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In accordance with the present invention, a method for stacking verncal seismic profling data traces is

35 provided as defined in claim 1. VSP is conducted by locating the seismic source at a substantial distance
from the well. Seismic data thus obtained is then transformed into seismic data which has the appearance
of seismic data which would be obtained using conventional seismic exploration techniques which employ
surface receivers (referred to hereinafter as “surface seismic data”). The surface seismic data can be

.. ~ interpréted by standard techmques to determine subsurface structure with, in some cases, more prec:snon

bnthan could be obtained using only the conventional surface seismic data obtained using surface receivers.
' The basic steps performed in making the transformation from VSP seismic data to surface seismic data
are as follows:

1. Select a VSP data trace from the VSP seismic data.

_ 2. Map a segment of the selected VSP data trace at its VSP time into a segment of surface seismic data

. 6 atits appropriate surface seismic time and lateral offset from the borehold. Since the surface seismic data

\_~ is a plot of surface seismic time as a function of distance from the borehole, the mapping may also be
considered as mapping segments of VSP data into the correct location on such a slot.

3. Repeat steps 1—2 for all desired VSP data traces.

4. Sum samples which accumulate at the same surface seismic data time and at the same distance

50 from the borehold on the surface seismic data bemg produced from the VSP seismic data.

The term “moveout” is a well recognized term in the art of exploratlon geophysics. The term generally
refers to the difference in arrival time of waves at different geophone positions even though the waves
were reflected from the same point on a reflector. To stack the data for a common point on the reflector in
order to enhance the subsurface structure information, it is necessary to apply what is referred to as a

56 moveout correction. For surface seismic data this is typically accomplished by correlating all arrival times
to the time which would be required for a wave to travel from a source, located directly ahove the reflection
point, to the reflector and back to a receiver located directly above the reflection point.

The same problem is present in transforming VSP seismic data to surface seismic data. The waves
received by various geophones may be from the same reflection point and thus the output from the

6o geophones should be stacked. However, the waves will again have different arrival times and it has not
been known in the past how a correction could be applied to VSP seismic data such that stacking could be
performed. The procedure used in the present invention is a mapping of a segment of a VSP data trace into
a segment of surface seismic data to place the data in a form that can be stacked to produce surface seismic
data from VSP seismic data.

65 Other objects and advantages of the invention will be apparent from the foregoing brief description of
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geophone pos rantainisg t@q@qtenqm;g theispyrceiggation. For example, if there is general subsurface dip, the source
should be offset along the dip direction rather than along the strike direction in order to avoid out-of-profile
35 reflections.
The proper source location will also depend on the speclf' ic subsurface structure to be imaged. A much
i ~ broader region of the subsurface is imaged if the source is placed updip rather than downdip.
; In general, the number of reflection points along an interface is equal to the number of borehole
geophone stations above it. The stacking fold in the data transformation of the present invention depends
40 onthe densﬂy of reflection pomts The stacking fold can therefore be controlled by changing the geophone
station spacing. If the spacing is decreased the stackmg fold is increased and, conversely, if the spacing is
increased the fold decreases. The geophone spacing also influences aliasing in the VSP data. The preferred
geophone spacing is in the range of about 7.6 m (25 feet) to about 30.5 m (100 feet).
'k/ . Data obtained by VSP has the appearance of that illustrated in FIGURE 2. The data illustrated in FIGURE
45 2 was obtained using a Vibroseis® source located 1000 feet from the well. The Vibroseis® source provided a
14 second sweep from 10 to 80 hz. The borehole geophone was located at stations every 15 m (50 feet)
between depths of 366 m (1200 feet) and 3400 m (11,150 feet). .
it is very difficult to determine subsurface structure from the VSP data iilustrated in FIGURE 2 because
the data is not stacked and is not in the format generally worked with by exploration geophyslclsts who are
s0 typically knowledgeable in interpreting surface seismic data. The following mappmg and stacking
procedure is utilized to convert the VSP data illustrated in FIGURE 2 to surface seismic data which has the
appearance of conventional seismic data obtained using surface geophones and which can be more easily
interpreted with respect to determining subsurface structure because the data is stacked and because the
data is in a more conventional form. FIGURES 3, 4 and 5 will be utilized to illustrate the manner in which
55 this conversion can be achieved.
Referring now to FIGURE 3, three rays 21—23 are shown propagating from the source at offset X from
the well down to a horizontal interface at a depth h and back up to the three borehole geophone stations
26—28. For the geophone 28, the signal recorded comes from a reflection point on the interface at a
distance X/2 from the well. For the geophone 26, the signal received is from a reflection point which is
6o considered essentially 0 distance from the well. For intermediate borehole geophone stations such as the
station of geophone 27, the reflection points on the interface fall between distances of 0 and X/2 from the
well,
' For the configuration illustrated in FIGURE 3 a number of locations could be Iocated on the interface
between 0 and X/2 which are referred to hereinafter as vertical seismic profile common depth points
65 (VSPCDP). The number of VSPCDP locations is arbitrary as are their mutual distance from each other. For
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Substituting equations (2) and (3) into equation (1) and rearranging gives the familiar hyperbolic
. moveout equation,

