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Introduction

Vertical seismic profiling (VSP) data, which provide high-
resolution subsurface information in the vicinity of target 
reservoirs, have been used for estimating the interval velocity 
and the interval attenuation parameters (Pevzner et al 2012, 
Ahmadi et al 2013, Wang 2014). One may first need to sepa-
rate the down-going wavefield from the up-going wavefield, 
to exploit the full potential of VSP data.

There are several effective approaches used in practice 
for VSP wavefield separation. A f-k filter utilizes the differ-
ence in apparent velocities of down- and up-going wave-
fields (Christie et al 1983) but might not be able to accurately 
separate these wavefields, because the energy at different f-k 
quadrants has overlap (Kommedal and Tjøstheim 1989). A 
median filter, which often can do a better job, is fundamen-
tally a sliding average along a single curve, such as the first 
arrival time versus depth. This may be referred to as median 
filtering after flattening. However, because of the averaging 
effect, the median filter may change the individual waveform. 

A Radon transform method for wave separation exploits the 
linear coherence of wavefields, which have different apparent 
velocities or different curvatures, and produces a theoretically 
better separation result than the f-k filter and the median 
filter (Moon et al 1986). The linear Radon transform is often 
referred to as the τ-p transform, where τ and p are the inter-
cept time and the slope respectively of a linear event.

One of adaptive approaches is called masking filter, which 
first uses a reference data set to generate a masker, and then 
processes the original data image accordingly. Adaptive not 
only means an irregular shape of the masker, closely fol-
lowing the image of the reference data set, but also reflects 
the spatially variable weights of the filter, assigned based on 
the image similarity between the raw and the reference data 
sets. The designed non-linear filter depends on the input ampl
itudes (Zhou and Greenhalgh 1994) and the iterative approach 
will redefine the rejection/muting area according the ampl
itude distribution. The masking filter was used to separate 
seismic primaries from multiple reflections in surface seismic 
reflection data (Zhou and Greenhalgh 1994, Wang 2003).  

VSP wave separation by adaptive  
masking filters

Ying Rao1,2 and Yanghua Wang2

1  State Key Laboratory of Petroleum Resources & Prospecting, China University of Petroleum (Beijing), 
Beijing, People’s Republic of China
2  Centre for Reservoir Geophysics, Department of Earth Science and Engineering,  
Imperial College London, London, UK

E-mail: raoying@cup.edu.cn

Received 29 February 2016
Accepted for publication 7 April 2016
Published 23 May 2016

Abstract
In vertical seismic profiling (VSP) data processing, the first step might be to separate the 
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a median filter, producing a clean but smooth version of the down-going wavefield, used 
as a reference data set for designing the masking filter. The masking filter is implemented 
adaptively and iteratively, gradually restoring the energy tails cut-out by any surgical mute. 
While the τ-p and the f-k domain masking filters target different depth ranges of VSP, this 
combination strategy can accurately perform in wave separation from field VSP data.
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It had effectively separated, either in the f-k domain or the τ-p 
domain, the cross-hatched tails, the edge effect of the multiple 
reflections and the primary reflections.

However, when using this masking filter for VSP wave sep-
aration, there are two challenges, related to two ends of the up-
going waves (figure 1). First, the up-going waves are relatively 
weak, in contrast to the down-going waves, and thus the edge 
effects associated with the termination of the up-going waves 
have very weak energy. Once those weak-energy tails are cut 
out by any surgical mute, this presents a critical difficulty for a 
masking filter to restore them. Second, no energy can exist in 
front of VSP first arrivals (figure 1), but wave separation tech-
niques always generate some artifacts in that region. This is 
because either the f-k transform or the τ-p transform implicitly 
assumes continuity of linear events in t-x space. This assump-
tion is in contrast to the fact that the up-going waves terminate 
like a step-function at wherever the first arrival is. It makes 
the task of the masking filter more difficult than in the case of 
separation of surface reflection seismic data.

