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Abstract
A modelling methodology was developed that simulates the resulting pH and alkalinity in the mixing zone when acidic water 
is discharged into a river. The input to the model are the: pH, alkalinity, flow, and temperature of both the river water and the 
acidic discharge. Two different scenarios were simulated: (1) a change of pH in the acidic discharge, assuming constant flow; 
and (2) a change in the flow of the acidic discharge, assuming constant pH. The model incorporates the effect of carbonic 
acid and the modelled values agree well with the laboratory results. The model setup was subsequently used to predict the 
anticipated effect of contamination of the Zambezi River in Mozambique. The results indicate that the river will be impacted 
if the average pH of the water in the tributaries coming from the mining area is below 3. The model could be used by water 
managers to predict the potential impact of acidic discharges in poorly monitored rivers.

Keywords Water quality · Modelling · River flow · Acid mine drainage

Introduction

Mining occurs in both developed and developing countries, 
bringing revenue to governments and improving people’s 
living standards though job opportunities (Nhantumbo et al. 
2015). However, mining has also adversely affected the envi-
ronment and water resources around the world (e.g. Anawar 
2015; DPLF 2014; ICMM 2012; Ochieng et al. 2010). Rec-
lamation of rivers and environments impacted by AMD is 
very expensive (Mishra et al. 2012); furthermore, developing 
countries often lack water quality monitoring programs to 
assess the impact of mining on their water resources (Nhan-
tumbo et al. 2015). Financial and human resources limit 
the possibility of improving the water quality monitoring 
programs, if such programs even exist. Therefore, indirect 

methods, such as modelling, are an alternative way to predict 
water quality changes that allows for optimal allocation of 
resources required for water quality monitoring programs. 
Nevertheless, modelling cannot be used as a replacement to 
sampling and analysis and should be regarded as a comple-
mentary approach (Nordstrom 2012).

Over the years, there has been a plethora of models devel-
oped, such as Streeter-Phelps, QUAL, WASP, QUASAR, 
MIKE, BASIN, EFDC, OTIS, and PHREEQ C, aimed at 
simulating processes governing water quality in surface 
waters (Walton-Day et al. 2007; Wang et al. 2013). While 
these models can be put to good use, none of the models 
was actually developed to simulate water quality in rivers 
affected by acidification (Cardona et al. 2011; Munhoven 
2013; Wang et al. 2013). PHREEQ C and OTIS can both be 
used to simulate mixing and transport of non-conservative 
pollutants in streams (Parkhurst and Appelo 2013; Walton-
Day et al. 2007). PHREEQ C considers the effects of dilution 
when simulating mixing and has the capability to equilibrate 
the mixed solution to a given solid or gas phase (Parkhurst 
and Appelo 2013). Carbon dioxide  (CO2), calcite  (CaCO3), 
dolomite  (CaMgCO3) and/or gypsum  (CaSO4 ·  2H2O) are the 
gas and solid phases commonly used (Parkhurst and Appelo 
2013). The rationale for developing the present model is that 
dissolution of stream bed minerals and  CO2 degassing are 
mass-transfer controlled processes that require a long time 
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to evolve compared to the movement of water downstream in 
a river. Taking the example of  CO2 degassing, the degassing 
coefficients can be in the range  10− 4–10− 6 m/s (Jiang and 
Wang 2008), whereas stream velocities typically are between 
0.1 and 1.1 m/s (Benedini and Tsakiris 2013). As a result, 
equilibrium between the alkalinity species in surface water 
with  CO2 in the atmosphere, and/or stream bed minerals, 
is only achieved some distance downstream of the mixing 
point. However, equilibrium between the alkalinity species 
that are dissolved in the water, such as  H+,  OH−,  CO3

2−, 
 HCO3

−, and  H2CO3, is reached in much shorter time. This 
might lead to lower pH values after the discharge of acidic 
water in the stream before  CO2 degassing and dissolution of 
buffer minerals at the stream bed occurs to restore the pH.

When the OTIS model is used to simulate mixing in a 
stream, the only effect considered is dilution. Interaction 
between alkaline species that affects the pH is not considered 
(Walton-Day et al. 2007). Thus, there is a need to simulate 
pH in streams, considering both dilution and the equilibrium 
of alkaline species within the water. Such models should 
have three features: (1) transport, (2) adjustment of the equi-
librium between the alkalinity species dissolved in the water 
(covered by the modelling methodology proposed in this 
paper), and (3) interaction of species in the water with the 
surrounding environment, inducing concentration changes 
towards equilibrium with the solid phase in the stream bed 
and the gas phase in the atmosphere (described using mass-
transfer theories). Additionally, other limitations of water 
quality simulation models are that they typically require at 
least basic programming skills and/or large number of input 
parameter values, making them less appropriate for use in 
developing countries (Mosley et al. 2010, 2015).

