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Summary 
 

The primary objective of this study is to practically apply geostatistical tools that can help 
to improve an evaluation of groundwater quality for a particular area. The Nam Dinh area, an 
area of 70 x 70 km2, located in the Southern part of the Red River Delta, was selected as a 
source for different data sets to be used as case studies. A set of geostatistical tools has thus 
been applied to the different real data sets which were collected from the coastal Quaternary 
aquifers in the different campaigns. This gives us a yardstick by which the success of a 
specific approach can be measured. Throughout the thesis a series of the case studies are, in 
turn, represented in order to get insight into and an understanding of what various 
geostatistical tools can do and, more importantly, what their shortcomings are. 

There are nine different methods of data analyses use in this thesis, which include: (1) 
Major Ion Comparison, (2) Graphic Plots, (3) Exploratory Statistical Data Analysis, (4) 
Variogram Analysis, (5) Spatial Estimation Using Kriging, (6) Cluster Analysis, (7) Principle 
Component Analysis, (8) Multivariate Regionalization Analysis, and (9) Contamination Risk 
Mapping Using Indicator Kriging.   

First, major ion comparison and graphic analysis are performed in order to get a general 
hydrogeochemical view of the collected datasets, before stepping into a further geostatistical 
approach. By these analyses, various groundwater types are observed and a general 
hydrochemical trend is visualized using Stiff- and Piper diagrams as well as site maps. The 
major ion ratios in relation to TDS concentration are compared to investigate the origin of 
water. It is demonstrated that a mixing process of fresh-brackish-saltwater interactions 
governs the groundwater chemistry in both aquifers. A general trend of increasing major ion 
concentrations from southeast to northeast and from west to east of the Nam Dinh area in the 
Pleistocene aquifer is detected. The fresh groundwater (< 1000 mg/L) in the Pleistocene 
aquifer is of Na-Ca-Mg-HCO3 type, whereas the dominant water-types in the Holocene 
aquifer and in the remaining part of the Pleistocene are Na-Cl and Na-Mg-Cl. Within the 
Holocene aquifer to two water-types are heterogeneously distributed in space. Contrastingly 
in the Pleistocene aquifer the Na-Ca-Mg-HCO3 fresh water body can clearly be distinguished 
from the saline water.  

Second, a statistical exploratory data analysis is applied to describe the important features 
of the data by which the character of a specific hydrogeochemical variable might be 
recognized. Deviations from the Gaussian probability model are detected and appropriate 
transformations for a formal analysis in geostatistics are selected. Since the Theory of 
Regionalized Variables (Mathéron 1971; short term: Geostatistics) assumes Gaussian 
distribution the hydrochemical variables used here are checked for normality. These analyses 
show that although the data are facing some problems such as outliers and they are very 
positively skewed at the linear scale, this can effectively be minimized by transforming the 
data to log-scale. However, for trace elements (e.g., Al and F) other transformations would 
have been necessary. The extreme values of several well known trace elements such as F and 
Al that still remain high in the dataset after log-transformation can, however, cause 
undesirable effects in the spatial estimation using Kriging and in principle component 
analysis, respectively. In consequence, these variables have not been considered in these 
analyses. Moreover, the results of these analyses show that the range of the major ions for 
both aquifers varies largely. The concentrations of Na, Mg, and Cl ions in the Holocene 
aquifer are, in general, higher than those in the Pleistocene aquifer. Except for a large number 
of analyses in the Pleistocene, taken from wells in the Southern part of the Nam Dinh area, 

 



TDS values exceeding 1000 mg/l are observed very often. Hence, some key variables of 
groundwater quality in this area such as chloride, iron, etc that frequently exceed the 
requirements for drinking water in concentration will preferentially be selected for spatial 
variability analysis. 

Third, both variogram analyses and Kriging techniques are used to spatially estimate a 
rectangular 36x36 estimation grid within an area of 70 x 70 km based on the sampled 
locations (85, 44 and 74 and 38 visited locations for the Pleistocene RS, the Pleistocene DS, 
the Holocene RS, the Holocene DS, respectively). These estimated values are then used to 
map the spatiotemporal variability of groundwater quality.  In practice, estimation of 
unknown values and mapping of concentrations of a specific variable can, of course, easily 
be created by many available software programs. However, error variances are always 
present in any estimation due to a level of uncertainty, so the reliability of how these 
estimates could be yielded has also been evaluated in this case study. A critical assessment of 
all possible variations, tightly related to the seasonal change, directional influence, spatial 
distribution and prediction error is conducted and concluded. The pure Nugget Effect on 
variogram of ΣFe variable suggests that the iron concentration exhibits no spatial 
dependency or at least only within distances smaller than the average sampling distance. This 
may be due to errors in measurement. For that reason, high estimation variances are produced 
which in turn reflect a low level of confidence based on the actual sampling pattern and the 
Fe-variogram.  Almost all the other variables can be estimated with a high degree of 
confidence. These have formed the basis for evaluating the spatial variability of the 
groundwater quality. The most interesting results obtained by this case study clearly illustrate 
that the salinity in the Holocene aquifer exhibits a local variability, whereas the Pleistocene 
aquifer shows some regional NW-SE striking structures. The considerable shrink of the fresh 
water zone and the quick elevation of the EC levels in the North-East in the short term period 
from DS 2002 to DS 2003 in the Pleistocene aquifer are remarkably striking. These raise major 
concern on the over-exploitation of the groundwater in the Nam Dinh area. However, the large 
recharge area in the South-West is revealed by a rapid drop in EC level. This may be 
significant for future groundwater development.  

Fourth, Cluster Analysis (CA), Principle Component Analysis (PCA) and Multivariate 
Regionalization Analysis (RA) are applied to three main datasets of all Quaternary aquifers in 
the Nam Dinh area to discover the relationships among measured hydrochemical parameters 
by which we can detect and regionalize major factors which have an impact upon 
groundwater quality. These approaches are also to overcome the plethora of data that is 
usually a common problem for any one who has already tackled groundwater data. In this 
case study both clustering and R mode principal component analyses are thus performed 
based on the following parameters: The log-transformed concentrations of all measured major 
ions and of NO3

-, NO2
-, NH4

+, PO4
2-, i.e. 11 variables from three different datasets of the main 

aquifers. By cluster analysis three classes of water types, ranging from freshwater to brackish-
saltwater types, are typically grouped. The three main factors dominating the groundwater 
quality are identified by the principal component analysis. The first factor reflects the 
salinization impact in groundwater. The second strongest factor for the shallow groundwater 
and the Holocene aquifer is represented by high factor loadings for sulfate. This might be 
explained by gypsum dissolution in the shallow groundwater, and by sulfate reduction in the 
Holocene aquifer. The third factor of the Holocene aquifer characterizes fertilization. These 
factors are then considered as regionalized variables for classifying the regional 
contamination types based on characteristic hydrochemical facies and respective processes. 
Maps of contamination types are generated based on Kriging estimation of the factor scores. 
The results obtained from these analyses have demonstrated a potential to understand the 

 



environmental processes and categorize the present problems. In particular, the case study 
shows that four dominated factors (salinization, gypsum dissolution, sulfate reduction, 
fertilization) are controlling the groundwater chemistry. The shallow groundwater in the 
Southern part of the Nam Dinh area near the coastline is strongly influenced by saline water, 
while the freshwater is dominating the quality in the other area. Adversely, for the Holocene 
aquifer saline water intrusion mainly originates from surface water bodies (rivers, drainages) 
rather than from seawater intrusion, and both sides of Dao and Day rivers are vastly affected 
by pollutants from agriculture. The salinization process is highly revealed along both sides of 
the Red River in the Pleistocene aquifer, typically at the Red River estuary, while it is a 
steadier picture in the Southern part of the study area. These reflect the fact that the Holocene 
aquifer groundwater is not well protected from anthropogenic impacts and natural influence, 
whereas the Pleistocene is less sensitive to agricultural contamination, but still much strongly 
influenced by brackish-salt water than the Holocene. Both saltwater intrusion and fertilization 
are two most striking problems in these aquifers. 

Finally, Indicator Kriging (IK) is performed to evaluate the risks of arsenic 
contamination. The focus of this approach is to assess contamination risk expressed as 
probability of exceeding threshold- values. The region may thus be subdivided into “safe” 
and “unsafe” zones on the basis of probability maps which mark contaminated all places 
where the risk of arsenic contamination exceeds a given threshold for drinking water 
purpose. The case study is applied to two arsenic datasets with different errors which are 
collected from two campaigns and different sites in the Nam Dinh area. Its results show that 
the high risk of arsenic contamination for the Holocene aquifer is distributed as two patches 
in the middle part of the Nam Dinh area extending in a generally W-E direction, whereas the 
highest risk of arsenic contamination for the Pleistocene aquifer mainly concentrates in the 
North-West zone of the study area expending in S direction.  

By this case study, it is shown that Indicator Kriging is a useful method which has some 
advantages for many contamination studies. Firstly, it is well known as the non-parametric 
technique which can be appreciably used when a dataset does not reach normal shape or 
nearly normal shape as in this situation. Secondly, the outlier problem that often exists in any 
analysis can be overcome when applying this method. Thirdly, it can be applied in practice to 
delimit a study area into “safe zone” or “unsafe zone” from which decision-making on the 
water supply can be decided for the remediation of a contaminated water source or selecting 
an appreciative source for exploitation. The two significant procedures produced by IK 
method involve E-type and probability estimators. The E-type estimator produces the most 
probable estimate. In addition the local probability function of the variable under 
consideration is estimated which can be post-processed in order to produce probability maps. 
These may serve as valuable information for decision-makers who can decide flexibly where 
a contamination area should be remediated according to their financial resources and user’s 
purpose.   

However, some shortcomings remain when using this method. First, fewer visited data 
locations are often available in practice, thus indicator variograms might not be easily fitted, 
or worthless calculated parameters, and thus Indicator Kriging interpolation, would not 
produce enough reliable results. Second, the question of how many thresholds and what 
quantiles should be chosen for a good final result can still be difficult, because the number of 
selected thresholds can be affected by the interpolated variance. Finding the best solution to 
the problem is not always easy, because it depends on the data and experience of each person.  

 



 

Although there are some problems in application, the methods presented here can 
produce useful results and be effectively used in many aspects, particularly in 
groundwater quality studies. 

The combined use of spatial (Geostatistics) and multivariate statistical measures 
have proven to be of major assistance in questions of assessing groundwater quality 
especially in less sampled regions. A major advantage lies in the possibility of 
simultaneously creating spatial estimates as well as estimation confidence limits. By 
means of these methods future problems of assessing safe groundwater resources of 
acceptable quality can be resolved with high reliability and fast enough performance. 



Introduction 
 

CHAPTER 1 INTRODUCTION  

1.1 Motivation 
One of the most significant reasons why investigation on groundwater quality has been 

attended in the Nam Dinh area is that a large number of population use groundwater as an 
important water source for different purposes such as drinking water, agriculture, industry and 
growing fishery. By statistics of Centre for Rural Clean Water Supply and Sanitation of Nam 
Dinh province (Nam Dinh CEWASS), the number of people who use groundwater for 
drinking water covered 70% of the population in 2004. Nowadays, groundwater is regarded as 
a safe resource of drinking water. Since 1990s, tens of thousands of wells have been 
constructed and exploited supplying the large portion of drinking water in these areas. 
Groundwater has been over-exploited and caused the remarkable decrease of the groundwater 
levels which degraded the groundwater quality (Do et al., 2001; Doan et al., 2005; Le et al., 
2004). The use of pesticides and fertilizers with a high intensity in agricultural activities could 
affect the shallow aquifers where the hydrologic connection between water surface and 
groundwater is often high. Saltwater which intrudes into the rivers from the sea by the tides 
and the floods as well as the directly penetration of sea water into the shallow coastal aquifers 
can change the groundwater quality. In addition, the hydrogeochemical status of the study 
area may be controlled by various natural processes such as saltwater intrusion, mixing and 
soil-rock-water interactions. The understanding of its situation and the identification of risks 
related to its quality are especially required for planning effective strategies to protect 
groundwater resources. Therefore, a needed work that can expose the status of the 
groundwater quality in the Nam Dinh area is really necessary.  

Many previous investigations on groundwater quality in this area were carried out with 
many attempts to meet the purposes above (Dao et al., 2005; Do et al., 2001; Doan, 1996; 
Doan et al., 2005). However, until now, studies based on geostatistical approaches, which can 
logically synthesize all available data to obtain a better picture of the present groundwater 
quality were not sufficiently attended.  

Samplings and analyses are major financial assumptions in a project, questions like ‘Do we 
make an optimal use of the available data ?’ or ‘To what extent  will additional data improve 
information on the system ?’ are often subjected to investigators. To achieve such questions 
we must answer the questions ‘How can we achieve these tasks?’ Obviously, this can only be 
obtained from what we logically infer from the available data on groundwater chemistry. 
Therefore, the good answer is to use geostatistics. To save money and to reach the best results 
together in any investigation, suitable and effective tools must be used to organize, handle and 
interpret the data, as well as enhance the accuracy in prediction of the spatial variability of 
hydrogeochemical compounds within the study area. Actually, the uncertainty about the real 
groundwater quality or error in estimation is often the biggest problems in many 
investigations. Measurement of all parameters at every location to get as much information as 
possible relating groundwater chemistry is not the best solution to these problems mentioned, 
because these are money and time consuming. Both, reducing these errors in estimation and 
minimizing the uncertainty by means of geostatistical techniques are thus necessary and often 
considered as the key parameters in optimization studies.  

Furthermore, data with a huge amount of information would sometimes not be interpreted 
and concluded easily if we do not use the logically effective methods for analyzing the data. 
Finding the appreciate methods dealing with a plethora of data are thus required in this study.  
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In addition, an interesting question which always reminds us during this study is that, when 
a farmer asked us to assess the groundwater quality of his small diameter well during the field 
trip with respect to arsenic contamination in the Nam Dinh area. In particular, he wanted us to 
determine whether the arsenic concentration exceeding the critical threshold in drinking water 
or not, because nowadays this becomes problematic for groundwater consumers in many 
places in the Red River delta. We could, indeed, guide him to transport his water samples to 
the laboratory for analysis to be determined arsenic concentration. Yet, the problem is that 
other households may also want to know this level in their own wells, they do not want to 
waste money if arsenic concentration in fact is below the critical threshold in drinking water. 
Geostatistics again has the answer that can resolve the mentioned question as data on arsenic 
variable is available enough for a probability estimation. In reality, it is impossible to sample 
all locations, but, given data, it can enable one to estimate the probabilities that true values 
exceed the critical value.  

With the aim to resolve those problems and draw out as the reliable picture of groundwater 
quality from its real situation in order to improve the sustainable protection of water resource, 
we are carrying the project “Geostatistical tools for better characterization of the groundwater 
quality – Case studies for the coastal Quaternary aquifers in the Nam Dinh area, Vietnam”. 
 

1.2 Why Geostatistics ?  
It is not easy and quite expensive to collect field observations in the large areas that any 

hydrogeologists or hydrogeochemists need to reflect the chemical composition characteristics 
of groundwater and its trend. Many observations or locations in a study on geochemical 
groundwater, which are still unvisited, are always questioned to many researchers. For that 
reason, a need to be made the best use of the available data is necessarily required to anyone 
who wants to make effective results in study. In fact, there are number of geostatistical 
techniques that could be applied to the optimal analysis of patterns in groundwater data. These 
techniques are often based on the basic of regionalized variable theory. A regionalized 
variable often refers to the outcome of a physical process that varies from region to region in 
geological space. A number of authors (Burrough, 1986; Matheron, 1971; Schafmeister, 
1999; Webster and Oliver, 1990) assumes that a spatial variation of a variable Z(x) can be 
expressed as the sum of three components: 

   ''' )()()( εε ++= xxmxZ

Where x is the position given into or three coordinates; m(x) is structural component and 
(x) is stochastic component. 'ε

In reality, this true spatial variation is seldom known in advance, but we can predict it by 
analyzing the available measurements of the variable. The principle tool achieving for the 
purpose is variogram (semi-variogram). By applying variogam analysis, the spatial variability 
can be determined from the available samples and the unknown values at un-sampled 
locations can be estimated. This process is called spatial variability analysis. Because regional 
variables of groundwater are not independent among sampling sites (i.e., samples collected at 
greater distances often have less similarity than samples taken from the adjacent areas) and 
are well known to be spatially related, the concept of regionalized variable is particularly 
applicable to hydrogeochemical investigations. This is a fundamental used in estimates of 
unknown quantities of Kriging interpolation which focuses on modeling spatial relationship 
among samples. Therefore, many scientists have used Kriging techniques as the effective 
tools in estimation of the unknown values to meet the mentioned need. Kriging, one of the 
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most common geostatistical techniques, was developed by Matheron (1965, 1971, 1973) and 
widely applied in environmental, geochemical and hydrogeological researches such as 
Hotelling, 1933; Dawdy and Feth, 1967; Dalton and Upchurch., 1978; Ruiz et al., 1996; 
Jayakumar and Siraz, 1997; Pacheco, 1998; Schafmeister., 1999; Ceron, 2000; Lee et al., 
2001; Chen et al., 2003. 

Moreover, hydrogeochemical variables which determine the composition of groundwater 
samples are generally intercorrelated. However, these intercorrelations are not easily seen and 
so the data are difficult to be interpreted because of a large number of variables. Using 
multiple statistic techniques such as cluster analysis (CA), principal component analysis 
(PCA), regionalized analysis (RA) can evaluate complex combinations of chemical variables 
of hydrogeochemical datasets into groups with similar properties or characteristics by 
transforming the original set of variables into a new reduced set of variables (factor scores), 
which may represent the underlying hydrogeochemical processes. The physical significances 
of the interrelations of the components in the data are sought to provide a simple 
interpretation of processes causing variation in variables. It is an effective tool for interpreting 
analyzed results and commonly collected chemical groundwater data, as well as for 
identifying the main factors affecting the groundwater quality. Nevertheless, in many 
investigations on groundwater quality, spatial variability is considered as the only source of 
uncertainty, while measurement errors which can cause the discontinuity of a variable tend to 
be ignored. A scientific question subjected to the study is how to weigh the data to calculate 
the best estimates and errors bound on these estimates. Based on geostatistical solutions these 
problems can be solved. The case studies can provide insights into the methods that deal with 
problems concerning the groundwater quality subject. 
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1.3 Background and hydrogeological settings of test site: Nam Dinh      
Area 

1.3.1 Study Area 

The study area is mainly located in the Southern part of the Red River, covering an entire 
area of Nam Dinh province and a small part of Thai Binh, Ninh Binh and Ha Nam provinces 
(Fig.2.1). The major part of the study deals with Nam Dinh province. It is one of the most 
densely populated provinces of Vietnam, with an area of 1638.07 km2 and 10 administrative 
divisions including 226 communes, 15 precincts and 9 townlets. 

 

 

 

Fig. 1.1 The outline map of the Nam Dinh area, and the solid line from Q107 to Q111 representing the 
typical hydrogeological cross section of the study corresponding to Fig. 1.2   
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Fig. 1.2 Cross section from Vu Ban to Hai Hau (140x vertical exaggeration, modified after Bui et al., 

2003) 

1.3.2 Hydrological system and climate 

The hydrologic network is very dense, including more than 16 small and two main river 
systems (the Red River and Day River systems) with density of 1.5 km/km2, occupying 3 
percent of the natural land area. The coastline is 72 km in length with three big estuaries 
named Ba Lat estuary, Lach Giang estuary and Day  estuary, respectively, of the Red, Ninh 
Co and Day rivers (Dao, 2003; Dao et al., 2005). Its climate is a typical humid subtropical 
climate with two main seasons (rainy season and dry season). Rainy season lasts from May to 
October providing nearly 80% of the annual rainfall total. The lowest average monthly 
rainfall is 24 mm in January. The highest average monthly rainfall is 327 mm in September. 
Heavy rains usually occur in July, August and September (Fig. 1.3). Dry season begins in 
November and finishes in April comprising almost 20% of the total annual precipitation. 
According to the monitoring data of Vietnam Institute of Meteorology and Hydrology at Nam 
Dinh Meteorological station from 1959 to 2000, the average annual rainfall is 1741 mm. The 
variation of the annual rainfall is very large, ranging from 975 mm in 1988 to 3000 mm in 
1994 (Figs. 1.3-1.4). 
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Fig. 1.3 Relationship between the monthly mean rainfall and actual evaporation in the Nam Dinh area 

in period from 1959 to 2000 (Data source: The meteorological station of the Nam Dinh area) 

 
Fig. 1.4 Relationship between annual rainfall and actual evaporation in Nam Dinh in period from 1959 

to 2000 (Data source: The meteorological station of the Nam Dinh area) 

1.3.3 Geological history 

According to (Doan and Boyd, 2000; Hoang, 1991; Tran and Ngo, 1991), the geological 
history of Quaternary Sediments in the Red River Delta was formed in five phases 
corresponding to five cycles of regression – transgression processes. Each phase starts with a 
regression and ends with a transgression. It began in the early Pleistocene (QI

1).  During the 
late Pleistocene (QIII

3), a strong regression occurred in South - East Asia after the 
transgression happened at the middle Pleistocene (QII

2). During the middle Holocene (QIV
2) 

period, the Flandrian transgression occurred throughout the world. So far, it is also 
documented in Vietnam. Today, many coastal areas bordering the Red River delta of Vietnam 
are subjected to sea encroachment. The question has been raised as to whether or not this is 
the beginning of a new transgression.  
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 Fig. 1.5  Quaternary geology and topography of the Red River delta and adjacent areas. The area 

blotted in the square frame represents the location of the study area  (modified from Li et al., (2006)). 

 

1.3.4 Hydrogeological setting  
 

The Quaternary groundwater system of Nam Dinh consists of the two main aquifers, being 
of the Holocene and Pleistocene age. These two aquifers are separated by a confining layer 
(qhvp) with a thickness varying from 10 – 50 m (Fig. 1.2). The Holocene is divided into an 
upper aquifer (qhtb) and a lower aquifer (qhhn) which mainly consist of fine sand, silty sand, 
silty clay, and clay containing organic matter with a varying thickness of 30 – 40 m. The 
average hydraulic conductivity ranges from 0.2 - 1.3 m/day. Recharge to the aquifer comes 
from surface water and rain-water (Doan, 1996). Especially, along both sides of the Red River 
the hydraulic connections between surface water and the Holocene groundwater are relative 
high (Doan, 1996). The largest fluctuation of the water level of the Holocene aquifer between 
rainy season and dry season is 1.0 m at well 107 (because it is far from the sea and the rivers) 
and water level of the other wells varies approximately 0.5m responding to seasonal changes 
(Fig. 1.6). The reason why the Q110’s water level vary about 1m (1995-1996) can probably 
be a cause of the first pumped wells installed in Hai Hau area.  The Pleistocene is divided into 
upper aquifer (qphn) and lower aquifer (qpm2). It mainly consists of coarse sand mixed with 
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gravel with a varying thickness of 30 - 70m. The aquifer has a transmissivity of 700 – 1000 
m2/day. Origin of the recharge to this aquifer is still unclear (Doan, 1996).  

The water levels of the Pleistocene aquifer are rapidly decreasing with time due to the 
over-pumping of the groundwater (Fig. 1.7) 

Underlying layers of these Quaternary sediments are the Neogene and Triassic formations. 
The Neogene formation consists of fine and medium sandstone containing pebbles, siltstone 
and clay shale. Its thickness varies from 35 to 85 m. The Triassic formation mainly consists of 
limestones which are considered as karstified – fractured bearing water aquifer symbolized 
(t2adg). The average thickness is around 100 m. It is considered as the bottom of the 
Pleistocene aquifer in the Southern part of the province (Doan, 1996).  Some researchers (Do 
et al., 2001; Doan, 1996) have supposed that the t2adg aquifer may be a main recharge to the  
Pleistocene aquifer located in the Southern part of the study. So far, it has not yet been 
investigated in detail.        

 

 
Fig. 1.6 The variation of water levels at the national monitoring wells in the Holocene aquifers from 

1995 to 2003 (Source: Vietnam Northern Hydrogeology and Engineering)  
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Fig. 1.7 The decreasing of water levels at the national monitoring wells in the Pleistocene aquifers 

from 1995 to 2003 (Source: Vietnam Northern Hydrogeology and Engineering)  

 

1.4 Objective and approach 
The primary objective of the study is to apply geostatistics for better evaluating 

groundwater quality for a particular area. Nine different methods of data analyses are thus 
used in this thesis, which include: (1) Major Ion Comparison, (2) Graphic Plots, (3) 
Exploratory Statistical Data Analysis, (4) Variogram Analysis, (5) Spatial Estimation Using 
Kriging, (6) Cluster Analysis, (7) Principle Component Analysis, (8) Multivariate 
Regionalization Analysis, and (9) Contamination Risk Mapping Using Indicator Kriging. 
This gives us the practical examples by which the success of a particular approach can be 
evaluated. Throughout the thesis a series of the case studies are, in turn, represented in order 
to get insight an understanding of what various geostatistical tools can do and, what their 
shortcoming are. In addition, these approaches also provide more reliable interpretations on 
groundwater quality of the Nam Dinh area.  

The focus of this study will address the following problems:   

(1) Assessment of hydrogeological characteristics of the Nam Dinh area (including 
original groundwater, distributed characteristics, and water quality). 

(2) Basic statistical description of the groundwater quality status of the Holocene and 
Pleistocene aquifers and identification of the main geochemical processes which 
control the formation and evolution of groundwater chemistry. 

(3) Exploratory and display of the important features of the datasets. 

(4) Estimation of unknown values at a rectangular 36x36 grid within an area of 70 x 70 
km for some key hydrogeochemical variables and assessment of the uncertainty of 
the various estimates.  
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(5) Mapping and evaluation of spatiotemporal variability of groundwater quality and 
its general trend. 

(6) Definition of the boundary between freshwater and brackish-saline water and 
calculation the area of assumed fresh water lens in the Pleistocene aquifer. 

(7) Establishment of the principle component maps and identification of the natural 
and human impacts on chemical composition of groundwater. 

(8) Estimation of the probability of exceedance 10 µg/l for arsenic datasets, delineation 
of arsenic concentration risk with respect to the critical thresholds for drinking 
water, and discussion on both advantages and disadvantages of the estimated 
methods. 

(9) Proposing the future logical direction for exploitation, management and 
investigation of the groundwater in the study area. 

The first questions, despite being hydrogeochemical presentation of the data and 
exploratory of the data, are important. Analysis of groundwater data for assessing its quality is 
always a difficult work. Visualization and organization are the first needed steps in 
discovering the essential features of data. In the first part of this thesis (chapter 2 and chapter 
3) various ways of describing the spatial features of the data will be introduced.  

The second part of the thesis (chapter 4) deal with estimation. Using the information from 
our collected samples estimation of unknown quantities will be performed and how well an 
estimation has been done by using the error variances to evaluate the estimates.  

The plethora of hydrogeochemical data that can lead to both frustrating and fraught with 
difficult in data analysis is resolved in the third part of the thesis (chapter 5). In this chapter 
multivariate statistics will be performed to detect the relationship between hydrogeochemical 
variables and regionalize the major factors dominating the groundwater quality. 

The remaining question deal with why probabilistic models are necessary in evaluating the 
risk of environmental contaminations for a particular purpose. The final part of the thesis will 
thus be considered what it is we are trying to estimate and delineate for arsenic contamination 
and then to adopt a method of estimation that is suited to that particular problem.   
 

1.5 Outline of the thesis 
Chapter 1 introduces the motivation and background of the study area.   

The classifying water groups and graphical hydrochemical data analysis is introduced in 
chapter 2. It is classified groundwater into different water-type groups and visually 
characterized groundwater chemistry. Throughout this chapter one can see where groundwater 
originally comes from, how many water groups there are in the study area and the general 
trends of the chemical groundwater compositions that might govern to its quality. 

In chapter 3, concentrations of groundwater variables are summarized by means, medians, 
quantiles that represent the frequencies of ion concentrations compared with the critical 
thresholds in drinking water, and compare the quantitative variability of concentrations of 
chemical variable between dry season and rainy season. More important, the data are explored 
and displayed in order to recognize some common problems that can cause undesirable to a 
formal geostatistical analysis such as distribution of samples, outlier values, highly skewed, 
and then determine what transformation would be appropriate for data analysis.  
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Chapter 4 focuses on the spatial interpolation and Kriging maps of the temporal and spatial 
variability of hydrogeochemical variables. It assesses all possible chemical variations tightly 
related to the seasonal change and saltwater intrusion in the short term period. Local or global 
scale variability of each variable is regarded and revealed, based on variogram analyses. 
Then, Kriging estimation is used to predict the spatial distribution of variables. Estimation 
variance is also attached to evaluate the uncertainty of the Kriging estimation at each dataset. 
Either omnidirectional variograms or directional variograms are used to quantify the ranges of 
influence of variables for estimating the unknown values. This chapter has also discussed on 
how big the fresh groundwater area is and how its area can be changed.  

In chapter 5, the cluster analysis, principal component analysis (PCA) and regionalized 
analysis is used to assess the groundwater chemistry in the coastal Quaternary aquifers in the 
Nam Dinh area. This detected the five main factors dominating the groundwater chemistry 
and regionalized major factors that have spatial impact on the groundwater quality. 

Chapter 6 evaluates the risk of arsenic contamination in the Nam Dinh area based on the 
Indicator Kriging technique. In this chapter, both E-type and probability maps for both 
aquifers (the Holocene and the Pleistocene) are created regarding to the arsenic concentration 
exceeding the critical threshold (10 μg/l) in drinking water. The advantages and disadvantages 
between these procedures are discussed and concluded at the end of this chapter.     

Chapter 7 summarizes, concludes and discusses some general aspects of the dissertation. It 
addresses on how to optimize the use of all available data. The aspect of uncertainty, resulting 
from limited unvisited locations or errors in measurements, is addressed in some cases of this 
study. Further, this chapter lists the main conclusions and gives some future perspectives. 
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CHAPTER 2 CLASSIFYING WATER‐ TYPE GROUPS AND 
GRAPHICAL HYDROCHEMICAL DATA ANALYSES 

 

Abstract   The primary purpose of this chapter is to assess the reliability of the 
databases and to get a general view of the collected datasets on the side of a 
hydrogeochemist, before stepping into a further geostatistical approach. First, 
charge balance theory is thus applied to the four basic datasets for checking 
theirs plausible degrees. Second, various chemical ion ratios in relation to TDS 
concentration are plotted and compared in order to discover the origin of water. 
Third, various graphical plots such as Stiff diagram, Piper diagram and site map 
are plotted visually. Finally, based on the basis of both individual analysis and 
sets of analyses from one sampled site or different sampled sites in the water 
analyses are interpreted. The study shows that there is a mixed process of fresh-
brackish-saltwater interactions governing to the groundwater quality in both 
aquifers. The water-type of the fresh groundwater area in the Pleistocene is 
mainly Na-Ca-Mg-HCO3 water, whereas the dominant water-types in the 
Holocene aquifer and remaining part of the Pleistocene are Na-Cl and Na-Mg-Cl 
waters. Within the Holocene aquifer to two water-types are heterogeneously 
distributed in space. Contrastingly in the Pleistocene aquifer the Na-Ca-Mg-
HCO3 fresh water body can clearly be distinguished from the saline water.  

 

2.1 Introduction  
Water database may be interpreted on the basis of both individual analyses and sets of 

analyses from one sampling site or various sampling sites in different times and spaces after 
examination, e.g., by comparing the major components of analyses, we can have an 
estimation of sources, or by using the areal and graphical method the water analysis may be 
clearly interpreted. In particular, Stiff diagram can be used to compare quality water 
individually. Piper and Durov diagrams may be used to detect groundwater facies, chemical 
trends, or mixing processes. And site maps describing major ion ratio in meq/l are used to link 
to the chemical spatial distribution. Previous investigations used the graphical method as a set 
of effective tools to describe the water analyses, interpret water quality, and to assess mixed 
processes. In particular, Rao (1998) modified Hill-Piper diagrams which properly represented 
the chemical composition of natural waters in various regions to understand the genesis of 
water origin. Navarro and Carbonell (2007) characterized groundwater chemistry in the La 
Llagosta aquifer in Spain, grouped waters into the three groups based on Piper diagram: (1) 
Calcium-bicarbonate waters, (2) Sodium-calcium chloride-bicarbonate waters, (3) Calcium-
sodium-bicarbonate-chloride waters. The last one is midway between the previous two types 
in the diagram. Their study showed that there was an increase in chloride and sodium 
concentration in the downstream area of the groundwater flow. Nkotagu (1996) used the Piper 
diagram combined with various chemical ratios in relation to chloride concentration to 
discover the character of the groundwater chemistry which showed that the chemical 
character was the product of the dissolution of amphiboles, sodic feldpars, cation exchange 
and salt leaching in a semi-arid, fractured crystalline basement area of Dodama - Tanzania. 
McNellis et al. (1969) selected six computer programs (or six different graphical plots) to 
demonstrate the convenience for interpretation of the brine data in which the Stiff diagram 
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was chosen to show an example of a mixed or contaminated water as a single water analysis, 
whereas the Piper diagram incorporated all the analyses of water from an area water to aid in 
classifying, as well as delineating, possible contaminated water zones in the area. Piper 
diagrams not only illustrate chemical variation and compare its widely varying from 
analytical samples, but also are able to determine the relative importance of factors such as 
bedrock, geology, atmospheric input and  anthropogenic activities in controlling major ions in 
chemistry (Hutchins et al., 1999). 

In this study, some questions will be answered, such as: where the origin of ground water 
is and what kinds of processes dominate the groundwater chemistry. How widely the ratios of 
major ion range in each district. The comparison of major ion ratios is also represented in 
order to define the genesis of natural water. The datasets is mainly presented in the form of 
Piper diagrams, Stiff diagrams, and site maps. Of which the Piper diagrams is analyzed in 
more detail. Chemical composition of water samples is vertically plotted in different areas of 
the study area for both aquifers. Finally, some conclusions are drawn out, as a general view to 
the present chemical situation and the relevant hydrogeochemical processes.    

2.2 Methodology 
Because of chemical and biochemical interactions between groundwater and the geological 

materials through which it flows, and the contributions from rainy water and surface water, 
the concentration of total dissolved solids in groundwater varies over many orders of 
magnitude. For simplicity, according to Free and Cherry (1979) groundwater is often 
categorized into four types based on its TDS concentrations (table 2.1). As a result of a 
complex process and a wide variety of dissolved inorganic chemical constituents in 
groundwater, data analysis for evaluating groundwater quality is a difficult work. Therefore, it 
is necessary to look at that data in various ways to discover its natural behavior. In fact, each 
method might sometimes be appreciated for a particular purpose. The theory and 
methodology of the methods can be found in Hounslow (1995). Table 2.2 that describes the 
source-rock deduction analysis is the basis for the interpretation of the groundwater chemistry 
in this chapter.  

