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sensorand MEMS inclinometerdevices
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Orientation of the three components(3C)of a VSPis developedin the presentpaperin order to take advantage Full 3-C processingof VSPdatasetsrequires3 orientation
of the vector fidelity of the recorded seismic response of the modern VSPtools, i.e. the identity of the Steps Traditionallythe first rotation is that of the relative
mechanicakesponseto a calibratedseismicpulsereceivedby the VSPtool from any spatial direction. bearing (RB) angle, which is described in the plane
A new commercialdownhole VSPtool electronicsmodule hasbeen recently implemented with a 3C solid state

calculatesthe anglesof roll and vertical inclination in eachshuttle of a borehole seismictoolstring. Athird party (Fig 3a). Angle RBxis the Relative Bearing angle of
high precisionmagnetometer/inclinometerhasbeen successfullycombinedwith one of the shuttles,in orderto  recorded component HX, 1t input of first rotation; the
help verify tool string HSlorientation measurementperformancein both the low deviated casedand open hole ~ S€¢ondinputis component(-HY),oppositeto HY,painting

. : : : : +90° from HX,lookingdown. ComponentqYH horizontal
well sections By so doing, the VSPtool manufacturerexpectsto (a) replacethe old-fashionedgimbal settings 4 (X\J pointing upwardsin the vertical planeresultfrom

systemswith equivalent or superior solid state electronic solutions for VSPtool orientation, and (b) encourage tne first rotation (Fig3a); then the successiveecond(well
full 3Cprocessingf all downhole datasets,eventhose acquiredwithin rig sourceVSPsurveygeometries inclination) and third (well azimuth) rotations can be
Thispaperillustratesthe new HSItechnologythrough afield test VSPexample performedasdescribedn Figure3. It shouldbe noted that
althoughboth well inclinationand azimuthcanbe derived
from the well deviationlisting, the HSlaccelerometerwill
give a more accurate tool inclination value for each

satellite, especiallynear casingcollarsor within openhole
Accurate orientation of downhole receiver arrays through the use of inclinometer deviceswould more easily facilitate the three- environments

componentprocessingwithin zero-offset £ { t With the aim of producinga P-P up-wave and converted P-S shearup-wave imagefrom
Improved horizontaldata. Thiswould lead to better structuralimagingnot only in the immediate borehole vicinity, but alsobeyondthe

orthogonal to the tool axis RBis measured clockwise

o _ _ _ _ AL _ lookingdown from the verticalplane(boreholed K AAFRKR S £
inclinometer systemcalled a High Side Indicator (HSI),which measuresthe direction of the pull of gravity and  origin direction towards the direction of the arm opening
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Figure3 (Above):t

The3Corientationsurveyanglesfor eachrotational processingtepaccordingto methodsdescribedoy Navilleet al, 2015

depth of the exploratorywell. a) Rotatetwigs HX,-HYby RBX(HSIroll +135), aligningHXwith XV,maintainingtwig polarity, therefore [XV,YH]=Rot(RBY. [HX,- HY]
Rolland inclinationanglesare determinedfrom an accelerometersubsystem(referredto in this paperasHigh Sidelndicator HSI)which b) RotateVZby Toolinclinationi.e. VZto verticalwith inclinationangleDEV\VZ therefore [ZV, HA]=Rot(DEV)[VZ,XV]

measureghe direction of the pull of gravity If combinedwith fluxgatemagnetometerdata (usuallyacquiredduring or after eachdrilling c) Rotateby Toolazimuth(HAZI)jnto HNorthand HWest
phase)the roll and inclination anglesenable determination of the horizontal componentsof the earth's local magneticfield; this
Information defines the well azimuth trajectory Azimuth (HAZI1£36(°) and borehole vertical inclination (DEVAngle 0-90°). For the
purposesof this paperHAZIhasbeendefinedfrom the WellTrackdeviationlisting with DEVandtool arm roll angle(RB)definedfrom the
HSlaccelerometersThecurrent accuracyof the accelerometergestedfor inclinationmeasuremenis £0.1° with tool roll accuracy+0.25°

[HN, HW] = Rot (HAZI) [HA, YH]

when positioned >9.9° from vertical (limit to be reduced. The integrated roll/dip W1 ASEI&L y' R A Oderib® tddl @clination from  TheVSPwasrecordedusinga three component(3C),5-level Geochairtool string fitted with individualrelative bearing/rollanglesensorfor the
verticaland clockwiseroll (lookingdownhole) asdescribedoy the parametersin Fig1. orientation of X,Ycomponentswhere the boreholeinclination exceeds9°; asa result, the 3C rotated successfullynto the geographicsystem
Figure4 illustratesthe raw dataandthe first rotation in the X-Y planeorthogonalto well axis the result after maximizationof the direct Parrival

Points resultsin a more straightforwardmanner(Fig 4d) .

