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ABSTRACT 

The paper outlines the approach to water quality submodels for the analysis of 
regional water policies ln open-pit lignite mining areas, with special regard to a test 
region in the German Democratic Republic. 

Reduced conceptual water quality models have bF.ien developed for the concentrations 
of the substa.nces [Fe 2 +] and [n+] in mine water treatment plants, rivers and remalnina 
pits. 

The resulting system of differential equations is solved numerically. First results are 
presented. The applied methodology to obtain simplified models of groundwater and 
surface water quality proces!'es suitable for decision support. model systems for 
regional water policies in open-pit lignite mining areas is assumed to be applicable to 
similar regional studies. 

INTRODUCTION 

Lignite mining leads to significant water quality problems. These problems are caused 
both by the mine dewatering which :~esults in the weathering of the ferro:usdisulphide 
minerals and salt water intrusion, and contamination due to waste disposals, etc. 

The design of water management policies and water use technologies as well as that of 
mine drainage can only be dol)e properly when il is based on appropriate mathematical 
models, Kaden and Luckner (1984). These models have to be built up as submodels for a 
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complex model system; this implies that they have to be as simple as possible, Kaden et 
al. (1985). On the other hand, they also have to reflect the real water quality 
processes in mining regions with the required accuracy for the planned model­
supported decision making. 

Based on comprehensive water quality models, see Luckner (1985), the possibilities for 
the derivation of reduced conceptual models are described for a few examples. Models 
are demonstrated for groundwater, as the source of pollution, mine water treatment 
plants as control units, river sections with an Intake of acid ferruginous water, and 
remaining-pits, which can also serve as effective control units. Related with each 
ot.her, these models form the complex system model, a system of differential equations. 
They were numerically solved. 

We consider the discharge of acid ferruginous mine water into rivers as the most 
important impact on water quality. The chemical reactions which take a leading part 
by the formation and treatment of acid ferruginous mine water are schematically 
clescrlbed In Figure 1. 

Underground (source) 

FeS2 + 7/2 0 2 + H20-+ Fe2+ + 2 SO~-+ 2 H+ 

+ 
Mine water treatment plant (control unit) 

8 2 Fe2+ + 1/2 0 2 + 2 H+ ___. 2 Fe3+ + H
2
0 

Fe3+ + 3 H20 -+ Fe(OH) 3 (s) + 3 H+ 

~ 
H2 0 -+ OH- + H+ 

C02 + H2 0 -+ HCO:J + H+ 
2 

( Ca(OH)2 Ca(OH)2 (s) + 2 H+-+ Ca2+ + 2 H
2

0 

+ 
Surface water resources (output) 

2 Fe2+ + 1/2 0 2 + 2 H -+2 Fe3+ + H
2

0 

Fe3+ + 3 H20 ---.Fe(0Hl3.j.(s) + 3 H+ 

H2 0 --+OH- + H+ 

llture 1: Important reactions of the weathering of ferrous-disulphide caused by lig­
nite mine dewatering. 

Under~rround ferrousdisulphide will be oxidized by oxygen in the air. At the same time 
iron(II)-, sulphate-ions and protons originate. The acidity Increases in the groundwa­
ter. The reaction products will be flushed out with the perculated water from aerated 
zones and transported by the rise of groundwater. The iron and acid concentration is 
especially high in the perculated water in spoils. Furthermore, the groundwater is 
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characterized by increased concentrations of CO
2 

resulting from biochemical degrada­
tion processes. All of these parameters will be influenced in the mine water treatment 
plant by adding lime hydrate. The remaining iron(II)-concentration in the treated 
water will be oxidized by air in the river, the remaining pit respectively, hydrol!zed 
and precipitated according to the kinetics of reactions and residence times. The 
kinetics of all these reactions depends among others on the pH-value. 

The model of the substance exchange, transport and storage processes is a comprehen­
sive migration model for coupled components. It is based on the well-known differential 
equation: 

d.iv ((D +D0) V C -v ·C)= n iJC +R +Ex +SS' 
iJt 

with T 
s 
R 
Ex 
SS' 

T =S +R +Ex +SS 

transport term (convection, diffusion, dispersion) 
storage term 
reaction processes 
exchange processes 
sinks and sources. 

(1) 

The paper of Luckner (1985) describes different ways for model reduction of such 
comprehensive models. Generally, this model reduction is done by the neglection of 
terms of the comprehensive model. In the following the model reduction is demon­
strated for typical subprocesses in lignite mining areas. For an overview see Figure 4 
in Luckner (1985). 

