
Bulletin of the Seismological Society of America
 

Studies of mechanism for water level changes induced by teleseismic waves
--Manuscript Draft--

 
Manuscript Number: BSSA-D-12-00360R1

Article Type: Article

Section/Category: Regular Issue

Full Title: Studies of mechanism for water level changes induced by teleseismic waves

Corresponding Author: Yan Zhang, Ph.D.
Institute of Geology and Geophysics, Chinese Academy of Sciences
Beijing, CHINA

Corresponding Author's Institution: Institute of Geology and Geophysics, Chinese Academy of Sciences

Corresponding Author E-Mail: eve_041744@163.com

Order of Authors: Yan Zhang, Ph.D.

Li-Yun Fu

Fuqiong Huang

Yuchuan Ma

Abstract: The  8.0 Wenchuan earthquake of May 12, 2008 induces large-amplitude water level
changes at intermediate and far fields (epicentral distance >1.5 fault rupture length) in
Chinese mainland. Although many hydrologic changes induced by teleseismic waves
have been reported, the mechanisms responsible for the changes still remain unclear.
We invoke Skempton's coefficient B in this paper to explain those co-seismic water
level changes documented in the intermediate and far fields. Some of those abrupt
coseismic water level changes, for which the variation of the co-seismic water level,
Skempton's coefficient B and the effective pressure preserve  uniformity（all increase
or all decrease）are found to favor the con solidation/dilatation induced by the shaking
of teleseismic waves. While the other part of those coseismic water level changes, can
be explained with the enhanced permeability caused by fracture clearing or
overcoming the capillary entrapment in porous channels of the aquifer induced by the
shaking of teleseismic waves, and most of those wells lie in basins or in hollows, where
the aquifer medium is relatively stiff.

Author Comments: Although coseismic water level changes induced by teleseismic waves have been
widely studied, the mechanism responsible for the changes are usually obscure. We
invoke the Skempton's coefficient B in this paper to explore the mechanism.

Suggested Reviewers: Chi-yuen  Wang
chiyuen@berkeley.edu
He is an expert in the region we studied in this paper, and several of his papers have
been the references of this manuscript.

Opposed Reviewers: Yaowei Liu

he has a conflict with one of the author

Response to Reviewers: I will include this information in files that will be uploaded.

Powered by Editorial Manager® and Preprint Manager® from Aries Systems Corporation



BSSA-D-12-00360 

Studies of mechanism for water level changes induced by teleseismic waves 

 

Dear Yan Zhang, 

 

Your paper referenced above has been reviewed for publication in BSSA.  

In light of the referees' comments, which appear below, the Editorial 

Board has decided that significant revisions are required to render the 

paper acceptable for publication.  Due to the level of revisions needed, 

an additional round of reviews may be required.  Please consider these 

comments as you make your revisions, which are due by Apr 08 2013 11:59PM. 

 

To submit a revision, go to http://bssa.edmgr.com/ and log in as an author. 

Under the menu item Submission Needing Revision, you will find the 

submission record for this paper.  

 

--1. Submit a detailed response to reviews, including a point-by-point 

list of changes or rebuttals. During upload of your revised paper, you 

will find the step "Respond to Reviewers." Entering information in the 

text box on that page is required; you can enter either the complete 

responses to reviews or a statement that responses are in an uploaded file. 

The information in the text box will be available to reviewers. In the 

"Attach Files" step, you can upload the files labeled "Response to 

Reviews" and "Annotated Manuscript." Both of those files will be available 

to reviewers. A file uploaded as "Letter to Editor" will be seen only by 

the editors.  

 

--2.  Submit a clean version of your revised manuscript that includes 

title page; full affiliation for each author; and double-spaced text.   

Include a Data and Resources section before the acknowledgments. For 

detailed guidelines on submission, see 

http://www.seismosoc.org/publications/BSSA-Editorial/bssa-data-sectio

n.html. 

 

--3. Submit figures either within the manuscript file OR as separate files 

OR together in a PDF file. Include the figure number on the figure itself.    

If your paper has color figures and you have opted for color online and 

gray scale in print, you must submit only the color version of each color 

figure AND ensure that it, its caption, and the text references will be 

understandable in the print journal.   For information on preparing 

proper figures and on previewing gray-scale versions of color figures, 

see our guidelines and tutorial at 

http://www.seismosoc.org/publications/bssa/authors/bssa-art-submissio

ns.php. If you are considering option 1 (which requires that authors pay 

Letter to Editor
Click here to download Letter to Editor: Reply to Editor.doc 

http://www.editorialmanager.com/bssa/download.aspx?id=134640&guid=c3df2517-96d6-41d9-b2f9-042d0adc9b36&scheme=1


for color in print), please review the cost of color at 

http://www.seismosoc.org/publications/bssa/authors/bssa-page-charges.

php. 

 

--4. Submit a signed and completed copyright/page-charges form (if not 

already submitted). 

 

If you have an electronic supplement, submit it as a Web site as described 

in our guidelines at http://www.seismosoc.org/publications/esupps.php.   

 

I look forward to hearing from you. 

 

Yours sincerely 

Samik Sil, Ph.D. 

Associate Editor 
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Dear editor, according to those questions and good suggestions, we have changed the paper, 

including the organization, and also about some minor modifications. Please see the answer 

below, together with the highlighted yellow color in the annotated edition. 

 

 
Reviewer 1 

In this manuscript Zhang et al. reported some responses of groundwater level across 

the Chinese continent to the 2008 Wenchuan earthquake; they interpret the responses 

in terms of poroelasticity or enhanced permeability. Although the observation is 

interesting, the manuscript is deficient in three major aspects: 

Reply：According to your questions and good suggestions, we have changed the paper, 

including the organization, and also about some minor modifications. Please see the answer 

below, together with the highlighted yellow color in the annotated edition. 

 

1. On the observational aspect, much required information for scientific reporting 

is missing. What is the diameter of each well? What is the length of its ‘screened’ 

section? What was the recording instrument in each well (analog or digital)? If 

digital, what was the rate of recording in each well, and what was the accuracy of 

the instrument? How were the tidal and the atmospheric pressure effects corrected?  

For the stepwise change in water level, what was the ‘rise time’ of each change? 

Scales on the diagrams are too small to tell if the ‘steps’ occurred in seconds, 

minutes, or hours. Table 1 lists a single lithology for each well. But wells normally 

intersect several different lithologies. Thus the authors should provide the logs 

of the wells.  

The wells in this paper are scattered across the Chinese continent, which 

has very complicated geology that may affect water level response. The authors should 

describe the local geology for each well in order to interpret the observed changes 

in water level. 



Reply：Really we have ignored those important observation information. Now  we have added 

those information into the “observation” part and also changed the structure of the paper. See  

“Selection Principles and Observation” part. 

 

We just use the original water level, and the step is mostly related to the effects of the 

earthquake, the tidal and the atmospheric pressure are almost the same before and after the 

earthquake, which will no cause obvious impact on the step of the co-seismic water level changes 

(see the Figure below—XIAXIAN well). In addition, not all the wells analyzed in this paper has 

the records of atmospheric pressure. When calculate the Skempton’s coefficient B, we use the M2 

wave, as elaborated in the Appendix, M2 wave is hardly influenced by the atmospheric pressure. 

(Although not necessary, we may use the harmonic method to correct the tidal strain and 

atmospheric pressure, as the Fuxin well –Figure 5 (a) and (b)—by (Huang,2008), but the step is 

almost the same equals to 11.7 m). 

 

 

In order to be in accordance with the calculated tidal strain (use mapseis software, and 

calculated hourly data ), we use “hour” value of water level,  the ‘rise time’ of each change  is 

approximately equals to the occurrence of Wenchuan earthquake, it is possible that there may be 

some difference of several seconds (and the measured water level change height may be different 

in several mm), whereas, because we use the hour value, we can not tell that in detail, and that is 



not the key point of our paper. 

 

The local geological structure of each well is important we added the information in 

Table 1,  We just find that most of those wells in which permeability increase induced by 

shaking of teleseismic waves, stay in basins or in hollows (well e, f, h, i and Fuxin), which may be 

attributed to the relatively solid formation and the stiff aquifer medium of the basin or hollow, and 

the deformation (consolidation or dilatation) will not easily to be incurred, then the energy of 

shaking may be inclined to induce the fracture clearing (unclogging) so as to increase permeability. 

See Line 224--230   and line 387—405. 

 

  Change of the Skempton’s coefficient B can reflect the change of the poro-elastic 

medium, and the change of the local geology for each well, so we use it to analyze the mechanism 

of water level changes in this paper. This is the key idea of our paper. 

 

2. On the analytical aspect, all the poroelastic equations cited in the paper 

(equations 1 to 5) were derived from static consideration and can be applied strictly 

only to such condition. It appears that the authors are not aware of the distinction 

between static and dynamic conditions since they applied the static equations 

undiscriminatingly to relate pore pressure change to seismic waves. Dynamic stresses 

alone can only cause water level to oscillate, not to change it statically as shown 

in the observation. The changes in the static stresses, on the other hand, are too 

small at the intermediate and far field to cause the observed water level changes, 

as the authors noted. Thus it appears that poroelasticity alone cannot explain the 

observed stepwise changes. 

In addition, the different geology around the wells is expected to 

significantly affect the characteristics of seismic waves. Thus the authors should 

show the seismograms from nearby seismic stations alongside the water level profiles, 

before they could correctly interpret the different water-level responses at 

different wells. They should also explain the different characteristics in the water 

level response in terms of the local geology in different regions. 

Reply：This is really a vital point, we do aware of the distinction between static and dynamic 

conditions. We haven’t applied the static equations directly to relate pore pressure changes to 

seismic waves. We use those static equations for the impact of the tidal strain to the aquifer 



medium before and after the Wenchuan earthquake, so as to obtain the pre- and post- earthquake 

Skempton’s coefficient B (those two periods can be recognized as two independent quasi-static 

processes), so the poroelastic static equations can be applied. Since this is an important point, now 

we have clarified this in the Appendix (Line: 607--613), so that the readers will not misunderstand 

the application of the poroelastic equations.  

In addition, in the analysis of “Undrained Skempton’s coefficient B as a function of effective 

pressure”, firstly we suppose the poro-elastic theory can be applied to all of those wells, so that we 

can use the result of the experiment of Blocher (2009)----the relation between Skempton’s 

coefficient B and the effective pressure which is obtained from the premise of poro-elastic 

condition, whereas, some of those co-seismic water level changes can not be explained by the 

poro-elastic theory (induced by consolidation/dilatation), and they can not fit the rule of 

Blocher(2009) (wells: e, h, i and f, Fuxin), so we attribute those water level changes to the 

enhanced permeability caused by fracture clearing or overcoming the capillary entrapment in 

porous channels of the aquifer induced by the shaking of teleseismic waves, 

There are 48 national stations recording the seismograms (event waves) in China, however 

most of those stations are not in the same place with \stations which have the records of water 

level changes. Those stations (well a to k) analyzed in our paper (we analyze the wells in the 

intermediate and far fields, and those wells near the sea have been discarded) have no records of 

seismograms, and there are about 40 km between the nearest two stations Qixian (112.33, 37.36) 

(has water level records)  and Taiyuan (112.434, 37.713) (has seismogram records), so the 

seismogram could not reflect the real characteristics of the geology near Qixian. Although we can 

not use the seismograms to analyze the water level changes in this paper because of the 

observation condition. Whereas this is really a good idea, and later we can do the research on 

those stations which have the records of water level and seismogram. So we have proposed this in 



the Discussion part (see Line: 387--405 ).  

 

3. On the organization aspect, the authors did not provide any detailed description 

of the observation, which should have been the most important part of the manuscript. 

The brief (and incomplete) mentioning of their data in the subsection 

“Calculation” under the section ‘Intermediate and far field analysis’ is totally 

inadequate. Instead, they gave a lengthy introduction on poroelasticity and the 

Skempton’s coefficient, which could have been included as a supplementary material. 

This organization of presentation is unacceptable and should be replaced with a more 

standard way of scientific presentation to include ordered major sections on 

Introduction, Observation, Analysis, Discussion and Conclusion.   

Reply：According to your good suggestion, We have changed the organization of the paper, and 

now it seems more standard. Also we put the “introduction on poroelasticity and the Skempton’s 

coefficient B” as an Appendix. 

 

 

Some obvious mistakes:  

 

(line 26-27) “stress changes are extremely small in Liu and Manga (2009)”. In the 

experiments of Liu and Manga (2009) the strain amplitude was 10
-4

 which does not correspond 

'extremely small' stress changes.  

Reply：We have changed “extremely small” into “relatively small”. 

(line 31-32) “… significant water level changes can be driven at great distances by 

moderate-amplitude dynamic (time-varying) stresses (Liu and Manga, 2009).” Liu and Manga 

(2009) shows that the permeability of fractured rocks may decrease with seismic 

shaking, but does not support the statement of the authors as quoted above.  

 

Reply:  Yes, this is really an obvious error, we have changed the sentence, see (line 31-38), 

and also add some other information:  “Chadha et al. (2008) find wells appear to respond to 

regional strain variations and transient changes due to distant earthquakes. Sil and Freymueller 

(2006) developed an empirical relationship between water level changes, epicentral distances and 

earthquake magnitude, and concluded that ground shaking induced by teleseismic waves was 

sufficient to change water levels.” 

