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ABSTRACT

The utility of the seismoelectric method relies on the de-
velopment of methods to extract the signal of interest from
background and source-generated coherent noise that may be
several orders-of-magnitude stronger. We compare data pro-
cessing approaches to develop a sequence of preprocessing
and signal/noise separation and to quantify the noise level
from which we can extract signal events. Our preferred se-
quence begins with the removal of power line harmonic noise
and the use of frequency filters to minimize random and
source-generated noise. Mapping to the linear Radon domain
with an inverse process incorporating a sparseness constraint
provides good separation of signal from noise, though it is in-
effective on noise that shows the same dip as the signal. Simi-
larly, the seismoelectric signal and noise do not separate
cleanly in the Fourier domain, so f-k filtering can not remove
all of the source-generated noise and it also disrupts signal
amplitude patterns. We find that prediction-error filters pro-
vide the most effective method to separate signal and noise,
while also preserving amplitude information, assuming that
adequate pattern models can be determined for the signal and
noise. These Radon-domain and prediction-error-filter meth-
ods successfully separate signal from �33 dB stronger noise
in our test data.

INTRODUCTION

Development of data processing techniques is one of the most im-
ortant steps toward regular use of the seismoelectric method in
ear-surface �and exploration� geophysics. Effective data process-
ng techniques with known efficacy will lead to better �more realis-
ic� target selection and improved survey design and it also will facil-
tate accurate interpretation of the resulting data.
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G1
The coseismic field is the electric field induced by, and located
ithin, a propagating compressional seismic wave, that is created by
ressure gradient-induced electrokinetic effects �e.g., Pride and
aartsen, 1996; Garambois and Dietrich, 2001; Haines, 2004�. In

eismoelectric data, the coseismic field appears as coherent arrivals
orresponding with the passage of the seismic waves through the
lectrode array and shows virtually the same waveform and moveout
s the seismic body wave �Garambois and Dietrich, 2001�. The inter-
ace response is the electromagnetic disturbance that occurs when a
ompressional wave encounters an interface in mechanical, electri-
al, or chemical properties. Because the coseismic field often ob-
cures the interface response �and can be several orders-of-magni-
ude stronger, cf. Butler et al., 2002�, we consider the coseismic field
o be noise.

The electric potential of the interface response � �measured at a
orizontal offset x and depth z� can be approximated �e.g., Thomp-
on and Gist, 1993; Garambois and Dietrich, 2001� as that of an elec-
ric dipole �e.g., Landau and Lifshitz, 1984�:

��x,z� =
I

2��

z

�x2 + z2�3/2 , �1�

here I is the magnitude of the electric current excited by the seismic
ave, and � is the electrical conductivity of the soil. The interface

esponse is created at the first Fresnel zone directly beneath the shot-
oint �for a horizontal subsurface interface�. In contrast to seismic
eflection, only one interface response event occurs, at one subsur-
ace location per interface, for a given seismic source location. It is
easured approximately simultaneously at all receiver locations;

hat is, it shows no moveout relative to the coseismic arrivals �elec-
romagnetic velocity VEM is much greater than the seismic P wave
elocity VP�. Garambois and Dietrich �2002� provide a thorough dis-
ussion of the location and size of the seismoelectric Fresnel zone.
he interface response electric field is essentially that of a dipole, so
easured potential differences show opposite polarity on opposite

ides of the shotpoint and have a distinct pattern �equation 1� that can
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G2 Haines et al.
e used to discriminate the interface response from other recorded
rrivals. Though the direct field �Haines et al., 2004; Haines, 2004�
hows the same amplitude pattern, it occurs only at the source point
nd generally exists for less than 20 ms so is not problematic for sur-
ace surveys targeting layers deeper than a few meters �assuming a
eismic velocity corresponding with unsaturated sediments� or for
ny survey in which the source and receivers are separated by suffi-
ient distance.

The sinusoidal subtraction and frequency revision methods pre-
ented by Butler and Russell �1993, 2003� effectively remove power
ine noise from seismoelectric records, and represent a key first step
n seismoelectric data processing. Wiener filters �Thompson and
ist, 1993�, radial trace transforms �Butler et al., 2002�, and f-k fil-

ering of virtual shot gathers �Kepic and Rosid, 2004� have been test-
d as seismoelectric signal/noise separation approaches, but none of
hese methods has proven to be adequately effective.

