The Response to the first reviewer's comments



1. The 1st comment:
	Suggestion: Accurate locating hydraulic fracturing focals:

	Response:
The title of “borehole microseismic imaging” references to the term which is used by Maxwell (2014) [1] representing the imaging of hypocenters and its source parameter (moment magnitude). While the suggestion (Accurate locating focals) may describe one part of the paper, it does not represent all topics described in the paper. Therefore, we use the term “microseismic imaging” in the title.

	Modification:
	   none

2. The 2nd comment:
	Adding “of unconventional reservoir such as CBM” at Introduction line 40

	Response:
	   It is a great suggestion. We revise it as it is suggested. 

	Modification:
		I. Introduction (Line 40)
The main challenge of the exploitation is that the character of the reservoir is tight and intrinsically impermeable

		II. Introduction (Line 40) (modification)
The main challenge of the exploitation of unconventional reservoir such as CBM is that the character of the reservoir is tight and intrinsically impermeable.

3. The 3rd comment:
Adding “first” at Introduction line 65

	Response:
	   It is a great suggestion. We revise it as it is suggested. 

	Modification:
		I. Introduction (Line 65)
In regard to this, Pavlis [15] states that the geometry of the monitoring array, velocity model, and the errors in arrival time picks rule the location accuracy.

		II. Introduction (Line 65) (modification)
In regard to this, Pavlis [15] states that the geometry of the monitoring array, velocity model, and the errors in first arrival time picks rule the location accuracy.


4. The 4th comment:
(project ‘…”just for reducing ‘word’ study’’… Somehow missing sentences relating to the next …..
	
Response:
	   It is a great suggestion. We revise it as it is suggested. 

	Modification:
		I. Introduction (Paragraph 4)
As a pilot study, the development of this unconventional resources focused on stimulating the flow and increasing the permeability of the reservoir. In this case, eight geophones were installed almost vertically in a single downhole, as utilized widely in monitoring fractures induced by hydraulic-fracturing.

		II. Introduction (Paragraph 4) (modification)
As a pilot project, the development of this unconventional resources focused on stimulating the flow and increasing the permeability of the reservoir. For monitoring, eight geophones were installed almost vertically in a single downhole, as utilized widely in monitoring fractures induced by hydraulic-fracturing.

5. The 5th comment:
It will be better to give rational or reason why borehole is still required?	

Response:
	   It is a great suggestion. We add a reason as it is suggested. 

	Modification:
		I. Introduction (Paragraph 4)
Locating event sources accurately is fundamental to investigate the induced fractures. However, this geometry….

		II. Introduction (Paragraph 4) (modification)
Locating event sources accurately is fundamental to investigate the induced fractures. Downhole geometry may detect a small fracture more sensitively and then better constrains its depth. However, this geometry…

6. The 6th comment:
conducted or proposed/suggested?	

Response:
	   Yes, it is proposed by Havskov and Ottemöller [22]. 

	Modification:
		I. Introduction (Paragraph 5)
We removed the 180o ambiguity by adding the combination of polarity analysis to the routine data processing by Havskov and Ottemöller [22].

		II. Introduction (Paragraph 5) (modification)
We removed the 180o ambiguity by adding the combination of polarity analysis to the routine data processing proposed by Havskov and Ottemöller [22].

7. The 7th comment:
Adding “m” 	
Response:
	   Yes, it is proposed by [22]. 

	Modification:
		I. Introduction (Paragraph 5)
We removed the 180o ambiguity by adding the combination of polarity analysis to the routine data processing by Havskov and Ottemöller [22].

		II. Introduction (Paragraph 5) (modification)
We removed the 180o ambiguity by adding the combination of polarity analysis to the routine data processing proposed by Havskov and Ottemöller [22].


8. The 8th comment:
Please explain or elaborate how objective this step is? Are there any criteria for manual picking (peak or trough or first kick…?	

Response:
The sentence written summarized the concept of an automatic procedure described by Earle and Shearer (1994). Their main objective is to separate “earthquake signals” from “noise” based on a “threshold”. Readers may read their articles to understand it in details.
We use the common criteria used in earthquake data picking for both P- and S-waves. Since the characterize of earthquake signal would be ‘minimum phase’, we picked manually on the first kick.