SUBM:ODEL "GROUNDWATER' 

A stochastic trend. model for the prognosis of groundwater quality was developed 
based on the stoichiometric Eq.(2) and yearly series of measurements of the Fe 2 +-and 
H+-concentration in the drained mine water. 

2FeS2 +702 +2H20 ->2Fe 2+ +4Sof- +4W 

The trend models have the form, see Kaden et.al. 1985: 

[Fe 2 +] = a.Fe + br,.·t + fFe F.:r,.~N(O,uR,Fe) 

-lg[W]=a.y+by+·t+F.:w, F.:w,.N(O,uR,n) 

(2) 

(3) 

(4) 

The coefficients a. Fe, bre, uR,Fe and a. H• b H• uR,H e.g. are tabulated for the GDR mining 
test area in Kaden et al. (1985). Figure 2 shows these trends for the mine water of the 
mine A in this test area. 

The oxygen-rate diffusing vertical through the dewatered zone depends on the oxygen 
concentration in soil-air and groundwater (see transportation), the content of bufler 
ions , especially co~-, HC03- and OH- (see reactions), and biotoxic substances to 
retard effectively the activity of microorganisms. The oxygenation process may be 
controlled by all these factors as it is usually done worldwide. The use of coa.l-fire 
power-pla.nt-a.shes is a particularly effective method of buffering the system and to 
prevent pH-falldown, Fischer (1985). 

BASES OF THE SURFACE WATER MODELS 

The submodels reflecting the water quality processes in the mine water treatment 
plant, the river system and the remaining pit are developed under the following 
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Figure 2: Scheme of the reduced model for the ground water pumped from an open-pll 
mine 

assu.·m-;::fions: 

The chemical reactions in the water· bodies are considered as non-equilibrium 
reacLions with complete stoichiometric turnover of the initial substances. 

The d1ssolved carbonic acid of the drained r;roundwater is removed in the mine 
water treatment plant by mechanical de-acidification and in the rivers by de gasif­
ication duY'inr( the flow processes. Similar reactions are also given in the remain­
ing pit. These proceoses are not considered her·e. 

The buffer capaccty of water· with reference to hydrogen carbonate is neglected. 
This is only allowable for water with low carbonate hardness. Such conditions are 
typical for the CDR test area. 

In the sud'ace water bodies is enough oxygen for oxida.tion processes, and the 
partial pressure is constant (p 02 = 0.21 bar). 

1ne transport processes are one dimensional. 

All the ferrous h.vdr-oxide formed is sedimented within the reaction time: no 
mathemaLical modeling is therefore necessary to reflecl the sedimentation pro­
cess. 
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Bi.o··cherrd.cal a.nd chemical catalysis of formed ferrous hydroxide 11nd oxidetrv· 
drates c1re not considered in the coefficient k of the· reaction rate modeL 

ThH cil21!'(i8teristic chem1-:--;a.l re?J.ctions for al; further submodeis l~: t.\11'~ nne-phase-·· 
svslem ''-.vater 'ane the oxvr1enation reaction~; o! Fe (If) and the hydrolys·is of Fe(!!!), 
Eq.(f>). The proton~; for·med wili be neutralize(' in the minE· water· tn121lment plant, and. 
if necessary and possitJle, ln ltH-:: remajninr~ pit by m~:;1n:, of tht- treatment 'J.Jith lime 
hydmt, Eq. (6). The lotal r·eaction is defirwd by l':q. (7). 

Fe"+ + ~ u2 + 
2 

1121-' ., Fd ('Hi:' + ? H+ ( r::.\ 
,0) 

(()) 

('{\ ,., 

The ki.·neiics· of ferro1J;:;-i:)n ox:vgena.tion in labur·a~cry sysLtn;~-, tras bcu,[ previously slu·· 
died and t.h~~ general rate Jaw was tol.lnd to be· 

(Q) 

wher·e k is the 'eloc:it.y constant in mol .;; L2 mtn'1 bar 1 [OH--1 denotes the conc:eniTa­
Uon of hydroxYl 1ons, and [Fe 2+] denot"s the concer.traUon or ferrous ionc,. ln Table 1 
the velocilv constant is given from the lilerit!.'Jre At constant. p 02 F,q. (R) is reduced 

to a r ""ction rate model of pseud,,-fir'sl·-or·der kbetlcs 

d 'Fe 2 .:1 rn ""--- ---~ oo ~,: 1 -

with 

k 1 has the unit of inverse time. 

k Po2·Kw 

k1 = [WJz 

('I) 

Table 1 · Summary of previous resuits eoncerntng oxygenation kinetics of fe::Tous ions 