The large number of rivers affected by acidification, 
the poor water quality monitoring programs in developing 
countries, and the lack of appropriate and simple models to 
simulate acidification required the development of a new 
modelling methodology that simulates water quality changes 
in rivers impacted by AMD, based on: (1) the mixing of the 
acidic discharge with the river water and (2) the reaction-
transport processes taking place further downstream. The 
modelling methodology described in this paper assumes 
instantaneous complete mixing of the two streams and deals 
only with the chemical processes. It can be used to simulate 
and evaluate possible contamination of rivers by AMD or 
other acidic discharges, allowing for possible action to be 
taken to protect the water resources before severe conse-
quences occur. However, the model is built is such a way 
that, in the future, it can be extended to simulate discharge 
of acidic water into lagoons or other water bodies.

Theoretical Development

The modelling methodology is based on alkalinity and the 
protolithic water theory. In the present approach, these two 
are combined to develop a simple and easy-to-apply model 
that can easily be extended to simulate a wide range of con-
ditions pertaining to pH in the mixing zone of rivers affected 
by any acidic discharge. For the sake of simplicity and to 
allow easy demonstration of the methodology, this paper 
will consider only carbonaceous alkalinity. A more accurate 
model should include other alkaline species and the effects 
of iron, aluminum, and manganese.

Alkalinity

Alkalinity is defined as the ability of water to neutralize 
acids. It expresses the excess of proton acceptors over proton 
donors (Wolf-Gladrow et al. 2007). Alkalinity also reflects 
the excess of chemical bases of the solution relative to an 
arbitrary specified zero level, or equivalent point (Munhoven 
2013). The expression to calculate total alkalinity (TA) is 
given by Eq. (1).

Ideally, the TA represents the amount of base contained 
in a sample of natural water that will accept a proton when 
a sample is titrated with a strong acid to the carbonic acid 
end point. The carbonic acid end point is the point where the 
hydrogen protons  H+ become more abundant than hydrogen 
carbonate ions  HCO3

−. The carbonic acid end point is close 
to a pH of 4.3. AMD samples may present negative alkalinity, 
meaning that a strong base instead of a strong acid has to be 
added to reach the carbonic acid end point (Munhoven 2013).

Alkalinity, as defined above, is a conservative quantity 
with respect to mixing, as well as to changes in temperature 
and pressure (Wolf-Gladrow et al. 2007). Normally, in natu-
ral waters, carbonate alkalinity is the most important part 
of the TA. Equation (1) can therefore be reduced to Eq. (2).

The carbonic acid is directly related to the pH of surface 
water. The equilibrium of carbonic acid in water is defined 
by the Eqs. 3–6 (Appelo and Postma 1999).
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The equilibrium constants are temperature dependent and 
there are empirical equations already developed to describe 
this dependence. The empirical relationships are given by 
Eqs. 7 and 8 (Appelo and Postma 1999):

The Total Inorganic Carbon

The total inorganic carbon (TIC) is the sum of the inorganic 
carbon species in natural water. The TIC can be calculated 
using Eq. (9).

The TIC is also a conservative quantity with respect to 
mixing in water, but not necessarily with regard to tempera-
ture and pressure. The concentration of each carbonate ion in 
the TIC can be calculated when the TA and pH of a water are 
known by combining Eqs. 2, 4 and 6, yielding Eqs. (10–12).

Protolithic Theory of Water

The dissociation constant of water determines the relation-
ship between molar concentration of  H+ and  OH− in water at 
a specific temperature. Equations 13 and 14 show the chemi-
cal and mathematical interpretation.
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(13)H2O ⇔ H+ + OH−,
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[
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For convenience, the concentration of  H+ is usually 
expressed in terms of pH, Eq. 15.

The dissociation constant of water can be estimated using 
the temperature-dependent empirical Eq. 16 (Appelo and 
Postma 1999).