Table 2.1 Simple groundwater classification based on TDS 

TDS (mg/l) Category

0-1000 Fresh water
10-10,000 Brackish water
10,000-100,000 Saline water
more than 100,000 Brine water

 
By using the graphical methods, datasets can visually be displayed from which the naked 

eyes can recognize their patterns and their distribution in space more easily. Nowadays, many 
graphical methods are available. Some are tailored only for a specific application. The 
objective of this chapter is to review the most common tools used in visualization of the 
chemical compositions of water such as Piper diagram, Stiff diagram, depth profiles, site 
maps. Since graphical techniques have widely been used to describe the concentration or 
relative of major constituents and patterns of variability in different water samples (Durov, 
1948; Lee, 1998; McNellis et al., 1969; Piper, 1944; Rao, 1998; Stiff Jr, 1951), the most 
clearly graphical plot to individually describe the ratio ions in meq/l unit is the Stiff diagram, 
whereas the Piper diagram is often used to determine the abundance or relative abundance of 
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ions in a sampled area of the water analyses. It is commonly expressed as % meq/l. In fact, the 
Piper diagram not only shows the nature of a given sample graphically, but also dictates the 
relationship with other samples. For example, by classifying samples on the Piper diagram, it 
can identify geological units with a similar chemical level and define the evolution in water 
chemistry along a flow path.  

 

Table 2.2 Source-Rock deduction analysis (After Hounslow, 1995) 

Parameter Attention Value Conclusion 

SiO2 (mmol/l) > 0.5 
Volcanic Glass or hydro thermal water 

possible 
>10 Carbonate weathering 
>5 and <10 Ambiguous 

2

3

SiO
HCO −

 
<5 Silicate weathering 
<1 Cation exchange 
>1 and <2 Albite weathering −++ −+ ClKNa

SiO2  
>2 Ferromagnesian Minerals 

> 0.2 and < 0.8 Plagioklase weathering possible 
+−++

−++

+−+
−+

2CaClKNa
ClKNa

 

< 0.2 or > 0.8 Plagioklase weathering unlikely 

>0.5 
Sodium source other than halite - albite, ion 

exchange 
0.5 Halite solution 
<0.5 TDS >500 Reverse Softening, seawater 
<0.5 TDS <500 and >50 Analysis Error 

−+

+

+ClNa
Na

 

<0.5 TDS <50 Rainwater 
=0.5 and HCO3-/Si>10 Dolomite Weathering 
<0.5 Limestone-dolomite weathering 

>0.5 
Dolomite dissolution, calcite precipitation or 

seawater 
<0.5 and HCO3-/Si<5 Ferromagnesian Minerals 

++

+

+ 22

2

MgCa
Mg

 

>0.5 Granitic weathering 
0.5 Gypsum dissolution 
<0.5 and pH <5.5 Pyrite oxidation 

<0.5 and pH neutral 
Calcium removal - ion exchange or calcite 

precipitation −+

+

+ 2
4

2

2

SOCa
Ca

 

>0.5 
Calcium source other than gypsum - carbonate 

or silicates 
>500 Carbonate weathering or brine or seawater TDS 
<500 Silicate weathering 
>0.8 and TDS>500 Seawater or brine or evaporates 
>0.8 and TDS<100 Rainwater ∑

−

anions
Cl

 

<0.8 Rock weathering 
>0.8 Silicate or carbonate weathering 
>0.8 sulfate high Gypsum dissolution ∑

−

anions
HCO3  

<0.8 sulfate low Seawater or brine 
>0 Oversaturated with respect to calcite 
0 Saturated with respect to calcite SI Calcite 
<0 Undersaturated with respect to calcite 

 

The Trilinear diagram can be useful for comparing the water from different geological 
environments. The chemical composition of water in an analysis can be represented by a 
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trilinear into two separate triangles, one for the cations and the other for the anions. Many 
authors (e.g, Hill, 1940, Piper, 1944) suggested a third plotting that displays a projection of 
the triangles into a common area, where the analysis can be represented by one single point. 
The position of this single point depends upon the concentration of different cations relative 
to each other. The diamond-shaped area for projection is used on the Piper diagram for 
interpretation. This suggests that the plotted position of waters should be represented by 
circles, with diameter proportional to the total concentration of dissolved solid expressed in 
ppm. Morris et al., (1983) developed and published a computer program for Piper’s trilinear 
plot. This program displays points in all three fields of the trilinear diagram, draws at each 
point within the central diamond field a circle with a diamond corresponding to the 
concentrations expressed in meq/l. The percent proportions of major cations and anions 
[meq/l] respectively, are plotted in a ternary diagram and then projected parallel to the outer 
axes into the diamond diagram 

Because of some advantages of the Piper diagram in classifying and delineating the 
groundwater quality, it is nowadays commonly used as an effective tool to specify different 
water types. In theory, Piper divided waters into four basic types according to their placement 
near the four corners of the diamond. Water that plot in the first corner is rich in Ca2+ + Mg2+ 
and HCO3

-, which will show an area of temporary hardness. Water that plot in the second 
corner is high in both, Ca2+ + Mg2+ and Cl- + SO4

2-, indicating an area of permanent hardness. 
Water that plot in the third corner is abundant Na+ + K+ and Cl- + SO4

2-, which may result 
from a saline water area. Water lying in the fourth corner is high in Na+ + K+ and HCO3

- and 
CO3

2-, which may originate from alkali carbonates (Hounslow, 1995). The fifth additional 
corner is considered as mixed water area. These divisions are represented clearly in Fig. 2.1. 

 

Fig. 2.1 Different water types in the diamond parts of the Piper diagram (left-side), and path showing 
how water chemicals change typically from recharge area to discharge area in an aquifer system (right-
side) (modified after Hounslow, (1995)). 

Based on the Piper diagram analysis, distinct groundwater faces can quickly be classified 
by their distribution. The hydrogeochemical problems involving apparent mixtures of 
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groundwater can also be identified based on Piper trilinear diagram (Walton, 1970). The 
change of groundwater facies as it moves from the recharge areas to discharge areas would be 
detected. In general, the total dissolved solid (TDS) concentration in an area increases as 
groundwater moves from the recharge to discharge area. The highest TDS are often associated 
with Na-Cl water types. For instance, both Back, (1966) and Hamilton Shedlock and Phillips 
(1991) observed the Ca-Mg facies in recharge areas, whereas Na-Cl facies identified in 
discharge area were influenced by ion exchange and saltwater intrusion.      

Because AquaChem (http://rockware.com/catalog/pages/aquachemnew.html) is one of the 
most powerful programs with the ability to simultaneously display and modifies multiple 
plots, and to easily identify the selected data points within each plot, it is used to visualize the 
chemical composition of groundwater in this study.  

2.3 Materials 
In 1999, during the rainy season in summer (RS), and in 2000 during the dry season in 

winter (DS) up to 129 wells in the Pleistocene and 112 wells in the Holocene aquifer were 
sampled. The samples were taken from small diameter wells, so-called Unicef wells, national 
monitoring wells and small water plants in the rural area after at least 10 minutes of pumping. 
The sampled sites from these campaigns were partly the same. Several parameters such as pH, 
TDS, and Cl were measured in the field by an equipment set named DREL 2.010 produced by 
HACH firm. Fifteen parameters including Na, K, Ca, Mg, HCO3, SO4, Cl, NO3, NO2, NH4, 
ΣFe (total Fe), Al, PO4, TDS, pH were analyzed by the laboratory of the National Institute of 
Chemistry, Hanoi. These values were almost above detection limits except for Al. Many 
values of pH missed and the sensitive of ΣFe was observed in analysis. It is also important to 
note that because many samples had not been filtered and acidified, Fe can be precipitated 
before laboratory analyses, therefore, ΣFe might not be reliable in these data. The main part of 
these samples have been collected from the analyzed results of the project (Do et al., 2001a) 
and the data of national monitoring wells in the Nam Dinh area from Northern Hydrogeology 
and Engineering Union, Vietnam. Additional samples used in the other chapters of this thesis 
can be found in the table 2.3 including  

a) 102 samples of the very shallow groundwater taken at the boreholes of the households 
on six major ions and pH (seven variables) from campaigns 1995-1996. The description of 
these samples can be found in (Nguyen et al., 1996). 

b) Up to 50 wells of the Pleistocene on three parameters EC, pH, and ΣFe were sampled 
during the DS 2002 and almost all of these wells were re-visited in the rainy season 2003 and 
in the dry season 2003. These parameters were measured in the field by the equipment named 
MultiLine P4 (Le et al., 2004). 

c) Arsenic data which were analyzed by the laboratory of the National Institute of 
Chemistry, Hanoi in Do et al., (2001) and by the laboratory of the national Institute of 
Geoscience in Le et al., (2004) were also used. These data were sampled from the Pleistocene 
aquifer (up to 90 wells) and the Holocene aquifer (up to 58 wells) in campaigns 2001-2002. 

The plausibility of the datasets (RS 1999 and DS 2000) is illustrated in Fig.2.2. The 
balance errors (E), calculated from the analyses, were good indicators of the dataset´s 
reliability. A difference of ± 5% is generally accepted (Appelo and Postma, 1999; Drever, 
1997).  Charge balance error is calculated as meq/l units according to the following formula. 

100*
)()(
)()(

(%)
3

2
434

222
3

2
434

222

∑ ∑
∑ ∑

−−−−++++++

−−−−++++++

+++++++++

+++−+++++
=

NOClSOHCONHFeMgCaKNa
NOClSOHCONHFeMgCaKNa

E        (1) 
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According to German regulations (http://www.atv-dvwk-st.de/index.htm) the denominator is 
multiply by 0.5, hence the charge balance errors are doubled compared to eq. (1). This study 
uses the international standard.   

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 2.2  The frequency of charge balance error representing the plausibility for the entire analyses in 
both aquifers RS 1999 and DS 2000. 

Table 2.3 Materials used in the entire thesis 

Aquifers Campaigns No of 
samples No of variables Analyses Used in 

chapters
Shallow 

groundwater 1995-1996 102
Na, Ca, Mg, HCO3, SO4, Cl, 

pH (seven variables)
CA, PCA, RA 5

Holocene RS 1999 38
Na, K, Ca, Mg, HCO3, SO4, 

Cl, NO3, NO2, NH4, PO4,ΣFe, 
Al, TDS,  pH    (15 variables)

GA, SA, OK, 
SVA, CA, PCA, 

RA
2, 3, 4 and 5

Holocene DS 2000 74

Na, K, Ca, Mg, HCO3, SO4, 
Cl, NO3, NO2, NH4, 

PO4,ΣFe, Al, TDS,  pH    (15 
variables)

GA, SA, OK, 
SVA, CA, PCA, 

RA
2, 3, 4 and 5

Pleistocen RS 1999 85

Na, K, Ca, Mg, HCO3, SO4, 
Cl, NO3, NO2, NH4, 

PO4,ΣFe, Al, TDS,  pH     (15 
variables)

GA, SA, OK, 
SVA, CA, PCA, 

RA
2, 3, 4 and 5

Pleistocen DS 2000 44

Na, K, Ca, Mg, HCO3, SO4, 
Cl, NO3, NO2, NH4, 

PO4,ΣFe, Al, TDS,  pH    (15 
variables)

GA, SA, OK, 
SVA, CA, PCA, 

RA
2, 3, 4 and 5

Pleistocen
DS 2002    
RS 2003    
DS 2003

49      
48      
53

 EC, ΣFe, (2 variables) SA, OK, SVA 3 and 4

Holocene 2001-2002 58 As ( 1 variable) IK 6

Pleistocen 2001-2002 90 As ( 1 variable) IK 6
(CA: Cluster Analysis, PCA: Principle Component Analysis, RA: Regionalization Analysis, GA: Graphical Analysis,  

SA: Statistical Analysis, SVA: Spatial Variation Analysis, OK: Ordinary Kriging, IK: Indicator Kriging)
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2.4 Results and discussion  

2.4.1 Major ion comparison 

2.4.1.1 Sodium and Chloride 

According to table 2.1 sodium concentration [meq/l] is commonly larger than chloride 
concentration because: 

(1) The primary chloride source is from dissolution of sodium chloride (directly from 
halite dissolution (NaCl) or indirectly from ocean via rainfall) or 

(2) Sodium can be derived from other sources (such as dissolution of albite – plagioclase, 
and ion exchange 

When comparing the sodium and chloride concentrations in the Holocene aquifer, it is 
clear that Na+ to (Na++Cl-) ratio is often smaller than 0.5 with TDS > 500 mg/l. This means 
that Na+ is smaller than that of Cl- in most of the analyses. Fig. 2.3 illustrates the fact that it 
can derive from saline water or brackish water where reverse ion exchange or reverse natural 
softening has occurred as shown in the following equation: 

 

ClayNaCaClayCaNa −+⎯→⎯−+ ++ 22 2  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 2.3  Frequency plot of −+

+

+ClNa
Na

 ratio in relation with TDS concentration for the Holocene 

aquifer in the Nam Dinh area - Vietnam in both campaigns RS 1999 and DS 2000 (unit in meq/l). 

Fig. 2.4 shows that at mean value of −+

+

+ClNa
Na  ratio is around 0.54 and a large portion of 

samples having Na+ > Cl- with TDS < 500 mg/l, indicates that the main part of water may be 
originated from natural softening process as following equation: 

                    Ca        ClayCaNaClayNa −+⎯→⎯−+ ++ 222
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Fig. 2.4 Frequency plot of −+

+

+ClNa
Na

 ratio in relation with TDS concentration for the Pleistocene 

aquifer in the Nam Dinh area - Vietnam in both campaigns RS 1999 and DS 2000 (unit in meq/l) 

2.4.1.2 Calcium and Sulfate 

Gypsum (CaSO4.2H2O), one of the most common minerals in sedimentary environments, 
is the most important source for sulfate dissolution in groundwater. However, the very low 

sulfate concentration in comparison to calcium is (very high −+

+

+ 22

2

SOCa
Ca  ratio) shown in 

Fig. 2.5 denotes the fact that, although sulfate concentration in the Holocene is larger than in 
the Pleistocene, gypsum dissolution is not an important source in both aquifers. The low 
sulfate concentration combined with the higher 500 mg/l of TDS concentration, which is 
mostly observed in the Holocene, may be considered as either the predominance of calcium 
weathering, or seawater, or both, whereas lower TDS concentration (below 500 mg/l) 
appearing in many analyses of the Pleistocene may be result from other sources such as 
calcite/dolomite or silicate. 

 
 

 

 

 

 

 

 

 

 

 

Fig. 2.5 The difference of the  −+

+

+ 22

2

SOCa
Ca

 ratios in groundwater of the Holocene and the 

Pleistocene in the Nam Dinh area (unit in meq/l) 
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2.4.1.3 Calcium and Magnesium 

Magnesium is found in many minerals, including Dolomite (CaMg(CO3)2), Magnesite 
(MgCO3) and many types of clay. In addition, magnesium probably comes from the deposits 
of seawater (see seawater ion percentage in Fig. 2.6). Magnesium concentration is usually 
smaller than calcium concentration. But, if Mg2+ is greater than Ca2+, there are two common 
possibilities. The first is the dissolution of ferromagnesian minerals from mafic or ultramafic 
rocks where TDS will be low – about 100 – 200 mg/l. However, these such rocks are no 
involvement in the sediments in Namdinh area (Do et al., 2001a). The second would be 
seawater intrusion where TDS will be high – probably greater than 500 mg/l (Hounslow, 
1995).  

 

 

 

 

 

 

 

 

 

 Fig. 2.6  Major ion percentage [mg/l] is usually found in seawater (Turekian, 1968) 

The less than 0.5 of ++

+

+ 22

2

MgCa
Mg  ratio in the Pleistocene is often observed (Fig. 2.7), 

while the higher than 0.5 of this ratio is quite frequently found in the Holocene. Fig.2.7-left 

shows the ++

+

+ 22

2

MgCa
Mg  ratio which would often be larger than 0.5 if TDS > 500 mg/l, 

demonstrating that the Mg2+ concentration may originate from seawater intrusion. 
 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 2.7   Frequency of the different ++

+

+ 22

2

MgCa
Mg

 ratios of the Holocene aquifer (unit in meq/l) 
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Comparing the calcium concentration and magnesium concentration in Pleistocene aquifer, 
it is found that Mg2+ is generally smaller than Ca2+ in most cases of the Pleistocene aquifer 

(Figs.2.8-left) and ++

+

+ 22

2

MgCa
Mg  generally increases with the increasing of TDS 

concentration in Fig.2.6-right, illustrating the tight relationship between seawater and 
magnesium concentration in Nam Dinh groundwater. But, Fig. 2.8 on the left showed the 

++

+

+ 22

2

MgCa
Mg  is around 0.5 in many analyses of the Pleistocene aquifer, it is likely to 

demonstrate that Ca has been removed from the solution.          

 Fig. 2.8  The various ++

+

+ 22

2

MgCa
Mg

 ratios of the Pleistocene aquifer (unit in meq/l) 
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2.4.1.4 Sodium and Potassium 

Comparing the sodium and potassium in Fig 2.9, it is clearly seen that although ++

+

+ KNa
K  

ratio in the Pleistocene is often higher than in the Holocene, it is always several times smaller 
than 0.5 for both aquifers. This indicates the fact that potassium concentration is much smaller 
than sodium concentration and that the main source of both Na and K ion probably comes 
from seawater. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 2.9  The frequency of ++

+

+ KNa
K

 ratio in both aquifers in the Nam Dinh area (unit in meq/l) 

2.4.2 Graphical methods 

2.4.2.1 Piper diagram – Holocene 

Different groundwater-types are grouped in Figs. 2.10-2.11 with the three main water 
groups existing in the Holocene. The first group representing freshwater is mainly located in 
the temporal hardness water area in Piper plot. This group included some water-types such as 
Ca-Mg-HCO3 and Mg-Ca-HCO3. The second group showing the mixed water with various 
water-types involved Na-Ca-Mg-Cl, Mg-Na-HCO3-Cl, Na-Mg-Cl-HCO3, Na-Mg-HCO3-Cl. 
The third group is observed in the corner of brackish-saltwater with the two main water-types 
of Na-Cl and Na-Mg-Cl. Those water-types appear together in the Holocene aquifer, 
illustrating that it is a complicated aquifer in the groundwater characterization with a clear 
evidence of the mixed process between freshwater and brackish-saltwater occurring into this 
aquifer. Water samplings scattered on the Piper diagrams indicate a wide range in major ion 
ratios. The main part of samples is rich sodium-magnesium-chloride, indicating that this may 
have been resulted from seawater. 
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 Fig. 2.10    Piper plot representing various groups of groundwater-types for the Holocene in the 

campaign RS 1999,the Nam Dinh area-Vietnam 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 2.11  Piper plot representing various groups of groundwater-types for the Holocene in the 
campaign DS 2000, the Nam Dinh area-Vietnam 
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 Fig. 2.12  Piper plot representing various water-types for the Holocene aquifer in different districts in 
the Nam Dinh area – Vietnam in both campaigns RS 1999 and DS 2000  

 

According to Fig. 2.12, it was shown that the analyses were sampled in different districts 
of the Nam Dinh area. The gathered samples were not only concentrated within Nam Dinh 
province, but also covered at locations surrounding Nam Dinh (e.g., Ninh Binh, Thai Binh, 
Nam Ha provinces). All three samples in Hai Hau district are located in the fresh-water area 
on the Piper plot (Fig. 2.12-left), whereas there is brackish-saltwater in Giao Thuy district. 
Samples in both Y Yen and Vu Ban districts are mixed water. Samples from remaining 
districts analyzed are mainly brackish-saltwater. The less scattering of the samples on the 
Piper diagram (Fig. 2.12-left) is observed in Hai Hau and Giao Thuy districts, whereas the 
analyses are more scattered in the Y Yen zone.  In addition, the alternating of fresh-water and 
saltwater in Hai Hau and Y Yen districts indicates a complicated process on chemical 
changeability of the groundwater in the Holocene aquifer. The distribution of water-groups 
represented in the Holocene from Fig. 2.10 to Fig. 2.12 does not clearly detect the path that 
can show how the chemical water changes from recharge area to discharge area in the aquifer. 

2.4.2.2   Piper diagram – Pleistocene  

Groundwater of the Pleistocene is grouped and represented in Figs. 2.13-14. These figures 
show that almost all basic water-types, divided by the Piper diagram, are found in this aquifer 
(except for the permanent water-type). Types of the groundwater ranging from freshwater to 
saltwater include Na-Ca-Mg-HCO3, Na-Ca-Mg-HCO3-Cl, Na-Mg-Ca-HCO3, Ca-Na-Mg-
HCO3, Mg-Na-Ca-HCO3, Na-Cl waters. The diversity of water groups in the same aquifer 
reflects the difference in original which may originate from various sources such as saline 
water, temporary hardness water and mixed-water (Fig. 2.13). Samples in the saltwater area 
scattered on the diagram, indicate that they are different in ion ratio in which sodium, 
magnesium, chloride ions are predominant. Adversely, fresh water groups are concentrated 
into two zones in Figs. 2.13-2.14. The first, located in the alkali-carbonate water area, consists 
of rich sodium and bicarbonate ions. The second is partly found in the temporal water type 
area rich in magnesium, calcium and bicarbonate. The highly centered fresh-water samples on 
diagrams illustrate the great similarity in ion ratio. Fig. 2.13 shows the mixed water-types in 
the Pleistocene, which may be considered as a mixed process between freshwater and 
brackish water. 
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 Fig. 2.13  Piper plot representing major components of groundwater and specifying water-type 

groups for the Pleistocene aquifer in the campaign RS 1999,the Nam Dinh area – Vietnam 

 

 
 

 Fig. 2.14  Piper plot representing major components of groundwater and specifying water-type 
groups for the Pleistocene aquifer in the campaign DS 2000, the Nam Dinh area – Vietnam 
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 Fig. 2.15  Piper plot representing various water-types for the Pleistocene aquifer in the different 
districts in the Nam Dinh area – Vietnam. 

In Fig 2.15, one notices that although sampled locations were relatively regular in the 
study area, the higher density samples could be recognized in Hai Hau and Nghia Hung 
districts. Na-Cl water-type considered as brackish-saltwater is clearly observed in Giao Thuy, 
Nam Dinh city, Vu Ban districts and a part of Y Yen district, while fresh-groundwater with 
Ca-Mg-Na-HCO3, Mg-Ca-Na-HCO3 is mainly clustered in Hai Hau, Nghia Hung and a 
portion of Y Yen district. The mixed water group is mostly recorded in Nam Truc, Y Yen and 
Nghia Hung districts. In Hai Hau district, the smallest variation in ion ratios is displayed, 
whereas the largest variation of those is visibly represented in Y Yen district. The great ranges 
of ion ratios of the groundwater are also revealed in Nam Truc and Nghia Hung. Samples 
gathered in the Thai Binh, Ha Nam, Ninh Binh areas are symboled as the name “Surrounding 
Nam Dinh” on the plots. Because range of those sampled locations is very widely in space, 
their major ion ratios are also very scattered in Fig. 4.15. The very high clustered samples in 
the diagram of the groundwater in Hai Hau, indicated that they are similar in ion ratios and 
may come from the same origin. Magnesium, calcium and bicarbonate ions are predominant 
ions of the groundwater in this area. The fresh groundwater existed in the areas of Hai Hau 
and Nghia Hung districts which fall into temporary hardness water and alkali carbonate areas. 
From recharge area to discharge area of the Pleistocene is observed the change of the 
groundwater chemistry which is, in general, following the path: Hai Hau and Nghia Hung→ 
Y Yen → Giao Thuy (Figs. 2.13-2.15). 

2.4.2.3  Stiff diagram 

Stiff diagram (Stiff Jr, 1951), which is visually represented by the use of principal ions of a 
specific sample, is used to clearly describe its chemical trend. The Stiff diagrams are useful 
not only to demonstrate the ionic composition of water but also to represent its degree of 
mineralization. Both of these clearly changeable trends of groundwater chemistry in 
Pleistocene are represented in Figs. 2.16-1.17. The first, representing the seven water analyses 
of the Pleistocene that prolongs from the Southeast to the Northeast of Nam Dinh province 
with the elevated salt content, provides a good graphic picture of chemical change in the 
groundwater (Fig. 2.16). The second, plotting the five samples that extend from the Western 
side to the Eastern side of the province, proofs the rapidly increasing of major ion 
concentrations (Fig. 2.17).       
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 Fig. 2.16  Hydrogeochemical section of the Pleistocene from the Southeast to the Northeast (from Hai 
Hau to Vu Ban) of Nam Dinh province representing the path change in groundwater chemistry by using 
the Stiff diagram.  
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 Fig. 2.17  Hydrogeochemical section of the Pleistocene aquifer from West to East (from Ninh Binh - 
Thai Binh) representing the path change in groundwater chemistry by the use of Stiff diagram. Note that 
the scale of the Stiff diagram at the left side is not similar to the others.     

 

Fig. 2.18 represents the spatial distribution of the visited samples and compares the 
different ratios in meq/l among six major ions for the Holocene aquifer in both campaigns. 
The site maps show that the sampled locations gathered from campaign RS 1999 were much 
denser than in campaign DS 2000. All site maps showing the very high proportions in ion 
ratios of chloride, sodium and bicarbonate ions are found in Fig 2.18. Calcium ion appears to 
be the higher portions in the South – West sector, but these are much lower in the North-East 
part of the study area. Except for a few samples in the middle of the Eastern side, the high 
portion of chloride ion widely covers the Nam Dinh area (Fig. 2.18).  
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 Fig. 2.18  Site map representing the relative proportions of the six major ions of groundwater for the 
Holocene in the Nam Dinh area – Vietnam (RS 1999-top; DS 2000-bottom) 
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 Fig. 2.19   Site map representing the relative proportions of the six major ions of groundwater for the 
Pleistocene in the Nam Dinh area – Vietnam (RS 1999-top; DS 2000-bottom) 
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      The spatial distribution of the visited observations and the differences in ion ratios for 
the Pleistocene aquifer are compared in Fig. 2.18-2.19. Both chloride and bicarbonate often 
occupy in very high portions of ion ratio. The largest portion of the chloride is observed in the 
North area, whereas it is much lower in the South. Bicarbonate ion, the highest portion in ion 
ratio observed in many samples, is mostly distributed in the South, while the high portion of 
sodium is also encountered in the North. The slight change in the major ion ratio is 
recognized between the two seasons (RS 1999 and DS 2000).   

 

2.5 Conclusions 
The most common hydrogeochemical plots, which are used to exhibit the four collected 

datasets of both aquifers, demonstrate that the visual pictures from these diagrams could be 
enhanced in interpretation of groundwater chemistry. The Piper diagrams incorporate all the 
analyses of the study area into one plot at each dataset. Its diamond shape which represents 
the relative percent of cations versus anion in meq/l unit is used to group and classify the 
water facies at each specific water zone. Except for permanent water group, almost all water 
groups varying from freshwater to brackish-saltwater are observed in both main aquifers. The 
mixed water group, a procedure of the interaction between freshwater and brackish-saltwater, 
is also illustrated on the Piper diagrams. The great range in major ion ratio is obviously found 
in the Pleistocene. This may indicate that there is a diversity of different water sources in 
recharge of this aquifer. Although range of the major ions in the Holocene appears to be 
smaller than in the Pleistocene, its chemical trend is more complicated and can not be 
determined.  Because Piper diagrams did not clearly show the trends in chemical water 
change, Stiff diagrams are used to display these trends. The two profiles of chemical water, 
which are represented by Stiff diagrams, typically show the adversely chemical change of the 
Pleistocene groundwater with the rising of major ion concentrations quickly from the 
Southeast to the Northeast and from West to East of the Nam Dinh area. The site maps, which 
represent the relative ratios of ion concentrations in meq/l, draw out an apparent shape of the 
fresh groundwater area in the South of the Pleistocene with the dominance of bicarbonate ion. 
These maps have also been shown a better distribution of sampling density in the campaign 
RS 1999 in both aquifers. By comparing the major ion ratios (i.e., Na/Cl, Ca/Mg, Ca/SO4 and 
K/Cl) the dominance of several major ions (Cl, Na and Mg) in groundwater chemistry are 
denoted and the evolution of the main ions is recognized as the original dominance of 
brackish-saline water, whereas the high percent of HCO3 and Ca ions in the fresh water lens 
show a possible refreshing process.   
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CHAPTER 3 EXPLORATIVE STATISTICAL DATA ANALYSIS 
OF THE WATER 

 

Abstract    The objective of this chapter is to obtain the two main purposes. The 
first is to get a statistical overview and an enhanced-familiarity with 
hydrogeochemical variables of the collected datasets before preparing for further 
geostatistical analyses. Thus, the basic descriptions of summary statistics and the 
graphical representations such as histograms, and box-plots are used to describe 
the characterization of the groundwater variables and to test the Gaussian 
distribution of the significant variables at each dataset. The second is to 
characterize the major and trace element concentrations with the respect to their 
frequently occurring and compared to drinking water standards. Hence, all 
parameters of four important datasets gathered from both campaigns RS 1999 
and DS 2000 in the Quaternary aquifers are preferentially expressed in more 
detail. The chemical analyses of those expressed the concentrations of ions in 
enormous range with different quantiles (10th, 25th, 50th, 75th, and 90th) and 
Q90/Q10 ratios. These selected quantiles are then divided into three degrees of 
frequency. The first degree is uncommon when the groundwater composition 
appears less than 10% of the analyses (< Q10 and > Q90). The second (from Q10 
to Q25 and Q75 to Q90) is common. The third degree (from Q25 to Q75) is very 
common. By these analyses it is indicated that the sampled-locations are 
relatively regularized in the study area. Almost all of original datasets are highly 
positively skewed and the log-transformed datasets often seem to be reached 
nearly normal distribution. The range of the major ions for both aquifers varies 
largely. The concentrations of Na, Mg, and Cl ions in the Holocene aquifer are, in 
general, higher than those in Pleistocene aquifer. Except for a large number of 
the analyses in the Pleistocene, taken from wells in the Southern part of the Nam 
Dinh area, very common range values exceeding 1000mg/l TDS in drinking water 
are observed.  

 

3.1 Introduction 
Major ions (Na+, K+, Ca2+, Mg2+, Cl-, HCO3

-, SO4
2-), minor ions (PO4

2-,F-, NH4
+, NO3

-, 
NO2

-), and tracer metals (ΣFe, Al3+, etc) in the groundwater have been studied for various 
purposes. For example, Geochemists want further understanding of the original elements, and 
geochemical processes. Mineralogists need to know the dissolution abilities and sorption of 
minerals. Hydrologists are interested in temporal and spatial distribution of ions and pH in 
different aquifers and original water sources. Water users want to know whether the 
concentrations of ions exceed the water quality in drinking water or not. 

To obtain a specific purpose, computers might be used to analyze and interpret the 
behavior of data. However, data analysis and interpretation cannot be completely automated, 
particularly when selecting a model based only on the computers. Therefore, an important 
step often needed first is to familiarize with data to the extent that the analyst could often 
regard to the patterns or anomalous measurements.  

Univariate statistical tools have an ability to explore and describe the variables of datasets 
in a meaningful way based on statistical moment, e.g. mean, median, quantiles, standard 
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deviation, coefficient of variation, and graphical presentation, e.g. accumulative frequency 
histograms, box-plots, and distribution maps of sampling sites that permit to recognize, 
anomalies, distribution shapes, and ion concentration variations. In particular, many chemical 
variables of groundwater, such as sodium, chloride, magnesium, calcium, etc, are often 
distributed in the way that is far from the normal distribution also known as the Gaussian 
distribution. Estimation which are based on the assumption of normality of those original 
variables are, therefore, less unreliable than they might otherwise be (Candela et al., 1988; 
Kitanidis, 1997). For that reason, the question of how well the distribution of measured values 
of a particular variable can be described by a model function should be answered before going 
to a further geostatistical analysis. For that reason, the first use of statistics is really necessary.  

How significantly the exploratory of the important feature of the data must be firstly done 
for a formal geostatistical analysis can be found in many books (Elliott, 1977; Gilbert, 1987; 
Isaaks and Srivastava, 1989; Meybeck, 2003; Webster and Oliver, 1990). In this chapter a set 
of basic statistical tools will be used for exploratory of the groundwater data in detail. In 
addition, concentration of all collected groundwater elements will be expressed in various 
units including mg/l, meq/l, and %meq/l with enormous ranges based on a series of quantiles 
(10th, 25th, 50th, 75th, and 90th) and Q90/Q10 ratios in order to recognize their common range 
values in both aquifers. The quantitative variation of ion concentrations between rainy season 
and dry season will be compared and evaluated. Both original and log-transformed data of all 
possible variables will be visualized by histograms in order to find a distribution that matches 
the Gaussian distribution.   

 

3.2 Methodology 
In any set of hydrogeochemical observations, values scatter about the mean due to the 

intrinsic variation of the natural processes (i.e., minor distributions due to errors of 
observation and natural variation influenced by physical processes). Dispersion, one of the 
most common used parameters of several observations at the most elemental level, might be 
indicated by the difference between min and max values. This is not enough reliable 
indication as it depends just on two values. It is thus necessary to consider more data, e.g., by 
using the interquantile range, one determines the lower Q(0.25) and upper quantiles Q(0.75), 
25% of the samples have x-values lower than Q(0.25) and 25% of the samples have x-values 
greater than Q(0.75). The interquantile range (IR) is a simple measure of the dispersion of the 
data bellow: 

)025.0()75.0( QQIR −=  

An advantage of the interquantile range is that it is less sensitive to the extreme values 
compared to the standard deviation. In fact, this measure of dispersion focuses on the range 
required to encompass the central 50% of the data. The interquantile range, median, lower and 
upper quantiles may be very useful in the assessment of the groundwater quality, as the very 
common values exceeding the critical threshold in drinking water can clearly described.  

Box-plot, one of the most effective graphics to visualize those quantiles above, is 
representing the IR as the length of the rectangular box, with a line across, to record the 
median values. Observations outside of the range (IR) are known as outside values. 
Additionally, box-plot can be used as the visual way to describe quantitative variation of ion 
levels when comparing their concentration in seasonal changes as well as to figure out 
abnormal values which might be true outliers, or errors of measurement, or transcription 
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mistakes, etc. These values should always be inspected and decide what to do about them 
before more formal analysis.   

