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Abstract:  22 

In many places around the world, anthropogenic activities have resulted in nitrate (NO3
-) 23 

pollution and changes in the metabolic state of aquatic ecosystems. Here we combined stable 24 

isotope and physico-chemical monitoring to assess the sources of NO3
- and the overall metabolic 25 

state within the Red River delta, Vietnam. River water stable isotope compositions (δ18O-H2O) 26 

ranged between -11.2 and -2.7 ‰, δ18O-NO3
- between -7.1 and +29.7 ‰ and δ15N-NO3

- between 27 

-3.9 and +14.0 ‰. We identified the dominant NO3
- sources as: 1) soil leachate, 2) domestic waste 28 

flushed from urban areas, and 3) NH4
+ fertilizers washed from paddy fields. The relative impact 29 

of each source depends on geographical location within the delta and the time of year, due to 30 

dilution and concentration effects during wet and dry seasons. The primary NO3
-source upstream 31 

is natural soil leachates, predominantly from tributaries connected to the Red River’s main 32 

stream. Within the middle-lower section of Red River delta, urban pollution from manure and 33 

septic waste reaches as high as 50 % of the total NO3
- load during dry season. NO3

- leached from 34 

fertilizers is also high at sites in the middle of the delta, related to agricultural activities. Dissolved 35 

oxygen isotope (δ18O-O2) values calculated from δ18O-H2O and δ18O-NO3
- values indicate that the 36 

aquatic metabolism is net autotrophic (oxygen from primary production exceeds consumption 37 

by respiration), but high inputs of biodegradable organic matter from untreated domestic waste 38 

and high rates of sediment oxygen demand (SOD) and chemical oxygen demand (COD) have 39 

resulted in the whole river system becoming undersaturated in oxygen. High NO3
- loads and low 40 

DO saturation are of critical concern and require mitigation practices to improve water quality 41 

for millions of people. 42 
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Highlights: 45 

NO3
- is formed from nitrification of soil leachate, domestic waste, and NH4

+ fertilizers 46 

Denitrification occurs at heavily impacted domestic waste sites  47 

The Red River is autotrophic, despite being undersaturated in dissolved oxygen  48 

Manure and septic waste contribute 50 % of NO3
- in the middle-lower section during the dry 49 

period 50 

High loading of fertilizer-leached NO3
- is driven by agricultural activities 51 

Introduction 52 

Many of the world’s largest river systems are becoming significantly impacted by anthropogenic 53 

activities, including, importantly, the pollution of these systems by key nutrients (Strokal, et al., 54 

2016; Steffen, et al., 2015). Nutrients discharged from human activities such as industry, 55 

agriculture and urban settlements (often wastewater) can overload these once pristine systems, 56 

leading to environmental degradation, eutrophication and ecosystem collapse (Trinh, et al., 57 

2007; Salgado, et al., 2022). Alongside the environmental issues such pollutants cause, these 58 

waters become unsafe for human consumption, or for further use downstream of the pollutant 59 

source (Zeng, et al., 2023). These issues are now global in nature and have led to widespread 60 

efforts to understand the sources of pollution and the mechanisms of nutrient addition, 61 

processing, and removal, occurring in anthropogenically impacted river systems (Steffen, et al., 62 
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2015). Only through a wide reaching spatial and temporal understanding of nutrient dynamics 63 

within any river system can effective mitigation strategies be implemented (Xue, et al., 2009; 64 

Matiatos, et al., 2021; Matiatos, et al., 2023).   65 

One of the key nutrients of interest for many impacted systems is nitrogen (N). N is often 66 

considered a limiting nutrient within aquatic systems under natural conditions  (Denk, et al., 67 

2017). Most rivers have natural sources of N delivered in limited abouts via atmospheric 68 

deposition often as nitrate (NO3
-), groundwater inflow  (Marković, et al., 2022), biological N 69 

fixation  (Denk, et al., 2017), upstream soil leaching, or particulate soil inputs from erosion and 70 

flooding events. Additionally, NO3
- and ammonia (NH3) can enter rivers because of uncontrolled 71 

human waste disposal, industrial activities or direct leaching from fertilizers applied to 72 

agricultural systems (Venkiteswaran, et al., 2019). When there is a significant input of N through 73 

anthropogenic activities, N is no longer a limiting nutrient, and the system can rapidly become 74 

eutrophic.  75 

Nitrogen and oxygen stable isotope composition of NO3
- (δ15N and δ18O) have been used as 76 

reliable tracers  (Denk, et al., 2017) for the sources and transformation processes of N such as for 77 

the conversion of NH4
+ to NO3

- via nitrification. Using this dual isotope methodology, numerous 78 

studies have assessed the origin of nitrate pollution  (Kendall, 1998) and isotopic fractionations 79 

can be associated with processes, such as nitrification and denitrification (Pardo, et al., 2004). In 80 

well studied systems we can therefore use these isotope tracers to obtain information about the 81 

sources and fates of N  (Matiatos, et al., 2021). In addition, in an aquatic ecosystem dominated 82 

by nitrification, the nitrate oxygen isotope (18O of nitrate) in combination with the water oxygen 83 

isotope (18O of H2O) can be used to calculate the dissolved oxygen isotope value. This oxygen 84 
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isotope value can in turn be used to assess the aquatic metabolism (Venkiteswaran, et al., 2007; 85 

Piatka, et al., 2022). Here we apply nitrate isotopes and water isotopes to 1) assess the NO3
- 86 

sources and identify the processes governing NO3
- within stream water and 2) assess aquatic 87 

ecosystem metabolism within the Red River delta, which supports two of Vietnam’s largest rivers, 88 

the Red River and the Day River (a significant tributary located in the heart of urban Vietnam)  89 

(Luu, et al., 2020).  90 

Site description and methods 91 

Description of the Red River delta and its river network 92 

The Red River is over 1000 km in length, and its source originates in China before flowing through 93 

densely populated regions within Vietnam and terminating in the Red River delta- gulf of Tonkin. 94 

The Red River delta is the most populous area in Vietnam, concentrated with agricultural (rice 95 

paddy farming) and industrial activities, as well as housing high density urban areas including 96 

Hanoi (Trinh, et al., 2007). The diversity of activities within the Red River region means there are 97 

several potential sources of NO3
- in the Red River delta. These include NO3

- derived from largely 98 

natural upstream sources  (Luu, et al., 2020), soil derived from within the delta, inorganic 99 

fertilizers used in rice agriculture, industrial/urban outwash and domestic waste (Roberts, et al., 100 

2022). 101 

Industrial-related activities within the catchment have impacted the natural river system. 102 

Deviations of the river’s natural course to facilitate urban water use, improve transport and feed 103 

agricultural practices mean that many parts of the tributary network are no longer connected to 104 

the main stream. Such parts (e.g., the upper part of Day River) are now heavily managed and 105 
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serve different water resource purposes. The Day River used to be naturally connected to the 106 