	Modification:
	None

9. The 9th comment:
Legends are too small, difficult to read. (Figure 2 and 3)
	
Response:
	   It is a great suggestion. We revise it as it is suggested. 

	Modification:
	Figure 2 and 3, their legends are revised.

10. The 10th comment:
Elaborate how to determine the width of ‘the window”. Explain how this number is chosen?	

Response:
The width of ‘the window’ is described in the next sentences. It is based on the dominant time-period of a single signal. While each signal may have different frequency / period content, this step is conducted to ensure that a fair treatment is done for each signal. The signal with longer time-period content will require longer window, and it is also true otherwise.
There is no specific reason why the number of 1.5 is chosen. The main reason is that we need at least 1 time-period of signal for windowing. It only makes sense to add 0.5 as a tolerance number. Therefore, the 1.5 is chosen.

	Modification:
	None

11. The 11th comment:
k=1+1 or k=j+1? It’ll be better to explain what does (tobs – t cal)j + (tcal – tobs)k  mean?	

Response:
It is true, the equation was mistyped. The equation describes the objection function used in this processing. The novelty is described in Zhou [32], while the objective is to exclude the origin time in the calculation. It is important because the observed data is arrival time (origin time + travel time), meanwhile the calculated modelling is travel time (with unknown origin time). By this combination, we may exclude the origin time in the objective function and then determine it later. The reasoning is written in paragraph.

	Modification:
	None


12. The 12th comment:
Explain the 1D model of velocity, it is in vertical or lateral direction?	

Response:
It is a 1D vertical velocity model, as illustrated by Figure 1. The term of “horizontally extending” is used to explain that even though the velocity is heterogenous at different depth, but it is laterally homogeneous. 

	Modification:
		I. Locating (Last paragraph)
… that the radial symmetry between the downhole array and the horizontally extending 1D velocity model enables the decoupling of the polarization direction and travel time minimization.

		II. Locating (Last paragraph) (modification)
… that the radial symmetry between the downhole array and the laterally extending 1D vertical velocity model enables the decoupling of the polarization direction and travel time minimization.


13.  The 13th comment:
Elaborate why Cartesian coordinate is chosen. Is cylindrical coordinate systems not easier? Perhaps may reduce degree of freedom or variables?	

Response:
There is no specific advantage in using Cartesian coordinate. It could be more beneficial by using cylindrical coordinate as mentioned. Actually, we write “We performed the inversion in Cartesian coordinates (x,y,z)” to address a limitation of this study. It is simpler and easier for us to use Cartesian coordinate in the locating process. Others may use other coordinate systems which they find easier.

	Modification:
	none

14.  The 14th comment:
should meters be mentioned, how important is the meter unit in this case.

Response:
It is required to state the unit in meters after the instrument correction. The main reason is that the seismic trace is unitless before the instrument correction. Correction of signal amplitude from “unitless” to “unit in meters” is important to be addressed. However, it is true that it unnecessarily to be “meters”; it could be in “centimeters” or whatsoever. But usually, and also in this case, the “instrument correction” change the “unitless” to “meters”.

	Modification:
	none

15.  The 15th comment:
Equation 8; reference?; Where is fc used in this equation?; where? Please elaborate how to determine these values?  and  are for P and S?

Response:
Yes, we revise it and the reference. 
The fc is not used in the equation 8, we use only . But, in the spectral fitting shown in Eq. (7), the value of  depends much on the value of fc.
The stimulated coal seam is described in Figure 1. If the event (fracture) occurs within the stimulated coal seam, the density of coal seam (ρ = 1.3 g/cm3) is used, otherwise the average density of sediment rock is used (ρ = 2.3 g/cm3). 
Yes,  and  are for P and S.

	Modification:
		I. Moment Magnitude (Third paragraph)
Once each of   and  is obtained from the spectral fitting, the seismic moment  for each receiver and each phase (P and S) can be calculated:
……
According to Boore and Boatwright [34], an average radiation pattern coefficient can be defined as Fα = 0.52 and Fβ = 0.63 if the focal mechanism is unknown

		II. Moment Magnitude (Third paragraph) (modification)
Once each of   and  is obtained from the spectral fitting, the seismic moment  for each receiver and each phase (P and S) can be calculated (Brune [24]):
……..
According to Boore and Boatwright [34], an average radiation pattern coefficient can be defined as Fα = 0.52 for P-wave and Fβ = 0.63 for S-wave, if the focal mechanism is unknown

16.  The 16th comment:
Figure 7, S-Phase

Response and Modification:
Figure 7 is revised.