Procedures

A modelling methodology for simulating the pH and alka-
linity of streams affected by an acidic discharge was devel-
oped based on the alkalinity and protolithic water theory 
described above. The input data to the model are the pH 
and alkalinity of the two streams that are mixing, the natural 
river water flow and the acidic discharge. The modelling 
methodology was validated by: (1) evaluating the model’s 
results, considering the buffer effect of carbonic acid in 
water and (2) comparing the modeled values with labora-
tory data. Furthermore, an example of model application 
is presented using data on flow, alkalinity, and pH from the 
Zambezi River and its tributaries that are at risk of being 
impacted by AMD from coal mining in Mozambique.

Model Development

The volumetric flows in the model are denoted by Q1, Q2, and 
QR for the upstream river, acidic discharge, and downstream 
river, respectively (Fig. 1). The flows can be replaced by 
volumes when simulating acidification of lagoons, or other 
similar water bodies. The model was formulated assuming 
complete and instantaneous mixing, that is, a completely 
stirred (CS) mixing zone. This may not be a true representa-
tion of what happens in reality for large rivers; however, it 
give a reasonable first approximation, or at least a worst case 
scenario, of resulting downstream concentrations. A more 

(15)pH = −log10
([

H+
])

.

(16)

logK
w
= −283.9710 + 13323.00∕T − 0.05069842 ⋅ T

+ 102.24447 logT − 1119669∕T2.

CS

Main stream (Q1)

Acidic stream (Q2)

Stream after mixing (QR)

Fig. 1  Schematically representation of simulated conditions where an 
acidic discharge is mixed in a stream. CS = completely stirred
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complete model would require an analysis to resolve spatial 
variation. The model is based on the assumption that when 
two streams, Q1 and Q2, are mixed, the TIC and total alkalin-
ity (TA) can be added in moles, because these two quantities 
are conservative during mixing. The resulting total alkalinity 
(TAR) and total inorganic carbon (TICR) can be calculated 
using Eqs. 17 and 18, respectively.

The concentration of each carbonate specie can be calcu-
lated using Eqs. 19–21.

The values of �H2CO3
 , �HCO−

3
 , and �CO2−

3
 can be made func-

tions of  [H+] by using Eqs. 4, 6, 9, 19, 20, and 21; see 
Eqs. 22–24.

The TAR can also be calculated using the definition, Eq. 2. 
The TAR calculated using this definition has to be equal to 
the TAR calculated using the sum of the alkalinity of the two 
streams ( TAR� = TAR ). Thus, Eq. 25 is obtained by combin-
ing Eqs. 2, 19–24.

Equation 25 can be solved using a numerical method, 
for example Newton–Raphson (N–R), to obtain the 
concentration of  H+. In N–R, if there is a function 
f ([H+]) = 0 , an iterative approach is used to determine 
consecutively improved values of concentration of  H+, 
employing Eq. 26.
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The function f ([H+]) and its derivative f �([H+]) are given 
by Eqs. 27 and 28, respectively.

The calculation steps of the modelling methodology are 
given in the flow chart (Fig. 2). The input values to the model 
are the upstream river flow and acidic water discharge, the 
pH and TA of both flows, and the average temperature of 
the water. The output of the model are the TA and pH of the 
resulting stream (TAR and pHR), as well as the carbonate ion 
speciation.

Laboratory Experiments

To support the current research work, six experiments were 
performed yielding validation data for the model (Table 1). 
The model was run to simulate the pH and alkalinity for a 
river in the mixing zone considering: (1) a change of volu-
metric flow in the acidic discharge while pH remained con-
stant and (2) a change in pH of the acidic discharge while the 
volumetric flow remained constant. In both cases, the main 
stream river flow was assumed to be constant.

To validate the model for the two simulation scenarios, 
two different contamination conditions were created: in the 
first contamination condition, which is expected to be more 
ideal, deionized water was used to prepare all of the water 
samples, whereas in the second contamination condition, tap 
water from Sydvatten, the company that supplies water to 
the municipality of Lund was used to prepare the samples. 
Either hydrochloric acid (HCl) or sulfuric acid  (H2SO4) was 
used to lower the pH, NaOH was used to increase the pH, 
and  Na2CO3 was used to increase the alkalinity to the values 
indicated in Supplemental tables 1–6.

Alkalinity was determined by automatic titration (Burette 
Digital - BRAND, 25 mL, with an error of ± 0.005 mL) 
with solutions of HCl, for water with a pH > 4.3, and NaOH 
for water with a pH < 4.3. The pH end point used for the 
titration was 4.3. The concentration of the titration solution 
used was 0.1 N for experiments 1, 2, 3, and 4, and 0.05N 
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for experiments 5 and 6, for both HCl and NaOH (Table 1). 
The pH was measured using a pH meter (pH 320 by WTW, 
with an error of ± 0.005). The volumes of the samples for 
the experiments were measured using 25 and 50 mL pipettes, 
equipped with rubber pipette fillers, having an error of 
± 0.25 mL.