Red River mainstream at several locations, but in order to function as the drainage system for 107 

the Hanoi metropolitan district and its surrounding populations, the upper section has been 108 

virtually cut off from the Red River. The Day River is disconnected from the larger Red River 109 

system and only collects water from its own catchment. The Day River catchment houses more 110 

than 10 million people and is regionally critical for agriculture and industry. The high demands on 111 

this water resource and its managed connection to the Red River have, in combination, resulted 112 

in significant degradation in water quality in recent years (Trinh, et al., 2007). 113 

Monitoring sites are located in the Red River main stream receiving water from upstream 114 

mountains and its tributary, the Day River, in the Red River delta (Table 1, Fig. 1). 115 
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  116 

Fig. 1: Schematic of the main water ways in the Red River delta (the monitoring part) and sampling sites; 117 

Hanoi is an urban area. For other parts in the delta, the urban, industrial, and agricultural activities are 118 

intertwined. The figure is not in spatial scale. 119 

Table 1: Names and locations of the sampling sites (Specific locations are in Fig. 1). Sites prefixed with R 120 

receive water from both upstream mountain and delta region and the D group receive water from inside 121 

delta region only. 122 

Site name River reach Longitude 
(oE) 

Latitude 
(oN) 

Altitude (m) 

Yen Bai (R1) Thao River, upstream central 104.88333 21.70000 60 

Vu Quang (R2) Lo River, upstream left 105.25000 21.56667 22 

Hoa Binh (R3) Da River, upstream right 105.31667 20.81667 120 

Son Tay (R4) Red River 105.43700 21.22700 15 
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Ha Noi (R5) Red River, delta 105.85000 21.03333 10 

Quyet Chien (R6) Tra Ly River, delta 106.25000 20.50000 2 

Nam Dinh (R7) Dao River, delta 106.16667 20.41667 2 

Truc Phuong (R8) Ninh Co River, delta 106.26667 20.31667 2 

Do Muoi (RD10) Red+Day River 106.16600 20.14200 1 

Cua Day (RD11) Red+Day River, estuarine zone 106.10300 19.92800 0 

Ba Lat (R11) Red River, estuarine zone 106.52600 20.32100 0 

Phung (D1) Day River 105.64513 21.07521 12 

Mai Linh (D2) Day River 105.72711 20.93646 11 

Ba Tha (D3) Day River 105.70722 20.80583 10 

Te Tieu (D4) Day River 105.74710 20.68646 9 

Que (D5) Day River 105.87263 20.57451 8 

Do (D6) Day River 105.91151 20.51578 7 

Doan Vi (D7) Day River 105.92081 20.36240 3 

Gian Khau (D8) Day River 105.91667 20.31667 3 

Non Nuoc (D9) Day River 105.98071 20.26526 3 

Do Thong (D10) Day River 106.04511 20.21738 2 

 123 

Sampling and in situ measurements 124 

River water samples were collected during 10 different sampling campaigns between October 125 

2016 and February 2022. Samples were collected at a distance of approx. 10 m from the river’s 126 

bank and divided into sub-samples for analysis of nitrogen (N) concentrations and stable isotope 127 

analyses (water and nitrate). For water stable isotope analyses (δ18O and δ2H of H2O), the sub-128 

samples were filtered in the field with Sartorius technical filter papers (8 m pore size) and 129 

collected in 30 ml HDPE plastic bottles. They were then kept at 20oC with no headspace in the 130 

bottle prior to analysis at the Isotope Hydrology Laboratory of the International Atomic Energy 131 

Agency (IAEA), Vienna, Austria. Physico-chemical parameters including dissolved oxygen (DO) 132 

were monitored in situ using a Hydrolab Sonde DS5.  133 
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Dissolved nitrogen analysis 134 

The analytical procedures for dissolved nitrogen compounds were conducted in the Institute of 135 

Chemistry (ICH), Vietnam Academy of Science and Technology (VAST), in accordance with the 136 

Standard Methods for the Examination of Water and Wastewater (Clesceri, et al., 1998). The 1 L 137 

sub-samples were kept below 4oC to prevent significant degradation during storage and analyzed 138 

within 48 hours. Nitrate was determined by quantitative reduction to nitrite on a cadmium 139 

column, followed by colorimetric determination at 540 nm of nitrite using the Griess reaction 140 

(Standard method 4500-NO3 E in (Clesceri, et al., 1998). The detection limit (DL) of the NO3
- 141 

analysis was 0.02 mg NO3
- L-1. 142 

Water stable isotope analysis  143 

All samples were pipetted into 2 mL laser vials and measured using a high-precision Los Gatos 144 

Research liquid water isotope analyzer model 912-0032 (Los Gatos Research (www.lgrinc.com, 145 

California, USA)). The method consisted of 9 injections per vial, ignoring the first 4 to eliminate 146 

memory effect, with data processing procedures to correct for between-sample memory and 147 

instrumental drift, and normalization to the VSMOW-SLAP scale using LIMS for Lasers 2015 as 148 

fully described elsewhere  (Wassenaar, et al., 2014; Coplen & Wassenaar, 2015). A 2-point 149 

normalization was applied using IAEA laboratory standards W-34 (low standard) and W-39 (high 150 

standard) to bracket the isotopic composition of the samples. IAEA laboratory standards were 151 

calibrated using VSMOW2 and SLAP2 primary reference materials. The assigned δ18O and δ2H 152 

values for the laboratory calibration standards were W-39 (+3.6±0.04 ‰ and +25.4±0.8 ‰), W-153 

34 (-24.8±0.02 ‰ and -189.5±0.9 ‰) and control W-31 (-8.6±0.09 ‰ and 61.0±0.6 ‰), relative 154 

http://www.lgrinc.com/
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to VSMOW, respectively. The control W-31 long-term (1-yr running average) analytical 155 

reproducibility (±SD) was ±0.11 ‰ and ±0.7 ‰ for δ18O and δ2H, respectively. 156 

Dual nitrogen stable isotope analysis  157 

Prior to July 2019, the water samples for dual stable isotope analysis of NO3
- were filtered with 158 

GF/F Whatman filters, stored in acid-cleaned, high-density polyethylene (HDPE) bottles and 159 

frozen prior shipment to the Isotope Hydrology Laboratory of IAEA for analysis. The Cd-azide 160 

reduction method to headspace N2O gas was used as fully described in McIlvin & Altabet (2005). 161 

The instrument used was an Isoprime 100 with a Trace Gas (TG) system linked to a continuous 162 

flow isotope ratio mass spectrometer (CF‐IRMS) system (Isoprime Ltd, Cheadle Hulme, UK). The 163 