An effective seismoelectric data processing sequence must re-
ove background and coseismic fields from a seismoelectric shot

ather such that it can be stacked to produce a trace dominated by in-
erface response arrivals, for use in a seismoelectric image. Our ob-
ective is to develop such a sequence and to quantitatively assess its
erformance so that we understand the sensitivity possible with this
rocessing approach. We begin by discussing preprocessing tech-
iques and then compare signal/noise separation methods using test
hot gathers that contain synthetic interface response events and
eld-collected or numerically modeled noise, building on the work
f Haines et al. �2003�. We test f-k filtering and linear Radon trans-
orms �e.g., Yilmaz, 2001�, both of which attempt to separate the in-
erface response from coseismic fields based on dip. We also com-
are results using a pattern-based approach employing prediction-
rror filters �PEFs� �Claerbout and Fomel, 2001; Guitton, 2005� that
xploits the interface response amplitude pattern as well as its dip.
e then present our preferred processing flow and discuss necessary

urther advances in seismoelectric data processing.
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igure 1. �a� Test gather 1: synthetic seismoelectric data. Arrows an
eismoelectric arrivals. It is our goal to remove the curved and dippin
ance the flat interface response events including the hidden IR 3. D
nd the polarity of the negative-offset traces is reversed, for compa
res. �b� The geologic model used for calculation of synthetic dat
hick arrows indicate raypaths for seismic energy that creates seis

esponse events. In addition to the down-going energy that creates
vents IR 1, IR 2, and IR 3, up-going �reflected� seismic energy crea
he direct and reflected seismic arrivals are recorded as coseismic noi
ls�. Material properties are shown in the table �P-wave velocity, por
eability, electrical conductivity, and bulk density�.
TEST DATA

est gather 1: Synthetic seismoelectric data

Synthetic data facilitate the evaluation of processing techniques
hile avoiding the complexities and expenses of field data. The 96-

hannel shot gather shown in Figure 1a was created using the finite-
ifference modeling approach described by Haines and Pride
2006�. It corresponds with the geologic model shown in Figure 1b,
onsisting of alternating unconsolidated clay and sand layers whose
aterial properties are shown in the figure. All layers are saturated
ith pore water of pH 7 and salinity 0.001 mol/L. Zeta potential is

alculated using the relations provided by Pride and Morgan �1991�.
e model an explosive source �2.8-m depth, 400-Hz Ricker wave-

et� that provides the energy that is then recorded by 96 pairs of elec-
rodes at the surface of the model. The width of each dipole pair is
.4 m, and the spacing between the centers of the pairs is 0.44 m.
niform white noise has been added to the gather for realism �rms

atio of the synthetic data �all events� to added white noise is 60:1,
hich is more than twice as much background noise as we observe at
ur field sites�. The plotted data are scaled by t2 for comparison with
esults in later figures.

Within the gather are four interface response events that we wish
o separate from the curved coseismic energy, the dipping modeling
rtifacts, and the random noise; all are identified in Figure 1a. The
rst interface response event �IR 1� was created when the down-go-

ng P-wave encountered the first interface. IR 2 corresponds with the
econd interface, and the unseen IR 3 corresponds with the third in-
erface. The amplitude of event IR 3 is below the level of the added
andom noise. The interface response event labeled IR 4 was created
hen the reflected P-wave traveling upward from the second inter-

ace encountered the first interface. It has a higher amplitude than IR
because the interface is much shallower, but lower amplitude than

R 1, because only a fraction of the seismic energy is reflected up-
ard at the interface and because of energy loss associated with the

longer distance traveled �divergence only; this
modeling does not include absorption other than
the negligible loss due to Biot flow�.

The data contain the coseismic fields of the
seismic wave reflected from the first interface �la-
beled Refl. CS in Figure 1a� and the seismic direct
wave �CS, arriving after time zero and appearing
curved because the shot is at a depth of 2.8 m be-
low the electrodes�. The data also contain dipping
modeling artifacts that we consider to be addi-
tional noise to be removed from the data. The data
do not include Rayleigh waves because our mod-
eling code does not include a free surface. Be-
cause of this limitation, and the other nonrealistic
aspects of test gather 1, we also test our process-
ing techniques on the more realistic shot gather
described next.