 

(line 108) “The wavelength of M2 wave is about 13414200000 km”. This is a blaring 

error. 

(line 109-110) “… the velocity of M2 wave is approximately equals to the velocity of the light 

in the vacuum space”. Another blaring error. 

Reply：This is really a complex question, in order to solve it, I have inquired several experts in 



this research region, as they indicated: The velocity of the M2 wave is a bit of a strange question. 

Normally we think of tidal responses as standing mode, and always use the period, frequency (or 

amplitude) to characterize the M2 wave. In general, the velocity and wavelength of M2 wave is 

not used. So maybe we need not to discuss about the wavelength or velocity.  

In fact, the effect region of the M2 wave is comparatively wide, which can induce the 

deformation of the whole earth. So the effect of the M2 wave on the aquifer can be recognized as 

undrained, because for the effect of the solid tide on the crust, when the wavelength of the tidal 

strain is much larger than the size of the aquifer, we can suppose the aquifer system is undrained 

(Huang, 2008).    

 

(line 155-156) “It is obvious that the change of shear modulus G is extremely tiny …”. A 

10% change in G (line 153) should not be described as “extremely tiny”. 

Reply：We have changed “extremely tiny” into “tiny”. 

 

 

 

 

 

 

Reviewer 2 

Some major concerns: 

Reply：According to your questions and good suggestions, we have changed the paper. 

Please see the answer below, together with the highlighted yellow color in the annotated 

edition. 

1. The paper should be grammatically corrected. There are many complex sentences (e.g. page 

11 line 233-237…”To our understanding…) which should be made as simple sentences. 

Reply：We have modified those sentences. See: line 186—191. 

 

2. I don’t find any information regarding, well water level data, earthquake and about the area 

they have studied. Are the wells located on different fault segments with differing 

hydrological conditions? Although the lithology beneath the wells are given in a table but it is 

not discussed with reference to the value of B they obtained. Discussion part should be 

rewritten in view of above. 

Reply：This is a good suggestion, and another reviewer has also proposed this question, so 

We have added lots of the geology information into our paper, see Table 1,  line 224—230, 

and the discussion See: line 387—405. 



 

3. Shear modulus G is found to be the function of the Skempton’s coefficient B (Berryman, 

2004). According to the equation (5) of their paper, the value of B will decrease with increase 

of the value of G. Hence the difference of the value of B between the pre-earthquake and 

the post-earthquake will also decrease with increase of the value of G which is also discussed 

in Zhang et al. (2009). 

Reply：Yes, and we also discussed it in the discussion. 

 

4. How authors can be so sure about the fact that “The spreading of shear waves may cause 

dilatation of the aquifer medium…for some wells g, j and k. “  

Reply：We are not very sure about that, so we use ‘may’ in the sentence, and as you 

indicated this should be discussed in the discussion part: see pp 

 

5. A discussion should be there for the step like increase or decrease for all the wells as well as 

the recovery time. Is there any relation between water level changes and epicentral distance. 

Reply：This is a good suggestion, we have added those questions into discussion. See: Line 

359—368. 

The recovery time of the water level is obscure, because most of those water level will 

not recover to the same height as the pre-earthquake level during a relatively short time 

span. So we should use much longer data to analyze it, and should discard all those 

influences: such as aftershocks, atmospheric pressure（not all those wells have the records of 

atmospheric pressure）, tidal strain, pumping, power off, thounder and so on, which needs 

lots of work, and we may study about it in future.  

In addition, we haven’t find any relation between water level changes and epicentral 

distances in those wells studied in this paper, it is possible to investigate much more wells 

later, to study about the relations. 

6. Authors have not cited enough recent references which support shaking induced water level 

changes like Kayen et al (2004), Sil, 2006 and Chadha et al (2008). 

Reply：Thank you very much for your advice, and we have added those references. See: Line 

25—38. They are really important papers, from which we can learn much and obtain lots of 

good ideas for our future research. 

 



Some major concerns: 

Reply：According to your questions and good suggestions, we have changed the paper. Please see 

the answer below, together with the highlighted yellow color in the annotated edition. 

1. The paper should be grammatically corrected. There are many complex sentences (e.g. page 11 line 233-

237…”To our understanding…) which should be made as simple sentences. 

Reply：We have modified those sentences. See: line 186—191. 

 

2. I don’t find any information regarding, well water level data, earthquake and about the area they have 

studied. Are the wells located on different fault segments with differing hydrological conditions? Although 

the lithology beneath the wells are given in a table but it is not discussed with reference to the value of B 

they obtained. Discussion part should be rewritten in view of above. 

Reply：This is a good suggestion, and another reviewer has also proposed this question, so We have 

added lots of the geology information into our paper, see Table 1,  line 224—230, and the discussion See: 

line 387—405. 

 

3. Shear modulus G is found to be the function of the Skempton’s coefficient B (Berryman, 2004). According 
to the equation (5) of their paper, the value of B will decrease with increase of the value of G. Hence the 
difference of the value of B between the pre-earthquake and the post-earthquake will also decrease with 
increase of the value of G which is also discussed in Zhang et al. (2009). 

Reply：Yes, and we also discussed it in the discussion. 

 
4. How authors can be so sure about the fact that “The spreading of shear waves may cause dilatation of the 

aquifer medium…for some wells g, j and k. “  

Reply：We are not very sure about that, so we use ‘may’ in the sentence, and as you indicated this should 

be discussed in the discussion part: see pp 

 

5. A discussion should be there for the step like increase or decrease for all the wells as well as the recovery 

time. Is there any relation between water level changes and epicentral distance. 

Reply：This is a good suggestion, we have added those questions into discussion. See: Line 359—368. 

The recovery time of the water level is obscure, because most of those water level will not recover to 

the same height as the pre-earthquake level during a relatively short time span. So we should use much 

longer data to analyze it, and should discard all those influences: such as aftershocks, atmospheric 

pressure（not all those wells have the records of atmospheric pressure）, tidal strain, pumping, power 

off, thounder and so on, which needs lots of work, and we may study about it in future.  

In addition, we haven’t find any relation between water level changes and epicentral distances in 

those wells studied in this paper, it is possible to investigate much more wells later, to study about the 

relations. 

6. Authors have not cited enough recent references which support shaking induced water level changes like 

Kayen et al (2004), Sil, 2006 and Chadha et al (2008). 

Reply：Thank you very much for your advice, and we have added those references. See: Line 25—38. 

They are really important papers, from which we can learn much and obtain lots of good ideas for our 

future research. 

Response to Review1



In this manuscript Zhang et al. reported some responses of groundwater 
level across the Chinese continent to the 2008 Wenchuan earthquake; they 

interpret the responses in terms of poroelasticity or enhanced 

permeability. Although the observation is interesting, the manuscript is 

deficient in three major aspects: 

Reply：According to your questions and good suggestions, we have changed the 

paper, including the organization, and also about some minor modifications. Please 

see the answer below, together with the highlighted yellow color in the annotated 

edition. 
 

1. On the observational aspect, much required information for 

scientific reporting is missing. What is the diameter of each well? What 

is the length of its ‘screened’ section? What was the recording 

instrument in each well (analog or digital)? If digital, what was the 

rate of recording in each well, and what was the accuracy of the 

instrument? How were the tidal and the atmospheric pressure effects 

corrected?  For the stepwise change in water level, what was the ‘rise 

time’ of each change? Scales on the diagrams are too small to tell if 

the ‘steps’ occurred in seconds, minutes, or hours. Table 1 lists a 

single lithology for each well. But wells normally intersect several 

different lithologies. Thus the authors should provide the logs of the 

wells.  

The wells in this paper are scattered across the Chinese continent, 

which has very complicated geology that may affect water level response. 

The authors should describe the local geology for each well in order to 

interpret the observed changes in water level. 

Reply：Really we have ignored those important observation information. Now  we have 

added those information into the “observation” part and also changed the structure of the 

paper. See  “Selection Principles and Observation” part. 

 

We just use the original water level, and the step is mostly related to the effects of 

the earthquake, the tidal and the atmospheric pressure are almost the same before and 

after the earthquake, which will no cause obvious impact on the step of the co-seismic 

water level changes (see the Figure below—XIAXIAN well). In addition, not all the 

wells analyzed in this paper has the records of atmospheric pressure. When calculate the 

Skempton’s coefficient B, we use the M2 wave, as elaborated in the Appendix, M2 wave 

is hardly influenced by the atmospheric pressure. (Although not necessary, we may use 

the harmonic method to correct the tidal strain and atmospheric pressure, as the Fuxin 

Response to Review2



well –Figure 5 (a) and (b)—by (Huang,2008), but the step is almost the same equals to 

11.7 m). 

 
 

In order to be in accordance with the calculated tidal strain (use mapseis software, 

and calculated hourly data ), we use “hour” value of water level,  the ‘rise time’ of 

each change  is approximately equals to the occurrence of Wenchuan earthquake, it is 

possible that there may be some difference of several seconds (and the measured water 

level change height may be different in several mm), whereas, because we use the hour 

value, we can not tell that in detail, and that is not the key point of our paper. 

 

The local geological structure of each well is important we added the information 

in Table 1,  We just find that most of those wells in which permeability increase induced 

by shaking of teleseismic waves, stay in basins or in hollows (well e, f, h, i and Fuxin), 

which may be attributed to the relatively solid formation and the stiff aquifer medium of 

the basin or hollow, and the deformation (consolidation or dilatation) will not easily to be 

incurred, then the energy of shaking may be inclined to induce the fracture clearing 

(unclogging) so as to increase permeability. See Line 224--230   and line 387—405. 

 



  Change of the Skempton’s coefficient B can reflect the change of the poro-

elastic medium, and the change of the local geology for each well, so we use it to analyze 

the mechanism of water level changes in this paper. This is the key idea of our paper. 

 

2. On the analytical aspect, all the poroelastic equations cited in the 

paper (equations 1 to 5) were derived from static consideration and can 

be applied strictly only to such condition. It appears that the authors 

are not aware of the distinction between static and dynamic conditions 

since they applied the static equations undiscriminatingly to relate 

pore pressure change to seismic waves. Dynamic stresses alone can only 

cause water level to oscillate, not to change it statically as shown in 
the observation. The changes in the static stresses, on the other hand, 

are too small at the intermediate and far field to cause the observed 

water level changes, as the authors noted. Thus it appears that 

poroelasticity alone cannot explain the observed stepwise changes. 

In addition, the different geology around the wells is expected to 

significantly affect the characteristics of seismic waves. Thus the 

authors should show the seismograms from nearby seismic stations 

alongside the water level profiles, before they could correctly 

interpret the different water-level responses at different wells. They 

should also explain the different characteristics in the water level 

response in terms of the local geology in different regions. 

Reply：This is really a vital point, we do aware of the distinction between static and 

dynamic conditions. We haven’t applied the static equations directly to relate pore 

pressure changes to seismic waves. We use those static equations for the impact of the 

tidal strain to the aquifer medium before and after the Wenchuan earthquake, so as to 

obtain the pre- and post- earthquake Skempton’s coefficient B (those two periods can be 

recognized as two independent quasi-static processes), so the poroelastic static equations 

can be applied. Since this is an important point, now we have clarified this in the 

Appendix (Line: 607--613), so that the readers will not misunderstand the application of 

the poroelastic equations.  



In addition, in the analysis of “Undrained Skempton’s coefficient B as a function of 

effective pressure”, firstly we suppose the poro-elastic theory can be applied to all of 

those wells, so that we can use the result of the experiment of Blocher (2009)----the 

relation between Skempton’s coefficient B and the effective pressure which is obtained 

from the premise of poro-elastic condition, whereas, some of those co-seismic water level 

changes can not be explained by the poro-elastic theory (induced by 

consolidation/dilatation), and they can not fit the rule of Blocher(2009) (wells: e, h, i and 

f, Fuxin), so we attribute those water level changes to the enhanced permeability caused 

by fracture clearing or overcoming the capillary entrapment in porous channels of the 

aquifer induced by the shaking of teleseismic waves, 

There are 48 national stations recording the seismograms (event waves) in China, 

however most of those stations are not in the same place with \stations which have the 

records of water level changes. Those stations (well a to k) analyzed in our paper (we 

analyze the wells in the intermediate and far fields, and those wells near the sea have 

been discarded) have no records of seismograms, and there are about 40 km between the 

nearest two stations Qixian (112.33, 37.36) (has water level records)  and Taiyuan 

(112.434, 37.713) (has seismogram records), so the seismogram could not reflect the real 

characteristics of the geology near Qixian. Although we can not use the seismograms to 

analyze the water level changes in this paper because of the observation condition. 

Whereas this is really a good idea, and later we can do the research on those stations 

which have the records of water level and seismogram. So we have proposed this in the 

Discussion part (see Line: 387--405 ).  

 

3. On the organization aspect, the authors did not provide any detailed 

description of the observation, which should have been the most 

important part of the manuscript. The brief (and incomplete) mentioning 

of their data in the subsection “Calculation” under the section 

‘Intermediate and far field analysis’ is totally inadequate. Instead, 



they gave a lengthy introduction on poroelasticity and the Skempton’s 

coefficient, which could have been included as a supplementary material. 

