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Abstract The research aimed to investigate a new

approach for spatiotemporal groundwater monitoring net-

work optimization using hydrogeological modeling to

improve monitoring strategies. Unmonitored concentra-

tions were incorporated at different potential monitoring

locations into the groundwater monitoring optimization

method. The proposed method was applied in the con-

taminated megasite, Bitterfeld/Wolfen, Germany. Based on

an existing 3-D geological model, 3-D groundwater flow

was obtained from flow velocity simulation using initial

and boundary conditions. The 3-D groundwater transport

model was used to simulate transport of a-HCH with an

initial ideal concentration of 100 mg/L injected at various

hydrogeological layers in the model. Particle tracking for

contaminant and groundwater flow velocity realizations

were made. The spatial optimization result suggested that

30 out of 462 wells in the Quaternary aquifer (6.49 %) and

14 out of 357 wells in the Tertiary aquifer (3.92 %) were

redundant. With a gradual increase in the width of the

particle track path line, from 0 to 100 m, the number of

redundant wells remarkably increased, in both aquifers.

The results of temporal optimization showed different

sampling frequencies for monitoring wells. The ground-

water and contaminant flow direction resulting from par-

ticle tracks obtained from hydrogeological modeling was

verified by the variogram modeling through a-HCH data

from 2003 to 2009. Groundwater monitoring strategies can

be substantially improved by removing the existing spatio-

temporal redundancy as well as incorporating unmonitored

network along with sampling at recommended interval of

time. However, the use of this model-based method is only

recommended in the areas along with site-specific experts’

knowledge.

Keywords Monitoring network optimization �
Hydrogeological model � Flow model � Particle track �
Redundant wells

Introduction

Groundwater is an integral part of the hydrologic system.

The quantity and quality of groundwater are major con-

cerns, which depend on the underlying rock formations and

their structural fabric, the thickness of weathered material,

the topography and climatic conditions (Singh et al.

2011, 2013). In groundwater studies, models are developed

and applied to predict the fate and movement of ground-

water physiochemical aspects in natural as well as hypo-

thetical scenarios. A regional groundwater flow model

calibrated under unsteady-state conditions is important

aspect for investigation of the hydrodynamic characteris-

tics for various groundwater management options (Ebra-

heem et al. 2004). Transferring data to information helps to

build knowledge to decision support and ultimately to

assess impacts (Avtar et al. 2012; Srivastava et al. 2012).

Groundwater monitoring is an imperative requirement

for all water resource management programs (Ebraheem

et al. 2003; van Geer et al. 2006; Neupane et al. 2014). To

prevent adverse effects on the environment, affordable and

energy-efficient treatment methods for these sites are

required (Borsdorf et al. 2001) for which regular moni-

toring is the key. A typical groundwater monitoring pro-

gram, among others, documents ground water pollution
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status and evaluates the effectiveness of water protection

measures (Diwakar and Thakur 2011). Large-scale con-

taminated sites with multiple contaminants in the ground-

water present a challenge to risk assessment (Heidrich et al.

2004; Heidrich 2004) and an economic burden at many

industrial as well as urban groundwater monitoring sites

(UIZ 2015). It is evident that though several optimization

methods exist, a majority of them fail to take into con-

sideration the hydrology and hydrogeological characteris-

tics of the aquifer.

Groundwater models are designed to portray simplified

version of real groundwater scenarios. They are used to

simulate and predict aquifer conditions (Prickett 1975).

Sand tank models, analog models and mathematical models

are the broad categories of groundwater models. Practi-

cally, mathematical models are the set of differential

equations which have been known and used to control

various functions including simulation of subsurface flow

and solute transport (Meyer and Brill 1988; Gossel 2009) at

various scales (Singh and Woolhiser 2002; Ashraf and

Ahmad 2008). The history of development of modeling

tools can be traced back to the late 1960’s. Nevertheless,

the models describing multidimensional and multiple spe-

cies solute transport is a relatively new arena (Elango et al.

2004).

The aim of this research is to investigate new approach

for spatiotemporal groundwater monitoring network opti-

mization using hydrogeological modeling to improve

groundwater monitoring strategies. Unmonitored concen-

trations were incorporated at different potential monitoring

locations into the groundwater monitoring optimization

method. The outcomes of this approach were tested against

the results obtained from geostatistical method of vari-

ogram modeling through estimation of groundwater flow

direction.

Study area and data used

Bitterfeld/Wolfen, located in the Federal State of Saxony-

Anhalt, Germany was chosen as a study area (Fig. 1). An

area of 320 km2 (latitude 51�30012.600–51�4104400 and lon-

gitude 12�502600–12�2600.500), was used for the three-di-

mensional (3-D) hydrogeological flow and transport

modeling (Gossel et al. 2009).

In an urbanized zone of Bitterfeld/Wolfen (lati-

tude 51�3503000–51�4103000 and longitude 12�1401000–
12�2000.500), with a long-term monitoring network (LTM)

of 357 wells in the Tertiary and 462 wells in the Quaternary

aquifers, an area of about 100 km2 was selected for spatio-

temporal optimization purpose.

Outwash sediments from glacial deposits occupy the

western part of the study location whereas the eastern part

of the study area is covered by flood plains of the Mulde

river (Stollberg 2013). The geology of the research area

shows the presence of Pre-tertiary rocks (overlaid by

Cenozoic sediments), separated hydro-geologically from

one another by clay layer at a depth of 50–70 m (Heidrich

et al. 2004). An upper Quarternary aquifer system, lower

tertiary aquifer system and pre-tertiary basement have been

discovered in the research area (Stollberg et al. 2009).

An existing 3-D geological model of 64 km2 and a 3-D

hydrogeological model of 320 km2, developed at the

Department of Hydrogeology and Environmental Geology,

Martin Luther University, Halle (Saale), Germany, were

used to understand the spatial and temporal hydrogeolog-

ical heterogeneity of the area (Wollmann 2008; Gossel

et al. 2009). The groundwater contaminants are heteroge-

neously distributed and vary temporally in the flow

direction.