Hence, the prime objective of this paper is to alleviate the 
edge effect associated with VSP up-going waves. This edge 
effect is uniquely related to two truncations in VSP, and differs 

from that in surface seismic data. Masking filters in the τ-p 
domain and the f-k domain are effective in different portions 
of the VSP data. Therefore, a sequential application of these 
two masking filters is a natural choice for VSP wave separa-
tion. In addition, the median filter can produce a smooth and 
clean version of the down-going wavefield. This over-filtered 
version is used as the reference data set, needed in the adap-
tive masking filter, for generating the artificial energy tails. 
The strategy combining the median filter and the τ-p domain 
and the f-k domain masking filters will be proved to be effec-
tive in wave separation from field VSP data.

VSP wavefield separation strategy

This paper presents an effective strategy, using masking fil-
ters, for VSP wavefield separation as what follows.

	(1)	Using a τ-p domain masking filter to partially remove 
VSP up-going waves but to keep all down-going waves 
untouched. This preprocessed wavefield ( )A t x,  will be 
processed further by the following f-k domain masking 
filter.

Figure 1.  (a) A simple synthetic VSP data set with a single down-going and a single up-going event. (b) The Radon image, showing the 
effect due to spatial truncations in the t-x domain. In this synthetic example, the time interval is τ∆ = ∆ =t 1 ms, the depth interval is 
∆ =x 5 m, and the interval of the ray parameter is ∆ =p 5 ms km−1. (c) The Radon image of VSP down-going waves obtained by surgical 
muting. (d) The Radon image of VSP up-going waves obtained by surgical muting. The muting (white dashed lines in figures (c) and (d)) 
has cut out the tails of the τ-p response causing energy to leak into the opposite territory.
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	(2)	Applying a median filter to ( )A t x, , to produce a smooth 
version of VSP down-going wavefield, on which all of the 
up-going wave energy are eliminated completely. This 
smooth data set ( )B t x,  will be used as a reference data set 
for designing the f-k domain masking filter.

	(3)	Applying the f-k domain masking filter to ( )A t x, , to 
gently update the down-going wavefield ( )B t x, .

	(4)	Using this newly recovered down-going wavefield as 
the reference data set ( )B t x, , to design the f-k domain 
masking filter, and performing step 3 iteratively.

	(5)	Finally, when the down-going wavefield ( )B t x,  is fully 
recovered, subtracting it from the raw VSP data set, to 
obtain the final up-going wavefield.

τ-p domain masking filter

The first step of the strategy is an application of the τ-p domain 
masking filter.

The linear Radon transform is implemented as an inverse 
problem. Consider the inverse τ-p transform,

( ) ( )∑ τ= = −
=

d t x m t p x p, , ,k
j

M

i j k j
1

� (1)

where ( )d t x, k  is a seismic trace in the t-x domain, xk is the 
source-receiver offset, τi is the intercept time, pj is the ray 
parameter, ( )τm p,i j  is the image in the Radon transform domain, 
and M is the total number of p traces. In the frequency domain, 
it becomes (Tatham 1984)

( ) ( )∑= π

=

−d f x m f p, , e ,k
j

M

j
fp x

1

i2 j k� (2)

where f is the frequency in Hz. This is a system of linear equa-
tions. Given seismic data ( )d f x, k , the Radon image ( )m f p,i j  
can be obtained by solving this system. The Radon image for 
each frequency is solved independently using a generalized 
least-squares method (Beylkin 1987, Wang 2002a).

Linear events, such as VSP down-going and up-going 
waves, with different apparent velocities in the t-x domain 
should be transformed ideally to points in the τ-p domain. 
However, because of limited spatial aperture and the edge 
effect, their Radon images commonly have cross-hatching 
linear effects. For a simple synthetic VSP gather, shown in 
figure 1(a), after the Radon transform, both the down-going 
energy (at the intercept time 80 ms) and the up-going wave 
energy (at the intercept time 800 ms) are well focused at 
≈±p 380 ms km−1. But the tails of the up-going wavefield 

Figure 2.  The adaptive surgical mute by the Radon-domain masking filter. (a) and (b) The Radon image of VSP down-going and up-going 
waves obtained by the masking filter. (c) and (d) VSP down-going and up-going waves generated by inverse τ-p transform. These results 
are produced by applying the masking filter five times.
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are overlapping with the tails of the down-going wavefield. 
This is a significant difficulty that we confront within VSP 
wavefield separation.