This organization of presentation is unacceptable and should be replaced 

with a more standard way of scientific presentation to include ordered 

major sections on Introduction, Observation, Analysis, Discussion and 

Conclusion.   

Reply：According to your good suggestion, We have changed the organization of the 

paper, and now it seems more standard. Also we put the “introduction on poroelasticity 

and the Skempton’s coefficient B” as an Appendix. 

 

 

Some obvious mistakes:  

 

(line 26-27) “stress changes are extremely small in Liu and Manga (2009)”. In the 

experiments of Liu and Manga (2009) the strain amplitude was 10
-4

 which does not 

correspond 'extremely small' stress changes.  

Reply：We have changed “extremely small” into “relatively small”. 

(line 31-32) “… significant water level changes can be driven at great distances by 

moderate-amplitude dynamic (time-varying) stresses (Liu and Manga, 2009).” Liu and 

Manga (2009) shows that the permeability of fractured rocks may decrease 

with seismic shaking, but does not support the statement of the authors 

as quoted above.  
 

Reply:  Yes, this is really an obvious error, we have changed the sentence, see (line 31-

38), and also add some other information:  “Chadha et al. (2008) find wells appear to 

respond to regional strain variations and transient changes due to distant earthquakes. 

Sil and Freymueller (2006) developed an empirical relationship between water level 

changes, epicentral distances and earthquake magnitude, and concluded that ground 

shaking induced by teleseismic waves was sufficient to change water levels.” 

 

(line 108) “The wavelength of M2 wave is about 13414200000 km”. This is a 

blaring error. 

(line 109-110) “… the velocity of M2 wave is approximately equals to the velocity 

of the light in the vacuum space”. Another blaring error. 

Reply：This is really a complex question, in order to solve it, I have inquired several 

experts in this research region, as they indicated: The velocity of the M2 wave is a bit of 

a strange question. Normally we think of tidal responses as standing mode, and always 

use the period, frequency (or amplitude) to characterize the M2 wave. In general, the 



velocity and wavelength of M2 wave is not used. So maybe we need not to discuss about 

the wavelength or velocity.  

In fact, the effect region of the M2 wave is comparatively wide, which can induce 

the deformation of the whole earth. So the effect of the M2 wave on the aquifer can be 

recognized as undrained, because for the effect of the solid tide on the crust, when the 

wavelength of the tidal strain is much larger than the size of the aquifer, we can suppose 

the aquifer system is undrained (Huang, 2008).    

 

(line 155-156) “It is obvious that the change of shear modulus G is extremely tiny 

…”. A 10% change in G (line 153) should not be described as 

“extremely tiny”. 

Reply：We have changed “extremely tiny” into “tiny”. 
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Abstract  9 

The sM 8.0 Wenchuan earthquake of May 12, 2008 induces large-amplitude 10 

water level changes at intermediate and far fields (epicentral distance >1.5 fault 11 

rupture length) in Chinese mainland. Although many hydrologic changes induced by 12 

teleseismic waves have been reported, the mechanisms responsible for the changes 13 

still remain unclear. We invoke Skempton’s coefficient B in this paper to explain those 14 

co-seismic water level changes documented in the intermediate and far fields. Some 15 

of those abrupt coseismic water level changes, for which the variation of the 16 

co-seismic water level, Skempton’s coefficient B and the effective pressure preserve  17 

uniformity（all increase or all decrease）are found to favor the con solidation/dilatation 18 

induced by the shaking of teleseismic waves. While the other part of those coseismic 19 

water level changes, can be explained with the enhanced permeability caused by 20 

fracture clearing or overcoming the capillary entrapment in porous channels of the 21 

aquifer induced by the shaking of teleseismic waves, and most of those wells lie in 22 
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basins or in hollows, where the aquifer medium is relatively stiff. 23 

Introduction  24 

Various hydrologic responses to earthquakes have been documented (Kayen et 25 

al., 2004; Elkhoury et al., 2006; Sil and Freymueller, 2006; Chadha et al.,2008), 26 

many occurred at great distances from the ruptured fault where static stress changes 27 

are relatively small (Huang, 2008; Liu and Manga, 2009; Wang and Manga, 2010). 28 

Hydrologic changes induced by teleseismic waves have been investigated in several 29 

studies of water wells (Roeloffs, 1998; Brodsky et al., 2003; Elkhoury et al., 2006; 30 

Geballe et al., 2011). Liu and Manga (2009) indicate that significant water level 31 

changes can be driven at great distances by moderate-amplitude dynamic 32 

(time-varying) stresses. Chadha et al. (2008) find wells appear to respond to regional 33 

strain variations and transient changes due to distant earthquakes. Sil and Freymueller 34 

(2006) developed an empirical relationship between water level changes induced by 35 

teleseismic waves, epicentral distances and earthquake magnitude, and concluded that 36 

ground shaking induced by surface waves was sufficient to change far-field water 37 

levels. 38 

Several mechanisms have been proposed to explain these co-seismic changes in 39 

water level. Fracture clearing and increased permeability caused by the 40 

earthquake-induced dynamic stress have been widely used to explain most 41 

documented water level changes (Brodsky et al., 2003; Elkhoury et al., 2006; Wang 42 

and Chia, 2008; Wang and Manga, 2010). Overcoming the capillary entrapment in 43 

porous channels is hypothesized to be one of the principal pore-scale mechanisms by 44 

which natural permeability is enhanced by the passage of elastic waves (Beresnev, 45 

2011). Other proposed, but also unverified mechanisms include pore pressure 46 
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increases caused by a mechanism ‘akin to liquefaction’ (Roeloffs, 1998), 47 

shaking-induced dilatancy (Bower and Heaton, 1978), or increasing pore pressure 48 

through seismically induced growth of bubbles (Linde et al., 1994). In addition, 49 

Huang (2008) observed the co-seismic water level increase may be caused by the 50 

consolidation induced by the transmission of teleseismic waves. Experimental 51 

measurements of Liu and Manga (2009) indicate that permeability changes (either 52 

increases or decreases) owing to dynamic stresses are a reasonable explanation. In 53 

general, they find permeability decreases after shaking. 54 

In the present study, we use the Skempton’s coefficient B, the co-seismic water 55 

level and the inferred effective pressure to explain the co-seismic water level changes 56 

in the intermediate and far fields based on datasets from the Wenchuan earthquake in 57 

the Chinese mainland. Using a poroelastic relation between water level and solid tide 58 

(Zhang et al., 2009), we calculate the in-situ Skempton’s coefficient B both pre and 59 

post earthquake (which are two independent quasicstatic processes). From the 60 

research we find: Consolidation/dilatation induced by shaking of teleseismic waves, 61 

may account for the mechanism of those abrupt coseismic water level changes, for 62 

which the variations of the co-seismic water level, Skempton’s coefficient B and the 63 

effective pressure preserve uniformity. While, the other part of those coseismic water 64 

level changes, for which the co-seismic water level and the effective pressure change 65 

with inconformity (most of those wells stay in basins with relatively stiff aquifer 66 

matrixes) may be explained with the increased permeability caused by teleseismic 67 

waves, which in turn lead to the redistribution of pore pressure.  68 

Selection Principles and Observation  69 
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Large numbers of stations with co-seismic water level changes induced by 70 

sM 8.0 Wenchuan earthquake have been collected in the intermediate and far fields 71 

(>1.5 fault-rupture lengths). Most of those water level changes in this area can not be 72 

induced by the change of the static strains, which are extremely tiny (Zhang and 73 

Huang, 2011). We selected those co-seismic water level changes with distinct 74 

amplitude (tiny or obscured co-seismic water level changes have been excluded). In 75 

order to calculate the pre- and post- earthquake B values, water level data in stations 76 

should not be long-time missing or be influenced by other factors, such as pumping or 77 

other disturbances, and the data should be long enough (at least with a 10-day 78 

continuous data before and after the earthquake respectively), so that we can use the 79 

least-square fit to calculate B (Appendix). In addition, we didn’t take into account the 80 

oceanic tides that has been known to have an effect several tens of kilometers away 81 

from the seashore (Beaumont and Berger, 1975). The deformation caused by ocean 82 

tide loading is difficult to calculate, these tides appear with the same frequencies as 83 

the solid earth effects (Khan and Scherneck, 2003), and the tides are strongly affected 84 

by the complicated topography around the seashore (Walters and Goring, 2001), so 85 

we can’t simply to calculate the ocean tides by theory models. Besides, there are no 86 

public software to calculate the China national offshore ocean tides, so we have to 87 

delete those wells (4 wells: Hejiazhuang, Huanghua, Wafangdianloufang amd 88 

Yongchun) which may be influenced by the ocean tides seriously. Bearing those rules 89 

in mind, we find 11 stations (well a to well k (Figure 1)) can be chosen during the 90 

Wenchuan earthquake (Table 1). 91 

 Detailed basic information of each well are show in Table 1 , including well 92 

depth, well diameter, aquifer lithology, and geological structure. However, diameter of 93 

well g, h and j can not be found. The detailed borehole columnar diagrams (borehole 94 
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columnar diagram of well b, g, h, i, and j can not be found) are not show in this paper, 95 

which will possess so much space, but they can help us to obtain more information of 96 

the aquifer lithology. All the water level recording instruments in those wells (well a 97 

to well k) are digital, they are LN-3A digital water level instrument (except for Mile 98 

well it uses LN-4A digital water level instrument, and Fuxin well uses the SQ digital 99 

water level instrument), with the observation accuracy≤0.2% F.S. , and the sampling 100 

rate of 1/min, the resolution ratio is 1mm. We use the Mapseis software (Lu et al., 101 

2002) to calculate the tidal strain data (hourly data). In order to keep in accordance, 102 

both the water level and the tidal strain use the hourly data. 103 

Intermediate and Far Field Analysis  104 

Assumptions of shear modulus and Poisson’s ratio and the calculation of 105 

Skempton’s coefficient B 106 

Calculations are performed using 31000 /kg m  , 29.8 /g m s , and 0.29u   107 

according to equation (5). We suppose the undrained Poisson’s ratio 0.29u   both 108 

pre and after earthquake, and this kind of assumption is always used to simplify 109 

calculation issues of rocks near the crust (Zeng, 1984). In addition, based on the 110 

poroelastic theory, and limited to isotropic conditions, Theo et al.(2002) aim to 111 

determine the elastic material constants of the solid matrix with two level of porosities. 112 

As it is not possible to experimentally determine the elastic material constants of the 113 

solid matrix at these levels, a theoretical approach is presented, based on experimental 114 

data taken from literature. They find different porosities lead to different values of 115 

elastic modulus. Their results indicate that the variation extents of Skempton’s 116 

coefficient B and the bulk modulus are much larger than the drained and undrained 117 
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poisson’s ratios (variation extent of B: 6.3% ; variation extent of K: 7.96%  variation 118 

extent of u : 0.3% ). So we can approximately assume that compared to the 119 

variations of the porous medium modulus (the bulk modulus and Skempton’s 120 

coefficient B), the change of the undrained poisson’s ratio can be neglected before and 121 

after the earthquake.  122 

Gassmann (1951) predicted that the effective shear modulus would be 123 

independent of the saturating fluid properties (the shear modulus is a constant) in the 124 

undrained isotropic poroelastic media. As studied by Berryman (1999) and Berryman 125 

and Wang (2001), the theory applies at very low frequencies. At high enough 126 

frequencies (especially in the ultrasonic frequencies), as the numerical simulation of 127 

Berryman and Wang (2001) shows (based on the effective medium theory, and use a 128 

complete set of poroelastic constants for drained Trafalgar shale), with the increase of 129 

Skempton’s coefficient B, the bulk modulus changes by as much as 100% in this 130 

example, whereas the shear modulus changes by less than 10%, and other rock 131 

examples also show similar results (Berryman and Wang, 2001). As discussed above, 132 

we can know: It is obvious that the change of shear modulus G is tiny, and even can 133 

be neglected (both in the drained or undrained cases) as compared with the change of 134 

Skempton’s coefficient B. In this paper we suppose, shear modulus of well aquifer 135 

systems will not change after affected by the seismic waves (the frequencies of 136 

seismic waves are much lower than the ultrasonic frequencies, so the change of the 137 

shear modulus will just be neglectable compared to the change in B value). 138 

We apply the B-calculation method (Appendix) to those well-picked stations. 139 

The pre-and post-earthquake B values are respectively obtained from May 1, 2008 to 140 

