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ABSTRACT 

Ground water, especially the shallow aquifers, is more vulnerable to anthropogenic influences 
than any other ecological systems within large urban, industrial and mining regions. 

The new methods of mapping of ground water vulnerability to contamination from the 
surface were developed It is based on determination of maximum admissible mass of contami­
nant which may be disposed of one square meter of land surface without risks to ground water 
quality. The equations for calculation of maximum admissible mass of contaminant are deduced. 
The main hydrogeological (migration and filtration) parameters used in these equations may be 
obtained using granulometric composition of soil in unsaturated zone. 

The main result of hydrogeological investigations conducted in Komsomolsk-na-Amure 
industrial region located in the Amur River valley in the Far East of Russia is the map of shallow 
ground water vulnerability (scale 1 :50000) created using this new proposed approach 
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INTRODUCTION 

Methods of map construction - "Map of ground water vulnerability to surface contamination" 
- considered below are performed for reaching the following aims: 

• Site assessments keeping in mind ecological safety under industrial and agricul­
tural enterprises design 

• Determination of sanitary protection zones for both public and private water supply 
wellfields including single wells and springs 

• Express preliminary forecast of consequences of sudden contaminants spreading over 
the land surface 

• The most vulnerable sites selection under planning of areal ecological sampling 

Offered methods mean to use data obtained during hydrogeological survey: hydrogeological 
maps and sections, maps of hydroisopieses and water table contours, granulometric compositions 
of water-bearing and impermeable deposits. Taking into account approximate character of the 
assessments, the authors offer to take transport and filtration parameters of aquifers a priori 
- according to granulometric composition of water-bearing deposits. 
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THE MAIN PRINCIPLES OF GROUND WATER VULNERABILITY 
MAP CONSTRljCTION. 

1. Assessments of ground water vulnerability to swface contamination are to make for each 
aquifer 

2. Different types ofhydrogeological sections have been assumed as a basis of areal zonation. 
The whole variety of natural situations may be reduced to three main migration types of 
sections (Fig I). 
• A-type - shallow unconfined aquifer; unsaturated zone consists of the soils for which 

initial hydraulic gradient (Jo) is less than 1. In these conditions the convective-disper­
sional mass-transport will take place together with atmospheric precipitation or 
with contaminating solution itself - along the Z-axis. 

• B-type - water-saturated deposit with Jo< 1 occurs above the aquifer In natural con­
ditions mass-transport towards the water table will be mainly realized by means of 
diffusion mechanism. However, if an intensive water pumping from the aquifer 
takes place (extreme case - water table fell down below the roof of the aquifer) the 
vertical convective - dispersional contaminant transport may start 

• C-type - aquifer, in the top of which the layer with Jo> 1 occurs. The contaminant 
transport towards aquifer will be the result of molecular diffusion 

• D-type - there is an interlayer (with J0 > I) within the deposit which overlie the 
aquifer. In natural conditions the diffusive mass-transport may only take place. Un­
der intensive water pumping two different situation are possible: 

• Maximum possible hydraulic gradient within low permeable interlayer, which 
is equal to lma:-.: =(HI -H2)/m, will be greater that initial hydraulic gradient (Jo), 
which is typical for deposits formed this interlayer. In these conditions the verti­
cal convective-dispersional contaminant transport may start. This situation corre­
sponds to the B-type 

• J:::; Jo Only diffusive mass-transport may occurs under any water pumping. 
This situation corresponds to the C-type. 

3. Within the areas belong to one migration type the zonation may be carried out on the base 
of two mutually related quantitative criteria: 

• Time, when the first portions (up to 1%) and the main mass (more than 90%) of 
contaminants will penetration into the aquifer 

• The maximum admissible mass of contaminant which may be disposed of one 
square meter of the land swface without any risks for ground water quality (the 
concentration of the contaminant in any point of the aquifer will not exceed the drink­
ing water standard). 
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4. When vulnerability assessments of the aquifers are being made the worst scenario of 
contaminant spreading is considered. In connection with that the following assumptions 
were made by the authors: 

• The whole contaminant mass instantly penetrates into the soil from the land surface. 
Such a problem formulation corresponds to impulse mass injection at the point 
Z= 1 (Fig. I), being impermeable (for the substance) boundary in (-Z) direction at the 
same point Z=O. 

