam Du well-field. The Holocene aquifer receives 

recharge from the Red River as well as infiltration 

from precipitation and surface water (ponds, streams, 

canals). The Pleistocene aquifer receives recharge 

from its hydraulic contact with the Red River and from 

leakage from the Holocene aquifer. From δ18O/δ2H 

data it is evident that the production wells (ND-wells) 

close to the Red River receives the highest amount of 

recharge from the Red River while the PA-boreholes 

further inland shows a isotopic signal more similar to 

that of water from the Holocene aquifer and ponds. 

 The large difference in groundwater levels in 

the Holocene aquifer and the piezometric head in the 

Pleistocene aquifer also indicate that leakage from the 

Holocene aquifer occurr.  

 The age of the groundwater could not be deter-

mined properly due to degassing, but the 3H data indi-

cates that at least some amount of water is of modern 

origin. Berg et al. (2001) dated the groundwater in the 

Pleistocene aquifer to between 5-15 years old using 
3H, so it is reasonable to assume that the groundwater 

being extracted from the Pleistocene aquifer is fairly 

young. The abstraction has doubled from 30.000 m3/d 

in 1996 to 60.000 m3/d today (Nhan, 2012, pers. 

comm.), which has increased the turnover rate of 

groundwater and leakage from the Holocene to the 

Pleistocene aquifer significantly. This is a cause for 

concern since the water quality in the Holocene 

aquifer is lower than in the Pleistocene aquifer.  

 

6.2 Sources of ammonium 
 

Mineralization of NH4
+ from organic-rich sediments 

and infiltration of anthropogenic pollution sources 

such as wastewater/animal manure or leaching of in-

organic fertilizers, are the plausible explanations for 

the high concentrations of NH4
+ found in many of the 

investigated wells. Inorganic fertilizers can be ruled 

out as a major source of NH4
+  due to the relatively 
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high δ15N values found in most samples. The isotopic 

signature of the sampled NH4
+  can however not be 

used to differentiate between soil organic nitrogen and 

wastewater or animal manure. Most samples in both 

the Pleistocene aquifer and the Holocene aquifer plots 

in the range of both possible sources (see Figure 14).  

The correlation found between TOC and NH4
+

 indica-

tes that the ammonium likely originates from a source 

rich in organic material, see Figure 12. This also fits 

with both the organic-rich sediments and wastewater 

or animal manure as possible sources. However the 

vastly different concentrations of NH4
+ found in the 

groundwater compared to the wastewaters and ponds 

indicates that NH4
+ and organic carbon in groundwater 

is not derived from the same sources as the NH4
+ and/

or TOC in the sampled surface waters. The 

wastewaters are also characterized by high B concent-

rations (compared to groundwater) and low NH4
+ 

while the opposite is usually the case for groundwater 

in both aquifers.   

 Based upon this I would argue that the main 

source of ammonium is degradation of peat in the sedi-

ments. Large amounts of buried peat and organic 

material in the sediments has been reported by other 

researchers (Berg et al., 2008; Trafford et al., 1996).  

The anoxic conditions in the aquifer would cause re-

duction of Mn-oxides, Fe-oxides and SO4
- , using 

organic carbon as the reduction agent (Appelo and 

Postma, 2005). This causes degradation of the organic 

matter, which leads to mineralization of the NH4
+ as 

peat is degraded. The high concentrations of dissolved 

Mn, Fe, and low concentrations of SO4
- support this 

theory. Harms-Ringdal (2007) reported δ15N values of 

2.4 and 4.1 ‰ in soil organic nitrogen for two 

samples. Most of the groundwater samples in this 

study show similar δ15N values, further supporting the 

hypothesis of peat degradation as a source of NH4
+. 

However Harms-Ringdal (2007) also reported much 

higher δ15N values for NH4
+ in groundwater, and attri-

buted the high NH4
+ concentrations to anthropogenic 

sources.  

