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PREFACE

This report describes a special study carried out as part of a project entitled ‘Groundwater
development in altuvial aquifers’, Project R5561 (93/2), under the Overseas Development
Administration (ODA) Technology Development and Research (TDR) programme of technical
assistance to developing countries. The impact of urbanisation on alluvial aguifers is a worldwide
problem. The water balance and water quality of the alluviums can be affected and degradation
of the resource can occur. This report 1$ one case history of such an occurence.



EXECUTIVE SUMMARY

Groundwater is the source for urban water supply for the city of Hanoi. This water is obtained
from well fields, both within and immediately outside of the urban arca, which pump from the
semi-confined ‘Hanoi’ aquifer.

As a consequence of the increase in population and the improved urban water supply coverage,
groundwater abstraction has increased considerably since the 1950s and 1960s and this has
resulted in a depression of the water levels around the main well fields.

The depression of the water levels in the Hanoi aquifer has induced substantial recharge both as
leakage through the overlying semiconfining layer and as seepage from the deeply incised Red
River channels. Concemn has been expressed that this induced recharge may result n a
deterioration of groundwater guality since most of the ¢ity’s urban water (both wastewater and
solid waste) are disposed to the ground or to surface water courses through which recharge
occurs.

The results of this study are as follow:- (i} all the groundwater beneath Hanoi has been replaced
by modern (post 1950s) recharge, (11} some slight increase in chloride and bicarbonate has been
observed in both the shallow and deeper aquifers beneath the city and are believed to be
associated with urban waste disposal, (iii) significant concentrations of ammonia are observed in
both the shallow and deep aquifer, especially to the south of the city. The cause of the ammonia
is unclear, although a natural source is possible, (iv) the good quality of the groundwater in the
Hanoi aquifer is maintained because of high natural infiltration rates and substantial recharge from
the Red River.

Groundwater quality is considered unlikely to deteriorate substantially in the near future.
However, whilst the outlook is positive it is important to (a) continue monitoring to provide early
warning of any changes to the groundwater system and (b) give consideration to the local
geology/hydrogeology when implementing development plans (for example the design/location
of landfilis).

The work described in this report was camried out as a special study under the project
‘Groundwater development in ailuvial aquifers’. The project was funded by the United Kingdom
Overseas Development Administration under its Technology Development and Research
programme (Project R5561).
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1. INTRODUCTION

This report details work carried out in Hanoi, Victnam from August 1994 to August 1995 and forms part of
an Overseas Development Administration (ODA) funded, Technology Development and Research (TDR)
project studying various aspects of unconsolidated sedimentary aquifers. The project was carried out in
collaboration with the Hydrogeological Division No:2 of the Geological Survey of Vietnam (GSV).

The objectives of this sub-project were to (i) characterise the baseline chemistry with respect to morganic
chemical and isotopic analysis, (ii) assess the risk to groundwater quality posed by urbanisation and
(iii) predict any long-term trends.

Before 1954 groundwater from deeper aquifers was supplied to relatively few people in Hanoi; most of the
local people used surface water or shallow dug wells. Since independence, abstraction has increased rapidly
(see Figure 1) from 141,000 m*/d in the 1960s to 164,000 m>/d in the 1970s and to present day rates of
410,000 m*d. The projected abstraction rate by 2010 is 685,000 m*/d. Given the importance of
groundwater for the city, concern has been expressed about possible degradation of this resource as a result
of deterioration in quality. The main concerns are pollution caused by:

i) On-site sanitation systems.
i) Domestic and industrial wastes discharged to surface water courses.
iii) Disposal of solid wastes to Iandfill sites.

2. REGIONAL SETTING

The city of Hanoi, the capital of the Socialist Republic of Vietnam, is situated in the north-east of the country
and lies close to the Red River near the centre of the Bacbo Plain. The resident population of the city is about
3 million whilst another 1 million people commuting into the city every day. The capital is an important
industrial centre for the country,

Hanoi is underlain by 50-90 m of unconsolidated sediments of alluvial and marine origin. These sediments
contain large volumes of water and aquifers within these deposits are used for the city’s water-supply. The
main source of groundwater is the Hanoi aquifer. This aquifer is semi-confined and is overlain by at least
20-40 m of semi-permeable sands, silts and clays. The majority of the population have access to treated
water supplied by 9 large well fields in and around the city. The volume of groundwater currently pumped
is 410,000 m%d of which 80% is for public supply and the balance, abstracted by private boreholes, is mainly
for industrial use. Recently, as a result of the improved public supply system, the private groundwater
abstraction for industry has reduced by 20-30%. Despite the large volumes of water available in the Red
River, groundwater is preferred because of the high cost of treating the turbid river water.

The city is unsewered, with liquid waste being disposed of via open drains running along the edge of the roads
to man made drainage canals or tributaries of the Red River. The To Lich and Lu Rivers are the main waste
water courses in the urban area. Solid waste is swept into the streets every evening and collected by lorries
which transport it to one of the landfill sites in the area. These sites are unlined and rely on the underlying
clay layers to prevent seepage to the aquifer, A landfill site located on the eastern bank of the Red River has
recently been abandoned because of evidence of groundwater contamination.
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The climate is characterised by two distinct seasons; a rainy hot season (May-October) and a dry-cool scason
(November-April). Mecan annual temperatures in the rainy scason are 29°C and in the cool season, 16°C.
Rainfall amounts vary, but the long term average is nearly 1700 mm (1983-1990). On average, 86-90% of
the annual rainfall occurs within the rainy scason.

