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Abstract 
 
Taking the sandy aquifer intruded by seawater in the lower reaches of Dagu River as the research object, the samples of underground 
freshwater, seawater and aquifer media were collected, and their composition and properties were determined. The seepage device 
was used to simulate the displacement process of seawater and freshwater. The relationship between permeability change of aquifer 
and hydrologic-geochemical action was studied. The mechanism of water sensitivity was explained by a hydrologic-geochemical 
process for the first time. The results show that the exchange and migration of multi-component ions occur in the process of mutual 
displacement of saline and freshwater, accompanied by clay release and complex hydrologic-geochemical processes. The reason 
for clay release is not the enhancement of diffusion and dispersion, but the enhancement of clay expansion and diffusion by 
hydrologic-geochemical action, which results in the decrease of permeability of the aquifer. 
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1. Introduction 
 

Salt-freshwater transitional zone refers to the 
transitional zone of salt concentration formed by 
hydrodynamic dispersion between saltwater and 
freshwater in underground aquifers, which is a 
transitional zone from high salinity saltwater to low 
mineralized groundwater. Under offshore 
hydrogeological conditions, due to natural changes 
and human factors, the salt-freshwater transitional 
zone must oscillate back and forth (saltwater-
freshwater displacement each other), accompanied by 
permeability changes of aquifer media and complex 
hydrologic-geochemical processes (Appelo and 
Willemsen, 1987; Beekman et al., 1990; Ochi and 
Vernoux, 1998; Sen and Khilar, 2006). 

                                                           
 Author to whom all correspondence should be addressed: e-mail: renjiaguo2008@126.com; Phone: +86 15966929600 

Water sensitivity refers to the phenomenon of 
clay release, migration and deposition caused by 
incompatible external fluids entering porous media, 
which leads to the decrease of permeability of water-
bearing media. Since Fancher first discovered the 
phenomenon of water sensitivity in 1933, Chinese and 
researchers and outside China have studied the 
development of oil and gas reservoirs, soil 
permeability and groundwater pollution (Chițimuş et 
al., 2014; Falade et al., 2019; Kafisanwo et al., 2018; 
Liu et al., 2014; Mawarni et al., 2018; Ren et al., 2018; 
Wu et al., 2015; Xu et al., 2018; Zhang et al., 2016). 
However, little research has been done on the changes 
of the permeability of the sea and freshwater interface, 
and the effects of hydrologic-geochemistry on the 
characteristics of aquifer media and aquifers (Du et al., 
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2017; Kong et al., 2015; Wu et al., 2018). The effect 
of permeability has not been reported yet. 

In this paper, the behavior of hydro- 
geochemical processes such as multi-component ion 
exchange under the influence of water sensitivity in 
the salt-freshwater transitional zone is studied. The 
displacement process is simulated by using a 
displacement device, while the permeability change of 
aquifer medium as well as the change law of main ions 
are measured during the displacement process. The 
dynamic parameters of the aquifer medium and water 
are attempted to study (Han et al., 2017; Yu et al., 
2014; Wang and Shi, 2019). From hydrodynamics and 
geochemistry perspective, the phenomenon of water 
sensitivity is explained, which provides a more 
reasonable scientific basis for the phenomenon that 
clay release leads to the decrease of aquifer 
permeability in the process of displacement. 
 
2. Test materials and methods 
 
2.1. Test materials 
 

The main water samples used in the experiment 
are groundwater, Dagu River water and seawater 
collected. Groundwater is taken from Dongxiaobu 
Village, far from the Dagu River estuary, and sea-
water is taken from Xiaoqingdao, near Jiaozhou Bay. 
The water is sealed and preserved, and filtered with 
0.45 μm microporous membrane before the test to 
remove impurities. The water quality analysis results 
are shown in Table 1. 

The test sand samples are undisturbed soils 
collected from Maoxi Village in the lower reaches of 
the Dagu River. The bulk density, water content and 
specific gravity of the sand samples are 1.6 g cm-3, 
22.10% and 2.65, respectively. The sand samples are 
air-dried, crushed and sifted, and the grain size of the 
sand samples is analyzed. For sand samples with 
particle size larger than 0.075 mm, the screening 
method is used, while for particles with particle size 
smaller than 0.075 mm, the hydrometer method is 
used to determine. According to the results of particle 
size analysis, the fraction with particle size less than 
0.5 mm accounted for 60.52% of the total, the fraction 
with particle size less than 0.075 mm accounted for 
20.42% of the total, and the clay with particle size less 
than 0.005 mm accounted for only 2.99%. The non-
uniformity coefficient of sand sample is 4.45 and the 
average particle size is 0.397.  

