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Comprehensive quantitative 
determination of aquifer 
confinement based on tidal 
response of well water level and its 
application in North China
Chenyue Hu 1,2, Xin Liao 1,2*, Yun Shi 1,2,3*, Chunguo Liu 4, Rui Yan 4, Xiaoyang Lian 1,2, 
Zhenyu Wang 5 & Luming Zhang 1,2

Aquifer confinement represents a pivotal property that significantly influences the vulnerability and 
contamination risk of groundwater resources. Several methods have been proposed for determining 
aquifer confinement by analyzing the response of well water level to Earth tides and atmospheric 
tides. In this study, we evaluated the performance of the existing single methods and put forward 
an optimized comprehensive approach. We compared the determination results of the three single 
methods with those of a comprehensive method using water-level data from 39 earthquake precursor 
monitoring wells in North China. The results demonstrate that the comprehensive method effectively 
determined aquifer confinement, significantly reducing the uncertainty associated with the three 
single methods. The application of the comprehensive method in North China reveals that aquifer 
confinement may undergo temporal variations during long-term continuous observation, especially in 
areas where the confining properties of aquifers may vary due to human activities and earthquakes. In 
such areas, the comprehensive method facilitates accurate assessment of groundwater vulnerability, 
as well as the potential dispersion of underground pollutants.

Confined aquifers are isolated from surface conditions and are thus better protected from pumping or contamina-
tion from shallower zones1. Aquifer confinement is closely related to the safety of the groundwater environment. 
In some countries, a large amount of wastewater is generated during oil/gas exploitation2–5 and industrial pro-
duction and is discharged into deep aquifers covered by thick aquitards6–8. This practice aims to protect shallow 
groundwater and potable water sources from injected wastewater, considering the vulnerability of the aquifer. 
However, such practices implicitly assume that deep aquifers, which are covered by thick low-permeability rocks, 
are confined. This means that there is no apparent hydraulic connection between the deep (confined) aquifer 
and the shallow aquifer, and it is expected that the injected fluids will not migrate to the shallow groundwater2. 
Given the role of confinement in assessing aquifer vulnerability and protecting water resource security, there is 
an urgent demand for an effective method to accurately determine the confinement of aquifers.

Many factors can affect aquifer confinement. For example, earthquakes may cause aquifers to change from a 
confined to a semi-confined type9–13, and rainfall recharge may also affect the confinement of shallow aquifers14,15. 
Identifying changes in aquifer confinement is important for monitoring changes in the vertical hydraulic con-
nection between aquifers, which may affect their vulnerability16, the safety of the groundwater supply2,17, and 
the security of underground wastewater storage. The most commonly used traditional methods for determining 
aquifer confinement is based on the well log at the time of well formation are qualitative and only representative 
of a certain time while ignoring the dynamic temporal changes in confinement17–19. Therefore, it is necessary to 
develop a quantitative method for enables effective determination of aquifer confinement.
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Several quantitative methods have recently been proposed for determining aquifer confinement based on the 
tidal response of well water level (named “well tide”)2,9,18,20–22. An increasing number of studies are using tidal 
methods to investigate the effects of human activities and earthquakes on aquifer confinement23,24. However, 
the effectiveness and stability of existing tidal determination methods have not been extensively assessed. In this 
study, we conducted a rigorous assessment of a proposed tidal determination method and observed certain levels 
of uncertainty and instability in the existing approaches (see Section “Application in North China”). To address 
this issue, we proposed a comprehensive method that integrated multiple determination criteria from different 
methods to enhance the accuracy of aquifer confinement determination. To evaluate the performance of our 
comprehensive method, we utilized long-term water-level data obtained from the continuous monitoring of 39 
earthquake precursor monitoring wells in North China. This extensive dataset serves as practical validation for 
the effectiveness of our comprehensive method.

Observation
This study focused on the administratively distinct regions of Beijing, Tianjin, Hebei, Shandong, and Shanxi 
municipality/province in the North China region (Fig. 1). Across a large geological regime in North China 
(Fig. 1), we employed the tidal and barometric responses of groundwater as proxies to systematically investigat-
ing aquifer confinement, taking into account the depth and lithology of aquifers (Table S1). The North China 
region is situated on a Precambrian basement, with the upper few kilometers primarily composed of relatively 
homogeneous Paleozoic and Mesozoic carbonate rocks25. The lithology of the aquifers exhibits a considerable 
degree of uniformity (Table S1; Fig. 1), thereby minimizing the potential influence of topographical and lithologi-
cal heterogeneity on the comparison of tidal and barometric responses among the different wells2.