The long term average evaporation rate is 1025 mun; recharge from rainfall is restricted to the rainy scason,
during the dry season cvaporation exceeds rainfall and consequently no infiltration from rainfall to
groundwater occurs.

The Red River is the most important river of the northern part of Vietnam and drains large areas of Yunnan
province, SW China. Its nver channel, near Hanot, is deeply incised and in places has cut down to expose
the underlying semi-confined Hanoi aquifer.

Flow in the Red River is also greatly affected by seasonal changes, it's average level in the wet season is about
10 metres and in the dry scason is about 2 metres above sea level.

3. GEOLOGY AND HYDROGEOLOGICAL UNITS
3.1 Description and Classification of Deposits

The Bacbo Plain is a large, flat sedimentary basin consisting of Quaternary sediments of alluvial and marine
ongin resting on Tertiary deposits of Neogene age. The arca of the basin is some 11000 km?* (Figure 2).

The Quaternary and upper Neogene deposits consist of sands, gravels and cobbles interbedded with finer
layers of clay, silt and sand. The total thickness of the deposits exceeds 400 m whilst individual sand and
gravel layers can exceed 30 m; the sand and gravel beds are usually channel deposits and are lenticular in
form. In addition, climatic changes, with associated sea level oscillations, have produced rapid lithological
changes within a vertical sequence. As a consequence the geology is complex with considerable variation
in lithology, both laterally and vertically, within short distances. A more detailed description of the geology
is described in NguyenVan Dan and Tran Minh (1992) and Mathers et af (1996).

The layers within the unconsolidated strata have been classified into different hydrogeological units (Table 1).
In this report the aquifer system for the Quaternary deposits has been simplified to an upper and lower
aquifer system. The Upper Aquifer System (UAS) comprises one or two minor aquifers separated by less
permeable clayey layers or aquitards. The UAS is exploited for water to only a limited extent, mainly by
shallow dugwells for domestic supply and irrigation. The importance of the UAS is not due to the quantities
of water abstracted from it but because it is through this layer that most of the recharge to the Lower Aquifer
System (LAS), the main source of water for Hanoi, occurs.

3.1.1  The Upper Aquifer System (UAS)

The UAS typically comprises up to 70 m of sands, silts and clays although 20-40 m is more common. Two
permeable layers (minor aquifers) have been recognised within the UAS; a shallow Holocene aquifer which
is essentially unconfined and a deeper semi-confined aquifer of Pleistocene age. There is considerable
variation in the thickness of these layers due to the meandering of the river channel and changes in river
levels; at some localities only one aquifer is present. A geological cross-section beneath Hanoi shows the
variation in thickness of the UAS (Figure 3).
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The UAS acts as a semi-confining or 'leaky' layer to the underlying Hanoi aquifer or the LAS. The degree
of hydraulic continuity between the upper and lower aquifer systems depends on the lithology. Given the
variability in the lithology of the strata and the lateral discontinuity of individual layers, the amount of water
that can leak through the UAS is also highly variable. In the Yen Phu area, close to the Red River in the north
cast of the city, the three aquifer units are almost in total continuity, (no infermediate clay layers), forning
a permeable ‘window' to the underlying layers. In this area the potential for rapid recharge to the Hanoi
aquifer is likely to be greater.

Likewise the transmissivity is variable; for the Holocene aquifer, transmissivity as delermined by pumping
test varies from 50-700 m%d (Tran Minh and Nguyen Van Dan, 1991). The specific yield of the UAS is of
the order 0.05-0.25.

3.1.2  The Lower Aquifer System (LAS)

The Lower Aquifer System is defined here as the Hanoi aquifer of Lower-Middle Pleistocene age. This 1s
the main water supply aquifer for the city of Hanoi and is a highly permeable sand and gravel aquifer.
Results of pumping tests performed on this aquifer indicate transmissivities in the range 700-2300 m?d and
a storage coefficient between .002-0.1 (Tran Minh and Nguyen Van Dan, 1991). The storage coefficient
clearly indicates the aquifer, at least in some arcas, is semi-confined (Tran Minh and Nguyen Van Dan,
1991).

Prior to independence in 1954, groundwater development of this aquifer was limited. The bulk of the
population obtained their water supply from either shallow wells or from surface water sources. Since the
1960s, groundwater development for the city has increased with 9 major and 12 minor well-fields currently
pumping 330,000 m*/day to the city’s water supply. In addition more than 80,000 m*/day is pumped from
private boreholes used mostly for industrial water supply.

Inresponse to this pumping, groundwater levels (piezometric levels) in the LAS have declined. The cones
of depression produced are, not surprisingly, greatest around and close to Hanoi where the well-fields are
located (Figure 4). Water levels in the UAS have also declined but less than in the LAS and a significant
head difference between these two aquifer systems now exists (Figure 5).

The LAS receives substantial recharge from the Red River (and other surface water courses) especially where
the semiconfining layer is either thin and/or relatively permeable or absent altogether. Evidence of leakage
from the To Lich river and from the Trucbach, West and Quangba Lakes has been seen in some arcas (Tran
Minh and Nguyen Van Dan, 1991).

