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Observations and implications from simultaneous recording
of microseismic surface and borehole data

Simultaneously recording microseismic surface and 
borehole data (hereinafter referred to as co-recorded 

data) offers some unique challenges. In many cases, timing 
differences between the surface and borehole data sets cannot 
be accurately resolved, which greatly limits the usefulness of 
the experiment. Velocity models that are derived from sonic 
well logs and calibrated for each seismic data type are typically 
incompatible, and cannot be used for simultaneous focusing 
of the events.

However, despite the acquisition and processing chal-
lenges, co-recorded surface and borehole data also offer some 
unique benefits. The inherent sensitivity of borehole data al-
lows us to routinely determine when the reported events from 
the processed surface data include “false positives” (reported 
events that actually do not exist), and provides an opportu-
nity to improve our surface data-processing algorithms and 
workflows to reduce false positives. The inherent horizontal 
accuracy of surface data allows us to determine when the 
event azimuths from borehole data are inaccurate, and pro-
vides an opportunity to improve the accuracy of our borehole 
data-processing algorithms. The difficulty in resolving the ve-
locities is actually a benefit, because it allows us to constrain 
the velocities, and constrain anisotropy, to produce more ac-
curate location results. Simultaneous recording of surface and 
borehole data may offer some of the benefits of using multiple 
observation wells.

Overview/rationalization
A common question asked by operators employing micro-
seismic monitoring, or seeking to employ microseismic mon-
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itoring, centers on the value of the microseismic data to their 
operations. The acquisition and processing of microseismic 
data can be expensive, sometimes logistically difficult, and 
the cycle time from acquisition to processing to final deliv-
erables can be lengthy. It is important to note that this value 
question assumes accurate locations of the events to begin 
with. 

Surface microseismic acquisition and borehole micro-
seismic acquisition each have strengths and weaknesses. Mi-
croseismic event locations from surface acquisition are more 
accurate horizontally, but are generally much lower in fre-
quency, have a higher uncertainty in depth, and can be weak 
and nearly invisible because of low signal-to-noise ratios. Sur-
face acquisition is, however, generally easier to deploy. Event 
locations derived from a single monitoring well can be more 
accurate in depth but have substantial azimuthal error, which 
increases the horizontal error for event locations with in-
creased distance from the monitor well. This can be mitigated 
with multiple observation wells, with the data processed si-
multaneously. Obviously borehole monitoring also requires 
available wellbores near the treatment well. However, bore-
hole microseismic data have a much higher signal-to-noise 
ratio and broader bandwidth, often with both the P-wave and 
S-wave clearly observed. Both methods require an accurate 
velocity model for proper location of the events, and it is best 
if that model includes an anisotropy assumption.

The work presented here evolved from a desire to focus 
on the results that are produced from microseismic pro-
cessing, and how the events may characterize our hydraulic 
fracture stimulations, without the nagging question of event 

Figure 1. Cross-correlations of colocated borehole and surface receivers after correcting for the apparent time shifts between the borehole and 
surface data sets. The horizontal axis represents calendar time of about five days. The magnitudes of the time shifts are plotted at the top of the 
figure, which for this project were always exactly 1.000, 2.000, or 3.000 s.
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Acquisition
Surface and borehole data are usually not recorded together 
by a single recording system for various practical reasons, in-
cluding the differing demands for the sample interval and 
channel count. Co-recorded data are most valuable when 
they can be merged and used for joint inversions and com-
bined imaging, but merging the two forms of seismic data 
requires precise timing information. In our experience, the 
timing information from the GPS time in the recording in-
struments should not be relied upon. In three of the five co-
recorded projects that we have examined, the GPS timing 
information in the headers was not accurate in one or both 
data sets, and the data could not be merged. We also know 
of several similar projects with failed timing synchronization 
of surface and borehole data.