Contaminant concentration data of a-Hexachlorocyclo-
hexane (a-HCH), taken from the year 2003 to 2009 has

been used for variogram modeling. A total of 4032 samples

for a-HCH of the period 2003–2009 were used as shown in

Table 1.

Statistical attributes of the contaminant used for the

variogram modeling are given in Table 2 (Thakur 2015).

Methods

Design and improvement of monitoring strategies requires

the description of its components. The components of

groundwater monitoring strategy which has been analyzed

as a case study of monitoring scenario in the study area are

represented in the logic diagram (Fig. 2).

Hydrogeological modeling

In this study, a 3-D groundwater hydrogeological modeling

approach was used to simulate near realistic conditions in

the study area when limited by data availability.

3-D groundwater hydrogeological modeling

With the existing spatial variation of material properties,

flux boundaries and the pre-conceived possibility of fine

discretization in the study area, Finite element method

(Diersch 2014) was chosen over Finite difference method

(Mitchell and Griffiths 1980) for hydrogeological modeling.

3-D groundwater flow model

An assumption of effectively constant properties of the

medium is made for deriving 3-D groundwater flow

equation for small representative elemental volume (REV).
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Water flowing in and out to this volume (i.e., the water

flux) is used to balance mass along with Darcy’s law.

Darcy’s Law combined with continuity equation for inho-

mogeneous anisotropic confined aquifer is given by the

Eq. 1. The continuity equation explains the change in

storage to be the difference between mass flowing in and

out across the boundaries for a given increment of time

(Dt).

Fig. 1 A location map of the study area in Bitterfeld, Federal State of

Saxony-Anhalt, Germany (a Saxony-Anhalt in eastern Germany,

b Federal State of Saxony-Anhalt, c model area. d Study area of

100 km2 used for monitoring network optimization in Bitterfeld/

Wolfen showing location of reference monitoring wells)
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For a homogeneous anisotropic confined aquifer, Eq. 3

takes the form as shown in Eq. 2.
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For the range of scenario analysis, the groundwater flow

model was given the initial and boundary conditions for

simulation. For the research site, these conditions were set

in terms of global groundwater table elevation, water levels

along river courses, model inflows and outflows (fluxes),

groundwater recharge, and injection/extraction due to

pumping wells. Initial and boundary conditions as well as

material characteristics determine the flow in groundwater

flow modeling.

Initial conditions The distribution of head within the

modeled area at the beginning (t = 0) represent the initial

condition given by the following equation (Diersch 1998).

h xi; 0ð Þ ¼ h xið Þ ð3Þ

Historical scenario of the aquifer was considered in the

assignment of initial conditions to the model.

Boundary conditions Boundary conditions incorporate

historical groundwater dynamics in the Bitterfeld/Wolfen

site including spatio-temporal variations resulting from lig-

nite mining, shift in Mulde river course and seasonal

groundwater level fluctuation. Four kinds of boundary con-

ditions must be applied, first of which is a hydraulic head

boundary condition [units is (L)], applied to define hydraulic

head to node. This boundary defines inflow and outflow in

the model; inflow occurring in the area when neighbouring

nodes are at lower potential, while an effective gradient from

neighbouring nodes defines the outflow from the model.

Another boundary condition called the Neumann

Boundary Condition [unit is (L/T)] is used to define inflow

and outflow in the numerical model at a model element in

which inflows are regarded as negative and outflows are

considered positive in defining the boundary conditions.

Third kind of boundary condition, the Cauchy condition

pertains to transfer or leakage of a surface water body

(Chen 1987). It defines a reference head combined with a

conductance parameter, for example, the rivers or lakes

with restricted connection to groundwater.

The equation defining the inflow/outflow in an area

perpendicular to flow (A) with the transfer rate U is given

as follows

Q ¼ A � U � href � hð Þ ð4Þ

where Q is inflow or outflow to/from the model [units is

(L)], href is the reference water level, and h is the current

hydraulic head in the groundwater. Also, the transfer rate is

given by:

Table 1 Number of wells and samples from 30th Sept. 2003 to 15th Dec. 2009, showing number of wells monitored each year for physico-

chemical parameters and number of samples for a-HCH

Year 2003 2004 2005 2006 2007 2008 2009 2003–2009*

No of well 477 579 496 663 682 521 38 827

a-HCH 772 682 698 823 500 519 38 4032

The numbers listed under the column 2003–2009* indicate the total number of samples from 2003 to 2009. Some of the wells were found to be

sampled more than once in a year

Table 2 Descriptive statistics for a-HCH in the groundwater monitoring data of quaternary and tertiary horizons from 2003 to 2009

Parameter Range Minimum Maximum Mean Std. dev. Skewness Kurtosis

a-HCH 5600.00 0.00 5600.00 7.56 95.68 36.54 1920.02

1. Monitoring site characterization
2. Monitoring data acquisition
3. Monitoring site model
4. Available infrastructure and facilities etc.

Hydrogeological modelling for 
monitoring network optimization (Where 
and When)

Monitoring network optimization

1. Optimized monitoring network
2. Improved monitoring method

Analysis

Feedback 
to update

Fig. 2 Logic diagram showing components of groundwater monitor-

ing strategies as a circular continuous process
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U : transfer rate ¼ K=d ð5Þ

where K is the hydraulic conductivity of the clogging layer,

and d is the thickness of the clogging layer.

The fourth kind of boundary condition relates to the

specific extraction rate to a node or a group of nodes along

the well screen at well location.

3-D groundwater transport model (forward-in-time)

The study, modeled in a 3-D environment simulated the

transport of a single species, a-HCH, incorporating initial

and boundary conditions as well as nature of transport

material in the study area.