Theoretically, x-direction tapering before τ-p transform 
can improve the τ-p domain image, but will not work for 
VSP data. First, tapering will alter the waveforms near to two 
ends in the x direction. Second, tapering cannot be applied to 
the up-going waves which terminate at the first arrival times.

Performing a surgical mute on the Radon image (white 
dashed lines in figures  1(c) and (d)), and then the inverse 
τ-p transform, we expect to separate the down-going and up-
going wavefields. However, surgical muting has cut out the 
tails of the τ-p response, causing energy to leak into the oppo-
site territory.

In order to preserve these tails of the up-going wave energy, 
a masking filter can be applied in a sequence as what follows.

Figure 3.  (a) A field VSP data set. Receivers are placed in a vertical borehole over the depth range from 100 to 1750 m. (b) The Radon 
image of the VSP wavefield. (c) The Radon image after surgical muting. (d) The Radon image after the adaptive mute using the masking 
filter. (e) and (f) The up- and down-going wavefields, obtained by adaptive muting in the Radon image.
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	(1)	Performing inverse τ-p transform over the τ-p image 
shown in figure  1(d), to produce a reference data set 

( )B t x, ;
	(2)	Performing the τ-p transform over ( )B t x, , to generate the 

Radon image ( )τB p,  with artifacts;
	(3)	Utilizing the Radon image ( )τB p,  with artifacts to design 

a τ-p domain masker;
	(4)	Applying this mask filter to mute the original Radon 

image ( )τA p, , to recover any tails existing in the opposite 
territory.

The masking filter is designed as (Zhou and Greenhalgh 
1996, Wang 2003)

( )
( )

( )
( )

τ = −
+ τ

ε τ

η
g p, 1

1

1

,
B p

A p

,

,

2� (3)

where ( )τA p,  is the Radon image of the original VSP data 
(including both the up-going and down-going waves), 

( )τB p,  is the Radon image of the reference data set, ε is a 
parameter for balancing the amplitudes between the image 

( )τA p,  and the image ( )τB p, , and η is a parameter control-
ling the sharpness of the masking filter. The artifacts in 

( )τB p,  are the important parts of the masker, for success-
fully recovering the energy leakage that was cut out (arrows 
in figures 2(a) and (b)). Applying the masking filter to the 
Radon image ( )τA p,  of the entire VSP wavefield will result 
in cleaner wave separations (figures 2(c) and (d)). In this 
synthetic example, the masking filter is applied iteratively 
for five times.

However, when applying this method to a field VSP 
data set, the wave separation result is far from satisfactory. 
Figure 3(a) displays a field VSP data set, in which receivers 
are placed in a vertical borehole at depths from 100 to 1750 m, 
with 5 m depth interval. A source is placed 55 m away hori-
zontally from the top of the borehole. This is a typical VSP 
data set, which has much higher signal-to-noise ratio than any 
surface seismic data in the same area.

Before the τ-p transform, VSP traces ( )d t x,  are linearly 
interpolated along the depth direction, using an f-x interpo-
lation method (Wang 2002b). The depth interval is halved 
(∆ =x 2.5 m). The time axis has also been resampled to 

Figure 4.  The median filter. (a) and (b) VSP down-going and up-going wavefields obtained by the median filter. (c) and (d) The f-k images 
of the down-going and up-going wavefields. It has cleanly removed the up-going wavefield from the down-going wavefield (a) and (c).