Test gather 2: Field data plus
synthetic signal events

Field data provide a more realistic assessment
of data processing options than synthetic data, but
uncertainties in seismoelectric data interpretation
�this is a method that is in development� compli-
cate assessment of results. With data processing
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Seismoelectric data processing G3
mprovements will come greater certainty in interpretation of events
evealed by data processing, but these developments can not occur
imultaneously. In order to provide a certain, quantitative assess-
ent of signal/noise separation techniques based on realistic data,
e target synthetic events added to field data.
Test gather 2 is shown in Figure 2a, with dipping coseismic energy

nd flat direct field arrivals labeled �t1.85 scaling has been applied for
omparison with later figures�. This gather is the result of stacking
5 impacts of a 5.4-kg sledgehammer on a hammer plate located
0.5 m from the center of a 48-channel electrode array with 0.4 m

pacing between electrode dipoles that are 1.4 m wide �the dipoles
verlap�. The array was deployed at a site with clay-rich soil to a
epth of at least 3 m �the vineyard site that is described in more detail
y Haines �2004� and Haines et al. �2007��. The data were collected
ith a 24-bit Geometrics Geode seismograph that offers a nominal

10-dB instantaneous dynamic range which should be ample for the
ata that we record �the dynamic range of features of interest in our
eld data is �50 dB�. With the strong display gains used in Figure 2,
at �no moveout� noise is evident below 0.07 s at near-zero offsets
nd at offsets ��5 m. The amplitude pattern is not that of a dipole
hat corresponds with these arrival times, so these arrivals must be
nterpreted as noise. Noise from a distant source would be expected
o show the same polarity �and similar amplitude� on all recording
hannels. The near-zero-offset arrivals appear to be source-related
their true polarity is reversed on opposite sides of the shotpoint�,
nd may be weak seismoelectric direct fields created by hammer
ounce on the impact plate. The flat noise at offsets ��5 m shows a
ifferent polarity-reversal location and is likely remnant power line
oise associated with a water pipe that is buried near that edge of the
eld site.
To the field data we have added three synthetic interface response

vents, shown separately in Figure 2b. These events were created us-
ng a Ricker wavelet �dominant frequency 150 Hz� and the assump-
ion �following Garambois and Dietrich �2001�� that the interface re-
ponse from a particular depth z is equivalent to the summation of
he fields of many electric dipoles �potential calculated using equa-
ion 1� distributed across the first Fresnel zone. We calculate the radi-
s of the first Fresnel zone using the simple relation �e.g., Sheriff and

eldart, 1995� r = ��
2�z + �

8�, for a wavelength � calculated using
he dominant frequency of the wavelet and a con-
tant velocity v = 400 m/s. We assume that the
resnel zone is centered directly beneath the shot-
oint, as for horizontal layers �Thompson and
ist, 1993�. The hidden interface response events
ave signal-to-noise ratios of: IR A, −30 dB; IR
, −41 dB; IR C, −33 dB. These ratios were cal-
ulated using rms amplitudes determined for
.006-s windows �spanning the three largest
obes of the added waveforms� of the field record
nd synthetic events prior to their summation.

The original field data do not contain any hid-
en interface response events that we can inter-
ret with certainty. If the data do contain hidden
vents, we can conclude that they are below the
ignal-to-noise ratio of any added synthetic
vents that are revealed through data processing.
ecause the added events are realistic and have
nown amplitudes and arrival times, and because
he noise is data collected in the field, this shot
ather provides a valuable, quantitative, and real-
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has been remo
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filter: 120–50
comparison w
stic test of signal/noise separation methods. This approach is prefer-
ble to blindly processing data to reveal events of uncertain origin,
hough admittedly inferior to targetting definitively interpretable
idden events. It is hoped that future seismoelectric method devel-
pment will make possible the confident interpretation of the inter-
ace response from layers at depth, and that our work with this par-
ially synthetic shot gather represents progress toward that goal.

DATA PREPROCESSING

We consider seismoelectric data d to be the sum of background
oise nbg, coseismic noise ncs, and interface response signal s: d
nbg + ncs + s. We employ preprocessing steps to minimize coseis-
ic fields and to remove the background noise nbg, which includes

armonic noise from the power grid and any local sources �pumps,
enerators, etc.� along with noise spikes �from distant lightning
trikes, etc�.