On the other hand, to examine the characteristics of the data distribution, the estimated 
parameters of the distribution to the histogram are used as a visual way to try fitting 
theoretical distributions of the data. In theory, the histogram is a bar graph which records the 
number (frequency) of observations. These are plotted on the vertical axis for some variables 
whose values are plotted on the x-axis. The height of column represents the number of 
observations falling into the range (x2-x1). For example, considering the n values of the 
measurements that are sorted in increasing order, z1 < z2 < … < zn. The interval between min 
and max values is divided into k bins (classes). The specific interval represents the width of 
the column and is sometimes referred to as class, into which a certain number of discrete 
observations fall.  

Moreover, the chemical analyses of those expressed the concentrations of ions in enormous 
range with different quantiles (10th, 25th, 50th, 75th, and 90th) and Q90/Q10 ratios. These 
selected quantiles are then divided into three degrees of frequency. The first degree is 
uncommon when the groundwater composition appears less than 10% of the analyses (< Q10 
and > Q90). The second (from Q10 to Q25 and Q75 to Q90) is common. The third degree 
(from Q25 to Q75) is very common. These analyses give us a yardstick by which the very 
common range of the analyzed variables of the groundwater in concentration can be detected 
and some significant groundwater variables that dominate the groundwater quality can be 
defined.  

 

3.3    Materials 
Here four main datasets (Holocene RS 1999, Holocene DS 2000, Pleistocene RS 1999, and 

Pleistocene DS 2000) on 17 parameters were completely used for analyzing to obtain the 
mentioned purposes. The additional samples on pH, EC (electrical conductivity), and ΣFe 
parameters from the campaigns (DS 2002, RS 2003 and DS 2003) were selected for 
comparing the seasonal variations and for getting an overview of its distribution. The 
description of these datasets can be found in section 2.3 of chapter 2 and table 2.2. 
Distribution of the sampled locations of the collected dataset is represented in Fig. 3.1.  
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 Fig. 3.1  The location distributions of samples in six different datasets with the chloride concentration 

and electrical conductivity  
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3.4 Results and discussions 

3.4.1 Description data 

3.4.1.1 Common degree of ion concentrations occurring in groundwater 

 

Table 3.1 shows the levels at min, max, average and nine quantiles of depth, pH and 15 
chemical variables of the Holocene groundwater in both campaigns RS 1999 and DS 2000. 
The range of depths in the samples is from 3 to 38 m, very common range between 5 and 13 
meters. The concentrations of major cations such as sodium vary from 20 to 2533 mg/l, very 
common between 64 and 320 mg/l; the potassium from 0.5 to 204 mg/l, very common 
between 13 and 48 mg/l; the calcium from 8 to 440 mg/l, very common between 48 and 88 
mg/l; the magnesium from 8 to 294 mg/l, very common between 28 and 85 mg/l. The 
respective concentrations of major anions alter from 28 to 5069 mg/l, very common between 
127 and 603 mg/l chloride; from 481 to 1437 mg/l and very common between 285 and 606 
mg/l bicarbonate; from 0.5 to 814 mg/l and very common between 2 and 47 mg/l sulfate. The 
concentrations of the tracer metals range from 0.01 to 1.33 mg/l, very common between 0.04 
to 0.14 mg/l aluminum; from 0.02 to 65 mg/l, very common between 0.63 and 11.5 mg/l total 
iron. One after another the concentrations of organic compounds change from 0.01 to 92 mg/l, 
very common between 0.01 and 10.5 mg/l ammonium; from 0.01 to 27.9 mg/l, very common 
between 0.77 and 4.04 mg/l nitrate; from 0.01 to 30 mg/l, very common between 0.01 and 7 
mg/l nitrite. The phosphate level ranges from 0.06 to 7.59 mg/l, very common between 0.56 
and 2.14 mg/l.  

The high concentration of phosphate and nitrate may relate to fertilizers from agricultural 
activities. The pH ranges from 6.2 to 8.4, very common between 7 and 7.5. The TDS 
concentration vary from 314 to 9070 mg/l, very common between 718 and 1778 mg/l. Fig. 3.2 
compares the groundwater quality with the standards in drinking water of Vietnam and WHO. 
According to WHO, at the probability of 50% samples (median values), the concentrations of 
almost all parameters are below the critical thresholds in drinking water, excepting for total 
iron. However, following Vietnam standards, at the same quantile, there are three ions (ΣFe, 
NH4, and TDS) exceeding the maximum levels in drinking water. The exceeding of 1000 mg/l 
TDS at median value illustrates that brackish water generally dominates the groundwater 
chemistry in the Holocene aquifer.  
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Table 3.1 Different quantiles of all parameters collected in both campaigns RS 1999 and DS 2000 
representing the frequency of ions concentration and groundwater quality of the Holocene aquifer. 

 
All variables of the Pleistocene aquifers that are described in the different ranges are 

represented in table 3.2. The varying in sampling depths changes from 35 to 167 meters, very 
common between 80 to 110 meters. Concentrations of the major cations range differently 
such as the sodium varies from 22.4 to 7647.4 mg/l, very common between 43.63 to 249.32 
mg/l; the potassium from 0.52 to 300.8 mg/l, very common between 5.05 and 11.45; the 
calcium from 6 to 286 mg/l, very common between 22 and 108 mg/l; the magnesium from 3 
to 374.4 mg/l, very common between 15.6 and 72 mg/l. The respective concentrations of 
major anions change from 9.6 to 12580 mg/l, very common between 32 and 678 mg/l 
chloride; from 9 to 1281 mg/l, very common between 204 and 287 mg/l bicarbonate; from 0.5 
to 171 mg/l, very common between 0.5 to 1 mg/l sulfate. One after another the concentrations 
of tracer metals range from 0.01 to 1.12 mg/l, very common between 0.03 and 0.1 mg/l 
aluminum; from 0.01 to 44.5 mg/l, very common between 0.33 and 5.5 mg/l total iron. 
Organic compounds that vary in their levels range from 0.01 to 182.5 mg/l, very common 
between 0.01 and 9.25 mg/l ammonium; from 0.01 to 23.25 mg/l, very common between 0.35 
and 3.33 mg/l nitrate; from 0.01 to 56 mg/l, very common between 0.01 and 3.38 mg/l nitrite. 
The concentration of phosphate varies from 0.1 to 3.31 mg/l, very common between 0.47 and 
1.19 mg/l. When comparing the levels of the organic compounds and phosphate between the 
two aquifers, the lower concentrations and phosphate in the Holocene aquifer illustrates that 
the Pleistocene aquifer is less affected by the surfacial pollution sources. The smallest range 
in pH degree (from 6 to 8.35), are observed, whereas the TDS concentrations are well shown 
the biggest ranges (from 272 to 22,020 mg/l). By comparing the groundwater quality and 
drinking water standards at very common ranges in table 3.2, it is clearly shown that with a 
probability of 50% in the samples (median values), excepting for  the total ion level which 
exceeded the critical threshold of 0.5 mg/l in drinking water, the other parameters are matched 
for drinking water. Less than 1000 mg/l TDS at median value indicated that the fresh 
groundwater has an important role in this aquifer. 
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Table 3.2 Different quantiles of all parameters collected in both campaigns RS 1999 and DS 2000 
representing the frequency of ions concentration and groundwater quality of the Pleistocene aquifer  

 

3.4.1.2 Range of major ions concentration and general trend of cation exchange   processes 

The Q90/Q10 ratio of ionic concentrations is chosen to describe the range of major ion in 
order to discover some processes that are controlling the groundwater. Table 3.3 shows the 
lowest ratio for HCO3

- and Ca2+, and the highest ratio for SO4
2- and Na+. This is clearly a 

result of the fact that HCO3
- is usually almost normally distributed, whereas SO4

2- usually has 
a very skewed distribution. Ionic ratio distribution shows clearly that K+ and SO4

2- occupy a 
small amount of total cations or anions, respectively, but Cl- and Na+ dominate these major 
ions. Very high proportions of Cl- and Na+ and the general predominance of Mg2+ compared 
to Ca2+ are represented in table 3.3. The Na+ to Cl- and Ca2+ to Mg2+ ratios from Q10 to Q90 
vary largely, ranging from 0.64 to 1.23 for Na+/Cl-, from 0.23 to 2.13 for Ca2+/Mg2+. Table 
3.3 also represents the very common occurring values of Na+/Cl- and Ca2+/Mg2+ ratios , which 
are usually smaller than 1 (0.82 for both ratios at median values).  
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Table 3.3 Range of groundwater chemistry for the Holocene aquifer in the Nam Dinh area 

Ions Na+ K+ Ca2+ Mg2+ HCO3
- SO4

2- Cl-      Σ+

Ionic contents (Ci)
Q10 1.77 0.14 1.61 1.57 6.55 0.02 2.34 8.08
Q50 5.96 0.66 3.16 4.23 13.39 0.34 6.94 15.96
Q90 36.25 2.28 5.40 11.99 29.05 2.11 44.36 54.71

Q90/Q10 20.48 16.19 3.35 7.63 4.44 101.50 18.97 6.77

Ionic ratios (Ci/Cj)
Q10 0.26 0.09 3.41 0.23 0.64 1.41 0.00 1.75
Q50 0.61 0.46 11.70 0.82 0.82 7.97 0.02 25.92
Q90 1.61 2.19 45.39 2.13 1.23 179.04 0.21 1127.13

Analytical results for Holocene aquifer in rainy season 1999 and dry season 2000 , n =112
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Ci: Ionic contents (meq/l); Ci: proportion of ions in the sum of total cations or anions; Ci/Cj: ionic ratios 
and Q10, Q90, Q50: respectively the uncommon and the median percentiles of distribution.  

 

In table 3.4, some quantiles (10%, 50%, 90%) of ionic contents and ionic ratios are used to 
describe the range of major ionic concentrations in meq/l for the Pleistocene aquifer. The 
ranges of Q10 to Q90 ratio are the lowest for bicarbonate and calcite ions, the highest for 
chloride and sulfate ions concentrations. Both proportions of K+ to total cations and SO4

2- to 
total anions occupied very small percentages. Aversely, the much larger of these are found in 
Na+, and Mg2+ to sum of cations and Cl- to sum of anions. The Na+ to K+ ratio is very high, 
indicated that sodium ion dominates potassium ion. The median value (Q50) is smaller than 1 
in Ca2+ to Mg2+ ratio, whereas Na+ to Cl- appears to be larger than 1. The Na+/Cl- and 
Ca2+/Mg2+ ratios, in turn, are very common occurring at values around 1 and 1.2.  
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Table 3.4 Range of groundwater chemistry for the Pleistocene aquifer in the Nam Dinh area 

Ions Na+ K+ Ca2+ Mg2+ HCO3
- SO4

2- Cl-      Σ+

Ionic contents (Ci)
Q10 1.61 0.11 0.92 0.99 2.46 0.01 0.48 4.22
Q50 3.88 0.16 2.00 2.12 3.87 0.02 3.50 8.34
Q90 27.11 0.60 8.59 11.84 6.49 0.20 53.20 47.56

Q90/Q10 16.85 5.38 9.36 11.99 2.64 19.42 109.71 11.27

Ionic ratios (Ci/Cj)
Q10 0.17 0.18 11.64 0.58 0.43 6.16 0.00 3.98
Q50 0.66 0.53 22.26 0.87 1.09 105.42 0.00 144.38
Q90 1.10 1.04 59.15 1.49 4.88 640.20 0.06 3687.26

Analytical results for Pleistocene aquifer in rainy season 1999 and dry season 2000 , n = 129
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Ci: Ionic contents (meq/l); Ci: proportion of ions in the sum of total cations or anions; Ci/Cj: ionic ratios 
and Q10, Q90, Q50: respective the uncommon and the median percentiles of distribution. 

3.4.2 Exploratory data analysis and display  

To know the distributions of the data and to decide what transformation would be 
appropriate to the Gaussian distribution, the histograms and compute summary statistics are 
used to visually display the data distribution. Here both original and log-transformed data are 
plotted in Figs. 3.2-3.3. All significant statistical parameters are summarized on the right side 
of each histogram. By comparing some significant parameters such as means, medians, 
standard deviations and the shapes of histograms they are indicated that all original data are 
observed in Figs. 3.2-3.3 far from the normal distribution and very positive skewness, except 
for the pH. The farthest from the normal distribution observed in the left columns of the 
Figs.3.2-3.3 are chloride, iron and EC variables, while calcium and bicarbonate data are much 
lower positively skewed. The histograms of the log-transformed data are shown in the right 
columns of the Figs.3.2-3.3. They are still asymmetric, but more approximately symmetric.  

The box-plots that are used to recognize the extreme values or outlier values are shown 
from Fig. 3.4 to Fig. 3.5. The limits of the ‘boxes’ on these figures enclose the interquantile 
ranges and the whiskers extend to the limits of the data. In the Figs. 3.4-3.5 the whiskers 
extend only to the fences and any points lying beyond them are plotted individually. The 
upper fence is limit of the upper quantile plus 1.5 times the interquantile range, or the 
maximum if that is smaller; the lower fen is defined analogously. Fig 3.4 represents the 
concentrations of almost all variables in the campaigns RS 1999 and DS 2000 of both main 
aquifers at log-transformed data. While the other variables (EC, pH, and Fe) of the datasets 
DS 2002, RS 2003, and DS 2003 are plotted in Fig. 3.5 at both original scale and log-scale. 
The extreme values of the major ions observed in Fig. 3.4 after transformation to logarithms 
scales clearly show the effects of transformation to logarithms that can greatly reduce for the 
outlier problems in many cases. In particular, many extreme values of Fe and EC variables are 
observed in original data in the right side of Fig. 3.5, but after a log-transformation, these 
values that were originally outside went inside the box-plots (Fig. 3.5- right column) and 
minimizing the outlier problems of the original data, box-plots are used to represent the data 
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 Fig. 3.2  Histograms representing original and log-transformed data of  Cl, Ca, HCO3, and Fe 

variables in the Holocene aquifer (dataset RS 1999), several significant statistical parameters are 
summarized at the right of each histogram, the log-transformed data of all variables above displays the 
best Gaussian distributions    
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 Fig. 3.3  Histograms representing original and log-transformed data of Cl (RS 1999), EC (μS, DS 
2002), EC var (∆EC = EC DS 2003 – EC DS 2002), pH (DS 2002) variables in the Pleistocene aquifer 
(dataset RS 1999), several significant statistical parameters are summarized at the right of each histogram, 
except for the pH variable, the log-transformed data of the other variables above displays the best 
Gaussian distributions.    
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3.4.3 The quantitative variability of the groundwater chemistry due to the seasonal changes 

In order to appraise the quantitative variation of the groundwater variables caused by the 
seasonal change, box-plots at log-scales are used to compare this variability. Fig. 3.4 
represents the different levels of all possible variables in both aquifers between the rainy 
season 1999 and the dry season 2000. More than 50% of the analyses in the Holocene aquifer 
have TDS concentration exceeding 1000 mg/l, while the majority of samples taken in the 
Pleistocene aquifer shows less than 1000 mg/l. Except for Ca and Mg in the Holocene and 
HCO3 in both aquifers which are not significant changes between the seasons, the other major 
ions and TDS concentrations are clearly elevated in the dry season, which are typically found 
at median values. The Pleistocene aquifer has a higher variability in Cl and TDS at median 
quantile values than the Holocene, whereas this variability of the Pleistocene is much smaller 
than in the Holocene at the upper quantile values (Fig. 3.4). Seasonal change is observed for 
NO3 which is depleted in the dry season in both aquifers, and both Al and Fe which increase 
slightly in the dry season (Fig. 3.4). The elevated levels of total Fe and NH4 in the Holocene 
are also recorded. The pollutant of NH4 appears only in the Holocene aquifer.  

Fig. 3.7 shows a temporary variation in Fe, pH and EC (electrical conductivity) variables 
of the Pleistocene from campaigns 2002 to 2003. On the box-plots, the great concentration 
variability of the variables is shown among datasets.  
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 Fig. 3.4  Statistical distribution of measured elements as box-plots for both aquifers and the sampled 
campaigns. 
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 Fig. 3.5  Comparison of the short term variation from the campaign 2002 to campaign 2003 on Fe, 
pH, and EC variables in the Pleistocene aquifer. 
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3.5  Conclusions and discussion 
 With the description and exploratory of the selected datasets based on the basic statistical 

tools the data are depicted and explored in detail.  

First, by description of the data combined with ionic ratio analyses, some main 
hydrogeochemical processes are revealed. In particular, because of the long time residence of 
seawater, it always has an uniformed chemistry with the predominance of Na+ and Cl- with a 
molar ratio of 0.86 and Mg2+ greatly in excess of Ca2+ (Vengosh, 2003). However, the wide 
variation of Na+ to Cl- and Ca2+ to Mg2+ ratios from Q10 to Q90 , ranging from 0.64 to 1.23 for 
Na+/Cl-, from 0.23 to 2.13 for Ca2+/Mg2+in the Holocene aquifer,  which demonstrate the fact 
of the mixing processes of fresh groundwater and brackish-saltwater in the Nam Dinh 
groundwater. Besides, by comparing the variable chemical composition of groundwater and 
considering the median values of Na+/Cl- and Ca2+/Mg2+ ratios, it is also shown that the very 
common occurring values of these ratios are usually smaller than 1 (0.82 for both ratios at 
median values). This may result from the main reverse ion exchange process or reverse 
natural softening that occurs into the aquifers. These modifications correspond to the theory 
of cation exchange processes, with most of cation exchangers in aquifer such as clay minerals, 
organic matters, oxy-hydroxides, and fine-grained rock materials which mainly absorbed on 
their surface. When the mixture of brackish-saltwater and fresh groundwater happens, Na+ 
displaces a part of the Ca2+ on the solid surfaces and releases Ca2+ and the solute composition 
changes from a Mg-chloride into a Ca-chloride type-water. Theoretically, in fresh water Na+ 
and  Ca2+ concentrations usually dominate Mg2+ and Cl- concentrations, respectively 
(Vengosh, 2003). In spite of this, the result obtained by this study shows that: in the 
Pleistocene, where Q50 is smaller than 1 in Ca2+ to Mg2+ ratio, whereas Na+ to Cl- appears to be 
larger than 1, indicating mixed-processes with no clearly trend. In addition, by observing the 
chemical modification of groundwater and considering ratios of Na+/Cl- and Ca2+/Mg2+ of the 
Pleistocene aquifer, it can be concluded that Na+/Cl- and Ca2+/Mg2+ ratios, in turn, are very 
common occurring at values around 1 and 1.2. These values are usually larger than 1, when 
the groundwater is fresh water (as discussed in chapter 3). These changes correspond the 
theory of a ongoing natural softening process in this aquifer, especially in the Hai Hau, Nghia 
Hung and one part of the Y Yen districts, that is an important reaction process in which Ca2+ 
and Mg2+ are taken out of solution and displaced by Na+ and clay minerals deposited in 
marine environment is abundance of sodium to provide for this replacing.  

Second, as a result of description, the frequency of the groundwater variables, occurred in 
both Quaternary aquifers, is thus detected. Then, the very common occurring concentration of 
each parameter in groundwater are compared with the drinking water standards in order to 
determine the most common contaminated problems in both aquifers, i.e. iron and chloride 
levels that exceeded the critical cutoff in drinking water are regarded as the two main 
problems of groundwater quality in the study area.  

Third, with box-plots the fluctuations of the element concentrations between rainy season 
and dry season and between aquifers are represented and compared visually. These have been 
confirmed the fact that the quality of the Pleistocene groundwater appeared to be better than 
that of the Holocene, but the variability of the TDS, Cl, and Na levels between datasets are 
higher than that of the Holocene aquifer. Also, the elevated concentrations of the EC, pH, and 
Fe parameters due to the short term variation show the negative effect on groundwater quality 
in the Pleistocene. The great quantitative change of groundwater quality in the Pleistocene 
aquifer between campaign 2002 and campaign 2003 (Fig.3.5) reflects two main points. 
Firstly, in spite of the general increased concentration of total Fe, its slight decrease is 
observed at median quantile values. Secondly, the dropped pH coincide with the elevated EC 
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are revealed, even in the rainy season 2003, this may thus be considered as an evidence of the 
increasing brackish-saltwater intruding into the aquifer due to over-exploitation. 

Finally, but more significant, by the exploratory analysis some fundamental questions for a 
further formal geostatistical analysis have been answered such as: (1) How can we define the 
abnormal values that might be true outlier values, or errors of measurements, or mistaken due 
to recording?; (2) How to examine the distribution of the data? (3) what should we do to 
overcome or reduce these problems? First, with the location maps the independence of their 
locations in space is figured out as a good portray for a further geostatistical analysis. Second, 
based on histograms and box-plots, and some important summary statistics such as the 
median, mean, interquantile, standard deviation and the skewness coefficient, both the outlier 
and the abnormal distribution problems in our original data are detected clearly in almost all 
variables except for pH. The extreme values of the trace elements often appeared more 
frequently than that of the major ions, e.g., fluoride, aluminum, and nitrate variables. 
However, after transformation to logarithms the data have approximately normalized and 
remarkably reduced the outlier problems, i.e. almost all outlier values of concentrations of 
many major ions (EC, Fe, etc) went into the box-plots.  In theory, histograms and their 
computed summary statistic parameters are often used to evaluate the distribution data 
visually, not for formal significant tests for normality, but they are helpful to tell us in what 
way the transformed data would be appropriate like in this study. Of course, there are some 
formal significant tests for normality that are also available for checking the distribution of 
the data (Borradaile, 2003; Kitanidis, 1997), but these are generally not helpful in this case, 
partly because they depend upon the number of data and partly because they do not tell us in 
what way a distribution departs from normal (Webster and Oliver, 1990). 

In conclusion, although the data represented in this study are facing with some problems 
such as outliers, very positively skewed at the original scale, these effectively minimized after 
transforming data to log-scale except for some trace elements mentioned above. Therefore, 
transformation of these datasets into log-scale (base 10) for further geostatistical analyses 
would be reliable and logical. The extreme values of several well known trace elements such 
as F and Al variables that still remain high in the dataset after log-transformation can, 
however, cause the undesirable influences for the spatial Kriging estimation and principle 
component analysis. Thus, these variables would be eliminated in these analyses. Some other 
variables such as chloride, iron, etc that frequently exceed the requirements for drinking water 
in concentration will preferentially be selected for analyzing and discussing further in the next 
chapters.     
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CHAPTER 4 TEMPORAL AND SPATIAL VARIABILITY OF THE 
GROUNDWATER QUALITY IN THE COASTAL QUATERNARY 
AQUIFERS, THE NAM DINH AREA/VIETNAM                               
A CASE STUDY BASED ON KRIGING TECHNIQUES 

 

Abstract    The main objective of this chapter is to get a better understanding 
of the temporal and spatial variability of the groundwater quality of the coastal 
aquifers in the Nam Dinh area. Therefore, all sampled locations of the available 
datasets were selected to spatially estimate a rectangular 36x36 estimation grid 
within an area of 70 x 70 km based on Ordinary Kriging techniques. For that 
reason, some basic steps that are needed for Kriging estimation are implemented. 
First, variogram is used to characterize the spatial behavior of each variable. 
Second, experimental variograms are fitted by variogram models and computed to 
be used in the Kriging estimations. Third, some significant variables of the 
groundwater chemistry are spatially estimated and mapped to obtain an insight 
view into its real status and tendency. Finally, a critical assessment of all possible 
variations, tightly related to the seasonal change, directional influence, spatial 
distribution and prediction error is conducted and concluded. The most 
interesting results discovered in this study clearly show that the salinity in the 
Holocene aquifer exhibits a local variability, whereas the Pleistocene aquifer 
shows some regional NW-ES-striking structures. The salinity declines the fresh-
groundwater lens in the Pleistocene aquifer regionally and gradually. The 
elevated electrical conductivity levels in the Pleistocene aquifer, observed in the 
North area of the province nearby the sea and along the Red River, indicate the 
strong saline water effect, whereas they promptly decrease in the West side of the 
study area.  

 

4.1 Introduction 
Temporal and spatial variability of groundwater quality is the most common regarded 

phenomenon in many coastal aquifers, which is usually adversely affecting the groundwater 
quality by various factors such as tidal influence, over-pumping, seasonal change, average 
rainfall, paleogeology, discharge ability, have been illustrated by a large number of various 
investigations. For example, the seasonal variation and time delay that can change the 
groundwater quality due to tidal fluctuation was illustrated by several investigations (Bear et 
al., 1999; Demirel, 2004; Kim et al., 2006). The relict fluvial rivers as potential pathways for 
saltwater intrusion in coastal aquifers were discovered by previous investigations (Daniel III 
et al., 1996; Falls et al., 2005; Mulligan et al., 2007). 

Like many other parts of the world, groundwater in the coastal Nam Dinh area is facing 
with many problems mentioned above. The increasing amount of groundwater exploitation 
for drinking water, fish growing and agricultural irrigation in the coastal districts of the 
province put high pressure on the limited water resource that available in both aquifers (Dao 
et al., 2005; Doan, 1996b; Doan et al., 2005). Additionally, the enormous variability of 
recharge from rainfall between dry season and rainy season combined with the much stronger 
influence of the tidal on the river systems in the dry season (Mathers et al., 1996; Mathers and 
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Zalassiewieicz, 1999; Tanabe et al., 2003), caused a contrary impact on both groundwater 
distribution and groundwater quality, as well as threatened the sustainability of the aquifer 
systems. Understanding its spatial variability, therefore, plays a significant role in 
groundwater exploitation and management. Prior investigations on groundwater quality in this 
area (Do et al., 2001; Doan, 1996; Le et al., 2005) have somewhat tried to clarify its actual 
situation. They were, however, still lacking of an analysis about the temporal and spatial 
distribution on hydrogeochemical variables based on a full geostatistical approach from 
available datasets. How the concentration of a groundwater variable can spatially be estimated 
at unvisited wells and how well the estimation can be achieved was not proposed in their 
investigations. These questions are really needed to be answered in order to minimize the 
uncertainty of a hydrogeochemical study. 

Recently, numerous approaches which were used to discover the chemical variability have 
been applied. In particular, Poulsen et al., (2006) applied GIS combined with hydrochemical 
techniques from datasets on hydrologic data at regional scale to assess the catchment area of 
groundwater and stream salinity. Kriging techniques that are used to estimate the spatial 
variability of groundwater variables can be found in a large number of investigations (Hu et 
al., 2005; Kitanidis, 1997; Schafmeister, 1999). Usually, the probability distribution of most 
groundwater variables is often positively skewed so that log-transformed data are often used 
in Kriging estimation (Candela et al., 1988). Moreover, estimation variance of Kriging 
procedures can be used to measure the reliability of prediction, hence it is commonly used in 
optimization studies (Rodriguez-Iturbe and Mejia, 1974; Van Geer, 1987). 

Geostatistics, which is greatly considered as a useful tool for characterizing spatial 
variability of a variable, is not only used in groundwater investigations, but also widely used 
in many other subjects. For instance, the spatial patterns of soil micro-organisms and plants 
based on geostatistics approach have been conducted by (Sutherland et al., 1991; Wollum and 
Cassel, 1984). The applications of geostatistics to soil scientist have been performed by a 
number of authors (Goovaerts, 1992; Goovaerts, 1998; Panagopoulos et al., 2006). 

In this study geostatistical tools are approached based on available datasets in both main 
aquifers. The study will show how strongly the seasonal change impacts the variability of 
hydrogeochemical variables. Temporal variability of the EC variable is thus used to predict 
the inconsistency of groundwater quality and the other key variables such as chloride, EC, 
iron, calcium, bicarbonate and pH is selected to spatially estimate the unknown values at 
unvisited wells. The real situation of salinity variation and the degree of its influence are 
described in detail. Kriging maps and error maps of element concentrations will be created 
and used to compare the variability between rainy season and dry season as well as the 
plausibility of their Kriging estimation. How differences between isotropic and anisotropic 
estimations of chloride levels on the sample dataset will be compared and discussed. Finally, 
conclusions and discussions will be given.  

 

4.2 Methodology 

4.2.1 Variogram 

Groundwater quality variables are considered as regionalized variables as defined by 
Matheron, 1971. The variogram, a most effective tool for quantifying and investigating the 
spatial dependence of a regionalized variable, can be used to characterize the spatial patterns 
of hydrogeochemical variables. The methodology of this application can be found in many 
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materials (Myers., 1982, Deutsch and Journal, 1992, Gringarten and Deutsch, 2001). The 
function of the variogram (or semivariogram) is described as 
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Where N(h) is the number of pairs of observation hxi + , placed at a distance of h.  ix

Evaluating the Eq. (4.1) for various lag vectors h yields an experimental variogram which 
describes the average squared difference between observations as a function of distance. 
Larger values of γ(h) at a given h indicate weaker spatial auto-correlation, that is, a higher 
spatial frequency. Experimental variograms are computed as either an average without 
considering the direction of distance vector h, called omni-directional variogram or 
specifically to a particular direction, which is called directional-variogram. This concept has 
clearly been described in the materials (Eriksson and Siska, 2000; Goovaerts, 1997; Isaaks 
and Srivastava, 1989; Myers, 1997). 

For each hydrogeochemical quantity to be estimated at each considered aquifer in the Nam 
Dinh area experimental variograms are computed and modeled. Geostatistics offers a wide 
variety of numerically permissible variogram functions, out of which the two most common 
functions, the spherical and the exponential model are used here. Three model parameters 
(sill, range, and nugget effect) of a model structure are determined. These are defined as 
follows: 

(1) The sill is the ordinate value at which the variogram stops increasing 

(2) The range, or range of influence, is the lag distance at which the sill is reached in 
variogram plots, which depends on distance as well as directions and is identified 
as the distance of dependence in the field.  

(3)  The nugget effect, which causes the discontinuity at the origin of the variogram, 
arises from measurement errors or spatial sources of variation at distances smaller 
than the shortest sampling interval or even both (Journel and Huijbregts, 1978b). 

The sill and range of influence, consequently, provide information on the magnitude of 
variable variations and the natural behavior of spatial correlation of hydrogeochemical 
variables, which are identified by a variogram analysis. The nugget effect which has the 
ability to reveal the amount of noise (measurement error) or the small scale variability or an 
influence of measurement is presented in data. 

The equation of the both spherical and exponential models can, in turn, be written as: 
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Where a is the range 
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4.2.2  Kriging 

The objective of Kriging is to estimate the values of a random variable at un-sampled 
location. Estimation is the task for geostatistics was initially developed, and it is called 
Kriging after D.G. Krige, a mining engineer mining in the gold fields of South Africa (Krige, 
1951). A brief history of the origins of Kriging can be found in (Cressie, 1990). In its original 
formulation Kriging estimation at an unvisited position was simply a linear sum or weighted 
average of the data in its neighbourhood. Since then a set of Kriging methods involving 
Simple Kriging (SK), Ordinary Kriging (OK), Universal Kriging (UK), Disjunctive Kriging 
(DK), and Indicator Kriging (IK) has been developed to tackle diversely complex problems in 
mining, environment, petroleum engineering, etc. Depending on whether the data are 
Gaussian distribution or not, linear or non-linear techniques of Kriging estimators can be 
appreciately used. In this chapter we deal with the simpler linear method, and in chapter 6 the 
more complex method, Indicator Kriging, has been proposed. The reason why Ordinary 
Kriging can be used as an effective tool to interpolate the spatial variability of the 
concentrations of the groundwater variables in this area is that: Ordinary Kriging (OK) are 
based on the data themselves via the variogram analysis rather than being arbitrary (as is the 
case for inverse distance), therefore its estimates correctly account for nugget variance and 
short-range structures. Additionally, a major advantage of OK is well known as the optimal 
estimator that can interpolate unknown values in space in such a way that they minimize the 
variance of the estimation error  

Theoretically, Ordinary Kriging is a numerical algorithm that estimates the density (Z) of 
the regionalized variable at an unvisited sample location based on the following fundamental 
function.  
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Where n is the number of samples, λi is the weight attributed to the sample xi and Σ λi 
should be equal 1 to ensure that the estimation is unbiased (E[ - Z(xo)] ) = 0. By doing 
so, the Kriging variance (estimation error) is minimized (Simard et al., 1992). 
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On the matrix notation, the unknown column matrix (Y) is defined as: 

Y = A 1B          (4.5) 
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The estimation variance of Ordinary Kriging estimator according to (Journel and 
Huijbregts, 1978a) is given by the following function 

BY T
E =2σ            (4.9) 

The estimation variance is then considered as the reliable index for evaluating the 
estimated results with the rule: The higher the estimation variance, the lower the estimation 
reliability.  

Fundamentally, Kriging estimation does not depend on any particular probability of the 
sampled density distribution (Clark, 1979). If the original data are, however, not clearly 
following Gaussian distribution (normal distribution), then the estimation results can be 
yielded with a higher estimation variance. To reduce this problem which frequently appears 
for geochemical constituents, log-transformed data are used in Kriging estimation to achieve 
unbiased estimation and reduced estimation variances (Candela et al., 1988; Journel and 
Huijbregts, 1978). Lognormal Kriging estimate that appears as a logarithm of original values 
can, however, make its interpretation more difficult. It is thus necessary to back-transform 
these logarithmic values to the original scale. For Ordinary Kriging back-transformation is 
achieved as the exponential of the Kriging estimate plus an unbiased term (Journel, 1980) that 
can be formulated  as: 

μσ −+=
2* 5.0)(* 10)( OKoOK xY

oOLK xZ        (4.10) 

Where is Kriging variance; μ is the Lagrange multiplier; and - μ is unbiased term 
for Ordinary Kriging.  

2
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The back-transformation of the estimation variance is generally very sensitive to the shape 
of probability density function. It is thus meaningful to determine the inner 67 % interval, i.e. 
its lower (ZL = 16 % quantile) and upper bound (ZU = 84 % quantile), i.e. 
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4.3 Materials 
Some key variables such as Cl, Ca, HCO3, and Fe from four datasets (RS 1999, DS 2000, 

DS 2002, RS 2003 and DS 2003) and two variables of EC and pH of the datasets DS 2002, 
RS 2003 and DS 2003 were selected for temporal and spatial analyses of the groundwater 
quality variability in this chapter. The detail description of these data is described in the 
section 2.3 and tables 2.2 of the chapter 2.  