~------~~-------·-·-- -~-----,-----~-~- --- -------·-----
' Inve3' .. tf!ator s ' VelocH.y coefficient k 

[12 .mo;-2 .alm-1. min -ll i 
Temperature i 

oc 
r----- ----------·-·-------- ---- -t-·----~---- ---- ---·-·-:--:.-··------r-- · -----------
1 Stumm, Lee (1961) . (8 0 i 2.~)·10 13 20.f) 

[_':'<:'::!I~~~-13_~~€)~~1955]~-~=~-~. o--1{)~=---~~===~--3~~~-- .. 
i Schenk. Weber (1968) . (2.1 ± 0.5)·10 13 i 2f> I 

\it;e~~~~~-----r- ____ 1.3610
14 -=~=--r-~-=--35 __ ~_--J 

For a waler temperature of about 10°C and a oxygten partial pressure near-
p02 = 0.21bar k' will be in the range of k' = 1.6 · 13.6·10 -l3 in mo1 2 m -6 s -J 

The weathering of pyrite or marcasite forms protons. They can be neutralized by a 
corresponding quantity Ca(OH) 2. The neutralization capac1ly Kif+ is stoichiometrical: 

K _ ur+1 
W- [Ca(OH) 2 ] 

110) 

For a technical lime hydrate the constant KH+ is in the range of 
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0.015 · · · O.OZ5 mol n+ I g Ca(OH)z. The exact value has to be determined in the 
laboratory. This means the effective substance of technical lime hydrate amounts to 
between 56% and 93%. 

In the transposition of Fe (II) into Fe (!!I)-hydroxide, the stoichiometric ratio between 
protons- and ferrous mass-formation rate KFe is: 

KF't = ~ = 3.58·10--z mol H+ . 
[FeZ+] g FeZ+ 

(11) 

The shown connections are an Important base for the development of the following sub­
models. By optimal dosage of Ca(OH)z. the treated mine water does not contain FB 2+ 
and has a pH-value of 7. 

SUBJIODEL "MINE WATER TREATMENT PLANT" 

In the mine water treatment plant the precipitation of Fe(!!!) occurs by simultaneous 
neutralization through dosage of lime hydrate. The reduced model allows to simulate 
the output concentration and dosage of ca (OHh. The mass transport is neglected. 

Internal reaction processes (Eq. 8)) and the external sink for protons (SS) through a 
neutralization substance have to be considered. Under these assumptions the reduced 
model has the form: 

FeZ+: - a[FeZ+J = ~-[Fl!Z+J + l;QA ·[FeZ+] -l;Qz·[Fl!Z+]z (12a) 
at [n+]z 

n+: a~] =KF't·a[~~Z+] +Kif[CA(OH}z] +l;QA·[W] -l;Qz·[W]z. (1Zb) 

An unaeraosage of lime hydrate results in incomplete neutralization of protons, that 
means only a partial precipitation of the ion occurs and the pH-values remain less t.han 
7. 

The alkalinization substance ca (OH}z guarantees a definite saturation pH-value of 12.6 
for Z0° C in the case of overdosage because ca (OH}z has a relatively low water solu­
bility (1.6 gIl In the case of Z0° C). In accordance with the limits for the discharge of 
water into public surface water systems the pH-value should be held in the range of 
6.5<pH <8.5, which is equivalent to 10 -5·5 :010 [n+] :010 10 - 3·5 if [n+] is given in mol I m 3. 
In mine water treatment plants the residence time is usually in the range of 2.0 ... 2.5 
hours. Typically in the GDR e.g. are sedimentation tanks with a capacity of 3 m3 /s 
and a volume of Z7000 m 3. 

Figure 3 shows the results of the submodel Eq. (12). 

The graph in Figure 3 shows the required demand of calcium hydroxide in the case of a 
reference pH-value of 7.0 in the discharge depending on the input pH-value and the 
input Fe (71)-concentration. For the graph a neutralization capacity of the lime hydrate 
(as technical product) of O.OZ5 mol n+ per g Ca(OH)z is presumed. Figure 3 shows 
also that at pH-values less than 4 a substantially increased amount of lime hydrat is 
required for neutralization. 

