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Abstract  Groundwater is the most important source of water supply in Beijing city. However, groundwater has 
undergone intensive total hardness pollution caused by water-rock interaction and by human activities. Analysis of 
monitoring data of 30 years shows that the high concentration of total hardness is relationship with carbonate 
mineral dissolution and cation exchange. But speciation calculations of two flow path using the hydrogeochemical 
modeling code PHREEQC indicated that the annual contribution of carbonate dissolution and cation exchange to 
concentration of Ca2+ and Mg2+ is less than 1 mg·L-1, which was far less than that observed. The results illustrated 
that carbonate mineral dissolution and cation exchange in aquifers play a small role in the contribution of 
groundwater chemical evolution, and also imply other anthropogenic sources exist indirectly. 
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1. Introduction 

The study area is located in the upper and middle 
sections of the alluvial fan of the Yongding River, this 
includes several Beijing administrative divisions such as 
the Shijingshan District, Chaoyang District, Fengtai District 
and the piedmont region in Haidian District (Figure 1). In 
the western study area, the water quality was relatively 
good. The total hardness of the groundwater in the middle 
area has exceeded 450 mg/L from 1960 to the present, which 
according to Chinese national drinking water standards is 
not suitable for domestic use. The total hardness and 
concentrations of NO3

-, Cl-, SO4
2-, TDS, etc are generally 

higher in the northern and western regions of the confined 
aquifer. However the concentrations decrease with increasing 

groundwater depth. In some eastern parts of the alluvial 
fan, shallow aquifers with a depth in 0–40 m, have higher 
concentration of total hardness and nitrate as nitrogen  
(N-NO3

-). Research has shown that the higher total hardness of 
groundwater in the Beijing urban areas are influenced  
by anthropogenic activities. Cation exchange of calcium, 
magnesium and ammonium control the hardness increment of 
groundwater in a continuous infiltration condition [1]. The 
contribution of total hardness from mineral dissolution is 
the secondary water rock interaction [2]. It is however difficult 
to distinguish t and quantify the natural hydrogeochemical 
processes from human activities. Generally, the studies of 
water–rock interactions were adapted from hydrogeochemical 
methods. A few programs for hydrogeochemical processes 
such as NETPATH [3]. and PHREEQC [4]. have been used 
to model hydrochemical processes occurring along a flow 
path within an aquifer [5,6,7,8,9]. 

 

Figure 1. Area of study scheme with location of water sample in Beijing Administrative Region 
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In this study, PHREEQC was used to simulate the impact 
of mineral dissolution and ion exchange which influence 
the evolution of total hardness in groundwater quality. 

2. Geology and Hydrogeology 

The study area is located in a semi-arid climatic zone  
and has an annual temperature of 11.7°C. The mean 
annual precipitation was 610 mm from 1980 to 2005. The 
precipitation is dominated by the East Asian Monsoon 
between June and September and it accounts for about  
85% of annual precipitation. Mean potential evaporation is 
1826 mm from 1980 to 2005 [10]. 

The thickness of the Quaternary aquifers varies from 30 
to 280 m in study area. Unconfined aquifers occur in the 
upper alluvial fan, they consist mainly of gravel and 
coarse sand with high hydraulic conductivity values of 
200–500 m/d. In the middle of the alluvial fan, the 
Quaternary deposit with a thickness of 100–280 m is 
composed of coarse sand, sand and clay. This is divided 
into two or three aquifers with hydraulic conductivity 
values of 50–80 m/d. 

The groundwater recharge in the study area comes from 
the lateral runoff of the western piedmont, precipitation, 
surface water infiltration, and recharge of irrigation water. 
The discharge comes from extraction, runoff downstream, 
and evaporation in some areas. 

Before the 1960’s, the groundwater was insignificantly 
affected due to urban anthropogenic activity, with the 
natural state flowing from west to east and south. 
However, since the 1970’s, due to over-extraction, the 
groundwater levels have declined dramatically with an 
average rate of about 1 m/a. The average depth of 
groundwater level has fallen to over 30 m. 