Initial water samples of acidic water were prepared 
using concentrated HCl (EMSURE 37% w/w) or  H2SO4 
(EMSURE 95–97% w/w). Initial solutions of water with a 
high pH were prepared using pellets of NaOH (EMSURE 
99% w/w) and the alkalinity was increased with  Na2CO3 
powder (EMSURE 99.9% w/w). The pH and alkalinity of the 
initial solutions were further measured using the pH meter 
and titration to get actual values.

The experiments to validate the first simulation scenario 
were carried out using two levels of alkalinities, low alkalin-
ity, experiments 1 and 3, and high alkalinity, experiments 2 
and 4 (Table 1). In the text below, when two water samples 
are mixed; basic water is the one with a high pH and acidic 
water the one with a low pH.

The initial conditions of the water samples used in the 
laboratory together with the measured pH and alkalinity 
after mixing acidic and basic water for experiments 1–6 
are given in Supplemental tables 1–6. The modeled results 
were compared with the laboratory measurements using the 
correlation coefficient (R) and the associated significance 
level, the p-value, and the Nash–Sutcliffe Efficiency (NSE), 

Fig. 2  Flow diagram of the 
model that estimates the pH and 
the resulting alkalinity  (pHR and 
 TAR) from the mixing of two 
streams with different pH and 
alkalinity. The model is based 
on input of flows of the streams 
 (Q1 and  Q2), pH of the streams 
 (pH1 and  pH2), alkalinity of the 
streams  (TA1 and  TA2), and the 
average water temperature (T). 
The model uses as a default 
value for temperature of 25 °C, 
but it can be adjusted if neces-
sary. A function f([H+]) = 0 
obtained from the theories of 
carbonate speciation and pH in 
water is solved using the New-
ton–Rapson method. The output 
of the model are pH and TA of 
the resulting stream  (pHR and 
 TAR), as well as the carbonate 
ions speciation

Calculate, TAR and TICR using equations 17 and 18

Input data ( Q1, Q2, pH1, pH2, TA1, TA2, temperature 
(T))

Output data: TAR, pHR

Calculate the equilibrium constants Ka1, Ka2 and Kw, 
using equations 7, 8 and 16

Initial values:  H(0) = Kw; i=0          

Calculate the function and the derivative of function f([H+]), f’([H+]), using equations 27 and 28

error

Calculate pHR, using equation 15

Calculate TIC1 and TIC2 , using equations 9, 10, 11 and 12

Calculate H(i+1), using equation 26

Calculate the error: %100
)1(

)()1( x
iH

iHiHerror

Table 1  Overview of laboratory experiments

Simulation 
scenario

Procedure Exp. Acidic water reactants  (V1) Basic water reactants  (V2)

1 To basic water  (V1 = 50 ml) it was added different 
volumes of acidic water  V2 ranging from 0 to 
42 ml with pH and alkalinity previously meas-
ured. The  pHR and  AlkR, were measured, in the 
water samples resulting from the mixed water, 
see Supplemental tables 2, 3, 4 and 5

1 Deionized water + HCl Deionized water + NaOH
2 Deionized water + HCl Deionized water + NaOH + Na2CO3

3 Tap water + H2SO4 Tap water + NaOH
4 Tap water + H2SO4 Tap water + NaOH + Na2CO3

2 Equal volumes of basic water  (V1 = 25 ml) and 
acidic water  (V2 = 25 ml), were added varying 
the pH of acidic water  (pH2) from approximately 
11.7 to 1.0. The pH and  AlkR of resulting water 
were measured, see Supplemental tables 6, 7

5 Deionized water + HCl (pH 
varying form high values 
to low)

Deionized water + NaOH + Na2CO3

6 Tap water + H2SO4 (pH vary-
ing form high values to low)

Tap water + NaOH + Na2CO3
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Eq. 29. The correlation coefficient R is considered signifi-
cant only if the associated p-value is below 0.05.

where: n is the total number of observations, ymeas
i

 is the 
value measured in each experiment, ymo

i
 is the corresponding 

modeled value, and ymeas is the average of the experimental 
values (Taylor et al. 2016).