2
2 2 x +
=T +
(4) te=To r (WT_PTo,r )

Similar triangles give
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50 Equation 5 can be rearranged to give
xd
(6) PET VT, J-d
0,r ‘T 0,r
55 Substituting equation (6) into equation (4) and taking the square root gives
: ‘ x 2 %
(7) t =T _[1+( ) 1%,
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60

which is the total traveltime from the source to the reflection point and back up to the surface along the

straight raypath 31 shown. The VSP reflection event time (tysp) which is generally referred to herein as VSP

time will be the difference between t, and the traveltime from the borehold geophone location up to the
s5 surface along the raypath 31.:




response ilslustrated in FIGURE 6 in accordance with the present invention;
10 FIGURES 8 and 9 are illustrations of applying the transfornation
techni que of the present invention tEpsorﬂjezgﬁPBQata traces in the
synthetic VSP response illustrated in FI GURE and FI GURES 10 and 11 are
geoRetric repr eyeﬁ'@léﬂﬁ B astraight|raypett] 36,0vhikbircovid copegua b irdiedion éftiEotee werrat lateral
appléyi ng t he JRARP BameoR anstif there wesea betirontatinteriack aihasienthal, ilioprateg. The pathiength
reflectors arg °£f et:gm'"g eYhFFWQatNﬁ\MhG"FYﬂW'TQ thig\unoging gortion ig the fime wg nged to
.typical V&P con Naiana/ gmel s[err] source 11 is 15 illustrated
as inparting energy |nto t?te eart is noted that any other suitable
sei sm c source such as expl osiyes coul dabe Lgtl liged if desired. A geophone -
12 is shown |ocated at a desir depthﬂl n“thet bBrehoI e 14. For the location

of the 990,9“0”9 e%fie eflI & %)’he"‘t@(‘){!lva %?‘tzcgl ravegglemq ) h8 51 ace $o rggggcliprdlér&c ept?:t i Jis

15 at poi nt IGfin th réh%le tlB dt,,|s
recordi ng trlﬂakneﬁlstrﬁﬁwo-waytrﬁ\re ,aldn woul d typically be noved
to a new |l ocation for each shot with the d| bet ween geophone

| ocati ons being sone constant distance, su h m (50 feet). If desired,

a string df geophones spaced ggprt by LG |r d di stance coul d be

utilized or a plurality of sources spaced apart coul d be used. The offset
of the source llgggdomthe well 14 is one gf t@@rm) t critical paraneters to.
be selected if the 25 VSP dat@g)s to bg ysﬂﬂy&gﬁjerm ne the subsurface
structure?|n general, the anbunt of subsurfa i mged i-ncreases with

source of fset. f&%ﬂt&ﬂ?g éhmhﬁgp%qk%&geﬁ%l(g’ J{}ggl zontal interface, the

interface is imged out to source of fset of 305 m

(1000 feet). Foran offset of (1}35 'm (500f eefd , y 76. 2 2(250 feet) of the
interface2fs i naged. Sone 5tr ural ftgatu esi n he wel)] may not
be imaged at all if the source offset is t 00 small the ot her hand, if

the offset is tgoost.ﬁt.ggeﬁorthsmqmnwa@ iR EmoR f1ofgvalet eri oration of the
VSP dat a -due to conpressional -to-shear node conversions. A source offset in

t he rangesef about 91m (300 feet) to about 915 (3000 feet) is ? etal | y
prefefred. The source.shoul d pr2)pl acetgs® Ehat tjhe Sg ction
points lie, in general, in the plane contalﬁlng the R d, t He source
| ocation. For exanple, if-there is general subsurface dip, the source

shoul d be ;pf f sesincl tgn theteavéltie dlohEthb uPgbingtaR ek thie Raypath |3§ NBe VEFtinSd sl ‘Becomes
direction in order to avoid out- of profile

. | | X
) 2
09ty =t = /2 = O ¥y |14 (rvtr—r) }

Using equation (10} again, equation (13) can be rewritten as

. 1
. 2
N “ = - ( - 5 2
(14) vy = (T, 4T, o) [1 t To’rV(To’rI-%T_o’dV(To,d)) ‘l |

Equations {13) and (14) map tvser the VSP time on the VSP trace recorded by the borehold geophone

50 located at depth d, to the surface seismic time or the two-way vertical traveltime T, , for the correspondmg
reflector which produced the event.