J. Geophys. Eng. 13 (2016) 412

D
ow

nloaded from
 https://academ

ic.oup.com
/jge/article/13/3/412/5113369 by Im

perial C
ollege London Library user on 17 August 2020



Y Rao and Y Wang﻿

417

∆ =t 2 ms. The maximum p value should be (Greenhalgh 
et al 1990, Wang and Houseman 1997)

=p
k

f
,max

Nyq

Nyq
� (4)

where fNyq and kNyq are the Nyquist frequency and the Nyquist 
wavenumber, respectively. In this case, the p value is set 
between ±800 ms km−1.

Figure 3(b) is the Radon image of linear τ-p transform. 
Ideally, the down-going and up-going wave energies should 
be focused at ≈±p 400 ms km−1. But it is very difficult to 
choose a successful mute on the Radon image, to separate 
the up-going wave energy from the down-going wave energy. 
After surgical muting (figure 3(c)), attempting to mute out the 
up-going waves, the tails of the down-going waves have also 
been cut out. After iterative application of the masking filter, 
these tails have been slowly recovered (highlighted with a 
white ellipse in figure 3(d)).

The down-going wavefield (figure 3(e)) can now be 
obtained by an inverse τ-p transform. However, subtracting 

it from the original VSP data set, the up-going wavefield 
(figure 3(f)) shows some residuals of the down-going waves 
(within a red ellipse). Note that the up-going waves disap-
pear at the very shallow depth. This is because the intercept 
times (at depth zero) of the up-going and down-going wave-
fields in this shallow part are close each other, and the up-
going waves are mixed in the strong image of down-going 
waves in the τ-p domain (highlighted by red ellipses in  
figures 3(c) and (d)).

For the deep section, the τ-p filter can have a satisfac-
tory separation of the up-going wavefield from the down-
going wavefield. This is because, in deep regain, two 
wavefields have a clear difference in the intercept time τ (at  
depth zero).

F-k domain masking filter

Alternatively, we try to implement the masking filter in the 
f-k domain for wavefield separation. The masking filter in the 
f-k domain can be expressed as (Zhou and Greenhalgh 1994)

Figure 5.  The f-k filter. (a) and (b) VSP down-going and up-going wavefields obtained by the f-k filter. (c) and (d) The f-k images of the 
down-going and up-going wavefields. A simple fan filter cannot effectively remove all up-going waves (marked by dashed lines) reflected 
from the bottom of borehole.
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The quality of wave separation is determined by two critical 
factors: the quality of the reference data set ( )B t x, , used to 
generate the masking filter, and the quality of the input data 
set ( )A t x, .

The reference data set is generated by median filtering. It 
is performed along the down-going waves first break times, 
with respect to the depth, and produces the down-going 
wavefield (figure 4(a)). The subtraction between the raw 
VSP data set and the down-going wavefield is treated as the 
up-going wavefield (figure 4(b)). Figures 4(c) and (d) are the 
f-k images of the corresponding down-going and up-going 
wavefields. In the f-k domain, the down-going and up-going 
wavefields have much simpler patterns than the images in 
the τ-p domain.

Figure 4 demonstrates that the median filtered down-
going wavefield does not have any up-going wave residual. 

Particularly, it has cleanly removed the up-going wave-
field at shallow depth. However, the down-going wavefield 
seems too smooth to keep the original waveforms. This can 
be observed from either the t-x domain or τ-p domain image 
of the up-going wavefield (figures 4(b) and (d)), on which 
a certain amount of down-going wave energy is evident.

For the sake of comparison, we also test the f-k filter and 
display the down-going and up-going wavefields and their f-k 
images in figure 5. In the f-k domain, linear coherent events 
can be separated according to different apparent velocity. The 
separated down-going wavefield (figure 5(a)) obtained by the 
f-k filter has kept the waveforms better than the median filter 
(figure 4(a)). But, a simple fan filter cannot effectively remove 
all up-going waves (marked by dashed lines) reflected from 
the bottom of borehole. The remaining up-going wave energy 
in the f-k image is close to the origin of the wavenumber axis 
(figure 5(c)), and this part of the energy is difficult to separate 
from the down-going wave energy.