3. Hydrochemical Characteristics 

The area of study is located in the alluvial-fan of the 

Yongding River, which has a large population density. 
The groundwater quality has been affected by a number of 
anthropogenic activities, including agriculture, domestic 
sewage, industrial wastewater and landfill leachate. According 
to the various characteristics of the ion concentrations in 
the groundwater and from natural groundwater to the 
anthropogenic groundwater, four stages can be identified 
as follows: 

During the 1950s, the groundwater in the study area 
was essentially in its natural condition. Only the water 
quality of the unconfined aquifers and some shallow 
confined aquifers of the old central city was slightly 
affected by seepage wells and septic pits. At this time the 
groundwater chemical type was HCO3-Ca•Mg. The areas, 
where the content of total hardness in groundwater 
exceeded 450 mg/L, was nearly 42 km2 in the unconfined 
and shallow confined aquifers. 

With increased urbanization from 1960 to 1970, population 
and industrial growth resulted in groundwater extraction 
increasing from 0.05×108 m3/a to 10.8×108 m3/a, and the 
rate of sewage leakage also increased. Therefore, the 
groundwater quality deteriorated gradually. The total hardness 
increased from 220 mg/L to 300 mg/L, and nitrate as 
nitrogen from 1 mg/L to 6 mg/L in the groundwater. 

From 1980 to 1990, the total water demand in urban 
areas increased to 26.2×108 m3/a, and the discharge of 
wastewater increased to 7.82 × 108 m3, which was 32 
times the discharge of the early 1950’s, as a result 
groundwater quality has deteriorated even more. 
Excluding total hardness (increased from 350 mg/L to 600 
mg/L) and nitrate as nitrogen (increased from 8 mg/L to 
24 mg/L), the total dissolved solids(TDS) in groundwater 
has also increased from 500 mg/L to 900 mg/L. 

In the late 1990s, the total hardness and TDS tended to 
decrease, the hardness decreased from 680 mg/L to 500 
mg/L, TDS from 1100 mg/L to 900 mg/L.  

From 1999, with lower precipitation and increasing 
groundwater extraction has resulted in a continuous 
decline of regional groundwater level. The total hardness 
of the groundwater also began to gradually increase again. 

 
Figure 2. Scatter plot of c(Ca + Mg) vs. c(HCO3 + SO4) 
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4. Water-Rock Interaction of Evolution of 
Total Hardness 

4.1. Mineral Dissolution 
The aquifer in the study area consists of mainly Quaternary 

sediments; therefore, HCO3
-, Ca2+ and Mg2+ are likely 

from carbonate minerals or from calcium and magnesium 
mineral dissolution. Previous research [11-17] has shown 
that c(Ca2++Mg2+)/c(HCO3

-+SO4
2-) >> 1 which denotes 

carbonate dissolution, and c(Ca2++Mg2+)/c(HCO3
-+SO4

2-) 
<< 1 refers to silicate dissolution; if c(Ca2++Mg2+) 
/c(HCO3

-+SO4
2-) ≈ 1, then this implies a combination of 

both carbonate and silicate dissolution.  
The collection of monitoring data from 1975 to 2004 

shows that the values of c(Ca2++Mg2+)/c(HCO3
-+SO4

2-) of 
most of the observation points is ranges from 0.9 to 1.2 in 
the area of study. Because of the discontinuous collection, 
the monitoring data in 1975, 1985, 1995, 2004 was used to 
analyse the process of mineral dissolution. The scatter 
diagram (Figure 2) of c(Ca2++Mg2+)/c(HCO3

-+SO4
2-) shows 

that the source of Ca2+, Mg2+ and HCO3
- originate more 

from carbonate mineral dissolution than silicate mineral. 
Therefore, HCO3

- can be used as an indicator of the region's 
groundwater water-rock interaction. The high concentrations 
of Ca2+, Mg2+ and HCO3

- reflect mineral dissolution and 
rock weathering processes in the study area. 