The mineral composition of aquifer samples is 
determined by X-ray diffraction analysis. Firstly, the 
samples were manually ground into powder. Then, the 
samples were measured by the Japanese D/maxrB 
Anode Rotating X-ray Diffractometer under the 
condition of monochrome radiation. The data were 
analyzed by JIFFRAC XRD commander software. 
According to the results of X-ray diffraction analysis, 
the sand samples are mainly composed of quartz and 
potassium feldspar, of which 27% are quartz, 67% are  

 

potassium feldspar, and only 1.7% are clay minerals. 
 
2.2. Test device 
 

The saltwater displacement test adopts a fixed 
head water flow system, which consists of a fixed head 
device, a seepage column and an outflow 
measurement system. The experimental device is 
shown in Fig.1. The soil column consists of a 
plexiglass column with a sampling inlet and a water 
inlet. To eliminate the effect of gravity on particle 
migration, the seepage column is placed horizontally. 

The fixed head device is a vessel with intake, a 
catchment and a water injection port. The catchment 
port plays a role of a fixed water level, i.e. adjusting 
the position of the upper end of the water injection 
port, so that surplus water or solution can flow out 
from the catchment port, and always ensure that a 
small amount of water flows out slowly, so that the 
water level in the bottle is constant. Besides, the buffer 
bottle itself has a certain volume.  

Once the catchment is faulty or the water 
supply is insufficient, the water or solution in the 
buffer bottle will play a buffer role, which will not 
change the seepage condition of the seepage column 
dramatically, leading to the failure of the test. It should 
be noted that when converting the water solution, the 
intake head and the outlet head should be kept 
unchanged. 
 
2.3. Test method 
 

(1) The equal bulk density (1.6 g/cm3) of the 
aquifer sand sample is loaded into the organic glass 
tube with a length of 20 cm and an inner diameter of 
2.8 cm. Vacuum for 20 minutes with Auto-science 
vacuum filter under sealed condition and then 
seawater saturated sand column. 

(2) Connect the saturated sand column with the 
fixed head system and enter the sea-water at a given 
hydraulic gradient until the volume of the effluent 
from the sand column reaches a stable value. 

(3) Directing the three-way valve to river water, 
the salt concentration of sand column infiltration 
solution is reduced instantaneously, and the volume, 
conductivity and absorbance of sand column effluent 
at different time intervals are measured. 

(4) The volume, conductivity and absorbance of 
effluent from the sand column at different time 
intervals were continuously measured by changing the 
three-way valves according to the sequence of 
seawater - river water - seawater - river water - 
seawater - river water. 

(5) According to the volume of the effluent, the 
flow rate of the effluent can be calculated, and the 
concentration of suspended particles in the effluent 
can be determined by the standard curve of absorbance 
and particle concentration. In this way, the curves of 
different effluent concentrations with time can be 
drawn. 
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Table 1. Results of chemical compositions in water samples 
 

Items Na+ K+ Ca2+ Mg2+ C1- SO4
2- HCO3

- EC pH 
Seawater 10207.24 340.09 411.30 1282.98 17686.09 2363.55 130.00 48500 8.18 

Groundwater 95.95 10.12 151.93 32.07 79.82 141.54 376.13 6315 7.75 
River water 5.9 1.3 1.0 1.4 4.1 0.8 1.6 780 7.12 
Note: ion concentration in mg/L and conductivity (EC) in μs /cm 

 

 
 

Fig. 1. Schematic diagram of the experimental setup 
1. Marriotte bottle; 2. Plug; 3. Glass tubing; 4. Pump; 5. Water tank; 6. Constant head tube; 7. Flatjaw pinchcock; 8. Seepage 

column, 100cm length, 4.3cm inner diameter; 9. Measuring cylinder; 10. Boulting cloth; 11. Glass pipe bending; 12. Rubber pipe; 
13. Holder; 14. Plate 

 
3. Analysis of permeability mutation test results 
 

Test results show that the solution to the salt 
concentration changes of permeability changes, 
especially in the river water, sand multi-gas 
permeability of column will be dropped dramatically 
in (Fig. 2). The first stage in the sea, multi-gas merely 
by 2 pore volume of water, sand column by flooding 
the permeability coefficient of the former 4.88×10-

2cm/s to 1.74×10-2cm/s, permeability by 64%. As the 
continuation of displacement, the permeability 
coefficient some slightly rebounded, but soon stability 
in the investigation of 2.15×10-2cm/s near. The water 
flooding, only through the process of salt-water about 
3 pore volume of solution, and make the permeability 
coefficient of loss plotted to 56%. To study the 
reversibility of permeability change, seawater was 

used to displace fresh- water to observe the 
permeability response of sand columns. The results 
showed that the permeability coefficient only 
increased from 2.21×10-2 cm/s to 2.28×10-2 cm/s, 
which indicated that the decrease of permeability of 
sand columns was an irreversible process.  