Isoprime CF‐IRMS system operated at an external analytical precision of ±0.2 ‰ (δ15N-N2O 164 

values) and ±0.3 ‰ (δ18O-N2O values) using 2-point normalization using dissolved nitrate 165 

reference materials (USGS32, USGS34, USGS35, IAEA NO3). 166 

The last two batches of samples (July 2019 and February 2020) were treated and analyzed at the 167 

British Geological Survey (BGS), UK following the ionex method  (Chang, et al., 1999; Silva, et al., 168 

2000). Ten liters of sample were passed through two conditioned ion exchange columns, firstly a 169 

cation resin column and then an anion resin for NO3
- capture. NO3

- was eluted from the anion 170 

resin using 25ml of HBr, captured and 2.5-3 g of washed Ag2O added on a magnetic stirrer until 171 

pH 6-7 was reached. The solution was filtered through a 0.2 µm polycarbonate filter before 4ml 172 

of 1M BaCl2 was added and left overnight to precipitate. The solution was then passed through a 173 

Dowex 50WX8 cation resin to remove excess barium. This solution had a further 1 g of Ag2O 174 

added until a pH of 6 was reached, the samples were filtered before freezing overnight. The 175 
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frozen samples were freeze dried and the resultant NO3
- solids were re-dissolved in 1ml of MilliQ 176 

H2O before being centrifuged and ready for analysis with the mass spectrometry. The δ18O-NO3
- 177 

analysis was conducted on a TC pyrolysis elemental analyser (EA) coupled to a Thermo Fisher 178 

Delta XL Isotope Ratio Mass Spectrometer (IRMS). Nitrogen isotope analysis of silver nitrate 179 

(δ15N-NO3
-) was undertaken on a Flash elemental analyser (EA) coupled to a Thermo Fisher Delta 180 

XL Isotope Ratio Mass Spectrometer (IRMS). External reference materials: IAEA-N1, IAEA N2 and 181 

IAEA-NO3 for δ 15N-NO3
- and USGS 32, 34 and 35 and IAEA-NO3 for δ 18O-NO3

- were treated the 182 

same way as the samples. Oxygen isotope values were corrected to the international VSMOW 183 

scale and nitrogen to AIR. Typical precision is <1.5 ‰ for δ18O-NO3
- and <0.3 ‰ for δ15N-NO3

- 184 

based on within run replication of reference materials.  185 

Mixing model formulation 186 

We assumed the following three main sources of nitrate based on the geographical and natural 187 

conditions of the Red River delta (e.g., (Ta, et al., 2016; Luu, et al., 2020): (1) inputs from soil and 188 

groundwater sources (natural, background input levels), (2) inputs from regional, excessive 189 

application rates of chemical fertilizers (NH4
+), and (3) inputs from organic matter deriving from 190 

urban regions and livestock farming (sewage and manure). In order to derive the proportions of 191 

these sources, we used the following partition equations of NO3
-, which are based on our stable 192 

isotope data: 193 

𝛿18𝑂 = 𝑓𝑆𝛿18𝑂𝑆 + 𝑓𝑃𝛿18𝑂𝑃+𝑓𝑀𝛿18𝑂𝑀  (1) 194 

𝛿15𝑁 = 𝑓𝑆𝛿15𝑁𝑆 + 𝑓𝑃𝛿15𝑁𝑃+𝑓𝑀𝛿15𝑁𝑀  (2) 195 

1 = 𝑓𝑆 + 𝑓𝑃+𝑓𝑀     (3) 196 
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Of which fS, fP, and fM are respectively the partition coefficients of each of the 3 main sources 197 

described above: 1) soil and groundwater input, 2) NH4
+ fertilization run off from paddy fields 198 

and 3) sewage and manure discharge. 199 

We utilised source values either derived from this study or from Luu et al., (2020) (Table 2), to 200 

enable a spatial assessment of the changing source apportionment throughout the Red and Day 201 

River catchments. We used averaged 15N-NO3
- and 18O-NO3

- at R2 as a representative soil 202 

source end member, as water at this site derives from a largely natural mountain catchment. 203 

15N end members for NH4
+ fertilizer and urban waste sources are taken from (Luu, et al., 2020). 204 

The 18O values assigned to these sources are produced in this study, supplemented by data from 205 

(Luu, et al., 2020) where necessary (Table 2).  206 

 207 

Table 2: End member compositions of 18O and 15N of nitrate used in this study for the partition 208 

calculations.  209 

 Soil Fertilizer Urban 

 15N-NO3
- 18O-NO3

- 15N-NO3
- 18O-NO3

- 15N-NO3
- 18O-NO3

- 

Day River  +4.5 – 7.9(a) +0.7 – 7.8(a,b) -5.9(a) -12.3 – -5.7(a,b) +16.2(a) -4.4 – 0.6(a,b) 

Red River  +4.5 – 7.9(a) +2.1 – 2.6(b) -5.9(a) -10.1 – -7.9(b) +16.2(a) -5.7 – -5.2(b) 

Sources/pools are defined constantly for 15N-NO3
- and vary seasonally for 18O-NO3

- data derived from 210 

either (a) (Luu, et al., 2020) or (b) this study. 211 

 212 
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Results and discussion 213 

Sources of water in the Red River delta 214 

The dissolved oxygen concentration ranged between 1.65±1.25 mg L-1 at point D2 and 5.62±1.2 215 

mg L-1) at point R7 (Fig. 1, Appendix). In general, DO was low (< 3.5 mg L-1) in the D group sites 216 

and high (> 4 mg L-1) in the R group sites.  217 

Water stable isotope values indicate two distinct water sources within the Red River delta (Fig. 218 

2a). The first consists of sites R1-8, and RD10 (Red River group), which are fed by upstream waters 219 

delivered from the mountainous region of Yunan Province (China) and the north and 220 

northwestern mountains of Vietnam (Fig. 1). These sites are characterised by lower water δ18O 221 

(-11.7 to -6.5 ‰) and δ2H (-85 to -45 ‰) values than the second group (Day River group, sites D1-222 

10), which only drains water from inside the delta (δ18O is from-6.5 to -2.7 ‰, δ2H is from -45 to 223 

-19 ‰) and is poorly connected to the upstream regions (Fig. 1). The sites RD11 and R11 are 224 

estuarine sites, whose δ18O values are similar to those of the Day River group (Fig. 2a).  225 

Sources of NO3
- in the Red River delta 226 

The nitrate concentrations ranged between 0.43±0.08 mg L-1 at point R3 and 1.98±0.5 mg L-1 at 227 

point D6 (Fig. 1, Appendix). In general, [NO3
-] in the D group sites was higher and more variable 228 

than in the other group sites. The δ15N-NO3
- values of the Red River group had a smaller isotopic 229 

range (+3.8 to +10.0 ‰) than the Day River group (-3.9 to +14.0 ‰). The Red River group peaked 230 

at δ15N-NO3
- values around +7 ‰, whilst the Day River group had two δ15N-NO3

- maxima, around 231 

+5 and +9 ‰ (Fig. 2b). Statistical test for variance shows that the variances of two populations, 232 