SUBM:ODEL "RIVER" 

An intensive aeration of the river water provides enough oxygen to the iron precipi­
tation according to Eq. (5). The formed protons will be neutralized up to the exhaus­
tion of the buffer capacity of the carbonate and hydrogencarbonate ions. A pH-change 
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MINE WATER TREATMENT PLANT 

eFe2+. H+. 02, Ca(OHlz I Fe2+, H+, Fe(0H)3, ca2+ 

e2M, 1Ph J T,S, EX,@,@ 

eBalance model with @ , @ 

100 90 80 70 60 50 40 30 20 10 

[ Fe2+] in - [ Fe2+] out [g/m3] 

600 

500 

400 

300 

200 

100 

6 5 4 3 2 

Figure 3: Demand of lime hydrate in dependency on the input pH-value and the differ­
ence of Fe 2+ -input and output concentration 

occurs at about 3.58·10-2 mol W per each g Fe 2+ if all coj-- and HCOi -ions are con­
verted. 

The river water e.g. in the Lusatian lignite mining district (the GDR test area, see 
Kaden et.al. (1985), has a low buffer capacity, so that it can be neglected in order to 
simplify the river submodels. In the opposite way to Baumert et.al. 1981 in the submo­
del "River" the hydrodynamic dispersion and diffusion is also neglected. 

The river system is subdivided into balance profiles and river segments between them. 
External sinks and sources (water diversion and intake) are arranged on the balance 
points (Junctions). Storage changes will be neglected. The conversion of the Fe 2 +­
concentration in the river by oxidation and hydrolysis is approximated as a reaction of 
the 1st order, and the variation of the W -concentration is regarded as a reaction of 
the Oth order. 

Based on the assumption that v.!!!::. = de holds true in the river segments, the submodel 
d:r: dt 

''River" has the form: 

pe 2+: -vd[Fe
2

+] =- d[Fe 2+] = _k_ [Fe2+] 
d:r: d.t [H+]2 

(13a) 

w. d[W] =-d[W] = K d.[Fe 2+] 
. -v d.:r: dt h dt (13b) 
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Un thP ,h.HJclion t.hP fl.::. '2 + :_Jr the H !- curH..:r:nt:cation in tht:• rh;:er water· will be de-t, r·m!Jlf.:•.i 
under the n:~_,:umpt.ion that per-fect mixint! exist.s 

C.OO. 
0 

n 

RIVER 

m 

2: Oout.L Cl 
[ ~1 

1----·---·-··-----------·-----··----------1 
Ill Fe2c·, H+, 0 2 I Fe(OI-1)

3
, Fe2+ H+ 

"2M, 1Ph I (i)'s. EX, 0:0 'ss 
SPdrJrnt'ter lurnped Jynam!c n:o(jei vvirh 

wttr. @ 

---------- pH;,., 5_;; 

·--+-------t------.. ------+-----------+---------+-_____,.. 
1000 2000 3000 4000 5000 

t [s] 

114) 

Fir;ure 4: Changes of the ferrous ion concentration by oxygenatio;, with nir-mrvgen 
without neul1·alization in the river· 

Obviouslv, the oxidation .rate depends on the input pH values. Jt. increases by hjrher 
pH. Figure 7 shows further low changes of Fe (1!)-concentrationc (5.1 g I m 3\ for long 
residence times. The formed protons vary between pH--values of 5.9 ... and 6.0. for 
pH< 5.9 to 6.0 no important oxidation rate exists. In reality, higher oxidation rntes 
often take place. This is caused by the neglected buffer capacity and catalyzes of 
formed ferrous hydroxides. 

SUBMODEI. ''REMAINING PIT" 

In remaining pits the oxidation of f'e u by air-originated oxygen takes place as well as 
an additional hydrolysis of the produced Fe 3+ The reactions depend on the pH value. 
For pH less than 6.0 no important oxidation rate (see Figure 4) exists. By adding lime 
hydra.te to the water body of a remaining pit, protons which are in the water and are 
formed by FeZ+- oxidation will be neutralized. If the pH value is less than 4.0 a large 
amount of' lime hydrate is needed to neutralize lhe water (see Figure 3). Under those 
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ur}:-td1U·ntts thjs me~.hod is uneconomicaL Another possibility for nentrsUn:ttinn is the 
floc.,~.iin;; (:f the remaining pit wnh .1:n_lrfnc>::! water. which hi':1S ;1 high(::.r pFI vahJe, 

tcan:,pnrtaUon pr·pcesses are neglected i.n the 3Ubmodel "Remainirw 1-"il". Onl:i the 
fn.:..iov,•lr;_r: pro:.::ess~s ar0 tah:0n lnt~.) accour.t.: 

rea·~Uor1 procosscs with 

reaction kinetics of i.st order· for Fe' +-oxidation 

noad.ion kinetics of Oth order for the neutralization process. 

mrt.ernal inputs and outputs (external exchangP). 