• Contaminant transport takes place only along Z-axis without its areal spreading by 
dispersion. This problem formulation corresponds to a great enough contamination 
spot on the land surface (spot sizes are comparable with the depth to aquifer). 

• Contaminants are considered as non-reactive in the sorption processes. It follows 
from that fact that it is not possible to construct one map of ground water vulner­
ability to different contaminants with different chemical nature 

• Mass-transport within the unsaturated zone occurs as if it would occur within 
saturated zone. This position makes the situation very closed to the assessments 
which take place in flood periods or in case of area inundation. The mass-transport 
velocity is the highest one in this case. 

CALCULATION EQUATIONS 

According to the principles presented in the previous part of the article, vertical contaminant 
transport within the A-type and B-type hydrogeological sections (under intensive ground water 
pumping) is described by: 

2 2 
Vz(d CI dZ) + Dz(d CI dZ ) = na(dC I dt). .. .................... . (1) 

The initial condition - delta - Dirak's function d(Z) (impules injection): 

C (Z,O) = (m/na) d (Z) ......... . (2a) 
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FIGURE I. Migration types of hydrogeological sections 

I - aquifer. which n1lnerability to surface contaminant 
is being in consideration: 2 - deposits with initial 
hydraulic gradient < I: 3 - deposits with initial 
hydraulic gradient > I: 4 - ground water table; 
5 - direction of diffusion contaminant transport 
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6 - direction of convection - dispersion contaminant transport 
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Boundary conditions: 

J1m C(Z,t) ~ O; =·..,..(\) 

(\j 

\
., ,·11'7 .1-) ..J '7 ffi /,-
, . '·-· \ L • I_, (_/ L" = I/ I !."" ' ,,_ 1 ' -!_.I,, 

( ~\;) 

wher8 C (Z, t.) · concentration of contaminant (g/m-:-;. mr.;/L) , whic~h 
i~; a f'unction of the depth tZ,m) and time (t, Gays); Vz ·­
vertical flow vglocity, m/day; D:: - longitrnHnal clisper:=::ion 
.~·of:•ff ic l<='nt (m"-'/dav); r\:i - active poros,Jty; m contaminant 
r~1as:;_,~clisp~sed_over the lancl :~ur~act.;. g/m> , 

ror -c.ne t_~-type hydrogeo1og·1ca1 ;;ect1on tn•? :;arr,Ec equation 

"'L (-1 2 C/ri 72) I lnt LI •/ '-1 ,_, nt.d c / d t) (' ) \ '· .. ~) ) 

with the same initial and boundary conditions but ir na i:::: 
cha'!ged by n .. ~n thi:3 case: n - total porosity; Drn ·· diffu•:::ion 
<>Jefficient (m""/day). 

For the B-type hydrogeolog·ical ~;ection (natural 
·.~oncli tion:;) the differential equation of ma~::;-tran:.::port 
Gorre::;ponds to the equation (:3) with changing n by na an~j Dn1 
by Dz i: t) (transver:;al di:-::persion coefficient along· the 
Z-direction under the condit1on of horizontal flow). 

All presented parameters belong to the lav;:-T overlain the 
de::;cribed aquifer. 

We've deduced the solution of the equation 0) with the 
boundarv conditions (2): 

<) 
I ,-.:.., (·z rv 'n \ ---) 2 -- , z1 a,, 1 ... . 

C(Z,t) • /"' ( .- ) I 1 .-., m1 na, ! - - - - - - - - - - - - exp ( ·- - - - -- .. - - - .. - - -· .... . .. - - ) 

I I -
Ly! Jt (Dz/naH-

4 (Dz/I1,s_)t. 