δ15N-NO3
- in the Red River and the Day River group, are significantly different (p < 0.05). The δ18O-233 
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NO3
- values in the Red River ranged between -4.8 and +6.7 ‰ with a peak value of -1 ‰. The Day 234 

River δ18O-NO3
- values ranged between -7.1 and +29.7 ‰ with a peak value of -1 ‰ (Fig. 2b). 235 

Also, the two population variances of δ18O-NO3
- were significantly different in the Red River and 236 

Day River group (p < 0.05).   237 

δ18O-NO3
- values in the Red River delta were mostly <+10 ‰ showing no evidence of influence 238 

from atmospheric NO3
- or synthetic NO3

- fertilizers (Kendall, 1998). Three of the δ18O-NO3
- 239 

measurements were higher than +10 ‰ (Fig. 3), indicating possible influence from atmospheric 240 

NO3
- and/or NO3

- synthetic fertilizers. However, these values can result from secondary biological 241 

processes that alter the original isotope values (see later) – these values occurred at specific sites 242 

and times where river water was severely impacted by domestic wastewater.  243 

Using a combined δ15N-NO3
- and δ18O-NO3

- cross plot (following (Kendall, 1998)), we identified 244 

three NO3
- sources in this system; 1) soil leachate, 2) manure and septic waste, and 3) NH4

+ 245 

fertilizer leaching. The histogram of δ15N-NO3
- (Fig. 2b) and the bivariate plot (Fig. 3) indicate that 246 

NO3
- in the Red River group is derived mainly from soil. The data also overlap with manure/septic 247 

waste NO3
- sources, but based on the demographic conditions in the region, the manure/septic 248 

waste input is unlikely. However, in the Day River group nitrate originates from various sources, 249 

including soil leachate (as with the Red River system) NH4
+ fertilizers, manure and septic waste 250 

(Fig.3). 251 
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Fig 2: (a) 18O-H2O in rainy (July 2019) and dry (February 2020) seasons. The results show two different 252 

water masses in Red River delta; water derived from catchments inside the delta has isotope values higher 253 

than ones sourced from upstream mountainous catchments and (b) histogram of 15N-NO3
- results in Day 254 

River (above) and Red River (below).  255 

 256 
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Fig. 3: Bivariate plot of δ15N-NO3
- vs δ18O-NO3

-, implying three sources of NO3
- in the Red River catchment: 258 

NH4
+ fertilizer, soil leachate, and manure and septic inputs. The Red River group which receives most of 259 

its water from upstream sources is dominated by soil-leached NO3
-, whilst the Day River group which 260 

receives water from inside the delta, is dominated by NH4
+ fertilizers and manure/septic waste. 261 

Nitrification, denitrification, and biological assimilation 262 

The sources of NO3
- in our catchment, including soil leachates, NH4

+ fertilizers and sewage/ septic 263 

waste are initially reduced nitrogen species, such as ammonium (Trinh, et al., 2012). The NO3
- 264 

derived within the catchment is therefore most likely derived from nitrification. The process of 265 

nitrification utilizes surrounding oxygen to oxidize reduced nitrogen compounds to nitrate; 266 
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where 2 oxygen atoms are derived from water (H2O) and 1 oxygen atom from dissolved oxygen 267 

(DO) (Snider, et al., 2010).  268 

We investigated the occurrence of nitrification in the catchments by assessing the variability of 269 

δ18O-NO3
- as a result of 2/3 of δ18O-H2O and 1/3 of δ18O-O2. Our data produced a linear 270 

relationship between δ18O-NO3
- and δ18O-H2O expressed by the equation δ18O-NO3

- = 0.678·δ18O-271 

H2O + 5.21 (Fig. 2, appendix), which means that the variability of δ18O-NO3
- is about 2/3 of the 272 

δ18O-H2O variability, confirming nitrification as the dominant NO3
- formation mechanism (Snider, 273 

et al., 2010). This finding is consistent with previous studies in the region concluding that nitrate 274 

is derived mainly from reduced N species (Trinh, et al., 2007; Trinh, et al., 2012; Luu, et al., 2020). 275 

Concomitantly, linear regression results in a δ18O-O2 value centering around +15.64±3.94 ‰ (Fig. 276 

2 appendix). Therefore, in order to eliminate the effect of the δ18O-H2O variability/seasonality on 277 

the δ18O-NO3
- variability, we normalized δ18O-NO3

- to the associated water δ18O-H2O. The 278 

normalized δ18O-NO3
- (denoted as δ18O-NO3

-
,H2O) calculation is based on δ18O-NO3

- and δ18O-H2O 279 

data from each sample.  280 

Normalized δ18O-NO3
-
,H2O = Analyzed δ18O-NO3

- – 2/3·δ18O-H2O.  281 

The normalized δ18O-NO3
-
,H2O can then be used to assess the relationship between δ18O-NO3

- and 282 

NO3
- concentration, removing variability derived from changing δ18O-H2O (Fig. 4c and d). It should 283 

be noted that by this calculation, the normalized δ18O-NO3
-
,H2O is not referenced to VSMOW but 284 

to the local water isotope composition at the time of sampling, thus eliminating the effect of 285 

water isotope composition variability.  286 

 287 
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 288 

Fig. 4: Nitrate isotopes including δ15N-NO3
- versus [NO3

-] in (a) the Day River group and (b) the Red River 289 

group, and δ18O-NO3
-
,H2O versus [NO3

-] in (c) the Day River group, and (d) the Red River group. The data 290 

show a logarithmic relationship between the 18O-NO3
-
,H2O and [NO3

-] (p < 0.05) and no relationship 291 

between 15N-NO3
- and [NO3

-] (p > 0.05) in the Day River. In the Red River there is a linear relationship 292 

between isotopic values and [NO3
-] (p < 0.05) and no significant relationship between 15N-NO3

- and [NO3
-293 

]. Note that the dry season is from December to May and wet season is from June to November. Dark and 294 

light bands indicate respectively 95 % confidence and 95 % prediction of the relationship. 295 

 296 

Fig. 4 represents two different scenarios of the dominant processes governing the NO3
- cycling in 297 

the catchment. In the Day River (Fig. 4c), denitrification occurs in some sites during the dry 298 

season, serving to decrease NO3
- concentrations (undetectable in some samples). The remaining 299 
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NO3
- pool in these samples is characterized by elevated 18O-NO3

-. In general, denitrification is 300 

known to fractionate the NO3
- pool, resulting in heavier isotope values within the residual NO3

-  301 

(Kendall, 1998). This process occurs only in anoxic environments, where microbial activities rely 302 

on NO3
- as the primary oxygen source. Our data suggest that within the Day River, nitrification 303 

and denitrification are both occurring. In the upstream of the shallow Day River, especially during 304 

the dry season, water is predominantly urban wastewater with high BOD and concentrated NH4
+ 305 