May 11, 2008, and from May 13, 2008 to May 24, 2008 (Figure 2).  141 

Undrained Skempton’s coefficient B as a function of effective pressure 142 
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When the aquifer be consolidated, the effective pressure (effective pressure = 143 

confining pressure - pore pressure) will increase, while a dilation is in accordance to 144 

the decrease of effective pressure. Blocher et al. (2009) measured the relationship 145 

between Skempton’s coefficient B and effective pressure based on the laboratory 146 

experiment. The in-situ aquifer of those wells (well a～k) we studied are under 147 

lithostatic pressures for a long time and also be affected by the transmission of 148 

seismic waves for countless times, the situation is much similar to those well bedrocks 149 

be applied on repeated pressure cycles. So the situation will be much similar to the 150 

last several ramps (apply more than once pressure cycles on the rock) rather than the 151 

first ramp (apply the first pressure cycle on the rock, during which a possible 152 

dissolution of gas in the fluid of an incompletely saturated sample happened) in the 153 

experiment of Blocher et al. (2009), and the isotropic Skempton’s coefficient B will 154 

increase/decrease with the increase/decrease of effective pressure (when the effective 155 

pressure is less than ～4 Mpa), while B will decrease with the increase of effective 156 

pressure (when the effective pressure is larger than ～4 Mpa). Although these results 157 

obtained from sandstone, because of the lack of the laboratory experiment study of 158 

those specific rocks, we assume the results can be applied to the bedrock of all those 159 

wells studied in this paper.  160 

In order to compare with the experiment results, we have to estimate the 161 

effective pressure of each well. Pore pressure response to gravitational loading is 162 

similar to tectonic loading and can also be treated as a poroelastic problem (Green and 163 

Wang, 1986). Depth of those wells are show in Table 1, all of which are less than 1km. 164 

W-1 well lies in Yanchang basin of Gansu province,Yanchang basin is a deep basin 165 

with Paleozoic sediments (Wu et al., 2010). The “pressure - depth” relation of well 166 
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W-1 (Figure 3a) is similar to other wells in the Chinese mainland. So we assume those 167 

results could be applied to these wells we studied (well a～k) since we lack the 168 

“pressure-depth” predictions of these wells. We calculate the effective pressure of 169 

W-1 well (effective pressure approximately equals to lithostatic pressure minus pore 170 

fluid pressure) (Figure 3b), and estimate the range of the effective pressure of these 171 

wells we studied according to the well-depth (Table 1).  172 

We calculated the change of pore pressure in each well ( pP g h   ), together 173 

with the range of the effective pressure, the variation trend of Skempton’s coefficient 174 

B, and the B-effective pressure relation obtained by the experiment of Blocher et al. 175 

(2009), we can infer the variation of the effective pressure in each well (Table 2, 176 

Table 3). When the range of the effective pressure lies in 0-3 Mpa (most of the wells), 177 

the increase/decrease of B accompanied with the increase/decrease of effective 178 

pressure. When the range of effective pressure >5 Mpa, the increase/decrease of B 179 

accompanied with the decrease/increase of effective pressure Blocher et al. (2009), 180 

only the effective pressure of Jurong well (well f) lies in this range (Table 3). 181 

Mechanism analysis 182 

Coseismic water level change induced by consolidation or dilatation 183 

Water level increase/decrease accompanied with the increase/decrease of 184 

Skempton’s coefficient B and the increase/decrease of effective pressure in well a, b, 185 

c, d, g, j, and k (Table 2). To our understanding, suppose the pressure not exceed a 186 

limitation (the fissures not be closed), when the aquifer be consolidated/ dilatated, the 187 

mean fracture width (the porosity and permeability) may decrease/increase with the 188 

increase/decrease of the effective pressure, then the stiff rock matrix that supports the 189 
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load could with a higher/lower coupling to the fluid (Nur and Byerlee, 1971), and the 190 

value of B will increase/decrease.Which indicating shaking induced by the 191 

transmission of teleseismic waves may cause consolidation/dilatation of the aquifer, 192 

and lead to the increase/decrease of the water level (effective pressure). Figure 4 193 

shows the relation between the change of Skempton’s coefficient B and the change of 194 

effective pressure (pore pressure/water level) in well a, b, c, d, g, j, and k . 195 

Approximately, it displays a linear relation.   196 

Coseismic water level change induced by increased permeability 197 

Water level decrease/increase accompanied with the increase/decrease of 198 

Skempton’s coefficient B and the increases/decrease of effective pressure in well e, h, 199 

and i (Table 3). Fracture clearing (unclogging) and increased permeability may be 200 

used to explain this phenomenon. Since pore-pressure heterogeneity may be the norm 201 

in the field, an enhancement of permeability among sites of different pore pressure 202 

may cause pore pressure to spread (Roeloffs, 1998; Brodsky et al., 2003; Wang, 2007; 203 

Wang and Manga, 2010). Pore-pressure of those wells may be higher/lower than other 204 

places before the earthquake, an enhancement of permeability incured by overcoming 205 

the capillary entrapment in porous channels induced by the passage of elastic waves 206 

will decrease/increase the pore-pressure in those wells (the pore-pressure will shift 207 

to/shift from other places), and water level will decrease/increase. Then the effective 208 

pressure will increase/decrease accompanied with the decrease/increase of 209 

pore-pressure, so the Skempton’s coefficient B increase (which indicates the stiff rock 210 

matrix could with a higher coupling to the fluid) in well e, and decrease (which 211 

indicates the stiff rock matrix could with a lower coupling to the fluid) in well h and i 212 

(Table 3).  213 
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The depth of well f (889.18 m) is larger than other wells, and the effective 214 

pressure range of this depth is 8～10 MPa (Table 3 ). Effective pressure decreases 215 

accompanied with the Skempton’s coefficient B increases in this range (Blocher et al., 216 

2009). So water level increases with the decreases of effective pressure in this well, 217 

and this should be explained with the increased permeability. Pore-pressure of well f 218 

may be lower than other places before the earthquake, an enhancement of 219 

permeability will increase the pore-pressure in this well (the pore-pressure may shift 220 

from other places), and water level will increase. Then the effective pressure will 221 

decrease accompanied with the increase of pore-pressure, so the Skempton’s 222 

coefficient B increase. 223 

The local geological structure of each well is important (Table 1), We just find 224 

that most of those wells in which permeability increase induced by shaking of 225 

teleseismic waves, stay in basins or in hollows (well e, f, h, i and Fuxin), which may 226 

be attributed to the relatively solid formation and the stiff aquifer medium of the basin 227 

or hollow, and the deformation (consolidation or dilatation) will not easily to be 228 

incurred, then the energy of shaking may be inclined to induce the fracture clearing 229 

(unclogging) so as to increase permeability. 230 

Examples support far field water level increases induced by consolidation 231 

The spreading of shear waves may cause dilatation of the aquifer medium, which 232 

can broaden the porosities and give birth to new fractures, and the effective pressure 233 

will reduce (in wells: g, j and k, the effective pressure range is 0～3 MPa) leading to 234 

the decrease of Skempton’s coefficient B. This explanation is similar to the 235 

mechanism of shaking-induced dilatancy (Bower and Heaton, 1978). So it may be 236 

easier to understand weater level decreases in the far field induced by the transmission 237 
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of teleseismic waves. However, water level increases induced by consolidation in the 238 

far field is not the mainstream view. Since many cases support the theory of the 239 

increased permeability, it is necessary to give some examples which can support far 240 

field water level increases induced by consolidation. 241 

Permeability will increase/decrease, which is mostly related to the 242 

increase/decrease of porosity (Xue, 1986). As explained by rock mechanics the same 243 

porosity always corresponding to the same effective pressure (Terzaghi, 1925; 244 

Magara, 1978). From that we can know porosity and permeability are all directly 245 

connected with effective pressure, and they will decrease with the increase of the 246 

effective pressure (Blocher et al., 2009). 247 

From the laboratory experiment, Liu and Manga (2009) find that: in general, 248 

permeability decreases after shaking. They measured the evolution of permeability in 249 

fractured sandstone in response to repeated shaking under undrained conditions, and 250 

set the frequency and amplitude of the imposed shaking to be representative of those 251 

that cause distant hydrological responses. As they explained: Dynamic strains cause 252 

time varying fluid flow that can redistribute particles within fractures or porespaces, 253 

and can allow particles to move away from regions where they hold pore spaces open, 254 

and are expected to accumulate and get trapped at the narrowest constrictions along 255 

flow paths, and hence allow a consolidation (contraction) of the sample. Their result 256 

just supports our mechanism analysis. It implies that teleseismic waves can cause a 257 

consolidation of well aquifer and cause the increase of effective pressure, which is in 258 

accordance with the increase of co-seismic water level changes accompanied with the 259 

increase of Skempton’s coefficient B in wells: a, b, c, d ( effective pressure range 0～260 

3 MPa ). 261 

In addition, Huang (2008) find that: the water level increase in Fuxin well 262 
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(1409.98 km away from Wenchuan, the well depth is 60.74 m，stiff Granite with a 263 

little basalt is the bedrock and we assume the shear modulus = 60 Gpa) is induced by 264 

the increase of volume strain (consolidation) (Figure 5a). In the Chinese mainland, 265 

Fuxin is the only well in which there are observations of volume strain and water 266 

level in a specific aquifer medium, and both of them show obvious co-seismic 267 

responses to Wenchuan earthquake. There are clear and obvious effects of tidal strain 268 

and atmospheric pressure in the water level and volume strain, which indicates Fuxin 269 

is a terrific artesian well. This well has not be chosen in the above analysis because 270 

there is an abrupt large-amplitude increase in the water level, which starts from 11 271 

p.m. May 22, 2008 (we can not find any interference of this abrupt increase according 272 

to the daily records of Fuxin station), and we can just use a shorter time period to 273 

calculate the post-earthquake B value, which may cause a little impact on the precise 274 

of B. The calculation is performed based on the 2M  wave distilled from the water 275 

level and the tidal strain (pre-earthquake: from May 1, 2008 to May 11, 2008, 276 

post-earthquake: from May 13, 2008 to May 22, 2008 (Figure 5b)). (The large-step 277 

abrupt water level increase starts from 09 p.m. May 22, 2008 (Figure 5c), which may 278 

cause large impact on the detrend process and influence the calculation result, so we 279 

just discard these data). From Figure 5a, we can see the co-seismic water level 280 

increase is induced by the change of the volume strain, which indicates the well 281 

aquifer has been consolidated. The depth of Fuxin well is 60.74 m, and we can 282 

assume the range of the effective pressure is 0～3Mpa (Table 3), from the change of 283 

the pre- and post- earthquake B (Figure 5b), we may infer the consolidation may be 284 

very extreme, accompanied with the coseismic water level increase it could cause an 285 

extra pressure, which just overcomes the capillary entrapment in porous channels of 286 

the aquifer or incures a fracture clearing and bring in the increase of the permeability, 287 
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then water flow in from other places with a higher pressure, which lead to the 288 

decrease of the Skempton’s coefficient B with the decrease of the effective pressure, 289 

and the water level increases more gradually. Finally with the further enhancement of 290 

the permeability (increase of the porosity), a permanent deformation could be induced, 291 

so there is an abrupt increase in the water level in 22 May, and remain in a relatively 292 

high level for several months(Figure 5c). From the picture we can see it may be in a 293 

drained condition after the abrupt large-amplitude water level increase, because the 294 

water level fluctuates irregularly. 295 

So we argue that water level increase induced by the consolidation incurred by 296 

transmission of teleseismic waves is reasonable, and a consolidation with large 297 

enough energy may also lead to an enhanced permeability by overcoming the 298 

capillary entrapment in porous channels. 299 

Wellbore storage effects   300 

Tidal phase lags are caused by wellbore storage. “Wellbore storage” is the term 301 

used to describe a lag of piezometer water level behind aquifer pressure resulting 302 

from the need for water to flow into the borehole in order to equilibrate water level 303 

with aquifer pressure. Wellbore storage effects increase (phase lags increase) as the 304 

transmissivity (and permeability) of the formation decreases (Roeloffs, 1996; Doan et 305 

al., 2006).  306 

Most of those wells can record clear tidal strain and atmospheric pressure, and 307 

according to the <China earthquake monitoring records series> (which is written by 308 

different Subordinate units (earthquake administration of each provinces and different 309 

institutions) of China Earthquake Administration, and published in Beijing in 310 

different years by Seismological Press (in Chinese)) they are well confined. From 311 

Table 1 we can see the phase difference of water level and tidal strain of most wells 312 
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are 0, which mean good correlations between the water levels and the tidal strains, 313 

and those wells are well confined and under the undrained condition. Because we use 314 

the hourly data, we can not identify the phase difference when it is less than 1 hour, 315 

and we just neglected the wellbore storage effects in those wells. Before and after the 316 

earthquake, if phase lags remain the same, it indicates the permeability of the well 317 

aquifer keeps the same or just changes a little (the phase difference may be lees than 1 318 

hour). Phase lags ≧ 1 hour in well: b, c, e, and Fuxin, and most of them are small, 319 

except well b, which may be semi-confined. Thus, the validity of the calculated B 320 

values in well b may be a little questionable. The phase lag of Fuxin well decreases 321 

after the earthquake (L1=2 hours, L2=1 hour), which indicates the permeability 322 

increases after the shakig of the earthquake, this is in accordance with the mechanism 323 

analysis of the co-seismic water level increase in Fuxin well. 324 

Discussion  325 

The variation of porosity  326 

Figure 3c shows, in general, the porosity decreases with the increase of depth, 327 

however, when reach 3000m the effective pressure turns much larger (approximately 328 

equals to 35 Mpa) than that in the depth of those wells (well a～k), the porosity still 329 

persists relatively large, and changes with different depth. From Table 2 we can see, 330 

the variation of effective pressure of well a, b, c, d, g, j and k is less than 0.01Mpa, 331 

and from Figure 3b we know, variation of 0.01Mpa in effective pressure 332 

approximately equals to variation of 1 meter in depth, as Figure 3c shows, the 333 

variation of porosity is tiny during variation of 1 meter in depth. So this variation 334 

extent of effective pressure is hard to induce permanent deformation of porosity. 335 