Z -r ( V7/nc1.H 
( Vz/Dz) exp ( v2 Z/D2 ) erfc (- -- - -- -=- ---· · 

! 4(D2 /na)t 

t4) 

The solution of the equation (;3) with boundary condition:~; 
l;::.:J can be easily found by the superpo'.3ition methods u:::ing 
well-known solution concerning the insta1t (impules) source 
with an unlimited diffu::::ion: 
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min 
C(Z,t) 

1/rr (Drn/n) t 

'72. 
L. 

exp (- ---------- ). 
4 (Dm/n)t) 

t5) 

To evaluate mass of contaminant reached aquifer during 
the time - t. the authors have used the following equation: 

(\) 

mt = nS C (Z,t) dz, (6) 
Zn 

wr1ere mt - mass of contaminant, which re ache~ aquifer during 
the time t after the contaminant spilling, g/m ; Z0 - depth to 
ground water occurrence, m. 

Thus, value of contaminant mass reached aquifer in per 
cent from the total mass of contaminant disposed on the land 
surface mt(%) = (mt/m)100 is: - for the A-type and the B-type 
hydrogeolog·ical sections (under intensive ground water 
pumping): 

-

mt(%) 

for 

+ exp 

the 

(··~;) mt /c, 

r Zo - (vz;na) t 
50 l erfc ( 

V 4 (D2 /na.) t 

Vz 
'7 Zo - ( Vzlna) t. L..o 

( ) erf c 
Dz 

v 4 (02 /na) t 

B-type hydrogeological section 

Zo 
100 erfc (-----­

( 4(Dzculna)t 

) 

) 

- for the C-type hydrogeological section: 

Zo 
mt(%) 100 erf c (------ ) 

I V 4(Dm/n)t 

+ 

) l (7) 
.J 

(natural conditions): 

(8) 

(9) 

Assessment method of the maximum admissible mass of 
contaminant which may be disposed of one square meter of _ the 
land :::.urface without any risk for ground water quality (mad) 
i:; based on determination of the maximum possible 
concentration Cmax in the Z0 -point. The time tmax, when C = 

Crna.x in the 'Z.0 ~point, is determined from the equation: 

IMWA-97 

IMWA 1995 © International Mine Water Association

reproduced from best available copy



dC (Z0 ,t.)/dt = 0 (10) 

For the solution (4): 

+- r7 2;0( l··o I ). i· , ;'11 )'7 } c-max = Lo . .::,· z na · ·· 'Vz ·a. w() (11) 

When (v2 Z0 ) /Dz )' 1 .. the solution (11) becomes simpler: 

tma.x = Zo l(vzlno) (1la) 

Our evaluations have shown that the difference between 
the concentrations Cmax. calculated u~;ing equations (11) and 
(11a) when (v2 Z0 /D2 ) = 10, does not exceed 10%. 

Analyzing the equation (11a), we've found, that when 
C v2 Z0 /D2 ) > 1. 5 the value of the second i tern in the equaU on ( 4) 
is approximately equal to a half of the first one with 
accuracy up to 5%. 

Then for the A-type and the B-type hydrogeological 
sections (when an intensive ground water pumping from the 
aquifer tcikes place): 

Cma.x Cdws. 

ffiad aCdws. 

(12) 

( 13) 

where Cdws - maximum admissible concentration (d~inking water 
standard) of the contaminant in ground water (g/m'", mg/L); a -
coefficient of the admissible mass of contaminant (m), which 
can be found from the equation: 

(14) 

For the solution (5): 

tma.x = Zo2 12(0m/n). (15) 

Then for the B-type hydrogeological section (natural 
conditions) taking into consideration the equation:-::; 02) ami 
(13) we have: 

I 
a= naZo v 0,57r exp (0,5) (16) 

and for the C-type: 

a = nZo V 0 , 5ri: exp (0,5). (1?) 