 Even though mineralization of NH4
+

 from 

organic rich sediments seems to be contributing to the 

high NH4
+ levels, it is not likely to be the sole cause of 

the high concentrations in the Nam Du well-field. In 

many of the sampled wells, NH4
+  concentrations are 

much higher than what would be expected in un-

polluted groundwater. The sample with the by far 

highest NH4
+ concentration, P2B (observation well in 

the Holocene aquifer), shows clear signs of anthropo-

genic influence. The δ15N value in this borehole is 

much higher than in the others with values correspon-

ding well to that of wastewater. P2B also shows higher 

than average concentrations of B and δ11B values cor-

responding to that of manure as well as presence of 

both coliform and E. coli bacteria. Leakage of animal 

manure seems like a possible source affecting P2B 

since the borehole was located right next to a small 

cropland but leakage of wastewater is also likely. Se-

veral other wells, especially in the Holocene aquifer, 

show δ15N-values in the upper range of what can be 

expected from soil organic nitrogen, indicating that 

they are possibly affected by leaking wastewater or 

manure, especially since these wells show high NH4
+ 

concentrations too. If two (or more) sources rich in 

NH4
+  with different δ15N-values (for example peat and 

wastewater) are influencing the groundwater it would 

result in high NH4
+  concentrations and intermediate 

δ15N-values. This is likely the case here since a binary 

mixing model does not describe the situation in Nam 

Du, see Figure 15.  

 The presence of coliform bacteria and E. coli in 

several wells is also a clear sign that wastewater or 

manure is, at least locally, leaking to the groundwater. 

Whether this is a result of contaminated water percola-

ting through the soil or entering wells directly due to 

poor well construction is not clear. In the case of the 

deeper boreholes the second scenario is probably more 

likely. 

 One could argue that the correlation between Ni 

and NH4
+ is a sign that NH4

+ is originating from an 

anthropogenic source. But since Ni concentrations are 

usually low it is more likely that the correlation 

between Ni and NH4
+ is due to mineralization of both 

species from degrading organic matter as described in 

chapter 5.2.  

 There is also a weak trend of increasing B con-

centrations with increasing NH4
+ concentrations; this 

could be a sign that in some locations NH4
+ originates 

from a source rich in B, probably wastewater. Ho-

wever since B is also a micronutrient for plants it 

might be possible that B is mineralized at the same 

time as NH4
+. The average concentrations of NH4

+, B 

and coliform bacteria are also higher in the Holocene 

aquifer than in the Pleistocene. δ15N and δ11B values 

are also higher on average in the Holocene aquifer. 

This indicates that the Holocene aquifer at least locally 

is affected by anthropogenic activities and/or that 

NH4
+ is mineralized to a larger extent in the Holocene 

sediments. The lowest NH4
+ concentrations in ground-

water are found in the deep ND-wells close to the Red 

River while highest are found in the shallower P-

boreholes further inland. The ND-wells are located 

close to the Red River and therefore receives more 
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recharge from the Red River compared to the Plei-

stocene aquifer further inland which receives a larger 

amount recharge as seepage from the Holocene 

aquifer. 

 The sampled wastewaters in this study usually 

show lower concentrations of NH4
+ than most ground-

water, implying that the wastewater is not a likely 

source. The binary mixing model constructed (Figure 

15) does however suggest that the wastewaters 

sampled in this study might be heavily diluted. As 

such it might be possible that undiluted wastewater is 

directly infiltrating to the Holocene aquifer from lea-

king sewage pipes or septic tanks which could produce 

the high δ15N-values and NH4
+ concentrations found in 

for example the P2B borehole.  

 The sampled wastewater and ponds contain 

more NO3
- than NH4

+ and as such DNRA from infilt-

rating wastewater is another process that could 

possibly increase NH4
+ concentrations to the levels 

found in some groundwater samples. The process of 

denitrification is usually more important than that of 

DNRA which would cause NO3
- to be lost as N2-gas. 

However, under strongly reducing and NO3
- limited 

conditions DNRA might be more efficient than denitri-

fication since more electrons can be transferred per 

mole NO3
-  (Rutting et al., 2011). This means that con-

ditions in Nam Du are likely to favor DNRA. Since 

NO3
- concentrations were below the LOD in all 

groundwater samples but present in all wastewaters 

and ponds this means that either: 

 

i. Wastewater is not infiltrating to the ground-

water  

ii. Wastewater infiltrates to the groundwater but 

the NO3
- is transformed to N2 by denitrification 

or NH4
+ by DNRA  

 Interestingly this means that if the amount of 

nitrification or DNRA in the aquifers can be quanti-

fied, it can be used as a proxy to evaluate whether in-

filtration of wastewater or water from ponds is re-

aching the groundwater or not. NO2
- or N2O is pro-

duced as intermediate forms in both denitrification and 

DNRA, and may as such be used as proof that these 

processes occur (Rutting et al., 2011; Smith et al., 

1991). Denitrification can also be measured by quanti-

fying the amount of dissolved N2 gas in groundwater 

(Smith et al., 1991). All samples in this study were 

analyzed for NO2
- by EAWAG but were below the 

LOD in all samples. NO2
- is however a very unstable 

species and may as such be hard to detect before it 

reacts to form NH4
+ or N2. This should however be 

further investigated in future studies.  