17.  The 17th comment:
What are the difficulties explaining this case? What is the meaning of ‘small’ in this context?
Response:
The difficulties are addressed due to not-well understanding of stress distribution in study area. Every site may have a unique stress and strain distribution due to their tectonic settings, so the case will be different and it requires further investigation.
[bookmark: _GoBack]The term “small” is used to address the magnitude. East cluster’s triggered earthquakes have small magnitudes which may relate to non-destructive earthquakes.



The Response to the second reviewer's comments




1. The 1st comment:
	keyword" microseismic receivers.. hardware is not discussed. What system was used to acquire the data?

	Response:
Actually, we address “downhole receivers” in keywords to address the main problems of data processing which may occur due to downhole geometry. Then, the system used may be less significant in Abstract that the same problem would arise whenever downhole receivers are used.
For explaining the instrument used, we add a revision in Case Study.

	Modification:
		I. Case Study (Third paragraph)
The microseismicity related to this fracturing was monitored using a single downhole-seismic acquisition system composed of eight 3-component seismometers. The eight seismometers were installed in a near-vertical array in the PAM015 well with a depth interval of 30 m (Figure 1b). The deployment of this system allowed the acquisition of 24-hour seismic records a day and in real time, with a sampling interval of 4000 Hz or 0.25 ms. 
.
		II. Case Study (Third paragraph) (modification)
The microseismicity related to this fracturing was monitored using a single downhole-seismic acquisition system composed of eight 3-component seismometers. The eight seismometers were installed in a near-vertical array in the PAM015 well with a depth interval of 30 m (Figure 1b). The deployment of this system allowed the acquisition of 24-hour seismic records a day and in real time, with a sampling interval of 0.25 milliseconds, resulting the bandwidth frequency lies between 15 and 2000 Hz.

2. The 2nd comment:
In the figures where Z,E and N traces are shown the difference between P and S componnets in arrival time is not visible. This could be an issue of time scale and may require a ZOOM.. but clearly you would expect the arrival time between the 3 orthogonal directions to be different.. (labeling says P waves).. Or am I missing something. then clarify
Describe what receivers were being used including the bandwidth etc.

	Response:
We expect the arrival time to be same between the 3 orthogonal directions (for example, P-wave). We consider only the fastest P-wave arriving at the receiver. It could be clearer in a specific orthogonal direction depends on the direction of the source. For instance, if the source is located below the receiver, the P-wave would be clearer in vertical component.
The purpose of Figure 2 is to show that the refining process may reduce a human-error in manual picking of arrival times, and therefore, gaining more accurate data. The difference is highlighted between the manual picking and the refined picking.

	Modification:
	   Figure 2 is revised.

3.  The 3rd comment:
Interpretation would benefits greatly from 3D display, the 2d - rotated ones are hard to follow

Response:
We show the result and its interpretation in 2D display to highlight the features which we would like to discuss. In the map view, we highlight the clusters of stimulated fractures extending from the injection well. In the vertical view, we highlight the fractures which is stimulated and constrained in the coal seam. Meanwhile, these features are hardly highlighted in 3D display. However, if it is possible by the publisher, we would love to add an animation of the microseismic events for the supplementary materials in the publication.


4.  The 4th comment:
minor English: 'Shaley' should be 'shaly'
line 533 "In regard to the results, " should be "resulting,"... Minor tightening of English would hel

Response:
   It is a great suggestion. We revise it as it is suggested.

	Modification:
		I.  Line 122 and 533
bituminous coal seam interbedded with quartz sandstones and shaley claystones, and is …
…
In regard to the results, we infer that both induced and triggered seismicity may occur within the time of observation regarding hydraulic-fracturing treatment, so monitoring and distinguishing them are crucial.

		II. Line 119 and 499
bituminous coal seam interbedded with quartz sandstones and shaly claystones, and is …
…
Resulting, we infer that both induced and triggered seismicity may occur within the time of observation regarding hydraulic-fracturing treatment, so monitoring and distinguishing them are crucial.
__________________________________________________________________________________________
Note:
Submit the responses and the revised paper to each of the reviewers 