The lateral position of the reflection point for this event {q) can be determined from the relationship

55 (15) ptq= p
2
Using ‘equation (6) and solving for q gives
g (16) qQ = x "ro,rv('ro,r)-2d
- Tlo,r tTo,r )

g5 Or substituting for d from equation (10) gives
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propaga I ng Trom e source at of f set X fromthe well down to a horizontal
interface-at a depth h ag@ 13 up to the three borehol e geophone stations
26-28. For the geophone t he @l@ﬁa}frecorded conmes froma reflection
pd’ﬁnt on the interface at a dis ce 2 fromthe well. For the geophone

t he 5| naI received is froma reflection rg:m nt which is 60 consj dered

e s se g;’q ﬁ g:"&?rﬁ%?ﬁ betwesndhs soH e aRd the gqeghone,inee Adnd b are e ua g ¥ hone

st a _0 NSnce #nhgquatlon {10) can be soived for V(T, 4).

i 3. Choose a value for T,,. This gives a location on the VSPCDP stack illustrated in FIGURE 7. Also,

(T,,.) can be determined based on the chosen vaiue of T, This is generally accomplished by calculating a
plurallty of values for T, 4 and V(T, ) from the VSP response illustrated in FIGURE 6. Since T, 4 and T,
would be equal for the same depth, the value of V(T,,,) for any particular T, , can be determined by finding
the value of T, 4 which corresponds to the chosen value of T, . and V(T,,) will be equal to V(T ,) for that
: particular value.
A7 4. Calculate a value of Tygp Using equation (14) and a value for q using equation (17).

5. Take the data sample at time tysp on the VSP data trace chosen and place it at time T, on the
VSPCDP stack trace associated with the location K for which equation (19) is satisfied.

50

(19) q - VSPCDRy < g

As an example, the caiculated g mlght be 32.3 m (106 feet). For a D of 6.1 m (20 feet), the VSPCDP location
55 which satisfies equation (18) would be 30.56 m (100 feet) assuming a constant lateral spacing of the VSPCDP
locations.
6. Sum together samples which accumulate at the same value of Tor0Ona glven VSPCDP stack trace.
7. Repeat steps 3—6 for all desired values of T, for the VSPCDP stack illustrated in FIGURE 7. A typical
increment for T, is 1 millisecond.
60 8. Repeat steps 2—7 for all VSP traces illustrated in FIGURE 6.
Essentlally, steps 3,4andbarea mappmg of VSP data at a VSP time (tygp) into surface seismic data at
" the surface seismic time (T,,) chosen in step 3 such that a data sample or segment of the VSP data at the
VSP time is moved onto a posmon on the surface seismic data illustrated in FIGURE 7 which position is
determined by the surface seismic time (T,,) and the distance between the reflection point and the
65 borehole (q). Step 7 is a repeat of this mapping function for different surface seismic times. Step 6 is a
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station of geophone 27, the reflection points on the interface fall between
di stances of 0 and X/2 fromthe well. For the configuration illustrated in
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and, X/ 2 WajrfihinddeQ st gZ%"FQ{%ﬁ nga,i,tcﬁ cofifu t@'%&h&s%lme%ht?&?i‘lﬁnﬁﬁﬁ’ét SRpsis
Co depiepedd of thé fa J tra¥se 6 £dPml thE @mpldisurface seismic
ar br'tr ar ydatesillastratet frefIGUREL. U Al d| stance from each ot her. For 3 EP 0117280
‘Bl si rrpl i Ci t‘\paln.efl%ldﬁﬁsl lam besaopsidenad aplotof stﬁfa!tewn aqulth'P Ofd%stﬁi'ssf!m@e
bet weed estoie L far g o S sberpegeal ks
as the |of Jitﬁ nRe (PEL™P Raeyo'e IR e P e 'f ﬁ%“s"eefn eceps o he r'ecor ded
VSP data WhIFQURE @lil@8Red e FeSuIBFAPsliRg %Bsqhqhad'lersﬂgie%t’ tr@d® rBGdkdbt Bt 458in01g 500N
t he i nt erfe@f EIGRRE dapévns the kheﬂilmapdﬁangmt(pﬂg-ﬂnemb)smelaNss&amrécbeﬁd BEZ8B )M 2869M
the wefd feey- t‘\hpw !Pveﬁeen.tth?eiaw rage tslc?gg!ﬁ?oﬁﬁo 8 ;ﬁ&%ﬁ é’f&{‘ﬁ'}gﬁé t@%P@DF"e
| ocati on Th bES