4.2. Ion Exchange 
As previously mentioned, the major sources of Ca2+ and 

HCO3
- of the study area originate due to a carbonate 

mineral dissolution process. This process demonstrates 
that an increase in the concentration of HCO3

- should 
result in an increase in the concentration of Ca2+. However, 
if Na/Ca exchange takes place, the concentration of Ca2+ 
will be lower, while the concentration of Na+ will be 
higher. A common feature of Ca/Na exchange is: when 
concentration of HCO3

- increases, Ca2+ will decrease, and 
Na+ will increase. This type of region is the typical region 
of Ca/Na exchange. In the study area, concentrations of 
HCO3

- and Na+ increased, while the concentration of Ca2+ 
decreased. This shows that Ca/Na ion exchange occurred 
in this area. 

5. Water-Rock Interaction of Evolution of 
Total Hardness 

5.1. Flow Paths of Modeling 
The simulated path located in the area where the flow 

field of groundwater is relatively stable. The flow path of 
modeling in groundwater should be located in relatively 
stable flow regime area. According to the groundwater 
flow regime from 2001 to 2005 in area of study, two flow 
paths was used to model. Path I-I' is located in the single 
aquifer area and Path II-II' is located in the multi-aquifer 
area (Figure 3). The simulation time is from 2000 to 2005. 
The flow rate of path I-I’ is 1.5 m·d-1, and the length of the 
path is 2737.5 m. The flow rate of path II-II' is 0.5 m/d and 
the length of the path is 912.5 m 

5.2. Selection of Phases 
According to monitoring data of water quality in the 

area of study, nine ions with respect to pH, HCO3
-, Cl-, 

SO4
2-, NO3

-, Ca2+, Mg2+, K+, Na+ are selected to simulate 
the phases. The monitoring data for the year 2000 was 
used as the initial concentration of the model (Table 1), 
and solution 0, solution 1, and solution 2 represent initial 
concentrations of cells in their respective modeling paths. 
The initial ion concentrations in solution 0, solution 1 and 
solution 2 were obtained from the concentration contour 
map, as well as the observed concentration in each section. 

 
Figure 3. 1D water-rock interaction modeling paths in area of study 

Table 1. Initial concentrations of each component in model  

Components 
Initial concentration (mg·L-1) 

Solution 0 Solution 1 Solution 2 
I-I’ II-II I-I’ II-II’ I-I’ II-II 

pH 7.6 7.8 7.7 7.8 7.7 7.8 
HCO3

- 299.0 24.1 296.7 247.7 292.2 249.2 
Cl- 114.0 13.0 129.2 13.5 159.7 14.5 
SO4

2- 139.0 56.8 140.5 56.85 143.5 570.0 
NO3

- 19.2 6.1 17.1 6.45 12.9 7.1 
Ca2+ 88.2 56.5 86.1 56.8 82.0 57.6 
Mg2+ 35.9 27.1 37.4 27.3 40.4 27. 8 
K+ 9.13 1.5 9.4 1.48 9.9 1.5 
Na+ 82.1 13.2 84.6 13.27 89.5 13.4 

6. Calculation of Saturation Index 
Table 2. Calculations of saturation index of minerals for water 
samples 

Minerals 
Saturation Index 

S1 S2 S3 S4 S5 S6 S7 S8 
Dolomite 0.37 0.46 0.40 0.48 0.55 0.41 0.40 0.12 
Calcite 0.34 0.41 0.40 0.32 0.41 0.34 0.36 0.22 

Minerals 
Saturation Index 

S9 S10 S11 S12 S13 S14 S15 S16 
Dolomite -0.19 0.75 0.35 0.37 0.51 0.15 0.59 0.69 
Calcite 0.22 0.29 0.25 0.34 0.37 0.24 0.40 0.48 