To facilitate earthquake precursor monitoring, the China Earthquake Administration has established a 
nationwide seismic subsurface fluid monitoring network, which has provided a large amount of long-term con-
tinuous high-frequency data that was utilized in this study (Table S1). We carefully selected 39 wells based on 
the catalogs of the municipality/provincial earthquake administrations (Seismic Monitoring Records of China, 
2002–2007)26, employing the following criteria: (a) ensuring the high quality of tidal and barometric response in 
the well water level data, and (b) selecting wells located at least 20 km away from the coastline to minimize the 
influence of ocean tides27. The distribution and the key information of the selected wells are presented in Fig. 1a 
and Table S1, respectively, while the lithological logs are displayed in Fig. 1b. Among these wells, the deepest 
well is the GC well in Tianjin Municipality with a depth of 3402.8 m, while the shallowest well is the CC well in 
Hebei Province with a depth of 69.45 m.

The water levels in the 39 wells were predominantly determined using high-precision digital water-level 
recordings, guaranteeing accuracy up to 1 mm. These recordings spanned a time period of 10 years, providing 
a comprehensive dataset for analysis. Digital pressure transducers were utilized to measure water levels, with a 
range of 0–10 m and a sampling interval of 1 min. The relevant well parameters and observed aquifers for each 
of the 39 wells are provided in Table S1.

However, logs for some wells were not collected.

Methods for determining aquifer confinement
Methods based on tidal response
Gravitational forces exerted on the Earth by the motions of the Moon and Sun and centrifugal forces due to rota-
tion act throughout the volume of the Earth’s body, producing small latitudinal and longitudinal strains within 
the solid crust of the Earth and leading to the horizontal and vertical groundwater flow in aquifer-aquitard 
systems27,29,30. This phenomenon is commonly known as the tidal response of well water level (Fig. 2). Herein, 
we summarize the three single methods employed to quantitatively determine aquifer confinement, based on 
the response of well water level to the Earth tides and atmospheric tides (also see Table 1).

The first method relies on the phase shift value of the M2 wave9,23,31. According to the theoretical models of 
tidal response to the Earth tides (Fig. S1)16,23,33,34, it has been observed that in confined aquifers, the phase shift 
is negative, whereas when in the unconfined aquifer, the phase shift is positive. Thus, the phase shift of the M2 
wave can be used to determine aquifer confinement9,22.

The second method utilizes the amplitude–phase shift relationship of M2 waves23,31,34. Based on the theoreti-
cal models of tidal response to the Earth tides (Fig. S1)23,33–35, it has been observed that in confined aquifers, 
the well tide is primarily affected by transmissivity ( T ), resulting in a direct proportional relationship between 
the amplitude and phase shift. Conversely, in unconfined aquifers, the well tide is mainly affected by leakage 
( u ), leading to an inversely proportional relationship between the amplitude and the phase shift. Therefore, the 
amplitude–phase shift relationship of M2 waves can be used to determine aquifer confinement14,31.

The third method relies on the disparity in amplitude between the M2 and S2 waves1,36. Drawing upon the 
theoretical models of tidal response to the Earth tides16,23,33 and atmospheric tides33,37,38, it has been observed 
that in unconfined aquifers, resulting in a significantly larger amplitude for the S2 wave compared to the M2 wave. 
Conversely, in confined aquifers, the tidal response of the water level is predominantly influenced by Earth’s tide 
loading, leading to a significantly smaller amplitude for the S2 wave compared to the M2 wave1. Therefore, the 
disparity in amplitude between the M2 and S2 waves can be used to determine aquifer confinement1,16,32.

Comprehensive method for determining aquifer confinement
To address the potential limitations of individual methods and minimize uncertainty and instability in the results 
(see detailed information in Section “Reasons for differences in the determination results between methods”), 
we proposed a comprehensive method that combines multiple single methods. The result for the comprehen-
sive method is obtained by summing the weighted results of the single methods, which ultimately determines 
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Figure 1.   Well distribution and logs (with aquifer depth) in North China. (a) Well distribution. Blue triangles 
represent the wells (Table S1). The hydrogeological map was modified from Steinshouer et al.28. (b) Logs of 
wells. The red lines and corresponding numbers denote the depth of the observation aquifer (the screened 
section), measured in meters. The well logs were obtained from the Seismic Monitoring Records of China 
(2002–2007)26.
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the aquifer confinement (Table 2). For example, if an aquifer is determined to be confined (weighted value is 
1) using two single methods, and unconfined (weighted value is − 1) using the other single method, then the 
comprehensive value equals 1 and the aquifer is determined to be semi-confined. If an aquifer is determined to 
be unconfined using two single methods, and confined using the other single method, then the comprehensive 
value equals − 1 and the aquifer is determined to be semi-confined.