*The Hanoi aquifer is underlain by a sand of Neogene age, ( unconsolidated at its junction). Its piezometric
level, when not influenced by pumping is between 1 and 3.5 metres below ground level. The Neogene sands
although much less permeable than the overlying strata can be considered to be water-bearing in some areas,
particularly in the central and southeastern region of the city and is likely to be in hydraulic continuity with
the Hanoi aquifer. The water pumped from the Neogene sand is mostly fresh, but at some localities brackish
water occurs which could adversely affect water quality in the Hanoi aquifer.
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3.2 Evolution of Groundwater System

Prior to the development of the Hanoi aquifer and the abstraction of large volumes of groundwater in the
second half of the 20th century, the aquifer system must have been largely static. The flat, low-lyving and
extensive plain precludes the existence of steep, natural groundwater gradients, hence groundwater velocities
in the LAS would have been low, probably in the range 10-100 m/a. Flushing of the aquifer by recent
recharge would have been limited and groundwater in the Hanoi aquifer may have been several hundred years
old.

Originally vertical groundwater gradients are likely to have been upwards (but low) within the centre and
lower reaches of the plain . Active groundwater circulation being mainly restricted to the shallow layers in
response to abstraction from shallow wells and to discharge to and recharge from rivers (Figure 6a).
However, as the Red River also penetrates the LAS, recharge of this aquifer via the river would occur.

Following the drilling of boreholes to the LAS and the large scale abstraction from the Hanoi aquifer in the
1960s and 1970s, vertical groundwater gradients would have been reversed and leakage from the UAS to
LAS induced (Figure 6b). The evolution of the flow system and reversal of vertical gradients is similar to
that described for the city of Hat Yai in Thailand (Lawrence ef al, 1994). This conceptual model suggests
that some of the groundwater initially pumped from the Hanoi aquifer would have been relatively old water.
Given the large volumes of groundwater pumped from the deeper aquifers (Figure 1) a front of modem
recharge will have migrated downwards through the UAS in response to this abstraction. The quality of this
modern recharge and its rate of movement downwards are critical factors in any assessment of the long term
impact on groundwater quality in the Hanoi aquifer.

The approximate storage capacity of the two aquifer systems has been calculated to be 315 million m® for
the top aquifer and 630 million m® for the main aquifer (assuming that the top aquifer has a porosity of 5%;
the lower aquifer has a porosity of 10%; that both are each about 30 metres in depth and the area of urban
pumping is 210 km?). The total abstraction over the last 84 years has been about 3.5 billion m® and it is clear,
therefore, that the bulk of the water pumped today will be recently recharged. With such considerable
volumes of groundwater pumped, over a relatively small area, rates of downward leakage are likely to be high
{~1-5 m/a).

3.3 Sources of Recharge

Recharge in the early part of the 20th century would have occurred mainly in response to the rise of the river
level, both for the UAS and the LAS, however as a result of urbanisation, increased abstraction rates and the
subsequent lowering of water levels, new sources of recharge were created.

The sources of recharge and their relative importance and quality are listed in Table 2. The potential for
recharge is considerable given the relatively high rainfall and the large volumes of surface water. Recharge
1s likely to be limited more by the rate at which infiltration can occur and the thickness of the unsaturated
zone, than by the availability of potential recharge. Infiltration will be greatest where the subsurface layers
are more permeable and where the water table is relatively deep. The latter condition exists around the major
wellfields where a significant lowering of the water table in response to induced leakage to the deeper aquifer
oceurs.

Whilst impermeablisation of the catchment within the urban area is likely to reduce direct infiltration from
rainfall, this is likely to be more than offset by increased recharge from leaking water mains and on site
sanitation systems. For most cities especially those that are either unsewered or only partly sewered, urban
recharge is normally significantly higher than the pre-urban or 'natural' rate (Foster ez al, 1994).
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4. SAMPLING AND ANALYTICAL METHODS
4.1 Sampling Strategy

The work programme for sampling was initiated in June 1994 following a visit by British Geological Survey
(BGS) staff to train counterpart staff, from the Hydrogeological Division No:2, in field analysis and sampling
techniques.

For the urbanisation study, an arca of some 150 km? bounded by the Nhue River in the west and the Red
River in the east was designated (sce Figure 7). The majority of boreholes sampled were either observation
holes (part of the Hanoi Monitoring network) or public supply boreholes. All of the public supply wells
pump from the main aquifer, but many of the sites for the Hanoi monitoring network have multiple boreholes
within only a few metres of each other, penetrating each aquifer system. Samples taken from the UAS reflect
the most recent effects of urban recharge; those from the LAS provide insight into the extent of migration
of the plume of recent recharge. Surface waters were also collected from waste water canals, lakes and
rivers, as these are potential recharge sources. Site locations were chosen to provide an even distribution of
all water types across the arca (see Figures 7 and 8) in order that a general overview of the groundwater
quality could be obtained.