(Trinh, et al., 2007) and the river bed has a high sediment oxygen demand (SOD) (Trinh, et al., 306 

2012). Therefore DO is quickly consumed by biodegradation and slowly replenished by 307 

atmospheric oxygen due to slow hydrodynamic condition in the deltaic rivers. This means that 308 

the remaining DO is enriched in 18O (Quay, et al., 1995; Piatka, et al., 2022). Next, nitrification in 309 

the NH4
+ concentrated water (Trinh, et al., 2007) utilises the remaining DO within the hypoxic 310 

environment (Fig. 1, appendix) to form NO3
- with extremely high 18O-NO3

-. The newly formed 311 

NO3
- is then diffused and quickly denitrified near the river bottom or in the sediment (Trinh, et 312 

al., 2012) reducing the concentration of NO3
- and enriching the isotopic composition of any that 313 

remains. In the Day River group, during the dry season, 18O-NO3
- is a logarithmic function of 314 

[NO3
-] (Fig. 4c). Such elevated 18O-NO3

- values where NO3
- is scarce indicates a combination of 315 

nitrification, denitrification, and biological degradation taking place in hypoxic water. During the 316 

rainy season hypoxia is less common than during dry season because of rainwater dilution and 317 

stronger stream hydrodynamics, and so denitrification cannot occur, as reflected in the weaker 318 

relationship between isotopic composition and [NO3
-] (Fig. 4c). Our explanation for the 319 

insignificant and weak positive correlation between 15N-NO3
- and NO3

- in the Day River group 320 

(Fig. 4a) is that the Day River NO3
- is dominated by 2 different sources which have different 321 
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concentration vs 15N relationships; the NH4
+ fertilizer source characterized by low 322 

concentrations of N species and depleted 15N and the domestic wastewater source 323 

characterized by high concentration of N species and elevated 15N (Kendall, 1998). The mixing 324 

ratio between the 2 sources controls the variability of [NO3
-] and 15N-NO3

-, lessening the effect 325 

of biogeochemical processes on the 15N-NO3
- vs NO3

- relationship.  326 

Within the Red River group we identified no similar evidence of denitrification (Fig. 4d) and no 327 

impact of urban waste (Fig. 4b). Nitrate within the Red River group appears to be predominantly 328 

derived from soil leaching and where possible nitrification and/or biological assimilation has 329 

occurred this has taken place within aerobic waters. The 18O-NO3
- results therefore clearly 330 

indicate different processes occurring within the two systems. As nitrate within the Red River 331 

group is predominantly derived from one source which is different from the Day River group, it 332 

is easier to interpret the variability of N isotopes in relation to O isotopes as well as to [NO3
-]. The 333 

advantage is that 15N-NO3
- helps to identify the sources independently from water flow, 334 

whereas NO3
- concentrations are diluted in rainy conditions and concentrated in dry periods 335 

(Matiatos, et al., 2021). For the Red River group, 15N-NO3
- isotopic values tended to decrease 336 

with higher [NO3
-]. The negative linear correlation between both 18O-NO3

- and 15N-NO3
- versus 337 

[NO3
-] (Fig. 4b, d) can be explained due to biological assimilation of N which takes place within 338 

the system. Under an assimilation scenario, [NO3
-] decreases in water and the NO3

- isotopic 339 

signals increases due to preferential uptake of the lighter isotopes.  340 

Overall, the discussion above highlights the complexity of the NO3
- sources and isotopic response, 341 

especially within the Day River group, as the wide range of NO3
- sources have variable 342 
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concentrations and different isotopic signals. The Red River group therefore is simpler, where 343 

NO3
- is mainly derived from upstream soil (Fig. 3). The negative relationship between NO3

- and 344 

its isotopic signals (Fig. 4b and d) might signal biological assimilation (denitrification is unlikely in 345 

the aerobic waters of the Red River group, Fig. 1 Appendix). The NO3
- uptake rate in connection 346 

with the NO3
- isotope enrichment can be calculated from these linear relationships (Fig. 4b and 347 

d).       348 

15N-NO3
- /normalized 18O-NO3

-
,H2O = 3.01±0.60/1.65±1.29 = 1.82±1.47  349 

This slope of 15N-NO3
- /normalized 18O-NO3

-
,H2O is within the literature range of nitrate removal 350 

reported elsewhere (Lutz, et al., 2020). To calculate the enrichment margin of isotopes due to 351 

biological assimilation we can simplify the system by assuming that in the upstream mountain 352 

catchment where water is less polluted (primary productivity and respiration are low), 18O-O2 is 353 

equilibrated with 18O of atmospheric oxygen (18O-O2 = +23.5 ‰). Then we calculated 18O-NO3
- 354 

as a combination of 2 oxygen atoms from water and 1 atom from DO  (Snider, et al., 2010). Next, 355 

we compared this calculated 18O-NO3
- with the analyzed 18O-NO3

-, expecting that the 356 

calculated 18O-NO3
- is lower than the analyzed 18O-NO3

- to give the 18O-NO3
- enrichment 357 

margin. Then the 15N-NO3
- enrichment margin was calculated based on Equation 2. 358 

For a simple scenario, we used the mean values of the Red River group data to assess whether or 359 

not there is an isotopic enrichment of NO3
- within the Red River group (the mean±SD of 18O-H2O 360 

= -7.84±1.00 ‰ and the mean±SD of normalized 18O-NO3
-
,H2O = +3.21±2.13 ‰). 361 

=> The calculated 18O-NO3
- = (2*18O-H2O + 18O-O2)/3 = (2*(-7.84±1.00) +23.5)/3 = 2.61±0.67 362 

‰.  363 
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=> The 18O-NO3
- enrichment margin = normalized 18O-NO3

-
,H2O - calculated 18O-NO3

- = 364 

3.21±2.13 – 2.61±0.67 = 0.6±2.23 ‰.  365 

=> The 15N-NO3
- enrichment margin (Equation 2) is 0.6±2.23*1.82±1.47 = 1.09±4.15 ‰.  366 

Based on Fig. 4b, the isotope enrichment is converted to the NO3
- uptake as 1.09±4.15/3.01±0.60 367 

= 0.36±1.37 (mg-N L-1). 368 

In order to evaluate the validity of the isotope enrichment margin calculated here, we estimated 369 

the range of the NO3
- uptake rate based on the growth of autotrophs in the water column and 370 

compared the NO3
- uptake obtained by the two approaches. According to  (Trinh, et al., 2006), 371 

autotrophic growth can be calculated as:  372 

𝐺𝑟𝑜𝑤𝑡ℎ𝐴𝑢𝑡𝑜 = 𝑘𝑔𝑟𝑜𝑤𝑡ℎ.𝑚𝑎𝑥

𝑁𝑂3

𝐾 + 𝑁𝑂3
𝑘𝐿𝑖𝑔ℎ𝑡𝑒(1−𝑘𝐿𝑖𝑔ℎ𝑡)𝐴𝑢𝑡𝑜 373 

Where K = 0.1 (mg-N L-1), kLight, the irradiation coefficient, ranges from 0 to 1, and Auto = 374 

autotroph biomass (mg-C L-1). We estimated autotroph biomass (Auto) from the chlorophyll a 375 