Thus, NSE describes the “goodness-of-fit” between the 
experimental and modeled values. It can vary from − ∞ 
to 1, where the value of 1 represents a perfect fit. A value 
between 0 and 1 is generally recognized as acceptable model 
performance, whereas a value less than zero means that the 
average of the measured values is a better predictor of a vari-
able compared to the model, indicating unsatisfactory model 
performance (Taylor et al. 2016).

Results and Discussion

The model was tested for the mixing of two hypothetic 
streams with the flows Q1 and Q2 to evaluate if modeled 
values correctly represent the buffer effect of carbonic acid 
in water. A broad range of pH (12–1.5) was used to evalu-
ate the model performance for high, medium, and low pH 
values. An alkalinity of 0.086 eq/L was used to allow for 
buffer effect visualization.

Figure 3 shows that as the flow of acidic water (Q2) 
increases, the pH of the resulting stream,  pHR tends to 
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i=1

�
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i

�2
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i=1

�
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i
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�2
,

remain constant in three different zones, between pH 9–12, 
5–7, and 1.5–3. Between these three sections, there are two 
intervals where the pH drops rapidly with the addition of 
small amounts of acidic water Q2. The two zones where the 
pH drops with a small addition of acidic water shows the 
total conversion of  CO3

2− to  HCO3
− and  HCO3

− to  H2CO3, 
respectively. The first two zones of Fig. 3, where the pH 
tends to remain constant when the acidic water is added, is 
due to the buffering effect of carbonic acid, whereas the third 
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section is an effect of the dilution, reflecting that the pH of 
the resulting stream tends to be equal to the pH of the acidic 
stream, Q2. These results show that the model can capture 
the effect of carbonic acid buffering.

The concentrations of carbonate species  (H2CO3,  HCO3
−, 

 CO3
2−), TA, and TIC was as expected (Fig. 4). The TIC at 

any pH is the sum of the inorganic species but it diminishes 
with pH reduction. This is because the TIC in the stream Q2 
is lower than the TIC in the stream Q1. The TA decreases 
as the pH falls, reaching zero at pH 4.3. After pH 4.3, the 

alkalinity has been totally consumed. The negative value of 
TA shows that the water is getting even more acidic.

Comparison Between Model and Laboratory Results

Figures 5 and 6 show the predicted and measured values for 
the first simulation scenario using (1) deionized water and 
HCl, and (2) tap water and  H2SO4, respectively, for scenar-
ios with low and high alkalinity. The figures show that the 
modelled pH and alkalinity agree with the measured values. 
However, the measured alkalinity in the experiments with 

(b)(a)

Fig. 5  Model prediction and measured values of a pH and b alkalin-
ity.  V2 is the volume of acidic water (representing acidic discharge) 
and  V1 is the volume of basic water (representing the river water 
before contamination).  pHR is the pH resulting after mixing  V1 and 

 V2. The laboratory experiments were performed using two levels of 
initial alkalinity  (V1) corresponding to 0.0093 and 0.054  eq/L. The 
experiments were done using dionized water, HCl to lower the pH, 
NaOH to increase the pH, and  Na2CO3 to increase the alkalinity

(b)(a)

Fig. 6  Model prediction and measured values of a pH and b alkalin-
ity.  V2 is the volume of acidic water (representing acidic discharge) 
and  V1 is the volume of basic water (representing the river water 
before contamination).  pHR is the pH resulting after mixing  V1 and 

 V2. The laboratory experiments were done using two levels of initial 
alkalinity for  V1 corresponding to 0.012 and 0.033 eq/L, respectively. 
The experiments were done using tap water,  H2SO4 to lower the pH, 
NaOH to increase the pH, and  Na2CO3 to increase the alkalinity
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tap water and  H2SO4 was below the alkalinity estimated by 
the model. In the high alkalinity experiment, the difference 
is about 0.02 eq/L at higher pH values (Fig. 6b). This differ-
ence is due to the  HSO4

− introduced by the sulfuric acid that 
was used to produce acidic water in the experiments, which 
was not considered in the model, see Eq. 1.

Figures 7 and 8 show the modeled and measured values 
for the second simulation scenario using (1) deionized water 
and HCl, and (2) tap water and  H2SO4, respectively. The fig-
ures show that the modelled pH and alkalinity agree with the 

measured values. In the changing pH experiment, the mod-
eled and measured alkalinity deviate at low pH (Fig. 8b). 
This happens because experiments were performed differ-
ently. For the changing pH experiments, the initial samples 
were both prepared with a high pH, while for the changing 
volume experiments, one of the initial samples were pre-
pared with a high pH and the other with a low pH (Supple-
mental tables 4, 5, and 7). For the changing pH experiments, 
the pH was lowered by adding acidic water (prepared with 
 H2SO4) to lower the pH to  V2.

