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Abstract: Hydraulic properties of fault zones are important to understanding the pore pressure 
development and fault stability. In this work, we examined the relationship between water level 
changes caused by the 2008 Wenchuan Mw 7.9 earthquake and faults using four wells with the same 
lithology around the Three Gorges Dam, China. Two of the wells penetrating the fault damage zones 
recorded sustained water level changes, while the other two wells that are not penetrating any fault 
damage zones recorded transient water level changes. The phase shift and tidal factor calculated 
from water level, a proxy of permeability and storage coefficient, revealed that both the permeability 
and storage coefficient changed in the two wells penetrating the fault damage zones, while the other 
two wells not penetrating the fault damage zone did not show any change in permeability and 
storage coefficient. Thus, we tentatively suggest that faults may play an important controlling role 
on earthquake-induced hydrologic changes because the detrital or clogging components in the 
fractures may be more easily removed by seismic waves. 
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1. Introduction 
It has long been a concern that earthquakes can induce water level changes in wells 

[1–6]. Previous studies indicated that earthquake-induced water level changes are mainly 
affected by the seismic input (such as energy) and hydrogeological settings. For instance, 
the sign of co-seismic water level changes is related to the earthquake-induced static strain 
in the nearfield, i.e., water level rise in the contraction zone and drop in the dilation zone 
[7–12]. In the intermediate- and far- field, the amplitude of co-seismic water level changes 
is positively related to the magnitude of the seismic energy density [3,13–16]; the sign is 
repeatedly fixed in a specific well [3,13,17–18] and seems to be controlled by the 
hydrogeological settings, e.g., water level rise in the recharge area and water level drop 
in the discharge area [19–20]. In addition, some studies showed that the sensitivity of 
water level to dynamic strain is related to tectonic settings. For example, by analyzing 60 
hydrologic changes caused by the 1999 Chi-Chi Mw 7.6 earthquake in mainland China, 
Huang et al. [21] suggested that wells adjacent to tectonic blocks are more sensitive to 
seismic waves than wells far from tectonic blocks. As evidenced by the co-seismic water 
level changes in 197 wells from the groundwater monitoring network in China induced 
by the Wenchuan MW 7.9 earthquake, Shi et al. [22] concluded that the wells located near 
the edges of active blocks recorded larger co-seismic responses. Yan et al. [23] studied the 
co-seismic water level and tidal behavior changes induced by multiple earthquakes in 
seven wells located within or away from the south Tan-Lu fault damage zone, North 
China. They suggested that the sensitivity of hydraulic properties within the fault damage 
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zone is more sensitive and more vulnerable than the wells away from the fault damage 
zone. These results are important for studying the hydrogeological architecture of a fault 
zone [24] and understanding the dynamic triggering of earthquakes [25]. However, the 
existing studies are mainly focused on a large scale, whether these findings are applicable 
to a small scale needs further investigating. 

In this work, we selected four wells located on a small scale around the Three Gorges 
Dam (China) to further examine the relationship between earthquake-induced hydrologic 
changes and faults (Figure 1). The four wells have similar borehole logging, aquifer 
lithology and water chemistry type. The four wells recorded apparent water level changes 
after the 2008 Wenchuan MW 7.9 earthquake; and the earthquake is far away from these 
wells, which indicates that the earthquake has the same input effect to the wells. Thus, 
these data provide an opportunity to examine the relationship between earthquake-
induced hydrologic changes and faults. 

 
Figure 1. Geological setting and location of the four wells around the Three Gorges Dam. The inset 
is an enlargement of the study area. The abbreviation W.E. in the inset represents the Wenchuan 
earthquake. The figure was adapted from Zhang et al. [26]. 

2. Geological Setting and Observations 
The Three Gorges is located on the mainstream of the Yangtze River, China. The main 

geomorphology units in the Three Gorges are the Zigui synclinal basin and the Huangling 
anticline. The Zigui synclinal basin in the west is mainly composed of Jurassic clastic 
sedimentary rocks. The lithology of the Huangling anticline in the east is mainly 
Proterozoic granite, Proterozoic diorite and Sinian limestone [27]. The Zigui synclinal 
basin and the Huangling anticline are bordered by the Xiannvshan, Lukouzi and Jiuxiwan 
faults [28]. The terrain in the middle area is dominated by canyons, and the lithology is 
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mainly carbonate rocks and clastic rocks. The Three Gorges Dam, the largest dam in the 
world, is located in the south-central of the Huangling anticline.  