Figure 2.   Schematic diagram of a leaky aquifer. b′ and K ′ represent the equivalent thickness and vertical 
hydraulic conductivity of the aquitard, respectively; b and K represent the thickness and hydraulic conductivity 
of the aquifer, respectively; rw (m) represents the radius of the screened portion of the well; and rc (m) represents 
the inner radius of the well casing in which the water level fluctuates with tides.

Table 1.   Tidal response characteristics of well water level for different aquifer confinements based on three 
published single methods. a The criteria proposed in this study for determining semi-confined aquifers are the 
combination with the tidal response characteristics observed in both confined and unconfined ones.

Unconfined aquifer Semi-confined aquifera Confined aquifer References

First method Phase shift of the M2 wave is positive Phase shift of the M2 wave consistently 
has positive and negative values Phase shift of the M2 wave is negative Shi and Wang, (2016)9 and Zhang et al. 

(2021)2

Second method Amplitude and phase shift of the M2 
wave are negatively correlated

Amplitude and phase shift of the M2 
wave are consistently positively and 
negatively correlated

Amplitude and phase shift of the M2 
wave are positively correlated

Liao and Wang (2018)31 and Liao et al. 
(2022)14

Third method Amplitude of the M2 wave is smaller 
than that of the S2 wave

Amplitudes of the M2 and S2 waves are 
equivalent or alternate

Amplitude of the M2 wave is larger 
than that of the S2 wave

Rahi and Halihan (2013)1, Hus-
sein et al. (2013)16, and Odling et al. 
(2015)32
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Application in North China
In this study, we applied three single methods and a comprehensive method based on the well tide to determine 
aquifer confinement in 39 wells located in North China. To analyze the water level response to Earth tides and 
atmospheric tides, we utilized the widely adopted software package Baytap-G39, with a moving window (SPAN) 
of 720 h and a running step (SHIFT) of 24 h. We used both the M2 and S2K2 tide response waves in the water-level 
data as constraints, as these two waves exhibited the largest amplitude and highest signal‐to‐noise ratio34. For 
practical application, we substituted the S2 wave with the S2K2 wave when determining aquifer confinement due 
to the similar frequencies of S2 (2 cycles/day) and K2 waves (2.0056 cycles/day), which cannot be distinguished 
using Baytap-G software. In fact, the S2 wave demonstrated significantly larger amplitude compared to the K2 
wave. Furthermore, the K2 tidal amplitude had minimal impact on the well water level’s response to atmospheric 
tide34,40. As a result, comparing the amplitudes of the M2 and S2K2 waves did not affect the outcomes of the third 
method.

The discriminant results obtained from the three single methods and the comprehensive method are sum-
marized in Table S1. We counted the number of wells with different results and found that among the 38 wells 
studied, 10.53% (4 out of 38) exhibited three different results, 65.79% (25 out of 38) showed two different results, 
and 23.68% (9 out of 38) had consistent results. Furthermore, the difference between the results of the first and 
second methods was 55.26%, the difference between the results of the first and third methods was 55.26%, 
and the difference between the results of the second and third methods was 57.89% (Table 3). These findings, 
derived from field applications, indicated that the determination of aquifer confinement can yield varying results 
depending on the methods employed, and even the same method applied at different time periods. Evidently, 
when determining aquifer confinement at different time periods, a certain level of uncertainty and instability 
can occur when solely relying on a single method.

We assessed whether the application of the comprehensive method could mitigate a certain level of uncer-
tainty and enhance the stability in determining aquifer confinement based on the well tide. The disparities 
between the results from the comprehensive method and the first, second, and third methods were 28.95%, 
31.58%, and 34.21%, respectively (Table 3). These findings indicate that the comprehensive method reduces the 
uncertainty associated with the three single methods from 55.26 to 28.95%, from 55.26 to 31.58%, and from 
57.89 to 34.21%, respectively. Consequently, these results imply that the implementation of the comprehensive 
determination method can effectively diminish a certain level of uncertainty and enhance the stability of the 
tidal determination method.

Furthermore, a notable disparity of 50% was observed in the number of wells between the comprehensive 
method, which relied on the tidal response, and the traditional method based on the well log data at the time of 
well formation (Table S1). This observation indicates that not only do the methods themselves differ, but also 
the confinement status of certain aquifers changed over the monitoring period, as illustrated by well CX (see 
Fig. S2). Considering the potential for aquifer confinement variations during long-term continuous monitor-
ing, particularly in areas where seismic and human activities can impact the underground structure, traditional 
methods may possess limitations in accurately determining aquifer confinement.

Discussion
Reasons for differences in the determination results between methods
The disparities in the results between the comprehensive tidal method and the single tidal methods (Table S1) 
can be attributed to the comprehensiveness of the determination criteria. Each method possesses distinct deter-
mination criteria and application conditions, resulting in notable variations in the determination results. The 

Table 2.   Comprehensive value for the comprehensive method, which is a summation of the weighted values 
from the single methods, for determining aquifer confinement.