We notice that the median filtered down-going wave-
field image (figure 4(c)) has less up-going wave energy left 

Figure 6.  The f-k domain adaptive masking filter. (a) and (b) The down-going and up-going wavefields, obtained by the f-k domain 
adaptive masking filter and using the raw VSP data as the input data set. (c) and (d) The down-going and up-going wavefields, obtained by 
the f-k domain adaptive masking filter but using the τ-p domain surgically muted down-going wavefield as the input data set.
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in the negative wavenumber area, although considerable 
down-going wave energy remains in the up-going wavefield. 
Therefore, we decide to use median filtered down-going 
wavefield as the reference data set ( )B t x, , for designing a 
masking filter.

For the input data set ( )A t x, , to be used in the f-k domain 
masking filter, first we test the raw VSP data set as the input 
data set, and then we use the τ-p domain surgically muted 
down-going wavefield as the input data set.

Figure 6 demonstrates the effectiveness of the f-k domain 
adaptive masking filter, using these two types of the input data 
set. Figures  6(a) and (b) are the resultant wavefields when 
using the raw field VSP as the input data set. Figures 6(c) and 
(d) are the separated wavefields when using the τ-p domain 
surgically muted down-going wavefield (figure 3(e)) as the 
input data set.

Obviously, the second scheme is better than the first 
scheme. In the first scheme it is difficult to separate two wave-
fields in the shallow part (marked by an ellipse in figure 6(b)), 

but the second scheme has done an excellent job. The up-going 
waves in figure 6(d) show much stronger energy than those in 
figure 6(b). It indicates that figure 6(c) has removed the up-
going waves completely and figure 6(a) has not done so.

The masking filter is implemented adaptively and itera-
tively. In each iteration, down-going wavefield produced in 
the previous iteration is used as a new reference data set for 
designing the filter, and after filtering, the residual energy in 
the front of VSP first arrivals is also evaluated. Iteration stops 
when this residual energy is smaller than a pre-set threshold. 
In this field data example, the f-k domain masking filter is 
applied three times.

In the masking filter application to the field VSP data set, 
the sharpness parameter η is not so critical. However, the ε 
parameter which balances the amplitudes between the images 

( )A f k,  and ( )B f k,  needs to be tested, ensuring the iteration 
process converges, so that the residual energy in the front area 
of VSP first arrivals in the next iteration is lesser than the cur
rent iteration. We set ε  =  0.4 and η = 1 throughout this paper.

Figure 7.  (a) and (b) The f-k images of the down-going and up-going wavefields (figures 3(e) and (f)), obtained by the τ-p domain surgical 
mute. (c) and (d) The f-k images of the down-going and up-going wavefields (figures 6(c) and (d)), obtained by the f-k domain adaptive 
masking filter and using the τ-p domain surgically muted down-going wavefield as the ‘original data set’.
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Masking filters in τ-p domain versus f-k domain

Figure 7 demonstrates the improvement made by the f-k 
domain masking filter. Figures 7(a) and (b) are the f-k images 
of the τ-p domain adaptive surgical muting (figures 3(e) and 
(f)), and figures  7(c) and (d) are the f-k images of the f-k 
domain adaptive surgical muting (figures 6(c) and (d)), which 
uses the τ-p domain adaptive surgically muted down-going 
wavefield (figure 3(e)) as the input data set. We see that much 
less energy of the up-going waves is leftover in the negative 
wavenumber area in the f-k image of the down-going wave-
field, and more energy is recovered in the f-k image of the 
up-going wavefield.