The selected four wells, Dingjiaping (DJP), Maoping (MP), Hanjiawan (HJW) and 
Gaojiaxi (GJX), are located around the Three Gorges Dam in Hubei Province. Three of the 
wells, DJP, MP and GJX, are located in Yichang County, and the MP well is located in 
Zigui County. The maximum distance between the four wells is about 11 km. These wells 
are part of the Three Gorges well network, which was built by the Institute of Geology, 
China Earthquake Administration for monitoring the reservoir-induced seismicity. The 
geological setting and location of the four wells are provided in Figure 1. Both the DJP 
and HJW wells are located on the north side of the Three Gorges Dam, which is on the 
west side of a small ditch in the hilly area of the north bank of the Yangtze River. The MP 
and GJX wells are located on the south side of the Three Gorges Dam, which is on the first 
terrace of the Yangtze River. The aquifer lithology of the four wells is the intrusive quartz 
diorite (Figure 2). In detail, the lithology of the DJP well is grey biotite quartz diorite (𝛿𝛿02) 
between 0-153.1 m; the lithology of the MP well is greyish-green and pink biotite quartz 
diorite (𝛿𝛿02) between 10–200.5 m; the lithology of the HJW well is grey quartz diorite (𝛿𝛿01) 
between 0–100.5 m; the lithology of the GJX well is grey biotite quartz diorite (𝛿𝛿02) between 
0–150 m. The lithology outside the well area is mainly Ediacaran metamorphic rocks (E), 
Paleozoic sedimentary rocks (Pz) and granite (𝛾𝛾0). 

 

Figure 2. Structure and lithologic log of the four wells. The figure was adapted from Che [29]. 

There are three faults adjacent to the four wells: the Gaojiachong (GJC) fault, the 
Changmutuo (CMT) fault and the Taipingxi (TPX) fault. The GJC fault is an NNW-
trending compressive fault and, it dips from N60° E to N85° E. Its general width is 16~23 
m. Inner the fault, the mylonite is 0.3~1.05 m wide; in some places, there are 0.5 m wide 
breccia and 0.5~1.3 m wide phyllite with a wavy extension; there are several veins filled 
in the fault. The CMT fault is a 20~25 m wide extensional fault. Its trending is NNE in the 
north section, SN in the middle section and NNW in the south section. The fault dips from 
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N70° E to N83° E. The fault is zigzag extending. The mylonite in the fault zone is 0.5~1 m 
wide and the breccia is 5~15 m thick. The TPX fault is an NNW-trending compressive fault 
and it dips from N60° E to about N80° E. Its general width is 30~40 m. Inner the fault, the 
mylonite is 0.1~0.8 m wide and it was well cemented and silicified; the fractured rock is 
5~12 m wide; the block rock is 18~40 m wide and it has a 1~4 m wide muddy belt in it[30]. 

The spatial relationship between the three faults and the four wells is displayed in 
Figure 3, which is based on a 1:50000 geological map, a field investigation and a 
geochemical exploration (gaseous Hg) [29]. Figure 3 shows that the DJP well and the MP 
well penetrate the GJC fault and the CMT fault, respectively. The HJW well and the GJX 
well are adjacent to the TPX fault and the GJC fault, respectively.  

 

Figure 3. Relationship between the four wells and faults. The figure was adapted from Che [29]. 

The four wells were drilled between 1998 and 1999 by the Hebei Geological 
Engineering Exploration Institute with the same method: the inner diameter of the casing 
section is 133 mm and the inner diameter of the naked section is 114 mm. Some basic 
information of the four wells is shown in Table 1. All of these wells penetrate a confined 
aquifer, and their depths of screened section are approximately the same. The water 
chemistry and isotope measurement results of the four wells are shown in Table 2. The 
hydrochemical type of the groundwater sampled from these wells is HCO3-Ca, which is 
the same as the water sampled from the adjacent rivers and some of the springs. The stable 
hydrogen isotope (𝛿𝛿D) and stable oxygen isotope (𝛿𝛿18O) of the four wells have similar 
values: -36.9~-59.6 for 𝛿𝛿D  and -5.84~-8.30 for 𝛿𝛿18O . The ratio of 𝛿𝛿D  and 𝛿𝛿18O  is 
consistent with the standard equation of the global meteoric water line, indicating that the 
groundwater in the four wells is the cause of infiltration of atmospheric precipitation. 

Table 1. Basic information regarding the four wells around the Three Gorges Dam. 

