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Abstract. A hydrogeological model (HM) has been created for checking sustainability of the water supply system of 

the prospective factory of the Coca-Cola Company. The Groundwater Vistas system was used, to run HM.  HM cov-

ers the 9 km×10 km area located in the vicinity of the village Ropazi, Latvia. HM contains 11 layers, its plane ap-

proximation step is 20 metres. To estimate the water withdrawal impact on the groundwater body, the depression 

cones caused by the system were simulated for the Quaternary and Devonian type aquifers. The location and area of 

the chemical protection zone were found. Modelling has been performed, to find out that no worsening of water qual-

ity is expected due to considerable and durable groundwater discharge (4000 m3/day during 25 years) from the De-

vonian aquifer. 

 

Keywords:. hydrogeological models, depression cone, chemical protection zone, groundwater quality, Groundwater 

Vistas system, MT3D program, natural contaminants. 

 

 

 
Introduction 

 

The Coca-Cola Company has announced its inten-

tion to build a factory in the vicinity of the Ropazi village 

that is located not far from the Riga city, Latvia (Fig 1). 

The factory must have a sustainable water supply system. 

Its planned water consumption q=4000 m
3
/day will be 

supplied by the Devonian groundwater aquifer.  

A hydrogeological model (HM) has been created for 

obtaining data that are needed for receiving the permis-

sion to build the water supply system. HM must provide 

the following information: 

- for the Quaternary and Devonian aquifers, depres-

sion cones must be computed that are caused by 

the groundwater discharge; review of these cones 

provides two answers: are the expected draw-

downs smaller that the allowed ones what is the 

influence of the new well field on the existing 

ones; 

- location and area of the chemical protection zone 

must be found;  

- prediction of possible worsening of water quality 

caused by groundwater extraction from the Devo-

nian aquifer. 

The modeling system Groundwater Vistas (GV)  

(Environmental Simulation 2007) was used. It includes 

the following components: MODFLOW  (hydrogeologi-

cal model); MODPATH (modelling of the chemical pro-

tection zone); MT3D (investigation of groundwater min-

eralization changes).  
 

MODEL AREA

 

Fig 1. Location of the model 
 

For graphical presentation of model results and for 

numerical data processing, the system SURFER (Golden 

Software 2002)) was used. 

HM is the steady state one. It simulates average an-

nual groundwater conditions. 

Creating of HM was based on the sources (Seglins 

2000, Spalvins et al. 1996) and on the materials (Water 

and Geology 2009) provided by the company “Water and 
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Geology, Ltd.”. To prepare the publication, materials of 

the report (Spalvins 2009) were used. 

The results provided by HM confirmed sustainabil-

ity of the water supply system that should serve the pro-

spective factory of the Coca-Cola Company. The reported 

material may be of interest for modelers involved in 

evaluation of aftereffects caused by large well fields. 

 

Basic mathematics of HM 

 

To describe creating of HM, the mathematics of the 

3D-steady state model must be introduced. By applying 

the 3D finite difference approximation, the xyz-grid of 

HM is built using (h×h×m)-sized blocks (h is the block 

plane size, m is the variable thickness of a geological 

layer).  The  model  constitutes a  rectangular  s-tiered  

xy-layer system where s is the number of layers. Four 

vertical sides compose the shell of the HM grid. The re-

lief (ground surface) and the lower side of the model are 

its  geometrical  top  and  bottom,   respectively.  The  

3D-space volume enveloped by the boundary surfaces 

constitutes the body of HM. 

The vector φ of the piezometric head is the numeri-

cal solution of the boundary field problem which is ap-

proximated in nodes of the HM grid by the following 

algebraic expression: 

 

Aφ=β-Gψ, A=Axy+Az,   (1) 

   

where: A is the symmetric sparse matrix of the geological 

environment which is presented by the xy-layer system 

containing horizontal (Axy - transmissivity) and vertical 

(Az - vertical hydraulic conductivity) elements of the HM 

grid; ψ - the boundary head vector: ψrel, ψbot, ψsh - subvec-

tors on the  HM  top,  bottom  and  shell,  accordingly;  

G - the diagonal matrix (part of A) assembled by ele-

ments, linking the nodes where φ must be found with the 

ones were ψ is given; β - the boundary flow vector. 