Initial conditions As in the case of flow initial condition,

the transport initial condition refers to the amount of mass

distributed in the modeled area at the beginning (t = 0). For

this purpose, an initial idealistic a-HCH concentration

(100 mg/L) was induced at various hydrogeological layers

of the model at a multi-source location. The resultant ide-

alistic plume distribution was the underlying vision for such

idealistic concentration consideration. The source locations

of a-HCH, based on site investigation data and literature

review, include permanent and temporal mass production

sites as well as disposals sites for a-HCH (Heidrich et al.

2004; Paschke et al. 2006; Petelet-Giraud et al. 2007).

Boundary conditions The first kind of boundary condition

(BC), i.e., the Dirichlet boundary condition (Cheng and

Cheng 2005) defines the solute concentration (M/L3) at the

selected model nodes. It results in the inflow into and

outflow from the neighboring nodes depending upon con-

centration gradient in the model. Another set of boundary

condition is the mass flux boundary condition, which

defines the fluxes in mass at the nodes enclosing faces of

elements. This BC (Diersch 2009) is given by:

qmass ¼ qflow � c ð6Þ

where qmass is the mass transport BC flux, qflow is the flow

BC flux and c is the concentration of the inflowing water.

In addition, a third kind of BC, mass transfer boundary

condition, defines a reference concentration linked to the

concentration of groundwater with a separating medium.

The transfer rate (M/L3) (Diersch 2009) is given by:

Qmass ¼ A � U � cref � cð Þ ð7Þ

where Qmass is the inflow or outflow to/from the model, A is

relevant area, U is transfer rate, cref is reference concen-

tration, and c is current concentration in groundwater.

Again, a nodal sink or source boundary condition (M/T)

for mass transport has been used which defines extraction/

injection of solute to a node. Again, among the existing

boundary conditions (Gossel et al. 2009), another BC, i.e.,

the Dirichlet boundary condition was incorporated which

defines solute concentration in the model area at the

selected nodes. Within the modeled area, the assignment of

this BC was with reference to a-HCH production as well as

disposals sites in Bitterfeld/Wolfen.

Transport material Mass transport of material has a sig-

nificant bearing on transport of contaminants along with

the initial and boundary conditions. Transport related

processes including advective, diffusive, dispersive trans-

port, porosity sorption, decay and reaction kinetics are

incorporated into the model so as to represent mass trans-

port of material. To improve the existing model (Gossel

et al. 2009), sorption and diffusion coefficients were

incorporated considering a-HCH as a transport material. In

the view of improving the existing model (Gossel et al.

2009), sorption and diffusion coefficients for a-HCH
(transport material) were incorporated in the model.

Temporal control As per the aim of this research, the

developed model was applied in LTM network optimiza-

tion. The prognostic groundwater flow and contaminant

plume were required for the LTM network optimization.

Long-term groundwater monitoring has been planned for

20–25 years in the study area (Reed et al. 2001; Kollat and

Reed 2007). In line with this planning period, the model

was simulated for 21 years (7665 days) with an initial time

step length of 0.001 day.

Exporting head, mass and velocity

For the optimization of the existing LTM network in the

urbanized area of 100 km2 in Bitterfeld/Wolfen, 462 ref-

erence wells in the Quaternary aquifer and 357 reference

wells in the Tertiary aquifer, were incorporated into the

transport model for outlining the spatio-temporal virtual

contaminant situation. The reference monitoring wells with

their latitude, longitude and screen level elevations were

assigned at 3-D nodes of the finite element mesh. The

hydraulic head (m a.s.l.), the solute concentration (mg/L)

and flow velocity (m/day) were recorded in the form of

time series data at the reference monitoring wells. With

these recorded hydraulic heads, the solute concentration

and flow velocity were exported and used for the opti-

mization of the existing LTM network. With these avail-

able data from the model, they were exported to be used in

the optimization of the existing LTM network.

Particle tracking Particle tracking was carried out

through previously simulated groundwater model which

was performed in both forward (downstream) and backward

Appl Water Sci (2017) 7:3223–3240 3227
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(upstream) directions to the normal oriented flow velocity

field. This was meant to assess the past and future positions

of the imaginary solute particles. Also, reverse particle

tracking (backward particle tracking) estimated the possible

source location and travel time in the modeled area.

LTM network optimization based

on hydrogeological model

By presenting the transient nature or pollution plume,

dynamic monitoring network optimization, can potentially

eliminate temporal redundancy, proving to be more effi-

cient economically. The optimization methodology was

developed including both steady state and transient state of

plumes as depicted in Fig. 3. Incorporating the track of

solute concentration and its dynamics, the monitoring

network accounted for a transient state of plumes which

signifies time varying network optimization. Therefore, the

resulting optimization would be more accurate and eco-

nomically efficient.

Spatial optimization of the LTM network

Transient transport model was used for the simulation of

pollutant concentration for reference wells in both the Qua-

ternary aquifer and the Tertiary aquifer (462 and 357 wells,

respectively) which were used as an input to the spatial

optimization model (Fig. 3). Head and flow velocity has been

used for comparative analysis of random fluctuation of mass.

Three optimization models proposed to select the best

subset of monitoring well locations from a large ground-

water monitoring network are presented below:

Model 1: wells on the same path line from the same

aquifer are designated to be redundant. This means that if

there are more than two wells on the same particle track,

the middle one is selected as essential while others are

regarded redundant.

Model 2: for prognostic optimization, more than two

monitoring wells on the same particle track suggest that the

well located at the beginning of the track need not be

monitored. On the same particle track, essential wells

should be selected from other remaining wells.

Model 3: it considers optimization towards the con-

taminant source location. The well located at the beginning

of path line from the contaminant source location should

have high priority for monitoring. If multiple wells are

located near the contaminant source location on the same

particle track, the ones near the contaminant sources will

have less priority for consideration.