However, in reality, the change of porosity may also connected with the formation 336 
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and the state of the rock matrix. 337 

Furthermore, phase lags of well a, b, c, d, g, j and k keep constant before and 338 

after the earthquake (change less than 1 hour) (Table (1)), so we can infer, the 339 

porosity (permeability) change little after the earthquake. Because the phase lags 340 

increase/decrease (wellbore storage effects increase/decrease) as the permeability 341 

(porosity) of the formation decreases/increase (Roeloffs, 1996; Doan et al., 2006). 342 

So we can infer, the porosity of well a, b, c, d, g, j and k can persist despite being 343 

reduced/enlarged due to the consolidation/dilatation induced by the passage of 344 

teleseismic waves of sM 8.0 Wenchuan earthquake. 345 

Uncertainty of B coefficient  346 

In order to study the uncertainty of B coefficient (error related to the 347 

determination of B coefficient), we use Jurong well to show the variation of B during 348 

a relatively long – time span (50 days before and after the Wenchuan earthquake) 349 

(Figure 6). Skempton’s coefficient B will change with the change of time. Because we 350 

use the least square fit to calculate B, the value may be a little different when we use 351 

diffenent length of data , but the change tendency (increase or decrease of B) before 352 

and after the earthquake will be constant. Furthermore, we can see the B value of 353 

Jurong well recover to its initial value after about 30 days (Figure 6).  354 

So, compared with the uncertainty in B value, variation of B due to the 355 

earthquake is significant. The continuous of B will be influenced by lots of factors, 356 

such as power off, aftershocks, and so on, so B-value series at large time scale is not 357 

easy to obtain for each well. 358 

Recovery of Water level  359 

The recovery time of the water level is obscure, because most of those water 360 
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level will not recover to the same height as the pre-earthquake level during a 361 

relatively short time span. So we should use much longer data to analyze it, and 362 

should discard all those influences: such as aftershocks, atmospheric pressure（not all 363 

those wells have the records of atmospheric pressure）, tidal strain, pumping, power 364 

off, thounder and so on, which needs lots of work, and we may study about it in future. 365 

In addition, we haven’t find any relation between water level changes and epicentral 366 

distances in those wells studied in this paper, it is possible to investigate much more 367 

wells later, to study about the relations. 368 

The variation value of effective pressure 369 

We calculated the change of pore pressure ( pp g h  
), and we can use the 370 

critical state to help us to analyze the variation value of effective pressure in each 371 

well.  372 

When the aquifer be consolidated/dilated, in the critical state, the pore pressure 373 

keeps constant, the confinging pressure increase /decrease, then the effective pressure 374 

increase/decrease, and at last transfer into the increase/decrease of pore pressure 375 

(water level increase/decrease), and the system come into an equilibrium state. So the 376 

change of pore pressure can be attributed to the change of the effective pressure.  377 

When the permeability increase, in the critical state, the confining pressure keeps 378 

constant, the pore pressure (water level) increase (the well in a relatively low pressure 379 

region before the earthquake) /decrease (the well in a relatively high pressure region 380 

before the earthquake), then the effective pressure decrease/increase, so the change of 381 

the effective pressure can be attributed to the change of pore pressure. 382 

However，the variation value of the effective pressure of each well may be 383 
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different from the value we calculate, because the critical state is an assumption ideal 384 

state, and the transfer of stress may also relate with the formation and state of the 385 

aquifer.  386 

Impact of local geology 387 

We just find that most of those wells in which permeability increase induced by 388 

shaking of teleseismic waves, stay in basins or in hollows (well e, f, h, i and Fuxin), 389 

which may be attributed to the relatively stiff aquifer of those basins or hollows, but 390 

we still lack direct evidence to testify that. As indicated by the reviewer, the 391 

seismograms may be helpful. There are 48 national stations recording the 392 

seismograms (event waveforms) in the Chinese mainland, however most of those 393 

stations are not in the same place with \stations which have the records of water level 394 

changes. Those stations (well a to k) analyzed in our paper (we analyze the wells in 395 

the intermediate and far fields, and those wells near the sea have been discarded) have 396 

no records of seismograms, and there are about 40 km between the nearest two 397 

stations: Qixian (112.33, 37.36) (has water level records) and Taiyuan (112.434, 398 

37.713) (has seismogram records), so the seismogram could not reflect the real 399 

characteristics of the geology near Qixian. It is possible that, in the future, we should 400 

focus on several wells (which record both the water level and the seismogram), to 401 

reveal the connection between the local geology (some physical parameters may be 402 

deduced from the seismogram analysis, and we can see the amplitude (energy) of the 403 

waves clearly from the waveforms) and the mechanism of co-seismic water level 404 

changes deeply. 405 
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Conclusion 406 

Together with the variation of Skempton’s coefficient B, the change of pore 407 

pressure and the inferred variation of effective pressure in each well, we can infer the 408 

mechanism of the co-seismic water level changes. From the study we can conclude: 409 

consolidation/dilatation induced by shaking of teleseismic waves, may account for the 410 

mechanism of those abrupt coseismic water level changes, for which the variation 411 

tendency of the co-seismic water level, Skempton’s coefficient B and the effective 412 

pressure keep the same (all increase or all decrease). While, fracture clearing and 413 

increased permeability may be used to explain the other part of those coseismic water 414 

level changes, for which the co-seismic water level, and the effective pressure change 415 

with inconformity, and most of those wells stay in basins with relatively stiff rock 416 

matrix. Our analysis is not conflict with any of those existing theories. Although those 417 

water level changes happened in the intermediate and far fields, most of those water 418 

levels present abrupt and obvious co-seismic changes owing to the huge energy of 419 

sM  8.0 Wenchuan earthquake.  420 

From the analysis of Fuxin well, we can see a consolidation with large enough 421 

energy may also incur an enhanced permeability by overcoming the capillary 422 

entrapment in porous channels or by fracture clearing. So as discussed by Liu and 423 

Manga (2009), permeability changes (either increases or decreases) owing to dynamic 424 

stresses are reasonable explanations for earthquake-induced hydrologic responses. 425 

The mechanisms analyzed in this paper are similar to the experiment results of Liu 426 

and Manga (2009), and our in-situ analysis may complement the limitation of the 427 

initial condition of their laboratory experiments. 428 

In reality, the shear modulus G and the undrained Poisson’s ratio u  would 429 
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change slightly after the shaking of seismic waves, and the discussed “undrained” 430 

condition can hardly last for a long time, as long as the fluid flow exists, the 431 

undrained condition will disrupt and be replaced by the drained condition soon. We 432 

assume the results get from sandstone can be applied to all those bedrocks in those 433 

wells (Figure 3), however this is not very precise. As described by Wang (1993) 434 

nonlinear compaction effects can be significant and they are not incorporated in the 435 

linear theory presented here, because the well aquifers are under lithostatic pressures 436 

for a long time and withstand large numbers of seismic shaking, the irreversible 437 

deformations and the nonlinear effects have been minimized (In the laboratory 438 

experiment, in order to reduce the irreversible deformation and to minimize the 439 

nonlinear effects, repeated pressure cycles are always applied on rock samples as 440 

preconditions (Blocher et al., 2009)). Discard all those ideal assumptions, things may 441 

be different.  442 

Data and Resources 443 

Data used in this paper were collected using a classified network (Groundwater 444 

Monitoring Network, GMN) of the China Earthquake Networks Center and cannot be 445 

released to the public. We use the Mapseis software (Lu et al., 2002) to calculate the 446 

tidal strain data. 447 
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 545 

 546 

Appendix: An approach to Skempton’s coefficient B based on the 547 

poroelastic theory 548 

Skempton’s coefficient B is a significant pore-fluid parameter in poroelastic 549 

theory. A poroelastic material consists of an elastic matrix containing interconnected 550 

fluid saturated pores. Fluid saturated crust behaves as a poroelastic material to a good 551 

degree of approximation. 552 

Rice and Cleary (1976) summarized the following equations for a linearly elastic 553 

isotropic porous medium (they are the building blocks of the poroelastic theory): 554 
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Here 0m m  is the change of the fluid mass, ij  is the strain tensor, ij is the stress 557 

tensor, ij is the Kronecker delta function, G  is the shear modulus,   is the 558 

density of the fluid, B is the Skempton’s coefficient, p  is the pore pressure, 559 

the Poisson’s ratio, and u  is the “undrained” Poisson’s ratio. Rice and Cleary (1976) 560 

describe equation (1) as a stress balance equation and equation (2) as a mass balance 561 

equation.  562 

For the undrained condition, the poroelastic effect on the crust can be obtained 563 

by putting 0 0m m   in equation (2) to obtain 564 

  / 3kkp B   or / 3kkp B     .                  (3) 565 
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Equation (3) indicates that, in the undrained condition, the change in fluid pressure 566 

( p ) is proportional to the change in mean stress ( / 3kk ). This is the mechanism of 567 

water level changes for poroelastic material. ( p gh , where h is the water column 568 

height, g is the acceleration due to gravity and   is the density of water). 569 

According to equation (3), Skempton’s coefficient B can be qualitatively defined: 570 

In the undrained condition, B is the ratio of the induced pore pressure divided by the 571 

change in mean stress (Wang, 2000). B governs the magnitude of water-level changes 572 

due to an applied stress because pore pressure is directly proportional to water level. 573 

The value of B is always between 0 and 1. When B is 1, the applied stress is 574 

completely transferred into changing pore pressure. When B equals 0, there is no 575 

change in pore pressure after applying the stress. Thus a low value of B indicates the 576 

stiff rock matrix that supports the load with low coupling to the fluid (Nur and 577 

Byerlee, 1971). Laboratory studies indicate the value of B depends upon the fluid- 578 

saturated pore volume of the sample (Wang, 2000). 579 

Equation (3) can be expressed in terms of tidal strain as well (Roeloffs, 1996): 580 
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Equation (4) shows that water level changes proportionally in a poroelastic material 582 

under the influence of tidal strain ( t ). Here, h  is the change in height of water 583 

level, and t is the corresponding tidal strain change (Sil, 2006).   584 

From equation (4) we obtain: 585 
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With equation (5), we obtain the value of B with water level and tidal strain. However, 587 

the calculation must be on the strict premise of the undrained condition (the good 588 
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correlation between the water level and the tidal strain) and should not be influenced 589 

by the other factors. 590 

For the effect of the solid tide on the crust, when the wavelength of the tidal 591 

strain is much larger than the size of the aquifer, we can suppose the aquifer system is 592 

undrained (Huang, 2008). So we can suppose the effect of the 2M  wave in the crust 593 

can meet the undrained condition (Zhang et al., 2009). In addition, those wells can 594 

record clear tidal strains and thus, because we calculate the phase lags between the 595 

water levels and the tidal strains are small, the wells can readily meet the undrained 596 

condition. In the 2M ˗  wave frequency domain, the water level and the tidal strain 597 

show a good correlation; Furthermore, the 2M  wave is hardly influenced by 598 

atmospheric pressure. We therefore distill the frequency domain of the 2M  wave 599 

from the water level and the tidal strain by using band-pass filter (the frequency of the 600 

2M wave is 52.23636 10 HZ ) to calculate the Skempton’s coefficient B. By 601 

converting the frequency domain of the 2M waves (obtained from the water level and 602 

the tidal strain), by inverse fast Fourier transform and adjusting their phases (using the 603 

least-square fit and putting the results into equation (5)), we can finally derive B. 604 

(More details of the method are explained in Zhang et al., 2009). All the Water-level 605 

observations come from the sensor of water level, while tidal strain data are calculated 606 

via Mapseis software (see Data and Resources section). One thing needs to be 607 

clarified: We haven’t applied the static equations directly to relate pore pressure 608 

changes to seismic waves. We use those static equations for the impact of the tidal 609 

strain on the aquifer medium before and after the Wenchuan earthquake, so as to 610 

obtain the pre- and post- earthquake Skempton’s coefficient B (those two periods can 611 

be recognized as two independent quasi-static processes), so the poroelastic static 612 
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equations can be applied.   613 
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Abstract  9 

The sM 8.0 Wenchuan earthquake of May 12, 2008 induces large-amplitude 10 

water level changes at intermediate and far fields (epicentral distance >1.5 fault 11 

rupture length) in Chinese mainland. Although many hydrologic changes induced by 12 

teleseismic waves have been reported, the mechanisms responsible for the changes 13 

still remain unclear. We invoke Skempton’s coefficient B in this paper to explain those 14 

co-seismic water level changes documented in the intermediate and far fields. Some 15 

of those abrupt coseismic water level changes, for which the variation of the 16 

co-seismic water level, Skempton’s coefficient B and the effective pressure preserve  17 

uniformity（all increase or all decrease）are found to favor the con solidation/dilatation 18 

induced by the shaking of teleseismic waves. While the other part of those coseismic 19 

water level changes, can be explained with the enhanced permeability caused by 20 

fracture clearing or overcoming the capillary entrapment in porous channels of the 21 

aquifer induced by the shaking of teleseismic waves, and most of those wells lie in 22 
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basins or in hollows, where the aquifer medium is relatively stiff. 23 