(Chl a) concentration: Auto (mg-C L-1) = 40*Chl a (mg L-1)  (Jakobsen & Markager, 2016). We used 376 

the Redfield ratio (C:N:P = 106:16:1) to calculate the NO3
- assimilation due to autotrophic growth. 377 

The above equation is changed to: 378 

𝑈𝑝𝑡𝑎𝑘𝑒𝑁𝑂3
= 𝑘𝑔𝑟𝑜𝑤𝑡ℎ.𝑚𝑎𝑥

𝑁𝑂3

𝐾 + 𝑁𝑂3
𝑘𝐿𝑖𝑔ℎ𝑡𝑒(1−𝑘𝐿𝑖𝑔ℎ𝑡)𝐶ℎ𝑙 𝑎

40 × 16 × 14

106 × 12
 379 

We used Chl a = 30 (g L-1) in the Day River (Trinh, et al., 2007) and kgrowth.max = 2.0 (d-1)  (Trinh, 380 

et al., 2006) to come to the NO3
- uptake rate between  0 and 0.42 (mg-N L-1 d-1). The flow velocity 381 

of Red River is around 1 m s-1  (Sai, et al., 2020). Water reaching the main stream (Red River length 382 
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is over 1000 km) would need less than 10 days to reach the Red River delta. Thus, the uptake 383 

margin calculated by this approach is between 0 and 4.2 mg-N L-1. Comparison between the 384 

uptake margin calculated from isotopic data and the uptake rate calculated from Trinh et al. 385 

(2006) shows that the isotopically calculated uptake margin is within the range of autotroph 386 

growth uptake – the difference is within an order of magnitude. The validity of calculated values 387 

here, thus confirms the possibility of denitrification and/or biological assimilation of NO3
- inside 388 

the water column of the Red River system using our isotopic data. 389 

Estimation of 18O-O2 to assess metabolic state  390 

Dissolved oxygen (DO) is a crucial component for aquatic life  (Odum, 1956; Stumm & Morgan, 391 

1996). DO concentration is controlled to a large extent by air–water gas exchange (G), aquatic 392 

primary production (P) and consumption rates through community respiration (R). The balance 393 

between production and consumption is driven by nutrient availability, temperature, light, 394 

substrate availability, and other environmental conditions  (Odum, 1956; Stumm & Morgan, 395 

1996). Traditionally, aquatic metabolic state has been reported as the P:R ratio  (Wilcock, et al., 396 

(1998) ; Wetzel, 2001). Ecosystem metabolic balance, whether predominantly heterotrophic (P:R 397 

< 1) or autotrophic (P:R > 1), is often indicated by the degree of O2 saturation. In a P:R equilibrium 398 

and steady state aquatic ecosystem, the amount of oxygen consumed by respiration is equal to 399 

the one produced from primary production and DO is sourced from atmospheric exchange only. 400 

In a dynamic/unsteady state ecosystem where gas exchange might be too slow or too fast 401 

compared to the net P+R sources, DO could be saturated or undersaturated relative to the 402 

atmosphere, but it does not reflect if P is equal to or higher than R  (Venkiteswaran, et al., 2007). 403 

In other words, the saturation level of DO may not truly reflect the metabolic state (autotrophic 404 
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or heterotrophic) of aquatic ecosystems. Here, we aim to use the isotopic value of DO as an 405 

indicator of metabolic state within our river ecosystems  (Venkiteswaran, et al., 2007). 406 

The principle behind using the stable isotope composition of DO to assess the ecosystem 407 

metabolic state is that respiration and biodegradation processes drive higher 18O-O2 values 408 

while photosynthesis would lower 18O-O2  (Quay, et al., 1995; Piatka, et al., 2022). If one process 409 

dominates, this is reflected by clearly higher or lower isotope values. Aerobic respiration by 410 

microorganisms (protozoa, bacteria, and phytoplankton) causes a significant organism-level O-411 

isotope fractionation, a result of the preferential consumption of the lighter isotopologue, 16O2. 412 

Hence, respiration leads to a detectable increase in the 18O:16O ratio of O2 in the residual water 413 

pool  (Parker, et al., 2005; Lehmann, et al., 2009). Conversely, O2 generated during aquatic 414 

primary production is derived from oxidizing ambient water molecules. This process does not 415 

cause significant O2 isotope fractionation and adds dissolved O2 to the aquatic ecosystem with 416 

18O values identical to that of the water  (Stevens, et al., 1975; Helman, et al., 2005). The 18O-417 

O2 of photosynthetic O2 (derived from surrounding water) added to the dissolved O2 pool is 418 

always more depleted in 18O (range between -11.2 and -2.7 ‰ in the Red River delta water, Fig. 419 

2a) than atmospheric O2 (+23.5 ‰). Given the large difference between the 18O of atmospheric 420 

O2 and water oxygen (18O-H2O), 18O-O2 assays are well suited to detect the addition of small 421 

amounts of photosynthetic O2 to aquatic ecosystems.  422 

Since our study did not directly analyze the isotopic composition of DO, we proposed a method 423 

to estimate 18O-O2 with the use of 18O-H2O and 18O-NO3
-, assuming that NO3

- is produced from 424 

nitrification of reduced N species, consisting of 2 oxygen atoms derived from surrounding water 425 
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molecules and 1 oxygen atom from dissolved oxygen (discussed previously) and that no large 426 

fractionations of nitrate isotope composition (e.g. from denitrification) take place in this shallow 427 

river system, as there is no isotopic evidence for this apart from in the Day River system in the 428 

dry season and slight enrichment in the Red River system as concluded above (the 18O-NO3
- 429 

enrichment margin = 0.6±2.23 ‰). One advantage of our method is that because nitrification 430 

takes place both day and night and the residence time of NO3
- is much longer than of O2 gas in 431 

water, the NO3
- oxygen isotopes should reflect the whole transient diel O2 isotopic pattern; not 432 

simply the daytime (when oxygen is produced in excess over dark respiration) or the night (when 433 

production of oxygen through primary productivity does not take place) (Venkiteswaran, et al., 434 

2007). 435 
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Fig. 5: 18O-O2 estimated from 18O-H2O and 18O-NO3
- versus O2 saturation level (%) for the Day River 436 

group (a) and the Red River group (b). ASW = air saturated water at equilibrium.  437 