In addition to these criteria, in all of these models, wells

in areas showing high temporal fluctuation of contaminant

concentration with high groundwater flow velocity are not

consigned as redundant wells.

Temporal optimization of the LTM network

Groundwater flow velocity and contaminant transport

guides the temporal concentration variation in the research

area. Flow velocity acts as a major element in temporal

optimization of the LTM network; therefore, it is important

to understand properly the way it acts. The steady state

flow model was used to estimate flow velocity realizations

at 462 and 357 reference wells locations in the Quaternary

and Tertiary aquifers, respectively. These flow velocity

realizations are used as inputs for temporal optimization of

the monitoring network (Fig. 4).

The simulated flow velocity in the model ranges from

2.1 9 10-6 to 1.1 m/day. The obtained flow velocities

were divided into five classes and accordingly were

attributed the necessary sampling frequencies ranging from

3 months to 3 years (Table 3).

Validation of groundwater flow direction

Groundwater flow direction obtained through hydrogeo-

logical modeling was validated using a variogram

Hydrogeological numerical model 
(Transient flow and transport model)

Particle tracking
Exporting mass and flow 

velocity

Mass and flow velocity at 
reference wells

Spatially optimized 
monitoring network 

maps

Location and time 
of solute particle

Wells on the same path line from 
same aquifer are redundant

If considering time, the well 
located in the beginning of path 
line should not be monitored

Model 2

Model 1

If considering contaminant source location, the well 
located in the beginning of path line from the 
contaminant source location should not be monitored

Spatial Optimization

Model 3

OR

OR

Fig. 3 Steps involved in the spatial optimization of the monitoring

network using 3-D groundwater hydrogeological modeling showing

three conditional models for the monitoring network optimization

[Modified from Thakur (2013)]

Hydrogeological numerical model 
(transient flow and transport model)

Flow velocity at each 
reference monitoring wells

Temporal optimized 
monitoring network maps

Higher the groundwater flow 
velocity, more frequent sampling  

Fig. 4 Steps involved in the temporal optimization of the monitoring

network using 3-D groundwater hydrogeological modeling
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modeling tool which gives the prominent groundwater and

contaminant flow direction on the basis of range and sill.

The dependency of groundwater monitoring has been

studied using directional variograms which can be written

as:

ĉ Dx;Dyð Þ ¼ 1

2N Dx;Dyð Þ
X

ði;jÞ2S Dx;Dyð Þ ðzi � zjÞ2 ð8Þ

The experimental variogram estimation was carried out

using Golden Surfer software (2011). Valid variogram

models that incorporate directional dependence were

constructed. Standard models such as spherical,

exponential, Gaussian, and power were used to model the

data set. The best fittingmodel, considering range, sill, nugget

effect and shape of the model, was selected. A variogramwas

constructed from a-HCH concentration data set for each year

from 2003 to 2009, according to the seasons (summer: May–

October; winter: November–April), and to hydrologic

seasons (March–May: high groundwater level, September–

November: low groundwater level). The range and sill were

estimated for various directional variogram models on the

basis of which prominent flow direction was visualised.

Improving groundwater monitoring strategies

Strategic planning of monitoring network optimization is

crucial to groundwater monitoring since it is an important

component of monitoring strategies (Thakur et al. 2011a;

Thakur 2013). With an overall objective to improve mon-

itoring strategies, the developed and existing methods were

applied to the observed and model-based data sets for the

mega-contaminated site, Bitterfeld/Wolfen. On the basis of

outcomes from hydrogeological modeling and the spatio-

temporal optimization of existing monitoring network, the

improved strategies were set forth.

Results

Hydrogeological modeling

Groundwater contamination scenario in the study area was

simulated with the help of groundwater steady state flow

and transient transport models used in this study. With an

aim to portray historical scenario of multi-source ground-

water contamination, initial transport and boundary con-

ditions were employed. The simulated contaminant

scenario was observed at 462 reference wells in the Qua-

ternary aquifer and 357 reference wells in the Tertiary

aquifer.

3-D groundwater hydrogeological modeling

The hydrogeological model was simulated for a period

from 2005 to 2025 (21 years). It was used to estimate head,

mass and flow velocity at different potential unmonitored

and monitored locations. Transport of solute was used to

locate the solute mass, a medium for advective and dis-

persive transport, for the monitoring network optimization.

Model geometry At an initial step, the problem was

defined using an existing numerical groundwater flow

model established by Gossel, Stollberg et al. (2009) in the

study area.

The existing model was modified for use with transport

BC and the outcomes were used as a basis for monitoring

network optimization. The model domain comprising an

area of 320 km2 was subdivided into number of triangular

shaped elements in both horizontal and vertical scale

(Fig. 5). The modeled area had a finite element mesh

consisting 1475,708 triangle elements connected with

770,450 nodes (in 37 hydrogeological layers) (Stollberg

2013). The mining and dump-sites areas seem to have

higher mesh density than outer areas.

The model domain comprising an area of 320 km2 was

subdivided into a number of triangular shaped elements in

both horizontal and vertical scale (Fig. 5). The modeled

area had a finite element mesh consisting 1475,708 triangle

elements connected with 770,450 nodes (in 37 hydrogeo-

logical layers) (Stollberg 2013).

Overview of hydrogeological units and layers for the

model with their respective hydraulic conductivities shows

that the vertical structure of the model has 13 individual

hydrogeological units which are represented by 37 hydro-

geological layers in the model, whose respective hydraulic

conductivity correspond to hydrogeological units as per

Wollmann (2004), Hubert (2005) and Gossel, Stollberg

et al. (2009). Depending on the hydrogeological units in the

Table 3 The range of

groundwater flow velocity for

each class and their assigned

temporal sampling intervals

S. no. Lower velocity (m/day) Higher velocity (m/day) Sampling frequency

1 0.05 1.13 3 month

2 5.2 9 10-3 4.4 9 10-2 6 month

3 5.5 9 10-4 5.0 9 10-3 1 year

4 5.1 9 10-5 5.0 9 10-4 2 years

5 2.1 9 10-6 5.0 9 10-5 3 years

Appl Water Sci (2017) 7:3223–3240 3229

123



study area, specific value of hydraulic conductivity was

given to each hydrogeological layer in the model (Gossel,

Stollberg et al. 2009).