(b)(a)

Fig. 7  Model prediction and measured values of a pH and b alka-
linity resulting when constant volumes of acidic water (represent-
ing acidic discharge) and basic water (representing the river water) 
are added varying the pH of the acidic water.  pHR is the pH of the 

water sample resulting from adding basic and acidic water.  pH2 is the 
pH of the acidic water. The experiment were done using deionized 
water, HCl to lower the pH, NaOH to increase the pH and  Na2CO3 to 
increase the alkalinity

(b)(a)

Fig. 8  Model prediction and measured values of a pH and b alka-
linity resulting when constant volumes of acidic water (representing 
acidic discharge) and basic water (representing the river water) are 
added varying the pH of the acidic water.  pHR is the pH of the water 

sample resulting from adding basic and acid water.  pH2 is the pH of 
the acidic water. The experiments were done using tap water,  H2SO4 
to lower the pH, NaOH to increase the pH, and  Na2CO3 to increase 
the alkalinity
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The correlation coefficients in all of the experiments were 
significant at a confidence level of 0.95 (Table 2). Calculated 
p-values for all correlation coefficients were much less than 
0.05. NSE values were between 0 and 1 for all experiments. 
The correlation coefficient together with the NSE values 
reveal that the model is accurate enough to be used for prac-
tical applications (Table 2). An example of such a practical 
application is given below, given to illustrate how the model 
can be used in practice.

Applying the Model to the Zambezi River 
in Mozambique

The Zambezi River Basin is the largest river basin in south-
ern Africa, with a surface area of 1,370,000 km2 and an 
average discharge at the outlet of 4100 m3/s. It sustains life 
for about 30 million people and is essential for the economy 
of its riparian countries, which include Angola, Botswana, 
Malawi, Mozambique, Namibia, Tanzania, Zambia, and 
Zimbabwe (Supplemental Fig. 1; Nhantumbo et al. 2015).

Over the past 10 years, coal mining has been increasing 
along the Zambezi River Basin, with the associated threat 
of severe impacts to water quality. However, these impacts 
can be minimized if there is a well-developed water qual-
ity monitoring program to allow early detection of negative 
trends and an understanding of actions that can be taken to 
protect the water resources. However, water quality moni-
toring is not well established in the Zambezi River Basin 
and a lack of resources limits its improvement (Nhantumbo 
et al. 2015). Predicting the acidity level of the water coming 
from the main river tributaries would potentially allow water 
managers to implement targeted water quality monitoring 
programs and better protect the watershed.

The three main coal reserves (Chicôa-Mecúcoè in 
the west, Sanângoè-Mefídezi in the southwest, and 

Table 2  Correlation coefficient (R) and Nash–Sutcliffe Efficiency 
(NSE) values for experiments 1 to 6 expressing the goodness-of-fit of 
the model compared with measured pH and alkalinity

Experiment pH Alkalinity

R NSE R NSE

1 0.95 0.84 0.99 0.92
2 0.99 0.99 0.98 0.88
3 0.99 0.98 0.99 0.98
4 0.98 0.97 0.99 0.98
5 0.86 0.71 0.80 0.90
6 0.94 0.54 0.86 0.59

Fig. 9  Coal mining in Tete Province in Mozambique (Nhantumbo et al. 2015)
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Moatize-Minjova in the northeast) of Mozambique are in 
the riparian area of the Zambezi River Basin in Tete Prov-
ince (Fig. 9) (Nhantumbo et al. 2015). Several mining com-
panies are exploring and some are already mining coal in 
Tete. The most exploited reserve is the Moatize-Minjova in 
the Moatize district (Nhantumbo, Larsson, Juizo, & Larson, 
2015). Static and leaching tests indicate that there is a sig-
nificant probability of having AMD in the Moatize district 
(Pondja et al. 2016). The tributaries of the Zambeziet al. 
Basin passing through the Moatize district (the Revúbue, 
Mavuzi, and Condadezi Rivers) are the most likely to be 
impacted by mining. Open pit mining is currently being 
used to exploit coal in Moatize; the Moatize-Minjova is a 
karoo-aged rift characterized by interbedded carbonaceous 
mudstones and sandstones, together with coal seams (Pondja 
et al. 2016). Water samples collected from tet al.e pits had a 
near-neutral pH and a high content of sulfate, calcium, and 
magnesium, which is indicative of neutralization of the acid 
by carbonates and silicates (Pondja et al. 2016).