The shot gather shown in Figure 3a was chosen for comparison of
ower line noise removal techniques because it contains particularly
ifficult-to-remove harmonic noise from the power grid �60 Hz and
ts harmonics�. The seismic source in this case is 0.15 kg of explo-
ive located 12 m perpendicularly away from the center of the re-
eiver electrode array. Between the source and receivers were two
ertical targets �sand-filled trenches�, described in detail by Haines
2004�. The electrode dipoles were 1.05-m wide, and spaced at
.7 m. Application of the sinusoidal subtraction technique of Butler
nd Russell �1993� to the data in Figure 3a yields the result shown in
igure 3b. A significant amount of harmonic noise remains, making

nterpretation of flat events difficult. This remnant noise is at least
artially due to deviation of the fundamental frequency from
0.00 Hz in traces adjacent to a water pipe that is buried near the end
f the receiver array. The computationally more intensive frequency
evision approach described by Butler and Russell �2003� yields the
mproved result shown in Figure 3c. We can now identify the inter-
ace response event �marked by the two arrows� created at the trench
earer to the receiver electrodes.

          0                   4                  8                                   –8                 –4                 0                   4                  8

st gather 2                                                             Events hidden in test gather 2

IR A

IR B

IR C
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ther 2: sledgehammer-source seismoelectric shot gather with three
face response events. Harmonic noise from the power grid �60 Hz�
m the field data using the methods described by Butler and Russell
events that were added to field data to produce test gather 2. Display

display gain: t1.85. Polarity of negative-offset traces is reversed for
r figures.
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G4 Haines et al.
We find that unstacked shot records �such as the data in Figure 3�
resent the most challenging power line noise problem, and fre-
uently require the computational expense of the frequency revision
ethod. With sledgehammer stacking, minor deviations of the fun-

amental frequency in individual prestack shot gathers tend to be
ess problematic, and thus the sinusoidal subtraction technique is
enerally sufficient. For instance, the hammer-source data shown in
igure 2a have been processed with the sinusoidal subtraction tech-
ique; the frequency revision method technique yields negligible
mprovement for this shot gather. This trend is likely due to the ten-
ency of the �uncorrelated� power line noise to stack out of sledge-
ammer records relative to the signal. Both of these methods are su-
erior to notch filtering at 60 Hz and all of its harmonics up to the
yquist frequency because they do not alter the frequency content of

he seismoelectric data.
The signal-to-noise ratio between the interface response signal

nd the coseismic field can often be improved with low-cut filters.
he frequency content of the interface response is the same as the

requency content of the seismic wave that interacts with the inter-
ace and produces the response. We record the interface response
ithin the electromagnetic near-field �the region where the fields are
iffusive rather than propagating� such that absorption of the elec-
romagnetic energy is negligible. Thus for many recording geome-
ries the interface response will be of higher frequency than the
oseismic field �e.g., the interface response from a layer at depth will
ave higher frequency content than the coseismic field of the P-wave
eflection from the same layer�. In addition, the coseismic field asso-
iated with surface waves will tend to have lower frequency content
han the interface response from a layer at depth �just as ground roll
n a seismic record is generally of lower frequency than other seis-

ic arrivals�. Other frequency filtering can help to minimize back-
round noise �e.g., removal of high-frequency spikes with high-cut
lters�.
As with seismic reflection processing, we boost the amplitude of

ow-amplitude interface response signals from deeper �or more dis-
ant� interfaces with standard procedures such as automatic gain
ontrol �AGC� or gains corresponding with multiplication of each
ample in a trace by a scalar that is the arrival time raised to a certain
ower �e.g., t2�. In some cases it is beneficial to apply these gains be-
ore signal/noise separation �but after harmonic noise subtraction�,
o boost the amplitude of later arrivals so that they have equal impor-
ance in the residual of inversion schemes.