4.4 Results 

4.4.1 Variography 

Variograms analyses were performed using the Variowin software (Pannatier, 1996). The 
experimental variograms of the log-transformed data were computed and modeled in order to 
define the key parameters for Kriging estimation. In order to identify the directional influence 
that may appear in the data, variograms were rotated in four directions of 0o, 45o, 90o and 135o 
with tolerance of ± 22.5o. For the Holocene datasets just the omni-variograms (isotropic 
variograms) are exposed (Fig. 4.1). However, both omni-directional variogram and 
directional-variogram (anisotropic variogram) are calculated for the datasets of Pleistocene 
aquifer (Fig. 4.2). The presence of omni-variograms with tolerance 90o indicated no trend 
appearing in the Holocene, while the directional influence in the datasets of Pleistocene 
aquifer were identified with a major axis of anisotropy in NW-ES direction. Experimental 
variograms are best fitted by the spherical model and the exponential model, respectively 
(Figs. 4.1-4.3). All parameters of the fitted models are shown in tables 4.1-4.3. The ranges of 
influence of variables vary from 16 km to 56 km in the Holocene aquifer and from 28 km to 
57 km in the Pleistocene aquifer. Tables 4.1- 4.2 show simple structures in almost all 
variables, but the nested structures of some variables such as Cl, Fe, and EC are revealed in 
the datasets of the Pleistocene. At the origin of the variograms, small nugget effects (or no 
nugget effect) are often detected in the Pleistocene datasets, whereas the higher values of 
nugget effects are observed in the Holocene. Fe –concentrations in the dataset RS 1999 reveal 
the highest nugget effect, which is much higher than that of the dataset DS 2000, is found in 
Fig.4.1. In particular, for Cl and Fe of the dataset - Holocene DS 2000, the NE accounts for 5 
and 48 percent of the total variance (C) respectively, while it is covered around 2 percent of 
the total variance for pH in the Pleistocene DS 2003 and 4 percent of the total variance for Fe 
in the Pleistocene DS 2000. Either a locally spatial correlation or a globally spatial correlation 
of each variable is shown in Figs. 4.1- 4.3.  

±

In the same aquifer (the Holocene aquifer), the smaller range of chloride variable indicates 
a local scale variability, while the bigger range of bicarbonate illustrates a global scale 
variability. Except for bicarbonate, shorter ranges of influence are observed for the Holocene 
aquifer compared to those from the Pleistocene, thus indicating a higher spatial continuity for 
the hydrochemical environment in the Pleistocene aquifer compared to the Holocene.  

Figs. 4.2-4.3 display the major ranges of influence in most of the variables in the 
Pleistocene. Both Cl and EC variograms of this aquifer reflect the directional influence, while 
this influence is not detected on the other variables (Fig. 4.3).   
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 Fig. 4.1  Omni-directional variograms and fitted models on log-transformed chloride, iron, calcium, 
bicarbonate variables of the Holocene aquifer based on the two datasets in both campaigns rainy season 
1999 (left-side) and dry season 2000 (right-side) representing the isotropic characterization of the 
Holocene aquifer and characterizing spatial ranges of influence as well as the degree of spatial continuity 
at each variable. 
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 Fig. 4.2  Directional variograms and fitted models on chloride and EC levels based on the datasets of  
RS 1999 (left-top) and DS 2002, RS 2003 and DS 2003 show the anisotropic characterization of the 
Pleistocene aquifer in the two main directions. Directions 45o and 135o on these directional variogram 
plots respond to the NE-SW and SE-NW (main axis) directions on geological field, respectively. 
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 Fig. 4.3  Variograms and fitted models on log(Cl), log(Fe) and pH variables of the Pleistocene aquifer 
represent the nature of spatial correlations at each variable. 
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Table 4.1 Parameters of the fitted models for Kriging estimation in some chemical variables of the 
Holocene aquifer     

Variables datasets Nug. Eff Range (km) Sill Model

Cl RS 1999 0.105 16 0.124 exp
Cl DS 2000 0.015 18 0.3 exp
Fe RS 1999 0.62 25.6 0.14 sph
Fe DS 2000 0.189 55 0.395 sph
Ca RS 1999 0.0228 25 0.05 sph
Ca DS 2000 0.0116 26 0.03 sph

HCO3 RS 1999 0.035 55 0.0321 sph
HCO3 DS 2000 0.042 56 0.062 sph

 
Table 4.2 Parameters of the fitted models for Kriging estimation under the assumption of isotropy 

for Cl, Fe, pH of  the Pleistocene aquifer. 

Nug. Eff
C0 a1 (km) C1 Model a2 (km) C2 Model

Cl RS 1999 43 0.651 sph 51 0.534 sph
Cl DS 2000 0.161 33 0.473 sph sph
Fe RS 1999 0.189 36 0.581 sph sph
Fe DS 2000 0.016 40 0.453 sph 57 0.723 sph
pH DS 2002 0.019 28 0.08 sph sph
pH RS 2003 0.016 30 0.08 sph sph
pH DS 2003 0.016 29 0.099 sph sph

Var. datasets
Structure 1 Structure 2

 
Table 4.3 Parameters of the fitted models for Kriging estimation based on anisotropic variogram 

models for EC and Cl of  the Pleistocene aquifer. 

Nug. 
C0 amin (km) Ratio_ani C1 Model amin (km) Ratio_ani C2 Model

Cl RS 1999 36 1.8 0.700 sph 48 1.8 0.700 sph
EC DS 2002 44 1.9 0.232 sph 49 1.9 0.300 sph
EC RS 2003 40 2.0 0.230 sph 49 2.0 0.300 sph
EC DS 2003 40 2.0 0.300 sph 49 2.0 0.156 sph
∆ EC DS03-DS02 37 2.0 0.024 sph 48 2.0 0.022 sph

Structure 1 Structure 2
Var. datasets

(a: range of influence; Ratio_ani: anisotropic ratio; amin: small range; Co: Nugget Effect; C : sill) 

4.4.2 Spatial interpolation 

It is not the main scope of this chapter to present the Kriging results, i.e. maps of the 
interpolated concentrations and its error maps, for all hydrochemical parameters. Thus, only 
some important variables that dominate the groundwater quality such as chloride, iron, 
calcium, bicarbonate, EC and pH are selected. Ordinary Kriging with program kt3d of the 
GSLIB package (Deutsch and Journal, 1998) is used to produce a rectangula 36x36 estimation 
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grid within an area of 70 x 70 km based on the sampled locations (85, 44 and 74 and 38 
visited locations for the Pleistocene RS, the Pleistocene DS, the Holocene RS, the Holocene 
DS, respectively). As mentioned in chapter 3, these relevant parameters are positively skewed 
in most hydrogeochemical variables and are thus lg-transformed prior to variogram analysis 
and Kriging estimation. The contour lines at value 250 mg/l for Cl and at value 0.5 mg/l for 
Fe, that respond to the Vietnam’s drinking water standards, are represented as solid lines on 
the Kriging maps. The parameters of the fitted models selected for Kriging prediction are 
represented in table 4.1-4.3. 

In addition, in order to clearly quantify the temporal variability of salinity, the EC 
fluctuation (∆EC or EC var on maps) is calculated (see chapter 3) and then subjected to the 
geostatistical analysis to be spatially estimated. 

4.4.2.1 The Holocene aquifer 

Table 4.1 represents the parameters of the fitted models of the Holocene datasets used in 
Kriging estimation. Because the chloride and iron concentrations exceeding the thresholds in 
drinking water frequently occur in the groundwater, they are further discussed in this study. 
The spatial distribution of the estimated variables is shown in Figs. 4.4-4.6.  

For the chloride variable, the Kriging maps show the highest chloride concentrations in 
both sides of the Red River, but they appear to be smaller in the South of the Nam Dinh 
province (except for the Southeast). By comparing the difference of chloride concentrations 
on Kriging maps between the two seasons, the highest variation of chloride levels is exposed 
in the mid-way of the Red River, while this variability is much smaller than in the South. 
Rather than only report the values of Kriging estimation, an inner 67 % internal has been 
reported on the two error maps of Fig.4.4 (one for lower bound (ZL = 16 % quantile) and the 
other for upper bound (ZU = 84 % quantile). This determines the probability the true value 
falls within the confidence interval. 

 Fig. 4.5 shows both spatial estimation and estimation error of the calcium and bicarbonate 
variables. The Kriging maps of calcium variable indicate the highest level of the calcium in 
the West, and its lowest level in the South of Nam Dinh province. Bicarbonate levels are 
found to be smaller in the South (Fig. 4.5-bottom). The seasonal changes of these variables 
are displayed in Figs 4.5.  

Fig. 4.6 displays the spatial distribution of iron concentrations in which the Kriging maps 
reflect an increase of the iron levels during the dry season, while error maps, that are 
exhibited in Fig. 4.6- bottom, verify the much appropriate estimation in the dataset DS 2000. 
However, high error variances represented on the boxplot indicate low confidence in the 
Kriging interpolation for this variable in both datasets. 

Both chloride and iron levels, that exceeded the maximum cutoffs in drinking water 
(responding to the solid lines on the Kriging maps), are exhibited in Figs.4.4-4.5.  Their 
contamination shapes demonstrated that they are the most striking problems, and the iron 
contamination is more global problem than that of the chloride. Fig. 4.4 that shows the highest 
risk area of the chloride distributes along both sides of the Red River. The relatively wide 
patch, which had the chloride concentration below the accepted maximum limit in drinking 
water, is found in the area of high estimation variances on error map, therefore, it is not 
confident enough to draw conclusion. The slightly elevated concentrations of chloride 
variable in the dry season are recorded, while iron concentrations increase faster in the dry 
season due to the seasonal change.  
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 Fig. 4.4  Kriging maps show locally spatial distribution of the chloride (Cl) concentration in both 
datasets of the Holocene aquifer (RS 1999 and DS 2000) and the slightly elevated chloride in dry season. 
Error maps show the estimation variances at lower and upper bound values. The solid line at value 250 
mg/l Cl responds to the critical threshold in drinking water.  
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 Fig. 4.5  Temporal and spatial distribution of calcium and bicarbonate produced by Ordinary Kriging 
for the Holocene. Error map represents the estimation variances of calcium and bicarbonate as it is 
produced by Kriging interpolation.   
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 Fig. 4.6  Kriging maps and error maps show the temporal and spatial distribution of the  iron levels 
for the Holocene aquifer in RS 1999 and DS 2000, and compare the estimated results between the two 
datasets. The boxplot and error maps display the Kriging variance as it is produced from the Kriging 
estimates. The solid line at value 0.5 mg/l Fe responds to the critical threshold in drinking water.  
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4.4.2.2 The Pleistocene aquifer 

Tables 4.2-4.3 display the fitted model parameters used for Kriging estimation of the 
Pleistocene aquifer. Since the salinization is the common problem in the coastal aquifers, both 
Cl and EC are chosen to map the temporal and spatial variability in detail. And in order to 
forecast the salinity change, the temporal variability of the EC level is predicted. Some other 
chemical variables such as Fe and pH are also spatially estimated and mapped with regard to 
the seasonal change. Because an anisotropic structure for some variables such as the Cl, and 
EC in the datasets of the Pleistocene is evident (Fig 4.2), the Kriging estimations are based on 
the anisotropic variogram structures. All results are presented in Figs. 4.7 - 4.11  

To answer the question which model function (isotropic or anisotropic) reflects the spatial 
behavior of a regionalized variable more appropriately, both isotropic Kriging map and 
anisotropic Kriging map on the chloride variable of the Pleistocene dataset in the campaign 
RS 1999 are yielded and compared as the typical example. Their results are shown in Fig. 4.7. 
The upper bound values are calculated and mapped. The status of this confidence interval is 
displayed in Fig.4.7. Kriging variances at different quantiles of both models are plotted in 
Fig.4.7-middle. By this comparison, the slight difference of the plausibility of Kriging 
estimation between two estimated cases is observed and a bit clearer shape of saltwater effect 
to the Pleistocene in the anisotropic Kriging map is found.  

Based on the Kriging maps and error maps, the spatial distribution of chloride levels and 
their estimation errors between the two datasets (RS 1999 and DS 2000) are compared in 
Fig.4.8. The chloride levels, that increased in the South, but decreased in the North in the dry 
season 2000, are shown in Fig. 4.8-top. At median values, chloride levels, which are 
represented in the boxplot of the Fig. 4.8-left, shows nearly equality between the two seasons. 
The higher estimation errors in the dataset DS 2000 of the Cl variable have been confirmed in 
the boxplot of the Fig. 4.8-left.  

Seasonal variability of the iron concentrations in space is shown in Fig.4.8-middle. In the 
dry season 2000, the ion concentration clearly dropped in the N-E area, but increased in the 
South (Fig.4.8-middle). The estimation variances, which are compared on the box-plots 
between the two seasons and between the estimated results, illustrate a more appropriate 
estimation in the dataset DS 2000, but both are observed low plausible estimations in the error 
maps of the Fig. 4.8 on the bottom-right. 

Fig.4.9 displays the temporal and spatial changes of the EC levels between datasets on the 
Kriging maps, while error maps prove the high confidences in estimation. The considerable 
change among DS 2002, RS 2003 and DS 2003 of the EC levels was noticeably revealed. The 
temporal variability of the salinity based on ∆EC values is depicted in the bottom of the 
Fig.4.9. This indicates the fact that the quickly elevated EC levels develop in the North, 
whereas the remarkable decrease of these levels appears in the small part of the West. The 
widely increased EC levels are clearly shown in Fig.4.9-bottom. 

The spatial distribution of pH is presented in the Kriging maps of Fig. 4.10 in which a 
considerable variation is observed when comparing the pH levels among the datasets (DS 
2002, RS 2003 and DS 2003). The low values of the estimation variances, represented in Fig. 
4.10 on error maps, confirmed the high reliability of estimations, in which the model of kriged 
estimation of dataset RS 2003 is more closely to the spatial character of the variable. Except 
for the considerable patch originating in the middle of the Red River, the large remain portion 
of the study is within the safe values on the pH index in drinking water (Vietnam’s standard 
values from 6.5 – 8.5). Kriging maps show the lowest values of the pH in the North, and the 
highest values in the South.  
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Obviously, based on the Kriging maps of the Cl concentrations and EC levels, a fresh 
groundwater lens is revealed in the South of the study area, however, there are two questions 
that are still not clear:  (1) How big is the lateral extension of the fresh groundwater lens ?; (2) 
Can its change in time be evaluated ? Undoubtedly, these questions which are relevant for an 
effective planning of groundwater exploitation need to be answered first. Therefore, TDS 
concentrations in the Pleistocene aquifer have been estimated and mapped for the entire area of 
Nam Dinh in which the TDS concentrations in RS 1999 is used as the standard data for defining 
the fresh-brackish-saline water boundary. The basis for classifying the groundwater types is 
based on Free and Cherry (1979) (<1000 mg/l TDS: fresh water; 1 000-10 000 mg/l TDS: 
brackish water and saline water > 10 000 mg/l TDS). The status of this boundary and its area is 
clearly shown in Fig.4.11-top. Besides, from EC values of the other homogeneous datasets (DS 
2002, RS 2003, and DS 2003), a rough estimation of the dissolved solids has been made from 
the following equation (Todd, 1959) 

TDS (mg/L) = EC (µS/cm at 25oC) x Kc with Kc = 0.64 

 Where Kc is the cell constant 

 In groundwater, Kc can range from 5 – 9 depending on the TDS concentrations and 
temperature of the groundwater (http://www.lenntech.com/water-conductivity.htm), thus its 
converted values and its Kriging estimation may not reflect a true reality of the TDS 
concentrations, but its Kriging maps has a meaningful for a general view on how the fresh-
brackish-saline groundwater boundary can be changed in time. This may also explain why 
there is a big difference in area of the fresh groundwater lens between RS 1999 and DS 2002. 

In Fig 4.11 distribution of the three main groundwater groups are delineated and calculated 
by Kriging maps, while its reliability in the Kriging estimation is confirmed by error map of 
the dataset RS 1999. The results reflect the fact that freshwater zone distributes 
homogeneously in the South, saline water in the North-East nearby the Red River mouth, and 
the remaining of its area is brackish water. Of which the largest area is brackish water, the 
second is freshwater area and saline water has only smallest part of this investigation area. 
The areas of freshwater, brackish water and saline water estimated in campaign RS 1999 
were, in turn, about 2260 km2, 2760 km2 and 170 km2. The lateral extension of fresh water 
increases significantly in DS 2002 compared to RS 1999, but it decreases quickly in both 
campaigns RS 2003 and DS 2003. The area of brackish water also changed considerably, but 
contrary to the change of the fresh water area. For the saline area it was not altered 
significantly.  
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 Fig. 4.7   Comparison of the difference between isotropic estimation and anisotropic estimation on 
the same Cl of the dataset RS 1999. The chart represents Kriging variances of both estimated cases 
(ranging from quantile 0.1 to quantile 0.9) as it is yielded from the Kriging estimates and indicates a bit 
better result of the anisotropic estimation. Error maps display the upper bound values of their estimates in 
space. 
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Fig. 4.8  Kriging maps show the spatial variability of chloride and iron concentrations between RS 
1999 and DS 2000. The solid lines at value 250 mg/l Cl and at value 0.5 mg/l Fe respond to Vietnam’s 
drinking water standard. Error maps compare the spatially accurate degree in estimation between them. 
Histograms of their Kriging estimations and Kriging errors compare quantitatively the reliable estimation 
between two datasets.  

Est_RS_iso_Cl
Est_RS_ani_Cl

Est_DS_iso_Cl
Est_var_RS_iso_Cl

Est_var_RS_ani_Cl
Est_var_DS_iso_Cl

0

1

2

3

4

358

422

388
370

190

763
732
121

301549

103

34

Est_RS_Fe Est_DS_Fe Est_var_RS_Fe Est_var_DS_Fe

-2

-1

0

1

2

352 66

108346
110

15526
107 166

 65



Temporal and Spatial Variability of the Groundwater Quality 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 4.9 Temporal and spatial variability of EC as obtained from three datasets (Pleistocene DS 2002, 
RS 2003 and DS 2003). The solid line (equal to 0) in the Kriging map represents the standard line at 
which the ∆EC equal zero in value (or the EC level between DS 2002 and DS 2003 did not change). The 
small portion of the study area below that line is considered as the refreshing groundwater, whereas the 
large remaining area above indicates the salinization of the groundwater. Error maps plot the standard 
deviation values of the Kriging estimation.         
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 Fig. 4.10   Kriging maps and error maps of the pH variable showing the temporal and spatial 
variability of pH produced by Ordinary Kriging from three datasets (Pleistocene DS 2002, RS 2003 and 
DS 2003), the area having the pH values below the solid line at value 6.5 exceeds the given threshold in 
drinking water. 
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 Fig. 4.11  Kriging maps representing the distribution of the three groundwater groups (fresh water: 
<1000 mg/l TDS, brackish water: 1000-10 000 mg/l TDS and saline water: > 10 000 mg/l TDS) of the 
Pleistocene aquifer for four campaigns (RS 1999, DS 2002, RS 2003 and DS 2003), error map showing 
the standard deviation values of the Kriging interpolation as it is produced by lognormal Ordinary 
Kriging for the dataset RS 1999, and the chart on the left column displaying the corresponding percent of 
fresh water, brackish water and saline water areas calculated in the entire Nam Dinh area 
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4.5 Discussion and Conclusions 
Ordinary Kriging based on intensive structural analysis, i.e. variography, proofs as effective 

tools to estimate and evaluate the seasonal and spatial variability of groundwater quality as 
expressed by hydrochemical parameters, i.e. in-situ parameters and dissolved constituents. 
Based on the variogram analysis the characteristic spatial correlation structure of the parameters 
from the two Quaternary aquifers in different sampling campaigns as well as measurement 
errors can be identified. The hydrochemical environment of the Pleistocene aquifer seems to 
be higher spatial continuity than that of the Holocene. Either, the local scale variability, or the 
global scale variability of the particular variables has been ascertained. While directional 
influences are not observed in almost all variables, these influences are clearly shown on 
variograms of the EC and Cl variables in the Pleistocene. By means of the lognormal Ordinary 
Kriging the concentrations of some key hydrogeochemical variables are spatially predicted and 
then back-transformed them into original scale for interpretation. The standard errors produced 
by lognormal Kriging estimations after transformation to original values are used to compare 
the reliability of the estimated results for the given datasets, e.g., because of the lesser sampling 
density in the campaign DS 2000, its estimated results on some variables are less reliable than 
those of the datasets RS 1999 (e.g. see the estimations of Cl in both aquifers). Nevertheless, the 
error map of Fe in the dataset of the Holocene RS 1999 shows a greater estimation variance 
than that of the dataset DS 2000. This might result from: 

(1) A higher small-scale contribution (Nugget Effect) in the variogram of dataset RS 1999  

(2) The fact that the experimental variogram was poorly fitted in the dataset RS 1999 (Fig. 
4.1-middle) as compared to DS2000. 

Similar results of less reliable estimation are also observed for Fe in the Pleistocene aquifer.  

The pure Nugget Effect on variogram of ΣFe variable suggests that the iron concentration 
exhibits no spatial dependency or at least only within distances smaller than the average 
sampling distance. This may be due to errors in measurement. For that reason, high estimation 
variances are produced which in turn reflect a low level of confidence based on the actual 
sampling pattern and the Fe-variogram. Almost all the other variables can be estimated with a 
high degree of confidence. These have formed the basis for evaluating the spatial variability 
of the groundwater quality.  

In order to answer the question of how the directional influence can impact the spatial 
Kriging estimation of a hydrogeochemical variable both isotropic estimation and anisotropic 
estimation of chloride are compared. By taking into account the anisotropic spatial structure the 
estimation variance is reduced. It can be concluded that this model assumption reflects the 
spatial variability structure of chloride more closely.   

By means of the Kriging maps, a considerable change of the chloride concentrations in space 
between the rainy season and the dry season is observed, however, this comparison may not 
reflect a true reality of the seasonal change in chloride levels because of the two reasons.  First, 
in the same study area the sampling pattern in the campaign RS 1999 is much denser than in the 
campaign DS 2000 (85 wells in RS 1999, but only 44 wells in DS 2000), therefore higher 
estimation errors for chloride are produced (Fig. 4.8-bottom). Second, only 26 well were 
sampled in both campaigns; the other locations differed. To overcome this problem and to better 
characterize the temporal salinity variation in the Pleistocene aquifer, additional datasets from 
the campaigns DS 2002, RS 2003 and DS 2003 on EC and pH parameters are used for Kriging 
estimation. Fig. 4.9 represents the spatial estimation results for EC, illustrating the fact that in 
the area of low EC values (< 1000µS/cm) there is a decrease of its area in the campaign DS 
2003 when comparing it to the other, while this change was not clear between DS 2002 and RS 
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2003. In order to insist again this adverse change and portray its variation between DS 2002 and 
DS 2003, the Kriging map of the EC fluctuation between the two seasons is created and 
exhibited in Fig. 4.9-bottom. The result indicates that the salinity levels (EC levels) drop in the 
West, whereas it is significantly elevated in the North part of the study area. Although there is a 
refreshing process in the West, the saltwater intrusion is, in general, the global problem and 
these can be the two dominant processes to the hydrogeochemical change of the Pleistocene 
aquifer.  

The Kriging maps of TDS concentrations show that the intrusion of brackish-saline water 
mainly takes place in the North and North-East, while the fresh groundwater lens extends 
towards the South-West. The salinization of the Pleistocene aquifer is clearly occurring faster 
than that of the refreshing process that causes a quick shrink of the fresh groundwater area, 
i.e. around 86 km2 of fresh groundwater area was salinized from DS 2002 to DS 2003. 
However, its smaller area (6 km2) was lost by the salinization from RS 2003 to DS 2003 
explaining that the saline intrusion to fresh water lens may significantly be reduced by the 
supplement of rainwater during the rainy season. This means that the main recharge area of 
this aquifer is probably located in the South-West where rainy water may have a significant 
influence to the recharge of groundwater. This can also explain why many samples of the 
Pleistocene have been determined as relative young groundwater by the previous isotope 
investigations (Bui et al., 2003) 

On the Kriging maps of the TDS, the fresh groundwater lens extends towards South and 
South-West, however, the estimation of TDS concentrations in these extending areas is often 
affected by high estimation variances. This is clearly an outcome of the lack of the available 
data in some areas which are either outside of the study area or covered by the sea. Hebert et 
al. (1992) report on the extension of older fresh water below the sea due to a fast transgression 
during Holocene. Consequently, a next investigation covering these extending areas needs to 
be carried out to be able to ascertain the entire area of the fresh groundwater lens. 
Furthermore, no information on effective porosity of the Pleistocene is available. This as well 
as reliable estimates of the aquifer thickness is required to calculate the total volume of fresh 
water: 

Additionally, the status of the chloride contaminations exceeding the critical thresholds in 
drinking water has been drawn out. Particularly, in the Kriging maps of both chloride and iron 
variables the study area is divided into “safe groundwater zone” and “unsafe groundwater 
zone” with respect to groundwater quality based on the Kriging estimation values beyond the 
requirements of drinking water purpose. Regions of “safe” groundwater exclude those regions 
where the Kriging estimates are above the level of 250 mg/l Cl. However, it must be noted 
that because Kriging estimation is, in fact, not generated absolutely true values, true variable 
behavior fluctuates around the Kriging interpolation. For that reason we usually say that 
Kriging provides a smoothed image of reality and thus extreme values may be clipped, e.g., at 
high values Kriging estimation is usually underestimated and vice versa. Therefore, the 
delineation of the chloride contamination mentioned is only has meaningful for a first 
reference. In a later chapter (chapter 6) the delineation of safe groundwater zones with respect 
to quality based on the indicator approach will be introduced. 

In summary, a considerable shrink of the fresh water zone and the quick elevation of the EC 
levels in the North-East in the short term period from DS 2002 to DS 2003 are remarkably 
striking as the reduction of the fresh-groundwater area. Both the adverse changes in the 
Pleistocene are the strongest evidences to alarm the over-exploitation of the groundwater in the 
Nam Dinh area. However, the identification of a large recharge area in the South-West where 
EC levels drop rapidly may be significant for future groundwater development.  
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CHAPTER 5 CHARACTERIZATION OF THE GROUNDWATER 
CHEMISTRY IN THE COASTAL QUATERNARY AQUIFERS, 
THE NAM DINH AREA ‐ AN ASSESSMENT BASED ON 
CLUSTERING AND PCA APPROACHES 

 

Abstract The main objective of this study is to discover the relationships 
among measured hydrochemical parameters in order to detect and regionalize 
major factors which impact groundwater chemistry of the Quaternary aquifers in 
the Nam Dinh area. Three methods are thus applied: cluster analysis, principal 
component analysis and finally an analysis of spatial variability. Both clustering 
and R mode principal component analyses are performed based on the following 
parameters: The log-transformed concentrations of all measured major ions and 
of NO3

-, NO2
-, NH4

+, PO4
2-, i.e. 11 variables from three different datasets of the 

main aquifers. By cluster analysis three classes of water types, ranging from 
freshwater to brackish-saltwater types, are typically grouped. The three main 
factors dominating the groundwater quality are identified by the principal 
component analysis. The first factor reflects the salinization impact in all 
aquifers. The second strongest factor for the shallow groundwater and the 
Holocene aquifer is represented by high factor loadings for sulfate. This might be 
explained by gypsum dissolution in the shallow groundwater, and by sulfate 
reduction in the Holocene aquifer. The third factor of the Holocene aquifer 
characterizes fertilization. These factors are then considered as regionalized 
variables for assessing the risks of regional contamination. Maps of 
contamination risks are generated based on Kriging estimation of the factor 
scores. The results of this study show that the shallow groundwater in the 
Southern part of the Nam Dinh area near the coastline is strongly influenced by 
saline water, while freshwater is dominating the groundwater quality in the other 
area. Adversely, saline water intrusion mainly originates from surface water 
bodies (rivers, drainages) in the Holocene aquifer rather than from seawater 
intrusion. Both sides of Dao and Day rivers are vastly affected by pollutants from 
agriculture. The salinization process is highly revealed along both sides of the 
Red River in the Pleistocene aquifer, typically at the Red River estuary, while it is 
a steadier picture in the Southern part of the study area.  

 

5.1 Introduction 
Due to the increasing water demand during the last few decades the groundwater in the 

Nam Dinh area has been overexploited by the construction of tens of thousands of wells. This 
caused a gradual decreasing of the ground water level, and a change of  the groundwater 
chemistry (Dao et al., 2005; Do et al., 2003; Do et al., 2001; Doan et al., 2005). This and other 
human activities, e.g., agricultural and industrial developments have had an impact on the 
groundwater quality. Besides, the hydrogeochemical situation of the study area is controlled 
by various geogeneous processes such as saltwater intrusion, mixing, and soil- and rock-water 
interactions. The understanding of its changeable processes and the identification of risks 
related to its quality are especially important for planning effective strategies to protect 
groundwater resources. 
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In practice, the plethora of the data is usually a common problem for any one who has 
already tackled in groundwater data (Isaaks and Srivastava, 1989). Our data are also facing 
with this problem. Particularly, in chapter 4 both variogram analyses and Kriging techniques 
are performed in an trying to draw out as the reliable pictures on the temporal and spatial 
variability of the groundwater quality, this is only estimated and interpreted for 
hydrogeochemical variable individually and can not discover the relationship among the 
hydrogeochemical parameters by which some main factors dominating the groundwater 
quality might be identified. Multivariate statistics that can be used to evaluate complex 
combinations of chemical groundwater variables and reduce the vast amount of information 
of hydrogeochemical datasets into groups with similar properties or characteristics have been 
used as an effective set of tools to resolve the problem mentioned. These tools were also 
widely applied in many previous investigations (Ceron et al., 2000; Chen et al., 2003; Dalton 
and Upchurch, 1978; Dawdy and Feth, 1967; Hotelling, 1933; Jayakumar and Siraz, 1997; 
Lee et al., 2001; Pacheco, 1998; Ruiz et al., 1996; Schafmeister, 1999). In particular, 
hierarchical clustering analysis, which can classify sampling points into specific groups with 
similar chemical composition of water, was used to delineate different water-types into 
hydrogeologic units or water zones and characterize their chemical trend (Colby, 1993; 
Silliman et al., 2007; Suk and Lee, 1999). Some investigations (Lee et al., 2001; Morell et al., 
1996) combined the two statistical methods (clustering analysis and Principal component 
analysis) to provide a clear characterization of groundwater and detect the main factors 
affecting groundwater chemistry. Regionalized variables loaded from the factor analysis were 
used to examine the spatial variability of the factors which clarified the main properties of an 
aquifer (Ceron et al., 2000), while (Jayakumar and Siraz, 1997) used them to identify the 
seawater influence between pre-monsoon and post-monsoon due to the high tidal and storm 
impacts. In this study, cluster analysis, principal component analysis and an analysis of spatial 
variability will be used to characterize the groundwater chemistry in the coastal Quaternary 
aquifers in the Nam Dinh area.  

 

5.2           Methodology 

5.2.1 Cluster analysis 

Cluster analysis is a set of techniques designed to classify observations into groups which 
are  similar in characteristics, but distinct from other groups (Davis, 1986). One of the most 
common approaches is hierarchical clustering which can have ability to organize a large data 
into groups with high similarity of their variables. This definition of groups is an effective 
way to classify complex water types into groundwater zones with homogeneous chemical 
compositions. This allows recognizing the potential meaningful patterns for assessing 
groundwater quality as well as groundwater chemistry. 

5.2.2 Principle component analysis 

Principal components analysis (PCA) is a method which allows to reduce the number of 
variables while maintaining as much information as possible expressed as variance in the data 
set.  

Hydrogeochemical variables which determine the composition of groundwater samples are 
generally intercorrelated. Using principal component analysis, the original set of variables is 
transformed into a new reduced set of variables (factors) which may represent the underlying 
hydrogeochemical processes. The physical significance of the interrelations of the 
components of the data are sought to provide a simple interpretation of processes causing 
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variation in variables. This technique was developed by (Hotelling, 1933) from the original 
work of (Person, 1901). The main parameters of concern in PCA are factor loadings and the 
sum of explained variance.  

Since PCA is based on the analysis of a correlation or covariance matrix it assumes 
variables to be normally distributed. At least a nearly normal distribution (Lawrence and 
Upchurch, 1982) is required. To meet this presumption most hydrogeochemical variables 
need to be transformed into log-scales, followed by a 0/1 standardization. According to 
criteria offered by Davis, (1973) and Davis, (1986), particularly PCA has been performed on 
the standardized data (mean = 0 and standard deviation = 1) obtained from the analyzed 
abundances of variables. The eigenvalues have been computed for all the principal axes and 
they are numerically equal to the sums of the squared factor loadings and represent the 
relative proportion of the total variance accounted by each component (Davis, 1973; Griffiths, 
1966). The principal factors occupying the largest proportions of variance will be extracted 
according to criterion (eigenvalue > 1). By means of the varimax procedure with Kaiser 
Normalization (Kaiser, 1960), the factor loading matrix is rotated to a simpler structure thus 
enhancing the interpretation of the final results. 

5.2.3 Regionalization analysis 

Regional hydrogeochemical variables are well known to be related spatially that is: the 
closer their position, the greater their dependence. Particularly, regional chemical variables of 
groundwater are not independent of the geological structure, groundwater flow, material of 
the aquifers, mineral dissolution, etc. A given variable measured at different locations (wells) 
within a particular area can provide insight into the regional variability. Therefore, it can be 
considered as a regionalized variable. This definition provides a basis for analyzing the spatial 
variability of groundwater variables. The most common tools used for the regionalized 
analysis are variograms and Kriging techniques, which have been developed and widely 
utilized by many researchers (Ceron et al., 2000; Kitanidis, 1997; Rivoirard, 1994; 
Schafmeister, 1999; Schafmeister et al., 2005; Wackernagel, 2003). The variogram provides a 
measure of the spatial dependency between pairs of samples separated by a distance vector 
(Deutsch and Journal, 1992). Based on the empirical spatial variance model, Ordinary Kriging 
is applied to estimates various unknown quantities. 

In this study the dominating factors will be interpreted and then subjected to further 
geostatistical analysis. The experimental variogram models will be used in order to define 
range, Nugget Effect, and sill parameters. These are key components of the Kriging model 
(Deutsch and Journal, 1992). Then, Kriging estimation of the principal factors will be applied 
to model the overall hydrogeochemical framework in the study area.    