 To summarize, most of the sampled ground-

water does not show any clear signs of anthropogenic 

influence though there are results suggesting that the 

elevated NH4
+ levels in sevral locations can be attri-

buted to anthropogenic sources, probably wastewater 

or animal manure. It should be stressed that there pro-

bably is no simple truth about the NH4
+ in groundwater 

in Nam Du. In all, the high NH4
+ concentrations is a 

result of both natural and anthropogenic sources 

which's relative importance vary both spatially and 

temporally.  

6.3 Sources of error 

One problem with this type of study is the relatively 

small number of samples taken due to high costs asso-

ciated with the different chemical analyzes. This ma-

kes it hard to statistically verify or reject different hy-

potheses. It is also a problem that samples have only 

been taken once from each location during this study. 

While some locations have been investigated before 

during other studies (Baric and Sigvardsson, 2007; 

Harms-Ringdal, 2007), all these studies (including this 

one) has been performed during the same time of the 

year. Several samples taken at different times from the 

same location would increase the chance of identifying 

random errors such as contamination of samples 

during field work or in the laboratory. Taking samples 

from the same location at different times of the year 

would also make it possible to see if the different para-

meters vary annually. If this is the case, the samples 

taken now (i.e. only during the dry season) might not 

be fully representative, which could cause incorrect 

conclusions to be drawn. This is especially true with 

the surface waters (wastewaters, rivers and ponds) 

since concentrations of different compounds could 

vary significantly depending on the amount of preci-

pitation, evaporation, run-off or which crops that are 

being cultivated at the specific time (different types of 

manure may be used for different crops).  

 It can also be questioned whether the sampled 

wastewater is representative of actual sewage water 

transported in the sewage systems. Since the 

wastewater sampled in this study was taken from ca-

nals and sedimentation ponds/lakes it is probably hea-

vily diluted by precipitation and run-off. A more cor-

rect estimate of wastewater characteristics might have 

been given if the samples had been taken directly from 

sewer pipes. The B-concentrations measured in the 

wastewaters in this study are very low compared to 

studies from other parts of the world (USA, Switzer-
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land and France) (Bassett et al., 1995; Vengosh et al., 

1999; Widory et al., 2004) which could be an effect of 

dilution, but may also reflect differences in the usage 

of detergents and washing powders. In that case boron 

may not be a good tracer of wastewater in this area.  

 The low B concentrations make it hard to accu-

rately measure δ11B as seen by the quite large standard 

deviations of some samples, see Appendix 2. Boron 

isotope data are hard to interpret due to the large diffe-

rences in δ
11

B-values between the two natural sources 

of recharge; rainwater and the Red River.  

 It is also questionable if it is correct to sample 

possible anthropogenic sources today and directly 

compare them to groundwater if it takes several years 

for infiltrating water to reach the watertable. The con-

centrations of substances from anthropogenic sources 

found in groundwater today likely dates back several 

years. Sadly a precise dating of groundwater could not 

be obtained for this study but the tritium concentrat-

ions shows that at least some amount of water is of 

modern origin, thus lending some credit to sampling 

and comparing with present wastewater. The noble 

gases methods used for dating in this study are likely 

not suitable in these conditions as the samples were 

stripped.   

 In short, care should be taken when interpreting 

the results from this study and more samples would be 

desirable to help with the interpretation. 

6.4 Water quality 

The groundwater in all the sampled wells/boreholes is 

not suitable as drinking water according to internation-

al and national standards. The largest problem is arse-

nic; all groundwater samples except one exceeds, by a 

considerable margin, the guideline value of 10 µg/L.  

The high concentrations of As in groundwater have 

been attributed to mobilization from the Holocene se-

diments (Baric and Sigvardsson, 2007; Norrman et al., 

2008). High concentrations are also found in ponds 

and wastewater; the national guideline value is excee-

ded in four of the sampled surface waters. This is li-

kely a result of As-rich groundwater being pumped up 

and later being discharged into surface waters, but is 

should not be ruled out that the very high concentrat-

ions found in Pond 3 and Pond 86 (see Table 1) are the 

result of anthropogenic activities like spreading of 

pesticides. This needs to be further investigated. Even 

if no direct relationship can be observed between high 

NH4
+ concentrations and the high As concentrations, 

continued degradation of organic matter in the sedi-

ments will cause the reducing conditions to prevail 

which means mobilization of As will continue. In this 

context it is also problematic if surface water rich in 

TOC continues to reach the groundwater.  