The majority of the calculated δ18O-O2 in both river groups (mean δ18O-O2 = +15.64±3.94 ‰) is 438 

below the equilibrium value for air saturated water +23.5 ‰ (Fig. 5) implying a dominance of 439 

autotrophic production in the water column, especially at agricultural sites (D7-10, R6-8, RD10). 440 
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There is a strong variability of δ18O-O2 at sites close to the urban area (D1-6, R4-5), indicating a 441 

high seasonality of metabolic state there. The results imply that a large fraction of DO is 442 

generated from in stream photosynthesis. At the same time however, DO is lower than saturation 443 

throughout, indicating a stronger cumulative respiration (oxygen consumption) rate than primary 444 

production, plus atmospheric exchange (oxygen productivity). Only at site R2 (Lo tributary) are 445 

18O-H2O and DO close to atmospheric levels, which we explain by the reduction of all biological 446 

activities (P and R) within this tributary (Lo River). The catchment of the Lo tributary is more 447 

dominated by limestone bedrock than the other catchments and its relatively unpolluted water 448 

could be a reason for this low primary productivity (Moon, et al., 2007). Our explanation for the 449 

fact that water in the Red River delta is consistently well below O2 saturation (5–80 %, Fig. 5) is 450 

that in tropical, lowland, delta river systems that are heavily impacted by anthropogenic inputs, 451 

sediments and anthropogenically impacted water inflows may play an important role  (Trinh, et 452 

al., 2007; Trinh, et al., 2012), consuming a large portion of DO without causing large isotope 453 

fractionation. Thus, the water column tends to be autotrophic but the whole river system 454 

including sediment, and especially when merged with anoxic wastewater fluxes, is low in DO. 455 

The mean estimated 18O-O2 of Red River and Day River groups are similar (mean±SD = 456 

+15.16±5.9 and +15.66±15.9 ‰, respectively). If we assume that the ratio of primary 457 

production/respiration rates (2 processes that fractionate 18O-O2) are identical between the two 458 

river groups and knowing the measured DO % (mean±SD of DO in 2 river groups are 57.39±12.87 459 

and 29.04±15.34 %, respectively), then we can define the oxygen consumption in the river 460 

system. A system with significant biological respiration (BOD) will have clearly fractionated 461 

oxygen isotopic composition of DO, whereas a system with large chemical oxygen demand (COD, 462 
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SOD) and anoxic wastewater inputs will not fractionate the isotopic composition of oxygen. With 463 

these differential isotopic effects on DO, we can conclude that the oxygen demand in the Day 464 

River group is high relative to the Red River group; as dissolved oxygen concentration is lower in 465 

the Day River group than in Red River group, while isotopic composition is the same between the 466 

two groups. The explanation for the lower DO level (higher oxygen demand) in the Day than the 467 

Red River groups is apparently anthropogenic and exacerbated by stagnant waters (Salgado, et 468 

al., 2022). Urbanization and industrialization in Day River catchment have caused environmental 469 

disaster in the ecosystem  (Trinh, et al., 2007; Trinh, et al., 2012). Biological activities, on the other 470 

hand, are indifferent between the two rivers. 471 

Spatial-temporal variability of N sources 472 

The above discussion leads to the conclusion that there are 3 main sources of NO3
- in the Red 473 

River delta: the upstream/soil source, the agricultural NH4
+-fertilizer source, and the urban 474 

source. The partitioning among these 3 sources drives the measured 15N-NO3
- composition in 475 

the river waters. Deviation from the 3-source partition value comes only from isotope 476 

fractionation associated with denitrification and biological assimilation. On the other hand, 18O-477 

NO3
- variability in the Red River delta water is controlled by 18O-O2 and 18O-H2O, which are 478 

highly variable, especially in the Day River where 18O-O2 is a function of metabolism (high in 479 

heterotrophic and low in autotrophic).  480 

Spatial variability:  481 

Averages of the NO3
- fractions for different sites show that soil NO3

- is the dominant source of 482 

NO3
- within the entire catchment, with the only exceptions being sites D1, D9 and D10 (Fig 6 and 483 
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Table 3). Site R2 comes from an unpolluted upland water source, derived from a mountain region 484 

and not flowing through urban or agricultural centers, this site shows almost 100 % soil -     derived 485 

NO3
-. A clear trend emerges along the catchment with soil derived NO3

- accounting for nearly 80 486 

% in upstream sites and gradually reducing to around 60 % when at the coast (Table 3). This 487 

decrease is associated with the additional loading for NO3
- from urban and agricultural sources.  488 

 489 

490 

Fig. 6: Mean values of the NO3
- fractions (%) at different monitoring sites 491 

The middle of the delta is characterised by a step change in NO3
- derived from manure and septic 492 

tank contributions, associated with the urbanization of the catchment and poor waste 493 

management strategies (Table 3). The highest loading of urban wastewater is observed at sites 494 

D1-D6, D9 and D10 (Fig 6), all located near or downstream of major urban settlements. On 495 

average, fertilizer load increases slightly in the lower regions of delta (Table 3) characterised by 496 
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intensive agriculture, mostly rice farming, with sites D7-D10 having >20 % NO3
- derived from 497 

agricultural sources (Fig 6). Rice growth practices require large volumes of water to create 498 

submerged paddy fields, leading to the leaching of fertilisers back into the main river system.  499 

 500 

Table 3: Average fractions of NO3
- sources in different zones in the Red River delta. Sites are grouped into 501 

mountain upstream sites (R1-3, D8), urban sites (D1-6), paddy field/agricultural dominated sites (D7, 9, 502 

10, RD10, 11, R4-8, 11) as clearly sketched in Fig. 1.  503 

Zones Fertilizer (mean±SE) Manure/septic (mean±SE) Soil derived (mean±SE) 

Mountain (upper) 0.12±0.21 0.10±0.17 0.78±0.27 

Urban (middle) 0.13±0.18 0.25±0.29 0.62±0.21 

Agricultural (lower) 0.18±0.18 0.24±0.23 0.58±0.25 

 504 

The soil fraction is the dominant source in all zones, significantly higher than a combination of 505 

NH4
+ fertilizer washout and sewage/septic input (anthropogenic sources) (paired t-tests, p < 506 

0.05). However, further comparison indicates an increasing contribution of anthropogenic 507 

activities to NO3
- in river water. In the urban zone, the manure/septic input is significantly higher 508 

than fertilizer washout, while elsewhere the contribution of fertilizer and manure/septic sources 509 

is statistically similar. The fraction of NH4
+ fertilizer was not significantly different between zones 510 

but there is a trend towards higher proportions in the agricultural zone relative to the urban and 511 

mountain zones (t-tests, p > 0.05). The fraction of manure/septic input was significantly lower in 512 

mountain zone than in the 2 other zones. Together with the fact that the fraction of soil leaching 513 

is significantly higher in the mountain zone than in agricultural zone, we can infer higher 514 

anthropogenic impact in the downstream region, especially in urban areas. The spatial 515 

assessment of NO3
- loading into the catchment highlights a trend of increasing pollution from 516 