The average flow, pH, and alkalinity of both the main 
stream and the tributaries from the mining area are listed in 
Table 3. At present, there is no contamination reported in the 
main stream that indicates acidification (Nhantumbo 2013). 
Our task was to determine the threshold pH of the effluent 

from the mining area that would trigger significant changes 
in the Zambezi River. To address this question, we used the 
model developed in the present study to simulate the change 
in pH in the Zambezi River that would result from a change 
in pH of water from the mining area. For the simulation, 
the pH in the effluent from the mining area was assumed to 
range from 7.85 to 2.

The results of the simulation indicated that the pH in the 
main stream of the Zambezi River would drop from about 
6 to 3 when the average pH of the water in the incoming 
tributaries from the mining area was about 3 (Fig. 10a). This 
shows that with the present alkalinity and flows, the main 
stream of the Zambezi River cannot support a drop in pH in 
water from the mining area to below 3. Additional analysis 
was done using the speciation of the carbonate ions, TIC, 
and TA (Fig. 10b). By comparing Fig. 10a, b, one can see 
that the pH drops when the alkalinity in the main stream is 
totally consumed.

The pH of the water coming from the mining area must 
not drop below 3 to avoid significant harm to the river. How-
ever, depending on the geology of the area, even water with 
a pH above 3 might contain enough contaminant metals to 
adversely affect the water of the main stream, even though 
the pH remains above 6.5. Also, the model considers only 
the carbonaceous alkaline species. The effects of other alka-
line species and the hydrolysis and precipitation of iron and 
aluminum, which would likely significantly affect the pH, 
were not considered. Thus, the simulated results can only 
be considered to be a first approximation. Nevertheless, 
the modelling methodology is flexible, making it possible 
to include the effects of other alkaline species, and metal 
hydrolysis and precipitation. For more detailed modelling, 

Table 3  Average flow, pH and alkalinity of the main stream of Zam-
bezi River Basin upstream the mining area and tributaries coming 
from the mining area (Nhantumbo 2013)

Parameter Flow  (m3/s) pH Alkalinity (mg/L as  CaCO3)

Main stream 2330 7.6 ± 0.3 62 ± 2 (0.00124 eq/L)
Tributaries 1120 7.85 ± 0.4 129 ± 102 (0.00384 eq/L)

(b)(a)

Fig. 10  Simulated resulting pH  [pHR] (a) and concentration of carbonate ions, total inorganic carbon (TIC), and total alkalinity (TA) (b) in the 
main stream of Zambezi River against pH in the water coming from the mining area  (pH2)
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it may be desirable to extend the model to include these 
effects.

At least some  CO2 degassing will take place and there is 
a chance that buffering mineral in the bottom of the stream 
might dissolve; all these effects will reduce the impact. 
There is also a chance that zonation will create localized 
places with extremely low pH (Schemel et al. 2006), but 
this effect can only be understood using three-dimensional 
modelling, which was not attempted in this study.

Model Potential Applications, Limitations, 
and Opportunities for Improvement

At present, the model can be applied to simulate different 
contamination scenarios as river water and acidic discharges 
mix. In practice, the model can be used as a decision sup-
port tool by authorities for granting new mining licenses 
and by different industries that produce acidic wastewaters 
to manage their discharges to the environment. However, 
modelling results should only be used to approximate the 
environmental impact in order to limit exploitation of a cer-
tain resource or the discharge of acidic water. As previously 
pointed out, relying only on modelling results is not recom-
mended (Nordstrom 2012). Water quality monitoring must 
be implemented during the operational phase.

The model requires a limited amount of input data: the 
flow of the river and the acidic discharge, the pH and alkalin-
ity of both streams, and the average temperature of the water. 
This makes the model useful for estimating the pH and alka-
linity in remote areas where there is lack of resources and 
data.

