Microseismic survey
of a North Sea reservoir

Production activities generate microearthquakes. When plotted,
these events form clusters that can delineate reservoir structures.
Microseismic monitoring provides real-time definitions
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ciates; O. Barkved and P. G. Folstad, Amoco Norway

An introduction to microseismic monitoring appeared in
December’s issue. The reader will find a more complete discus-
sion of the background and theory of this technique in that issue.

This article concerns a recent North Sea survey in Amoco
Norway’s Valhall field. The survey follows a successful, 20-day,
microseismic-monitoring trial in Phillips Norway’s Ekofisk
field, adjacent to Valhall. Microseismic monitoring was per-
formed at Valhall for 57 days during June and July 1998. Dis-
cussed herein are the rationale, design, acquisition and results
of the Valhall survey.

INTRODUCTION

Microseismic monitoring is an emerging technology within
the hydrocarbon industry. It is being driven by operator require-
ments for real-time information on hydraulic and geome-
chanical processes taking place within the reservoir in the
interwell region, remote from wellbores.

The technique is based on the observation that oilfield pro-
duction activities generate very small microearthquakes (micro-
seismic events). Such events are non-randomly distributed and
can be detected at distances of more than one km using appro-
priate sensors. When plotted, they form clusters that can delin-
eate reservoir structures at high resolution, and provide other
useful information to assist in reservoir development and man-
agement decisions.

Experience in the U.S. and North Sea has confirmed that
microseismic monitoring can:

o [dentify fault structures that can result in reservoir com-
partmentalization or act as flow channels and routes for pre-
mature water breakthrough

o Image the flow anisotropy associated with fracture-dom-
inated reservoirs

e Provide real-time 3-D monitoring of fluid-pressure-front
movement

e Assist in targeting new injector/producer wells

o [dentify areas of potential wellbore instability

® Cost less than permanent seabed instrumentation

e Provide reliable, high-quality, high-resolution data.

Microseismic events can also be regarded as powerful com-
pression and shear wave sources, located within the reservoir,
that can be used for velocity imaging and shear-wave-anisotropy
analysis. When integrated with other borehole and reflection
seismic techniques, microseismic monitoring provides a pow-
erful, routinely predictive tool that can significantly cut lifecycle
costs of reservoir monitoring, thus leading to optimization of
wells and prediction of pre-emptive interventions.

In 1997-98, three companies committed to demonstrating
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Fig. 1. Location map of Valhall area.

the potential value of microseismic monitoring in specific field
trials. Application areas for the three companies were broadly dif-
ferent, but all used modified, current-generation seismic tools.

FIELD BACKGROUND AND RATIONALE

Valhall field, which has been producing oil since 1982, cur-
rently produces in excess of 100,000 bopd. Estimated origi-
nal oil in place is 2.4 billion bbl, of which 640 million bbl can
be recovered under the current plan. Development drilling is still
ongoing.

The field is recognized as one of the most challenging in
the North Sea. The reservoir is relatively thin, structurally
complex and covers a 50-km? area, Fig. 1. It was formed as a
slightly asymmetric anticline by inversion along the major
Skrubbe fault, which lies west of the field.

While 3-D seismic data plays an essential role in assessing
depletion of the structure’s flanks, gas charging of the overbur-
den has severely distorted the seismic image of the crestal part.

The reservoir rock is weak, highly porous Cretaceous chalk,
which undergoes significant compaction when depleted. Frac-
ture permeability and compaction compensate for generally
low, chalk-matrix permeability. Horizontal wells have signif-
icantly improved recovery.

Although compaction of the chalk adds to oil recovery, it also
results in overburden deformation. This implies seafloor sub-
sidence (currently 3.5 m) and a negative impact on well life.
Overburden deformation associated with compaction calls for
special well and casing design, in both overburden and reser-
voir zones. Still, one or two wells per year are lost due to per-
manent failure or casing collapse.

Most of the horizontal wells are completed by multiple-
proppant fracturing, with up to five or six fracs in one well.
Ability to monitor and qualify these stimulations is currently
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limited to using overall production data.
Alternative observations, which could be
used to delineate magnitude and direction
of fractured zones, would be very valu-
able in optimizing wellbore stimulation.