30 
 

urban and agricultural sources, especially within the Day River. As discussed above however, this 517 

trend is also impacted by seasonal variations in NO3
- additions during rainy vs dry seasons.  518 

Seasonality: 519 

There are clear trends in NO3
- loading within the mid and lower sections of the Day River system. 520 

Figure 7 groups and shows a seasonal assessment of the D6, 7, 9, 10 and RD10, 11 sites from the 521 

Day River, which are shown from Figure 6 to be the most impacted by anthropogenic activities in 522 

either the Day or Red River catchments. Our results indicate a high manure and septic NO3
- signal 523 

during dry periods (Nov-April) and a low signal with far higher contributions from soil sources in 524 

the rainy period (July-Sept). Two outliers from this overall trend can be seen, the first, in February 525 

and the second in November. February is a critical period for watering the spring rice crop in the 526 

Red River delta. As this is a dry period within the delta, irrigation water is provided from upstream 527 

(Fig. 7), resulting in a lower observed urban load and higher soil contributions in February. 528 
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 529 

 530 

Fig. 7: Seasonality of the NO3
- fractions in the middle-lower sections of Day River group (D6,7, 9, 10, RD10, 531 

11) where water should practically suffer more from anthropogenic impacts than the upstream and Red 532 

River group sites. Rainfall is recorded for the 1991-2021 period. Discharge is recorded for 2017-2020 533 

period. Both records are in Hanoi (R5). It should be noted that most of our sampling were taken place the 534 

first week of the month. It is therefore logical to associate the isotopic data with the hydro-meteorological 535 

data of the precedent months. 536 

The unexpectedly high fraction of soil-leached NO3
- in November is explained by the fact that we 537 

have only one data point in November 2018 when upstream discharge was particularly high (the 538 

discharge is 2440 and 1950 m3 s-1 in Oct. and Nov. 2018, respectively, much higher than the mean 539 

2017-2020 records, Fig. 7). This extreme discharge is most probably the reason for the higher 540 

than expected contribution of soil NO3
-, which is washed in from further up the catchment or 541 

eroded from banks whilst in flood; resulting in a relatively reduced contribution of urban NO3
-.  542 
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Unlike soil and urban contributions, fertilizer leaching varies monthly within the catchment, 543 

reflecting agricultural practices in the region  (Luu, et al., 2020). Traditionally, there are two 544 

cropping seasons in the Red River delta (November-May and May-November crops). Each crop 545 

requires several rounds of fertilizer application annually. Therefore, we observe less clear 546 

seasonality in fertilizer derived NO3
- as this is solely an anthropogenically-driven pollution source. 547 

However, relatively speaking, the magnitude of fertilizer leaching is less than that of manure and 548 

septic waste NO3
- (Table 3 and Fig. 7). This implies a strong impact of urbanization on NO3

- 549 

pollution, in particular, and water quality, in general. 550 

Conclusions 551 

The Red River delta is home to tens of millions of people who rely on the catchment as their 552 

primary water resource for industry and agriculture. This critical resource is rapidly becoming 553 

impacted by anthropogenic activities and nitrate pollution is thought to be negatively influencing 554 

the metabolic state of much of the Red River delta.  555 

This study highlights the advantages of using stable isotopes for tracing NO3
- sources and 556 

identifying the biogeochemical processes in aquatic ecosystems responsible for transformations 557 

of N. Isotopic variability of water and NO3
- highlights intense biogeochemical activity and complex 558 

anthropogenic inputs (both agriculture and urbanization) within the Red and Day River systems. 559 

Nitrate in the Red River delta is derived from soil leaching and anthropogenic inputs (NH4
+ 560 

fertilizer application and domestic waste discharge).  561 

Urbanization contributes a large fraction of total NO3
-; sometimes higher than 50 % of total load, 562 

as seen in the middle section of the Day River during dry season. High inputs of domestic waste 563 
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result in heterotrophic conditions (Salgado, et al., 2022); low dissolved oxygen, as clearly 564 

indicated by enriched 18O-NO3
-.  565 

This research underlines a broader, and rather pressing, concern — despite being autotrophic in 566 

nature, high inputs of degradable organic matter have compromised the river's oxygen levels. 567 

This oxygen undersaturation coupled with high NO3
- loads poses a dire threat to water quality 568 

and, by extension, to the health and well-being of millions who rely on this river system. 569 

Our approach to assess the aquatic metabolism state using nitrate and water isotopes is an 570 

indirect proxy and remains to be tested with an actual investigation of dissolved oxygen stable 571 

isotopes in future. 572 

Based on this work we can propose a simple mitigation strategy to help manage NO3
- 573 

contributions to the Red River catchment when it is most vulnerable to NO3
- pollution. This would 574 

target the dry season and would involve the pumping of water from the Red River’s mainstream 575 

into the Day River’s upstream section during dry periods. This would have the impact of diluting 576 

the Day River with less polluted waters and elevating to some extent the impact of urban 577 

pollutants. As the dry season is also a period of maximum irrigation within the Day River, this 578 

would also enable more water to be pumped into paddy fields in order to fertilize the spring crop. 579 

This re-distribution of water would in fact be re-establishing natural linkages between the river 580 

systems. Only since French colonization (100 years ago) was a dam built to prevent inundation 581 

into Hanoi  (Trinh, et al., 2007), disconnecting the Red River from the upper Day River. A managed 582 

reestablishment of this connection appears a relatively straightforward strategy for mitigation of 583 

NO3
- pollution and ecosystem damage. 584 
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Fig. 1: Mean ± standard deviation of dissolved oxygen (DO) and nitrate (NO3
-) concentration in 702 

water samples at different monitoring sites. 703 
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Fig. 2: 18O-NO3
- vs 18O-H2O indicating a positive relationship (p-value = 6.8E-4 << 0.05) between 706 

2 variables in which 18O-NO3
-/ 18O-H2O is 0.678 (approx. 2:3). According to (Snider, et al., 2010), 707 

the intercept of regression line represents approx. 1:3 of the mean of 18O-O2 => the mean ± SD 708 

of 18O-O2 in the Red River delta is 15.64±3.94 ‰. This value is lower than the 18O-O2 in 709 

equilibrium with atmospheric oxygen (24.2 ‰). Thus, this calculation is another indicator that 710 

P>R in the Red River delta although DO level is mostly undersaturated. Another explanation for 711 

the low calculated 18O-O2 is that isotopic fractionation of cumulative respiration in the Red River 712 

delta is low due to the contributions of such SOD, COD, and anoxic wastewater fluxes which 713 

indiscriminately consume heavier and light isotopes. 714 