5.3 Materials 
Four datasets (Holocene RS 1999, Holocene DS 2000, Pleistocene 1999, and DS 2000) on 

11 variables of Na+, K+, Ca2+, Mg2+, Cl-, HCO3
-, SO4

2-, NH4
+, NO3

-, NO2
- and PO4 were 

selected for analyses. The other variables of these dataset were not used in this chapter 
because of the many missed values (pH) and outlier problem (e.g., Al) and no reliability 
(ΣFe). Because the number of the samples in dataset DS 2000 were rather smaller for PCA 
and the principle factors loaded at specific datasets of each aquifer were not clear for 
interpretation, both datasets at each aquifer were combined together when analyzing. In 
addition, 102 samples in the shallow groundwater on six major ions and pH (seven variables) 
from campaign 1995-1996 were used to characterize in order to get insight of the shallow 
groundwater. The detail description of these data can be found in section 2.3 of the chapter 3 
and table 2.2.                                                                                                                                                                          
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5.4    Results  

5.4.1 Cluster analysis 

In this study, SPSS package software (version 12.0) was used to perform the cluster 
analysis. The three main classes of water-groups in the specific aquifer were based on the 
following methods: (1) hierarchical cluster analysis using Ward’s method has been applied, 
(2) data have been normalized using squared Euclidean intervals as a measure of similarity, 
and (3) transform values have been standardized by Z scores. These methods are applied for 
classifying the groundwater samples because of their advantages in using information on 
cluster contents and in grouping mechanisms (Massart and Kaufman, 1983; Willet, 1987). 
The structures of the dendrograms from all datasets are represented in Fig. 5.1. Figs. 5.2a-5.4a 
represents the spatial distribution of each class. The increasing of Na, Mg, and Cl 
concentrations from the first class to the third class is obviously shown from Fig. 5.2b to Fig. 
5.4b, and the smallest salinity concentration is observed in the first class of all three aquifers. 
In the shallow groundwater this class occupies the smallest samples and clearly distributes as 
the narrow band with SW-NE direction (Fig. 5.2a), while this class covers over the half of the 
samples in the Pleistocene. The sampled positions of the first class in the shallow groundwater 
are located far from the shoreline and mainly concentrate near the sea sector in the Southern 
part of the Pleistocene. This class of the Pleistocene appears to be more homogeneous than 
that of the Holocene. The second class dominates in the shallow groundwater (Fig. 5.2), 
nevertheless it covers the smallest percent of the total analyses with the complicated spatial 
distributions in the other aquifers (Figs. 5.3a-5.4a). The highest salinity concentrations of the 
third class can be observed in all datasets. However, their spatial distribution is completely 
different. While the third class mainly distributes in the Southeast coastal sector in the shallow 
groundwater, it mostly appears in the North of the Holocene aquifer and the Pleistocene.  
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 Fig. 5.1  Dendrogram based on agglomerative hierarchical clustering of the coastal Quaternary 
aquifers (a-Shallow groundwater; b- the Holocene aquifer; c-the Pleistocene aquifer) 
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 Fig. 5.2  Scatter-plot representing the spatial distribution of the classes and box-plot showing the 
element concentrations of each class in the shallow groundwater  
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 Fig. 5.3  Scatter-plot representing the spatial distribution of the classes and box-plot showing the 
element concentrations of each class in the Holocene aquifer  

 

 

 

 

 77



CA, PCA, RA analyses of the groundwater chemistry 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 5.4  Scatter plot representing the spatial distribution of the classes and box-plot showing the 
element concentrations of each class in the Pleistocene aquifer.  
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5.4.2 Principle component analysis. 

5.4.2.1 The shallow groundwater– campaigns 1995 and 1996 

Table 5.1 provides the results of PCA for the shallow groundwater which shows the 
eigenvalues, the proportions and cumulative proportions of total variation in percent 
explained by the rotated factors. The selection of the three principal factors is based on the 
eigenvalue criterion (>1). These factors explain about 85% of the total of sample variances 
and are selected to represent the hydrogeochemical characterizations of the groundwater. 

Factor 1 explains the largest proportion of the total variances (45%). There are very high 
positive loadings for sodium (Na), magnesium (Mg), chloride (Cl) and high positive 
bicarbonate (HCO3).  The heavily loaded variables of Na, Cl, and Mg in factor 1 are 
characterized by the salinization factor which is related to the intrusion of saline water into the 
aquifer system.  

Factor 2, the second largest component in rotated factor table (21% of the total variances), 
is characterized by high positive calcium (Ca), and very high positive sulfate (SO4). Both Ca 
and SO4 variables that are highly loaded in the factor 2 may be related to gypsum mineral 
dissolved into the shallow groundwater. Because gypsum (CaSO4.2H2O), one of the most 
common minerals in sedimentary environments, is the important source for sulfate and 
calcium (Hounslow, 1995b). Gypsum dissolution can simply be described as  

      CaSO4  ↔ Ca2+ + SO4
2- 

Factor 3 represents a very high positive pH, but average negative calcium (Ca) and 
bicarbonate (HCO3). This indicates the opposite process between the acid character of water 
and the concentrations of calcium (Ca) and bicarbonate (HCO3). 

 

Table 5.1 R-mode varimax rotated factor matrix for 7 measurements in 102  groundwater samples 
of the shallow groundwater in campaigns 1995 and 1996 in the Nam Dinh area - Vietnam    

Factor 1: Na, Mg, Cl,  HCO3 
Factor 2: Ca, SO4 
Factor 3: pH, Ca, HCO3 

Rotated Component Matrix - Holocene - Campaign 1992-1995
Variance F1 F2 F3 Com.

pH 0.10 -0.08 0.93 0.88
lnNa 0.96 0.01 0.10 0.92
lnCa 0.23 0.78 -0.40 0.82
lnMg 0.89 0.15 0.00 0.82
lnHCO3 0.68 -0.13 -0.48 0.71
lnSO4 -0.04 0.92 0.13 0.87
lnCl 0.96 0.10 0.05 0.93

Total
Eigen Values 3.16 1.51 1.29

% of  Variance 45.15 21.57 18.38 85.108

Cumulative % 45.15 66.73 85.11  
Extraction Method: Principal Component Analysis.  Rotation Method: Varimax with Kaiser Normalization. 
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5.4.2.2 The  Holocene aquifer – campaigns 1999 and 2000 

The loaded factors of this aquifer are represented in table 5.2 with three principal components, 
loaded up to 71% of the total of sample variance.  

Factor 1 has the largest proportion of the total variances (36%).  It represents very high positive 
loadings for sodium (Na), magnesium (Mg), chloride (Cl) and a high loading for both potassium 
(K) and bicarbonate (HCO3).  The very high loaded variables of Na, Cl, and Mg in factor 1 
indicate that is characterized by the elevated salt concentration which might be influenced by 
seawater. The high bicarbonate (HCO3) probably concerns the mixed process between brackish 
and fresh waters.  

Factor 2 occupies the second significant proportion of the total variances (23%). This accounts 
for high positive nitrite (NO2), ammonium (NH4), weakly positive carbonate (HCO3), high 
negative sulfate (SO4) and moderately negative calcium (Ca). In table 5.2 sulfate versus 
bicarbonate in loading and the presence of high positive loaded variables of NH4, and NO2 maybe 
illustrates that is a sulfate reduction process by organic matter which is catalyzed by the bacteria of 
the genus Desulfovibrio (Jogensen, 1977) occurring into the aquifer, according to the overall 
reaction:           2CH2O + SO4

2- → 2HCO3
- + H2S.   

And a part of bicarbonate that dissolved from such process combined with calcium to create 
CaCO3 precipitation that can explain why calcium was moderately negative loaded.  The 
chemical reaction of CaCO3 precipitation may be written:  Ca2+ + SO4

2- ↔   CaCO3 

This factor is thus named the sulfate reduction factor.      

Factor 3 calculates 12% of the total variances which has high positive loadings for phosphate 
(PO4) and nitrate (NO3) and a low positive loading for potassium (K). These variables are 
positively loaded by factor 3, indicating that it is characterized by the fertilization from pollution 
source of the agriculture, therefore, suggested as the fertilization.  

Table 5.2 R-mode varimax rotated factor matrix for 11 measurements in 112 groundwater samples 
of the Holocene aquifer in campaigns 1999 and 2000 in the Nam Dinh area - Vietnam    

Factor 1: Na, K, HCO3, Mg, Cl 
Factor 2: NH4, NO2, SO4, Ca 
Factor 3: K, PO4, NO3 

Rotated Component Matrix - Holocene - Rainy season 1999

Variance F1 F2 F3 Com.
lnNa 0.86 0.24 0.06 0.80
lnK 0.73 -0.21 0.19 0.61
lnCa 0.39 -0.52 -0.27 0.50
lnMg 0.88 0.23 -0.04 0.83
lnNH4 0.45 0.70 -0.23 0.75
lnHCO3 0.78 0.24 0.22 0.71
lnSO4 -0.10 -0.75 0.06 0.58
lnCl 0.87 0.21 -0.01 0.80
lnPO4 0.37 0.45 0.66 0.77
lnNO3 0.04 -0.23 0.80 0.69
lnNO2 0.26 0.81 0.01 0.72

Total
Eigen Values 3.98 2.50 1.28

% of  Variance 36 23 12 71

Cumulative % 36 59 71  
Extraction Method: PCA.  Rotation Method: Varimax with Kaiser Normalization. 
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5.4.2.3 The Pleistocene aquifer – campaigns 1999 and 2000. 

Table 5.3 provides the results of principal components analysis for the Pleistocene aquifer 
– rainy season 1999 and dry season 2000 campaigns, which show the eigenvalues, the 
proportions and cumulative of total variation in percent explained by  the rotated factor. The 
results of the PCA have three principal components, and explain 72% of the total variances.  

Table 5.3 R-mode varimax rotated factor matrix for 11 measurements on 129 groundwater samples 
of the Pleistocene aquifer in campaigns 1999 and 2000 in the Nam Dinh area - Vietnam    

Factor 1: Na, K, Ca, Mg, NH4, Cl, NO3 
Factor 2: HCO3, PO4 
Factor 3: SO4, PO4 

Variance F1 F2 F3 Comunalities
lnNa 0.92 0.09 0.10 0.86
lnK 0.88 0.21 0.02 0.82
lnCa 0.90 -0.22 0.04 0.87
lnMg 0.91 -0.17 0.04 0.86
lnNH4 0.81 -0.07 0.01 0.67
lnHCO3 0.02 0.84 0.21 0.74
lnSO4 -0.11 0.04 0.81 0.67
lnCl 0.95 -0.12 0.08 0.93
lnPO4 -0.17 0.68 -0.53 0.76
lnNO3 -0.50 0.33 0.26 0.43
lnNO2 0.39 0.14 0.43 0.36

Total
Eigen Values 5.28 1.43 1.26

% of  Variance 48 13 11 72

Cumulative % 48 61 72
 

Extraction Method: Principal Component Analysis. Rotation Method: Varimax with Kaiser 
Normalization. 

The loading patterns of the factors extracted from the data for the Pleistocene aquifer are 
different from those for the Holocene aquifer.  Factor 1 accounts for very high positive 
loadings of sodium (Na), potassium (K), calcium (Ca), magnesium (Mg), ammonium (NH4) 
and chloride (Cl), and a negative moderate loading for  nitrate (NO3), comprising the largest 
proportion of the total variances (48%). The presence of heavily loaded variables of  Na, Cl, 
and Mg creates the main part of factor 1 identified as salinization component, whereas there is 
a high positive loading for Ca and K in this factor indicating that it may be influenced by 
mixed-water processes. The opposite loading between nitrate (NO3) and nitrite (NO2) in factor 
1 can also be considered as the nitrate reduction.  

Factor 2 is loaded by a very high positive bicarbonate (HCO3) and a high positive 
phosphate (PO4), occupying 13% of the variance. Factor 3 is characterized by high positive 
sulfate (SO4) and a moderate negative phosphate (PO4) with 11% of the variance. Both of 
these factors cannot be interpreted clearly.   
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5.4.3 Regionalization 

The factor scores were calculated at each sample location by simple regression for the two 
principal factors of the shallow groundwater, for the three main components of the Holocene 
aquifer and the first principal factor of the Pleistocene aquifer. Because factor scores ranging 
from -3 to +3 may relate to the intensity of the factor influencing the groundwater chemistry, 
these factors are considered as regionalized variables and then spatially estimated for further 
spatial assessment. Particularly, scores < 0 are considered as unaffected areas by the process, 
and > +1 reflect the areas that are most affected.  

Within the study area an area of 70 km by 70 km was selected for which spatial 
contamination risk of each factor has been modelled and estimated. The model domain was 
divided into 36 by 36 cells with 2 km length both in x- and y-direction. Consequently, factor 
scores at 1296 grid nodes had to be estimated and about  70 percent of the model domain, 
mostly centered on Nam Dinh province, was covered with reliable estimates due to the wide 
area where covered by the sea or lack of the sampled locations (Figs. 5.5-5.7). Based on the 
variogram analyses of factor-scores and Ordinary Kriging technique the kt3d program in 
GSLIB package (Deutsch and Journel, 1998) was used for interpolation. Maps of the 
contamination risks have been created using Surfer 8.0 software. The parameters of the fitted 
models are given in the left columns from Fig. 5.5 to Fig. 5.7. In the right columns of Figs. 
5.5-5.7 show the regional variability of all selected factors. The local scale variability of the 
factor 2 in the shallow groundwater is revealed, but much more global scale variability in 
factor 1 (Fig. 5.5-bottom). Fig. 5.6-top represents a smaller spatial range of factor 1 in the 
Holocene, whereas the bigger ranges of both factor 2 and factor 3 are observed. The better 
structures of the variogram models with the bigger ranges of influence in the shallow 
groundwater and the Pleistocene aquifer are remarked, however, they are much smaller in the 
Holocene. 

The dominant factor (factor 1) of all aquifers indicates salinization of groundwater.  For 
the shallow groundwater, the highest positive loaded scores are mainly concentrated along the 
coastline, typically in the Southeast coastal sectors nearby Day and Ninh Co estuaries (Fig. 
5.5). For the Holocene aquifer a high local variability is expressed by a variogram analysis 
with a spatial correlation of 10 km. Its highest scores are mostly found in both sides of the 
Red River (Fig. 5.6 – top). In  Northern areas the extreme positive scores of the salinization 
factor in the Pleistocene aquifer are revealed, but in the South (Hai Hau, Nghia Hung districts) 
is represented by low factor scores (Fig. 5.7-bottom).   

Factor 2 of the shallow groundwater, locally distributed in the study area, represents a 
gypsum dissolution process with high sulfate concentration. The high positive scores are only 
observed as a small piece at the middle of the Western area, but widely distribute in the 
North-West zones at the average degree (Fig. 5.5-bottom). The factor 2 of the Holocene 
aquifer is identified as the reduction process which reduces the sulfate concentration by 
organic matter. This factor exists strikingly along both sides of Ninh Co river (Fig. 5.6-
bottom). Factor 3 of this aquifer illustrates the influence of agriculture (fertilizer). It has been 
appeared that the South-eastern and North-West parts of the Nam Dinh area, i.e. both sides of 
the Dao and Day rivers visually represent great positive scores of this factor (Fig. 5.7-bottom). 

For the Pleistocene aquifer, factor 2 correlates with HCO3 and PO4; factor 3 is 
characterized by SO4 and PO4, thus it cannot be interpreted and compared to the Holocene 
aquifer. 
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 Fig. 5.5  Regionalization of the principal components for the shallow groundwater and the 
respectively fitted models. Top: Factor 1 (salinization), bottom: Factor 2 (gypsum dissolution) 
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 Fig. 5.6  Regionalization of the principal components for the Holocene aquifer and the respectively 
fitted models. Top: Factor 1 (salinization), bottom: Factor 2 (reduction process) 
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 Fig. 5.7  Regionalization of the principal components for the  Holocene aquifer, the Pleistocene  and 
the respectively fitted models. Top: Factor 3 (fertilizers), bottom : Factor 1 (salinization). 
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5.5 Discussion and Conclusions  
The multivariate and geostatistical investigation of hydrochemical groundwater analyses in 

the Nam Dinh area demonstrates the usefulness of these methods in the assessment of 
groundwater quality data. Based on cluster analysis, the three main groups of water-types and 
their spatial distribution are identified. The box-plots of TDS, Ca, and Mg probability 
distributions illustrates that with increasing TDS from class 1 to class 3, the Ca/Mg ratio 
decreases, i.e. for class 1 (fresh water) in the shallow groundwater Ca level is much higher 
than that of Mg, but it is obviously lower than the Mg concentration class 3. The results 
produced by the CA method are confirmed by the PCA, i.e. class 1 of the Pleistocene is 
homogeneously distributed in the South area (scatter plot of Fig. 6) and represents freshwater. 
Accordingly this area coincides with the lowest negative scores of the salinization factor.  

The PCA approach yielded a reasonable smaller number of factors which better reflect the 
various hydrogeochemical processes and sources of groundwater. The results obtained from 
this application have demonstrated a potential to understand these environmental processes 
and categorize the present problems. In particular, the four main factors governing 
groundwater quality in this study have been recognized.  

In this study, the largest proportional factor, exposed in all aquifers, indicates the 
salinization impact. Contrary to the expectation that the highest risk of saltwater intrusion 
probably comes from the coastline the investigation strengthens the assumption that saltwater 
originates from the surface water bodies (rivers, drainages) or connate saline water (Figs. 5.6-
top). The further distance from the sea, the more freshwater is observed along the Red River 
except for the small patch at its center in the shallow groundwater (Fig. 5.5-top). This might 
be closely related to the freshwater recharge percolated through both banks of the Red River 
during the rainy season (note that this shallow groundwater only distributes several meters in 
depth from the ground surface). In contrast, the high salt concentration in the Holocene 
aquifer might directly be intruded via the Red River bottom due to the strongly tidal influence 
during dry season (this season responds to the period of the lowest water levels of the Red 
River). The salinization factor, revealed along the coastline (more clearly at the center of the 
Holocene), shows its small effect, but this result is not clear enough to be concluded due to 
the sparse number of samples in this area (Fig. 5.6-top).  

Furthermore, the very high intensity of salinization influence to the Pleistocene aquifer is 
exposed in the North area, typically parallel with the Red River, however its smallest intensity 
with a very homogeneous picture is observed in the Southern area. This indicates that the 
main source of the elevated salinity concentration might either derive from the saline-water in 
the North, or intrude directly from the sea and the Red River or even both. A clear shape of 
the high salinity risk, run parallel with the Red River in the Pleistocene, can be an evidence of 
influence of the paleo-channel of the Red River and may also be an additional reason. 
Therefore, the role of paleo-channels to the salinization of the Pleistocene groundwater in this 
area should be investigated in near future.  

On the other hand, the appearance of the high loaded variables of ammonium (NH4) and 
nitrate (NO3) in factor 1 of the Pleistocene aquifer shows that  the origin of organic 
compounds might result not only from surface bodies by anthropogenic activities, but also 
from decomposed organic processes of organic matter in sediments covering the aquifer. 

The second factor of the shallow groundwater indicates that the high loaded Ca and SO4 
variables mostly distributed in the North-West area may relate to the gypsum mineral. The 
abundance of gypsum in this area might explain by the following processes. First, during the 
high tide time seawater flowed into lakes and tidal flats, then these areas were exposed. In the 
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high temperature condition (> 30oC during some days, or 25-30oC for many days, the 
evaporation let the soda salt concentration of the sea water increase by 3.5-5 times (Warren, 
1999) and crystallize gypsum. After that the sediments of the following flood will cover the 
lakes or tidal flat and gypsum is buried under this sediments layer. In the monsoon climate 
like in Vietnam the alteration of wet and dry season gives a good condition for gypsum to 
develop (Ely et al., 1996). During the transportation or under the groundwater flow gypsum is 
unstable, thus it is partly dissolved into groundwater. On the other hand, it might locally result 
from the limestone in Ninh Binh province. The sulfate reduction factor of the Holocene, 
which is widely distributed along both sides of the Ninh Co river and the North, explains the 
declined sulfate, calcium, and nitrate concentrations but increased ammonium and nitrite 
concentrations in the shallow groundwater.  

The third factor (fertilizer factor) of this aquifer quietly spreads in the study, indicates the 
non- polluted points from agriculture activities, especially both sides of the Dao and Day 
Rivers.      

In conclusion, this study shows clearly that four dominated factors (salinization, gypsum 
dissolution, sulfate reduction, fertilization), identified by these analyses, control the 
groundwater chemistry. In the Holocene aquifer groundwater is not well protected from 
anthropogenic impacts and natural influence, whereas it is less sensitive to agricultural 
contamination, but still much strongly influenced by brackish-salt water than the Holocene. 
Both saltwater intrusion and fertilization are two most striking problems in this area.  
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CHAPTER 6 ASSESSING THE RISK OF ARSENIC 
CONTAMINATION IN THE COASTAL QUATERNARY 
AQUIFERS IN THE NAM DINH AREA/VIETNAM: A CASE 
STUDY BASED ON INDICATOR KRIGING 

 

Abstract  The objective of the study is to focus on two main approaches. The 
first is to attempt to the avoidance for outliers in measurement and estimation in 
the modeling of uncertainty prevailing at unsampled locations using Indicator 
Kriging. The second is to divide a region into “safe” and “unsafe” zones on the 
basis of probability maps which mark contaminated all places where the risk of 
arsenic contamination exceeds a given threshold for drinking water purpose in 
the Nam Dinh area. The study is applied to two arsenic datasets with different 
errors which are collected from two campaigns and different sites in the Nam 
Dinh area. By this study it is showed that the high risk of arsenic contamination 
for the Holocene aquifer is distributed as two patches in the middle part of the 
study area extending generally W-E direction. Whereas the highest risk of arsenic 
contamination for the Pleistocene aquifer mainly concentrates in the North-West 
zone of the study area expending in S direction. 

 

6.1 Introduction 
Indicator Kriging (IK), one of the most commonly used non - parametric techniques in 

geostatistics, has been widely applied (Bierkens and Burrough, 1993; Goovaerts et al., 2005; 
Mohammadi et al., 1997; Schafmeister, 1997; Schafmeister, 1999). The method is a 
geostatistical approach to geospatial modelling of the uncertainty of unknown values by 
building the cumulative distribution functions (cdf). GSLIB (Deutsch and Journel, 1998) uses 
it as a non-parametric technique, without assumption of a normality of distribution at each 
estimation location. IK builds the cumulative distribution function (cdf) at each point based 
on the behaviour and correlation structure of indicator transformed data points in the 
neighborhood. The cdf value is determined for a series of threshold values between the 
minimum and maximum data values in the set of data. For each threshold, the cdf value is 
estimated by Indicator Kriging. The indicator coding transforms data into 0s and 1s: 0s if the 
data are above the threshold, and 1s if they are less. This eliminates two problems appearing 
in geostatistical investigations. The first is the sensitivity of outlier data values, which 
strongly influence the sample variance. The second is the avoidance of the uncertainty about 
whether the threshold is exceeded or not at sampled location. IK then estimates the probability 
that the estimation point is less than the threshold value, given this neighbourhood of 
transformed data and a model of the IK threshold correlation structure. Performing this 
operation for each threshold across the range of data approximates the local cdf at the 
estimation point. After the cdf is built, it must be post processed to produce probability maps 
and E-Type values for estimation maps and risk maps.    

In addition, indicator variogram analysis, an effective tool for investigating and 
quantifying the spatial variability of the geological phenomenon, is an important step in many 
geostatistical studies. It should be noted that the spatial variability of each threshold can be 
analyzed individually with respect to spatial continuity and small scale variability, known as 
the Nugget Effect.  
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6.2  Hydrogeological setting  
The study area is mainly located in the Southern part of the Red River Delta, covering the 

entire Nam Dinh province and a small part of Ninh Binh and Thai Binh provinces (Fig.3, top-
right). The investigation presented here is limited to the two main Quaternary aquifers 
(Holocene and Pleistocene aquifers) which are strongly exploited for drinking water. The 
unconfined Holocene aquifer consists of young sediments, including fine sand, silty sand, 
silty clay, and clay containing organic matter with a varying thickness of 2 – 28 m. The 
average hydraulic conductivity ranges from 0.2 - 1.3 m/day. The Pleistocene aquifer is 
confined and consists mainly of coarse sand mixed with gravel. The thickness varies between 
10 - 50m. The aquifer has a transmissivity 700 – 1000 m2/day. These two aquifers are 
separated by a confining layer with a thickness varying from 20 – 25 m. 

 

6.3 Objectives 
One of the most important steps in many groundwater quality investigations is to delimit   

“safe” and “unsafe” zones for a particular purpose. For drinking water, many nations and 
organizations always set thresholds for concentrations of toxic components, and the 
thresholds are usually forced to law as standard indexes. For example, the WHO has set 
maximum of 10 μg/l (microgram per liter) for arsenic concentration. The Vietnam Ministry of 
Health has also set the same value and the water source has to be treated when exceeded this 
threshold.   

In order to identify the risk of arsenic contaminated areas, there are two steps that will be 
used in this study. The first is to collect data groundwater analyses at the sampling locations. 
Here up to 58 wells in the Holocene and 90 wells in the Pleistocene were sampled during two 
campaigns 2000 and 2003. The samples were taken from small diameter wells so-called 
Unicef wells, national monitoring wells and small water plants in the rural area after at least 
10 minutes of pumping. Arsenic was analyzed by the laboratories of the National Institute of - 
Chemistry, and of - Geoscience, Vietnam (Do et al., 2001c) and (Le et al., 2004). The 
distribution of the sampled locations presented in Figure 3-left column. The second step is to 
map the arsenic contaminated risk based on Kriging interpolation techniques. Whereas the E-
type estimate provides the expected arsenic contamination, the estimate of the probability that 
the relevant value of 10 μg/l is exceeded is given by Indicator Kriging. 
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6.4    Results 

6.4.1 Exploratory data 

Figure 1 shows two datasets of arsenic concentrations of the Quaternary groundwater 
aquifers and summarizes several significant statistic parameters such as min, lower quantile, 
upper quantile, max, standard deviation, etc. The range of arsenic concentration for both 
aquifers is different, varying from 0.56 to 15.1 μg/l in the Holocene aquifer and from 0.2 to 
35.1 μg/l in the Pleistocene aquifer. Since both the original and the ln-transforms of arsenic do 
not show normality, the non-parametric approach (IK) was chosen to overcome this problems 
and estimate the probability at each location that 10 μg/l is exceeded. 

 

 

 

Fig. 6.1  Histograms of arsenic values measured for the Holocene aquifer and the Pleistocene aquifer in 
Nam Dinh province (top-left: As for Holocene; top-right: log-transforms of As for Holocene; bottom-left: 
As for Pleistocene; bottom-right: ln-transforms of As for Pleistocene), μg/l (microgram per liter) in Unit 
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6.4.1 Indicator variogram analysis. 

Figure 2 shows the indicator variograms of As concentrations at quantile 0.6 for both 
aquifers.  The range of influence, i.e, the spatial continuity for both variograms in Fig.2 is 
about 25 km. The range remains stable for all quantiles of arsenic in the Holocene, whereas it 
increases gradually with increasing quantiles in the Pleistocene dataset (Table 1).   

 

 

 Fig. 6.2  Isotropic indicator variograms for the Holocene and Pleistocene aquifers at quantile 0.6 (left: 
Holocene; right: Pleistocene). 

 

Table 6.1 Parameters of fitted indicator variogram models for arsenic in both aquifers 

Cut-off Nug. Eff Range Sill Model Nug. Eff Range Sill Model
(Zj) km km

I10 0.024 22.5 0.076 exp 0.074 8.0 0.032 sph
I20 0.082 16.0 0.092 exp 0.114 9.4 0.051 sph
I30 0.091 18.0 0.129 exp 0.086 8.0 0.125 sph
I40 0.137 16.2 0.120 exp 0.083 10.5 0.156 sph
I50 0.094 15.8 0.165 exp 0.127 16.9 0.117 sph
I60 0.022 24.5 0.251 exp 0.060 21.0 0.180 sph
I70 0.003 22.0 0.239 sph 0.080 18.8 0.113 sph
I80 0.025 20.0 0.173 sph 0.055 17.8 0.088 sph
I90 0.000 15.7 0.080 sph 0.022 22.4 0.065 sph

PleistoceneHolocene aquifer
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6.4.2  Estimation of local dpf 

By Indicator Kriging, the conditional probabilities used for a series of m thresholds (m = 1, 
2,…, m) from data transformed can now be estimated. Kriging provides estimates of the 
conditional probability of m at location u0:  

[ ] { } { } mjzuIEzuZobzui jjj ,1,()(*Pr*),( 000 ==≤=       with  Zj = cut-off 

The estimated local cdf provides much information which can be obtained by its analysis 
using POSTIK (Deutsch and Journal, 1998) 

a) E-type is the estimation of the expectation value of the local pdf and corresponds closely 
to the Ordinary Kriging estimate. 

b) Any given quantile of the local cdf can be calculated, e.g., if the 0.5 quantile is 
requested, the median value of the local cdf is returned.  

c) Given a specific threshold, the program calculates the probability of exceedance the 
mean value below and if it applies the mean value above the threshold for a given local pdf is 
returned. 

This latter option is useful in questions of environmental risk. 

Within the study area, an area of 70 km by 70 km was selected for which the arsenic 
contamination concentration for both aquifers will be modelled and estimated. The model 
domain was divided into 36 by 36 cells with 2 km length both in x- and y-direction. 
Consequently, the local cdf of As at 1296 grid nodes had to be estimated. Depending on the 
availability of the data points, however, only about  70 percent of the model domain, mostly 
centered on Nam Dinh province,  was covered with reliable estimates of the local cdf of As 
due to the wide area where covered by the sea or lack of the sampled locations (Fig.3).   

At every estimation location the cdf values were determined using full Indicator Kriging 
for nine cut-off (9 decentiles) ranging in values between 1.04 and 7.0 for the Holocene aquifer 
and 0.5 and 6.8 for the Pleistocene aquifer. Fig.3 shows the arsenic distribution maps of E-
type estimator for both aquifers. It is remarkable that the patch of the highest arsenic 
concentrations of the Holocene aquifer is found in the middle part of the study area, while it 
focuses in the North-West corner of the province expending in S direction in the Pleistocene 
aquifer.  

6.4.3     Mapping the probability of exceeding the threshold. 

In order to classify the As contaminated areas (>10µg/l), risk maps were created, the 
probability of exceeding the given threshold was computed. It was compared with 58 sampled 
locations for the Holocene aquifer and 90 sampled locations for the Pleistocene aquifer. 
Consequently, the probability map will allow a good delineation between the “unsafe” and 
“safe” areas. At the average probability the arsenic contamination risk is only 12% for the 
Holocene and 7% for the Pleistocene. Thus the global risk of As contamination in the 
Pleistocene aquifer appears to be smaller than in the Holocene aquifer, although the absolute 
concentrations of As are higher. This discovers the fact that arsenic contamination is, in 
generally, not a serious problem for both aquifers in the study area. However, the results of 
the probability maps are clearly shown in Fig.3-right column. The dominance of probability > 
0.5 to exceed the drinking water threshold, can be considered as the high risk of arsenic 
contamination or hazardous zone, also appeared as two patches in the middle part of the 
province for the Holocene extending generally W-E direction, while it mainly concentrates as 
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a highest risk of the arsenic contamination for the Pleistocene in the North-West corner of the 
study area expending in S direction. 

 

 

 

 

 

 

 Fig. 6.3  E-type and probability maps of exceeding 10 μg/l As representing the spatial distribution of 
the arsenic contamination for both aquifers in the Nam Dinh area (left-top: E-type map for the Holocene, 
right-top: Probability map for the Holocene; left-bottom: E-type map for the Pleistocene, right-bottom: 
Probability map for the Pleistocene), As (μg/l) in unit. 
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6.5 Discussion and conclusions 
By the case study, it was shown that Indicator Kriging is a useful method which has some 

advantages for many contamination studies. Firstly, it is well known as the non-parametric 
technique which can be appreciably used when a dataset does not reach normal shape or 
nearly normal shape as in this situation. Secondly, outlier problem that often exists in any 
analysis, can be overcome when applying this method. Thirdly, it can be applied in practice to 
delimit a study area into “safe zone” or “unsafe zone” from which decision-making on the 
water supply can be decided for the remediation of a contaminated water source or selecting 
an appreciative source for exploitation. The two significant procedures produced by IK 
method involve E-type and probability estimators. The E-type estimator can produce exact 
values, but only average values at estimated locations. It is, therefore, less interesting than 
probability estimator. By probability map the decision-makers can decide flexibly where a 
contamination area should be remediated according to their financial sources and user’s 
purpose.  In addition, in this study IK was used to estimate the probability to exceed an 
arsenic threshold for “drinking water purpose” that distributes spatially according to its 
concentrations at sampled values and estimated values of the Nam Dinh area. The study was 
also drawn out as a reliable picture on arsenic contamination to its present situation for both 
Quaternary aquifers. 

However, some shortcomings remain when using this method. First, fewer visited data 
locations are often available in practice, thus indicator variograms might not be easily fitted or 
worthless calculated parameters and thus Indicator Kriging interpolation would not  produce 
enough reliable results. Second, the question of how many thresholds and what quantiles 
should be chosen for a good final result can still be difficult, because the number of selected 
thresholds can be affected by the interpolated variance. Finding the best solution to the 
problem is not always easy, because it depends on the data and experience of each person.  

Although there are some problems in application, the method presented here can produce 
useful results and be effectively used in many aspects, particularly in environmental studies.   
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CHAPTER 7 SYNTHESIS 
 

Abstract The primary objective of this thesis is to use geostatistical tools for 
better characterization of the groundwater quality. Therefore, a set of 
geostatistical tools has been applied to the various groundwater datasets 
collected in different campaigns from 1995 to 2003. The thesis is built around a 
series of the case studies on the real datasets that were sampled in the coastal 
Quaternary aquifer in the Nam Dinh area/ Vietnam. This can give us an 
understanding of what various geostatistical tools can do and, more importantly, 
what their shortcomings are. In this chapter, the main outcomes of the applied 
statistical and geostatistical approaches are evaluated to determine to which 
extent they contribute to and improve current understanding on groundwater 
quality in the study area. Some implications for practical hydrogeochemical 
studies are then concluded and discussed. The results are proposed not only to 
obtain the good understanding in Nam Dinh groundwater quality for its effective 
exploitation and management but also to introduce some case studies on 
groundwater quality that are investigated based on geostatistical approaches.   