in t 0 S esnm Ie ore old
e Choe MR AR AR bR

be mappe ehl%ﬁl%rff hbiYentaa fle\ﬁ%F is h&fﬁbnfoﬁﬁy r telcBdR o QEevta Svewaﬁédhﬁddeaére simple
i nt er f &C eandtdotepiiikehihe mappirgcadd s@ackingl procedure any rabre diffidol:. proper nappi ng has

been appl i edﬁon%ﬂetlheth P@Gwerettﬂeede afed,e's“ @ems bevosiﬂaeﬂé@da'tc e aftthe soprpe 'sr'eﬁlflt

|mS( Eggcf e@ﬂ"’&ﬁﬂ) ﬁ.ﬁﬂg % r?g&% ce&pgr:\}t#%[rganﬁsgurce ggsmon | 55

travel 2d | @ffect Wisk ﬁtrre bylrel seon%eht&rsyehewam| \d), WA y(d)
refl ectorig theAgtanandusttadme f&:tramkls el 1) tﬁmﬁlﬂelwﬁisgaobh@ebydédﬂedf'ﬂletmddif&d versiens of
nunber ofequetfdneﬂﬁl.ﬂm.ﬂ@lmdsi"\)melgwsebgreater t han the nunber of VSPCDP

_I qcations. As an exanple, for a source at offset 305 m 1000 feet), an

_ \*erfgsce at a depth of 1525 m (5004 feet) and a dis of 15 m (50 feet)
bet ween adj acent(209r ¢ho 2T ep‘p‘kﬁg’n ) ols'tatt(lk be nmore than 100
reflection points alon the interfade frdg ¢ e 1' ut to a distance of
152 m (5000 feet) in the 15 directidn of tRe source. ver, for the
assurreglo 6 m (20 foot) spaci ng, there will be only 25 VSPCDP Iocations.

T 1+ e Y
(21) t'vsp =(To, 7 0, 2 ( To,rv(-To,r'%To,dv(T%d)/

. 35

. (22) q=y() T ’ g ; =
and
L | (23) q=y(d) To,r V(To,r) - Ty dv(To d) respectively.
o | 'ﬁo,rv('ro,r)- 0,d"‘"o,d -

The modified versions of equations (16} and (17) still give the lateral distance between the borehole
geophone at depth d and the reflection points. lf s is the lateral distance from the source to the reflection

points, then
(24) s =y(d) - q.

50
Substituting equation (22) for q in equation (24) gives

55 _ (25) s=y(d)- To,rV(To,r)
2T V(T ) = 2d

o,r ‘‘o,r

Substituting equation (23) for q in equation (24) gives
60

(26) s=y(d) To,"To, )

o,r *"o,r’ "o0,d ‘o0,d

If the borehole has been surveyed, either equations (20) and (25) or equations (21) and (26) can be used to
65 perform the VSPCDP stack by the method described above for a vertical borehole.

0,r
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FI GURE 4 shows the VSP refle try for the case of a horizontal
| ayer | ocated at a depth h. ﬁdmﬁ% g?ai ght ray 31 extends fromthe

source a ref 0i. nt..at ance (
fr om t %%Laéﬁﬂi %}' p. enq tL r ﬁee& mt w:ll noﬁ;ptn e@aﬁg ﬁé}%éiisﬁégy%;&{g
upgohag haleiﬂeeﬂs*:aade bat\to te syaass %lnttﬁﬁ’ auagarvsp pP heékehcaraorg,ee Heqase ddligpgat ed at

dept (reftectarsdit sine¢dessy t Irregrata tieaeftectitin poimtsao thieir detadl amaé pgsmoﬁs With esrpeCatiter y