Raw data                                       Sinusoidal subtraction                              

–4           0            4           8                   –4           0            4           8                    –

–0.05
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a)                                b)                             c)

Offset (m)                                      Offset (m)                             

igure 3. Power line noise removal comparison.All are plotted with 1
ass filtering. Raw data �a� consist of a shot gather recorded with an
ated 12 m perpendicularly away from the center of the receiver li
inusoidal subtraction �b� shows considerably less power line noise.
he frequency revision technique, the data �c� show the previously ob
ponse event that is marked by the two arrows.
INTERFACE RESPONSE/COSEISMIC FIELD
SEPARATION METHODOLOGIES

Assuming that preprocessing has been successful, our data are
ow the sum of only interface response energy s and coseismic field
nergy ncs: d = ncs + s. It is our goal to separate these two forms of
nergy, and although coseismic noise may be of much greater mag-
itude, we can exploit three unique attributes of the interface re-
ponse energy to identify and extract it from a record. The interface
esponse has the amplitude pattern of a dipole �equation 1� and
hows opposite polarity on opposite sides of the shotpoint. In addi-
ion, it shows virtually zero moveout because it travels �diffuses� at

EM which is several orders-of-magnitude greater than the apparent
elocity VP of the coseismic field.

requency-wavenumber filtering

Muting in the frequency-wavenumber �f-k� domain �or Fourier
omain� is a standard and commonly used technique for separating
eismic arrivals based on dip �e.g., Yilmaz, 2001�, and so is a logical
hoice for seismoelectric data. We apply mutes in the f-k domain that
re symmetrical and fan shaped with sine-squared tapers. The con-
istency of test gather 1 permits a high mute velocity of 105 m/s,
hile the irregularities of test gather 2 force us to choose a moderate
elocity cut-off of 8000 m/s. In addition, we eliminate the near-off-
et �less-than 4 m� traces for test gather 2 prior to f-k filtering to
void poor separation of the flat signal from the flat parts of the near-
ffset coseismic noise.

adon-domain filtering

Radon transforms �e.g., Yilmaz, 2001� map from the t -x domain
o the � -p domain �� is the zero-offset intercept of an event of slow-
ess p�, based on summation along trajectories that are linear or
urved. We find that the linear Radon transform �LRT� provides bet-
er separation of seismoelectric data in the � -p domain than parabol-
c or hyperbolic transforms. We employ an iterative inversion pro-
ess �Thorson and Claerbout, 1985� to determine, in a least-squares
ense, the � -p domain mapping m that best corresponds to the data
, as related by the Radon operator L. Thus we minimize the objec-

ive function

f�m� = �Lm − d�2. �2�

We include a Cauchy regularization term �Sacchi
and Ulrych, 1995� to enforce sparseness �im-
prove focusing� in the model space �the Radon
domain�. This provides cleaner separation of sig-
nal from noise and helps minimize artifacts that
would otherwise exist. Our objective function for
a model space of size n may be written as �Sava
and Guitton, 2005�

f�m� = �Lm − d�2 + �2b2�
i=1

n

ln�1 +
mi

2

b2 	 ,

�3�

where � and b are constants, chosen a priori, that
allow us to control the degree of sparseness in the
model ��� and the minimum value below which
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Seismoelectric data processing G5
nergy in the Radon domain is zeroed �b�. This objective function is
onlinear so we use the limited-memory quasi-Newton method de-
cribed by Guitton and Symes �2003� to find the � -p model that cor-
esponds with the minimum value of f�m�.

Interface response signals map to the slowness axis of the � -p do-
ain �p
0� while noise maps elsewhere ��p��0�. We find that it is

mportant to perform a polarity flip on the seismoelectric data before
adon transformation, so that interface response events have con-

tant polarity and thus collapse smoothly to points in the Radon do-
ain. We mute in the � -p domain using narrow, tapered, rectangular
utes centered around the slowness axis. Data imperfections cause

mperfect mapping in the � -p domain which may leave some data
nergy in the model residual. To address this, we prefer to model the
oise �by muting the signal from the � -p domain�, map it back to t -x
pace and then subtract it from the data. The Radon domain mapping
f test gather 1 is shown in Figure 4a. We have applied a t2 gain be-
ore Radon transformation so that weaker events later in the record
re not inadvertently removed by the regularization. We then mute
nergy with slowness �0.00008 s/m �shown by the dark lines in
igure 4a�, to create an estimated noise model. Test gather 2 �� -p
apping shown in Figure 4b� was processed similarly, but with a t1.85

ain applied before transformation, and mute lines set at
.0006 s/m. The scaling powers were experimentally chosen to pro-
ide a smooth amplitude distribution in each gather. Sparseness, as
nforced by the Cauchy regularization, is apparent in both plots and
eads to a better signal/noise separation than without the sparseness
onstraint.