To fit the model parameters, initial and boundary con-

ditions for each different hydrogeological unit, each unit

was categorized into 3 numerical layers except the first and

last units which were represented by only 2 numerical

layers.

3-D groundwater flow model

To optimize LTM network from the flow model, the sim-

ulated groundwater flow scenario of the study area, Bit-

terfeld/Wolfen for 25th December, 2025 was visualized.

The groundwater flow velocity was visualized using con-

tour lines and particle tracks from the FEFLOW result file

(*.dac). The 3-D groundwater flow scenario illustrates a

dominant flow with a high gradient in the industrial area

(Fig. 6).

Relatively high groundwater flow velocity was observed

in the historical mining area lying in the Quaternary

aquifer. In the modeled area (320 km2), in the later part of

the model period, the groundwater flow velocity ranges

from 2.49 m/day to 3.95 9 10-20 m/day. But, the moni-

toring network, which should be optimized using the model

result, only covers the mining area, dump site, industrial

and urban area of about 100 km2, where the groundwater

flow velocity ranges from 2.12 9 10-6 to 5.1 9 10-2

m/day. Furthermore, the extracted set of groundwater

velocity results data and accessory information (i.e., name,

coordinates, and elevation of the monitoring well, screen

depth, stratigraphical geological layer, stratigraphical

horizon [Quaternary (Q), Tertiary (T) and Quaternary–

Tertiary (Q-T)]) have been used for the LTM network

optimization.

3-D groundwater transport model (forward-in-time)

Transport of a-HCH was simulated through the use of 3-D

groundwater transient transport model by incorporation of

initial and boundary conditions along with the nature of the

transport material in the study area. The simulated mass

scenario in the timeframe for 25th December 2025 was

visualized while using the transport model for LTM net-

work optimization (Fig. 7).

The groundwater contaminant mass scenario visualiza-

tion was made using contour lines from the FEFLOW

result file (*.dac). The solute concentration [mg/L] was

recorded in the form of time series data at the reference

monitoring wells. The obtained solute concentration (mg/

L) was used for the analysis of spatiotemporal change of

the ideal contaminant species (a-HCH) in the existing

Fig. 5 The structural FE model

showing the mesh density

distribution
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LTM network. Comparatively, the groundwater mass

transport system is very complex at the Bitterfeld/Wolfen

megasite. In this transport simulation of the a-HCH con-

centration, 100 mg/L a-HCH concentration was induced at

various hydrogeological layers of the model at the multi-

source locations as the initial condition. After 21 years of

simulation too, the concentration of a-HCH seemed to be

higher at Antonie, Titanteich, Übergabebahnhof, and

Fasanen Dump sites. The resultant high concentration of

the contaminant should be taken into account during the

optimization of the monitoring network. To gain the idea

on the location of contaminant mass, advective particle

tracking methods were used to track the path lines of the

course of transportation of solute transport in the ground-

water (Fig. 8).

LTM network optimization using hydrogeological

model

The model, thus, simulated gives an account of head, mass

and velocity at 462 and 357 reference wells, respectively,

in the Quaternary and Tertiary aquifers to aid in visualizing

such parameters at unmonitored locations (Figs. 6 and 7 for

flow velocity and mass, respectively). To optimize LTM

network for future scenarios, the head, mass and flow

velocity for the date 25th December 2025 was used.

Spatial optimization of the LTM network

LTM network was optimized using hydrogeological mod-

eling method individually for the Quaternary aquifer and

Fig. 6 3-D groundwater flow

velocity scenario showing the

future groundwater flow

scenario of 25th December

2025, which has dominant flow

with high gradient in the

industrial area

Fig. 7 The simulated 3-D

groundwater mass scenario of

25th December, 2025 showing

the future groundwater mass

scenario, which has a high

concentration of contaminant at

the center of the industrial area

in the Quaternary aquifer. The

contaminant mass has also

spread around and to the

Tertiary aquifer
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the Tertiary aquifer. In both aquifers, overlying the particle

tracks with the locations of existing monitoring wells

shows that more than one well was located on some of the

contaminant flow path lines (Fig. 8). The results from

modeled particle tracks depicted that some of the con-

taminant flow path lines consisted of more than one well,

and thence, following the first LTM network optimization

model statement relating the redundancy of more than one

well on the same path line for specific aquifer type, the

redundancy in the existing monitoring network was

identified.

The optimization result based on the first model

described in ‘‘Exporting head, mass and velocity’’ suggests

that 30 out of 462 wells in the Quaternary aquifer (6.49 %)

and 14 out of 357 wells in the Tertiary aquifer (3.92 %)

were redundant. These relatively low numbers of redundant

wells are due to the narrow width of the particle track.

When subjected to greater width of the particle track path

line, i.e., gradually increasing it from 0 to 100 m, the

number of redundant wells increased remarkably in num-

ber in both aquifers, as shown in Table 4.

Since it is evident that drastic change in groundwater

situation is not generally observed, the width of the track

was gradually increased by maintaining buffer zone of

0–100 m around the particle track, all performed using

ArcGIS. Table 4 provides the list of redundant monitoring

wells in each aquifer using first spatial optimization model

(Model 1) with the buffer zone from 0 to 100 m around the

particle track in the optimized LTM network.

Table 4 clearly shows that with a buffer zone of 100 m

around the particle track, the LTM network optimization

using the first model states 145 of the 462 wells in the

Quaternary aquifer (31.38 %) and 105 of the 357 wells in

the Tertiary aquifer (29.41 %) to be redundant. The spatial

distribution of such essential and redundant wells is shown

in Fig. 9.