gi \§e5b0(e@elee u 25 I grrl“ s defined a dﬂggace seism c

! e gk g f:%gg fmaﬂcﬁbfee@mﬁnﬂzﬁ e.s;m% el or

poi ntde été%f:‘ jh%s&%éh’ tHeobjé&ive fshtd faﬁ%éjaﬁaﬁwa iGH R tdOWn to
the r dcﬁﬁf[doﬁiﬂ, tmirﬁuth&nﬁb r[efBé’c{‘ﬂm aravedei"thél eltfe debphdn¥B4, BRY/the tWoARAY veRRalal ong
t he Staveltigéto th tdeﬂ%ﬁomﬂmﬂhamthﬁle@dﬁﬁi the VEfteate (4h)be[nisRPYd iGo st mibuatadng
equat‘ﬁ?ﬁ ga& 'B)°°T"FFE Bmegwmhﬁewr teahepsrt@ rthl‘R%P?ig FQ/E'S" $2e famliar
nyperrLoh UG BT, e RIS

a

Equatgng 'ih thrdl anatn&J eﬂo% ﬁltlf?eﬂ 7canb ﬁéd ddpdciibiyogdiat’i on (6)
i nfs0_equation ( (4) an taki ng the square root gi ves

[ERR] which is the total traveltime fromghe source to he reflection point
and back up to the surf{2tk al ond # raxrctsnaj ght - rebapdt h 41| shown. The VSP
reflection event time [err] which is geneyal kytrdtefred fo herein as VSP
tige will be the difference between [err]~and the traveltine fromthe

bor ehol d geophone Iocat(hgfu up tg.t@ql 55q§szBf ace al ong the raypath 31.

and
P

- -h + xtan(¢+0)
tan{(¢+0) - tan

(29)

If the reflected ray is extended past the borehole 52 to a point on the surface which is a distance p from the
30 well, then p can be written as )

(30) p= dcot(q)-e)

The length L of the dowhgoing raypath between the source and the reflection point 57 can bé written as

(31) L= b+ (xq)

The length L’ of the upgoing raypath between the reflection point 57 and the surface can be written as

L (32 I'= b+

The length | of the portion of the upgoing raypath between the borehole geophone and the surface can be
' \/ written as

; 2 2
(33) 2= p +d

B T, « is again the two-way vertical traveltime and V(T, ) is again the average velocity down to the reflection
50 point 57, then

(34) h' =T, V(T )

55  Ift,is th'e traveltime along the entire raypath from source to reflection point and back up to the surface, then
the total pathlength can be approximated by

. r N
. (35) L+1L'= trV(To,r)
from which
L+1L
~(36) t_ = o]
65 : - r v To,r .
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4 EP 0117280 Bl In FIGURE 5, a straight raypath 36, which could
correspond to a reflection if a source were at |lateral distance p fromthe
well and if there were a horizontal pnbeﬁ o2B1 he depth d, is
i1 lustrated. hT hJ én Iong 0| ng Bart of the ray ath is 1. The
trakgltime aJE ﬁ i 'b?s?tﬁ‘e o_ﬁ%""tﬁ Fﬁg’e?ﬂe‘;ﬁ@ F BirpHdhe. *?ﬁl’%‘@i
[err] to gety u ace hen té aY ves 80 faV?ﬁ% E 95¢phone
If {err] is defined as the two- vvay vertlcal traveltlme fromthe surface to

t hel geophene depth (d), [err] defingd ms tN€Tavgdrage velocity fromthe
; J??B AR Ity Tre

surfface down to the borehole hone 34 Toe nd [err] is defined as
the two-way traveltinme along the raypath 36, tfien [ ERR] Substituting

equati ons (é‘)’"‘a"?’m"h( 10) into equation (8) gives [ERR] Substituting for p
from equajs on (6) and using e ion (]10) i ve2l[ ERR] 35 Since [err]/2
is the traveltine along the uggg ng pard of Wpath 36, the VSP tine
[err] becones [ERR] Using equation (10) again, Bfliat i on (13) can be
rewitten asvheteRAT,,.0fgdinh Olevérdg) vedity dolvi)to tfd{borehble]geopghiose \dGfiob.i Thve VEP reflagion
VSP trace, remaemi'ebyvthe bor ehol d .geophone 50 | ocated at depth d, to the
surface seismc tine or the t glay vertlcal ave&tlrre [err], for t he
correspondi ng reflector which duced \}Em

Substituting equations (36) and (38) into (39) gives
20 :

: +L' '
@) g =D TV,

25 Then substituting equations (31), (32), and (33} into (40) gives
- _ h'2 + (x-q)2 + h'2 + (gtp)® _ 52 + a2
’ . ’ ) 3 .