rediction-error filters

We can take advantage of both the amplitude and pattern charac-
eristics of our signal/noise separation problem by implementing a
echnique using PEFs �Claerbout and Fomel, 2001� S and N to esti-

ate the signal and noise, respectively. Following Guitton �2005�,
e use pattern models to obtain S and N and then use these nonsta-

ionary PEFs to separate the signal and noise in a least-squares inver-
ion. A key requirement for clean separation is the availability of
uitable pattern models for PEF estimation �models that closely re-
emble the signal and noise� to produce PEFs that accurately convey
he essential aspects of the signal and noise. The dimensions of PEFs
and N are largely determined through experimentation, though ex-
erience and common sense suggest that the flat interface response
nergy can best be modeled by PEFs that extend farther in the offset
irection than in the time direction. The coseismic noise, since its di-
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igure 4. Linear Radon domain mapping of �a� test gather 1 and �b�
est gather 2. Mute lines are shown as dark lines. Note sparseness of
ata mapping, due to Cauchy regularization.
ensions are more equal in offset and time, is often best modeled by
EFs that have a similar number of elements in the time and offset
irections �or perhaps a slightly greater number of elements in the
ime direction to correspond with fast time-sample rates�.

With the amplitude pattern of interface response events described
y equation 1, we can produce synthetic models for interface-re-
ponse amplitude patterns as a function of offset. This pattern alone
an be an effective model for the estimation of 1D �in offset� signal
EFs. This is the option that we choose for test gather 1 �signal mod-
l shown in Figure 5a, using a constant velocity of 2000 m/s to de-
ermine the Fresnel zone size based on a frequency of 400 Hz�. Sim-
larly, the pattern model we use for test gather 2 �Figure 6a� was con-
tructed using equation 1 to calculate the amplitude as a function of
ffset �using a constant velocity of 350 m/s and a frequency of
50 Hz�, and using a generalized waveform �the spatially averaged
ime series of test gather 2� to determine a time signature that ade-
uately mimics the data. Though the waveform of the added events
Ricker wavelet� would have likely been more effective, this ap-
roach would be unrealistic in its use of a priori information about
he hidden events.

Garambois and Dietrich �2001� show that the time derivative of
orizontal geophone data can be very similar to the coseismic noise
or the case of compressional waves. The use of geophone data as a
attern model for N holds good promise, and it is the option that we
se as a noise model for test gather 1 �Figure 5b�. Unfortunately, the
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igure 5. Models for PEF estimation for test gather 1. �a� Signal
odel, created using equation 1. �b� Noise model, the time deriva-

ive of horizontal geophone data, created through the same finite-
ifference approach as the synthetic seismoelectric data.
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on filtering, muted to remove all energy above the first coseismic
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uality of the geophone data collected during our field experimenta-
ion is not adequate to provide a good noise model for test gather 2
likely resulting from the nonflat frequency response of the trans-
ormers used between the electrodes and the seismograph and from
eismic data irregularity caused by old geophones that no longer fit
he manufacturer’s specifications�. Instead, we mute the parts of the
adon noise estimate that extend above the first coseismic arrivals
nd use the result as a noise model �Figure 6b�.

SIGNAL/NOISE SEPARATION RESULTS

Results from the three signal/noise separation techniques are dis-
layed in Figures 7 �test gather 1� and 8 �test gather 2�. The data are
ained and scaled the same in each section �a, b, and c� and are the
ame as the plots of the starting data �Figures 1a and 2a, respective-
y�. The polarity of half the traces is flipped for all plots, such that in-
erface response events show constant polarity on opposite sides of
he shotpoint. For test gather 1, the shown Radon result �Figure 7b� is
he result of simply muting the noise in the Radon domain, because
his result shows more evidence of the previously unseen event IR 3
shown with the arrows�. For test gather 2, the displayed Radon re-
ult �Figure 8b� was produced by modeling the noise in the Radon
omain and subtracting it from the original data in the t -x domain. In
ll of the results, coseismic noise has been significantly attenuated
nd little dipping energy remains. For test gather 1 �Figure 7�, IR 1,
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igure 7. Comparison of signal/noise separation results for test gath
ith gain correction of t2 and at the same scale as the starting data in F