Fig. 8 Overlaying locations of

the monitoring wells on particle

track path lines, showing

instances with more than one

well located on the some

particle track path line
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Particle tracking and contaminant concentration was

used for monitoring network optimization in this research.

Head and flow velocity were used to provide additional

information for comparative analysis of random fluctua-

tions of mass at various reference monitoring wells in the

study area. Compared to the first proposed optimization

model, the second and third models categorize the wells as

essential and redundant with a subjective priority of

redundancy.

Temporal optimization of the LTM network

The LTM network was also optimized temporally using the

method as detailed in ‘‘Temporal optimization of the LTM

Network’’. Figure 10 shows the locations of monitoring

wells with differently recommended sampling interval.

The results of temporal optimization show that the total of

the groundwater monitoring in each type of aquifers should

be sampled at the intervals as presented in the Table 5.

Alongside the results, it is recommended that the mon-

itoring wells located in the mining and urban areas should

be sampled more frequently than the wells located in south-

eastern part of the study area.

Groundwater flow direction

Groundwater flow direction was analyzed through vari-

ogram modeling as a part of its dependency on LTM net-

work optimization and to compare with the results obtained

from hydrogeological modeling methods.

The experimental variogram, with each 30� lag direc-

tion, shows the highest range in the Northern direction for

the Quaternary aquifer whereas at 30� from the Northern

direction for the Tertiary aquifer for a-HCH. The results of
range and sill for various directions using Gaussian model

is presented in Table 6. Overall, there is the indication that

prominent a-HCH concentration flows towards the North

direction in both the type of aquifers, with a slight devia-

tion towards east direction in case of the Tertiary aquifer.

Season wise variogram modeling for a-HCH data

To analyze seasonal variability in the flow direction, the

experimental variogram was modeled using the data set of

a-HCH for hydrological summer and winter seasons. The

result for summer shows that the range is highest in the

North direction in both Quaternary and Tertiary aquifers, as

shown in Table 7.

Again, modeling the experimental variogram for the set

of data for hydrological winter season depicted the range to

be highest at the 60� from North in the Quaternary aquifer

while in the direction of 120� from the North as shown in

Table 8.

Year-wise directional variogram modeling for a-HCH data

To analyze the prominent groundwater flow direction and to

compare it with the simulated groundwater flow direction

based on the hydrogeological model, variogram modeling

was carried out for a-HCH for the years 2005 and 2006. The

result again showed the prominent flow in the northern

direction for the Quaternary aquifer while at 30� from North

in the Tertiary aquifer as shown in Tables 9 and 10.

The overall flowdirection analysis points that the predicted

a-HCH spreading direction is northwards. This has been

verified approximately by the contaminant flow direction

from particle tracks for a-HCH obtained through hydrogeo-

logical modeling for the Quaternary and Tertiary aquifers.

Specifically, the year-wise analysis of a-HCH contam-

inant flow direction based on experimental variogram

modelling predicted a prominent flow direction towards the

North in 2006 which verified the groundwater and con-

taminant flow direction observed from the hydrogeological

modeling. Thus, flow direction result from the experi-

mental variogram modeling was verified by the ground-

water and contaminant flow direction observed using the

hydrogeological model. The contaminant flow direction

was also found to be northwards in the analysis of particle

tracks for a-HCH from the hydrogeological model for

Quaternary and Tertiary aquifers (Fig. 11).

Figure 11 clearly shows that the contaminant flow

direction shows slight changes but the overall flow direc-

tion is headed towards the north.

Improving groundwater monitoring strategies

With the application of hydrogeological modeling, the

LTM network was optimized. With this optimization

Table 4 Numbers of redundant monitoring wells in each aquifer in the optimized LTM network using the first spatial optimization model with

the buffer zone increasing from 0 to 100 m around the particle track

Aquifer Total no of wells Number of redundant wells with buffer zone from 0 to 100 m around the particle track.

0 m 20 m 40 m 60 m 80 m 100 m

Q 462 30 41 65 89 105 145

T 357 14 35 48 66 72 105
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methodology, the monitoring network can be optimized

and the existing strategies for monitoring can be improved

to reduce the hassle as well as economic burden for the

policy makers. Table 11 outlines the examples of 15 such

wells that were assigned spatially and/or temporally

redundant/essential on the basis of outcomes from hydro-

geological modeling.

Discussion

The hydrogeological modeling has been used to predict the

overall attributes and scenario of ground water in the study

area. Different hydrogeological models attempt to take into

account the flow velocity, heterogeneity and other peculiar-

ities associated with groundwater system (Bakalowicz 2005).

Despite substantial work on groundwater flow and transport

models for various applicable purposes (Van Genuchten

1978; Anderson and Cherry 1979; Tripathi 1991), works on

the use of such procedures for groundwater quality moni-

toring network optimizations with transient state of plumes

are comparatively sparse (Datta et al. 2009). Groundwater

monitoring network optimization methods are greatly chal-

lenged besides the problems associated with data availability.

Though quite a number of methods for optimization exists,

most of them fail to incorporate hydrogeological character-

istics and the intricate relationship that they have on opti-

mization methods (Loaiciga 1992).

One of the greatest challenges facing pertinent planning

and implementation of groundwater monitoring strategies

is the mere lack of data from required sampling locations

(Beck 1987; Harmel et al. 2009). This study has attempted

to find contaminant flow path lines to assign the level of

importance to the existing monitoring wells with respect to

potential monitoring well locations. The model has been

used to account for the unmonitored concentrations at

potential monitoring location for the purpose of spa-

tiotemporal optimization of the monitoring network. Of its

kind, Bashi-Azghadi and Kerachian (2009) used monitored

data and hydrogeological model to locate monitoring wells

in groundwater systems so as to identify unknown source

of pollution.