  

7.1 Introduction 
One of the main research topics in the literature on the coastal Quaternary aquifers of the 

Nam Dinh area has somewhat identified the groundwater chemistry and delineated the status 
between fresh water and brackish-salt water. This study supports the conclusion of the 
previous investigations (Do et al., 2001b; Doan, 1996b; Doan et al., 2005b; Le et al., 2005) 
that were still lacking of data analyses based on the fully quantitative approaches and the 
geostatistical application in the aspect of groundwater quality. Therefore, the best use of 
available data on groundwater quality and a reliable interpretation of its quality in the coastal 
Quaternary aquifers in this area are the most important frame of the study. The relevance of 
the study for groundwater quality assessment, and some needed answers in an optimization of 
data analyses, are thus discussed. A number of methods that can enhance the interpretation of 
data and are worthwhile considering the reliable estimation from the geostatistical point of 
view are addressed. The differently methodological options and their results throughout this 
study will also be concluded and discussed.  

 

7.2 Optimizing the data analyses on groundwater chemistry 
The groundwater samplings and water analyses account for a substantial part of the total 

cost of the groundwater quality evaluation. However, the groundwater environments are 
complex, a large number of samples, even a plethora of samples on several dozen variables of 
chemical compositions might not be sufficient to resolve with reliability the behavior of their 
characterization that either governs the distribution of concentrations, the variation of 
chemical elements, the rate of organic mater depletion, etc or identifies the some adverse 
impacts from natural processes such as saltwater intrusion, tidal effect, environmental 
reduction and the pollutions from human activities (e.g., fertilizer, over-pumping, pesticides, 
etc). The accurate answers to understand the nature of their complex correlations may perhaps 
not be easy in many groundwater studies. The solutions of multivariate statistics and 
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geostatistics that can enhance the understanding of these processes can bring researchers 
closer to a precise answer that might be used flexibly and effectively in decision-making. In 
particular, the appreciate methods are, in turn, chosen and applied to the particular datasets as 
case studies. To visualize the data and to get a general view in the aspect of the groundwater 
chemistry, both major ion comparisons and graphical analyses are used in the first part of this 
study. The outliers and abnormal distribution problems that might raise the estimation 
variance in Kriging prediction have been detected in many groundwater variables of the 
collected datasets based on the basic statistical approach and almost have overcome by the 
transformation of the data into a new scale (log-normal transformation) in chapter 2. 
Chemical variation due to seasonal change and spatial variability of chemical element 
concentrations, the most regarded issues in many groundwater investigations (Catalan et al., 
2006; Dale and Miller, 2007; Keery et al., 2007; Pebesma, 1996; Pillsbury and Byrne, 2007; 
Sawdy and Price, 2005; Soulsby et al., 2007; Younes et al., 2003), are figured out by using 
Kriging estimation techniques. Both spatial correlations (ranges of influence) of the variables 
and directional influences are quantified and investigated by the variogram analyses. Note that 
the advantages of Kriging techniques are well known as the effective interpolation method 
because it is more flexible than other interpolation methods (e.g., inverse-distance weighing, 
deterministic splines, or Thiessen polygons) and provides means to evaluate the magnitude of 
the estimation errors (Kitanidis, 1997). Errors in predictions, the useful rational measures in 
evaluating the reliable spatial estimation, are commonly used in optimization studies 
(Rodriguez-Iturbe and Mejia, 1974; Van Geer, 1987). All methods mentioned above are thus 
applied to the groundwater quality data in the Nam Dinh area and discussed in detail in 
chapter 4. The cluster analysis, principle component analysis, and regionalized analysis 
methods that can reduce a large number of samples into new sets from which one can identify 
several principle factors dominating the groundwater chemistry, are used in chapter 5 as the 
best solution to the problems that can cause the misleading in data interpretation due to the 
amount of information. The Indicator Kriging (non-parametric technique) is applied in 
chapter 6 with two main purposes. The first is to avoid the problem of the abnormal 
distribution of the arsenic datasets even after transforming the arsenic data into log-scales. 
The second is to delineate the arsenic contamination exceeded 10µg/l for drinking water 
based on the risk maps. This chapter is also implemented as a case study for assessing the risk 
of arsenic contamination. 

The last problem the readers may ask us when handing this thesis is: ‘why did we use some 
datasets that were not new enough for the hydrogeochemical study (e.g., the dataset of the 
shallow groundwater in campaigns 1995 and 1996)?’ or ‘Have you already compared the 
variability of the element concentrations between campaign 1995 and 1996 due to the 
seasonal change before using it as the homogeneous dataset? It is clear that these are very 
interesting questions and they must be answered if possible. Although the author tried to have 
all possible samples to answer those questions, almost all available data in this area that had 
enough regular distribution in space for the geostatistical analyses were limited. The 
appreciate answer here may thus be a question like ‘Do we have the best use of the available 
data?’ Undoubtedly without such data we would not produce a clear picture in Fig. 5.5-top of 
chapter 5 that reflects the salinity as the result of the seawater influence in the South, and the 
significant fresh recharge percolates through both banks of the Red River during the rainy 
season for the shallow groundwater. This result, therefore, may be significant for groundwater 
development in the shallow groundwater for drinking water.   
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7.3 Conclusions and discussion 
Nine different methods of data analysis are applied for a better characterization of the 

groundwater quality status in the Nam Dinh area of Vietnam: (1) Major Ion Comparison, (2) 
Graphic Plots, (3) Exploratory Statistical Data Analysis, (4) Variogram Analysis, (5) Spatial 
Estimation Using Kriging, (6) Cluster Analysis, (7) Principle Component Analysis, (8) 
Multivariate Regionalization Analysis, and (9) Contamination Risk Mapping Using Indicator 
Kriging. A number of results obtained from these analyses include origin of water, water-
types, water-groups in specific zones, chemical trends, frequency of concentrations, ranges of 
elements, seasonal changes, estimation maps of the element concentrations and their 
prediction errors, factorial maps, and risk maps of arsenic contamination. Both advantages 
and limitations of each approach are discussed in the aspect of its practical application for 
evaluating the groundwater. All have been represented and included in detail from chapter 2 
to chapter 6. Some of the main important results are:  

Many hydrogeochemical variables have been observed to be non-Gaussian distributions 
and log-transformed data have been found to be near the normal distribution, therefore they 
are used in Kriging interpolation.  

In spite of the large estimation variance of some variables resulting from the limited 
sampled locations and errors in measurements, almost all key hydrogeochemical variables 
that were collected from the two main aquifers in the Nam Dinh area are estimated and 
mapped at the spatial grids of 2 km x 2 km in reliable results regarding to their errors in 
estimation.  

The sampled density, the measurement errors (Nugget Effects), and the fitted models of 
experimental variograms that can cause undesirable effects in the spatial estimation using 
Kriging are considerably observed with 3 fundamental rules: (1) The better sampling density, 
the smaller estimation error, (2) The higher Nugget Effect, the greater estimation error, (3) the 
weaklier fitted models of experimental variogram, the lower plausibility of the estimation. 
The pure Nugget Effect on variogram of ΣFe variable reflects no spatial dependency of its 
variable character or at least only within distances smaller than the average sampling distance. 
This may be due to errors in measurement. In consequence, its estimations have been 
produced to a very high error and the spatial variability of ΣFe concentrations was not 
confident enough to draw conclusions. By this result, an additional conclusion can be 
addressed is that high errors in measurements may be reflected by a pure Nugget Effect on 
variogram, causing no spatial dependence of the character of a hydrogeochemical variable, 
and thus its spatial Kriging estimation is very unreasonable. This can be used to re-evaluate 
the plausibility of measurements. 

Although the difference in estimation variances between the anisotropic Kriging estimation 
and the isotropic estimation on chloride variable is very small, the clearer shape of the salinity 
influence in the Pleistocene aquifer may has a considerable significance in the 
hydrogeochemical study.  

The short-term prediction of the electrical conductivities in the Pleistocene of the study 
area can be effectively used to forecast the long-term variability of the groundwater quality in 
the Nam Dinh area. This indicates an adverse impact of salinity on the groundwater quality. 
However, the West side of the study area, where the decrease of salinity levels is observed, 
can obviously be seen as the fresh recharge area of the aquifer.  
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Both, the cluster analysis and the principle component analysis are effectively used to 
resolve the plethora of data. The results figured out the fact that the salinization of 
groundwater dominated the groundwater chemistry in both main coastal aquifers and in the 
shallow groundwater. Meanwhile, the pollution resulting from the agriculture has a 
considerable effect on the groundwater quality of the Holocene aquifer.  

Finally, in case of abnormal data, Indicator Kriging can be used as the best solution to 
overcome this problem. In additional, it is an effective tool for environmental investigations 
because it can delineate the study area into “risk” or “unrisk” zone for a particular purpose. In 
this study IK is used to estimate the probability exceeding the critical arsenic threshold for 
“drinking water purpose”. The case study is drawn out as a reliable picture on the present risk 
of arsenic contamination (chapter 6). 

 

7.4 Future perspectives on groundwater investigation and exploration of 
the area 

In this study, no information on groundwater flow or transport of soluble as obtained from 
deterministic process models has been used. If this information is available it can readily be 
used to improve the estimates of the measured variables and to compare with the directional 
influence that is observed in the Pleistocene aquifer. The small effect of the salinization factor 
in the Holocene, which is found in the coastal areas, is not clear due to the limited number of 
samples in this area. Moreover, the sampled points were re-visited partly in campaign dry 
season 2000, thus it was somewhat difficult when comparing the variability of the element 
concentrations between RS 1999 and DS 2000. For more reliable and stable geostatistical 
analysis, more groundwater sampling points are needed. Although saltwater intruding through 
the Red River bottom due to the tidal during the dry season is shown in chapter 5, the data on 
dynamic relationship between the Red River and groundwater are still not available. A future 
study focusing on this topic is thus really necessary to make this relation clear. The potential 
role of the paleo-channel of the Red River that might support the elevated salinity in the 
Pleistocene is still not apparent to draw conclusion. Therefore, investigations on paleo-
channel roles to the salinization of groundwater in this area are actually needed in the future 
works.  

The highest risk of arsenic contamination in the Pleistocene aquifer that clearly extends in 
North direction (chapter 6) may originate from Ha Nam Province. A study focusing on arsenic 
contamination in order to figure out its real status for the groundwater users in Ha Nam 
province should be a priority. 

The two proposals of groundwater exploitation are:  

(1) The potential of the fresh-groundwater in the shallow aquifer that is supported by 
the freshwater recharge of the Red River during rainy season is valuable for 
exploitation in drinking water. Because of the presence of the brackish water and 
the saltwater in the Holocene aquifer that might intrude up to the shallow 
groundwater, it should be exploited with a limited quantity at the only first several 
meters in depth to avoid problems of saltwater intrusion from the lower aquifer. 

(2) The global salinity concentration of the Pleistocene is quickly increasing in a global 
scale, including the entire area of the fresh groundwater lens, the balance 
abstraction of the groundwater should thus be re-calculated to reduce the elevated 
salinity and to protect the sustainability of the Pleistocene aquifer. 

 98



Synthesis 
 

 99

(3) How big the total volume of the fresh groundwater lens is still not clear, therefore 
an estimation of the total volume of the fresh groundwater lens in the South is 
meaningful work. In addition, the large recharge area in the South-West may be a 
main fresh supplement source of the Pleistocene groundwater. Both should be soon 
calculated and investigated in more detail for an effective groundwater 
development.    
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Appendix 1                                                                          The Holocene aquifer                                                                     RS 1999 and DS 2000 
 

id X Y depth Year pH Na K Ca Mg Fe Al NH4 HCO3 SO4 Cl PO4 NO3 NO2 F TDS 
  m m m   mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l 
1 610342 2246863 13 RS 1999 7.6 40.7 0.51 90.18 53.72 10.5 0.43 4.65 270.1 9.61 228.19 0.78 0.85 11.2 0.33 695.91 
2 616877 2240551 12 RS 1999 7.5 444.1 0.7 52.1 76.61 27.06 . 10.33 158.65 14.41 850.8 2.23 1.28 6.5 0.23 1685.16 
3 626084 2234162 11 RS 1999 8.4 125.7 3.62 35.09 18.02 15.37 1.31 3.85 323.41 5.6 140.03 3.6 17.6 8.15 0.56 690.83 
4 635172 2227984 13 RS 1999 8.3 37.5 13 40.08 16.46 19.21 1 0.22 254.25 13.21 33.13 0.52 3.2 0.52 0.27 417.84 
5 604530.4 2214403 10 RS 1999 8 215.9 42.2 88 49.2 2.25 0.01 0.01 572.4 17 334.9 1.17 6.43 0.02 0.41 1329.9 
6 601454.6 2214446 12 RS 1999 7.9 83.3 4.4 64 30 0.94 0.02 0.01 395.5 24 99.3 1.67 0.77 0.02 0.33 704.25 
7 596913.6 2218789 5 RS 1999 8.2 194.2 13.4 72 27.6 0.9 0.16 0.3 137.3 94 397.4 0.59 1.32 0.02 0.17 939.36 
8 610063.5 2235097 8 RS 1999 7.2 1415.6 122.3 95 144 9.16 0.02 0.48 722 814 2141 1.4 4.34 0.09 0.46 5469.85 
9 614421.4 2232009 10 RS 1999 7.9 64.4 17.7 21 43.2 0.98 0.16 0.01 269.3 1.6 139 3.58 7.09 0.05 1.03 569.1 

10 612270.2 2225295 15 RS 1999 7.8 1635.2 156.4 24 84.6 3 0.02 19.5 809.5 1.8 2746.5 6.62 1.24 4.6 0.21 5493.19 
11 611535.9 2228192 9 RS 1999 7.4 32.9 13.8 74 41.4 3.25 0.11 0.32 390.4 76 60.35 0.56 3.17 0.01 0.46 696.72 
12 612919.7 2217668 3 RS 1999 7.6 82.8 32.4 53 23.4 0.19 0.14 0.01 243.7 39 176 0.59 2.32 0.01 0.61 654.16 
13 606337 2212016 3 RS 1999 7.4 940.1 106.8 134 158.4 0.23 0.04 0.01 280 359 2025.3 0.48 3.72 0.01 0.78 4008.86 
14 608333.7 2216780 3 RS 1999 7.9 40.9 12.4 54 36 1.26 0.04 0.01 310.8 25 88.3 0.44 6.35 0.01 0.4 575.9 
15 609751 2220269 3 RS 1999 7.7 210.7 30.2 103 52.2 0.3 0.05 0.01 280.6 206 422.8 0.89 1.08 0.01 0.73 1308.56 
16 606500.1 2223365 9 RS 1999 7.4 83.9 12.9 24 26.4 33 0.04 0.32 152.5 25 188.2 1.3 5.27 0.01 0.26 553.1 
17 607008.6 2227781 5 RS 1999 7.5 1357.6 120.5 69 202.2 1.85 0.04 0.17 1038.75 26 2548 3.25 5.27 0.01 0.07 5372.71 
18 606911.3 2232769 5 RS 1999 7.6 20.5 7.7 51 18.6 2.7 0.05 0.01 222.65 29 35.5 0.78 0.54 0.01 0.46 389.49 
19 616696.3 2243811 12 RS 1999 7.2 119.9 204.2 98 43.2 0.34 0.05 6 673 24 312.4 3.4 17.67 6.8 0.78 1509.74 
20 613161.7 2247501 7 RS 1999 7 50.1 26.77 53 44.4 60 0.06 0.2 540.9 4.76 107.49 0.57 8.59 0.14 0.44 897.37 
21 616639.8 2248660 10 RS 1999 7.3 64.4 70.1 54 25.2 4.1 0.04 0.01 312.4 34 152.65 1.08 13.02 0.01 0.35 731.35 
22 605167.9 2248456 11 RS 1999 7.3 498.5 48.2 92 120.6 0.63 0.1 11.25 991.27 32.5 834.25 1.86 18.7 6 0.5 2656.36 
23 635393.9 2244047 10 RS 1999 7.1 140.4 26 56 48 20 0.06 8 371.15 1.8 337.25 0.43 0.55 1.68 0.38 1011.7 
24 632727.4 2246910 5 RS 1999 7.8 68.3 17.2 72 16.2 0.23 0.04 0.01 297.1 40 113.5 1.19 1.16 0.01 0.54 627.47 
25 636223.7 2248664 11 RS 1999 7.3 1508.2 65.8 440 156 40 0.03 20.75 746.8 1 3613 0.74 0.46 1.46 0.4 6594.64 
26 641395.6 2250057 12 RS 1999 7 231.2 26.1 69 52.8 7.5 0.04 11 302 10 454.5 1.08 0.46 12.4 0.05 1178.13 
27 639358.3 2244235 32 RS 1999 7.5 1044 104.2 37.5 113.7 0.63 0.03 19.5 622.4 1.8 1934.75 7.14 1.22 30 0.8 3917.67 
28 646000.4 2238242 8 RS 1999 7.6 62.4 10.2 72 31.8 0.92 0.07 0.01 236.65 22 138.5 0.63 3.33 0.01 0.12 578.63 
29 647845.2 2240283 8 RS 1999 8.1 149.2 64.2 48 97.2 0.08 0.04 4.91 610 27 333.7 1.86 0.01 0.01 0.64 1336.84 
30 650752.6 2243584 12 RS 1999 7.8 1067.1 136.7 32 172.8 0.24 0.04 21.5 889.65 0.5 2059 6.69 2.17 8.6 0.56 4397.55 
31 621944.6 2264802 16 RS 1999 7.5 33.8 8.9 84 38.4 25.5 0.07 0.95 483.5 0.5 81.65 0.44 1.55 22 0.35 781.61 
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id X Y depth Year pH Na K Ca Mg Fe Al NH4 HCO3 SO4 Cl PO4 NO3 NO2 F TDS 
  m m m   mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l 

32 625012.1 2261172 18 RS 1999 7 62.3 14.2 103 50.4 22 0.04 57.5 724.25 0.5 177.5 1.41 1.55 11.4 0.32 1226.37 
33 626425.6 2263134 14 RS 1999 7.3 128.8 9 80 31.8 11.53 0.04 40 539.1 1.5 247.3 1.3 3.84 10.5 0.32 1105.03 
34 651197.9 2267242 36 RS 1999 6.5 169.7 6.34 43 48.8 0.81 0.02 0.01 178 1 401.85 1.56 0.38 0.13 0.12 851.72 
35 645319.3 2262715 14 RS 1999 6.8 200.5 25.06 41 72.8 1.62 0.07 14.25 565.6 12.5 334.5 1.62 0.31 0.15 0.38 1270.34 
36 635563.2 2254499 12 RS 1999 7.2 648.6 47.84 108 138 6 0.13 86 756.4 1 1432.43 1.5 0.77 3.2 0.53 3230.4 
37 613270.5 2252894 12 RS 1999 7.8 135.1 22 36 92.8 0.21 0.05 4.8 488 7.5 241.4 2.6 0.93 23.2 0.73 1055.32 
38 609977.2 2251888 12 RS 1999 7.8 213.4 31.2 86 54.6 10.2 0.04 4.4 625.25 19 347.9 0.91 1.08 13.4 0.13 1407.51 
39 610920 2255863 12 RS 1999 7.7 97.1 13.7 20 20.4 1.75 0.03 0.01 244 0.5 127.8 1.63 15.64 0.02 0.86 543.44 
40 608298.7 2258156 12 RS 1999 6.8 163.3 110.9 76 48.6 20 0.03 0.01 396.5 36 383.5 0.74 6.2 0.01 0.22 1242 
41 611557.2 2259847 14 RS 1999 7.3 221.9 33.6 37 78.6 0.14 0.03 16 616.5 0.5 365.5 4.09 1.86 27.2 0.78 1403.7 
42 608613.7 2263187 15 RS 1999 6.8 268.3 38.8 52 103.2 4.65 0.07 0.01 1032.25 0.5 312.4 6.92 0.96 7 0.05 1827.11 
43 604507.2 2266862 17 RS 1999 7.2 168.6 21.8 30 39 2.4 0.06 0.01 459.75 0.5 213 7.59 0.46 0.66 0.4 944.23 
44 605688.6 2255361 3 RS 1999 7.1 49.2 31.4 72 16.8 1.34 0.04 0.01 201.3 33 120.7 0.15 1.39 0.01 0.27 527.6 
45 605241.9 2251852 3 RS 1999 7.5 160.2 13.9 48 50.4 18 0.04 0.01 335.5 23 337.2 0.37 2.17 0.01 0.27 989.06 
46 616154.4 2237368 4 RS 1999 7.2 383.5 39.7 90 57.6 0.2 0.07 0.01 604.65 71 603.5 1.11 5.89 7.01 0.54 1857.77 
47 637323.3 2226915 3 RS 1999 6.5 142.1 36.3 58 66.8 0.04 0.08 0.01 549 35 171 3.16 3.41 0.01 0.92 1065.82 
48 617784.2 2264023 13 RS 1999 7 504.9 52.4 68 117.6 0.18 0.08 8.25 1059 35 745.5 3.31 0.93 25 0.37 2620.52 
49 618438.4 2266919 13 RS 1999 7 21.3 4.6 88 51.6 6.9 0.07 0.01 524.6 0.5 60.35 1.02 2.4 4.5 0.51 766.36 
50 613512.1 2268121 5 RS 1999 7 27.4 13.5 88 28.8 0.14 0.07 21.5 483 1.2 53.3 0.63 1.31 25 0.46 744.31 
51 615885.1 2259881 13 RS 1999 7 204.1 17.6 56 64.8 0.1 0.06 8.5 557.15 1 308.5 2.16 2.32 19.2 0.73 1242.21 
52 615297.9 2256049 13 RS 1999 7 206.9 32.5 34 90 0.25 0.08 11.5 589.1 0.5 383.4 3.38 0.93 19.2 0.86 1372.6 
53 620370.8 2257468 12 RS 1999 6.5 159.4 24.7 64 81.6 3.95 0.07 14.5 695.4 18 284 1.23 0.69 11.2 0.51 1359.25 
54 622966.3 2257694 7 RS 1999 6.8 1155.2 89.4 63 192.6 0.46 0.07 17.5 1436.9 8 1988 4.4 2.4 19.2 0.1 4977.23 
55 623588.7 2252578 15 RS 1999 7.2 95.1 31.3 52 43.2 3.85 0.06 0.01 289.75 125 149.1 1.3 3.79 0.01 0.51 794.97 
56 623008.9 2249199 3 RS 1999 6.7 479.9 84.7 108 81.6 0.61 0.04 37.5 898 39 778 6.47 2.24 16 0.09 2532.15 
57 630404.7 2250460 10 RS 1999 6.3 120.8 46.9 54 30 31 0.04 0.01 231.8 111 227.2 0.89 3.25 0.01 0.27 857.16 
58 626923.4 2253484 10 RS 1999 6.3 200.1 31.5 48 49.2 0.84 0.01 6.4 325.2 40 397.6 2.17 6.04 0.7 0.07 1107.83 
59 627318.9 2255996 12 RS 1999 7 299.3 50.3 55 108.6 1.36 0.01 4.2 539 70 603.5 2.04 27.9 0.13 0.73 1762.06 
60 634106.9 2265998 8 RS 1999 6.3 36.6 6.47 22 21.6 23.5 0.02 1.07 149.5 86 53.18 1.14 3.02 0.02 0.22 404.34 
61 598802 2246187 6 RS 1999 7.1 48.8 26.6 128 57.6 0.02 0.23 0.01 498.9 97 92.7 1.23 2.09 0.01 0.64 953.82 
62 591957 2245338 5 RS 1999 7 54.7 18.2 206 34.8 1.67 0.03 0.01 298.9 359 99.4 0.33 2.17 0.01 0.84 1076.05 
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id X Y depth Year pH Na K Ca Mg Fe Al NH4 HCO3 SO4 Cl PO4 NO3 NO2 F TDS 
  m m m   mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l

63 595805.7 2247652 5 RS 1999 7.3 105 16.5 62 30 3.9 0.04 0.01 279 76 195.25 0.44 1.16 0.01 0.52 769.82 
64 602495.8 2243942 3 RS 1999 7.4 48.6 5.4 92 24 3.9 0.04 0.01 314.7 58 106.5 0.56 6.82 0.01 0.64 661.17 
65 598117.1 2239404 4 RS 1999 7 96.9 78.7 144 28.8 0.38 0.11 0.01 503.25 102 213 1.56 4.03 0.01 0.7 1173.44 
66 601919.5 2240446 3 RS 1999 6.9 77.4 55.1 92 33.6 2.35 0.08 0.01 412 110 142 0.56 4.49 0.01 0.43 930.02 
67 603055.5 2235861 12 RS 1999 7.1 33.4 10.3 88 25.2 6.1 0.08 1.95 326.6 69 78.1 0.57 1.86 2.1 0.1 643.36 
68 598415.5 2234409 3 RS 1999 7.3 70.3 24.4 104 21.6 0.11 0.04 0.01 329.4 72 159.7 1.04 3.56 0.01 0.7 786.85 
69 602192.5 2231001 3 RS 1999 7 115.7 31.5 156 48 0.59 0.04 0.01 335.5 359 188 1.19 4.96 0.01 0.59 1241.08 
70 612475.1 2218227 3 RS 1999 7.5 88.8 33.4 54 23.7 0.19 0.14 0.01 243.7 39 186 0.59 2.32 0.01 0.61 672.46 
71 613350 2221408 3 RS 1999 . 354.1 13.22 13 8.2 0.72 0.16 0.47 256.2 70.2 478 2.34 4.09 3.2 0.74 1200.64 
72 631605.8 2233287 5 RS 1999 7.6 50.6 12.76 8 17.2 0.02 0.51 3 199.6 14.1 47.35 0.06 0.01 0.5 0.52 350.23 
73 638128.2 2238940 6 RS 1999 7.8 100.2 14.56 59.11 15.98 5.8 0.23 2.2 194.75 52.83 124.58 0.51 0.01 4.2 0.48 571.44 
74 645106.8 2240621 8 RS 1999 8.2 139.2 64.2 40 90.2 0.08 0.04 4.91 590 27 290.7 1.86 0.01 0.01 0.64 1244.85 
75 610342 2246863 13 RS 2000 7.4 48.7 0.51 93.18 54.72 11.5 0.45 4.77 300.1 9.61 234.19 0.93 0.89 12.1 0.33 743.91 
76 616877 2240551 12 RS 2000 7.5 671.9 0.8 54.11 87.55 24.43 . 12.8 378.32 15.2 1191.12 3.34 3.28 1.55 0.44 2425.84 
77 626084 2234162 11 RS 2000 6.9 147.4 3.2 26.06 13.59 16.75 1.33 2.85 325.1 4.8 136.48 3.9 16.7 10.15 0.56 686.39 
78 635172 2227984 13 RS 2000 7.6 41.2 15 41.09 19.02 20.21 1.22 0.35 274.59 12.21 39.36 0.57 0.54 2.99 0.33 452.25 
79 601454.6 2214446 12 RS 2000 7.2 51.4 8.3 86 18 7.5 0.39 0.01 341.6 9.6 95.9 0.26 9.45 0.01 0.2 628.61 
80 597449.1 2214616 5 RS 2000 7.5 107.7 4.63 46 13.2 0.32 1.02 0.02 107.8 34 239.6 0.11 0.85 0.01 0.36 555.66 
81 596913.6 2218789 5 RS 2000 7.2 108.8 10.01 66 18 1.35 0.46 0.01 170.8 55.2 199.7 0.46 1 0.01 0.36 632.11 
82 615216.2 2235060 5 RS 2000 7.4 119.3 89.77 98 44.4 1.48 0.1 0.09 774.7 2.32 124.08 1.05 0.93 0.15 0.49 1256.86 
83 608333.7 2216780 3 RS 2000 7 55.2 10.26 64 33.6 3.6 0.18 0.13 320.25 25.46 92.26 0.27 1.39 0.03 0.27 606.87 
84 606500.1 2223365 9 RS 2000 6.2 245.3 27.88 64 79.2 65 0.28 0.35 530.4 108.3 427.08 0.36 0.46 0.05 0.47 1549.09 
85 606911.3 2232769 5 RS 2000 7 28.3 7.28 54 20.4 1.76 0.14 0.09 201.3 67.71 28.36 1.27 0.62 0.03 0.34 411.58 
86 613161.7 2247501 7 RS 2000 6.7 40.1 25.77 52 44.4 65 0.06 0.2 520.9 3.76 97.49 0.57 7.59 0.14 0.44 858.37 
87 634730 2243780 10 RS 2000 . 308.3 41.49 68 70.8 32.5 0.04 5.4 404.7 8.47 709 0.21 0.31 10 0.42 1659.62 
88 640895.6 2248557 8 RS 2000 6.8 2533.3 130 60 278.4 28 0.14 92 853.8 3.76 5069.4 1.44 1.31 18 0.55 9070.12 
89 639190.3 2244420 8 RS 2000 . 472.5 12.44 44 138 2.3 0.04 15 286.7 1 1073.9 2.13 6.43 22.5 0.63 2077.6 
90 623349.5 2263228 18 RS 2000 6.8 466.8 35.27 30 56.4 6.66 0.05 15 676 2.1 664.69 5.04 7.05 1.85 0.77 1967.7 
91 651197.9 2267242 36 RS 2000 6.2 232.8 8.64 48 60 0.13 0.2 0.1 189.1 1 552.65 0.3 0.31 3.66 0.2 1097.08 
92 645319.3 2262715 14 RS 2000 6.9 228.5 25.06 42 76.8 1.62 0.07 14.25 585.6 12.5 354.5 1.62 0.31 0.15 0.38 1343.34 
93 648239.8 2259799 11 RS 2000 7.1 617.3 41.24 24.8 88.32 6.12 0.1 5.1 555.1 1.3 1081.2 3.42 0.62 0.71 0.4 2425.68 
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id X Y depth Year pH Na K Ca Mg Fe Al NH4 HCO3 SO4 Cl PO4 NO3 NO2 F TDS 
  m m m   mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l

94 650669.9 2257132 11 RS 2000 7 1456.9 50.57 148 148.8 47.5 0.14 80 542.9 1.3 3013.3 0.18 0.54 0.02 0.36 5490.48 
95 651549.3 2251635 15 RS 2000 6.9 483.3 56.89 88 103.2 12 0.14 22.25 841.8 1 825.99 0.51 0.77 2.4 0.26 2438.48 
96 644887.2 2253583 14 RS 2000 6.8 304.8 42.15 114 87.6 36 0.16 22 518.5 2.1 815.35 0.21 1.86 0.65 0.26 1945.67 
97 635563.2 2254499 12 RS 2000 7 851.8 44.09 110 136.8 11.5 0.08 6.75 793 1 1575.7 0.63 0.62 0.08 0.2 3532.2 
98 654065.3 2261393 9 RS 2000 7.5 532.5 65.98 76 211.2 29.5 0.12 14.5 1067.5 1.1 1107.2 1.35 0.38 0.08 0.29 3107.7 
99 654415.4 2250926 3 RS 2000 7 62.3 17.29 80 21.6 10.2 0.31 0.11 414.8 1 124.08 0.42 0.31 0.98 0.25 733.65 

100 639461 2260662 11 RS 2000 7.1 104.1 13.71 58 37.2 3.2 0.09 9.62 414.8 1 159.52 1.23 0.31 0.41 0.38 803.56 
101 609977.2 2251888 12 RS 2000 6.4 189.4 18.4 68 50.4 9.5 0.09 0.4 516.5 3.76 327.91 0.9 1.39 11.5 0.54 1198.72 
102 608613.7 2263187 15 RS 2000 6.7 374.7 37.46 52 112.8 13 0.17 23 1123.5 1.8 451.99 4.2 1 0.65 0 2196.27 
103 617784.2 2264023 13 RS 2000 . 650.2 50.65 52 116.4 1.25 0.18 14 1089.5 13.8 957.15 3.78 4.72 10.7 0.65 2964.93 
104 623008.9 2249199 13 RS 2000 6.4 553.9 82.07 84 78 6 0.06 31 905.1 12 853.56 6.18 1.16 22.5 0.63 2636.14 
105 618518 2254092 15 RS 2000 . 108.6 3.97 80 33.6 34 0.1 9.25 91.5 1 434.26 0.36 0.31 0.16 0.31 797.45 
106 635842.1 2262068 3 RS 2000 6.8 31.3 3.74 36 15.6 1.6 0.2 0.1 137.25 44.96 42.54 0.21 0.01 0.14 0.34 313.96 
107 612475.1 2218227 3 RS 2000 7.4 98.8 34.4 55 24.7 0.19 0.14 0.02 293.7 41 196 0.63 2.42 0.02 0.61 747.63 
108 613350 2221408 3 RS 2000 . 59.7 14.22 207.5 36 1.87 0.16 0.21 310.9 363 111.4 0.43 2.22 0.06 0.85 1113.49 
109 631605.8 2233287 5 RS 2000 7.6 110 13.76 63.5 31.2 4.1 0.51 0.21 291 80 207.25 0.54 1.21 0.06 0.53 807.6 
110 638128.2 2238940 6 RS 2000 7.8 53.6 15.56 93.5 25.2 4.1 0.23 0.21 326.7 62 118.5 0.66 6.87 0.06 0.65 698.67 
111 645106.8 2240621 8 RS 2000 8.2 101.9 65.2 145.5 30 0.58 0.04 0.21 515.25 106 225 1.66 4.08 0.06 0.71 1210.68 
112 608771.7 2230198 38 RS 2000 . 2383.3 113.4 58 294 0.9 0.46 4 1096 13.83 4487.6 3.48 0.69 29.6 0.5 8485.78 
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No X Y Date Location Depth pH Na K Ca Mg ΣFe Al NH4 HCO3 SO4 Cl PO4 NO3 NO2 F TDS 
  m m     m  mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l 