In an attempt to characterise the baseline hydrochemistry, samples were collected to fall on two cross-sections
extending to a maximum of 35 km from Hanoi city (see Figure 9). The sites were mainly used either for
domestic supply or irrigation, although some observation boreholes for the Bacbo Plain monitoring project
were also used. Outside the city the choice of sites for sampling was very limited, all were located in close
proximity to either extensively cultivated land or villages and small towns and it is likely therefore that they
are influenced by anthropogenic factors,

The groundwater samples collected and on-site measurements carried out, represented as closely as possible
the in-situ conditions of the aquifer. Where a borehole was not regularly pumped, it was flushed to waste for
at least 30 minute so as to purge any stagnant water before sampling commenced, (a portable electric
submersible pump was used where there was no permanent pumping mechanism). All sampling was carried
out as close as practicable to the headworks and prior to any treatment. Where possible pH, Eh, temperature
and dissolved oxygen (DO,) were determined using an in-line anaerobic cell. Alkalinity and conductivity
were also measured on-site.

A total of 98 boreholes were sampled during the period from June 1994 until March 1995, of these 28 sites
sampled the upper aquifer (JAS) and 60 the main Hanoi aguifer (LAS). Ten surface water samples within
the urban area were also collected, The majority of samples from the urban study arca were analysed at the
Vietnamese Geological Survey laboratories; the baseline samples were returned to the laboratory at
Wallingford for analysis.

4.2 Sample Type and Analytical Methodology

During the two visits by BGS staff in June 1994 and February 1995 duplicate samples for inorganic chemical
determinands were collected for interlaboratory comparison of data. For this study two samples were collected
for analysis at Wallingford, both were filtered on-site (0.45.:m) into plastic acid washed bottles and one was
acidified to 1% v/v HINO,. Acidification of the sample is particularly important where determination of iron
is required, but it also acts to stabilise other metals by discouraging precipitation and reducing their
adsorptton onto the container surfaces. In June the GSV collected a pair of unfiltered samples for their
analysis, one in a plastic bottle which remained unacidified and one in a glass bottle which was acidified for
iron speciation analysis. For the second interlaboratory sampling the GSV samples were standardised with
those of the BGS. The results from this study are described in Section 4.3.
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At selected sites samples were collected for the determination of stable isolopes (§H, 8'*0 and 8"°C,..) and
total organic carbon (TOC) and returned to the UK for analysis. See Table 3 for further details of sample
collection and preservation.

421 BGS laboratory

An ARL 34000C simultancous inductively coupled plasma optical emission spectrometer (ICP-OES) was
used for the analysis of the following: Na, K, Mg, B, Li, SO,, P,..., Si, Sr, Be, Ba, S¢, Y, Mn, Co, Fe,,,, Zn,
Cd, La, Cu, Zr, Cr, Ni, Mo, Al, Pb. Chloride, total oxidised nitrogen (TON, but also interchanged with NO,
assuming that NO, is insignificant), and ammonium were determined on the filtered and unacidified sample
by automated colorimetry (using an Auto-Analyser II system) based on classical colorimetric methods. With
each batch of samples the accuracy of the analysis was ensured by the inclusion of an independent quakity
control solution.

A Dionex 20101 ion chromatograph was used to establish the accuracy of the SO, data for the first
interlaboratory comparison. This also produced duplicate results for Cl, P, and SO,, and data for the
additional elements of Br, and NO,.

Stable isotopes were measured by mass spectrometry and TOC was determined by use of a TOCSin Il
aqueous carbon analyser which comprises of oxidation by combustion followed by a flame ionisation

detection step.

422  Geological Survey of Vietnam, Hydrogeological Division No: 2 laboratory

A flame photometer was used for determination of the cations, sodium and potassium, whilst calcium and
magnesium were analysed by complexation titrations. The anions SO,, HCO,, and Cl were analysed by
complexation titration, acid-base titration and titration with AgNO; respectively. The nitrogen species,
ferrous and ferric iron and manganese were analysed using classical colorimetric methods followed by
detection using UV-VIS Spectrophotometry.

The unfiltered and unacidified sample was used for the analysis of all determinands except the iron for which
the unfiltered acidified sample was used. Whilst it is possible to determine the two species of iron by
colorimetric spectrophotometry, it is doubtful that the true speciation of the in-situ groundwater is being
measured when both are determined from one unfiltered and acidified solution (see Section 4.3 below).
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4.3 Assessment of Data Quality
4.3.1 Laboratory analysis

In June 1994, 21 duplicate samples were collected in order that an interlaboratory comparison of the
analytical data could be carried out. The samples collected have already been described in Section 4.1, As
aresult of the findings from the first study a further 24 samples were collected by both groups i February
1995 for analysis.

Results from the first comparison of data are shown in Figure 10. Very good agreement was observed for
Na, Ca, Mg and Cl and the correlations were reasonably good, for NH, and Si although there was significant
scatter around the 1:1 line.