+90° E—————— HSI Tool Roll ——
~ upwards ——

F 500 Source RH15 WeII Head ﬁ
rom A

. P P o

vertical

S

D EV 1500
+180°

Vertical plane of deviation Plane Orthogonal to hole, looking down

Figure 1¢ Schematic defining tool vertical inclination (left) and tool arm roll angle RB from high side origin (right
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Asistypicalof manyrig sourcet { t tkeadrveysare shotpartly in casedwellsandpartly in the openhole (OH)
deep well componenttowards TD (total depth). This can often be within both vertical and deviated well
sections Forthe purposesof this survey,the RHL5 Rosemanowesest facility boreholein Cornwall,UKwas ._.
selected Thehole comprisesa casedwell sectionwhichis predominantlynearverticalat the shallowest00m, “.
then proceedingto incline 10°from the verticalin a westerlydirection, before deviatingNorth at ~1700m MD “.
with an increasinginclination towards 30° from the vertical within both the deeper cased(toe of casingat

~2215m) and bottom open hole sections (Fig 2b). The RHL5 borehole transects the locally fractured
Carnmenelli2-micagranite formation, the predominantlyverticalfracturesbeinga product of prior crosswell )
hydrothermalinjection practices(Pearsoret al., 1989.

A 3-componentborehole seismicGeochaifi geophonestring was
Initially deployedto a measureddepth (MD) of 2510m within the
open hole section of the RHLS well. The recording system
comprisedof 5 receiversatelliteswith a 15m verticalspacinggeach
equippedwith integrated roll/dip inclinometers(HSI) In addition
to the 3C geophones,a proven third party high precision
magnetometer/ inclinometer directional sensor(APSorientation
tool), was coupledto tool 5 of the Geochaintool string (Fig 2c).
Measurementof the move out in high sideroll anglebetweenthe
tool 5 Geochaininclinometerand the APStool was then usedto
QCthe HSIroll andinclinationaccuracy

A static vibroseissourcewas positioneda short 122m offset due
Eastfrom the well head Oncethe downholetools were lockedto
the casing/formationvia a mechanicalcouplingarm, 4 linear 8- —r—
100Hzsweepswere performedfor eachcommondepth stack The
processwas repeatedwith a constant15m vertical spacingup to  z027m
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HSI Inclination A (Figic), Is unreliablewhere the direct P polarisationis near parallelto well axis,while the High Sidelndicator RBanglerotation yieldsoriented
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Figure4 ¢ (a) Well view with clamped receivers coloured according to HSI roll ghpéorrelated raw common depth stack pl@). Roll rotation using dire®@-Maximization (HX;HY).

1550m MD deliveringa seismicprofile within both the casedwell (d) Roll Rotation using High Side Indicator (HSI 9IBB angle applied to HMY twigs of stack ploll data filtered HC 55HZ3C constant gain displays

andopenhole (Fig4b).
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Figure2 ¢ RH15 Boreholéa) oblique well profile view showing survey aperture (:2860m MD, red line.
(b) borehole receiver stringchematic: Geochain* 5 level VSP tool combined with APS directional sonde.

Theraw VSRdatawascorrelatedand stackedasshownin fig. 4b. Distinctdirect P-down arrivalson the verticalcomponentsand strongsheararrivalon the horizontal
twigs (with someweak direct P-down amplitudes) Theinbuilt HSland third party APSmeasurementswere recordedonce tool armswere clampedand tools had
1 settled. TheHSIdata wasemployedto perform the 15t rotation of the X-Y componentsproducingthe plot shownin figure 4d, which could be easilyproducedon the
field site asan overallQCof the VSRlataright after acquisition TheAPSoll measurementallowedfor a calibrationcomparisonof HSHidelity for the directly coupled
%27 m geophoneb. Figure5 plots the delta APSversusHSIroll anglevaluesfor eachdepth location of bottom tool # 5 (Fig5a) and inclinationanglesfrom HSI,Hole survey,

Figure5 (a) RB angles calculated from the third party APS tool also agreeing to withiof e HSI accelerometer values of the directly cou@ledphone 5 satellite(b) Inclination
angles from the APS tool (blue) also agreeing to withof Ihe HSI accelerometer values (red), but differing up tdrard the smooth borehole survey inclination values (gyeen

In orderto verifythe overallbehaviorof the newtoolstring, a test VSRvassuccessfullgarriedout in the deviatedpart of a casedand openholewell sectionwith inclinationbetweenl5to 30°.
Historically VSRool manufacturerdhavebeenreluctantto addintegratedorientationdeviceaunlesshe mechanicatool couplingcharacteristicof the VSRool is sufficientto guaranteethe vector
fidelity of the recordedseismiaesponsei.e. the identity of the mechanicalesponsdo a calibratedseismiqulsereceivedoy the VSRool from any spatialdirection

The criterion of vector fidelity consistsin the visual coherenceof the oriented 3C signalson adjacent VSPdepth levels,which is demonstratedon the presenttest VSPmainly below 60Hz

ImplementingdownholeVSRools with a 3Csolidstate inclinometersystemand at leastone magnetometershouldencouragethe full 3Cprocessingf all downholedatasets,eventhoseacquired
within rig sourceVSPsurveygeometries

Firstly,the VSFhardwareandacquisitionsoftwareworkedasexpected

Scondlya basicfield QCprocedurewas defined, which includesat least the roll angle rotation and associated3C VSPdisplays Fromthis the field engineerand the client supervisorcan be
reassuredssoonaspossibleaboutthe overallVSRlata quality and usabilityfor advancedull 3CVSHRorocessindpy the geophysicistandinterpreters

GoingForward

Thecurrentroll angle accuracyof the HSIsystemhas potential to be improvedfor hole inclinationslower than 10°. In turn, the vector fidelity characteristicawill progressas the processingof
oriented3 componentwill berequestedor Rigsourcet { tinQdeasof complexgeologicalstructures
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