Introduction  24 

Various hydrologic responses to earthquakes have been documented (Kayen et 25 

al., 2004; Elkhoury et al., 2006; Sil and Freymueller, 2006; Chadha et al.,2008), 26 

many occurred at great distances from the ruptured fault where static stress changes 27 

are relatively small (Huang, 2008; Liu and Manga, 2009; Wang and Manga, 2010). 28 

Hydrologic changes induced by teleseismic waves have been investigated in several 29 

studies of water wells (Roeloffs, 1998; Brodsky et al., 2003; Elkhoury et al., 2006; 30 

Geballe et al., 2011). Liu and Manga (2009) indicate that significant water level 31 

changes can be driven at great distances by moderate-amplitude dynamic 32 

(time-varying) stresses. Chadha et al. (2008) find wells appear to respond to regional 33 

strain variations and transient changes due to distant earthquakes. Sil and Freymueller 34 

(2006) developed an empirical relationship between water level changes induced by 35 

teleseismic waves, epicentral distances and earthquake magnitude, and concluded that 36 

ground shaking induced by surface waves was sufficient to change far-field water 37 

levels. 38 

Several mechanisms have been proposed to explain these co-seismic changes in 39 

water level. Fracture clearing and increased permeability caused by the 40 

earthquake-induced dynamic stress have been widely used to explain most 41 

documented water level changes (Brodsky et al., 2003; Elkhoury et al., 2006; Wang 42 

and Chia, 2008; Wang and Manga, 2010). Overcoming the capillary entrapment in 43 

porous channels is hypothesized to be one of the principal pore-scale mechanisms by 44 

which natural permeability is enhanced by the passage of elastic waves (Beresnev, 45 

2011). Other proposed, but also unverified mechanisms include pore pressure 46 
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increases caused by a mechanism ‘akin to liquefaction’ (Roeloffs, 1998), 47 

shaking-induced dilatancy (Bower and Heaton, 1978), or increasing pore pressure 48 

through seismically induced growth of bubbles (Linde et al., 1994). In addition, 49 

Huang (2008) observed the co-seismic water level increase may be caused by the 50 

consolidation induced by the transmission of teleseismic waves. Experimental 51 

measurements of Liu and Manga (2009) indicate that permeability changes (either 52 

increases or decreases) owing to dynamic stresses are a reasonable explanation. In 53 

general, they find permeability decreases after shaking. 54 

In the present study, we use the Skempton’s coefficient B, the co-seismic water 55 

level and the inferred effective pressure to explain the co-seismic water level changes 56 

in the intermediate and far fields based on datasets from the Wenchuan earthquake in 57 

the Chinese mainland. Using a poroelastic relation between water level and solid tide 58 

(Zhang et al., 2009), we calculate the in-situ Skempton’s coefficient B both pre and 59 

post earthquake (which are two independent quasicstatic processes). From the 60 

research we find: Consolidation/dilatation induced by shaking of teleseismic waves, 61 

may account for the mechanism of those abrupt coseismic water level changes, for 62 

which the variations of the co-seismic water level, Skempton’s coefficient B and the 63 

effective pressure preserve uniformity. While, the other part of those coseismic water 64 

level changes, for which the co-seismic water level and the effective pressure change 65 

with inconformity (most of those wells stay in basins with relatively stiff aquifer 66 

matrixes) may be explained with the increased permeability caused by teleseismic 67 

waves, which in turn lead to the redistribution of pore pressure.  68 

Selection Principles and Observation  69 
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Large numbers of stations with co-seismic water level changes induced by 70 

sM 8.0 Wenchuan earthquake have been collected in the intermediate and far fields 71 

(>1.5 fault-rupture lengths). Most of those water level changes in this area can not be 72 

induced by the change of the static strains, which are extremely tiny (Zhang and 73 

Huang, 2011). We selected those co-seismic water level changes with distinct 74 

amplitude (tiny or obscured co-seismic water level changes have been excluded). In 75 

order to calculate the pre- and post- earthquake B values, water level data in stations 76 

should not be long-time missing or be influenced by other factors, such as pumping or 77 

other disturbances, and the data should be long enough (at least with a 10-day 78 

continuous data before and after the earthquake respectively), so that we can use the 79 

least-square fit to calculate B (Appendix). In addition, we didn’t take into account the 80 

oceanic tides that has been known to have an effect several tens of kilometers away 81 

from the seashore (Beaumont and Berger, 1975). The deformation caused by ocean 82 

tide loading is difficult to calculate, these tides appear with the same frequencies as 83 

the solid earth effects (Khan and Scherneck, 2003), and the tides are strongly affected 84 

by the complicated topography around the seashore (Walters and Goring, 2001), so 85 

we can’t simply to calculate the ocean tides by theory models. Besides, there are no 86 

public software to calculate the China national offshore ocean tides, so we have to 87 

delete those wells (4 wells: Hejiazhuang, Huanghua, Wafangdianloufang amd 88 

Yongchun) which may be influenced by the ocean tides seriously. Bearing those rules 89 

in mind, we find 11 stations (well a to well k (Figure 1)) can be chosen during the 90 

Wenchuan earthquake (Table 1). 91 

 Detailed basic information of each well are show in Table 1 , including well 92 

depth, well diameter, aquifer lithology, and geological structure. However, diameter of 93 

well g, h and j can not be found. The detailed borehole columnar diagrams (borehole 94 
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columnar diagram of well b, g, h, i, and j can not be found) are not show in this paper, 95 

which will possess so much space, but they can help us to obtain more information of 96 

the aquifer lithology. All the water level recording instruments in those wells (well a 97 

to well k) are digital, they are LN-3A digital water level instrument (except for Mile 98 

well it uses LN-4A digital water level instrument, and Fuxin well uses the SQ digital 99 

water level instrument), with the observation accuracy≤0.2% F.S. , and the sampling 100 

rate of 1/min, the resolution ratio is 1mm. We use the Mapseis software (Lu et al., 101 

2002) to calculate the tidal strain data (hourly data). In order to keep in accordance, 102 

both the water level and the tidal strain use the hourly data. 103 

Intermediate and Far Field Analysis  104 

Assumptions of shear modulus and Poisson’s ratio and the calculation of 105 

Skempton’s coefficient B 106 

Calculations are performed using 31000 /kg m  , 29.8 /g m s , and 0.29u   107 

according to equation (5). We suppose the undrained Poisson’s ratio 0.29u   both 108 

pre and after earthquake, and this kind of assumption is always used to simplify 109 

calculation issues of rocks near the crust (Zeng, 1984). In addition, based on the 110 

poroelastic theory, and limited to isotropic conditions, Theo et al.(2002) aim to 111 

determine the elastic material constants of the solid matrix with two level of porosities. 112 

As it is not possible to experimentally determine the elastic material constants of the 113 

solid matrix at these levels, a theoretical approach is presented, based on experimental 114 

data taken from literature. They find different porosities lead to different values of 115 

elastic modulus. Their results indicate that the variation extents of Skempton’s 116 

coefficient B and the bulk modulus are much larger than the drained and undrained 117 
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poisson’s ratios (variation extent of B: 6.3% ; variation extent of K: 7.96%  variation 118 

extent of u : 0.3% ). So we can approximately assume that compared to the 119 

variations of the porous medium modulus (the bulk modulus and Skempton’s 120 

coefficient B), the change of the undrained poisson’s ratio can be neglected before and 121 

after the earthquake.  122 

Gassmann (1951) predicted that the effective shear modulus would be 123 

independent of the saturating fluid properties (the shear modulus is a constant) in the 124 

undrained isotropic poroelastic media. As studied by Berryman (1999) and Berryman 125 

and Wang (2001), the theory applies at very low frequencies. At high enough 126 

frequencies (especially in the ultrasonic frequencies), as the numerical simulation of 127 

Berryman and Wang (2001) shows (based on the effective medium theory, and use a 128 

complete set of poroelastic constants for drained Trafalgar shale), with the increase of 129 

Skempton’s coefficient B, the bulk modulus changes by as much as 100% in this 130 

example, whereas the shear modulus changes by less than 10%, and other rock 131 

examples also show similar results (Berryman and Wang, 2001). As discussed above, 132 

we can know: It is obvious that the change of shear modulus G is tiny, and even can 133 

be neglected (both in the drained or undrained cases) as compared with the change of 134 

Skempton’s coefficient B. In this paper we suppose, shear modulus of well aquifer 135 

systems will not change after affected by the seismic waves (the frequencies of 136 

seismic waves are much lower than the ultrasonic frequencies, so the change of the 137 

shear modulus will just be neglectable compared to the change in B value). 138 

We apply the B-calculation method (Appendix) to those well-picked stations. 139 

The pre-and post-earthquake B values are respectively obtained from May 1, 2008 to 140 

May 11, 2008, and from May 13, 2008 to May 24, 2008 (Figure 2).  141 

Undrained Skempton’s coefficient B as a function of effective pressure 142 
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When the aquifer be consolidated, the effective pressure (effective pressure = 143 

confining pressure - pore pressure) will increase, while a dilation is in accordance to 144 

the decrease of effective pressure. Blocher et al. (2009) measured the relationship 145 

between Skempton’s coefficient B and effective pressure based on the laboratory 146 

experiment. The in-situ aquifer of those wells (well a～k) we studied are under 147 

lithostatic pressures for a long time and also be affected by the transmission of 148 

seismic waves for countless times, the situation is much similar to those well bedrocks 149 

be applied on repeated pressure cycles. So the situation will be much similar to the 150 

last several ramps (apply more than once pressure cycles on the rock) rather than the 151 

first ramp (apply the first pressure cycle on the rock, during which a possible 152 

dissolution of gas in the fluid of an incompletely saturated sample happened) in the 153 

experiment of Blocher et al. (2009), and the isotropic Skempton’s coefficient B will 154 

increase/decrease with the increase/decrease of effective pressure (when the effective 155 

pressure is less than ～4 Mpa), while B will decrease with the increase of effective 156 

pressure (when the effective pressure is larger than ～4 Mpa). Although these results 157 

obtained from sandstone, because of the lack of the laboratory experiment study of 158 

those specific rocks, we assume the results can be applied to the bedrock of all those 159 

wells studied in this paper.  160 

In order to compare with the experiment results, we have to estimate the 161 

effective pressure of each well. Pore pressure response to gravitational loading is 162 

similar to tectonic loading and can also be treated as a poroelastic problem (Green and 163 

Wang, 1986). Depth of those wells are show in Table 1, all of which are less than 1km. 164 

W-1 well lies in Yanchang basin of Gansu province,Yanchang basin is a deep basin 165 

with Paleozoic sediments (Wu et al., 2010). The “pressure - depth” relation of well 166 
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W-1 (Figure 3a) is similar to other wells in the Chinese mainland. So we assume those 167 

results could be applied to these wells we studied (well a～k) since we lack the 168 

“pressure-depth” predictions of these wells. We calculate the effective pressure of 169 

W-1 well (effective pressure approximately equals to lithostatic pressure minus pore 170 

fluid pressure) (Figure 3b), and estimate the range of the effective pressure of these 171 

wells we studied according to the well-depth (Table 1).  172 

We calculated the change of pore pressure in each well ( pP g h   ), together 173 

with the range of the effective pressure, the variation trend of Skempton’s coefficient 174 

B, and the B-effective pressure relation obtained by the experiment of Blocher et al. 175 

(2009), we can infer the variation of the effective pressure in each well (Table 2, 176 

Table 3). When the range of the effective pressure lies in 0-3 Mpa (most of the wells), 177 

the increase/decrease of B accompanied with the increase/decrease of effective 178 

pressure. When the range of effective pressure >5 Mpa, the increase/decrease of B 179 

accompanied with the decrease/increase of effective pressure Blocher et al. (2009), 180 

only the effective pressure of Jurong well (well f) lies in this range (Table 3). 181 

Mechanism analysis 182 

Coseismic water level change induced by consolidation or dilatation 183 

Water level increase/decrease accompanied with the increase/decrease of 184 

Skempton’s coefficient B and the increase/decrease of effective pressure in well a, b, 185 

c, d, g, j, and k (Table 2). To our understanding, suppose the pressure not exceed a 186 

limitation (the fissures not be closed), when the aquifer be consolidated/ dilatated, the 187 

mean fracture width (the porosity and permeability) may decrease/increase with the 188 

increase/decrease of the effective pressure, then the stiff rock matrix that supports the 189 
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load could with a higher/lower coupling to the fluid (Nur and Byerlee, 1971), and the 190 

value of B will increase/decrease.Which indicating shaking induced by the 191 

transmission of teleseismic waves may cause consolidation/dilatation of the aquifer, 192 

and lead to the increase/decrease of the water level (effective pressure). Figure 4 193 

shows the relation between the change of Skempton’s coefficient B and the change of 194 

effective pressure (pore pressure/water level) in well a, b, c, d, g, j, and k . 195 

Approximately, it displays a linear relation.   196 

Coseismic water level change induced by increased permeability 197 

Water level decrease/increase accompanied with the increase/decrease of 198 

Skempton’s coefficient B and the increases/decrease of effective pressure in well e, h, 199 

and i (Table 3). Fracture clearing (unclogging) and increased permeability may be 200 

used to explain this phenomenon. Since pore-pressure heterogeneity may be the norm 201 

in the field, an enhancement of permeability among sites of different pore pressure 202 

may cause pore pressure to spread (Roeloffs, 1998; Brodsky et al., 2003; Wang, 2007; 203 