Using equations (27)—(41), a VSPCDP stack can be performed according to the following procedure:
1. Estimate the dip angle (©} by the technique described in Baich, A. H., Lee, M. W.,, and Muller, D. “A
Vertical Seismic Profiling experiment to determine the depth and dip of the Paleozoic surface at drill hole

36 U10bd, Nevada Test Site: U.S. Geological Survey Open-File Report No. 80—847, 25pp, 1980.
2. Specify a number of VSPCDP locations. These locations should extend over a broader region than
just between the well and half the source offset. These locations would again typically be separated from
p each other by a constant lateral spacing of D A VSPCDP stack trace is associated with each location as has

30

been previously stated. :

40 3. Choose a VSP data trace. This is again accomplished by choosing a depth where a geophone was
located such as 152 m (500 feet), 305 m (1000 fest), 366 m (1200 feet), etc. This choice determines the value
of d which will correspond to the depth of the geaphone. T, 4 can again be calculated based on the first
break time taken from the VSP response. Once T, 4 is known, equation {10) can again be solved for V(T, 4).

\ Lo 4. Choose a value for h which is greater than the chosen d. Essentially, a false assumption is being

f 45 made that reflectors are located at periodic distances below d but this assumption allows the mapping to
be accomplished by varying h. The choice of h determines an approximate value for V(T, ) since V(T ,) will
be equal to V(T, 4) where d = h and V(T, 4) will be known for a plurality of depths (d) frorh the calculation of
a plurality of values of V(T, 4} as previously described.

5. Calculate a value of ¢ using equation {27), a value for g using equation {29) and a value of p using

50 equation (30). Then calculate a value of h’ using equation (28), a value of T, , using equation (34) and finally
a value for tygp using equation (41).

6. Take the data sample at time t,,, on the VSP data trace chosen and place it at time T, , on the VSPCDP
stack trace associated with the location K for which equation (19) is satisfied as previously described.

7. Sum together samples which accumulate at the same value of T, on a given VSPCDP stack trace.

55 8. Repeat steps 4—7 for all desired vaiues of h. A typical increment for h is 5 feet.

9. Repeat steps 3—8 for all VSP data traces.

" Again, steps 4, 5 and 6 are the mapping of a segment of the chosen VSP data trace for the calculated
VSP time (t,,) into the surface seismic data at the calculated surface seismic time (T,,). Step 8

] accomplishes the mapping for a plurality of segments of the chosen VSP data trace. Step 9 accomplishes

: 60 the mapping for all VSP data traces. Step 7 accomplishes the stacking which results in the production of the
surface seismic data from the VSP seismic data.

The preferred computer program for accomplishing steps 1—8 which transform VSP seismic data into
surface seismic data for the case.of a horizontal reflector which is substantiaily parallel to the surface is set
forth in Appendix I. The preferred computer program for accomplishing steps 1—9 which convert VSP

65 seismic data into surface seismic data for the case of a dipping horizontal layer is set forth in Appendix Il
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The latéral position of the reflection point for this event (q) can be
determ ned fromthe.rel ati onshiéi’ [AERR% Usi ng equation (6) and solving for
gives [ERR] 65 or substituting™®or 417,280 Blati on (10) gives 5 EP
0117280Ba®h cormmiRir ptogripns ee ivkittenFb0e 2100 Savids @bRputdr Han S

perf & N8 selfexpiapataertta oveiekilleddin theaise iof the 2n0cSeris hm%‘?ﬁﬁ? E?“é‘é&%%ﬁ%ﬂﬂw |
order t RIS Brosramsis VPhaismindatapush enthat iystmted imFIGURR:2 WERGDRrst bragkind fol  be
descrébeg T of the synthetic VSP data illustrated in FIGJRE 6. The
synthetic VSP data illustrated in FIGURE 6 was derived for four horizontal
honmbgeneous | ayers 10 with each deeper |ayer having a higher velocity. The
| ayers were | ocated at 610 m (2000 feet), 915 m (3000 feet), 1220 m (4000
feet),and 1525 m (5000 feet). The velocity between the surface and 610 m
(2000 feet) was 1525 m's (5000 feet per second), the velocity between 610 m
(2000 feet) and 915 m (3000 feet) was 3050 m's (10,000 feet per second),
the velocity between 915 m (3000 feet) and 1220 m (4000 feet) was 4575 nis
(15,8%0 feet per second), the velocity between 1200 m (4000 feet) and 1525
m (5000 feet) was 5490 m's 15 (18,000 feet per second) and the velocity
bel ow 1525 m (5000 feet) was 6100 m's (20,000 feet per second). The source
was offset 305 m (1000 feet) fromthe well and the borehol e geophone is

‘| ocated at stations every 15 m (50 feet) between 45,7 m (150 feet) and 1510
m 498D feet). Random noi se has been added to the synthetic data. The
followi ng steps are utilized to convert the synthetic VSP response,
illustrated in FIGURE 6, to the