 Four wells have manganese concentrations 

above that of the WHO guideline value of 0.4 mg/L 

which is likely the result of reduction of Mn-oxides by 

organic matter. Ingestion of high amounts of manga-

nese can possibly have adverse neurological effects on 

humans, but the number of studies are low (WHO, 

2008). All surface waters, including the Red River, 

contained high amounts of coliform bacteria and E. 

coli showing that inflow of wastewater or animal 

manure to ponds and the Red River is a common 

occurrence. Amounts of coliform bacteria and E. coli 

exceeding the guideline values for drinking water are 

also found in several wells. Water quality is generally 

worse in the Holocene aquifer, likely due to both natu-

ral and anthropogenic causes. The increased extraction 

of groundwater from the Nam Du well-field is indu-

cing higher amounts of leakage from the Holocene 

aquifer to Pleistocene aquifer, further degrading 

groundwater quality and increasing the costs associa-

ted with purifying the water to acceptable standards. 

Changes in wastewater management could possibly 

help mitigate the situation, but the degradation of peat 

responsible for much of the quality issues will remain 

a problem. Reduced abstraction rates would decrease 

leakage from the Holocene aquifer, which on a longer 

time scale might increase groundwater quality in the 

Pleistocene aquifer. Seeing as the groundwater in all 

sampled wells is of poor quality and not likely to get 

better without decreased groundwater abstraction, an 

alternate source of drinking water should strongly be 

considered.  

 

7. Conclusions and recommen-

dations 

The high concentrations of ammonium in the Nam Du 

area mainly originate from degradation of organic-rich 

sediments under anoxic conditions.  

 There are also indications that wastewater or 

animal manure is infiltrating down to the groundwater 

in some places, locally contributing to the high ammo-

nium concentrations.  

 The methods used for dating groundwater in 

this study (dissolved noble gases) are likely not sui-

table for this area due to methane gas forming in the 

anoxic aquifers.   

 The number of samples in this study is small 

and as such further studies are needed to confirm the 

results and interpretations of this study. Future studies 
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should include more samples taken at different time 

over the year, especially in wastewaters to better iden-

tify their characteristics.  

 The amount of denitrification or DNRA in 

groundwater should be quantified by measuring con-

centrations of N2O and N2. If denitrification or DNRA 

occurs, it is strong evidence that nitrate containing 

water of anthropogenic origin is reaching the ground-

water.  

 Groundwater in the Nam Du well-field is of 

poor quality and an alternate source of drinking water 

should be considered.   
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Appendix 1 
List of all samples that were taken and which laboratory that analysed them. All results were not used in this study. 

I.D. General chemistry, As 

and δ18O/δ2H (EAWAG) 
δ11B (ALS 

Scandinavia) 
δ15N (INST) Bacteria 3H/3He (Noble gas 

lab, Utah) 
DOC, As 

(CETASD) 
P1B x x 

 
x x x 

P2B x x x x 
 

x 

P3B x x x x 
 

x 

PY x 
 

x x 
 

x 

DHA14 x 
 

x x 
 

x 

DHA18 x x x x 
 

x 

DHA22 x 
 

x x 
 

x 

DHA30 x x x x 
 

x 

DHB22 x 
 

x x 
 

x 

P1A x x x x x x 
P2A x x x x x x 
P3A x x x x 

 
x 

P86A x x x 
  

x 

PX x 
 

x x 
 

x 

ND3 x 
 

x x 
 

x 

ND9 x 
 

x x 
 

x 

ND13 x 
  

x 
 

x 

DHA52 x x x x 
 

x 

DHB52 x 
 

x x 
 

x 

Pond2 x x x x 
 

x 

Pond3 x x x x 
 

x 

Pond86 x x x x 
 

x 

Pond DHA x x x x 
 

x 

River1 x 
 

x x 
 

x 

River2 x 
 

x x 
 

x 

River3 x 
 

x x 
 

x 

Riverbank x 
 

x x 
 

x 

WW1 x x x x 
 

x 

WPT2 x x x x 
 

x 

Rainwater 
 

x x x 
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Appendix 2 
Values for all measured parameters used in this study. Contiuned on next page. 
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Appendix 2 (continued) 
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