Fig. 9 Optimized LTM

network map showing essential

and redundant wells in the

quaternary (Q) and tertiary

(T) aquifers
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The result from the spatial optimization using the model

indicates that 6.49 % of existing wells in the Quaternary

aquifer and 3.92 % of those in the Tertiary aquifer were

redundant. As the resultant contaminant flow path lines

were very narrow 3-D lines, overlying the existing moni-

toring wells in such lines got only few existing wells to be

positioned on the same path line. Increasing the width of

the line gradually within a defined buffer zone of 0–100 m

around the particle track resulted higher number of

redundant wells as given in Table 4. For instance, with a

buffer zone width of 100 m around the particle track, the

LTM network optimization result showed 31.38 % of wells

in the Quaternary aquifer and 20.41 % of the wells in

Tertiary aquifer to be redundant (Fig. 9). Further increment

of width of particle track from 100 m will result in higher

redundant wells; however, this would lead to uncertainties

in monitoring network in the real world scenario.

Another issue of utmost importance was the depth of

sampling for the essential monitoring wells (Thakur 2013).

This research studied the variation of contaminant

Fig. 10 Locations of

monitoring wells with each

different recommended

sampling interval in the

quaternary (Q) and tertiary

(T) aquifers

Table 5 Number of monitoring wells with each recommended sampling interval from both aquifers, i.e., the quaternary (Q) and tertiary aquifers

(T)

Sampling interval 3 month 6 month 1 year 2 years 3 years Total

No of wells 50 155 287 160 167 819

Q 34 86 173 76 93 462

T 16 69 114 84 74 357
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concentration with vertical profile of the model and from

the analysis; it is recommended that the sampling depth

should be at the particular depths where temporal fluctua-

tion, observed in the visualization of vertical contaminant

profile. It is important because pollutants in groundwater

may spread to uncontaminated areas and endanger recep-

tors like surface water and drinking water wells according

to the site-specific hydrologic regime (Heidrich et al.

2004).

Again, the temporal optimization of monitoring network

presents a number of wells with different variable

recommended sampling frequencies as shown in Table 5

and their locations portrayed in Fig. 10. The results were

the function of simulated groundwater velocity, which in

turn depends on the initial and boundary conditions of the

model and the transport material (Gossel et al. 2004;

Gossel 2011). For enhanced temporal optimization as well

as better recommendations for temporal sampling interval,

it is important that the model has to be calibrated and

validated with time.

In this particular optimization of the monitoring net-

work, a reference value of contaminant concentration of

Table 6 Directional variogram

modeling a-HCH concentration

in the LTM network in

quaternary and tertiary aquifers

(January 2003 to February

2009)

Direction a-HCH for quaternary aquifer (2003–2009) a-HCH for tertiary aquifer (2003–2009)

Range Sill Range Sill

Omni 404 0.64 1182 0.70

0 666 0.62 960 0.79

30 464 0.64 1340 0.67

60 385 0.66 999 0.69

90 321 0.66 710 0.70

120 360 0.65 722 0.70

150 433 0.63 750 0.68

180 590 0.62 960 0.69

Table 7 Directional variogram

modeling a-HCH concentration

in the LTM network in

Quaternary and Tertiary

aquifers for summer seasons

(May to October in 2003–2009)

Direction a-HCH for Quaternary aquifer (May to October

in 2003–2009)

a-HCH for Tertiary aquifer (May to October

in 2003–2009)

Range Sill Range Sill

Omni 491 0.78 1166 0.41

0 491 0.70 1258 0.47

30 387 0.75 1062 0.46

60 340 0.77 939 0.38

90 354 0.78 888 0.43

120 364 0.79 737 0.43

150 333 0.76 793 0.42

180 390 0.65 882 0.44

Table 8 Directional variogram

modeling of a-HCH
concentration in the LTM

network in Quaternary and

Tertiary aquifers for winter

seasons (November to April

from 2003 to 2009)

Direction a-HCH for quaternary aquifer in winter seasons

(Nov. to April from 2003–2009)

a-HCH for tertiary aquifer in winter seasons

(Nov. to April from 2003–2009)

Range Sill Range Sill

Omni 669 0.73 585 1.41

0 398 0.74 579 1.31

30 534 0.71 550 1.25

60 543 0.68 600 1.33

90 397 0.72 850 1.26

120 411 0.73 1050 1.22

150 422 0.74 823 1.25

180 513 0.73 526 1.32
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100 mg/L was used. A comparative analysis of contami-

nant scenario can be made through analyzing the concen-

tration at the source and the spread of this ideal

concentration through various methods in the model envi-

ronment with that of observed contaminant scenario to

make comparative analysis of possible scenarios of con-

taminant in the real world.

Model 1 was used for general optimization in this

research without special consideration to the contaminants

source and time. However, model 2 was used for prog-

nostic optimization in which spatial location of the well

was taken into account which is considered when the

optimization aims to ignore the contaminant source but

track the present and future contaminant location. Simi-

larly, model 3 was used when special consideration to

specific contaminant sources was required. The high-reso-

lution digital 3D model improves the hydrogeological

modeling results which serve to be the basic requirement

for groundwater modeling and investigations on environ-

mental risk and impact assessment and pathway exposure

route analysis of the complex geological and groundwater

situations (Wycisk et al. 2009).