Well 
name 

Depth 
(m) 

Casing Length 
(m) 

Screened Section 
(m) 

Discharge Section 
(m) 

Aquifer 
Lithology 

Relationship with 
Fault 

DJP 153.1 0–80 80–153.1 86, 103–106, 116 𝛿𝛿02 Biotite-quartz diorite Penetrate 
GJC fault  

MP 200.5 0–80 80–200.5 85, 130 𝛿𝛿02 Biotite-quartz diorite Penetrate CMT fault 
HJW 100.5 0–60 60–100.5 69.4, 70–72 𝛿𝛿01 Quartz diorite Near TPX fault 
GJX 150 0–50 50–150 69.3, 75 𝛿𝛿02 Biotite-quartz diorite Near GJC fault 

Continuous water level measurements in the four wells have been conducted since 
2001. The water levels are measured every minute by a DSW-1 digital recorder which was 
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developed by the Hubei Earthquake Administration. The recorder is a pressure-based 
transducer with a precision of 1 mm. The transducers of the four wells, DJP, MP, HJW and 
GJX, were placed at 4.47 m, 9.88m, 11.86 m and 11.97 m below their well mouths, 
respectively. The water level recorded refers to the distance between the water table and 
the transducer. All of the wells are open and can record apparent Earth tides.  

Table 2. Water chemistry and isotope measurement results in the studied four wells. 

Well 
name 

Anion（mg/L） Cation（mg/L） Salinity 
(ng/L) 

Isotope (‰) 
HCO3− SO42− Cl− K+ Na+ Ca2+ Mg2+ δD δ18O 

DJP 90.8 32.6 22.8 3.77 15.2 26.57 4.63 0.1573 -36.9 -5.84 
MP 140 4.15 17.5 2.89 17.9 24.5 2.63 0.7965 -59.6 -8.3 

HJW 192 12.4 17.9 4.78 11.12 43.32 9.45 0.2114 -51.2 -6.77 
GJX 60.3 21.3 12. 1.68 10.1 17.13 4.81 0.1202 -47.2 -7.0 

Note: the data comes from Che [29]. 

3. Earthquake-Induced Water Level Changes 
The 2008 Wenchuan MW 7.9 earthquake, an intraplate thrust devastating earthquake, 

induced significant water level changes in the four wells from the Three Gorges well 
network. The earthquake is about 720 km away from the four wells. The hydrographs of 
the water level changes after the earthquake are shown in Figure 4.  

 
Figure 4. Water level changes induced by the May 12, 2008, Wenchuan MW 7.9 earthquake. The 
arrow represents the origin time of the earthquake. 

Based on the characteristics of the water level changes induced by the Wenchuan 
earthquake, there are two types of water level changes: the sustained water level changes 
which were recorded in the DJP and MP wells, and the transient water level changes 
which were recorded in the HJW and GJX wells. In detail, the DJP well recorded a rapid 
drop with a magnitude of 2.3 m in the first 8 hours and a 0.76 m drop in the following 15 
days. The MP well slowly dropped 1.13 m in 19 days after the earthquake. The HJW well 
recorded a water level drop with a magnitude of 0.067 m and recovered to the pre-
earthquake level in less than an hour after the passage of the seismic waves. The GJX well 
recorded a rapid drop with a magnitude of 1.16 m in the first hour and recovered to the 
pre-earthquake level in two hours (Table 3 and Figure 4). 

Table 3. Water level, tidal behavior and hydraulic properties before and after the Wenchuan MW 7.9 earthquake. 
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Well 
name 

WL 
(m) 

ΔWL (m) Phase 
(°) 

ΔPhase 
(°) 

TF 
(mm/) 10−9 

ΔTF 
(mm/) 10−9) 

K 
(m2) 

𝜹𝜹𝜹𝜹 S 𝜹𝜹𝜹𝜹 

DJP 3.38 −3.06 −32.53 10.88 0.63 0.59 3.3 x 10−15 0.67 8.9 x 10−5 −0.45 
MP 1.13 −1.13 −59 3.42 0.91 0.17 6.2 x 10−16 0.24 5.0 x 10−5 −0.05 

HJW 1.24 −0.067 −55.00  0.06      
GJX 1.17 −1.16 51.29  0.57  2.6 x 10−13  1.8 x 10−5  

Note: WL, Phase, TF, K, and S represent water level, phase shift, tidal factor, permeability and storage coefficient before 
the Wenchuan earthquake, respectively. The symbol Δ represents the value of the post-earthquake minus the value of the 
pre-earthquake. The symbol 𝛿𝛿 represents the rate of change. The Δ and δ that unchanged were left blank in the table. The 
TF of the HJW well is too low to estimate its K and S, which were also left blank. 