\_25

" 30

35

50

55

60




20 VWSPCDP stack illustrated in FIGURE 7 which presents the seisnmic data in
a conventional stacked form 1. Specify a nunber of VSPCDP | ocations
between the well and the lateral diER#JI7280Bbng the direction towards
the:source. These |l ocations would typically be separated from each other by
a donstant |lateral spacing of D. A VSPCDP stack trace is associated with
ea&ﬁjﬁocatrdn-as has been previously stated. For the VSPCDP stack
illpstrated i'n ' FIGURE 7, the spacing (D) was 7.6 m (25 feet), the first
trafe is at 3.8 m25 (12.5 feet) and the last trace is at 149 m (487.5
feet) fromthe well. 2. Choose a VSP data trace fromthe VSP data
illpstrated in FIGURE 6.- This is acconplished by choosing a depth where a
geophone was | ocated sugh as 152 m (500 feet), 305 m (1000 feet), 366 m
(1200 feet), etc. This @&hoice deternines the value of d which WS w
correspond to the depthzof t he .geophone. [err] can be cal cul ated Paed on
the first break tine [edr] taken fromthe VSP r@sporfBe illustrat%® Enu
FIGURE 6. As an 30 examgle, for the VSP tracgyak 61(5;m (2000 fedlyg, Gt He
first break time is appigoximtely .4 seconds.cTHiLg tine is relat$ Coerr]
by the equation [ERA§ agd y is the direct dlgﬁaﬂgg Pween the § dyr &e &nd
the geophone. Sincet, ¢ and ferr] arg,kno el (18) can Iﬁ'ed
for [err]. Once [err ' |; knowg equag) lg)n (\iﬂ(gacarr ewsol ve '_
3. iChoose a val ue foz [ rr] hi s gomes g F&g ‘% oncthe
il liustrated in FIGU 7,1-A|so éerr ned bas%d on he>-chosen
valjue of [err]. Thi & |S¢gener &afiul atm"ﬁg o) uc..al..l.ty

of val ues for [err] Emd,.[err mr.,. mﬁ%‘ﬁﬁé‘e TERustSSt B 3F5E @RE

M

a
. YSince [err] and [§rrk wouEt e eRERYbae 1RHEGTAEZAEPt IEEt BEYakde Bf
[e r] for any parti c®l ag To,,,_zg'n bgmszawgsegﬁ fFABi ng—gagh\@ghg ot
[er} WMch an;esm df*ﬂ)EﬂgﬁngQ%ng§§Egm$é§1%§§d[a 31& z zb%
eqyal to [emr] for tPat fpartH@ EEagacd,, (gyl gig=a g agr
~usitng equatijon (14) %d:a \Y; neu%nz_%%ng 3eig! rénnn E?) .m@t—um Jleé dat a
‘safple at Ene.[err] "Sn¥the VeRufbEs %g&mga-a gl-a&gi?ﬁ;&ﬁc_ FRE
‘Lejpr] ont VSP yadk §r ggféggg Ea ﬁgzhgmazg a“LPQR.mm;mamm
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As an .exanpl e, the cal cul ated ' _ 3243 M (106 feet). For a D of
m (20 feet), the VSPCDP |ocat|%n§3%$€ﬂ éatisfies equation (19) - woul d
30.5 m (100 feet) assuming a constant |lateral spacing of the. VSPCDP ._
| ocations. 6. Sum together sanples which accunulate at the same val ue of §
[err] on a given VSPCDP stack trace. 7. Repeat steps 3-6 for all desired¥
valyes of [err] for the VSPCDP stack illustrated in FIGURE 7. A typical
increment for [err] is 1 mllisecond. 60 8. Repeat steps 2-7 for all
VSP traces illustrated in FIGURE 6. Essentially, steps 3,4 and 5 are a
mappi ng of VSP data at a VSP tinme [err] into surface seismc data at the :
surface segsmc tinme [err] chosen in step 3 such that a data sanpl e or :
segnent Bffthe VSP data at the VSP time is noved onto a posi t+on on the
surface sefsnmc data illustrated in FIGURE 7 which position i'9 detern ned.
by the sur§ace seismc time [err] and the distance between the reflection
point a he 65 borehole (qg). Step 7 is a repeat of this m 0i ng function
for difuerent surface seismc tines. Step 6 is a'B EP 0117280 Bl sunmi ng
or a st&ck} ng of sanples or sections which accunullate at the Zanme | ocation
in FIGUEE¥. Step 8 is a repeat of the mapping and stacking f@r the