Aquifer type Weighted value for single methods Comprehensive value for comprehensive method

Confined aquifer 1 2, 3

Semi-confined aquifer 0 − 1, 0, 1

Unconfined aquifer − 1 − 3, − 2

Table 3.   Percentage of wells with differences between the determined results of aquifer confinement using 
the different methods. The smaller the ratio, the smaller the difference in the results between the different 
methods. We did not include the CX well in this analysis owing to changes in aquifer confinement during long-
term monitoring (see Section “Reasons for differences in the determination results between methods”).

First method (%) Second method (%) Third method (%) Comprehensive method (%)

First method – 55.26 55.26 28.95

Second method 55.26 – 57.89 31.58

Third method 55.26 57.89 – 34.21

Comprehensive method 28.95 31.58 34.21 –
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comprehensive method with more determination criteria can reduce a certain level of potential uncertainty and 
instability inherent in the results obtained from single tidal determination methods, while also expanding the 
applicability of the comprehensive method. Therefore, the comprehensive method would be more effective than 
a single method for determining aquifer confinement.

Further comparison of the determination results between the comprehensive tidal method and traditional 
methods (Table S1) reveals several underlying reasons for the observed differences. Firstly, the qualitative deter-
mination of aquifer confinement based on lithology at the time of well formation is subject to significant limita-
tions. The results of this method typically only reflect a small portion of the surrounding area near the borehole 
(at the scale of meters). Particularly, in the case of heterogeneous and anisotropic subsurface formations, the 
effectiveness of this method is further diminished41.

In contrast, the comprehensive tidal method considers a larger area (around 100  m) surrounding 
the borehole17,42, providing a more comprehensive assessment. Secondly, various factors such as large 
earthquakes9,20,24,43, hydrological processes such as rainfall14,15,31,44, and even land subsidence (e.g., CX well; see 
Fig. S2)45 can affect aquifers confinement during long-term continuous monitoring. These factors can lead to 
the generation of hydraulic connections with the overlying aquifer, thereby altering the aquifer’s confinement 
status to a semi-confined or even unconfined type.

Analysis of factors influencing aquifer confinement
Generally, the deeper the well, the more likely the associated aquifer is to be confined. Thus, aquifer confine-
ment is superficially affected by well depth. However, it is important to note that a greater well depth does not 
necessarily correspond to a thicker overlying aquitard. For example, in the case of the YC well (with a depth of 
2657 m), the aquifer observed had a buried depth of only 300 m, resulting in its comprehensive determination as 
semi-confined. Generally, The degree of aquifer confinement is primarily influenced by the coefficient of leakage 
(u = K′/b′), which is affected by both the thickness (b′) and vertical hydraulic conductivity (K′) of the aquitard. 
In other words, the observed burial depth of the aquifer and the lithology of the overlying aquitard play crucial 
roles in determining aquitard thickness and vertical hydraulic conductivity, respectively, ultimately affecting the 
level of aquifer confinement.

Generally, the greater the thickness of the overlying aquitard, the less hydraulic connections are established 
between deep and shallow aquifers. The average burial depth for confined aquifers was significantly greater com-
pared to semi-confined and unconfined aquifers (Fig. 3), suggesting that greater depth corresponds to stronger 
aquifer confinement. The findings indicate that the observed burial depth of the aquifer has a more significant 
influence on aquifer confinement than the lithology of the overlying aquitard, even though the lithology of over-
lying aquitards may vary greatly. In our study area, the deeper the burial depth of the aquifer, the more likely it 
is that the overlying aquitard will have weakly permeable lithology, such as shale, indicating a confined aquifer 
condition. This findings indicates the primary role of the observed burial depth of the aquifer in determining 
aquifer confinement in our study area, rather than the lithology of the overlying aquitard.

Notably, the lithology of the overlying aquitard becomes a crucial factor affecting aquifer confinement when 
the burial depth remains consistent. For example, although the small discrepancy in burial depth between aqui-
fers observed in the TY and XY wells (TY: 480 m, XY: 403.66 m), the TY-well aquifer was unconfined, whereas 
the XY-well aquifer was confined (Fig. 3). This discrepancy in confinement can be attributed to the influence of 
lithology. The aquitards overlying the TY- and XY-well observed aquifers comprised relatively permeable lime-
stone and low-permeability clay layers, respectively. Therefore, the contrasting lithologies played a role in the 
variation of aquifer confinement between the two wells, despite both possessing equally thick overlying aquitards.

