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design and most important — a unique fiber optic seismic vector
sensor with technical specifications and capabilities that exceed

the state of the art seismic sensor technologies. = . T .
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Field tests have shown that the system can record events at
magnitudes much smaller than M-3.0 at frequencies over 2,000 0 10 20 A(aB) Spectra
Hz. The sensors have also proved to be about 100 times more | : :
sensitive at higher frequencies than the regular coil geophones
that are used in borehole seismic systems today. The fiber optic
seismic sensors have furthermore been qualified to operate at
temperatures over 300°C (572°F). The lead-in fibers used for the
seismic vector sensors in the system are also used to record
Distributed Temperature Sensor (DTS) and Distributed Acoustic
Sensor (DAS) data allowing additional value added data to be
recorded simultaneously with the seismic vector sensor data.
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Recording Small Events:
Much smaller than M-2.6
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In 2016 Battelle and Paulsson teamed to perform a monitoring
survey of a CO2 injection project in a reef based oil field operated
by Core Energy located in Michigan. The ability of the fiber optic
borehole seismic system to record and locate small seismic
events were confirmed by shooting small 0.5-gram string shots at
a distance of over 1,000 ft from the fiber optic sensors. The fiber
optic sensors where deployed in the horizontal section of a
monitoring well. A large number of small micro seismic events
were recorded with magnitudes ranging from M-3.0 to M-5.0.
Several events with short duration were recorded but the clear
majority of the events recorded were long duration events lasting
from 0.5 so 3 seconds. The detailed analysis of these events and
the underlying reservoir processes is being investigated.

2.26 gram
=.22 ¢aliper

2.59 gram

|

A

:) f gl

50+

Recording of seven micro charges. Smallest = M-2.6

A(dB)
U-

:

|
|
¥

Spectrum of a 0.65 gram shot
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both lab and field tests

Fiber Optic Seismic Sensor

(FOSS) Technology

Deployment of FOSS system into a horizontal well Summary

cuy

300

,0000 * An Ultra-Sensitive, Ultra-Large Bandwidth, High

1120 Temperature Fiber Optic Seismic Vector Sensor array
1200 || has been developed and integrated into a Fiber Optic
L Borehole Seismic Sensor system capable of operating

. R at 300°C (572°F) and 30,000 psi.

. 1600 ®* The OpticSeis® sensors have been successfully tested

o e’ 1‘;5[;‘ for one week at 320°C (608°F).

3 ':,. ;L:g * A deployment system has been developed that is

7T e e rogR0nR0M O | strong enough to deploy a 1,000 level 3C borehole
w10c0 . o o seismic array in vertical and horizontal boreholes to

;-70-€00-500°4L e a Measured Depth (MD) of 30,000 ft.

. ®* A 16 level 3C5 km long Fiber Optic Borehole Seismic
Sensor (FOSS)™ array is now operational and a 100
level is under construction.

'. * Battelle and Paulsson, Inc. was funded by US DOE to
'. perform a large borehole seismic survey at the Dover

Time Domain Multiplexing (TDM): Interrogator System Overview 33 reef in 2016.
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Multi-Channel Interrogator System FOSS RD - 1" OD Pods Location of Micro Seismic Data from 0.5 gram TNT caps and well work noise | ° The Fiber Optic Seismic Vector Sensor technologies

. Using a constant velocity model: Vp=21,325 ft/sec and Vs=11,975 ft/sec presented has allowed the development of a seismic
De5|gned for sma space vector sensor that can be mounted in a 3C pod with

) 20 ms window a OD of 1” (2.54 cm).
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The fiber between a pair of Fiber Bragg Gratings (FBG's)
respond to changing pressure, temperature and to
seismic waves using interferometric measurements
between two FBG’s.
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Seismic Wave

Basic Process:

1.  Ahighly coherent laser source is used to generate a modulated laser pulse that corresponds to
the length of the fiber sensor L.

2. The pulse reflects from each partially reflecting mirrors My, M5, M3, M, ..M, (Fiber Bragg
Gratings) generating multiple interfered pulses that are compared to reference distance Ref L.

3. In the event ofa seismic event, the returned interfered pulses are demodulated to extract the
induced change in phase , d¢, due to the change in length (strain)

AL Seismic Source
dp = 2n"T

The Optical Interrogator system. The fiber optic seismic
sensor system is comprised of three basic integrated
building blocks; the fiber optic seismic sensor, the
telemetry cable and the Optical Interrogator. The
interrogator technology was first developed by US Navy Paulsson CasingSeis® system
Research Laboratory (USNRL).

Micro Seismic data recorded on the 3C sensors. Filter 2-4-3000-3800 Hz
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