During the second, third and fourth rounds of 
river water displacement, the permeability of sand 
samples also decreased significantly, i.e. the 
permeability coefficient decreased to 38.5%, 28.1% 
and 20.9% of the initial value, respectively, but the 
decrease was significantly smaller than that of the first 
round of river water displacement. The permeability 
of the sand column decreases slowly during the third- 
and fourth-wheel displacement. The permeability of 
sand samples decreased by about 80% in the salinity 
catastrophe test. 

 

 
 

Fig. 2. Electrical conductivity of the effluent and the permeability reduction in the experiment 
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To analyze the reasons for permeability change 

of sand column, 721 spectrophotometers were used to 
measure the absorbance of effluent at 600 nm 
wavelength, and then the standard curve of absorbance 
and particle concentration was transformed into 
suspended particle concentration of effluent (Fig. 3). 
As can be seen from Fig. 3, when the conductivity of 
the effluent from the sand column reaches 4860, the 
particles begin to release, but at this time the 
concentration of particles is very low. After about 25 
minutes, the particle concentration reached a 
maximum of 5, and the effluent was very turbid. After 
25 minutes, the particle concentration of the effluent 
decreases rapidly. The whole process lasts for more 
than 110 minutes, which is 85 minutes longer than the 
time to reach the maximum concentration of particles, 
reflecting the delayed effect of particle release. The 
whole process of sand column particle release lasted 
more than 130 minutes, and the cumulative mass of 
particles released in water-bearing media reached 168 
mg. 

X-ray diffraction analysis of suspended 
particles in effluent shows that the released particles 
include clay minerals and non-clay minerals. Clay 
particles include illite, kaolinite, chlorite and 
montmorillonite. Among them, illite accounts for 62% 
of clay minerals, while kaolinite and montmorillonite 
account for 13% and 8% of clay minerals respectively, 
and chlorite only accounts for 3%.  

Although clay minerals are rarely found in 
aquifer samples, they account for 86% of the total 
released particles. Non-clay minerals mainly include 
quartz, potassium feldspar and plagioclase, most of 
which are quartz. 
 
4. Permeability mutations hydro-geochemical 
mechanism 
 

Through the above experiments, the variation 
of ion composition in the initial group of displacement 
process is determined as shown in Fig. 5. It can be seen  

 

from the graph that the concentration of Ca2+ in 
effluent varies greatly during the displacement 
process. The concentration of Ca2+ in the effluent is 
much higher than that in local seawater (289.30 mg/L) 
and underground fresh-water (90.53 mg/L). This is 
due to the desorption of Ca2+ in aquiferous media by 
cation exchange, and the concentration of Ca2+ in 
effluent increases and is higher than that in seawater. 
The change of Mg2+ concentration is similar to Ca2+ 
concentration, but when Ca2 + concentration reaches 
the highest value, Mg2+ has a gentle "step" stage. The 
reason is that when the exchange of Na+-Ca2+ reaches 
its limit, the exchanged Ca2+ does not increase any 
more. To maintain equilibrium, Mg2+ begins to join 
the ranks of cation exchange. The figure shows the 
"step" stage of Mg2+ and the "peak" stage of Ca2+. 
Then the equilibrium of solution is broken, the 
concentration of Ca2+ in the effluent begins to 
decrease, and finally Ca2+, Na+, Ca2+ and Ca2+ in the 
effluent begin to decrease. Mg2+ tended to be stable. 

Because of the rapid change of ion 
composition, this process must be accompanied by 
complex hydrologic-geochemical processes. At this 
time, the clay release sharply and the permeability 
changes abruptly. Therefore, we use PHREEQC2 
software to simulate and calculate the occurrence of 
calcite and dolomite petrochemical processes. Explain 
the hydrologic-geochemical processes and their 
effects on the sudden change of permeability in the 
mixing process of different proportions of freshwater 
and sea. Fig.5 shows the saturation index of calcite, 
dolomite, aragonite and gypsum mixed in different 
proportions in the displacement process. The line in 
the Figure is to calculate the saturation index of these 
four minerals according to the mixing ratio of 
conservative chloride ions. The saturation indices of 
calcite, dolomite and gypsum are expressed as 
follows: calcite saturation index SI=[Ca2+][CO3

2-]/K; 
dolomite saturation index SI =[Ca2+][Mg2+][CO3

2-]/K; 
gypsum saturation index SI=[Ca2+][SO4

2-]/K, 
respectively. 