1 616877.0 2240551.0 8.21.1999 NH(Nghiaminh) 102 8.4 488.97 6.94 108.22 93.63 17.77  36.50 73.22 48.03 1206.65   0.04   2079.97 
2 626084.0 2234162.0 8.21.1999 TN(Trucphu) 103 8.3 39.04 0.78 19.04 13.98 0.70   205.94 9.41 13.11  3.85    305.85 
3 635172.0 2227984.0 8.21.1999 HH(Haitay) 104 8.0 43.84 0.52 44.08 19.46 5.59  0.64 286.79 13.59 39.00   0.78   454.29 
4 606432.6 2237475.2 8.21.1999 YK(Khanhphu-NB) 99 7.1 146.30 10.60 142.00 40.80 1.09 0.06 0.01 427.00 30.00 380.40 0.48 2.09 8.20 0.38 1189.41 
5 613803.2 2236277.2 8.21.1999 YK(Khanhthien-NB) 92 7.8 42.90 6.10 16.00 13.80 0.46 1.12 0.01 210.50 0.50 25.00 1.36 5.73 0.01 0.57 324.05 
6 618979.7 2235162.4 8.21.1999 YK(Khanhcuong-NB) 90 7.6 37.00 4.80 25.00 17.40 1.22 0.04 0.01 214.50 0.50 35.50 1.19 1.55 0.01 0.54 339.25 
7 618208.3 2231122.3 8.21.1999 YK(Khanhtrung-NB) 55 7.9 55.60 5.60 21.00 14.40 0.18 0.04 0.01 232.00 0.50 46.15 1.07 2.71 0.01 0.51 379.76 
8 617280.8 2225630.2 8.23.1999 KS(Kimdinh-NB) 96 7.8 87.80 7.00 27.50 18.30 0.86 0.04 0.01 241.60 0.50 124.30 0.85 6.51 0.01 0.54 515.81 
9 615311.5 2224666.8 8.23.1999 KS(Hungtien-NB) 70 7.8 101.40 12.80 74.00 78.00 2.10 0.02 0.01 213.50 0.50 447.80 0.70 2.40 0.01 0.32 933.55 

10 614030.8 2222466.2 8.23.1999 KS(Kimchinh-NB) 105 7.6 329.70 7.30 56.00 28.80 0.13 0.02 0.01 478.50 0.50 491.70 0.52 2.43 1.50 0.59 1397.70 
11 619447.6 2221691.1 8.25.1999 KS(Kimdinh-NB) 85 7.6 37.10 6.20 37.50 25.50 2.40 0.08 0.01 226.20 1.00 78.10 0.78 2.20 0.01 0.46 417.53 
12 612608.3 2214506.1 8.27.1999 KS(Vanhai) 78 8.0 198.00 7.70 9.00 5.40 0.40 0.06 0.01 446.75 8.60 104.00 1.13 6.66 0.01 1.07 788.78 
13 607526.7 2241299.1 8.10.1999 YY(Yenbang) 69 7.7 120.10 5.90 21.00 7.50 1.20 0.03 0.01 220.00 0.50 131.35 0.50 2.17 13.60 0.95 524.80 
14 611039.6 2238105.2 8.10.1999 YY(Yendong) 105 7.8 79.50 4.50 12.00 3.00 0.30 0.03 0.01 236.70 0.50 17.50 0.56 18.95 1.28 1.37 376.19 
15 610698.3 2243846.4 8.10.1999 YY(Yenthang) 83 7.7 61.40 4.70 6.00 4.20 0.20 0.04 0.01 165.00 10.00 17.50 0.50 5.86 6.60 1.79 283.79 
16 608877.4 2246635.3 8.13.1999 YY(Yenninh) 75 7.4 95.60 12.20 50.00 55.20 3.80 0.04 1.40 163.85 1.00 341.50 0.56 3.33 10.55 0.35 739.38 
17 605379.8 2245297.9 8.13.1999 YY(Yenhong) 60 7.3 157.00 15.80 152.00 91.80 2.20 0.04 7.50 207.85 171.00 598.50 0.22 23.25 16.80 0.35 1444.31 
18 635493.9 2244047.3 8.18.1999 TN(Lienhai) 110 7.2 91.70 9.80 56.00 48.00 6.20 0.03 24.00 289.75 0.50 269.25 0.54 0.10 1.24 0.23 797.34 
19 633833.5 2241213.7 8.18.1999 TN(Truccat) 104 7.6 43.90 6.10 25.00 16.80 0.19 0.03 0.01 256.65 0.50 25.00 0.59 4.96 3.40 0.54 383.66 
20 636323.7 2248664.2 8.18.1999 TN(Trucchinh2) 90 7.2 593.40 17.60 173.00 79.80 13.83 0.03 15.50 154.30 0.50 1568.00 0.65 0.21 0.10 0.46 2617.38 
21 644978.2 2248947.0 8.19.1999 XT(Xuantan) 110 7.2 1796.70 83.20 270.00 222.00 19.00 0.03 74.00 122.00 0.50 4415.80 0.82 0.01 0.04 0.21 7004.31 
22 645234.5 2244536.8 8.19.1999 XT(Thonghiep) 100 7.2 627.90 23.50 172.00 92.40 26.00 0.03 27.00 216.55 0.50 1429.50 1.19 0.01 0.68 0.06 2617.32 
23 643005.4 2243029.9 8.19.1999 XT(XuanVinh) 110 7.0 472.20 13.90 124.00 76.80 33.00 0.03 11.75 122.00 0.50 1234.00 0.74 0.01 0.01 0.18 2089.11 
24 638604.7 2240910.9 8.19.1999 XT(Xuantien2) 95 7.5 42.90 6.80 26.00 21.90 1.20 0.02 2.25 248.50 0.50 56.80 1.19 0.01 0.01 0.51 408.58 
25 638225.8 2233872.6 8.20.1999 HH(Haiha) 145 7.6 41.90 5.10 20.00 15.60 0.70 0.02 0.01 224.40 7.20 21.30 1.34 2.17 1.42 0.54 341.70 
26 641102.6 2234291.2 8.20.1999 HH(Haiphuc) 110 7.6 46.80 6.20 30.00 22.80 1.08 0.03 0.01 279.20 12.00 42.50 1.08 2.48 0.01 0.40 444.58 
27 643376.0 2234586.1 8.20.1999 GT(Giaolam) 114 7.6 56.50 6.40 30.00 21.00 0.87 0.03 0.01 311.65 2.20 35.50 1.19 10.07 0.01 0.54 475.96 
28 647945.2 2240283.0 8.20.1999 GT(Giaochau2) 100 7.3 455.50 17.80 100.00 69.60 3.30 0.03 17.50 275.20 0.50 1057.00 1.76 0.01 0.43 0.10 1998.72 
29 650449.9 2237817.8 8.20.1999 GT(Giaolong) 108 7.5 259.50 13.60 70.00 55.20 0.06 0.04 5.00 393.45 0.50 477.00 0.56 1.86 2.20 0.54 1279.51 
30 652576.1 2239999.7 8.20.1999 GT(Hoabinh) 86 6.9 1183.30 60.30 133.00 118.20 13.50 0.06 29.00 423.15 0.50 2563.25 1.00 0.77 0.03 0.37 4526.43 
31 655104.9 2242164.7 8.20.1999 GT(Hongthuan) 120 7.1 1689.60 81.70 280.00 252.00 11.50 0.05 29.00 201.30 0.50 4166.50 0.43 0.46 8.60 0.13 6721.77 
32 658100.0 2242300.0 8.20.1999 GT(Giaothanh) 100 7.3 2613.40 160.20 154.00 303.60 0.74 0.03 88.50 519.65 0.50 5695.50 3.31 0.77 5.16 0.56 9545.92 
33 660700.0 2243400.0 8.20.1999 GT(Giaothien) 120 7.1 1638.80 65.80 201.00 161.40 5.50 0.03 21.50 347.70 0.50 3572.50 0.33 0.46 0.10 0.23 6015.85 
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No X Y Date Location Depth pH Na K Ca Mg ΣFe Al NH4 HCO3 SO4 Cl PO4 NO3 NO2 F TDS 
  m m     m  mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l 

34 659100.0 2245100.0 8.20.1999 GT(Giaohuong) 75 7.3 3520.90 206.50 160.00 374.40 4.55 0.06 20.00 841.50 0.50 7197.00 3.01 0.79 1.24 0.43 12330.88 
35 640887.9 2238284.3 8.21.1999 HH(Hainam) 107 7.7 55.60 7.00 42.00 32.40 0.25 0.04 3.20 312.85 0.50 100.00 1.13 0.01 0.17 0.70 555.84 
36 636221.8 2237256.4 8.21.1999 XT(Xuanninh) 108 7.6 31.20 6.20 40.00 22.80 0.59 0.04 0.01 257.50 0.50 42.60 1.08 0.01 0.01 0.56 403.08 
37 626917.7 2214869.4 8.21.1999 HH(Haithinh) 145 7.6 58.50 5.90 26.00 15.60 1.13 0.04 0.01 278.15 0.50 39.00 0.93 4.96 0.01 0.27 430.99 
38 623546.1 2217945.1 8.23.1999 NH(Nghiatan) 90 7.6 36.10 5.80 34.00 25.80 1.63 0.06 0.01 259.25 0.50 50.20 1.41 2.32 0.01 0.59 417.67 
39 619844.5 2217381.3 8.23.1999 NH(Nghiahung) 86 7.7 22.40 4.60 30.00 20.40 0.42 0.07 0.01 111.80 0.50 79.88 0.74 1.08 0.01 0.50 272.39 
40 618185.5 2213950.8 8.23.1999 NH(Nghiahai) 80 7.6 37.00 5.30 23.00 15.60 0.95 0.04 0.01 207.95 0.50 32.00 0.67 2.01 0.01 0.43 325.46 
41 620084.4 2211897.8 8.23.1999 NH(Rangdong town) 95 7.7 104.40 7.30 27.00 12.00 0.53 0.04 0.01 367.50 0.50 53.30 0.65 4.18 0.01 0.64 578.05 
42 622249.1 2214576.8 8.23.1999 NH(Nghialoi) 100 7.7 92.20 5.00 20.00 7.40 1.12 0.04 0.01 228.75 0.50 48.50 0.56 1.70 0.01 0.27 406.05 
43 625855.2 2219591.7 8.24.1999 NH(Nghiaphong) 84 7.9 34.50 4.40 28.00 19.20 0.16 0.06 1.90 259.80 0.50 24.85 1.11 0.54 1.90 0.54 377.46 
44 623221.6 2224660.2 8.24.1999 NH(Nghialac) 115 7.8 51.00 5.60 20.00 21.60 0.18 0.05 0.01 234.85 0.50 53.30 1.11 3.56 0.01 0.67 392.43 
45 630562.0 2220480.8 8.24.1999 HH(Haichau) 142 7.6 46.40 5.30 26.00 18.60 0.32 0.03 0.01 265.35 0.50 34.50 1.08 3.25 0.01 0.56 401.90 
46 633491.0 2223344.3 8.24.1999 HH(Haihoa) 130 7.6 41.30 5.10 23.00 15.60 0.42 0.08 0.01 233.20 0.50 24.80 1.08 2.86 0.01 0.67 348.62 
47 621395.6 2263005.6 8.29.1999 ML(Myphuc_300) 70 7.3 577.20 14.50 172.00 94.80 40.00 0.06 45.00 152.50 0.50 1686.25 0.43 0.46 0.16 0.07 2783.93 
48 647358.3 2267281.3 8.6.1999 DH(DongHuy-TB) 65 6.5 237.80 10.10 94.00 15.20 12.00 0.02 1.92 94.80 1.00 566.25 2.46 0.15 0.04 0.05 1035.79 
49 604934.5 2262007.2 8.14.1999 BL(Lason-HN) 42 7.1 767.10 34.50 124.00 141.60 16.00 0.04 0.01 152.20 0.50 1949.50 0.33 0.62 0.31 0.37 3187.08 
50 624127.9 2236457.2 8.15.1999 NH(Lieude town) 120 7.3 35.10 5.30 16.00 16.80 0.33 0.11 0.01 208.75 0.50 14.00 1.41 6.20 6.80 0.50 311.81 
51 623053.4 2232767.6 8.15.1999 NH(Nghiason) 86 7.2 48.90 5.90 54.00 46.80 0.30 0.11 0.75 175.25 0.50 234.30 0.74 1.62 3.35 0.43 572.95 
52 620522.0 2237399.6 8.15.1999 NH(Nghiachau) 96 7.2 42.80 5.00 22.00 13.80 0.11 0.08 0.35 219.80 0.50 28.40 1.34 0.23 3.50 0.62 338.53 
53 618528.3 2237703.0 8.15.1999 NH(Nghiachau2) 100 7.0 42.60 4.50 21.00 15.60 0.50 0.04 0.02 213.50 0.50 39.10 1.49 2.24 0.01 0.59 341.68 
54 615303.7 2238971.2 8.15.1999 NH(Hoangnam2) 110 7.2 34.50 5.50 20.00 13.20 0.78 0.04 0.01 177.35 0.50 32.00 1.23 3.87 0.01 0.54 289.52 
55 617732.8 2240857.2 8.15.1999 NH(Nghiaminh) 108 6.9 41.40 4.90 19.00 12.00 0.94 0.04 0.01 181.30 0.50 32.00 1.56 3.56 0.01 0.54 297.75 
56 619788.1 2240156.8 8.15.1999 NH(Nghiathinh) 95 6.9 34.40 5.70 19.00 19.80 1.90 0.04 0.01 213.50 0.50 35.50 1.19 4.03 3.25 0.07 338.89 
57 620397.5 2244493.8 8.15.1999 NH(Nghiadong) 105 7.1 60.80 7.60 44.00 40.20 1.95 0.06 3.90 248.55 0.50 177.50 0.56 0.15 3.55 0.29 589.61 
58 625730.4 2244736.7 8.15.1999 NT(Namtien) 167 6.8 297.10 12.60 171.00 110.40 5.30 0.07 4.65 152.50 0.50 1121.75 0.43 0.35 0.01 0.56 1877.21 
59 630036.6 2245041.5 8.15.1999 NT(Namloi) 100 8.0 176.50 8.20 108.00 45.60 22.50 0.08 34.00 225.70 0.50 617.70 0.56 1.08 12.80 0.54 1253.76 
60 630691.6 2241806.8 8.15.1999 NT(Trucdao) 91 6.9 130.40 7.00 44.00 32.40 3.70 0.06 26.50 253.15 0.50 298.20 0.71 0.46 2.70 0.37 800.15 
61 623955.6 2239809.7 4.15.1999 NT(Truckhang) 128 7.0 73.30 8.10 50.00 43.20 0.11 0.04 3.00 331.80 0.50 166.85 0.43 0.38 0.20 0.40 678.31 
62 626591.8 2233966.2 4.15.1999 NT(Truccuong) 128 7.0 27.20 4.70 23.00 15.60 0.32 0.06 0.01 213.50 0.50 14.20 1.11 2.86 0.01 0.62 303.68 
63 624520.0 2231080.0 4.15.1999 HH(Haian) 125 7.1 36.30 4.20 29.00 15.00 0.31 0.04 0.01 203.75 0.50 35.50 1.13 2.17 0.01 0.54 328.45 
64 632092.6 2238160.2 8.20.1999 HH(Haian) 92   47.90 5.30 22.00 13.20 0.10 0.06 0.01 232.70 0.50 21.30 1.58 3.29 5.35 0.76 354.05 
65 630976.9 2234758.5 8.20.1999 HH(Haianh) 147 7.0 42.00 5.10 18.00 15.60 0.19 0.07 0.01 236.25 0.50 17.50 1.24 4.10 0.03 0.78 341.36 
66 628572.6 2231516.3 8.20.1999 NT(Tructhang) 106 6.5 41.10 7.50 18.00 15.60 0.03 0.01 0.01 243.30 0.50 12.30 0.74 8.52 0.02 0.73 348.35 
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No X Y Date Location Depth pH Na K Ca Mg ΣFe Al NH4 HCO3 SO4 Cl PO4 NO3 NO2 F TDS 
  m m     m  mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l 

67 627738.9 2228032.2 8.20.1999 HH(Haiphong) 95 7.0 58.90 4.90 16.00 10.80 0.37 0.01 0.01 251.50 0.50 17.50 1.34 3.33 0.01 0.70 365.86 
68 627371.8 2223478.3 8.20.1999 HH(Haininh) 113 6.5 40.40 5.70 20.00 19.20 0.42 0.01 3.25 238.10 0.50 31.95 0.59 3.79 0.01 0.54 364.45 
69 630422.6 2226024.7 8.20.1999 HH(Haiphuc) 105 7.0 37.50 5.60 27.00 21.60 0.31 0.08 0.01 286.70 1.80 17.50 0.59 4.49 0.01 0.59 403.77 
70 631177.3 2229051.1 8.20.1999 HH(Haiduong) 105 6.5 61.70 6.10 18.50 12.60 0.16 0.06 1.92 278.20 0.50 14.20 1.41 5.96 6.50 0.73 408.54 
71 633582.3 2226127.3 8.20.1999 HH(Conhai town) 80 7.0 30.20 4.20 30.00 16.80 0.98 0.05 0.01 216.70 0.50 35.50 0.46 1.08 0.01 0.24 336.72 
72 639406.8 2229826.9 8.20.1999 HH(Haidong) 145 7.0 57.80 4.80 22.00 18.00 1.52 0.08 0.01 278.90 31.00 15.00 0.56 1.31 0.01 0.37 431.35 
73 631784.7 2227982.3 8.20.1999 HH(Haison) 115 6.5 42.40 5.20 29.00 18.00 0.06 0.07 0.01 255.75 15.00 21.00 0.44 4.26 0.01 0.59 391.78 
74 633932.0 2229866.3 8.20.1999 HH(Haitan) 124 6.5 30.20 4.40 31.00 18.00 0.29 0.10 0.01 241.10 8.00 21.00 0.44 1.62 0.01 0.59 356.75 
75 635366.4 2234249.1 8.20.1999 HH(Yendinh town) 125 8.0 51.50 5.20 23.00 14.40 0.22 0.08 0.01 274.50 9.00 12.20 1.52 0.54 0.01 0.70 392.87 
76 621839.4 2260408.3 8.27.1999 ND city(Lochoa) 62 6.5 200.10 6.70 128.00 48.00 18.00 0.08 27.50 162.20 0.50 678.50 0.93 1.47 8.50 0.21 1280.69 
77 612622.3 2267098.4 8.27.1999 BL(Bode-HN) 56 6.5 228.10 11.40 196.00 79.20 23.75 0.08 42.00 404.70 0.50 877.70 0.96 1.31 21.00 0.43 1887.13 
78 611261.8 2264783.3 8.27.1999 BL(Annoi-HN) 57   165.00 7.70 148.00 57.60 3.45 0.08 21.50 232.35 0.50 614.00 0.59 2.63 56.00 0.43 1309.83 
79 627518.9 2255996.0 8.30.1999 NT(Dienxa) 115 7.4 532.90 11.90 240.00 92.40 23.50 0.04 49.50 128.10 0.50 1612.75 0.70 0.01 20.00 0.05 2712.35 
80 630110.9 2255143.8 8.30.1999 NT(Namthang) 70 7.4 1306.20 43.20 265.00 153.00 44.50 0.07 1.30 189.10 1.00 3185.00 0.93 0.01 0.04 0.32 5189.67 
81 622353.7 2244478.1 7.19.1999 NT(Hongson) 117   112.00 9.24 40.00 34.20 0.54 0.02 2.42 277.00 1.00 173.00 1.50 0.01 13.25 0.26 664.45 
82 599000.0 2254200.0 7.23.1999 YY(Yentho) 35   560.00 18.30 260.00 209.00 23.40 0.11 1.20 126.75 1.28 2009.90 1.00 0.23 9.20 0.37 3220.74 
83 613964.7 2254258.1 7.24.1999 VB(Trungthanh) 54   261.90 8.13 106.00 44.40 21.00 0.01 108.00 337.50 3.20 779.90 0.66 0.15 36.50 0.37 1707.72 
84 636131.4 2234195.1 8.6.1999 HH(Yendinh town) 101   42.00 3.99 18.00 14.00 0.04 0.28 0.45 232.30 6.64 9.64 2.93 0.54 0.04 0.47 331.32 
85 644428.6 2256906.2 8.12.1999 KX(Vuquy-NB) 54   7647.40 300.80 110.00 99.60 6.25 0.68 182.50 1082.80 4.68 12580.70 3.12 0.77 0.29 0.53 22020.12 
86 616877.0 2240551.0 11.29.2000 NH(Nghiaminh) 102 7.1 622.22 6.98 102.20 98.50 16.77  48.00 100.68 4.80 1474.72   0.11   2474.98 
87 626084.0 2234162.0 11.29.2000 TN(Trucphu) 103 7.8 50.21 0.78 20.04 15.81 4.19   219.67 11.41 26.59  4.90    353.60 
88 635172.0 2227984.0 11.29.2000 HH(Haitay) 104 7.5 45.38 0.55 46.08 22.46 4.19  0.94 290.59 16.59 41.00   1.02   468.80 
89 606432.6 2237475.2 11.30.2000 YK(Khanhphu-NB) 99 7.4 165.21 9.29 156.00 38.40 1.08 0.08 0.14 411.75 19.32 453.76 0.10 0.93 6.20 0.37 1262.26 
90 615311.5 2224666.8 11.29.2000 KS(Hungtran-NB) 70 7.1 128.29 12.37 76.00 76.80 1.74 0.12 0.28 207.40 1.00 478.58 0.10 0.54 0.04 0.36 983.26 
91 614030.8 2222466.2 11.29.2000 KS(Kimchinh-NB) 110 7.2 368.00 5.19 60.00 28.80 0.44 0.12 0.25 506.30 1.00 537.20 0.10 0.69 0.06 0.49 1508.15 
92 612608.3 2214506.1 11.28.2000 KS(Vanhai-NB)) 78 7.7 226.20 6.08 9.00 5.40 0.37 0.18 0.24 496.65 9.38 124.07 0.57 1.47 0.03 0.68 879.63 
93 607526.7 2241299.1 12.5.2000 YY(Yenbang) 69 7.3 249.32 3.98 20.00 10.80 0.54 0.14 0.09 381.25 1.00 211.80 0.33 1.00 18.80 0.65 899.05 
94 611039.6 2238105.2 12.5.2000 YY(Yendong) 105 7.5 89.19 3.06 12.00 3.60 0.29 0.05 0.09 244.00 1.00 15.95 0.99 20.15 0.27 0.85 390.64 
95 608877.4 2246635.3 12.5.2000 YY(Yenninh) 75 6.8 113.05 11.45 46.00 54.00 3.05 0.16 0.09 152.50 1.00 356.81 0.21 7.90 5.50 0.41 751.72 
96 635393.9 2244047.3 11.29.2000 NT(Lienhai) 100 6.0 108.44 8.74 52.00 44.40 9.80 0.20 22.50 344.65 1.00 253.46 0.21 0.46 8.60 0.39 854.46 
97 647945.2 2240283.0 12.4.2000 GT(Giaochau 2) 100 6.5 503.05 14.72 100.00 72.00 2.25 0.09 21.00 285.00 1.00 1155.30 0.15 0.31 0.10 0.29 2154.96 
98 646000.0 2234600.0 12.4.2000 GT(Giaohai) 110 6.8 208.42 8.69 40.00 33.60 0.10 0.10 0.09 366.00 7.03 264.10 0.75 6.51 0.07 0.54 935.46 
99 655104.9 2242164.7 12.4.2000 GT(Hongthuan) 120 6.6 1701.02 36.59 272.00 253.20 23.50 0.11 17.75 198.25 1.00 4180.80 0.15 0.23 4.50 0.36 6689.10 
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No X Y Date Location Depth pH Na K Ca Mg ΣFe Al NH4 HCO3 SO4 Cl PO4 NO3 NO2 F TDS 
  m m     m  mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l 

100 640887.9 2238284.3 12.4.2000 HH(Hainam) 107 6.7 80.23 6.13 44.00 38.40 2.30 0.16 0.09 344.65 1.00 106.35 0.66 1.78 8.00 0.47 633.74 
101 623546.1 2217945.1 12.2.2000 NH(Nghiatan) 90 7.2 49.09 6.31 24.80 25.92 1.76 0.07 0.09 286.70 1.00 42.54 0.63 0.93 3.10 0.50 442.94 
102 620084.4 2211897.8 12.2.2000 NH(Rangdong town) 95 7.3 110.15 5.62 23.00 9.60 1.16 0.11 0.14 369.30 1.00 35.45 1.38 5.19 0.09 0.54 562.19 
103 623997.8 2221267.4 12.2.2000 NH(Nghiaphong) 80 7.4 46.54 5.26 32.00 34.80 1.30 0.07 0.13 228.75 1.00 120.53 0.33 2.71 0.04 0.44 473.46 
104 630562.0 2220480.8 12.1.2000 HH(Haichua) 142 6.7 48.52 4.36 28.00 19.20 0.12 0.08 0.01 268.40 1.00 35.45 0.78 0.01 0.06 0.46 405.99 
105 647358.3 2267281.3 11.25.2000 DH(Donghuy-TB) 65 6.4 239.34 10.36 96.00 84.00 23.75 0.10 2.43 97.60 1.00 850.80 0.27 0.23 0.03 0.23 1405.91 
106 644319.3 2262715.3 11.22.2000 KX(Vuson-TB) 50 7.5 1547.39 81.96 66.00 164.40 0.01 0.13 11.12 112.85 27.40 3190.50 0.12 0.01 9.20 0.43 5211.09 
107 622788.7 2227697.8 12.2.2000 NH(Nghiahung) 116 7.1 48.66 3.68 24.00 14.40 1.10 0.11 1.05 234.10 1.00 42.54 0.60 0.23 0.22 0.42 371.69 
108 608713.7 2263176.5 12.2.2000 BL(Trungluong-HN) 43 6.3 307.59 12.95 144.00 72.00 12.00 0.08 116.00 616.10 1.00 930.56 0.33 0.46 0.10 0.44 2213.17 
109 624127.9 2236457.2 11.28.2000 NH(Lieude town) 120 6.6 44.63 4.58 18.00 4.08 1.20 0.12 0.09 189.60 1.00 14.18 2.22 2.01 0.12 0.63 281.82 
110 619788.1 2240156.8 11.28.2000 NH(Nghiathinh) 95 6.6 42.84 5.05 22.00 17.60 1.74 0.24 0.13 210.45 1.00 38.99 1.23 3.72 0.08 0.54 345.06 
111 620397.5 2244493.8 11.29.2000 NH(Nghiadong) 105 6.8 79.84 7.49 37.00 56.40 3.40 0.32 0.25 256.20 1.00 184.34 0.18 1.47 0.10 0.42 627.99 
112 625730.4 2244736.7 11.29.2000 NT(Namtien) 167 6.8 297.01 11.71 171.00 114.00 8.50 0.18 6.75 152.50 1.00 1133.30 0.10 0.01 0.08 0.34 1896.14 
113 623955.6 2239809.7 11.29.2000 NT(Truckhang) 128 6.8 109.90 8.54 52.00 49.20 2.15 0.08 0.09 350.75 1.00 212.70 0.51 4.49 10.40 0.44 801.81 
114 632092.6 2238160.2 11.30.2000 HH(Haininh) 92 6.7 65.76 4.55 22.00 14.40 1.25 0.14 0.01 259.25 1.00 24.81 1.47 1.70 5.80 0.57 402.14 
115 628572.6 2231516.3 11.30.2000 NT(Tructhang) 106 6.7 45.74 6.76 18.00 18.00 0.14 0.07 0.01 262.30 1.00 14.18 1.26 6.20 0.68 0.54 374.33 
116 633582.3 2226127.3 12.1.2000 HH(Conhai town) 80 6.5 33.91 3.43 28.00 19.20 5.50 0.07 0.01 222.65 1.00 46.08 0.30 0.01 0.05 0.34 360.20 
117 639406.8 2229826.9 12.1.2000 HH(Haidong) 145 6.7 60.27 3.72 20.00 18.00 2.30 0.09 0.01 286.70 17.62 17.72 0.51 0.69 0.06 0.43 427.69 
118 635366.4 2234249.1 12.1.2000 HH( district) 125 6.8 61.00 4.36 20.00 12.00 0.14 0.14 0.09 274.50 3.89 10.63 1.89 3.95 0.08 0.54 392.66 
119 621839.4 2260408.3 12.5.2000 ND city(Lochoa) 62 6.7 220.09 6.72 128.00 48.00 18.00 0.08 42.00 189.10 1.00 753.31 0.21 0.77 0.19 0.37 1407.47 
120 612987.9 2257416.7 12.5.2000 VB(Hophung) 115 6.7 361.10 56.41 108.00 153.60 11.60 0.11 28.50 1281.00 4.55 620.38 1.77 0.38 10.70 0.36 2638.10 
121 620470.8 2257467.8 12.9.2000 ND city(Myxa) 60   99.41 4.45 88.00 36.00 17.00 0.08 11.00 213.50 1.00 363.36 0.18 0.15 0.47 0.39 834.60 
122 618518.0 2254091.9 12.5.2000 VB(Lienbao) 70 6.6 120.88 4.45 96.00 46.80 25.00 0.09 17.50 140.30 1.00 514.03 0.21 0.31 2.90 0.42 969.47 
123 641978.9 2266012.0 11.24.2000 DH(Dongmy-TB) 60 6.6 223.84 6.76 66.00 60.00 0.08 0.16 0.30 173.85 1.00 571.37 0.42 0.54 0.16 0.18 1104.48 
124 605528.7 2256508.7 12.10.2000 BL(Anlao2-HN) 58 6.5 480.93 21.09 176.00 196.80 39.00 0.13 25.00 9.15 1.00 1870.00 0.10 0.31 0.03 0.42 2819.54 
125 622353.7 2244478.1 12.4.2000 NT(Hongson) 117   213.37 15.09 44.00 33.60 4.70 0.36 0.09 295.85 1.00 357.25 0.39 3.02 0.39 0.46 969.11 
126 599000.0 2254200.0 12.9.2000 YY(Yentho) 35   631.85 21.33 286.00 229.20 26.00 0.11 3.25 106.75 1.28 2259.90 1.00 0.23 9.20 0.37 3576.10 
127 636131.4 2234195.1 12.3.2000 HH(Yendinh town) 101 7.2 45.74 3.99 24.80 16.32 0.04 0.28 0.08 262.30 9.64 10.64 0.99 0.01 0.04 0.47 374.86 
128 606416.2 2224358.1 11.15.2000 YM(Yenmac-NB) 48 6.7 383.36 23.22 200.00 163.20 3.90 0.09 0.01 164.70 4.67 1471.20 0.48 1.86 0.06 0.29 2416.75 
129 601357.5 2237508.2  6.12.2000 HL(Ninhphong-NB) 49 6.9 197.26 8.15 188.00 93.60 4.40 0.61 0.01 286.70 1.00 822.25 0.75 0.31 2.85 0.35 1605.89 



Appendix 3                                                                             The Pleistocene aquifer                                                         Campaigns 2002-2003 
 

Number id x y Aquifer depth Fe_I Fe_II Fe_III Fe_IV ToC_II ToC_III ToC_IV pH_II pH_III pH_IV EC_II EC_III EC_IV 
    m m  m mg/l mg/l mg/l mg/l        μS/l μS/l μS/l 
1 D1      627869.8 2215145 Pleis  147 0.9 0.52 0.32 0.64 25.8 26.8 25.7 7.3 7.47 7.1 552 559 570 
2 D2      622379.2 2212883 Pleis  145 0.38 0.45 0.52 0.42 26.5 28.5 26.8 7.45 7.29 7.6 583 588 613 
3 D3      626806.2 2218769 Pleis  90 2.6 2.52 . 2.09 26.1 26.7 25.7 7.21 7.07 7.33 470 470 490 
4 D4      628033.5 2221357 Pleis  90 0.9 0.61 . 1.39 25.6 26.5 24.8 7.6 7.22 7.2 402 401 420 
5 D5      633621.4 2225664 Pleis  90 0.68 0.61 0.03 2.45 26.8 28.8 28.2 7 7.12 7.42 424 427 456 
6 D6      633569.2 2223001 Pleis  110 1.84 2.1 . 2.24 27.4 26.9 25.3 7.15 7.19 7.55 405 407 423 
7 D7      637394.5 2226324 Pleis  100 0.6 0.84 . 0.49 27.5 27 25.2 7.39 7.22 7.39 469 471 529 
8 D8      638321.9 2232391 Pleis  95 0.64 0.6 0.41 1.82 26.7 27.4 24.3 7.27 7.22 7.23 463 466 486 
9 D9      635430.6 2233860 Pleis  124 0.15 0.32 6.18 0.09 28.1 28.8 26.7 7.34 7.37 7.33 456 462 477 

10 D10     637253.2 2240494 Pleis  112 0.24 0.74 . . . 28.2 . . 7 . . 795 . 
11 D11     638055.3 2241429 Pleis  105 . . 0.08 . 26.3 . 26.1 7.24 . 6.93 766 . 844 
12 D16     654247.3 2242990 Pleis  100 14.5 20.12 . . 25.3 . . 6.83 . . 15400 . . 
13 D17     658240.5 2241018 Pleis  126 1.26 1.5 . 0.18 25.3 27.5 25.6 6.9 7.23 7 11370 11490 11370 
14 D18     660491.7 2243277 Pleis  80 16 18.74 12.71 24.24 24.9 27 25.5 6.95 6.89 6.76 25700 26100 27600 
15 D19     644373.4 2233628 Pleis  140 0.23 0.5 . 0.45 26 27.6 26.7 7.43 7.32 7.19 628 631 705 
16 D20     644373.8 2235663 Pleis  120 0.05 11.8 5.21 0.64 27.3 . 24.6 7.35 . 7.1 1197 . 1211 
17 D21     647454.2 2240015 Pleis  120 2.15 2.2 . 0.13 26.5 27.8 26.6 7.23 7 6.77 3470 3910 4070 
18 D22     651875.3 2238199 Pleis  120 . . . 0.09 26.2 26.9 25.5 7.26 7.34 7.07 2650 2630 2690 
19 D23     650340.3 2237832 Pleis  110 0.48 10.32 . 0.05 26.3 26.9 25.6 7.31 7.34 7 1786 2630 1809 
20 D24     655476.5 2237291 Pleis  120 0.55 0.5 . 0.23 26.5 27 26.7 7.32 7.37 7.07 1820 4880 5140 
21 D30     622265.0 2246411 Pleis  100 . . . . . 26 . . 7.12 . . 1660 . 
22 D32     622216.0 2245952 Pleis  120 . . . . . 26.9 . . 6.96 . . 1424 . 
23 D33     626481.1 2256053 Pleis  64 25 31.8 . 24.74 25.3 27 26 6.49 6.52 6.53 6020 6010 6180 
24 D34     631566.8 2253293 Pleis  100 . . . . . 27 26.8 . 6.49 6.09 . 5460 5730 
25 D35     628660.8 2256478 Pleis  86 50 45.1 . 13.75 25.3 26.5 25.9 6.61 6.44 6.43 9450 10000 11050 
26 D37    626302.5 2244841 Pleis  78 12 18.6 . . 24.9 27.3 25.2 6.85 6.63 6.57 2200 2030 2110 
27 D38     619714.2 2242408 Pleis  115 0.42 0.4 0.02 1.09 23.4 29.4 26.7 7.28 7.03 6.9 419 425 690 
28 D39     618436.5 2238344 Pleis  100 . . . 0.18 26.2 27.7 25.5 7.11 6.94 7.16 398 403 419 
29 D40     622860.0 2240250 Pleis  105 0.17 0.5 . . . . . . . . . . . 
30 D41     623439.8 2236258 Pleis  138 0.14 0.33 . 0.24 . 29.4 26.9 . 7.18 7.04 . 407 425 
31 D42     629003.7 2234278 Pleis  114 . . . 0.05 26.6 27.6 23.7 7.43 7.32 7.32 350 248 370 
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Number id x y Aquifer depth Fe_I Fe_II Fe_III Fe_IV ToC_II ToC_III ToC_IV pH_II pH_III pH_IV EC_II EC_III EC_IV 
    m m  m mg/l mg/l mg/l mg/l        μS/l μS/l μS/l 