4. Method 
In order to further analyze the water level changes induced by the Wenchuan 

earthquake, we analyzed the four wells’ hydraulic properties, because the hydraulic 
properties can be changed following an earthquake, which is one plausible explanation 
for the hydrologic changes induced by earthquakes [5,19,31]. The hydraulic properties can 
be obtained by using the results of the tidal behavior of water level, on the basis that the 
phase shift and tidal factor obtained from the tidal behavior can be mapped into the 
permeability and storage coefficient, respectively. 

4.1. Analysis of Tidal Behavior 
The purpose of analysis of tidal behavior is to obtain the phase shift and tidal factor. 

The phase shift is the time difference of the water level oscillations relative to the Earth 
tides, negative means the water level lags behind the Earth tides and positive means the 
water level is ahead of the Earth tides. The tidal factor is the amplitude ratio of water level 
over Earth tides. The phase shift and tidal factor were extracted by the program VAV [32]. 
The VAV program is based on a harmonic analysis method, which can give the most 
prominent 1-day tidal bands (O1, S1, K1, M1, Q1, J1, etc.) and half-day tidal bands (M2, S2, 
K2, N2, L2, etc.). The equation of harmonic analysis in the VAV program is: 

y(T)=a(T)x+p(T)z(T)+ε(T) (1) 

where y(T) is the observation data, a(T)x is the tidal part, p(T)z(T) is the drift part, and ε(T) 
is the noise of the observation. 

Before doing harmonic analysis, some large steps and spikes caused by the 
instrument malfunction or anthropogenic influence were removed. The data was divided 
into segments with each segment of 30 days. The sliding length of 3 days was used to get 
a continuous phase shift and tidal factor. The results of the M2 wave were used due to its 
greater amplitude and less contamination. In order to compare the changes before and 
after the earthquake more easily, we removed the results containing the co-seismic 
changes which can increase the errors of the harmonic analysis. 

4.2. Estimation of the Hydraulic Properties  
There are two models available for estimating hydraulic properties: a horizontal flow 

model for the well with a negative phase shift [6,33] and a vertical flow model for the well 
with a positive phase shift [34–35]. The storage coefficient 𝑆𝑆 and the transmissivity 𝑇𝑇 
can be estimated by the measured phase shift and tidal factor. The transmissivity T 
can be converted to the permeability K by: 

𝐾𝐾 =
𝜇𝜇
𝜌𝜌𝜌𝜌𝜌𝜌

 𝑇𝑇    (2) 

where μ is the fluid dynamic viscosity, ρ is the fluid density, g is the gravitational 
acceleration, and d is the well’s open interval. 

The phase shift of the DJP, MP and HJW wells is negative, so the horizontal flow 
model was used; the vertical flow model was applied to the GJX well since its phase shift 
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is positive. Based on these models, we estimated the hydraulic properties using the results 
of the tidal behavior and the well geometries. 

5. Results 
The results of the water level tidal behavior in the four wells are displayed in Table 

3 and Figure 5. It shows that the tidal behavior experienced obvious changes after the 
Wenchuan MW 7.9 earthquake in both the DJP and MP wells. The DJP well had a negative 
phase shift of about −33° and a tidal factor of about 0.63 mm/10−9 before the Wenchuan 
earthquake. The phase shift and tidal factor increased by 33% and 94% after the 
earthquake, respectively. The MP well had a phase shift of about −59° and a large tidal 
factor of about 0.91 mm/10−9 before the earthquake. After the earthquake, the root-mean-
square error of the water level tides increased and the phase shift and tidal factor 
increased by approximately 6% and 19%, respectively. While the tidal behavior did not 
occur any obvious change before and after the Wenchuan earthquake in both the HJW 
and GJX wells. In the HJW well, phase shift (−55°) and tidal factor (0.06 mm/10−9) 
maintained the same level before and after the earthquake. The GJX well had a positive 
phase shift of about 51° and a tidal factor of about 0.57 mm/10−9 before and after the 
earthquake. 

 
Figure 5. Tidal responses before and after the Wenchuan earthquake. The dotted line represents the 
origin time of the earthquake. 

The hydraulic properties of the DJP, MP and GJX wells are provided in Table 3. The 
hydraulic properties of the HJW well were not obtained because its tidal factor (0.06 
mm/10−9) is too low. The results of the DJP and MP wells are consistent with the results of 
Shi et al. [36] and Zhang et al. [37], who used the same method as our study. Table 3 shows 
that the permeability ranged from 10−13 to 10−16 m2 and the storage coefficient is in the order 
of 10−5 before the Wenchuan MW 7.9 earthquake. After the earthquake, the permeability 
and the storage coefficient changed in the DJP and MP wells, while unchanged in the GJX 
well. The permeability of the DJP well and the MP well increased by 67% and 24%, 
respectively, and the storage coefficient decreased by 45% and 5%, respectively. 