Conclusion
In this study, we critically examined the effectiveness of current individual tidal determination methods and 
subsequently proposed an enhanced, comprehensive determination method. Utilizing water level data sourced 
from 39 earthquake precursor monitoring wells in North China, we compared the conclusions determined by 
three independent single methods against those determined by the comprehensive method. The results indi-
cated that the comprehensive method could significantly reduce the uncertainty associated with the three single 
methods, from 55.26 to 28.95%, from 55.26 to 31.58%, and from 57.89 to 34.21%, respectively. Furthermore, it 
has been observed that aquifer confinement may change during long-term continuous monitoring, especially 
in areas where the confining properties of aquifers are susceptible to changes caused by human activities and 
earthquakes. In these areas, the comprehensive method greatly contributes in the precise assessment of ground-
water vulnerability and the potential dispersion of pollutants. Overall, this study provides valuable insights for 
assessing and understanding aquifer confinement, enhancing our ability to manage groundwater resources in 
dynamic environments.
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Data availability
The well-water-level data analyzed in this study can be downloaded via direct application at the China Earthquake 
Networks Center, National Earthquake Data Center (http://​data.​earth​quake.​cn/​gcywfl/​index.​html; no English 
translation is available for the data).

Figure 3.   Box plots of aquifer confinement determined using different methods, including the first, second, 
third, and comprehensive tidal methods. Results for the (a, b) first, (c, d) second, (e, f) third, and (g, h) 
comprehensive methods. The graphs with dark green and light blue backgrounds indicate aquifer confinement 
at different well and burial depths, respectively. The graph can be used to judge the effectiveness of the tidal 
determination methods and analyze the relationship between aquifer confinement and well depth or burial 
depth.

http://data.earthquake.cn/gcywfl/index.html


8

Vol:.(1234567890)

Scientific Reports |         (2024) 14:9464  | https://doi.org/10.1038/s41598-024-59909-4

www.nature.com/scientificreports/

Received: 8 January 2024; Accepted: 16 April 2024

References
	 1.	 Rahi, K. A. & Halihan, T. Identifying aquifer type in fractured rock aquifers using harmonic analysis. Ground Water 51(1), 76–82. 

https://​doi.​org/​10.​1111/j.​1745-​6584.​2012.​00925.x (2013).
	 2.	 Zhang, Y., Wang, C. Y., Fu, L. Y. & Yang, Q. Y. Are deep aquifers really confined? Insights from deep groundwater tidal responses 

in the North China platform. Water Resour. Res. 57(11), 030195. https://​doi.​org/​10.​1029/​2021W​R0301​95 (2021).
	 3.	 Walsh, F. R. & Zoback, M. D. Oklahoma’s recent earthquakes and saltwater disposal. Sci. Adv. 1(5), e1500195. https://​doi.​org/​10.​

1126/​sciadv.​15001​95 (2015).
	 4.	 Ingebritsen, S. & Manning, C. Dynamic Variations in Crustal Permeability: Possible Implications for Subsurface CO2 Storage. AGU 

Fall Meeting Abstracts. H32B-04 (2011).
	 5.	 Zhuang, C. et al. Effects of aquitard windows on groundwater fluctuations within a coastal leaky aquifer system: An analytical and 

experimental study. Adv. Water Resour. 177, 104473. https://​doi.​org/​10.​1016/j.​advwa​tres.​2023.​104473 (2023).
	 6.	 Ellsworth, W. L. Injection-induced earthquakes. Science. 341, 6142. https://​doi.​org/​10.​1126/​scien​ce.​12259​42 (2013).
	 7.	 Frohlich, C. Two-year survey comparing earthquake activity and injection-well locations in the Barnett Shale, Texas. Proc. Natl. 

Acad. Sci. USA. 109(13), 934–938. https://​doi.​org/​10.​1073/​pnas.​12077​28109 (2012).
	 8.	 Hornbach, M. J. et al. Causal factors for seismicity near Azle, Texas. Nat. Commun. 6(1), 6728. https://​doi.​org/​10.​1038/​ncomm​

s7728 (2015).
	 9.	 Shi, Z. & Wang, G. Aquifers switched from confined to semiconfined by earthquakes. Geophys. Res. Lett. 43(21), 166–172. https://​

doi.​org/​10.​1002/​2016G​L0709​37 (2016).
	10.	 Shi, Y., Liao, X., Zhang, D. & Liu, C. Seismic waves could decrease the permeability of the shallow crust. Geophys. Res. Lett. 46(12), 

6371–6377. https://​doi.​org/​10.​1029/​2019G​L0819​74 (2019).
	11.	 Zhang, Y., Wang, C.-Y., Fu, L.-Y., Zhao, B. & Ma, Y. Unexpected far-field hydrological response to a great earthquake. Earth Planet. 