For iron the sum of the Fe®* and Fe** data reported by GSV was compared with the Fe,,,, data from BGS.
Most of the values correlate well, but there is a positive bias towards the GSV data. This is probably because
the samples collected for analysis by the GSV laboratory were not filtered before acidification. Where
dissolved metals are to be determined it is important that all samples are filtered through a 0.45.m filter, to
remove suspended matter, before acidification. Suspended matter may include particles of rust derived from
pipework and this, if acidified and dissolved in the sample would produce a false high reading, which s not
representative of aquifer conditions. The solubility of iron minerals is strongly influenced by pH and redox
variations, with ferrous iron being dominant under reducing conditions. If the iron speciation data is to be
meaningful for hydrochemical interpretation it is essential that the sample for ferrous iron analysis is
stabilised in some way immediately after sampling (Cook and Miles 1980}, as the very act of pumping the
water to the surface disturbs the redox equilibria obtained at depth and induces oxidation of the sample.
Stabilization of ferrous iron may occur in organic rich waters as it forms complexes with the organic water
and is therefore held in solution at a much wider range of redox conditions. This could explain the continued
presence of ferrous iron in some of the samples analysed at the GSV laboratory.

There is a large discrepancy in the data for manganese, this was thought to be as a result of the manganese
dropping out of solution prior to analysis as the GSV sample was not acidified. The potassium data also does
not compare well. This is surprising as K in solution is normally reasonably stable and the sodium data
determined by the same method shows good correlation with BGS data. The randomness of the data implics
that there are no systematic analytical problems, an error may have been introduced, perhaps from
contaminated sample bottles or laboratory glassware.

The sulphate data showed poor agreement. The ICP-OES method used at Wallingford assumes that all of
the sulphur in the sample is present as SO,, which is not always the case in reducing waters. If sulphide is
present in the water analysed it causes enhanced signals as it is more volatile in the plasma. To confirm the
accuracy of the results the samples were re-analysed at Wallingford by ion chromatography. Figure 11 clearly
demonstrates the good agreement between the two methods used at Wallingford

Only six values were quoted by GSV for NO, . Five of the points fall quite well on a 1:1.5 BGS:GSV line.
This may be as a result of a systematic analytical error, but, unfortunately no data was reported by GSV for
the second interlaboratory study for a further comparison to be made.

The first comparison of data was very encouraging. Seven out of the eleven elements correlated well and
where differences did occur it may have been due purely to sampling and storage techniques. For the second
interlaboratory study and any subsequent sampling carried out, it was recommended that all samples be
passed through a 0.45.m filter and that the sample for minor and trace metals be acidified to 1% v/v with
high purity HNQ,. The importance of acid washing bottles to minimise contamination from one sampling
trip to the next was also discussed.
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Data from the first interlaboratory study
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Results form the second interlaboratory study are displayed graphically m Figure 12, Sulphate and potassium
still show very bad agreement, but manganese now correlates well.

4.3.2  Field determinations

Unstable parameters (pH, Eh, temperature, HCO,, and DO,) were measured on-site as was specific electrical
conductance (SEC). Counterpart staff were trained for sampling techniques and the use of field equipment
including the calibrating and quality control regime to be adopted. Unfortunately the frained staff were not
always available to carry out the field sampling and the procedures ensuring the quality of the on-site
determinations and sampling were not carried out. As a result, particularly for the samples collected in March
1995, the field data was unreliable and the samples appeared not to have been filtered correctly prior to
acidification. Whilst this data has been included in the data set their absolute values must be viewed with
caution.

5. GROUNDWATER QUALITY
51 Background

Urbanisation has important implications for groundwater quality as a result of both modification to the
groundwater system and the introduction of additional sources of recharge. The quality of water recharging
the aquifer beneath a city will largely depend on the source. For example, leaking water mains are generally
a major source of recharge beneath cities and the quality of this water is usually excellent. This source of
recharge will have a positive impact upon the quality of the underlying groundwater and will help dilute any
urban derived contaminants. Conversely, seepage from on-site sanitation systems, another major source of
urban recharge in unsewered cities, is normally of poor quality and leads to increasing chloride and nitrate
concentrations m the underlying groundwaters.

In addition to the quality of the recharge source and its relative contribution to the overall urban water
balance, physiochemical transformations of the recharging water during migration to the aquifer will also help
determine the impact on groundwater quality. Various processes are possible and include degradation (eg.
reduction of nitrate to nifrogen gas}, sorption (eg. phosphate and some organic-metal complexes to clay
minerals) and precipitation (eg. various metal ions). Previous studies have shown that there can be a serious
deterioration in groundwater quality beneath many unsewered cities, including rising concentrations of nitrate
{or NH,), chloride and bicarbonate (Morris ef e/, 1994).

The objectives of the Hanoi study were:

(a) to understand the groundwater system beneath Hanoi and how it evolved;
(b) to assess the impact that urbanisation and its associated groundwater development has had on water
quality beneath Hanoi,

{c) to predict future water quality trends.
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Correlation of data from the second interlaboratory study.




5.2 Baseline or Natural Groundwater Quality

The baseline or natural groundwater quality is defined here as the quality of the groundwater prior to
significant abstraction and the modification of water quality by anthropogenic sources.

Within the Hanoi area, groundwater abstraction has removed a volume of water equivalent to three times
that stored in UAS and ILAS. This has ensured that the groundwater presently pumped from the LAS
is of modern origin (certainly post 1950s and probably post 1970s) and has replaced the original water
which was many hundreds of vears old.

Natural water quality can therefore only be obtained from boreholes outside of the area of influence of
pumping of the Hanoi well fields (Figure 9). However, there are few boreholes that are available for
sampling outside of the city and of these some Jack basic data on well design and depth and others,
particularly those that penetrate the UAS only, have no pump. Although rates of pumping in thesc
boreholes are much lower than for those in the urban well fields, it is still possible that even the quite
limited pumping may have induced modern recharge and modified the water quality. The lack of sewage
disposal systems in the villages and the use of chemical fertilisers and manures are all potential sources
of contamination in this modern recharge.