32 D43     632709.9 2237003 Pleis  120 0.65 0.5 . 0.06 25.7 26.5 25.6 7.6 7.66 7.34 385 388 407 
33 D44     630728.2 2230386 Pleis  105 0.21 0.2 . 0.75 27 28.1 25.9 6.8 7.48 7.31 447 447 467 
34 D45     626717.1 2225824 Pleis  100 0.17 0.56 0.37 0.1 26.6 26.9 24.2 7.53 7.4 7.7 435 440 461 
35 D47     634330.9 2229682 Pleis  110 0.18 0.06 . 0.11 26.2 27.9 25.2 7.48 7.43 7.3 449 453 472 
36 D49     626814.5 2241094 Pleis  152 0.48 1.2 . . 19.9 26.9 . 7.3 6.97 . . 930 . 
37 D51     628692.4 2242568 Pleis  120 20 18.6 . . 24.6 26.5 . 6.85 6.58 . 3020 3060 . 
38 D52     631177.9 2241151 Pleis  105 0.54 1 . . 22.7 27 . 7.1 6.85 . 1156 1113 . 
39 D53     634757.8 2243088 Pleis  108 0.22 . . 0.02 25.5 26.8 26.2 7.26 7.14 6.99 850 854 884 
40 D54     622884.5 2217477 Pleis  80 0.86 0.7 . 0.33 25.3 26.5 25.6 7.41 7.26 7.06 549 548 575 
41 D56     620730.6 2210883 Pleis  95 0.45 0.84 7.34 0.61 25.3 26.7 24 7.4 7.38 7.12 783 791 821 
42 D57     615985.9 2210657 Pleis  105 0.85 0.7 . 0.31 25.6 25.6 25.7 7.75 7.69 7.32 643 647 675 
43 D59     616950.7 2216775 Pleis  84 0.48 0.13 . 0.13 26.6 27.4 26.5 7.52 7.43 7.2 1043 1048 1092 
44 D60     623518.9 2231265 Pleis  112 0.155 1.08 3.43 0.3 25.5 26 25.4 7.29 7.06 6.88 770 703 816 
45 D61     622794.6 2227764 Pleis  116 0.14 0.4 . 0.13 24 27.3 23.5 7.36 7.23 7.22 432 436 462 
46 D62     624835.4 2224184 Pleis  108 . . . 0.1 22.9 28.5 25.7 7.49 7.27 7.15 539 543 567 
47 D63     623503.0 2222456 Pleis  124 0.12 0.17 . . . 26.9 . . 7.25 . . 478 . 
48 D64     619199.8 2220130 Pleis  130 0.45 0.5 . 0.09 22.4 30.2 28.6 7.62 7.33 7.19 673 683 716 
49 D65     619226.8 2216182 Pleis  80 0.45 0.36 . 0.24 23.9 26.9 25.9 7.68 7.52 6.64 411 416 1602 
50 D66     611853.0 2239573 Pleis  103 0.22 0.25 0.94 0.33 25.3 27.2 25.7 7.84 6.94 7.2 451 451 475 
51 D67     607667.5 2237945 Pleis  93 0.72 0.31 . 0.45 25 26.5 26.9 7.24 7.03 6.89 1404 1458 1431 
52 D68     608212.9 2242606 Pleis  80 0.7 0.2 . 0.2 25.1 28 28.9 7.8 7.48 7.25 7020 7040 6980 
53 D72     605191.4 2242855 Pleis  60 11 1.22 . 2.58 25.5 27.1 25.6 7.2 7.1 6.87 3570 3180 2770 
54 D75     613204.2 2243705 Pleis  86 0.62 0.41 . 0.58 25.1 26.4 25.4 7.43 7.25 6.63 694 691 726 
55 D81     612482.0 2253443 Pleis  60 1 0.82 7.56 1.45 25.8 26.4 27 7.29 7.24 6.95 1577 1741 2390 
56 D83     617625.2 2255944 Pleis  68 15 13.26 . 14.64 25.2 26.5 25.9 6.83 6.77 6.77 1934 1939 2020 
57 D88     616914.0 2260824 Pleis  44 18 15.2 . 3.03 21.2 26.2 25.8 7.52 7.09 6.89 5610 5650 5920 
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Number Boreholes X Y Year Depth Aquifer pH Na Ca Mg HCO3 SO4 Cl TDS
    m m   m   mg/l mg/l mg/l mg/l mg/l mg/l mg/l
1 G9        626105.9 2258126 1995 3 Shallow GW 7.5 62.79 80.16 15.81 295.59 42.23 75.54 454.35
2 G98       624874.4 2255102 1995 3 Shallow GW 8.2 172.72 84.17 55.94 317.3 144.09 282 630.13
3 G104      623420.2 2252825 1995 4 Shallow GW 7.9 90.44 80.16 21.89 207.47 96.06 147.83 399.96
4 G108      617911.4 2241756 1995 4 Shallow GW 7.9 157.55 174.35 80.26 286.79 566.75 196.04 698.95
5 G121      621448.7 2255912 1995 2 Shallow GW 7.5 131.55 120.24 34.05 424.09 24.02 245.74 709.93
6 G145      621856.1 2259111 1995 3 Shallow GW 8 127.64 40.08 12.16 271.54 24.02 116.49 451.42
7 G149      622268 2260801 1995 3 Shallow GW 7.7 143.85 40.08 36.48 442.4 14.41 181.41 688.81
8 G153      620983.3 2257481 1995 4 Shallow GW 8 108.6 56.11 27.97 207.47 67.24 173.71 400.15
9 G432      625732.7 2248270 1995 3 Shallow GW 8.1 329.03 66.13 42.56 411.89 105.67 430.22 849.61

10 G439      629285.2 2250852 1995 3 Shallow GW 8.6 487.09 80.16 105.79 707.83 33.62 713.29 1380.87
11 G454      633282.6 2247785 1995 2.5 Shallow GW 7.9 159.96 76.15 31.62 244.48 182.5 192.25 512.21
12 G556      621018.8 2245590 1995 3.5 Shallow GW 8.2 74.88 37.58 19.15 231.88 4.8 96.46 363.49
13 G568      613065.1 2248211 1995 2 Shallow GW 8.1 464.43 50.1 18.24 207.47 45.63 610 740.24
14 G589      620303.4 2248067 1995 3 Shallow GW 8.35 297.97 20.04 34.05 506.47 38.42 230.71 858.53
15 G593      613855 2246888 1995 2 Shallow GW 7.8 42.53 56.1 14.59 170.86 64.84 59.66 284.08
16 G602      616816.1 2246112 1995 3.5 Shallow GW 7.9 90.1 70.14 34.06 183.06 81.65 192.25 377.36
17 G604      615636.3 2247443 1995 3 Shallow GW 7.9 62.14 57.12 7.9 213.57 64.84 49.74 340.73
18 G605      616018.2 2247476 1995 2.5 Shallow GW 8.3 166.91 44.09 22.5 170.86 141.69 160.41 404.36
19 G615      616258.3 2251205 1995 3 Shallow GW 8.2 163.99 66.13 40.74 237.98 48.03 308.27 508.84
20 G703      618739.2 2250752 1995 3 Shallow GW 8 249.81 120.24 46.21 244.08 249.76 410.09 662.66
21 G718      617920.5 2253418 1995 3.2 Shallow GW 7.5 128.49 44.09 38.91 366.12 38.42 156.3 582.13
22 G724      619801.4 2256847 1995 4 Shallow GW 7.9 206.5 68.14 63.23 305.1 9.61 526.29 642.97
23 G728      614320.4 2254924 1995 3 Shallow GW 7.6 286.11 172.34 51.07 506.47 220.94 435.47 1015.99
24 G736      616884.9 2255951 1995 2.5 Shallow GW 6.76 183.64 144.29 42.56 323.41 43.23 447.49 696.5
25 G751      615217.9 2259060 1995 4 Shallow GW 8 204.24 108.22 35.26 241.03 225.74 300.55 588.75
26 G1031     610787.6 2253472 1995 3 Shallow GW 7.1 148.03 106.21 99.71 512.57 14.41 391.12 866.52
27 G1068     605480.5 2252270 1995 1.5 Shallow GW 8.4 147.39 72.14 38.91 341.71 38.42 208.16 600.15
28 G1097     612429.9 2258090 1995 3 Shallow GW 8.1 56.33 60.12 12.16 228.83 48.03 59.66 357.44
29 G1279     610780.5 2250149 1995 4 Shallow GW 7.7 510.45 86.17 83.9 585.79 96.06 763.77 1266.31
30 G1301     606198.8 2250183 1995 4 Shallow GW . 159.78 166.33 124.03 12.2 898.16 210.61 462.34
31 G1332     615172.8 2242561 1995 3 Shallow GW 7.8 170.13 78.16 25.54 260.86 105.67 218.34 534.69
32 G1341     610784.5 2238585 1995 3 Shallow GW 7.65 275.56 174.35 36.48 527.82 211.33 366.62 1014.21
33 G1360     613338.9 2245737 1995 4 Shallow GW 7.25 379.99 105.21 43.77 497.31 110.47 510.8 1026.28
34 G1440     616795.6 2243541 1995 4 Shallow GW 7.8 241.92 94.19 30.4 466.8 105.67 259.53 833.31



Appendix 4                                                                              The Shallow Groundwater                                                         Campaigns 1995-1996 
 

 120 

Number Boreholes X Y Year Depth Aquifer pH Na Ca Mg HCO3 SO4 Cl TDS
    m m   m   mg/l mg/l mg/l mg/l mg/l mg/l mg/l

35 G1701     605089.1 2234527 1995 3.5 Shallow GW 8.2 93.32 126.25 18.24 475.96 86.45 88.55 718.12
36 G1784     615081.5 2236177 1995 3.8 Shallow GW 7.5 375.36 60.12 47.42 570.54 . 477.83 1057.59
37 G1796     617315.5 2233424 1995 3 Shallow GW 8.1 332.34 68.14 51.07 610.12 . 420.15 1061.67
38 G1813     610418.2 2235117 1995 3.5 Shallow GW 8.15 203.65 68.14 29.18 323.41 134.48 240.67 624.38
39 G1861     612066.1 2231408 1995 4 Shallow GW 7.7 186.95 180.36 48.64 680.37 139.29 230.67 1096.32
40 G1876     615336.8 2233978 1995 3.2 Shallow GW 7.8 154.22 126.25 52.29 442.4 64.84 288.35 775.16
41 G1911     615088.6 2233290 1995 4 Shallow GW 8 204.77 113.23 34.66 414.94 134.48 275.98 771.65
42 G1973     613369.2 2230749 1995 3.4 Shallow GW 8.4 153.57 130.26 35.87 353.92 86.45 205.61 693.62
43 G1985     613185.8 2228482 1995 1.5 Shallow GW 8.3 92.07 47.09 14.59 179.92 36.02 104.58 333.67
44 G2007     607217 2222561 1995 2.5 Shallow GW 8.8 197.99 23.05 60.8 271.45 30.02 306.64 553.29
45 G2025     617547.2 2226240 1995 1.5 Shallow GW 8.4 146.79 49.1 20.67 327.98 62.44 148.89 544.54
46 G2039     616880.7 2231180 1995 1.5 Shallow GW 8.3 86.51 55.11 14.59 167.81 62.44 106.35 324.02
47 G2049     610422.9 2224087 1995 4 Shallow GW 8.3 144.97 36.07 20.06 256.28 62.44 125.85 457.38
48 G2077     615467.6 2225254 1995 1.5 Shallow GW 8.3 78.6 46.59 17.33 228.83 33.62 85.08 371.35
49 G2084     617876.7 2223385 1995 2 Shallow GW 8.4 152.88 60.12 27.36 164.75 182.51 168.39 405.11
50 G2150     608562.4 2216074 1995 3.5 Shallow GW 8.3 379.63 84.13 61.41 256.28 52.83 673.55 781.45
51  G2155 612241.5 2220561 1995 2 Shallow GW 8.4 335.42 90.18 41.65 234.93 64.84 567.2 702.18
52 G2170     611944.1 2214966 1995 4 Shallow GW 8.5 287.72 51.1 40.74 234.93 31.22 446.67 614.49
53 G2177     614614.8 2220709 1995 2 Shallow GW 8.3 1138.6 58.12 116.74 356.97 84.05 1914.3 1670.43
54 G2229     605738.6 2214695 1995 3.5 Shallow GW 8.3 358.92 59.12 65.06 451.55 12.01 531.75 934.65
55 G2254     613085.8 2210762 1995 3 Shallow GW 7.8 1359.01 52.1 128.89 585.39 12 2204.99 2125.39
56 G2279     609686.6 2212302 1995 2.5 Shallow GW 8 224.75 44.08 29.18 250.18 48.03 327.91 548.19
57 G2298     616339.5 2212302 1995 4 Shallow GW 7.6 687.37 72.14 92.38 475.96 6 1116.68 1327.85
58 G2321     620228 2212719 1995 3 Shallow GW 8.4 375.38 143.29 151.39 411.89 218.54 861.44 1081.95
59 G2478     640033.3 2244261 1995 3 Shallow GW 7.85 304.66 94.19 14.34 689.53 64.85 297.78 1102.72
60 G2484     641863.5 2242615 1995 3.6 Shallow GW 7.8 316.07 102.2 43.17 506.47 124.88 400.59 967.91
61 G2522     636840.1 2245093 1995 3.2 Shallow GW 8.3 827.23 120.74 181.49 793.26 . 1364.83 1934.52
62 G2540     633000 2243000 1995 3 Shallow GW 8.1 62.53 11.6 19.46 286.69 12 26.58 395.33
63 G2587     633590.4 2233511 1995 3 Shallow GW 8.3 171.53 43.09 26.75 299 32.4 205.61 540.37
64 G2603     634029.6 2237501 1995 3 Shallow GW 8.4 137.89 46.09 29.18 219.64 62.44 163.07 432.8
65 G2625     637560.7 2237540 1995 2.5 Shallow GW 8.3 80.19 53.11 13.98 164.75 52.83 104.58 312.03
66 G2629     636671.7 2235310 1995 3 Shallow GW 8 211.76 91.18 63.84 469.85 46.03 354.5 836.63
67 G2653     642466.1 2236026 1995 4 Shallow GW 8.4 48.12 37.07 23.71 183.06 . 77.99 291.96
68 G2728     638467.8 2233211 1995 3 Shallow GW 8.4 329.42 56.12 31.62 317.3 43.23 446.67 734.46
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Number Boreholes X Y Year Depth Aquifer pH Na Ca Mg HCO3 SO4 Cl TDS
    m m   m   mg/l mg/l mg/l mg/l mg/l mg/l mg/l

69 G2765     644442.6 2249118 1995 2.7 Shallow GW 7.9 120.61 78.16 31.01 402.73 36.42 148.89 632.51
70 G2812     650470.1 2242058 1995 3.5 Shallow GW 8.3 100.05 36.07 24.93 158.65 74.45 127.62 319.7
71 G2832     645760.7 2241491 1995 3.5 Shallow GW 7.95 70.17 48.1 18.24 201.52 64.84 74.45 338.03
72 G2990     660219 2244432 1995 3 Shallow GW 8.3 309.26 44.09 37.7 234.93 26.42 496.3 625.98
73 G3132     621931.1 2245356 1995 2 Shallow GW 8.4 194.24 48.1 38.91 292.9 19.21 258.79 574.15
74 G3150     627270.6 2245901 1995 2.1 Shallow GW 7.8 118.56 64.13 22.5 292.9 16.81 159.63 498.09
75 G3185     628820 2243680 1996 3.2 Shallow GW 8.3 248.06 65.39 30.24 445.45 40.83 223.34 789.14
76 G3193     626640.4 2242031 1996 3 Shallow GW 8.5 276.75 32.06 44.38 259.34 16.81 440.13 612.53
77 G3229     623855.6 2242840 1996 2.5 Shallow GW 8.3 184.36 53.11 31.62 280.69 49.23 248.15 549.78
78 G3250     618588 2241338 1996 2.8 Shallow GW 8.5 618.8 28.06 135.89 781.06 18.01 804.72 1563.81
79 G3263     620110 2243720 1996 2.9 Shallow GW 8.1 231.6 67.13 52.29 170.86 336.21 262.33 521.88
80 G3326     620566.9 2240162 1996 2.7 Shallow GW 8.3 277.47 100.2 47.42 408.83 103.76 398.81 833.92
81 G3368     622419.5 2237000 1996 2.3 Shallow GW 8.3 362.55 82.16 46.2 396.63 51.43 533.52 887.54
82 G3423     623052.7 2232833 1996 2.1 Shallow GW 8.1 80.9 46.09 13.37 195.26 21.61 109.89 335.62
83 G3481     619702.8 2236422 1996 3 Shallow GW 8.3 316.53 94.18 49.85 167.8 45.62 634.55 628.36
84 G3508     625114.7 2233076 1996 1.6 Shallow GW 8.3 142.22 42.08 15.81 158.65 33.62 184.34 358.76
85 G3552     628877.5 2233420 1996 1.8 Shallow GW 8.4 168.31 54.11 14.59 253.23 38.42 194.34 490.24
86 G3593     629490.7 2238087 1996 2 Shallow GW 8.5 190.33 76.15 23.1 207.47 86.45 226.88 497.05
87 G3615     627057.3 2238482 1996 2.3 Shallow GW 8.3 308.89 40.08 52.9 257.81 134.38 436.04 659.68
88 G3622     623897.1 2239744 1996 1.6 Shallow GW 8.45 165.87 66.15 26.75 256.28 55.23 226.88 515.05
89 G3751     622166.4 2230746 1996 3.5 Shallow GW 8.1 133.55 58.52 21.58 320.36 74.45 127.62 534.01
90 G4027     623225.7 2216892 1996 4 Shallow GW 8 1280.06 37.07 86.64 628.51 3.6 1914.3 2032.28
91 G4034     623080.4 2213627 1996 3 Shallow GW 8.4 481.16 36.07 52.9 500.36 57.64 716.51 1070.49
92 G4088     619549.6 2216748 1996 3.5 Shallow GW 8 453.11 116.23 71.14 366.12 206.53 774.45 1006.6
93 G4118     621125 2220461 1996 3 Shallow GW 8.3 947.44 48.1 71.74 390.53 14.41 1488.9 1457.81
94 G4119     621425.2 2220605 1996 4 Shallow GW 7.1 58.44 40.08 18.34 268.49 . 56.72 385.35
95 G4154     624322.7 2221189 1996 4 Shallow GW 8.3 329.08 60.12 32.83 326.46 33.62 482.12 748.49
96 G4187     627513.6 2221168 1996 3 Shallow GW 8.35 244.2 99.2 40.74 276.12 158.8 382.86 660.26
97 G4202     631344.3 2220855 1996 2.5 Shallow GW 8.3 736.94 140.28 425.6 262.39 420.26 2127 1565.21
98 G4259     627388.8 2217038 1996 3.5 Shallow GW 8.4 412.07 54.11 66.27 414.94 151.29 538.84 947.39
99 G4307     633717.2 2229006 1996 2.5 Shallow GW 7.7 76.42 58.12 15.81 292.9 43.23 63.81 443.25

100 G4359     632212.6 2224377 1996 4 Shallow GW 8 425.52 70.14 36.48 253.23 76.25 680.64 785.37
101 G4410     638539.3 2229978 1996 3.5 Shallow GW 8.3 1892.56 85.17 159.6 967.17 78.05 2871.45 3104.5
102 G4469     636448 2225824 1996 4 Shallow GW 8.3 347.75 102.2 91.2 442.4 171.71 616.83 983.55
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ID X(m) Y(m) As[10-3mg/l] 1.04 1.14 1.34 2.34 2.67 3.10 3.82 5.00 7.00 Quantiles Values 
1 601454.6 2215445.9 1.78 0 0 0 1 1 1 1 1 1 I10 1.04 
2 611535.9 2229191.6 4.65 0 0 0 0 0 0 0 1 1 I20 1.14 
3 609751.0 2221268.5 2.45 0 0 0 0 1 1 1 1 1 I30 1.34 
4 613161.7 2248501.4 1.02 1 1 1 1 1 1 1 1 1 I40 2.34 
5 605167.9 2249456.4 1.07 0 1 1 1 1 1 1 1 1 I50 2.67 
6 636223.7 2249664.2 1.34 0 0 0 1 1 1 1 1 1 I60 3.10 
7 650752.6 2244583.6 0.80 1 1 1 1 1 1 1 1 1 I70 3.82 
8 618724.5 2269686.9 1.23 0 0 1 1 1 1 1 1 1 I80 5.00 
9 625012.1 2262171.6 2.60 0 0 0 0 1 1 1 1 1 I90 7.00 

10 635563.2 2255499.0 1.10 0 1 1 1 1 1 1 1 1     
11 645319.3 2263715.3 3.40 0 0 0 0 0 0 1 1 1     
12 654065.3 2262393.4 6.40 0 0 0 0 0 0 0 0 1     
13 644887.1 2254583.4 2.50 0 0 0 0 1 1 1 1 1     
14 639461.0 2261662.4 1.30 0 0 1 1 1 1 1 1 1     
15 613270.5 2253893.9 3.64 0 0 0 0 0 0 1 1 1     
16 608298.7 2259156.5 2.80 0 0 0 0 0 1 1 1 1     
17 605241.9 2252851.7 0.95 1 1 1 1 1 1 1 1 1     
18 633180.6 2226871.0 4.80 0 0 0 0 0 0 0 1 1     
19 620370.8 2258467.8 2.97 0 0 0 0 0 1 1 1 1     
20 622966.3 2258693.8 2.02 0 0 0 1 1 1 1 1 1     
21 626923.4 2254483.6 1.43 0 0 0 1 1 1 1 1 1     
22 609977.2 2252888.1 3.40 0 0 0 0 0 0 1 1 1     
23 608613.7 2264186.5 1.23 0 0 1 1 1 1 1 1 1     
24 634106.9 2266998.5 4.00 0 0 0 0 0 0 0 1 1     
25 600741.4 2244665.3 0.56 1 1 1 1 1 1 1 1 1     
26 600202.0 2247187.0 0.95 1 1 1 1 1 1 1 1 1     
27 600031.7 2249418.9 1.14 0 1 1 1 1 1 1 1 1     
28 602495.8 2244941.5 1.09 0 1 1 1 1 1 1 1 1     
29 603055.5 2236860.9 0.76 1 1 1 1 1 1 1 1 1     
30 610799.6 2232649.3 8.00 0 0 0 0 0 0 0 0 0     
31 610342.0 2247863.0 5.00 0 0 0 0 0 0 0 1 1     
32 616877.0 2241551.0 7.00 0 0 0 0 0 0 0 0 1     
33 626084.0 2235162.0 15.10 0 0 0 0 0 0 0 0 0     
34 635172.0 2228984.0 10.30 0 0 0 0 0 0 0 0 0     
35 610466.5 2247930.1 6.00 0 0 0 0 0 0 0 0 1     
36 644205.9 2249337.3 3.00 0 0 0 0 0 1 1 1 1     
37 643303.6 2246170.3 2.65 0 0 0 0 1 1 1 1 1     
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ID X(m) Y(m) As[10-3mg/l] 1.04 1.14 1.34 2.34 2.67 3.10 3.82 5.00 7.00 Quantiles Values 
38 650508.9 2244582.7 3.70 0 0 0 0 0 0 1 1 1     
39 630195.6 2251476.9 5.00 0 0 0 0 0 0 0 1 1     
40 622082.4 2246794.3 7.00 0 0 0 0 0 0 0 0 1     
41 626004.0 2260058.8 2.60 0 0 0 0 1 1 1 1 1     
42 605461.0 2254343.7 1.33 0 0 1 1 1 1 1 1 1     
43 617319.4 2247324.9 6.00 0 0 0 0 0 0 0 0 1     
44 615949.1 2251326.3 1.05 0 1 1 1 1 1 1 1 1     
45 608676.1 2257279.2 1.15 0 0 1 1 1 1 1 1 1     
46 612135.5 2259097.6 1.10 0 1 1 1 1 1 1 1 1     
47 626585.7 2263689.7 1.50 0 0 0 1 1 1 1 1 1     
48 622720.8 2265045.7 2.90 0 0 0 0 0 1 1 1 1     
49 618598.1 2266348.7 2.67 0 0 0 0 1 1 1 1 1     
50 612068.9 2262256.3 1.80 0 0 0 1 1 1 1 1 1     
51 656756.3 2241269.4 4.52 0 0 0 0 0 0 0 1 1     
52 619267.1 2225484.5 3.78 0 0 0 0 0 0 1 1 1     
53 633501.7 2233236.0 7.10 0 0 0 0 0 0 0 0 0     
54 640125.8 2236759.4 5.76 0 0 0 0 0 0 0 0 1     
55 610388.1 2215196.1 2.98 0 0 0 0 0 1 1 1 1     
56 618703.4 2219001.4 3.17 0 0 0 0 0 0 1 1 1     
57 628850.8 2242819.7 7.33 0 0 0 0 0 0 0 0 0     
58 621099.2 2252544.3 2.27 0 0 0 1 1 1 1 1 1     



Appendix 6                                                                              The Pleistocene aquifer                                                         Indicator transformed data 
 

ID X (m) Y(m) As[10-3mg/l] 0.50 0.75 1.00 1.56 2.12 3.00 3.86 5.20 6.83 Quantiles Values 
1 606432.55 2238475.2 0.97 0 0 1 1 1 1 1 1 1 I10 0.50 
2 613803.19 2237277.2 1.09 0 0 0 1 1 1 1 1 1 I20 0.75 
3 617280.75 2226630.2 0.75 0 1 1 1 1 1 1 1 1 I30 1.00 
4 614030.75 2223466.2 1.06 0 0 0 1 1 1 1 1 1 I40 1.56 
5 619447.62 2222691.1 0.84 0 0 1 1 1 1 1 1 1 I50 2.12 
6 607526.7 2242299.1 1.14 0 0 0 1 1 1 1 1 1 I60 3.00 
7 635493.87 2245047.3 2.95 0 0 0 0 0 1 1 1 1 I70 3.86 
8 645234.51 2245536.8 0.75 0 1 1 1 1 1 1 1 1 I80 5.20 
9 638604.67 2241910.9 5.21 0 0 0 0 0 0 0 0 1 I90 6.83 
10 652576.12 2240999.7 0.64 0 1 1 1 1 1 1 1 1     
11 618185.48 2214950.8 0.56 0 1 1 1 1 1 1 1 1     
12 623221.58 2225660.2 0.67 0 1 1 1 1 1 1 1 1     
13 621395.59 2264005.6 6.81 0 0 0 0 0 0 0 0 1     
14 647358.29 2268281.3 3.50 0 0 0 0 0 0 1 1 1     
15 645300.3 2263715.3 3.70 0 0 0 0 0 0 1 1 1     
16 612608.33 2215506.1 0.90 0 0 1 1 1 1 1 1 1     
17 615311.51 2225666.8 2.70 0 0 0 0 0 1 1 1 1     
18 623546.06 2218945.1 2.10 0 0 0 0 1 1 1 1 1     
19 618177.43 2269020.4 35.10 0 0 0 0 0 0 0 0 0     
20 624127.93 2237457.2 1.27 0 0 0 1 1 1 1 1 1     
21 617732.76 2241857.2 5.77 0 0 0 0 0 0 0 0 1     
22 625430.42 2245736.7 3.57 0 0 0 0 0 0 1 1 1     
23 631177.26 2230051.1 0.65 0 1 1 1 1 1 1 1 1     
24 621839.44 2261408.3 4.72 0 0 0 0 0 0 0 1 1     
25 612622.25 2268098.4 9.46 0 0 0 0 0 0 0 0 0     
26 641978.9 2267012 3.20 0 0 0 0 0 0 1 1 1     
27 625730.42 2245736.7 3.20 0 0 0 0 0 0 1 1 1     
28 628572.55 2232516.3 0.20 1 1 1 1 1 1 1 1 1     
29 633582.25 2227127.3 2.10 0 0 0 0 1 1 1 1 1     
30 635366.42 2235249.1 4.20 0 0 0 0 0 0 0 1 1     
31 621839.44 2262408.3 5.82 0 0 0 0 0 0 0 0 1     
32 604934.47 2263007.2 6.50 0 0 0 0 0 0 0 0 1     
33 605528.71 2257508.7 5.00 0 0 0 0 0 0 0 1 1     
34 622353.68 2245478.1 5.00 0 0 0 0 0 0 0 1 1     
35 613349.98 2222407.9 2.13 0 0 0 0 0 1 1 1 1     
36 613964.74 2255258.1 25.00 0 0 0 0 0 0 0 0 0     
37 631605.83 2234287.5 4.50 0 0 0 0 0 0 0 1 1     
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ID X (m) Y(m) As[10-3mg/l] 0.50 0.75 1.00 1.56 2.12 3.00 3.86 5.20 6.83 Quantiles Values 
38 638128.23 2239939.8 6.00 0 0 0 0 0 0 0 0 1     
39 645106.78 2241620.7 1.05 0 0 0 1 1 1 1 1 1     
40 612475.06 2219226.6 0.74 0 1 1 1 1 1 1 1 1     
41 601357.49 2238508.2 0.62 0 1 1 1 1 1 1 1 1     
42 631605.83 2230287.5 0.85 0 0 1 1 1 1 1 1 1     
43 616877 2241551 7.00 0 0 0 0 0 0 0 0 0     
44 626084 2235162 4.90 0 0 0 0 0 0 0 1 1     
45 627923.62 2216071.5 1.80 0 0 0 0 1 1 1 1 1     
46 622430.53 2213808.8 1.50 0 0 0 1 1 1 1 1 1     
47 626859.17 2219695.8 1.80 0 0 0 0 1 1 1 1 1     
48 628087.38 2222285.9 2.40 0 0 0 0 0 1 1 1 1     
49 633677.54 2226594.5 2.30 0 0 0 0 0 1 1 1 1     
50 633624.75 2223929.8 2.50 0 0 0 0 0 1 1 1 1     
51 637431.28 2247430.3 2.99 0 0 0 0 0 1 1 1 1     
52 638379.85 2233324.2 0.80 0 0 1 1 1 1 1 1 1     
53 635486.87 2234793 5.80 0 0 0 0 0 0 0 0 1     
54 632765.54 2237937.9 0.40 1 1 1 1 1 1 1 1 1     
55 630782.44 2231318.6 0.25 1 1 1 1 1 1 1 1 1     
56 626770.18 2226754.3 2.00 0 0 0 0 1 1 1 1 1     
57 634387 2230614.1 0.50 1 1 1 1 1 1 1 1 1     
58 638113.25 2242366.1 7.00 0 0 0 0 0 0 0 0 0     
59 654312.04 2243927.4 2.10 0 0 0 0 1 1 1 1 1     
60 658306.33 2241954.6 0.25 1 1 1 1 1 1 1 1 1     
61 660558.48 2244214.7 0.70 0 1 1 1 1 1 1 1 1     
62 644433.81 2234561.8 0.50 1 1 1 1 1 1 1 1 1     
63 644433.58 2236597.2 4.00 0 0 0 0 0 0 0 1 1     
64 647515.9 2240952.1 0.30 1 1 1 1 1 1 1 1 1     
65 650402.74 2238767.6 3.80 0 0 0 0 0 0 1 1 1     
66 655541.02 2238226.1 3.00 0 0 0 0 0 1 1 1 1     
67 626533.94 2256996.4 5.40 0 0 0 0 0 0 0 0 1     
68 628714.94 2257421.2 5.20 0 0 0 0 0 0 0 1 1     
69 626355.28 2245779.8 3.02 0 0 0 0 0 0 1 1 1     
70 622911.08 2241187.1 0.30 1 1 1 1 1 1 1 1 1     
71 628745.91 2243505.2 4.10 0 0 0 0 0 0 0 1 1     
72 626867.58 2242030.7 3.80 0 0 0 0 0 0 1 1 1     
73 631233.08 2242087.7 1.60 0 0 0 0 1 1 1 1 1     
74 619764.25 2243345.4 3.00 0 0 0 0 0 1 1 1 1     
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ID X (m) Y(m) As[10-3mg/l] 0.50 0.75 1.00 1.56 2.12 3.00 3.86 5.20 6.83 Quantiles Values 
75 623491.34 2237192.7 1.80 0 0 0 0 1 1 1 1 1     
76 622936.23 2218404.3 2.00 0 0 0 0 1 1 1 1 1     
77 620781.2 2211806.4 1.00 0 0 1 1 1 1 1 1 1     
78 616034.63 2211580.6 0.82 0 0 1 1 1 1 1 1 1     
79 623570.82 2232198.1 1.00 0 0 1 1 1 1 1 1 1     
80 622845.92 2228695 1.50 0 0 0 1 1 1 1 1 1     
81 623554.97 2223384.9 2.50 0 0 0 0 0 1 1 1 1     
82 619249.54 2221057.3 0.40 1 1 1 1 1 1 1 1 1     
83 619276.49 2217108.9 6.00 0 0 0 0 0 0 0 0 1     
84 611899.22 2240508.9 0.40 1 1 1 1 1 1 1 1 1     
85 607712.65 2238880.1 1.20 0 0 0 1 1 1 1 1 1     
86 605235.15 2243792.2 0.90 0 0 1 1 1 1 1 1 1     
87 613251.53 2244642.4 7.00 0 0 0 0 0 0 0 0 0     
88 612528.6 2254385.2 15.00 0 0 0 0 0 0 0 0 0     
89 617257.32 2256884 21.00 0 0 0 0 0 0 0 0 0     
90 616962.96 2261769.7 10.60 0 0 0 0 0 0 0 0 0     
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