Sci. Lett. 519, 202–212. https://​doi.​org/​10.​1016/j.​epsl.​2019.​05.​007 (2019).
	12.	 Elkhoury, J. E., Brodsky, E. E. & Agnew, D. C. Seismic waves increase permeability. Nature. 441(7097), 1135–1138 (2006).
	13.	 Wang, C. Y., Liao, X., Wang, L. P., Wang, C.-H. & Manga, M. Large earthquakes create vertical permeability by breaching aquitards. 

Water Resour. Res. 52(8), 5923–5937. https://​doi.​org/​10.​1002/​2016W​R0188​93 (2016).
	14.	 Liao, X., Wang, C. Y. & Wang, Z. Y. Seasonal change of groundwater response to Earth tides. J. Hydrol. 612, 128118. https://​doi.​

org/​10.​1016/j.​jhydr​ol.​2022.​128118 (2022).
	15.	 Thomas, A., Fortin, J., Benoit, V. & Violette, S. Earthquakes and heavy rainfall influence on aquifer properties: A new coupled 

earth and barometric tidal response model in a confined bi-layer aquifer. Water Resour. Res. 59, e2022033367. https://​doi.​org/​10.​
1029/​2022W​R0333​67 (2023).

	16.	 Hussein, M. E. A., Odling, N. E. & Clark, R. A. Borehole water level response to barometric pressure as an indicator of aquifer 
vulnerability. Water Resour. Res. 49(10), 7102–7119. https://​doi.​org/​10.​1002/​2013W​R0141​34 (2013).

	17.	 Allègre, V. et al. Using earth-tide induced water pressure changes to measure in situ permeability: A comparison with long-term 
pumping tests. Water Resour. Res. 52(4), 3113–3126. https://​doi.​org/​10.​1002/​2015W​R0173​46 (2016).

	18.	 Valois, R., Rau, G., Vouillamoz, J.-M. & Derode, B. Estimating hydraulic properties of the shallow subsurface using the groundwater 
response to earth and atmospheric tides: A comparison with pumping tests. Water Resour. Res. 58, e2021031666. https://​doi.​org/​
10.​1029/​2021W​R0316​66 (2022).

	19.	 Qu, S. et al. Using water-level fluctuations in response to Earth-tide and barometric-pressure changes to measure the in-situ 
hydrogeological properties of an overburden aquifer in a coalfield. Hydrogeol. J. 28(4), 1–15. https://​doi.​org/​10.​1007/​s10040-​020-​
02134-w (2020).

	20.	 Zhang, H. et al. Large earthquake reshapes the groundwater flow system: Insight from the water-level response to earth tides and 
atmospheric pressure in a deep well. Water Resour. Res. 55(5), 4207–4219. https://​doi.​org/​10.​1029/​2018W​R0246​08 (2019).

	21.	 Gao, X., Sato, K. & Horne, R. N. General solution for tidal behavior in confined and semiconfined aquifers considering skin and 
wellbore storage effects. Water Resour. Res. 56(6), e2020027195. https://​doi.​org/​10.​1029/​2020W​R0271​95 (2020).

	22.	 Zhang, Y. et al. Possible continuous vertical water leakage of deep aquifer: Records from a deep well in Tianjin Province North 
China. Geofluids. 1, 1–14. https://​doi.​org/​10.​1155/​2022/​44193​10 (2020).

	23.	 Wang, C. Y., Doan, M. L., Xue, L. & Barbour, A. J. Tidal response of groundwater in a leaky aquifer: Application to Oklahoma. 
Water Resour. Res. 54(10), 8019–8033. https://​doi.​org/​10.​1029/​2018W​R0227​93 (2018).

	24.	 Wang, C. Y. A new mechanism for earthquake-enhanced permeability. Water Resour. Res. 58(5), e2021031503. https://​doi.​org/​10.​
1029/​2021W​R0315​03 (2022).

	25.	 Deng, Q. D., Zhang, P. Z. & Ran, Y. K. Distribution of Active Faults in China (1:4000000) (Science Press, 2004) (in Chinese).
	26.	 Seismic Monitoring Records of China (Beijing/Tianjin/Hebei/Shandong/Shanxi). Seismic Monitoring Records of China. (Seismo-

logical Press, 2002–2007) (in Chinese).
	27.	 Cutillo, P. A. & Bredehoeft, J. D. Estimating aquifer properties from the water level response to earth tides. Ground Water 49(4), 

600–610. https://​doi.​org/​10.​1111/j.​1745-​6584.​2010.​00778.x (2011).
	28.	 Steinshouer, D. W., Qiang, J., McCabe, P. J. & Ryder, R. T. Maps showing geology, oil and gas fields, and geologic provinces of the 

Asia Pacific region. Open-File Report. U.S. Geological Survey: Open-File Report, (97–470-F, 16). https://​doi.​org/​10.​3133/​ofr97​470F 
(1999).