Outside of the area of significant urban groundwater abstraction the LAS is recharged by lateral
movement of low salinity water from the Red River. Infiltration from the UAS is unlikely as there is
little head difference between the two aquifers, except where leakage is induced by pumping. Close to
the river the groundwater in the LAS is probably recent due to interchange of water from the river
system. Further away from the river system the water will become progressively older and a trend from
CaHCO; to NaHCO; to NaCl dominated water types has been observed (unpublished GSV map).

Maps of selected elements for the top and main aquifers are shown in Figures 13-16 and a comprehensive
table of ail chemical data is listed in Appendices 1 and 2. A brief discussion of three ion species CJ,
HCO; and N and their distribution outside the city is given below:

5.2.1 Chloride

The data for the UAS is rather sparse, however of the four sites sampled to the east of the Red River,
three have a chloride concentration greater than 100 mg/1 (Figure 13). This may be an indication that
baseline levels are reasonably high. Chloride concentrations in the LAS are on average lower outside
of the city. Two sites along the baseline cross section in the main aquifer (Q36 and Q127a) are
dominated by the chloride and sulphate ions rather than bicarbonate ion characteristic of the LAS and
may indicate leakage from the more saline upper aquifer.

5.2.2  Bicarbonate

Bicarbonate concentrations are significantly lower in the main aquifer to the east of the river, at around
150 mg/1 (Figure 14) , compared to the average in the urban area of 250 mg/l. A couple of sites to the
west of the city have elevated HCO; values as compared to the typical baseline concentration, perhaps
an indication of leakage from the higher carbonate waters of the UAS. The pattern in the concentrations
in the upper aquifer compare with those of the LAS in that the concentrations to the east of the river are
again lower than those to the west,
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523  Nitrogen species

Ammonium concentrations above the WHO guide value of 0.2mg/l were found in the majority of the
samples collected from both the urban and rural areas (Figure 15). However nitrate is undetectable in
all but a few sites (Figure 16). This is consistent with the anaerobic nature of the LAS (where any NO,
present is likely to be reduced to NH,) and the high organic component of the UAS, whether naturally
occurring as peat layers or as a result of the continuous application of animal wastes to the agricultural
areas.

53 Water Quality within the Hanoi City Area

The rapid increase in abstraction rates (Figure 1} has caused large cones of depression to develop around
the main wellfields (Figure 4). There is concern that this could induce recharge of poor quality water
as a result of urban wastewater disposal. The cones of depression are so pronounced that the natural
groundwater flow regime in both aquifers (north-west to south-east)no longer exists; any contaminants
that percolate through the upper layers will no longer be flushed through laterally but will remain
trapped, moving downwards in response to pumping. Calculations have shown (Section 3.2) that the
amount of water abstracted in the last 84 vears far exceeds the storage capacity of the two aquifer
systems, it must be assumed therefore that the water pumped today is of very recent origin.

531 Chloride

Elevated chloride concentrations can be an indicator of contamination, however as mentioned in
Section 5.2 it is thought that the baseline concentration for the UAS is also high. This makes it difficult
to assess whether high chloride concentrations in groundwater beneath the city are a result of
anthropogenic activity or due to incomplete flushing of older water from the system. In the urban area
(Figure 17) the highest chloride concentrations (i.e. all above 100 mg/l) ocecur to the south near to Tuong
Mai pumping station where clay layers above the main aquifer are thickest. It is possible that either 'old'
waters trapped between the clay layers have not been fully flushed by pumping or that contaminated
waters have migrated from the surface. The thick clay layers appear 1o effectively protect the underlying
Hanoi aquifer since chloride concentrations immediately beneath this area are not high.

The Red River is a significant source of good quality recharge water and this can clearly be seen in
Figure 16 where the lower chloride concentrations are found at those sites closest to the Red River. This
natural regime is to be exploited soon by the development of two new wellfields along the flood plain
which will purposely induce leakage from the river and make use of the natural filtration afforded by the
alluvial deposits to remove microorganisms and the high suspended load in the river.

The To Lich and Lu Rivers, the main waste water canals for the city, have the highest chioride of the
surface waters sampled. The To Lich River gradually increases in concentration downstream from
25mg/], just south of Ngoc Ha pumping station, to 58.5 mg/l at its junction with the Nhue River. The Lu
River sample also contained about 50 mg/l Cl (Appendix 5). These values, although significantly higher
than those found in the Red and Nhue Rivers, are not elevated enough to cause enhancement of aquifer
concentrations as a result of downward leakage, given that there will be considerable dilution from other
sources of recharge. The Red River and the leaky public water supply system, in particular, provide large
volumes of good quality recharge water.
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5.3.2 Bicarbonate