Figure 8 compares frequency spectra dynamically along 
the depth. Figure  8(a) is the depth-frequency spectrum of 
the τ-p domain masking filtered down-going wavefield, and 
figure 8(b) is the depth-frequency spectrum of the f-k domain 
masking filtered down-going wavefield. The former is treated 
as the input data set in the latter f-k domain masking filter. In 
each of these spectra, the solid white curve defines the mean 
frequency, and two dotted curves indicate the deviation. The 
mean frequency ( fm) and the deviation ( σf ) are calculated by 
(Wang 2015)

∑

∑

∑

∑
= =

−

σ

⎛

⎝

⎜
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⎜
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( ) ( )

( )

/

� (6)

where f  is the frequency in Hz, and ( )A f2  is the power spec-
trum. The mean frequency directly reflects the central fre-
quency, and the deviation is related to the bandwidth (Wang 
2015). The mean frequency values, and the deviations, in 

the shallow half-depth are more consistent in figure  8(b), 
the image of the final down-going wavefield, than that in 
figure 8(a). This consistence suggests that there are less up-
going wave residuals leftover in the down-going wavefield, 
or more accurate recovery of the down-going waves through 
iterative use of the masking filter in the f-k domain.

Conclusions

In order to effectively separate VSP down-going and up-going 
waves, we have combined the τ-p domain masking filter, the 
median filter, and the f-k domain masking filter in a dynamic 
manner. The main processing steps are first to partially remove 
the up-going waves by using the τ-p domain filter, and then 
to completely eliminate the up-going waves by using the f-k 
domain masking filter. For designing the masking filter, a ref-
erence data set is generated with the median filter.

The τ-p filter can have a good separation of the up-going 
wavefield from the down-going wavefield, especially for the 
deep section in which regain two wavefields have a clear dif-
ference in the intercept time τ (at depth zero). The median filter 
can eliminate all up-going waves but produce a smooth down-
going wavefield. Finally, the f-k domain masking filter can per-
form a very good separation of the up-going waves generated 
from reflectors within the entire depth range of VSP acquisition.
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Figure 8.  (a) The depth-frequency spectrum of the τ-p domain masking filtered down-going wavefield. (b) The depth-frequency spectrum 
of the f-k domain masking filtered down-going wavefield. The mean frequency values (the solid white curve) and the deviations (two dotted 
curves) are more consistent in the final down-going wavefield (figure (b)) than that in the input data set (figure (a)).

J. Geophys. Eng. 13 (2016) 412

D
ow

nloaded from
 https://academ

ic.oup.com
/jge/article/13/3/412/5113369 by Im

perial C
ollege London Library user on 17 August 2020



Y Rao and Y Wang﻿

421

References

Ahmadi A B and Morozov I 2013 Anisotropic frequency-dependent 
spreading of seismic waves from first-arrival vertical seismic 
profile data analysis Geophysics 78 C41–52

Beylkin G 1987 Discrete Radon transform IEEE Trans. Acoust. 
Speech Signal Process. 35 162–72

Christie P A F, Hughes V J and Kennett B L N 1983 Velocity 
filtering of seismic reflection data First Break 1 9–24

Greenhalgh S A, Mason I M, Lucas E, Pant D and Eames R T 1990 
Controlled direction reception filtering of P- and S-waves in 
τ-p space Geophys. J. Int. 100 221–34

Kommedal J H and Tjøstheim B A 1989 A study of different 
methods of wavefield separation for application to VSP data 
Geophys. Prospect. 37 117–42

Moon W, Carswell A, Tang R and Dilliston C 1986 Radon 
transform wave field separation for vertical seismic profiling 
data Geophysics 51 940–7

Pevzner R, Gurevich B and Urosevic M 2012 Estimation of 
azimuthal anisotropy from VSP data using multicomponent 
S-wave velocity analysis Geophysics 76 D1–9

Tatham R H 1984 Multidimensional filtering of seismic data Proc. 
IEEE 72 1357–69

Wang Y 2002a Antialiasing conditions in the delay-time Radon 
transform Geophysical Prospect. 50 665–72

Wang Y 2002b Seismic trace interpolation in the f-x-y domain 
Geophysics 67 1232–9

Wang Y 2003 Multiple attenuation: coping with the spatial 
truncation effect in the Radon transform domain Geophys. 
Prospect. 51 75–87

Wang Y 2014 Stable Q analysis on vertical seismic profiling data 
Geophysics 79 D217–25