esult. �b� Radon result. �c� PEF result. The position of hidden event I
rrows on each panel, and this event is faintly visible in all results, pa
c�.
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igure 8. Comparison of signal/noise separation results for test gath
ith gain correction of t1.85 and at the same scale as the starting data i

f-k result. �b� Radon result. �c� PEF result. The added events are mar
f arrows on each panel. Other flat events are discussed in the text.
, and 4 are plainly visible, and IR 3 is faintly visible, particularly in
he Radon and PEF results. For test gather 2, added events A
−30 dB original S/N� and C �−33 dB� are plainly visible in Figure
b and c, and to a lesser extent in Figure 8a. Event B �−41 dB� is evi-
ent, though very weak, in Figure 8c and to a lesser extent in Figure
b.

The transform methods do not adequately separate the flat central
arts of the coseismic hyperbolas from the flat interface response
ignal. Even when central traces are removed from a gather �Figure
a�, a tiny amount of remaining coseismic energy is flat, and is not
ntirely removed by f-k filtering �a much noisier result is obtained
hen the near-offset traces are included in the processing�. Another
isadvantage of the transform-based methods is illustrated by Figure
a — muting in the f-k domain has removed the coseismic energy at
he expense of the signal amplitudes. Both comparisons show that
he Radon method is preferable to f-k filtering, particularly in terms
f amplitude preservation.

We find the PEF approach to be the most effective, and its superi-
rity is particularly evident in Figure 7c, where virtually no energy
emains above the first interface response event. �Compare to the
meared coseismic energy at �3 to 4 ms in Figure 7a and b�. Figure
c shows virtually no evidence of this flat near-offset coseismic en-
rgy, and also shows much better preservation of the original ampli-
ude patterns of the interface response signal than the f-k and
adon results.Aremnant of the dipping coseismic energy remains as

a speckled checkerboard pattern �related to the
edges of the patches used for the nonstationary
PEFs� which is not problematic because it would
stack out of the gather. In test gather 2 PEF result
�Figure 8c�, we can see that because the PEFs are
“aware” of the amplitude pattern of the interface
response events, they can better remove the flat
noise events that do not fit this amplitude pattern
�e.g., the flat noise events visible at �0.05 s and
below 0.08 s in Figure 8b are weaker or absent in
Figure 8c�.

Though we have used broad tapers on the edg-
es of mute windows and otherwise been careful
that our choice of filter parameters does not result
in processing artifacts, some of our results do
contain flat arrivals that were not present in the
original data. Although not truly artifacts, these
arrivals are examples of strong, but nonflat, ener-
gy leaking through the signal/noise separation
processing. In test gather 1 �Figure 7�, the direct
and reflected coseismic events arrive simulta-
neously at �11 ms and interfere constructively
to result in energy that is identified as signal by all
three processing methods and appears in the re-
sults as flat arrivals at offsets greater than 10 or
15 m. The same is true for the near-offset coseis-
mic arrivals in the test gather 2 between 0.02 and
0.04 s �Figure 8b and c�. A solution to this prob-
lem is not immediately obvious because we have
already chosen our processing parameters to min-
imize these problems. The flat arrivals below
0.08 s in Figure 8c and d are present in the origi-
nal data as discussed earlier, so they are not the re-
sult of any processing problems. Such noise is
best avoided during data acquisition, because it
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ould be very difficult to separate from simultaneously arriving sig-
al events.

DISCUSSION

As with seismic data, the exact processing flow for a seismoelec-
ric data set must be determined on a case-by-case basis. However,
e find the following generalized sequence to be effective:

� Removal of 60-Hz noise and its harmonics using sinusoidal
subtraction �Butler and Russell, 1993�, or frequency revision
�Butler and Russell, 2003� if sinusoidal subtraction proves in-
sufficient. Both methods provide best results when a signal-free
window of the data is available for noise estimation �often pre-
trigger recording�.

� Minimize background noise and coseismic energy with fre-
quency filtering.

� Use time-varying gains to adjust amplitude levels as necessary
for signal/noise separation.

� Signal/noise separation using

a� Linear Radon transform filtering if data quality is good
and if gathers have a sufficient number of traces ��48�.

b� Nonstationary prediction-error filters �PEFs� if compu-
tationally feasible and if adequate pattern models can
be obtained for PEF estimation.