Bencath unsewered citics it is not unusual to find a significant increase in HCO, as a result of production of
CO, from the oxidation of the increased organic load. This organic matter is derived from wastewater
disposal to both the ground and to surface waters. Within the urban area of Hanoi the groundwater in the top
aquifer has slightly higher concentrations of bicarbonate than the lower aquifer, which may be an indication
of a small enhancement due to urban wastewater disposal. Total organic carbon (TOC) and "Cyyc (dissolved
inorganic carbon) were determined on samples from a selection of sites within the urban arca (all from the
LLAS except Lin Nam Thanhi) see Appendix 6. When HCO, and TOC are plotied against 3'°Cyye
concentration a strong relationship is seen between TOC and HCO, (sce Figure 18). As TOC concentrations
increase the potential for fermentations to CH, is greater, which results in arise in *Cp; and HCO,. This
is an indication that the HCO, in the water is derived from organic components (natural or anthropogenic)
and not water rock interaction. Qutside of the city bicarbonate concentrations are similar in both aquifer

systems (Figure 14),

5.3.3  Nitrogen species

Most samples were analysed for both NH, and nitrate as these parameters are important indicators of human
waste pollution. Nitrate was sither very low or undetectable in all of the groundwaters, but was considerably
higher in the samples taken from the waste water canals. Conversely ammonium in most cases was well
above the WHO guide value of 0.2 mg/! in the groundwaters (Figure 19) and undetectable (except for one
site) in the surface waters. This is consistent with the anaerobic nature of the LAS (where any NO, present
will be reduced to NH,) and the highly organic nature of the upper layers in the north west of Hanoz and the
4 urban districts of the city. The concentrations of NH, in both aquifers are similar; the data collected during
this study indicates that higher concentrations generally occurred in the LAS, whereas historical data (Tong
Ba Lan ef a/, 1996 ) indicates that the opposite is true.

There is an abundance of iron in the waters which in reducing environments will be present as Fe**. Nitrate
can be removed by reacting with iron in this oxidation state to form iron oxides and ammonia, the reaction
being accelerated by the presence of traces of oxygen. It is possible that this is the process taking place in this
area.

The areas where peat layers are thickest corresponds to the region of greatest combined clay layers above the
LAS. Figure 20 shows that in these regions the NH, concentrations are higher and that whilst some of the
nitrogen may be from anthropogenic contamination it is possible that the formation of NH, 1s due in part to
the naturally high organic content of the aquifer.

534  Other metals

The majority of minor samples analysed had either very low concentrations of minor and trace metals or were
below the detection limits (Appendices 3 and 4) It appears therefore that no heavy metal contamination is
reaching the aquifer systems. Organic rich soil is very efficient at sorbing metals and it may be that any
contamination that does enter the unsaturated zone is trapped within this layer and does not readily infiltrate
to the water table. The elements detectable in most of the samples were Si, Ba, Sr, Mn and Fe, which appear
to be naturally ocourring as there is little difference between the concentrations found in and outside of the
city and their concentrations in the surface waters, including the waste water canals are lower than in the
groundwaters. Of some concern is the level of iron in the waters. Whilst iron is not known to have any
directly detrimental effects on human health and is easily removed by aeration after abstraction, it can cause
well failure by clogging of well screens and pipe work.
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5.35 Stable Isotopes

With the aim of establishing the source of the groundwater beneath Hanoi a limited study of the stable
isotopes of deuterium (8?H) and oxygen (8'*0) was carried out. Samples were taken from sclected surface
water sites and from boreholes exploiting the UAS and LAS over the whole study arca. Sce Appendix 6 for
a tabulation of the data and details of site locations.

A plot of the data (Figure 21) shows a large range of values with some samples being 'light' (isotopically
depleted). The majority plot close to the Bangkok MWL (meteoric water line), but there is no distinct
grouping of the different groundwater types. This may indicate mixing of waters. A more extensive study
would need to be carried out in order to more {ully understand the processes involved.

6. DISCUSSION

The hydrogeology of the Hanoi and Bacbo plain area is complex and it has been difficult to define the natural
background chemistry. Access to the GSV Hanoi Monitoring Network database was granted but 1t was
decided that the inorganic chemistry data from the current sampling only would be used for interpretation to
preserve the consistency of the data set. The sparsity of data therefore, particularly for the upper aquifer, has
allowed only a general overview of the water quality to be obtained.

It is important to recognise that groundwater beneath Hanoi is a mix of water of different origins and
includes:

(1) good quality (low chioride) infiliration from mains leakage and rainfall
(i) poor quality (higher chloride) seepage from on-site sanitation systems and from wastewater canals
(ii)  good quality (low chloride) recharge from the Red River.

In areas close to the Red River or where the UAS is relatively permeable, complete flushing of the UAS and
LAS by modern recharge is likely. However, where thick clay layers are present within the UAS, flushing
by modern recharge may be less complete and some older, possibly more chloride-rich groundwaters, may
be retained. For these reasons ascribing with confidence, an origin to groundwater in such a complex system,
based on water quality is not possible. However some broad statements can be made.

(a) The substantial abstraction of groundwater from beneath Hanoi in the second half of the 20th century
has resulted in replacement of original groundwater by modern recharge due to induced leakage.

(b) There is some evidence of pollution in the UAS with slightly elevated concentrations of HCO, and
Cl. The extent of the pollution is surprisingly low given the high population density and the lack of
any formal sewage freatment system. This may be because the aquifer is recharged by much larger
volumes of good quality water (rivers, leaking public supply pipes and rainwater) than poor quality
water (leaking sanitary systems or waste water canals) or as a result of sorption of metals by the
highly organic soil layers.