 
The locations of saturation index (SI) calculations are 

shown in Figure 1. The calculation results of SI are listed 
in Table 2. It shows that the SI of calcite and dolomite of 
this area is generally greater than 0. Therefore, Ca2+, 
Mg2+ and HCO3- in the groundwater in most areas of 
study, are in an oversaturated state with respect to calcite 
and dolomite.  
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Table 3. Results of calculation and observed values of path I-I’ and II-II' unit: mg/L 

P C 
Mineral dissolution +migration Mineral dissolution + ion-exchange+ migration 

OV Va.OV 
SV Va. SV SV Va. SV 

I-I' 
HCO3

- 295.8 -3.21 295.85 -3.15 368 69 
Ca2+ 88.1 -0.12 88.08 -0.12 126 37.8 
Mg2+ 35.9 0.004 35.90 0.004 46 10.1 

II-II' 
HCO3

- 247.2 0.23 247.29 0.29 283 36. 
Ca2+ 60.6 4.14 60.64 4.14 78 21.5 
Mg2+ 24.9 -2.24 24.84 -2.26 33 5.9 

P: Path; C: Component; SV: Simulated values; Va.SV: Variation of Simulated values; OV: Observed values; Va.OV: Variation of Observed values. 
 

7. Results and Discussion 

For the analyses of water-rock interaction on the total 
hardness in groundwater, two scenarios of mineral 
dissolution and ion-exchange + mineral dissolution were 
used in the simulation. The results are shown in Table 3. 
The simulated results of the transport model for calcite 
and dolomite dissolution show that the concentration 
variation of Ca2+, Mg2+ and HCO3

- is very small. The max 
variation of the I-I' path is HCO3

-, and the maximum value 
of variation is only -3.21 mg·L-1 in five years; path II-II' 
is Ca2+, and the concentration increased 4.14 mg·L-1 in 
five years. The contribution of mineral dissolution +  
ion-exchange to the concentration of Ca2+, Mg2+ and 
HCO3

-etc., is less than 1 mg·L-1·yr-1. 
Comparison of simulated values and measured values 

shows that the concentration of Ca2+, Mg2+ and HCO3
- was 

larger than the measured values of these of point I and II 
in 2000. In path I-I', the concentration of Ca2+, Mg2+ and 
HCO3

- has increased nearly 0.50–1.00 mmol·L-1;and 
nearly 0.25-0.50 mmol·L-1 in path II-II'. This shows that 
although Ca2+, Mg2+ and HCO3

- in groundwater results 
from calcite and dolomite dissolution, mineral dissolution 
and ion-exchange contribute little to the concentration of 
Ca2+, Mg2+ and HCO3

- in the groundwater. This would 
imply that the increase of total hardness, likely originated 
from upstream of the aquifer or from solute infiltration in 
the vadose zone. 

8. Conclusion 

The four stages were identified according to the  
various characteristics of the ion concentrations in the 
groundwater and from natural groundwater to the 
anthropogenic groundwater. The main water-rock interactions 
for groundwater total hardness in the study area include 
mineral dissolution processes and cation exchange. However, 
the concentration variation of HCO3

- was only –0.64 mg·L-1·yr-1, 
the concentration of Ca2+ increased 0.82 mg·L-1·yr-1. The 
contribution of mineral dissolution + ion-exchange to  
the concentration of Ca2+, Mg2+ and HCO3

- is less  
than 1 mg·L-1 annually, less than the observed values.  
In path I-I', the concentration of Ca2+, Mg2+ and  
HCO3

- increased approximately 0.5–1.0 mmol·L-1, and 
nearly 0.25-0.5 mmol·L-1 in path II-II'. These results 
indicate that other sources exist besides the natural 
hydrogeochemical processess, and probably originated 
upstream of the aquifer or from solute infiltration in the 
vadose zone. 
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