� Display processing, such as frequency filtering and gains �AGC
or tx, x
2�.

As with seismic data processing, it is preferable to use techniques
hat do not require time-consuming trial-and-error determination of
arameters �the PEF and Radon techniques described here may be
ffective but are costly�. Another key requirement is that the signal/
oise separation method can not require a priori information about
he arrival times of interface response events. Preservation of signal
mplitude patterns is an important criterion for evaluating process-
ng methods, because amplitude allows us to properly interpret ar-
ivals and to distinguish them from flat noise. It is evident in Figures
and 8 that the PEF method is most successful in this regard �partic-
larly evident for IR 1, 2, and 4 in Figure 7b versus c�; unsurprising,
iven that it is the only method tested that incorporates the interface-
esponse amplitude pattern. The two transform methods do not gen-
rally preserve amplitudes as successfully, though the test gather 2
adon result �event C in Figure 8b� shows that this method can pre-

erve amplitudes when parameters are chosen carefully and a sparse-
ess constraint is included. Although in theory the f-k and Radon re-
ults should be similar, the Radon result is considerably better in
erms of the final signal-to-noise ratio and also the preservation of
ata amplitudes �Figure 8a as compared to b�. This difference be-
ween our f-k and Radon results is largely a result of our use of the
auchy regularization, which leads to better focusing of energy in

he Radon domain and permits a cleaner separation of the signal
rom the noise.

CONCLUSIONS

Signal/noise separation is a very important issue in seismoelectric
urveying, on a par with the worst cases of groundroll noise in reflec-
ion seismic records. Seismoelectric interface response signals are
eak and fall off rapidly with distance from the interface �due to the
otential field of a dipole, not absorption�, so improved signal/noise
eparation techniques will permit the observation of signals from
eeper layers and facilitate confident interpretation of observed sig-
als. We have demonstrated that pattern-based methods are particu-
arly effective for separating the interface response signal from the
oseismic fields, successfully isolating signals with an S/N ratio at
east as small as –33 dB. These results represent a first step toward
evelopment of data processing methods for near-surface seismo-
lectric surveys, though the results can also be extended to seismo-
lectric data from exploration depths and to other, similar, data pro-
essing cases �e.g., the separation of flat primary arrivals from
urved multiple arrivals in the seismic reflection image domain�.

In this paper we assume that all subsurface interfaces are horizon-
al, not a realistic assumption in most settings. It will be necessary to
evelop the seismoelectric analog to seismic migration for seismo-
lectric surveying in areas of complex geology. Dipping subsurface
ayers produce interface-response energy radiating from Fresnel
ones that are not directly beneath the shotpoint, necessitating mi-
ration to properly arrange seismoelectric energy into CDP-type
athers for stacking. We have focused entirely on signal/noise sepa-
ation in the shot domain, but transformation to other domains �e.g.,
eismoelectric CDP domain�, and processing within them, will like-
y be an important issue.

The two principal test data gathers used in our comparisons are
oth for a “reflection” geometry; that is, a surface survey to image
ayers at depth. Alternatively, the data in the power line noise com-
arison were recorded in a “transmission” geometry — the source
nd receivers are separated and the target is between them. The
ransmission geometry can provide time-domain separation of sig-
al from noise �the interface response is created and recorded before
he coseismic fields are recorded�, such that data processing can be
ccomplished with a simple mute. We have focused on the reflection
eometry because it is generally more feasible for data collection.
owever, the transmission geometry �e.g., crosswell surveying�

hould also be considered as a possible solution to the problem of
eismoelectric signal/noise separation.

We hope that the estimates of processing-method effectiveness
rovided for the described techniques �in terms of signal/noise ratio
n dB� can be used in combination with S/N predicted by numerical

odeling to facilitate target selection and to provide a framework
ithin which we can design experiments that have realistic, and
nown, chances of success. Though admittedly inexact, these esti-
ates establish a basis for assessing whether a given survey target is

easonable. It can be anticipated that as additional data sets are col-
ected and compared with numerical simulations, and as data pro-
essing methods are more broadly tested, these estimates will be-
ome more exact, which will in turn facilitate the successful applica-
ion of the seismoelectric method to real geophysical problems.
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