{c) There is no evidence of groundwater contamination by metals derived from industry. Sorption of
metals to the highly organic soil and the normally neutral pHs of the groundwaters are contributing
factors,
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(d) Significant and troublesome concentrations of ammonia are observed in both the LAS and UAS,
especially to the south of the city. Whether this is predominantly due to the reduction of nitrate (1o
ammonia) from urban wastewaters or the oxidation of naturatly occurring organic rich peat layers
1s unclear although the association of higher ammonia concentrations in arcas where the peat is
thickest would suggest that the latter is more likely.

(e) A widespread and substantial deterioration in groundwater quality bencath Hanot is unlikely, at least
in the near future. It is important to consider the geology and hydrogeology in urban planning and
development to avoid problems of localised contamination, for example, the location and design of
landfills.

For the future it is essential that the groundwater quality in both aquifer systems is carefully monitored so
that any deterioration in water quality can be observed and acted upon. Monitoring of the UAS is especially
important since this provides an early warning of possible quality changes to the deeper aquifer that may be
caused by induced leakage. The Hanoi Monitoring Network already set up goes a long way to meeting this
objective, however a strict quality controlled procedure needs to be enforeed to ensure that data representative
of the water in the aquifer is obtained. Sampling can sometimes be the single largest source of error in a
hydrochemical study, and it is imperative that a strict regime is followed, (Cook, Edmunds er al 1989).

7. CONCLUSIONS

Large volumes of good quality groundwater present in unconfined and semi-confined aquifers underlie the
city of Hanoi, Pumping in the second half of this century has induced substantial leakage and the
groundwater beneath the city has been Jargely replaced by modern (post 1950) recharge. The high quality
of the groundwater, despite the lack of a sewerage system, is maintained because of the considerable
infiltration of low chloride recharge from the Red River and from leaking water pipes.

The increase in bicarbonate and chloride beneath the city indicates that incipient contamination of
groundwater by wastewater is probably occurring,

The main water quality concerns at present are high ammonia and iron. Ammonia which exceeds the drinking
water guideline value, has a health implication. Iron does not present a health problem, but can cause a bad
taste and staining. The iron is most probably of natural origin but it is uncertain whether the high ammonia
1s due to anthropogenic influences or is naturally occurring at such high levels.

Given the value of the groundwater resource to Hanoi it is important that the aquifers are protected. Such
protection measures include (a) giving full consideration to the underlying geology in planning urban
development (thus avoiding locating potentially polluting activities in areas where the underlying groundwater
is especially vulnerable) and (b) monitoring of groundwater to provide an ‘early warning' of water quality
deterioration.
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Locality 5150 52H 5°Cpe TOC

%00 Yoo Yoo mg/l
Surface Waters
Red River -8.3 -45 nd nd
Lu River -7.3 48 nd nd
To Lich River 4.3 -31 nd nd
Red River -10.4 -51 nd nd
West Lake -5.9 -35 nd nd
Nhue River 9.7 -64 nd nd
To Lich River -14.8 -60 nd nd
Top Aquifer (Qiv)
Lin Nam Thani -7 48 -17.1 2.2
P10b -9.3 47 nd nd
Pl4c -7.1 -51 nd nd
Pi2b -6.9 42 nd nd
P53b -8.8 -62 nd nd
P42b -71.2 -52 nd nd
P44b 4.3 -31 nd nd
P47b -9 . -63 -8.8 nd
Q68A -11.9 - 65 nd nd
P5%b -5.9 -34 nd nd
Main Aquifer (Qii.iii)
Centre for Protection Veg. nd - nd ~18.3 0.8
Mapping Division No: 462 nd - nd nd 2.0
Agricultural College nd nd -21.1 0.7
Floor Tile Factory No: 43a nd nd -14.1 1.2
Mechanical Equipment Factory  nd nd -16.2 2.6
Phang Army Camp -1.7 -32 -14.3 1.7
Tan Lap Dan Phong -8.5 -53 -16.4 6.5
Dan Hoai PS No:38 -5.8 -37 -13.9 2.4
Mining and Technical University -7.4 -51 nd nd
Yen Phu PS No: 17 -8.8 -56 -16.2 1.1
Medical University -5.8 -36 -10.6 3.4
Bach Mai PS -6.3 44 -12.7 3.0
Q37A : -6.3 -47 nd nd
Q34A -5.5 -48 nd nd
G1 Hoai Duc -5.4 42 nd nd
P10a -10.1 -56 nd nd
Pl4a -6.9 -46 nd nd
Pi2a -6.2 -43 nd nd
P53a -8.2 -52 nd nd
P42a -7.8 -50 nd nd
P44a -5 -36 nd nd
P47a -8.9 -61 nd nd
Q66B -7.4 -50 nd nd
Ngo Si Lien No:21 -8.9 -55 nd nd
Mai Dich No:5 -7.4 438 nd nd
Lung Yen No:7 -8.8 -57 nd nd
P59a -5.1 -38 nd nd
Neogene
P48N -6.9 -46 nd nd
P10ON -8.5 -44 nd nd
P44N -4.6 -33 nd nd

Appendix 6: Stable isotope and total organic carbon (TOC) data. nd= not determined