Wang Y 2015 Frequencies of the Ricker wavelet Geophysics 
80 A31–7

Wang Y and Houseman G A 1997 Point-source τ-p transform: a 
review and comparison of computational methods Geophysics 
62 325–34

Zhou B Z and Greenhalgh S A 1994 Wave-equation extrapolation-
based multiple attenuation: 2D filtering in the f-k domain 
Geophysics 59 1377–91

Zhou B Z and Greenhalgh S A 1996 Multiple suppression by 2D 
filtering in the parabolic τ-p domain: a wave-equation-based 
method Geophys. Prospect. 44 375–401

J. Geophys. Eng. 13 (2016) 412

D
ow

nloaded from
 https://academ

ic.oup.com
/jge/article/13/3/412/5113369 by Im

perial C
ollege London Library user on 17 August 2020

http://dx.doi.org/10.1190/geo2012-0401.1
http://dx.doi.org/10.1190/geo2012-0401.1
http://dx.doi.org/10.1190/geo2012-0401.1
http://dx.doi.org/10.1109/TASSP.1987.1165108
http://dx.doi.org/10.1109/TASSP.1987.1165108
http://dx.doi.org/10.1109/TASSP.1987.1165108
http://dx.doi.org/10.3997/1365-2397.1983006
http://dx.doi.org/10.3997/1365-2397.1983006
http://dx.doi.org/10.3997/1365-2397.1983006
http://dx.doi.org/10.1111/j.1365-246X.1990.tb02482.x
http://dx.doi.org/10.1111/j.1365-246X.1990.tb02482.x
http://dx.doi.org/10.1111/j.1365-246X.1990.tb02482.x
http://dx.doi.org/10.1111/j.1365-2478.1989.tb01826.x
http://dx.doi.org/10.1111/j.1365-2478.1989.tb01826.x
http://dx.doi.org/10.1111/j.1365-2478.1989.tb01826.x
http://dx.doi.org/10.1190/1.1442151
http://dx.doi.org/10.1190/1.1442151
http://dx.doi.org/10.1190/1.1442151
http://dx.doi.org/10.1190/geo2010-0290.1
http://dx.doi.org/10.1190/geo2010-0290.1
http://dx.doi.org/10.1190/geo2010-0290.1
http://dx.doi.org/10.1109/PROC.1984.13023
http://dx.doi.org/10.1109/PROC.1984.13023
http://dx.doi.org/10.1109/PROC.1984.13023
http://dx.doi.org/10.1046/j.1365-2478.2002.00340.x
http://dx.doi.org/10.1046/j.1365-2478.2002.00340.x
http://dx.doi.org/10.1046/j.1365-2478.2002.00340.x
http://dx.doi.org/10.1190/1.1500385
http://dx.doi.org/10.1190/1.1500385
http://dx.doi.org/10.1190/1.1500385
http://dx.doi.org/10.1046/j.1365-2478.2003.00355.x
http://dx.doi.org/10.1046/j.1365-2478.2003.00355.x
http://dx.doi.org/10.1046/j.1365-2478.2003.00355.x
http://dx.doi.org/10.1190/geo2013-0273.1
http://dx.doi.org/10.1190/geo2013-0273.1
http://dx.doi.org/10.1190/geo2013-0273.1
http://dx.doi.org/10.1190/geo2014-0441.1
http://dx.doi.org/10.1190/geo2014-0441.1
http://dx.doi.org/10.1190/geo2014-0441.1
http://dx.doi.org/10.1190/1.1444134
http://dx.doi.org/10.1190/1.1444134
http://dx.doi.org/10.1190/1.1444134
http://dx.doi.org/10.1190/1.1443696
http://dx.doi.org/10.1190/1.1443696
http://dx.doi.org/10.1190/1.1443696
http://dx.doi.org/10.1111/j.1365-2478.1996.tb00154.x
http://dx.doi.org/10.1111/j.1365-2478.1996.tb00154.x
http://dx.doi.org/10.1111/j.1365-2478.1996.tb00154.x