It should be noted that: 

Vz = Kz J, 08) 

where f\..,. - hvdraulic conductivity along the vertical direction 
!.in/day)'; J ---hydraulic gradient which value may be taken equal 

1 both under free vertical filtration for the A-type_a1d ~nder 
~-,rr.p·j filtrat 'on for the B-tvpe (as the worst :;1tuat.1onJ. 
•'·-• _,_.l_ , . ,,_,_ ·., r • (·",I.' th~ ~, ·'·'-r·r l,( ,~h }r'' Thu:::, in the equations(/) a.no .14! . c. param>;!L<:-'. L=: .::.10U . ...t oe 
used in:;tead of the parameter Vz. 
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MAP OF GROUNDWATER VULNERABILITY 
FOR THE AREA OF KOMSOMOLSK-na-AMURE CITY 

Fragment of the map of ground water vulnerability to surface contamination within the 
Komsomolsk-na-Amure City area is shown in Figure.2. 

The a-coefficient is specified for each sites with different ground water vulnerability to 
surface contamination. This coefficient means a maximum admissible mass of contaminant which 
may be disposed of one square meter of the land surface without any risk to ground water quality. 

As to the deeper aquifers, just some of them (most significant) were considered. On Figure I, 
it is alQ1v aquifer. 

Geological and hydrogeological features of the area are reflected on the hydrogeological 
sections (Figure 3). 

CONCLUSIONS 

The presented map allows to evaluate clearly the conditions of aquifer vulnerability to surface 
contamination. 

The most part of the study area belongs to the A migration type. Moreover, all mass of 
contaminant within this area reaches shallow aquifer for less than 30 days. 

However, as for the main aquifer (alQrr) used for drinking purposes the first portions of 
contaminant will not reach water level earlier than in 1000 days (even within the sites with very 
high level of ground water vulnerabilit~) The harmless mass of contaminant for alQrr aquifer is 
also high enough• it is more than 9 kg/m· for Cl-ion (with maximum admissible concentration of 
Cb- in ground water - 350 mg/I); and it is more than 0.75 g/m2 (without sorption) for Pb (with 
maximum admissible concentration of Pb in ground water - 0.03 mg/l). 
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FIGURE 2. Fragment of the map of ground water vulnerability 
to surface contamination within the Komsomolsk-na-Arnure City area. 

1 - aquifer boundaries; 2 - boundaries of the sites with different vulnerability 
levels within one aquifer; 3 - aquifer index; 4 -7 - sites with the A-type 
of hydrogeological section (time, when more than 90% of contaminant 
mass will reach aquifer: 4 - 1 day, 5 - 3 days, 6 -10 days and 7 - 30 days); 
8,9 - sites with the 8-type and the C-type of hydrogeological sections 
respectively (time, when more than 1 % and 50% of contaminant mass 
will reach aquifer: B - 1 o! days and 1 O~ days, 9 - 1 o" days and 10& days 
respectively); 10-12 -boundaries of the sites with different vulnerability 
levels within the main exploited aquifer (alQll), hydrogeological sections 
of the B-type - 1O,11 and the C-type -12 (time, when more than 1 % and 
50% of contaminant mass will reach a_}luifer: 1 O - 101 days and 1 o" days, 
11 - 3*105 days and 3*1 o* days, 12 - 1 O days respectively); For the ~ites with 
the 8-type hydrogeological sections (B, 10, 11) time when more than 1 o/o 
and 50% of contaminant mass will reach aquifer is shown in brackets taking 
into consideration an intensive using of the aquifer. 
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FIGURE 1. Hydrogcological sections along the lines 1-1 
and 11-Il (sec Fig. 2) 

I - geological boundaries: 2 - water table: cl-dQIV -
eluvial and dcluvial deposits (rock debris with loam and 
clay sand): alQIV - alluvium (gravel sand); alQIIl-IV -
alluYium (boulder-gravel deposits with clay sand): 
pdQlll-IV- proluvium and dcluvial deposits (rock debris 
with loam and clay sand); 1-a!Qill-IV - Iacustrine -
alluvium deposits (clay sand and clay): plQlll -
proluvium of detrital cone (boulder-gravel deposits with 
clay sand and sand): alQII - alluvium (sand and clay 
sand): 11-Kl - terrigenous deposits (argillite. siltstone 
and fractured sandstone). 
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