Information could be obtained on:

® Deformation mechanisms

® Poor seismic control in the crestal
area

e Wellbore stability issues associated
with subsidence

e Dominant stress orientation

e Feasibility for monitoring proppant
fracturing of the reservoir.

The need for this information coupled
with recent success with microseismic
monitoring in the Ekofisk field were key
reasons for pursuing a microseismic sur-
vey at Valhall.

PLANNING/DESIGN

Well 2/8-A3B was an ideal candidate
for a microseismic survey; it became avail-
able in early summer 1998. In addition to
its location in the crestal part of Valhall,
it is only a few hundred meters away from
Well 2/8-A6, which was being sidetracked
during the monitoring period, with
hydraulic fracturing of the reservoir
planned when drilling ends.

The only unfortunate limitation was a
clay plug in the bottomhole section of 2/8-
A3B, which caused the geophone array to be located 250 m
shallower than planned and above the top reservoir. This
increased seismic attenuation and significantly reduced the
number of events detected.

Before the survey, a model study was carried out using pro-
prietary network-modeling software. The objectives were to test
the methodology for microearthquake location at Valhall, inves-
tigate potential resolution of locations and check for blind zones
in the survey region. The modeling software can be used to
determine an ideal configuration for the sensor array, given oper-
ational constraints such as costs, well location and availability.

This design optimization process helps ensure data quality
through pre-survey modeling of location accuracy, detection
sensitivity and spatial resolution of structure. In this case, there
was only one well available and a six-level receiver string;
therefore, optimization was confined to deployment depth.

The P&S wave velocity and interval models used in the sur-
vey planning and design (Figs. 2 and 3) show a small selection
of ray paths superimposed on the models. These illustrate the
strong refractions and critical refractions which were expected.

DATA ACQUISITION

The raw-trace data was acquired with modified, fixed-geo-
phone packages to enhance resonant-free frequency response.
Equipment used included a CGG-SST500, six-level, three-com-
ponent, vertical-seismic-profiling (VSP) geophone string, and
CSM Associates’ microseismic acquisition/processing system.

The tool was deployed in Well A3B between 2,000- to 2,100-
m TVD. The acquisition and processing system was networked
to a CGG VSProwess data-acquisition unit. This analyzed raw-
seismic-trace data for microseismic events based on a pre-set
trigger threshold on specified geophones. The trigger logic
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Fig. 2. Valhall P-wave velocity model and estimated geological intervals. Shown are receiver locations
(upper left) and some ray paths.
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Fig. 3. Raytrace wavefronts through Valhall S-wave velocity model. Critically
refracted wavefronts emanate from the Tor formation with offset less than 100 m.

was designed to discriminate against borehole noise.

TOOL ORIENTATION

The three-component geophone groups at each level in the
toolstring were oriented using hodogram analysis of a circular-
airgun VSP shoot with a 1-km radius. The toolstring used has
no internal mechanism for orienting the fixed-cartridge geo-
phones. As the well at Valhall was vertical, only the two hori-
zontal components needed to be oriented in each satellite. This
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Fig. 5. Depths of most events are centered near Top Balder reservoir formation,
around 2,350 m.

optimum angle of rotation that transforms the actual horizon-

tal geophone components into components oriented along the

east-west and north-south geographic axes. Ideally, this is done

allowed for relative rotation between satellites. by plotting the azimuth given by the horizontal hodograms as
The method of satellite orientation consists of finding the  a function of the azimuth of the gunboat.

Fig. 4. Plan view of one standard deviation confidence ellipsoids for 3-D velocity loca-
tions. Note clustering of event locations. Green sphere indicates location of geophones.
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The situation for Valhall was more complex than ideal due to
structural effects between the geophones and gunboat. However,
the relationship between boat azimuth and lag between the satel-
lites and gunboat was used to solve this problem. Without the
circular VSP shoot, the range of geophone-orientation errors
could have been up to 30° for a single, orientation-shot location.