Bas·ed on th:.s. w{=> obtain: 

"!:2+: 0"" ."'J.f::Lre_;'::Jl + _k_'_·VWe2 +l +I; Q_4 [re<+l·-I; (~z·[Fe 2 +], 
dt r tr-]2 · 

(15a) 

dfV-rfi+l) d[Fe 2 +] 
!t' . 0 = -~:i:......L_ + Kre V ~~-· - Kff C'a !OH) 2 · F + (l5b) 

+ L Q" [H+l ~~ Oz fH~]z 

1f·•.l·. d (Vii. ])I dt -,I'-d [iII dl + ~VIM the f·~llowing differPnliaL'differen::p equations 
')e forrr:uht.ed !Vised on Eq. (1C>)· 

k ' , 2 + 2 + liV L; 04 
·---fFe l. --[Fe l(-- + ---)+ 

[H'l2. i\t·V F 
(16a) 

+ 
L;Qz IH:2+]z 

v 

H' (16b) 

Fif'ure 5 shcw.;s results of this model for an example with the following conditions: 

input pH- and input. Fe 21 -concent.ration are equal to the initial pff=pH0 and 
initial Fe 2 ~ -concentration. 

the capacity of techniealli.me hydrate is 0.02 mo[ lt' / Q Ca. (CJH) 2 (tech.). 

r·eaction coefficient k' = 2·10 -l3 in mol 2 m -fl s -1, 

lime hydt'ale dosar;e 100 g Is = 8,6 tId. 

independent of the input. pff. if it is greater then 4.0, the equilibrium pH value is i.n the 
;~anpe of 6.2 5.~ Under· such conditions 50% of the FeZ+ will be oxidized within 10 
daYS. 

Tho infiuence of Lhe storage change rate dV I dt which couples the water quantity 
model with the dynamic water quality model nf a r·emaining pit or other big snrface 
INo.ter reservoirs can he sj~:nificanL 
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REMAINING PIT 

• Fe2+, H+, Oz 'Ca(OHlz I Fe2+, H+, Fe(OH)3, ca2+ 

7 10 

• 2M, 1Ph I T, (s).EX, ® '® 
•Balance model with®,@ , @ 

9 

8 

6 I 
7 i 

I V=107m3 
........__ 

6 I pHo =pH in 
........__ 

rhca(OHlz = 100g/s 

' I 5 

I 
4 

2 3 4 5 6 7 8 9 10 

t [105 s] 

Figure 5: The change of the Fe 2 + and H'"- concentration in a remaining pit (example) 

COMPUTER MODEL 

The lasl three reduced submodels can be described in a general form with 
x = [Fe 2 +] , y = [H+]: 

k =-A·-=:_- G·x + E 
dt y2 

!!:JL = -D· dx -G·y + F 
dt dt 

The finite difference analogon of these equations is: 

:z:t -xt-IJ.t A =--=--- = -x!.(-- +G) +E 
6.t (yt)2 

y t _ y t -!J,t X t _X t -!J,t 
""-'----::"-'-- - D -G·y 1 +F - 6.t -- 6.t 

From Eq.(18a) we oblaln: 

1 +·6.!·(--4--z +G) 
(y ) 

(17a) 

(17b) 

(18a) 

(18b) 

(19) 

A polynomial function of 3rd order results If we Insert Eq. (19) into (18b). The solution 
is to be found in the range of 10-7 < y < 10, this means in the range of 2<pH <10. 
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0 = (yt)3·(1 + 6.t·G)2 + (20) 

+ (yt)2·[D·(xt-At + !J.t-E) + (1 + !J.t·G)·(-yt-At -!J.t-F -D·xt-At)J + 

+ yt.(1 + !J.t·G)·A-I::.t + A·!::.t·(-y 1 -At -!J.t·F -D·xt-At). 

The computer program FEMO has been developed for the numerical solution of the gen­
eralized mathematical model for the three subsystems reflected by Eq.(20). The solu­
tion of the polynomial function is executed with Newton:t-approximation method for a 
given range. If no solution with the assumed time step is possible, than it is to be 
corrected. The time step will be also corrected, when the change of pH is greater as a 
given value. The program stops if 

the changes of pH are less than 0.01 pH units, 

the Fe 2+-concentrations are less than 0.1 g I m 3, 

the end of residence time is reached, and 

in the submodel ''Mine Water Treatment Plant" the pH limits are exceeded. 

An expansion of the model including pH-buffer reactions and catalytic reactions is pos­
sible. The program is given in Luckner et al. (1985). 
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