One solution to the timing problem is to use colocated re-
ceivers, which is the practice of placing one receiver from each 
recording system at exactly the same location so that they mea-
sure the same ground motion, and then cross-correlate the 
colocated traces to determine any timing differences between 
the data sets. The cross-correlations for one project are shown 
in Figure 1, with the observed timing shifts shown at the top. 
The timing shifts that were needed to merge the borehole and 
surface data varied during the life of the project, but were al-
ways exactly 1.000, 2.000, or 3.000 s. This indicates that the 
fractional second from the GPS time was preserved in both 
instruments, but one of the recording instruments was appar-
ently dropping whole seconds. The dropped whole seconds 
have a periodicity of approximately 2–3 hours during the life 
of the five-day project, during which one of the instruments 
apparently resets its timing information. No explanation for 
this behavior has been found, but we mention it to empha-
size our warning that recording instrument may have timing 
problems and that colocated receivers are a robust backup 
mechanism to allow synchronization of the surface and bore-
hole data. In fairness to the equipment manufacturers, we 

location accuracy. This characterization comes from analyz-
ing the horizontal and vertical trends of the event locations, 
the frequency bandwidth character, and the magnitudes and 
moment tensor solutions of the data, where possible. These 
decipherable elements, when combined with the geomechan-
ical stratigraphy, surface-seismic-extracted attributes such as 
coherence and curvature, well-log data, mud-log data, well-
testing data, etc., will add value during the development and 
life of a reservoir. In some cases this integration may best be 
accomplished via statistical methods. To this end, it may be 
desirable to incorporate a simultaneously recorded microseis-
mic surface and borehole monitoring project early in the life 
of a field or an area, to establish a proper microseismic incor-
poration workflow as well as realistic expectations.

Figure 2. Co-recorded surface and borehole data after correction 
for the traveltimes of an event by applying the velocities used for the 
commercial processing of the surface data. The borehole and surface 
data are both plotted vertically, and the borehole data are seen as a 
band near the left edge of the image. The surface data appear quite 
flat, but the borehole data are badly overcorrected (note the shape of 
the first P-wave).

Figure 3. Results from a Monte Carlo velocity/anisotropy inversion of co-recorded surface and borehole data. (left) Smoothed version of the 
vertical component of P-wave velocity from the well log. (center) Output vertical component of P-wave velocity from the inversion. (right) 
Output VTI epsilon function from the inversion.
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note that the demand for exact timing synchronization and 
continuous recording is rather new, and may not have existed 
when the recording equipment was designed.

Velocities
After the timing issues are resolved for co-recorded data and 
the seismic data are merged, the initial attempts to perform 
combined imaging can be quite disappointing. Figure 2 
shows an example of combined surface and borehole data 
that are merged and corrected for the traveltimes to an event 
by applying the velocities used for the commercial processing 
of the surface data. The surface data appear correctly flat-
tened, but the borehole data are badly overcorrected, indi-
cating that the velocities used to correct for the traveltimes 
of the surface data were too slow to properly correct for the 
traveltimes of the borehole data.

This is a common problem for co-recorded data sets; the 
velocities that focus the surface events are too slow to focus 
the borehole data, and conversely the velocities that focus the 
borehole data are too fast to focus the surface data. The source 
of this apparent contradiction is easily guessed—the borehole 
data have largely horizontal raypaths and are therefore af-
fected by the higher velocities associated with the horizontal 
component of anisotropy.

Figure 3 shows results from a project in which a Monte 
Carlo velocity inversion was used that incorporates a VTI 
anisotropy term. The Monte Carlo approach is well suited 
to an underconstrained problem such as this, and operates 
by testing many thousands of perturbations of the velocity 
and anisotropy functions to find what changes produce the 
best focusing for all existing string shots and perf shots, for 
both the surface and borehole data. The method employs sev-
eral strategies to avoid fixating on local maximums, and to 
constrain the results to be geologically reasonable. Because 
the velocity inversion is underconstrained, the details of the 

Figure 4. Co-recorded surface and borehole data after correction for 
the traveltimes of an event by applying the velocities/anisotropy that 
were obtained from a Monte Carlo inversion that included solutions 
for velocities and anisotropy for both P-waves and S-waves. For this 
display, the borehole data were copied, the S-wave and P-wave were 
muted off in the first and second copies, respectively, and appropriate 
velocity/anisotropy was applied to each. After correction for traveltimes, 
the surface P-wave, the borehole P-wave, and the borehole S-wave are 
all well aligned. The traces in this display are ordered by distance from 
the apparent event location, which produces an irregular appearance 
in the surface data because of intermingling of traces from different 
parts of the radiation pattern.