A perforation shot was fired in a Well A6 sidetrack and
detected during the survey. Hodograms formed from P-wave
arrivals pointed toward the known position of the perforation
shot, confirming geophones were correctly oriented.

DEFINING THE 3-D VELOCITY MODEL

Velocity information was available on Valhall from P- and
S-wave sonic logs in the receiver well. However, the initial 3-D
velocity model, derived from the velocity logs, provided a poor
fit with observed microseismic data, so a layer-stripping approach
was used to obtain a velocity model from the microseismic data.
In this way, P- and S-wave velocity models (Figs. 2 and 3) were
derived from microseismic data by minimizing data residuals
between observed P- and S-wave traveltimes, hodogram dip and
equivalent data predicted from network modeling.

Accuracy and reliability of traveltime and directional data
used to locate microseismic events were determined by statis-
tical analyses. Using these error estimates and the 3-D model,
locations were mapped and their accuracy found to be better
than 15 m.

LOCATED EVENTS

Microseismic event rates ranged from 0—10 per day. During
the 57-day monitoring period, 572 events were detected, of
which 324 could be reliably located. The event rate was about
10% of that observed in Ekofisk field (Maxwell, et al., 1998,
SPE/ISRM 47276). This appears to be due to high attenuation
of the low-velocity sequence between geophones and reser-
voir, and the fact that the sensor string could not be deployed
as close to the reservoir as it had in Ekofisk, where deeper
geophones were in the reservoir sequence. This means that
only nearby or more-energetic events were detected.

Shallow events were detected and could be related directly
to drilling activities in Well A6, suggesting that microseismic
monitoring could be a useful means of detecting borehole sta-
bility and integrity problems.

These shallow events were recorded June 8 during an 18-hr
period. At that time, sidetracking in A6 was being initiated
with drilling through the old casing. This is believed to be the
cause of these events.

The “collapsing method” (Jones & Stewart, 1997) was used
to identify the simplest structures consistent with event loca-
tions. This method uses data uncertainties to calculate a con-
fidence-ellipsoid volume that contains each event, Fig. 4. All
events are allowed to move within the error ellipsoids in such
a way as to find the simplest structures which are consistent
with event location data and known uncertainties. Using this
technique revealed that locations moved comparatively little,
indicating that apparent structures in event locations were rep-
resentative of the simplest structures consistent with all data.

INTERPRETATION
All events, except those related to drilling activities, are located
within a 50-m thick zone directly above the Top Balder reser-
voir formation, Figs. 5 and 6. Limited vertical and lateral distri-
bution of events indicates that the microseismicity is related to
reservoir production rather than random background seismicity.
This is a major zone where wellbore stability problems are
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Fig. 6. Horizontal distribution of events along the Top Balder formation indicat-
ing clustering left of central wellbore.

experienced. From event locations, two potential structures
were interpreted: analysis of focal mechanisms of events in
these lineaments indicated a significant normal-faulting com-
ponent. Although the direction of the lineaments does not nec-
essarily indicate fault strike, it is likely the case in Valhall.
These lineaments indicated two sets of fault directions: one
roughly NW to SE, the other roughly SW to NE. This agrees
with the current fault-pattern model for Valhall.

CONCLUSION

This survey proves a high level of microseismic activity in the
Valhall field that is most likely related to reservoir production.
The observed microseismic activity agrees with general fault
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trends and occurs in a zone with significant
wellbore stability and integrity problems.

New tool developments, offering wider
bandwidth, better sample rates and slim-
hole deployments, will enable micro-
seismic monitoring for a wider range of
completions. If noise levels are accept-
able, it should be possible to deploy such
tools through production tubing to the
well bottom, thereby greatly increasing
the applicability of the microseismic-
monitoring technique.

The next stage in development of the
microseismic-monitoring technique is

permanent downhole monitoring. A num-
ber of operators are now looking at this
option. There are technical barriers to
overcome, but the general movement
toward permanent monitoring and con-
trol downhole is generating enabling tech-
nologies that could make permanent
microseismic monitoring routine and
cost-effective. This will enable seismic
data to be acquired in real time over the
life of the well.
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