 

The elements axy, az of Axy, Az (or gxy, gz of G) are 

computed, as follows: 
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Where: zi-1, zi are, elevations, accordingly, of the top and 

bottom surfaces of the i-th geological layer; z0 represents 

the ground surface elevation ψrel-map with the hydro-

graphical network included; k, m are, accordingly, ele-

ments of digital m, k-maps of the computed layer thick-

ness and permeability. 

The set of z-maps describes full geometry of HM. It 

is built incrementally: z0→z1,…, zs by keeping the thick-

ness of the i-th layer mi > 0. If in some areas, mi=0 then 

the i-th layer is discontinuous. To prevent the “division 

by zero”, in the az calculation of (2), mi=0 must replaced 

by ε > 0 (for HM, ε=0.02 metres). In GV, only the z-maps 

serve as the geometrical ones.  

Obtaining of the right distribution for the infiltration 

flow βinf on the HM top is a burdensome task. For re-

ported HM, this task was  considerably  eased  by  using  

the ψrel-map as the boundary condition for heads. Then 

the flow βinf=βaer passes through the aeration zone: 
 

)( Qrelaeraer G ϕψβ −= ,   (3) 

 

where: φQ is the computed head (subvector of φ) for the 

first aquifer Q; Gaer (diagonal submatrix of G) contains 

the vertical ties gaer of the aeration zone connecting ψrel 

with φQ. The expression (3) gives the usual result of HM, 

when a ψ-condition is applied. As a rule, even the first 

run of HM provides feasible results for βinf. 

 

The elements gaer of Gaer are computed, as follows: 

 

,0,
2

>−=
×

= aerQrelaer
aer

aer
aer ifm

m

kh
g βϕψ  

,00.1 ≤= aeraer ifm β    (4) 

where: kaer, maer are, respectively, the permeability and 

thickness of the aeration zone. Initially, kaer, maer are un-

known. As the first try, the following values of these 

parameters may be applied: maer=1.0 metre; kaer=10-3 and 

1.0 (m/day), accordingly, for the recharge areas (βinf>0) 

and for the lines or areas of the hydrographical network. 

To avoid iterative changes of the HM geometry, maer=1.0 

may be kept constant, until the calibrated state of HM is 

achieved. Only then, the real maer for the recharge areas 

(βinf >0) must be introduced. The kaer-distribution is the 

object of HM calibration. 

 

For geological layers, their geometrical thickness is 

m ≥ mef. The effective thickness mef accounts for the fact 

that, not always, the layer permeability is isotropic. Aqui-

fers and aquitards may include admixtures, accordingly, 

of low and high permeability. Because the HM geometry 

is created  on the  thickness  m-maps,  the  original kxy, 

kz-maps must be corrected, as follows: 
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where: (kxy)c, (kz)c are the corrected permeability values; 

C is the diagonal correction matrix which is obtained by 

interpolating borehole data on the xy-grid planes of HM; 

ci - the i-th initial element of C given by a borehole.  

 

Hydrogeological model 

 

The location of HM is given in Fig 1. The HM area 

has the size 9000m×10000m. HM includes 11 layers (see 

Fig 2 and 3). The approximation step h=20 metres. The 

HM grid includes six aquifers and five aquitards which 

control the vertical groundwater flows passing between 

adjacent aquifers. The ψrel-map is carried by the layer 1. 
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No. Layer Layer code
Thickness

[m]

Permeability

k  [m/day]

Leakance of aquitards

k 0 /m 0  [1/day]

1 Relief rel 0.02

2 Aeration zone aer 0.1 ÷ 10.0 10
-5

×(2.6÷ 14×10
4
)

3 Quaternary aquifer Q 4.0 ÷ 37.5 12 ÷ 27
4 Morain (aquitard) gQ 1.0 ÷ 32.5 10

-3
×(0.71÷2.3)

5 Amata aquifer D3am 0.02 ÷ 36.4 9

6 upper Gauja aquitard D3gj2z 0.02 ÷ 14.0 10
-3

×(0.074÷21)