	29.	 Merritt, M.L. Estimating Hydraulic Properties of the Floridan Aquifer System by Analysis of Earth-Tide, Ocean-Tide, and Barometric 
Effects, Collier and Hendry Counties, Florida (Water-Resources Investigation Report 03-4264). (U.S. Geological Survey, 2004). https://​
doi.​org/​10.​3133/​wri03​4267.

	30.	 Beaumont, C. & Berger, J. An analysis of tidal strain observations from the United States of America: I. The laterally homogeneous 
tide. Bull. Seismol. Soc. Am. 65(6), 1613–1629. https://​doi.​org/​10.​1785/​BSSA0​65006​1613 (1975).

	31.	 Liao, X. & Wang, C. Y. Seasonal permeability change of the shallow crust inferred from deep well monitoring. Geophys. Res. Lett. 
45(20), 130–136. https://​doi.​org/​10.​1029/​2018G​L0801​61 (2018).

	32.	 Odling, N. E., Perulero Serrano, R. P., Hussein, M. E. A., Riva, M. & Guadagnini, A. Detecting the vulnerability of groundwater in 
semi-confined aquifers using barometric response functions. J. Hydrol. 520, 143–156. https://​doi.​org/​10.​1016/j.​jhydr​ol.​2014.​11.​
016 (2015).

	33.	 Roeloffs, E. A. Poroelastic techniques in the study of earthquake-related hydrologic phenomena. Adv. Geophys. 37(1), 135–195. 
https://​doi.​org/​10.​1016/​S0065-​2687(08)​60270-8 (1996).

	34.	 Doan, M.L., Brodsky, E.E., Prioul, R. & Signer, C. Tidal Analysis of Borehole Pressure: A Tutorial, 1–61. (University of California, 
2006).

	35.	 Hsieh, P. A., Bredehoeft, J. D. & Farr, J. M. Determination of aquifer transmissivity from Earth tide analysis. Water Resour. Res. 
23(10), 1824–1832. https://​doi.​org/​10.​1029/​WR023​i010p​01824 (1987).

	36.	 Rahi, K. A. Estimating the Hydraulic Parameters of the Arbuckle-Simpson Aquifer by Analysis of Naturally Induced Stresses (Ph.D. 
Dissertation). (School of Geology, Oklahoma State University, 2010).

https://doi.org/10.1111/j.1745-6584.2012.00925.x
https://doi.org/10.1029/2021WR030195
https://doi.org/10.1126/sciadv.1500195
https://doi.org/10.1126/sciadv.1500195
https://doi.org/10.1016/j.advwatres.2023.104473
https://doi.org/10.1126/science.1225942
https://doi.org/10.1073/pnas.1207728109
https://doi.org/10.1038/ncomms7728
https://doi.org/10.1038/ncomms7728
https://doi.org/10.1002/2016GL070937
https://doi.org/10.1002/2016GL070937
https://doi.org/10.1029/2019GL081974
https://doi.org/10.1016/j.epsl.2019.05.007
https://doi.org/10.1002/2016WR018893
https://doi.org/10.1016/j.jhydrol.2022.128118
https://doi.org/10.1016/j.jhydrol.2022.128118
https://doi.org/10.1029/2022WR033367
https://doi.org/10.1029/2022WR033367
https://doi.org/10.1002/2013WR014134
https://doi.org/10.1002/2015WR017346
https://doi.org/10.1029/2021WR031666
https://doi.org/10.1029/2021WR031666
https://doi.org/10.1007/s10040-020-02134-w
https://doi.org/10.1007/s10040-020-02134-w
https://doi.org/10.1029/2018WR024608
https://doi.org/10.1029/2020WR027195
https://doi.org/10.1155/2022/4419310
https://doi.org/10.1029/2018WR022793
https://doi.org/10.1029/2021WR031503
https://doi.org/10.1029/2021WR031503
https://doi.org/10.1111/j.1745-6584.2010.00778.x
https://doi.org/10.3133/ofr97470F
https://doi.org/10.3133/wri034267
https://doi.org/10.3133/wri034267
https://doi.org/10.1785/BSSA0650061613
https://doi.org/10.1029/2018GL080161
https://doi.org/10.1016/j.jhydrol.2014.11.016
https://doi.org/10.1016/j.jhydrol.2014.11.016
https://doi.org/10.1016/S0065-2687(08)60270-8
https://doi.org/10.1029/WR023i010p01824


9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:9464  | https://doi.org/10.1038/s41598-024-59909-4

www.nature.com/scientificreports/

	37.	 Rojstaczer, S. Determination of fluid flow properties from the response of water levels in wells to atmospheric loading. Water 
Resour. Res. 24(11), 1927–1938. https://​doi.​org/​10.​1029/​WR024​i011p​01927 (1988).