Figure 5. An example event including merged surface and borehole data after correction for traveltimes, with the substacks shown as a strip on 
the left side. The continuity and duration of a weak event can be seen in the substacks, but is difficult to see in the original data.
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results (individual wiggles) are not significant, but the overall 
trends are significant. The best focusing was found when the 
vertical component of velocity from the well logs is relatively 
unchanged but significant VTI anisotropy was introduced. In 
this case, the apparent VTI anisotropy was as high as 30%, 
which seemed questionable, so the results were verified by 
finite-difference forward modeling using two independent 
algorithms. 

The highly anisotropic layer in this project corresponds 
to the Pierre Shale, which was first reported by Ricker (1953) 
to have P-wave anisotropy over 30%, and summarized by 
Levin (1994). The results from the lower half of the section 
show more detail because the traveltimes are constrained by 
the inclusion of raypaths to both the surface and borehole 
receivers. The upper half of the section is constrained only by 
the surface data and is somewhat cartoonish in appearance. 
Although the degree of anisotropy in this case may be some-
what high, the overall theme is the same as other co-recorded 
projects that we have examined; most of the difficulty in per-
forming combined imaging on surface and borehole data can 
be attributed to VTI anisotropy.

Figure 4 shows an example of combined surface and bore-
hole data that were merged and corrected for the apparent 
traveltimes by applying the velocities and anisotropy that 
were obtained from a Monte Carlo inversion that included 
solutions for velocities and anisotropy for both P-waves and 
S-waves. After correction for traveltimes, the surface P-wave, 
the borehole P-wave, and the borehole S-wave are all well 
aligned.

Quality control methods
For surface microseismic event detection, a commonly em-
ployed method in the industry is the source scanning algo-
rithm of Kao and Shan (2004), or some variation of that 
method. Given a candidate event, the traces are corrected 
for the traveltimes from the apparent event location to the 
receivers, and then the corrected traces are summed in vari-
ous ways to produce “brightness” where an event occurred, 
which is equivalent to a one-way Kirchhoff depth migration. 
A weak event that is not visible in the traveltime-corrected 
traces, known as a “subvisible” event, may stack above the 
noise (Duncan, 2010). One problem with this method for 
subvisible events is that organized noise, such as the noise 
radiating from the equipment at the treatment well location, 
may also stack to produce many brightness anomalies, lead-
ing to the possibility of many false positive events. The likeli-
hood of constructive interference is large, because a typical 
scan with 400 voxels in the x and y dimensions, 200 voxels in 
the z dimension, and 43,200,000 time steps per day provides 
over 1.4E+15 opportunities for constructive interference per 
day over the life of a monitoring program.

False positive events from surface data have been reported 
by other authors. Karam et al. (2011) conducted a bench-
mark of surface microseismic monitoring during a steam in-
jection, which included processing by two service companies 
followed by in-house quality control. 765 events were report-
ed by one service company, and 1498 events were reported 
by the second service company. Of these events, only 24 were 
selected as most likely to be valid, based on their reported 

Reported events Verified Unverified

Commercial borehole processing 1388 1388       0
Borehole processing for event verification 2374 2374       0
Commercial surface aggressive processing   988 ~350 ~650
Commercial surface conservative processing   394   347     47
Surface internal reprocessing with conservative QC   316   316       0

Table 1. Comparison of processing results for surface and borehole data using various methods.

Figure 6. Cross-sectional view of image space for a real event (left), a false positive that appears to have been caused by reflected noise and lacks 
closure in depth (center), and a false positive that appears to have been caused by near-surface noise (right).

D
ow

nl
oa

de
d 

02
/2

5/
15

 to
 6

4.
20

7.
27

.1
06

. R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
SE

G
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 T

er
m

s 
of

 U
se

 a
t h

ttp
://

lib
ra

ry
.s

eg
.o

rg
/



November 2012     The Leading Edge      1315

Pa s s i v e  s e i s m i c  a n d  m i c r o s e i s m i c — Pa r t  1

depths and reported high signal-to-noise ratios. Of the 24 
most likely events that were reviewed by internal quality con-
trol, only seven were interpreted as microseismic events with 
confidence, and the rest appeared to be because of various 
forms of noise. We infer that if most of the likely events were 
interpreted as false positives, then the vast majority of the 
hundreds of other reported events were also false positives.