Wang and Manga, 2010). Pore-pressure of those wells may be higher/lower than other 204 

places before the earthquake, an enhancement of permeability incured by overcoming 205 

the capillary entrapment in porous channels induced by the passage of elastic waves 206 

will decrease/increase the pore-pressure in those wells (the pore-pressure will shift 207 

to/shift from other places), and water level will decrease/increase. Then the effective 208 

pressure will increase/decrease accompanied with the decrease/increase of 209 

pore-pressure, so the Skempton’s coefficient B increase (which indicates the stiff rock 210 

matrix could with a higher coupling to the fluid) in well e, and decrease (which 211 

indicates the stiff rock matrix could with a lower coupling to the fluid) in well h and i 212 

(Table 3).  213 



 

10 
 

The depth of well f (889.18 m) is larger than other wells, and the effective 214 

pressure range of this depth is 8～10 MPa (Table 3 ). Effective pressure decreases 215 

accompanied with the Skempton’s coefficient B increases in this range (Blocher et al., 216 

2009). So water level increases with the decreases of effective pressure in this well, 217 

and this should be explained with the increased permeability. Pore-pressure of well f 218 

may be lower than other places before the earthquake, an enhancement of 219 

permeability will increase the pore-pressure in this well (the pore-pressure may shift 220 

from other places), and water level will increase. Then the effective pressure will 221 

decrease accompanied with the increase of pore-pressure, so the Skempton’s 222 

coefficient B increase. 223 

The local geological structure of each well is important (Table 1), We just find 224 

that most of those wells in which permeability increase induced by shaking of 225 

teleseismic waves, stay in basins or in hollows (well e, f, h, i and Fuxin), which may 226 

be attributed to the relatively solid formation and the stiff aquifer medium of the basin 227 

or hollow, and the deformation (consolidation or dilatation) will not easily to be 228 

incurred, then the energy of shaking may be inclined to induce the fracture clearing 229 

(unclogging) so as to increase permeability. 230 

Examples support far field water level increases induced by consolidation 231 

The spreading of shear waves may cause dilatation of the aquifer medium, which 232 

can broaden the porosities and give birth to new fractures, and the effective pressure 233 

will reduce (in wells: g, j and k, the effective pressure range is 0～3 MPa) leading to 234 

the decrease of Skempton’s coefficient B. This explanation is similar to the 235 

mechanism of shaking-induced dilatancy (Bower and Heaton, 1978). So it may be 236 

easier to understand weater level decreases in the far field induced by the transmission 237 
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of teleseismic waves. However, water level increases induced by consolidation in the 238 

far field is not the mainstream view. Since many cases support the theory of the 239 

increased permeability, it is necessary to give some examples which can support far 240 

field water level increases induced by consolidation. 241 

Permeability will increase/decrease, which is mostly related to the 242 

increase/decrease of porosity (Xue, 1986). As explained by rock mechanics the same 243 

porosity always corresponding to the same effective pressure (Terzaghi, 1925; 244 

Magara, 1978). From that we can know porosity and permeability are all directly 245 

connected with effective pressure, and they will decrease with the increase of the 246 

effective pressure (Blocher et al., 2009). 247 

From the laboratory experiment, Liu and Manga (2009) find that: in general, 248 

permeability decreases after shaking. They measured the evolution of permeability in 249 

fractured sandstone in response to repeated shaking under undrained conditions, and 250 

set the frequency and amplitude of the imposed shaking to be representative of those 251 

that cause distant hydrological responses. As they explained: Dynamic strains cause 252 

time varying fluid flow that can redistribute particles within fractures or porespaces, 253 

and can allow particles to move away from regions where they hold pore spaces open, 254 

and are expected to accumulate and get trapped at the narrowest constrictions along 255 

flow paths, and hence allow a consolidation (contraction) of the sample. Their result 256 

just supports our mechanism analysis. It implies that teleseismic waves can cause a 257 

consolidation of well aquifer and cause the increase of effective pressure, which is in 258 

accordance with the increase of co-seismic water level changes accompanied with the 259 

increase of Skempton’s coefficient B in wells: a, b, c, d ( effective pressure range 0～260 

3 MPa ). 261 

In addition, Huang (2008) find that: the water level increase in Fuxin well 262 
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(1409.98 km away from Wenchuan, the well depth is 60.74 m，stiff Granite with a 263 

little basalt is the bedrock and we assume the shear modulus = 60 Gpa) is induced by 264 

the increase of volume strain (consolidation) (Figure 5a). In the Chinese mainland, 265 

Fuxin is the only well in which there are observations of volume strain and water 266 

level in a specific aquifer medium, and both of them show obvious co-seismic 267 

responses to Wenchuan earthquake. There are clear and obvious effects of tidal strain 268 

and atmospheric pressure in the water level and volume strain, which indicates Fuxin 269 

is a terrific artesian well. This well has not be chosen in the above analysis because 270 

there is an abrupt large-amplitude increase in the water level, which starts from 11 271 

p.m. May 22, 2008 (we can not find any interference of this abrupt increase according 272 

to the daily records of Fuxin station), and we can just use a shorter time period to 273 

calculate the post-earthquake B value, which may cause a little impact on the precise 274 

of B. The calculation is performed based on the 2M  wave distilled from the water 275 

level and the tidal strain (pre-earthquake: from May 1, 2008 to May 11, 2008, 276 

post-earthquake: from May 13, 2008 to May 22, 2008 (Figure 5b)). (The large-step 277 

abrupt water level increase starts from 09 p.m. May 22, 2008 (Figure 5c), which may 278 

cause large impact on the detrend process and influence the calculation result, so we 279 

just discard these data). From Figure 5a, we can see the co-seismic water level 280 

increase is induced by the change of the volume strain, which indicates the well 281 

aquifer has been consolidated. The depth of Fuxin well is 60.74 m, and we can 282 

assume the range of the effective pressure is 0～3Mpa (Table 3), from the change of 283 

the pre- and post- earthquake B (Figure 5b), we may infer the consolidation may be 284 

very extreme, accompanied with the coseismic water level increase it could cause an 285 

extra pressure, which just overcomes the capillary entrapment in porous channels of 286 

the aquifer or incures a fracture clearing and bring in the increase of the permeability, 287 
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then water flow in from other places with a higher pressure, which lead to the 288 

decrease of the Skempton’s coefficient B with the decrease of the effective pressure, 289 

and the water level increases more gradually. Finally with the further enhancement of 290 

the permeability (increase of the porosity), a permanent deformation could be induced, 291 

so there is an abrupt increase in the water level in 22 May, and remain in a relatively 292 

high level for several months(Figure 5c). From the picture we can see it may be in a 293 

drained condition after the abrupt large-amplitude water level increase, because the 294 

water level fluctuates irregularly. 295 

So we argue that water level increase induced by the consolidation incurred by 296 

transmission of teleseismic waves is reasonable, and a consolidation with large 297 

enough energy may also lead to an enhanced permeability by overcoming the 298 

capillary entrapment in porous channels. 299 

Wellbore storage effects   300 

Tidal phase lags are caused by wellbore storage. “Wellbore storage” is the term 301 

used to describe a lag of piezometer water level behind aquifer pressure resulting 302 

from the need for water to flow into the borehole in order to equilibrate water level 303 

with aquifer pressure. Wellbore storage effects increase (phase lags increase) as the 304 

transmissivity (and permeability) of the formation decreases (Roeloffs, 1996; Doan et 305 

al., 2006).  306 

Most of those wells can record clear tidal strain and atmospheric pressure, and 307 

according to the <China earthquake monitoring records series> (which is written by 308 

different Subordinate units (earthquake administration of each provinces and different 309 

institutions) of China Earthquake Administration, and published in Beijing in 310 

different years by Seismological Press (in Chinese)) they are well confined. From 311 

Table 1 we can see the phase difference of water level and tidal strain of most wells 312 
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are 0, which mean good correlations between the water levels and the tidal strains, 313 

and those wells are well confined and under the undrained condition. Because we use 314 

the hourly data, we can not identify the phase difference when it is less than 1 hour, 315 

and we just neglected the wellbore storage effects in those wells. Before and after the 316 

earthquake, if phase lags remain the same, it indicates the permeability of the well 317 

aquifer keeps the same or just changes a little (the phase difference may be lees than 1 318 

hour). Phase lags ≧ 1 hour in well: b, c, e, and Fuxin, and most of them are small, 319 

except well b, which may be semi-confined. Thus, the validity of the calculated B 320 

values in well b may be a little questionable. The phase lag of Fuxin well decreases 321 

after the earthquake (L1=2 hours, L2=1 hour), which indicates the permeability 322 

increases after the shakig of the earthquake, this is in accordance with the mechanism 323 

analysis of the co-seismic water level increase in Fuxin well. 324 

Discussion  325 

The variation of porosity  326 

Figure 3c shows, in general, the porosity decreases with the increase of depth, 327 

however, when reach 3000m the effective pressure turns much larger (approximately 328 

equals to 35 Mpa) than that in the depth of those wells (well a～k), the porosity still 329 

persists relatively large, and changes with different depth. From Table 2 we can see, 330 

the variation of effective pressure of well a, b, c, d, g, j and k is less than 0.01Mpa, 331 

and from Figure 3b we know, variation of 0.01Mpa in effective pressure 332 

approximately equals to variation of 1 meter in depth, as Figure 3c shows, the 333 

variation of porosity is tiny during variation of 1 meter in depth. So this variation 334 

extent of effective pressure is hard to induce permanent deformation of porosity. 335 

However, in reality, the change of porosity may also connected with the formation 336 
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and the state of the rock matrix. 337 

Furthermore, phase lags of well a, b, c, d, g, j and k keep constant before and 338 

after the earthquake (change less than 1 hour) (Table (1)), so we can infer, the 339 

porosity (permeability) change little after the earthquake. Because the phase lags 340 

increase/decrease (wellbore storage effects increase/decrease) as the permeability 341 

(porosity) of the formation decreases/increase (Roeloffs, 1996; Doan et al., 2006). 342 

So we can infer, the porosity of well a, b, c, d, g, j and k can persist despite being 343 

reduced/enlarged due to the consolidation/dilatation induced by the passage of 344 

teleseismic waves of sM 8.0 Wenchuan earthquake. 345 

Uncertainty of B coefficient  346 

In order to study the uncertainty of B coefficient (error related to the 347 

determination of B coefficient), we use Jurong well to show the variation of B during 348 

a relatively long – time span (50 days before and after the Wenchuan earthquake) 349 

(Figure 6). Skempton’s coefficient B will change with the change of time. Because we 350 

use the least square fit to calculate B, the value may be a little different when we use 351 

diffenent length of data , but the change tendency (increase or decrease of B) before 352 

and after the earthquake will be constant. Furthermore, we can see the B value of 353 

Jurong well recover to its initial value after about 30 days (Figure 6).  354 

So, compared with the uncertainty in B value, variation of B due to the 355 

earthquake is significant. The continuous of B will be influenced by lots of factors, 356 

such as power off, aftershocks, and so on, so B-value series at large time scale is not 357 

easy to obtain for each well. 358 

Recovery of Water level  359 

The recovery time of the water level is obscure, because most of those water 360 
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level will not recover to the same height as the pre-earthquake level during a 361 

relatively short time span. So we should use much longer data to analyze it, and 362 

should discard all those influences: such as aftershocks, atmospheric pressure（not all 363 

those wells have the records of atmospheric pressure）, tidal strain, pumping, power 364 

off, thounder and so on, which needs lots of work, and we may study about it in future. 365 

In addition, we haven’t find any relation between water level changes and epicentral 366 

distances in those wells studied in this paper, it is possible to investigate much more 367 

wells later, to study about the relations. 368 

The variation value of effective pressure 369 

We calculated the change of pore pressure ( pp g h  
), and we can use the 370 

critical state to help us to analyze the variation value of effective pressure in each 371 

well.  372 

When the aquifer be consolidated/dilated, in the critical state, the pore pressure 373 

keeps constant, the confinging pressure increase /decrease, then the effective pressure 374 

increase/decrease, and at last transfer into the increase/decrease of pore pressure 375 

(water level increase/decrease), and the system come into an equilibrium state. So the 376 

change of pore pressure can be attributed to the change of the effective pressure.  377 

When the permeability increase, in the critical state, the confining pressure keeps 378 

constant, the pore pressure (water level) increase (the well in a relatively low pressure 379 

region before the earthquake) /decrease (the well in a relatively high pressure region 380 

before the earthquake), then the effective pressure decrease/increase, so the change of 381 

the effective pressure can be attributed to the change of pore pressure. 382 

However，the variation value of the effective pressure of each well may be 383 
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different from the value we calculate, because the critical state is an assumption ideal 384 

state, and the transfer of stress may also relate with the formation and state of the 385 

aquifer.  386 

Impact of local geology 387 

We just find that most of those wells in which permeability increase induced by 388 

shaking of teleseismic waves, stay in basins or in hollows (well e, f, h, i and Fuxin), 389 

which may be attributed to the relatively stiff aquifer of those basins or hollows, but 390 

we still lack direct evidence to testify that. As indicated by the reviewer, the 391 

seismograms may be helpful. There are 48 national stations recording the 392 

seismograms (event waveforms) in the Chinese mainland, however most of those 393 

stations are not in the same place with \stations which have the records of water level 394 

changes. Those stations (well a to k) analyzed in our paper (we analyze the wells in 395 

the intermediate and far fields, and those wells near the sea have been discarded) have 396 

no records of seismograms, and there are about 40 km between the nearest two 397 

stations: Qixian (112.33, 37.36) (has water level records) and Taiyuan (112.434, 398 