 

 
 

Fig. 3. Particle concentration and electrical conductivity in abrupt salinity experiments 
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Fig. 4. Change curves of ion concentration in the process of seawater displacing freshwater 
 

It can be seen that the variation of saturation 
index of dolomite, calcite and aragonite is very 
similar. They all precipitate around 40% of the sea-
water ratio. At this time, clay release and permeability 
change abruptly. In Fig.4, the mixing ratio of the sea 
and fresh-water is about 40%, and the content of Ca 2+ 

and Mg 2+ reaches the maximum value. It shows that 
the desorption amount of Ca 2+ and Mg 2+ reaches the 
maximum when the transgression is 40%, which 
causes the precipitation of dolomite, calcite and 
aragonite. The saturation index of gypsum is mostly 
higher than that calculated by mixing ratio of 
conservative chloride ions, which indicates that SO4

2- 
has other sources besides seawater. This source is the 
dissolution of gypsum, which lead the level of SO4

2- to 

increase. Whether measured or theoretical, the 
saturation index of gypsum is less than 1, which 
indicates that gypsum has never reached saturation 
and the solution is corrosive to gypsum. 

Fig.6 shows the dissolution/precipitation of 
minerals in equilibrium. Among them, the negative 
value represents the solubility and the positive value 
represents the precipitation. Dolomite in aqueous 
solution is unsaturated at the beginning (saturation 
index < 1); when the proportion of seawater to 
freshwater is 40%, the saturation index reaches 1. 
Therefore, before the mixing ratio of sea-water to 
fresh water is 40%, a certain amount of dolomite in 
aquifer needs to be dissolved to reach the equilibrium 
state of dolomite in the groundwater mixing solution. 

 

 
 

Fig. 5. The saturation index of calcite, dolomite, aragonite and gypsum mixed in different proportions 
 in the displacement process 
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Fig. 6. Dissolution/precipitation amounts of minerals during displacement 
 

Dolomite tends to dissolve from the beginning 
of seawater intrusion to the whole process of 40% 
intrusion. Then, when the saturation index is greater 
than 1, the Dolomite Precipitation tends to occur; with 
the increase of the saturation index, the amount of 
precipitation increases; when the transgression ratio is 
96%, the amount of Dolomite Precipitation decreases. 
The law of dissolution and precipitation of calcite is 
similar to that of dolomite. The amount of 
dissolution/precipitation of the three minerals is very 
small. Within 5 mg/L, because the soil sample used in 
the experiment is sandy soil, the content of clay and 
organic matter is very small, but it is the process of ion 
exchange and mineral dissolution and precipitation 
that results in the unbalanced charge of clay minerals 
in the aquifer medium, resulting in the release of clay 
particles. The expansion and diffusion of clay particles 
are enhanced by hydrologic-geochemical action, 
which results in a decrease of permeability of aquifers. 
 
5. Conclusion 
 

(1) The ion exchange action between water and 
rock exists in the salt-freshwater transition zone, Ca2+-
Na+ is the chief part, Ca2+-Mg2+ is next, Ca2+-K+ is the 
least of all. The adsorption capacities of Na+, Mg2+ and 
K+ elevate along with the increase of ion concentration 
in the solution, the desorption of Ca2+ reaches 
equilibrium by and large at a high concentration, it is 
proved that the exchange sites of soil samples are 
occupied by Ca2+. 

 (2) Infiltration of low salinity water reduces the 
permeability of different media, even causes blockage, 
the permeability of sand samples decreased by about 
80% in the salinity catastrophe test. The reason for 
clay release is not the enhancement of diffusion and 
dispersion, but the enhancement of clay expansion and 
diffusion by hydro-geochemistry, which results in the 
decrease of permeability of the aquifer. Thus, --
5cation exchange, mineral dissolution and 
precipitation, particle release and capture, clay 
expansion and so on, which can reduce the 
permeability of aquifers. The cumulative mass of 

particles released in water-bearing media reached 168 
mg in the experiments. 

(3) The proportion of fresh-water to the sea is 
about 40%. Dolomite, calcite and aragonite begin to 
precipitate, but the gypsum remains unsaturated and 
continues to dissolve, the amounts of 
dissolution/precipitation are relatively small, which 
are less than 10mg/L by and large. Because of the ion 
exchange and mineral dissolution and precipitation 
process, the charge of clay minerals in the aquifer 
medium is not balanced, the expansion and diffusion 
of clay particles are enhanced, and the permeability of 
aquifer is reduced. 
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