Co-recorded borehole and surface microseismic data 
provide an opportunity to closely examine large numbers of 
known subvisible real events and known false positive events, 
and search for robust methods to discriminate between them. 
One simple method that appears to be effective is the exami-
nation of substacks, also known as partial stacks or bin stacks. 
The creation of substacks is a modification of the source scan-
ning algorithm. After the input traces have been corrected for 
traveltimes and a candidate event is flattened, the corrected 
traces are separated into groups, with the groups typically 

composed of traces that have the closest spatial proximity to 
each other. Each group of traces is then summed to produce 
a single substack trace, and the summing or stacking process 
has the well-known effect of cancelling noise. The substacks 
of weak events typically show properties such as continuity 
and duration (Figure 5) that are not observed in substacks 
of false events, and these properties can be recognized by a 
trained observer in graphical view, and can also be quantified 
into an automated discriminator between weak events and 
false events.

A second method that appears to be effective in dis-
criminating between subvisible events and false positives is 
the examination of the shape of the events in image space. 
Real events have characteristic shapes, which include either a 
round shape or dual lobes (because of polarity reversals in the 
radiation pattern) in map view, and closure in depth. Figure 
6 compares some examples of real events and false positive 
events in image space. It is noteworthy that the images in 
Figure 6 were selected to illustrate a point and the differences 
are more pronounced than what is typically observed during 
quality control of a project.

A third method that appears to be effective to discrimi-
nate between subvisible events and false positives is the pro-
cess of imaging a candidate event several times, but with dif-
ferent pre-imaging filters. False positives are usually caused 
by unfortunate constructive interference of coherent noise; if 
differing filters are applied before imaging, the coherent noise 
is likely to change and no longer constructively interferes in 
the same way. Multidimensional filters such as dip filters are 
particularly useful for this purpose because they attack orga-
nized noise. On the other hand, the focus of energy from real 
events is largely unchanged by different filters, provided that 
the filters are not too harsh. A real event will persist when 
filter parameters are changed before imaging, but false posi-
tive events tend to move or disappear. Note that this quality 
control method does not require the data to be completely 
reprocessed several times, only that the pre-imaging filters be 
varied during quality control.

Results
The methods discussed above were applied to a co-recorded 
surface and borehole data set in which the timing issues had 
been resolved and the data were of unusually high quality, 
with many surface events and borehole events with high sig-
nal-to-noise ratios. At the request of the company that pro-
vided the data, we do not disclose the location of the project. 
The borehole and surface data were processed independently 
using commercial microseismic processing services. Events 
in the borehole data were located using a combination of 
traveltime-based moveout analysis, and multicomponent ro-
tation analysis. Events in the surface data were located using 
a variation of the source scanning algorithm.

Comparison of the reported event locations from the 
surface and borehole data initially showed poor agreement 
(Figure 7). From the surface data, 988 events were initially 
reported, of which approximately 350 were verified by the 
borehole data, and approximately 650 were not verified and 

Figure 7. Map view of events that were reported by a commercial 
surface microseismic vendor. (top) Events classified as real based 
on comparison to borehole data. (bottom) Events classified as false. 
Location of the treatment borehole is in blue.
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Figure 9. Map view of location differences for matched surface and borehole events. (left) Open circles represent the locations of events reported 
by commercial processing of the surface data; the red line segments connect to the locations of the same events reported by commercial processing of 
the borehole data. (right) Open circles represent the locations of events reported by commercial processing of the surface data; the red line segments 
connect to the locations of the same events reported by internal processing of the surface data. Location of the treatment borehole is in blue.

appeared to be false positives. It was determined from this 
comparison that the processing parameters were too aggres-
sive for the surface data, and the surface data were reprocessed 
with more conservative parameters. From the more conserva-
tive reprocessing results, 394 events were reported, of which 
347 were verified and only 47 were false positives. Finally, 
the surface data were subsequently reprocessed internally us-
ing the quality control steps discussed above, which resulted 
in 316 reported events of which all 316 were verified by the 
borehole data.