37.713) (has seismogram records), so the seismogram could not reflect the real 399 

characteristics of the geology near Qixian. It is possible that, in the future, we should 400 

focus on several wells (which record both the water level and the seismogram), to 401 

reveal the connection between the local geology (some physical parameters may be 402 

deduced from the seismogram analysis, and we can see the amplitude (energy) of the 403 

waves clearly from the waveforms) and the mechanism of co-seismic water level 404 

changes deeply. 405 
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Conclusion 406 

Together with the variation of Skempton’s coefficient B, the change of pore 407 

pressure and the inferred variation of effective pressure in each well, we can infer the 408 

mechanism of the co-seismic water level changes. From the study we can conclude: 409 

consolidation/dilatation induced by shaking of teleseismic waves, may account for the 410 

mechanism of those abrupt coseismic water level changes, for which the variation 411 

tendency of the co-seismic water level, Skempton’s coefficient B and the effective 412 

pressure keep the same (all increase or all decrease). While, fracture clearing and 413 

increased permeability may be used to explain the other part of those coseismic water 414 

level changes, for which the co-seismic water level, and the effective pressure change 415 

with inconformity, and most of those wells stay in basins with relatively stiff rock 416 

matrix. Our analysis is not conflict with any of those existing theories. Although those 417 

water level changes happened in the intermediate and far fields, most of those water 418 

levels present abrupt and obvious co-seismic changes owing to the huge energy of 419 

sM  8.0 Wenchuan earthquake.  420 

From the analysis of Fuxin well, we can see a consolidation with large enough 421 

energy may also incur an enhanced permeability by overcoming the capillary 422 

entrapment in porous channels or by fracture clearing. So as discussed by Liu and 423 

Manga (2009), permeability changes (either increases or decreases) owing to dynamic 424 

stresses are reasonable explanations for earthquake-induced hydrologic responses. 425 

The mechanisms analyzed in this paper are similar to the experiment results of Liu 426 

and Manga (2009), and our in-situ analysis may complement the limitation of the 427 

initial condition of their laboratory experiments. 428 

In reality, the shear modulus G and the undrained Poisson’s ratio u  would 429 
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change slightly after the shaking of seismic waves, and the discussed “undrained” 430 

condition can hardly last for a long time, as long as the fluid flow exists, the 431 

undrained condition will disrupt and be replaced by the drained condition soon. We 432 

assume the results get from sandstone can be applied to all those bedrocks in those 433 

wells (Figure 3), however this is not very precise. As described by Wang (1993) 434 

nonlinear compaction effects can be significant and they are not incorporated in the 435 

linear theory presented here, because the well aquifers are under lithostatic pressures 436 

for a long time and withstand large numbers of seismic shaking, the irreversible 437 

deformations and the nonlinear effects have been minimized (In the laboratory 438 

experiment, in order to reduce the irreversible deformation and to minimize the 439 

nonlinear effects, repeated pressure cycles are always applied on rock samples as 440 

preconditions (Blocher et al., 2009)). Discard all those ideal assumptions, things may 441 

be different.  442 
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 546 

Appendix: An approach to Skempton’s coefficient B based on the 547 

poroelastic theory 548 

Skempton’s coefficient B is a significant pore-fluid parameter in poroelastic 549 

theory. A poroelastic material consists of an elastic matrix containing interconnected 550 

fluid saturated pores. Fluid saturated crust behaves as a poroelastic material to a good 551 

degree of approximation. 552 

Rice and Cleary (1976) summarized the following equations for a linearly elastic 553 

isotropic porous medium (they are the building blocks of the poroelastic theory): 554 
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Here 0m m  is the change of the fluid mass, ij  is the strain tensor, ij is the stress 557 

tensor, ij is the Kronecker delta function, G  is the shear modulus,   is the 558 

density of the fluid, B is the Skempton’s coefficient, p  is the pore pressure, 559 

the Poisson’s ratio, and u  is the “undrained” Poisson’s ratio. Rice and Cleary (1976) 560 

describe equation (1) as a stress balance equation and equation (2) as a mass balance 561 

equation.  562 

For the undrained condition, the poroelastic effect on the crust can be obtained 563 

by putting 0 0m m   in equation (2) to obtain 564 

  / 3kkp B   or / 3kkp B     .                  (3) 565 
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Equation (3) indicates that, in the undrained condition, the change in fluid pressure 566 

( p ) is proportional to the change in mean stress ( / 3kk ). This is the mechanism of 567 

water level changes for poroelastic material. ( p gh , where h is the water column 568 

height, g is the acceleration due to gravity and   is the density of water). 569 

According to equation (3), Skempton’s coefficient B can be qualitatively defined: 570 

In the undrained condition, B is the ratio of the induced pore pressure divided by the 571 

change in mean stress (Wang, 2000). B governs the magnitude of water-level changes 572 

due to an applied stress because pore pressure is directly proportional to water level. 573 

The value of B is always between 0 and 1. When B is 1, the applied stress is 574 

completely transferred into changing pore pressure. When B equals 0, there is no 575 

change in pore pressure after applying the stress. Thus a low value of B indicates the 576 

stiff rock matrix that supports the load with low coupling to the fluid (Nur and 577 

Byerlee, 1971). Laboratory studies indicate the value of B depends upon the fluid- 578 

saturated pore volume of the sample (Wang, 2000). 579 

Equation (3) can be expressed in terms of tidal strain as well (Roeloffs, 1996): 580 
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.                       (4) 581 

Equation (4) shows that water level changes proportionally in a poroelastic material 582 

under the influence of tidal strain ( t ). Here, h  is the change in height of water 583 

level, and t is the corresponding tidal strain change (Sil, 2006).   584 

From equation (4) we obtain: 585 
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With equation (5), we obtain the value of B with water level and tidal strain. However, 587 

the calculation must be on the strict premise of the undrained condition (the good 588 
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correlation between the water level and the tidal strain) and should not be influenced 589 

by the other factors. 590 

For the effect of the solid tide on the crust, when the wavelength of the tidal 591 

strain is much larger than the size of the aquifer, we can suppose the aquifer system is 592 

undrained (Huang, 2008). So we can suppose the effect of the 2M  wave in the crust 593 

can meet the undrained condition (Zhang et al., 2009). In addition, those wells can 594 

record clear tidal strains and thus, because we calculate the phase lags between the 595 

water levels and the tidal strains are small, the wells can readily meet the undrained 596 

condition. In the 2M ˗  wave frequency domain, the water level and the tidal strain 597 

show a good correlation; Furthermore, the 2M  wave is hardly influenced by 598 

atmospheric pressure. We therefore distill the frequency domain of the 2M  wave 599 

from the water level and the tidal strain by using band-pass filter (the frequency of the 600 

2M wave is 52.23636 10 HZ ) to calculate the Skempton’s coefficient B. By 601 

converting the frequency domain of the 2M waves (obtained from the water level and 602 

the tidal strain), by inverse fast Fourier transform and adjusting their phases (using the 603 

least-square fit and putting the results into equation (5)), we can finally derive B. 604 

(More details of the method are explained in Zhang et al., 2009). All the Water-level 605 

observations come from the sensor of water level, while tidal strain data are calculated 606 

via Mapseis software (see Data and Resources section). One thing needs to be 607 

clarified: We haven’t applied the static equations directly to relate pore pressure 608 

changes to seismic waves. We use those static equations for the impact of the tidal 609 

strain on the aquifer medium before and after the Wenchuan earthquake, so as to 610 

obtain the pre- and post- earthquake Skempton’s coefficient B (those two periods can 611 

be recognized as two independent quasi-static processes), so the poroelastic static 612 
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equations can be applied.   613 



Table 1. Basic information of well a ~ k. 

 

Table 1-3



Epicentral Distances, Water Level Changes, Pre- and Post- Earthquake B Values, 

Major Lithology of Aquifers, Shear Modulus, Phase Lags, Well Diameters, Well 

Depths, Ranges of Effective Pressure and Geological Structures of those well-picked 

stations. L1 and L2 represent the pre- and post- earthquake phase lags (the lag of 

piezometer water level behind the tidal strain induced aquifer pressure) separately. 

Shear modulus G* see Yan Zhang and Fuqiong Huang (2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2. Coseismic water level changes induced by consolidation or dilatation 

incurred by shaking of teleseismic waves. 

Station Δh/m ΔB ΔPp/MPa ΔPeff/MPa
Well

Depth/m
Range of
Peff/MPa

(a) Xiaxian 0.106 0.0026 0.0010 0.001 170.5 0～3

(b) Mile 0.579 0.0231 0.0057 0.0057 614.4 3～5

(c) Qinxianmanshui 0.172 0.0096 0.0017 0.0017 240.05 0～3

(d) Xiaoyi 0.398 0.0367 0.0039 0.0039 520.93 0～3

(g) Haiyuanganyanchi -0.036 -0.001 -0.0004 -0.0004 306.73 0～3

(j) Meizhou -0.075 -0.005 -0.0007 -0.0007 338.86 0～3

(k) Chaohu -0.455 -0.011 -0.0045 -0.0045 331 0～3  

Water Level Changes, Changes of B Value, Calculated Changes of Pore-PressureΔPp, 

Inferred Changes of Effective Pressure ΔPeff, Well Depths and Ranges of Effective 

Pressure of those wells. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3. Coseismic water level changes induced by increased permeability. 

Station Δh/m ΔB ΔPp/MPa ΔPeff/MPa
Well

Depth/m
Range of
Peff/MPa

(e) Qixian 0.831 -0.075 0.0081 -0.0081 422.19 0～3

(f) Jurong 0.263 0.0047 0.0026 -0.0026 889.18 8～10

(h) Guyuanzhenqi -0.026 0.0021 -0.0003 0.0003 255.74 0～3

(i) Kaiyuan -0.155 0.0046 -0.0015 0.0015 224 0～3

    Fuxin 0.121 -0.0616 0.0012 -0.0012 60.74 0～3  

Water Level Changes, Changes of B Value, Calculated Changes of Pore-PressureΔPp, 

Inferred Changes of Effective Pressure ΔPeff, Well Depths and Ranges of Effective 

Pressure of those wells. 
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Figure 1. The selected 12 stations with distinct amplitude co-seismic water level 

changes during the Wenchuan earthquake in mainland China. The well numbers are in 

accordance with the numbers listed in Table 1.   

 

 

 

 

 

 

 

 

 

Figure 1-6
Click here to download Figure: Figure 1-6.doc 

http://www.editorialmanager.com/bssa/download.aspx?id=134636&guid=adbe4b9e-5fef-429c-80c9-5e6ee902930d&scheme=1
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Figure 2. (a) Left y-coordinate: original water levels, the sequential number of 

y-coordinate depends on the type of the well, “sequential number increase from low to 

high” indicates an artesian well, the coordinate value means the height from the free 

water surface to the artesian discharge point or to the ground. “Sequential number 

decrease from low to high” indicates a non-artesian well, and the coordinate value 

means the depth from the free water surface to the ground. All the ascendant/ 

descendent patterns in the picture indicate water level ascending/ descending. (b) 

Right y-coordinate: the calculated Skempton’s coefficient B. The dashed lines 
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indicate the mean B values, which are clearly shown in numbers. While the curves 

along the dashed lines indicate the continuous B values both pre- and post- 

earthquake. 
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Figure 3. (a) Pressure section of W-1 well in Yanchang basin, the bedrock of W-1 

well is sandstone. (b) Effective pressure section of W-1 well, we just show the depth 

above 3500m, so as to see the value in shallow depth more clearly. (c) Porosity 

section of W-1 well. The porosity records approximately starts from 2100 m, there are 

no records above this depth. 
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Figure 4. The relationship between the change of Skempton’s coefficient B and the 

change of effective pressure Peff of those wells of which the coseismic water level 

changes can be explained by the consolidation or dilatation caused by teleseismic 

waves. 
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(a) 

 

FUXIN (May 1—May 20, 2008) 

(b) 

 

FUXIN (May 1—May 22, 2008) 

(c) 

 

FUXIN (May 1—July 31, 2008) 

Figure 5. Fuxin well (a) Corrected water level and volume strain after removing the 

influence of atmospheric pressure and tidal srain (based on the harmonic analysis 

method). In order to avoid the interfere of thunder, there is a power cut protection on 
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13 May, which is in accordance with the break point of the volume strain in the figure 

(Huang, 2008). (b) Original water level and the pre- and post- earthquak Skempton’s 

coefficient B. (c) Original water level of Fuxin well form May, 2008 to July 2008. 
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(a) 

 

(b) 

 

Figure 6. Jurong well (a) Original water level of Jurong station. (b) Continuous B 

value of Jurong station. (“0” depends the day when Wenchuan earthquake happened) 
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