7 upper Gauja aquifer D3gj2 7.0 ÷ 42.7 10 ÷ 14
8 lower Gauja aquitard D3gj1z 1.5 ÷ 43.6 10

-4
 ×(0.11÷3)

9 lower Gauja aquifer D3gj1 10.0 ÷ 64.0 5 ÷ 14
10 Burtnieki aquitard D2brz 3.0 ÷ 28.0 10

-5
×(0.89÷ 7.9)

11 Burtnieki aquifer D2br 50 8

Fig 2. Vertical schematization of the model and summary of parameters m, k, k0/m0 
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Fig 3. Cross section NS of the model 

 

 
Its small thickness m=0.02 metres does not disturb 

the HM geometry. 

The aeration zone (layer 2) is treated as a formal 

aquitard and it serves for controlling the infiltration 

flow (eq. 3 and 4). The aquifer D3am and the aquitard 

D3gj2z (layers 5 and 6) are discontinuous. Four water 

production wells (q=4000m3/day) will exploit the aquifer 

D3gj2 (layer 7). 

Conditionally, the thickness of the aquifer D2br 

(layer 11) is set mbr=50 metres. In HM, the bottom sur-

face of this  aquifer  is  impermeable.  The  computed  

φbr-distribution is controlled by the boundary condi-

tion (ψsh)br, on the aquifer perimeter. Therefore, no fixed 

ψbot-map is applied. 

HM accounts for the influence of two large well 

fields (in the aquifer Q, the southern part of the Zaku-

muiza siphon, q=7500 m3/day; in the aquifer D3gj2, the 

well field of Zakumuiza, q=20500 m
3
/day) which supply 

the Riga city with drinking water.  

Because these well fields are located in the northern 

part of HM, there the shell for the aquifers Q, D3am, 

D3gj2, D3gj1 is set impermeable. For these four aquifers, 

on the other three planes of the shell, the ψsh-conditions 

are fixed. The z-maps of geological layers were produced 
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by SURFER by applying data provided by (Water and 

Geology 2009) 

The k-maps were created by SURFER by using in-

formation, given in the (Seglins 2000). For the prospec-

tive water supply system area, new data were provided by 

the experimental borehole group. For the aquifer Q, the 

anisotropy kz/kxy=0.1 was used. 

To account for the fact that m≥mef, the correction (5) 

was applied for the k-maps. The matrix C was created by 

SURFER. 

In Fig 4, calibration targets (points) are shown. Six 

of them are monitoring wells; the other four represents 

the HM area corners.  

The 3000m×3000m area (Fig 4) was used for 

groundwater flow calculations. 
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Fig 4. Calibration targets and the model flow balance area 

 

 

For the aquifers Q, D3gj2, D3gj1, the maps of undis-

turbed heads (q=4000 m3/day not accounted for) are 

shown in Fig 5. The φbr-map for the aquifer D2br is 

rather similar to the one of the aquifer D3gj1. The φbr-

distribution heads are about 3.5 metres higher than the 

ones of the φD3gj1-map. The ψsh-conditions were mostly 

obtained from the model (Spalvins et. al.; 1996) 

The head distribution of the aquifer Q is mainly de-

termined by the ψrel-map, especially, by the L.Jugla river.  

This river also has considerable impact on the head 

distribution of the aquifer D3gj2. 

As it follows from Fig 5, in the area of the new well 

field (wells 1, 2, 3, 4), the ascending vertical groundwater 

flow exists. Due to this phenomenon, mineralization of 

the aquifer D3gj2 may increase, because the natural min-

eralization in the aquifers D3gj1 and D2br are higher. By 

using HM, this problem has been thoroughly investi-

gated. 
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Fig 5. Maps of undisturbed heads (m asl) for aquifers Q, 

D3gj2, D3gj1 
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Evaluation of the new water supply system 

 

The new water supply system contains four abstrac-

tion wells. Their total production rate q=4000 m3/day is 

provided by the aquifer D3gj2. The dynamic head distri-

bution of the aquifer D3gj2 is given by Fig 6.  
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Fig 6. Head distribution (m asl) of the aquifer D3gj2 if the 

water production rate is 4000 m3/day; the borderline of the 

chemical protection zone is shown 

 