Table 9 Directional variogram

modeling a-HCH concentration

in the LTM network in

quaternary and tertiary aquifers

for 2005

Direction a-HCH for quaternary aquifer in 2005 a-HCH for tertiary aquifer in 2005

Range Sill Range Sill

Omni 850 0.89 750 1.33

0 500 0.93 937 1.30

30 533 0.92 1125 1.35

60 758 0.95 933 1.30

90 856 0.93 750 1.30

120 800 0.94 750 1.30

150 533 0.95 562 1.32

180 500 0.91 687 1.33

Table 10 Directional

variogram modeling a-HCH
concentration in the LTM

Network in Quaternary and

Tertiary aquifers for 2006

Direction a-HCH for Quaternary aquifer in 2006 a-HCH for Tertiary aquifer in 2006

Range Sill Range Sill

Omni 375 0.65 1333 0.81

0 468 0.61 1684 0.72

30 437 0.68 1727 0.84

60 375 0.67 1333 0.86

90 375 0.67 1058 0.84

120 375 0.66 1058 0.84

150 375 0.66 1055 0.68

180 375 0.53 1277 0.69

Fig. 11 Particle tracking

showing the a-HCH flow

direction in the a quaternary and

b tertiary aquifers from the

hydrogeological model (model

time: 101 days, 12th April

2005)
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Prominent groundwater and contaminant flow direction

are revealed from the data sets of a-HCH, determined using

the experimental variogram. The analysis from the period

of January 2003 to February 2009 shows the flow direction

of a-HCH to be north and 30� from the north in the Qua-

ternary and the Tertiary aquifers, respectively. The devia-

tion of flow direction in the Tertiary aquifer relates to the

impacts of historical shift in the groundwater flow direction

in the study area. Seasonal analysis, again shows prefer-

ential flow direction towards north for both aquifers in

hydrological summer season whereas 60� from north in the

Quaternary aquifer and 120� from north in the Tertiary

aquifer in the winter season. This seasonal variation in the

flow direction is strongly influenced by the location of the

contaminant source, and the seasonal fluctuation in the

water level in Mulde river and surrounding water bodies

(Thakur et al. 2011b).

Each component of monitoring network needs to be

improved for the overall improvement of monitoring net-

work in the study area. Depending upon groundwater and

monitoring status, the improvement objectives could

account for enhancement in understanding of monitoring

network, legal requirements, or socio-economic aspect of

monitoring (Thakur et al. 2011a). The monitoring strategy

is based on groundwater monitoring effort, reduction of

uncertainties, socioeconomic needs, legal requirements,

etc. With the established outcomes from this study, the

monitoring network can be substantially optimized and the

existing strategies for monitoring can be modified in the

view of multiple purpose of overcoming the present diffi-

culty in maintaining immense number of monitoring wells.

Similarly, since the research also portrays the monitoring

needs for the unmonitored sites, the outcome can be used to

develop improved monitoring network strategies with the

incorporation of such sites for effective strategies.

Conclusion and recommendations

The presented research helps to establish a new approach

and improve methods for optimizing groundwater moni-

toring network on the basis of hydrogeological modeling.

Meanwhile, this has been tested using the methods in the

research area.

Existing monitoring network can be strategically opti-

mized using hydrogeological methods without losing

essential information from the monitoring network. Since

data unavailability or its limitation can sometimes pose

hindrance at many circumstances, the application of

hydrogeological model opens the possibility for optimiza-

tion in such situation. This study presents the method for

incorporating unmonitored concentrations at different

potential monitoring locations to optimize the monitoring

network using a hydrogeological model. Calibration and

Table 11 Examples of spatio-temporal redundancy in the existing monitoring wells in both the Quaternary and Tertiary aquifers on the basis of

particle track and flow velocity from hydrogeological modeling

Wells details Hydrogeo spatial

optimization

Hydrogeologial temporal optimization

S.

n.

Location

ID

Easting Northing Sample

elevation

Vertical

zone

Baseline frequency (per

year)

Optimized monitoring

time

1 BVV1182 4520337 5721867 39.91 T Redundant 0.5 2 year

2 BVV1192 4520091 5722270 36.81 T Redundant 2 3 year

3 BVV403 4521402 5725119 64.9 Q Redundant 1.3333 1 year

4 BVV404 4521142 5724426 68.3 Q Redundant 1.3333 3 month

5 BVV405 4521537 5723309 67.6 Q Redundant 2 3 month

6 BVV406 4520106 5726791 65.3 Q Redundant 0.8 3 month

7 BVV432 4520982 5725782 64.8 Q Essential 1.3333 3 month

8 BVV4321 4520982 5725782 54.6 T Essential 1 3 year

9 BVV434 4521668 5726587 64.4 Q Redundant 2 3 year

10 LK172 4519753 5721387 50.80 T Essential 0.5 3 year

11 LK31 4520748.5 5727566 38.20 Q Essential 1 2 year

12 LK65 4522046 5720074 75.53 Q Essential 4 2 year

13 RT01 4522931.2 5721329 72.30 Q Redundant 4 1 year

14 RT02 4522795.5 5721289 72.30 Q Redundant 4 1 year

15 RT07 4522929.6 5721355 72.20 Q Redundant 1Q (4) 1 year

Q quaternary aquifer, T tertiary aquifer
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validation of the model according to the site conditions,

was meant to strengthen the reliability of the results.

Monitoring network optimization using hydrogeological

model is eased by prior existence of a hydrogeological

model.

The spatial optimization gave an account of spatial

redundancy in the existing monitoring network while the

temporal optimization using simulated groundwater flow

velocity recommended appreciable sampling frequencies at

potential sampling locations. This modeling approach, used

for analytical optimization of monitoring network gives the

results that can be interactively visualized since it gives

3-D model visualization. In this study, at a particular

contaminated megasite, a convincing result has been

obtained for the prognostic spatiotemporal optimization.

Again, the results obtained for the flow direction from

hydrogeological modeling was verified by the experimental

variogram modeling from available a-HCH data from the

year 2003–2009, hence increasing the reliability of the

model.

However, the use of this model-based method is only

recommended in the areas where there is pre-existence of a

calibrated and validated hydrogeological model. In areas

where not enough real observed data are available, a

hydrogeological model and particle tracking method can be

used for the monitoring network optimization. Again, it is

recommended that the expert knowledge about the present

scenario and dynamic condition of the specific location

should be combined with the outcomes of this study to plan

for appropriate monitoring strategies.
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