	38.	 Rojstaczer, S. & Agnew, D. C. The influence of formation material properties on the response of water levels in wells to earth tides 
and atmospheric loading. J. Geophys. Res. 94(9), 12411. https://​doi.​org/​10.​1029/​JB094​iB09p​12403 (1989).

	39.	 Tamura, Y., Sato, T., Ooe, M. & Ishiguro, M. A procedure for tidal analysis with a Bayesian information criterion. Geophys. J. Int. 
104(3), 507–516. https://​doi.​org/​10.​1111/j.​1365-​246X.​1991.​tb056​97.x (2007).

	40.	 McMillan, T. C., Rau, G. C., Timms, W. A. & Andersen, M. S. Utilizing the impact of Earth and atmospheric tides on groundwater 
systems: A review reveals the future potential. Rev. Geophys. 57(2), 281–315. https://​doi.​org/​10.​1029/​2018R​G0006​30 (2019).

	41.	 Sun, X. & Xiang, Y. Heterogeneous permeability changes along a fault zone caused by the Xingwen M5.7 earthquake in SW China. 
Geophys. Res. Lett. 46(24), 14404–14411. https://​doi.​org/​10.​1029/​2019G​L0856​73 (2019).

	42.	 Sun, X., Shi, Z. & Xiang, Y. Frequency dependence of in situ transmissivity estimation of well-aquifer systems from periodic load-
ings. Water Resour. Res. 56(11), 027536. https://​doi.​org/​10.​1029/​2020W​R0275​36 (2020).

	43.	 Shi, Z. & Wang, G. Sustained groundwater level changes and permeability variation in a fault zone following the 12 May 2008, mw 
7.9 Wenchuan earthquake. Hydrol. Process. 29(12), 2659–2667. https://​doi.​org/​10.​1002/​hyp.​10387 (2015).

	44.	 Benoit, V., Fortin, J., Maury, J. & Violette, S. Earthquakes and extreme rainfall induce long term permeability enhancement of 
volcanic island hydrogeological systems. Sci. Rep. 10, 20231 (2020).

	45.	 Guo, H. P. et al. Land subsidence and its affecting factors in Cangzhou, North China Plain. Front. Environ. Sci. 10, 1053362. https://​
doi.​org/​10.​3389/​fenvs.​2022.​10533​62 (2022).

Acknowledgements
We thank Chi-Yuen Wang for their helpful comments, and the China Earthquake Data Center for providing 
the water-level data.

Author contributions
Chen-Yue Hu: Writing—Original Draft, Software. Xin Liao: Writing-Review & Editing, Supervision, Funding 
acquisition. Yun Shi: Writing-Review & Editing, Funding acquisition. Chun-Guo Liu: Investigation. Rui Yan: 
Investigation. Xiao-Yang Lian: Software. Zhen-Yu Wang: Writing-Review & Editing. Lu-Ming Zhang: Software.

Funding
This work was supported by the Spark Program of Earthquake Science (XH23063A); National Natural Sci-
ence Foundation (41602274); Fundamental Research Funds for the Central Universities of China (ZY20215104 
and ZY20215102); Sponsored by State Key Laboratory of Earthquake Dynamics (LED2022B06); and Scientific 
Research Project of the Three Gorges Group Corporation (0799217); and Science and Technology Innovation 
Program for Postgraduate students in IDP subsidized by Fundamental Research Funds for the Central Universi-
ties (ZY20230305).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​59909-4.

Correspondence and requests for materials should be addressed to X.L. or Y.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.1029/WR024i011p01927
https://doi.org/10.1029/JB094iB09p12403
https://doi.org/10.1111/j.1365-246X.1991.tb05697.x
https://doi.org/10.1029/2018RG000630
https://doi.org/10.1029/2019GL085673
https://doi.org/10.1029/2020WR027536
https://doi.org/10.1002/hyp.10387
https://doi.org/10.3389/fenvs.2022.1053362
https://doi.org/10.3389/fenvs.2022.1053362
https://doi.org/10.1038/s41598-024-59909-4
https://doi.org/10.1038/s41598-024-59909-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Comprehensive quantitative determination of aquifer confinement based on tidal response of well water level and its application in North China
	Observation
	Methods for determining aquifer confinement
	Methods based on tidal response
	Comprehensive method for determining aquifer confinement

	Application in North China
	Discussion
	Reasons for differences in the determination results between methods
	Analysis of factors influencing aquifer confinement

	Conclusion
	References
	Acknowledgements