The depression cone that is caused by this ground-

water withdrawal is shown in Fig 7. The modeled draw-

down maximum Sr=4.9 metres there corresponds with the 

equivalent abstraction well radius 0.2h=4 metres that is 

much larger than the real well screen radius rw. For this 

reason, the real expected drawdown S must be computed, 

as follows: 

 









+×=+= ξ

π w
AAR

r

h

km

q
SSSS

2.0
ln

2
,   (6) 

 

Where: SA is the analytical correction; SR=4.9 m is given 

by HM; q=1000 m3/day is the abstraction rate of a single 

well; km=300m2/day – the mean transmissivity; 

rw=0.105 m; h=20 m; ξ=5.0 is the well hydraulic resis-

tance. Information about the values of rw and ξ is given 

by (Water and Geology 2009). 

 

The formula (6) gives S=9.07 m = (4.9+4.17) m. For 

the area of the water supply plant, the maximally allowed 

drawdown is 39.5 metres. The maximal drawdown S that 

is caused by the new well field, is much smaller than the 

allowed one (39.5>>9.07). Therefore, the discharge 

q=4000 m
3
/day will not cause inadmissible changes of 

the groundwater system.  
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Fig 7. Depression cone in the aquifer D3gj2 

 

As it follows from considering of the depression 

cone in the aquifer D3gj2 (Fig 7), the new water supply 

plant will not distort significantly regimes of the two 

small neighboring well fields. Their total withdrawal rate 

q=98.8 m3/day. The maximal drawdowns (metres) are 

expected (at the centre of the new well field) in the aqui-

fers Q, D3gj1, D2br, accordingly: 0.5; 0.25; 0.04. There-

fore, the proposed water supply system will not cause 

significant distortions in regimes of any existing well 

field located within the well field area. 

Configuration of the chemical protection zone is 

shown in Fig 6. It was obtained by using the MODPATH 

system where water particle tracers were run in the re-

verse regime for the 25 year exploitation time of the sys-

tem. The zone area is 577 ha. The value of porosity n=0.1 

was applied, to create the zone. 

 

Migration of natural contaminants 

 

It has been found out that no anthropogenic con-

taminant sources are located within the area of the chemi-

cal protection zone. The four experimental boreholes 

(group No.0) provided data about the concentrations of 

SO4 and Cl in the aquifers Q, D3gj2top, D3gj2bot, D3gj1. 

Mineralization in the aquifer D3gj2 was checked in its 

top and bottom parts. The new well field will exploit the 

bottom part D3gj2bot. The mineralization data are given 

by Table 1. It follows from the table that aquifers Q and 

D3gj2top practically are clean regarding the SO4 and Cl 

ions. The aquifer D3gj1 has the highest concentrations of 

SO4 and Cl. The mineralization of the bottom part 

D3gj2bot meets standards for drinking water. However, it 

is not clear how the groundwater withdrawal will affect 

mineralization there during 25 years of the planned ex-

ploitation time of the well field. 
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Table 1. Mineralization of groundwater (mg/l) at the area of 

experimental boreholes  

Layer SO4 

(mg/l) 

Cl 

(mg/l) 

Q 8.2 1.4 

D3gj2top 4.9 2.4 

D3gj2bot 105.0 153.0 

D3gj1 217.0 368.0 

 

It was found out that after 23 days of pumping from 

the aquifer D3gj2bot (q=475m
3
/day), the concentration 

(mg/l) for the SO4 and Cl ions decreased: 105.0→26.5; 

153.0→42.1, respectively (Water and Geology 2009). 

To explain reasons for the observed decrease of 

mineralization, the groundwater flow balance was ob-

tained for the 3000m×3000m test area. Two regimes were 

checked: undisturbed HM, disturbed 

HM (q=4000m
3
/day). 

The result of this numerical experiment is given by 

Table 2. The 3rd row of Table 2 (difference between the 

two regimes) shows that the discharge q=4000m3/day is 

supplied from the following sources: 55.5% from the 

aquifers Q, D3am (fresh water); 38% from the aquifer 

D3gj2 itself (mildly mineralized water); 6.5% from the 

aquifer D3gj1 (mineralized water). This result not only 

explains why the observed mineralization in the aquifer 

D3gj2 has decreased, but also confirms that no worsening 

of the groundwater quality is expected under the ground-

water withdrawal influence. 