6. Discussion 
We analyzed the earthquake-induced hydrologic changes in four wells around the 

Three Gorges Dam. The results show that two of the wells that penetrate the fault damage 
zones showed similar changes in the water level, tidal behavior and hydraulic properties 
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following the Wenchuan MW 7.9 earthquake, while the changes are similar for the other 
two wells that do not penetrate any fault damage zone. The analysis provides a basis for 
discussing the relationship between earthquake-induced hydrologic changes and faults, 
as well as the possible mechanism. 

The four wells studied are 720 km apart from the epicentre of the Wenchuan 
earthquake. The earthquake-induced water level changes in these wells should be caused 
by the dynamic strain because the static strain (1.4 × 10−8) is too low to account for the 
water level changes [38]. The static strain was calculated by the Coulomb program [39]. 
The four wells are close to each other, so their differences in the changes of water level, 
tidal behavior and hydraulic properties following the Wenchuan earthquake should have 
little to do with the seismic input. It should be attributed to the differences between wells 
or differences in local hydrogeological settings. The four wells have little differences in 
the borehole logging, aquifer lithology and water chemistry type. Their main differences 
are in the hydrogeological settings. Based on the hydrogeological settings of the four 
wells, the wells can be divided into two groups. Firstly, both the DJP and HJW wells are 
on the north side of the Three Gorges Dam, and both wells are on the west of a small ditch 
in the hilly area of the north bank of the Yangtze River. Secondly, both the MP and GJX 
wells are on the south bank of the Three Gorges Dam, and both wells are on the first 
terrace of the Yangtze River (Figure 1 and Figure 3). However, these wells with similar 
hydrogeological settings showed different changes in the water level, tidal behavior and 
hydraulic properties following the Wenchuan earthquake (Table 3, Figure 4 and Figure5), 
which suggested that the earthquake-induced water level, tidal behavior and hydraulic 
properties changes in the four wells may not have much to do with the hydrogeological 
settings. 

It is worth noting that both the DJP and MP wells penetrate faults, while both the 
HJW and GJX wells do not penetrate any faults according to the borehole logging (Figure 
3). Both the wells penetrating the faults, DJP and MP, recorded sustained water level 
changes and had changes in the tidal behavior and hydraulic properties following the 
Wenchuan earthquake, while the wells not penetrating any fault, HJW and GJX, recorded 
transient water level changes and had no change in the tidal behavior and hydraulic 
properties after the earthquake (Table 3, Figure 4 and Figure 5). Thus, we suggested that 
the changes in the water level, tidal behavior and hydraulic properties induced by the 
Wenchuan earthquake in the four wells may be related to the faults.  

Why are earthquake-induced hydrologic changes related to faults? We believe that it 
may be because the rocks in fault damage zones are more fractured, and the detrital 
components are more easily removed by seismic waves. Brodsky et al. [5] proposed a 
mechanism for earthquake-induced hydrologic changes in the far-field, in which the 
aquifer permeability increased because a temporary barrier can be removed by more rapid 
groundwater flow caused by the seismic waves. The mechanism was supported by many 
observations and experiments [6,33,40–42]. In this study, the two wells which penetrate 
faults showed phase shift increases and permeability enhancement following the 
Wenchuan earthquake. This result is consistent with our interpretation of why the 
earthquake-induced hydrologic changes are related to faults. The permeability is an 
essential parameter of a fault zone. Both the work of Yan et al. (2016), and our work, 
indicate that the permeability of a fault zone is more sensitive to the dynamic strain than 
that away from the fault zone. If this understanding is supported by more observations, a 
continuous water level monitoring in a fault zone may be useful for monitoring its 
permeability and stress state. 

7. Conclusions 
Using the data of four wells that have similar borehole logging, aquifer lithology and 

water chemistry type around the Three Gorges Dam, we examined the relationship 
between earthquake-induced hydrologic changes and faults. The results indicate that two 
of the wells that penetrate the fault damage zones recorded sustained water level changes 
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and experienced changes in tidal response and hydraulic properties following the 
Wenchuan MW 7.9 earthquake, while the other two wells not, penetrating any fault 
damage zones, recorded transient water level changes and had no change in the tidal 
response and hydraulic properties after the earthquake. Based on the results, we 
suggested that faults may play an important controlling role on earthquake-induced 
hydrologic changes. 
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