At the present stage of model development, there are 
some limitations that need to be considered before practi-
cal applications: (1) the model considers molar concentra-
tions, not activities, and it can only be used at sites where 
the ionic strength is low as indicated by TDS being below 
1000 mg/L or electrical conductivity below 1500 µS/cm; 
(2) only carbonaceous species alkalinity is considered and 
the effect of other species, especially iron, manganese, and 
aluminum concentrations, may affect the results of the model 
when dealing with water having a pH < 4.3; (3) the model 
assumes instantaneous mixing, which is only an approxi-
mate assumption and may limit the applicability of model 
when accurate values of pH are needed (mixing in natural 
rivers can be affected by river width, depth, water velocity, 
roughness of the stream bed, and the relationship between 
the flow of the main stream and the acidic discharge); hence 
the time needed to have complete mixing and equilibrium 
of the alkalinity species in the water might be longer then 
considered in the model; (4) the model cannot capture zona-
tion in wide and deep streams; and (5) the model should only 
be used when the purpose is to investigate the pH of rivers 

impacted by acidic discharge and no detailed information 
about the concentrations of metals are required.

The approach can be improved by: (1) using activities 
other than molar concentration to extend the model’s appli-
cability to high ionic strength waters; (2) including more 
alkaline species as well as the effects of iron, manganese, 
and aluminum in Eq. 27; (3) investigating the effects of 
stream width, depth, water velocity, stream bed roughness, 
and the relationship between the flow of the main stream and 
the acidic discharge, as well as the effect of  CO2 degassing 
and dissolution of stream bed minerals, to obtain the mixing 
zone length and the minimum pH value at the mixing zone; 
(4) including three-dimensional transport in the mixing 
zone; and (5) including simulation of metal concentrations.

Nevertheless, the model, despite its limitations, can be 
used to make a preliminary evaluation of the impact of 
acidic discharges into rivers. Some of the main advantages 
of the model are its simplicity and minimal data require-
ment. The approach can be further developed to simulate 
extremely low pH cases, such as Iron Mountain in California 
(Nordstrom et al. 2000), by expanding Eq. 27, as mentioned 
above.

The model does not simulate what happens downstream 
of the discharge point because the model does not simu-
late the necessary reaction and transport processes that take 
place downstream. However, the methodology opens up the 
possibility of developing models that include both near- and 
far-field transport and mass transfer features when acidic 
water is discharged into a stream because it uses a different 
approach than other currently available models. Equilibrat-
ing the alkaline species within the water with certain gas 
and solid phases, as it is done in PHREEQC, only simulates 
the pH and alkalinity accurately far downstream in surface 
waters, where the solid and gas phases have already reached 
equilibrium. At the same time, using only the effect of dilu-
tion, like the OTIS model, can introduce errors in the esti-
mated concentrations when the water chemistry is complex. 
When acidic water is discharged into a stream, the equilib-
rium between the species within the water is immediately 
reached, but the equilibrium with the stream bed solid phase 
and the atmospheric gases is reached further downstream. 
The methodology suggested in the paper only considers the 
equilibrium of aqueous species within the water and mass 
transfer theories that can be used to simulate the exchange 
of alkaline species with the surrounding environment as 
the water travels downstream. Further development of the 
model should include features to simulate the reaction and 
transport-process in the river water, which are the main con-
straints of available models in simulating pH and alkalinity 
(Mosley et al. 2010, 2015).
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Conclusions

A model that simulates the pH and alkalinity at the mixing 
point in a river affected by an acidic discharge was devel-
oped based on theoretical understanding of alkalinity and 
pH in natural waters. A nonlinear equation in terms of the 
concentration of hydrogen ions was obtained and solved 
using the Newton–Raphson technique to get the concentra-
tion of hydrogen ions. The model can simulate two different 
contamination scenarios in the mixing zone: (1) constant pH 
of the acidic discharge but a varying flow and (2) constant 
flow of the acidic discharge but a variable pH. The model 
was evaluated by its agreement with the buffering provided 
by carbonic acid in water and validated by comparison with 
data from laboratory experiments.

The modeled results agreed well with the buffering 
effects of carbonic acid in water. The correlation coefficients 
between the modeled and measured data were always above 
0.8 and the related p-values were always below 0.05. This 
means that the model is accurate enough to be used for prac-
tical applications.

Furthermore, the usefulness of the model was shown 
using data from the Zambezi River in Mozambique. From 
the simulated results, it was concluded that a significant drop 
in the pH of the main stream of the river will be registered 
only if the pH of the tributaries drops below 3.

The model can be further developed to simulate the reac-
tion transport process taking place further downstream of 
the mixing zone. Such an improvement would allow the 
model to simulate natural recovery, and allow it users to 
plan the treatment as well as to monitor the reclamation of 
the already impacted stream.
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