An extra numerical test was performed regarding the 

possible worsening of the groundwater quality. Migration 

of natural contaminants 9initial concentration 500mg/l) 

from the aquifer D3gj1 was simulated by using the 

MT3D system. In other layers of HM, the initial concen-

tration was zero.  

The ascending contaminant migration 

D3gj1→D3gj2z→D3gj2 was simulated for the undis-

turbed and disturbed regimes of HM. To obtain the 

graphs of concentration changes during 25 years, the 

virtual monitoring wells were set in the layers D3gj2, 

D3gj1z, D3gj1. Their coordinates coincided with the ones 

of the abstraction well No.3 (Fig 8). The computed con-

centration distribution, in the aquifer D3gj2 after 25 

years, is shown in Fig 8 (disturbed HM).  

It follows from Fig 8 that the concentration maxi-

mum is located near to the L.Jugla river, because there 

the ascending vertical groundwater flow D3gj1→D3gj2 
is stronger (60 mm/year) than in the vicinity of the ab-

straction well No.3 (40 mm/year). 

More information regarding the contaminant migra-

tion is presented by graphs of Fig 9. Three types of 

graphs are considered: the changes of mineralization for 

undisturbed and disturbed HM, accordingly; the differ-

ence between the above two ones.  

 

 
 

Fig 8. Area of water abstraction wells, aquifer D3gj2 min-

eralization (mg/l) after 25 years 
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Table 2. Groundwater flows for the D3gj2 aquifer test area (Fig 4) 
 

 
 
 
 
 
 
             qxy     -  flow through perimeter (qW + qN + qE + qS )= qxy; qgj2z  -  flow through the D3gj2z aquitard; 

             qgj1z  -  flow through the D3gj1z aquitard; qV     -  well rate; 

 

 

It follows from the difference graph of Fig 9a that 

due to the inflow of fresh water from the aquifers Q and 

D3am, the mineralization increase keeps practically con-

stant and small (2 mg/l), after 25 years. In the aquitard 

D3gj1z (Fig 9b), the difference graph reaches 125 mg/l 

after 25 years. 

Consideration of the above simulation results obtained by 

the MT3D system provides an extra confirmation that no 

worsening of the groundwater quality will happen for the 

planned exploitation time of the new water supply sys-

tem. 

 

Conclusions 

 

The 3D hydrogeological model has been created for ob-

taining information confirming sustainability of the water 

supply system for the prospective factory of the 

Coca-Cola Company. By applying the model, the follow-

ing results have been obtained: 

- the system will not cause prohibited changes in the 

distributions of the groundwater heads; 

- the configuration of the chemical protection zone 

has been obtained; 

- no worsening of the groundwater quality is expected 

during 25 years of the planned exploitation time of 

the system. 

Therefore, the above results provide information 

needed for obtaining the permission to construct the wa-

ter supply system. 

To create the hydrogeological model for the new 

well field area, two novel methods have been applied: a) 

the ground surface elevation map serves as the piezomet-

ric boundary condition; b) effective thicknesses of geo-

logic 

 

 

 

 

layers are accounted for by using a special correction 

method. The team of Environment Modelling centre of 

Riga Technical university is going to apply these methods 

to carry out the Project entitled “Creating of hydro-

geological model of Latvia to be used for management of 

groundwater resources and for evaluation of their recov-

ery measures”. It is co financed by  the  European Re-

gional Development Fund.  
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Lateral xy – flows  

 (m
3
/day) 

Vertical flows 

(m
3
/day) 

Well rates 

(m
3
/day) 

 Regime 

qW qN qE qS qxy qgj2z qgj1z qV 

1. Undisturbed -996.3 532.4 1915.2 1136.5 2587.8 -3950.0 1461.0 -98.8 

2. Disturbed -706.3 718.6 2405.6 1685.5 4103.4 -1730.0 1725.4 -4098.8 

3. Difference 2.-1. 290.0 186.2 490.4 549.0 1515.6 2220.2 264.4 -4000 