It is noteworthy that more conservative processing ap-
proaches appear to detect somewhat fewer valid events than 
aggressive processing approaches, but with the benefit of in-
cluding far fewer false positive events, or even zero false posi-
tive events (Table 1). The cost versus benefit of this tradeoff 
presumably depends on the desired level of confidence in the 
results.

An example of an aggressive processing parameter is the 

“distance-to-the-perf” weighting parameter, which favors 
events based on the distance from the apparent event location 
to the perforation or sleeve opening where fluid is injected for 
the treatment stage in question. The rationale is that, given 
small candidate events, one that is near the perf is more likely 
to be real than one that is thousands of feet away. This seems 
like a reasonable rationale, but unfortunately this parameter 
can also cause false events to cluster around the wellbore in 
a realistic fashion. Figure 8 shows processing results for a co-
recorded project in which the surface data were processed us-
ing the distance-to-the-perf parameter, but prior to the pro-
cessing the data at all of the known events (determined from 
comparison to the borehole data) was muted to ensure that 
all of the reported events would be false positives. The 1000 
false positives with the highest confidence factor are shown. It 
is noteworthy that there are somewhat realistic features in the 
results—the false positives cluster around the wellbore, there 
are higher numbers in some areas than in others, and there are 
hints of some linear features.

An often-asked question is whether some surface events 
are not verified by the borehole data because the events are too 
far from the observation well to be detected by the borehole 
receivers. Of the 316 surface events that were detected by the 
internal conservative processing and quality control, six were 
initially considered to be false positives because no borehole 
event had been found at the same time. However, on closer 
inspection, faint borehole events that were not identified and 
processed by the borehole vendor were observed, and these 
faint borehole events exactly matched the surface events in all 
cases. In this project the surface events were always found to 
have a matching borehole event, even at a borehole listening 
distance of over 6000 ft. In all co-recorded projects, we have 
observed that borehole events can be detected at far greater 

Figure 8. Map view of processing results in which all events are false 
positives and the event confidence factors are weighted by the distance 
to the perf. Location of the treatment borehole is in blue.
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distances than borehole events can be properly located, be-
cause proper location of borehole events by conventional 
means depends on a relatively clear signal. This suggests that 
one of the benefits of co-recorded data could be to extend the 
listening range of borehole monitoring, because even weak 
borehole events can be trilaterated with surface data to pro-
duce accurate event locations.

Another benefit of co-recorded data is to improve the 
horizontal accuracy of borehole event locations. Figure 9 
compares the surface and borehole event locations from a co-
recorded project. The locations reported from the borehole 
events are based on the azimuth that is derived from a polar-
ization analysis, which is a known weakness of borehole data 
analysis when a single observation well is used. For example 
Drew and White (2008) showed that the apparent azimuth 
derived for pairs of rigidly connected geophones with exactly 
the same orientation depends on the phase and the magni-
tude of events, but commonly differs by more than 20°. Kid-
ney et al. (2010) showed azimuthal error bars in which many 
events have azimuth errors greater than 10°. In this project 
where there are significant differences between the surface 
and borehole locations, the locations that are reported for 
the borehole data are inconsistent with the observed arrival 
times of the combined data. The commercial processing of 
the surface data and the internal processing of the surface data 
produced similar event locations, despite using independent-
ly developed velocity models and independently developed 
surface-consistent statics solutions.

Conclusions
In our experience, the largest challenges associated with 
co-recorded microseismic surface and borehole data can be 
overcome by the use of colocated receivers, and by the use 
of VTI anisotropy in the velocity model. Examination and 

reprocessing of co-recorded data have shown that inspection 
of event substacks, inspection of events in image space, and 
re-imaging with varying filter parameters are effective tools 
to reduce the number of false positive events that are report-
ed from surface data and increase confidence in the results. 
Co-recorded data may allow us to extend the effective listen-
ing distance of borehole monitoring, and allow us to improve 
the horizontal accuracy of borehole event locations. 
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