remai ni &y ¥SP traces to formthe conplete surfacglsei smge dat@ illustrated
in FIGURE ¥. Again, FIGURE 7 may be considered a %l ot of Isur face seismc
time asip gugg@ion of disfance fromthe 5 boreholee. The dat anirsarrpl es or

i
i

section% i p5areth=us placedc a ‘pl ot of durface @eisfic tine as a
functi ox I-Lg ance fromthe borehol'e. Wien the %rocedtﬂ | s.z..corrpl eted, .
& !
t he: plo<|§ k ® t ot al sura‘-ace seismiec dita. FIGUE 8 illgstrates the result
of_appl aps 1-7 to fheasingl e 3/SP trace re@rded dt 458 m (1500 i
feet). 5hows theSre&ults of“‘appl yi ng ste'—‘ps 1- 7<z’o tlﬁe sfpgle VSP
trace rgcdd&& 763 m (%50@ W ~ 5 5 E 4
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10;feet). AS can be seen, the data on a single VSP trace is distributed to
a @unber of VSPCDP .traces by the VSPCDP stacking procedure. Again, FlIGURE 7
is;a result of stacking all:indivi .m4he description of the
inyvention to this poi-nt has cent er%aél?gmhae{si npl e case where the .
barehol d is vertical and the reflecting interface is horizontal.
MoWf i cations nmust be made if the borehold is not vertical or if the
~hofizontal reflector is not horizontal. For the case of a deviated well,
changes are sinple 15 and do not make the mappi ng and stacking :
prpcedure any nore difficult. Considering the case where the deviated well
forns a two-di nensional curve and the source is in the plane of the curve,
t he geophone | ocations along the deviated well will no | onger have the sane
| aferal position. In this case, it is prefenred to nmeasure the |ateral
di stances fromthe constam source positiog®*jather than fromthe variable
geophone | ocations. Equati®ns (13), (14), %£16) and (17) can be nodified to
20 reflect this change im dfigin fromwel®2to source by replacing the
constant 'x by the variabl &yg§d), wheredy(dy=is the lateral distance ®rom
the source to the_borehol & ggophone at Szlepg& d. The nodified versi ong of
equations (13), (44), (16)gand (17) aré; gi 2n by 30 [ERR] The nodifigd
versions of equations (16} and (17) snigl Pve the lateral distance Between
t e borehol e ggophone at (fapth d and the rg&gl ection points. If s is fhe
| ateral distance romthe Bowrce to the- refBection 50 points, then $£ERR|
Supstituting eguafi on (22Y:f5r gin eqdﬁtiaﬂ (24) gives [ERR] Substifuting
equation (23) BorEq in eq@tEon (24) giE/esZgERR] | f the borehol e has¥been
sueveyed, eitler gquationg (80) and (2% oraequatigns (21) and (26) ®an be

‘usied to 65 perf@rmthe VWSFEDP stack W t_h;g met hodt descri bed above aor a
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EP 0117 280'Bl1 Wen d|pp|ng beds are present, the reflection points mnll%
not occur in the same |ocatidéP @s1th@80wWBdl d horizontal reflectors. In &
fact, the location of the reflection points may not even lie between the:
borehole [err] half the distance out to the source as in the usual VSPCDP
ck. Therefore, in the case of dipping reflectors, it is necessary to .-
m grate the reflection points to their actual lateral positions with
respect to the 5 borehole. For exanple, FIGURE 10 shows a reflector 51
whi ch dips at an angle of e degrees and intercepts the well 52 at depth h.
The source is offset a distancdt® &eet fromthe well 52 and the borehol e
geophone 34 is at depth d. As iFitHRe VSPCDP stack previously described, the
objective is to calculate the dPug |ocation of the reflection point, the
time that the reflection arrive§8af the borehol e geophone 34, and the
two-way vertical 10 traugltunagﬁmghe actual reflection point. Then the
event on the VSP trace can be gggg into the mgrated VSPCDP stack at both
the correct time and thecorre ral position with respect to the well
52. FIGURE 11 shows the War anet®az meeded to derive the VSPCDP m gration
equations. Using geonetég the:aﬂﬂ&& [err] between the reflector 51 and
I nci dent ray 56, the\ﬂygmcal diﬁtﬁﬁbe h' to the reflection point 57, and
the lateral distance q f3®m thezBYBehol e 52 to reflection point 57 can be

ouw w
witten, S08spetliyel y. d’é 15 2@ Suiwg [ERR] If the
refIectegcﬁﬁgcb%d§§sg@ﬂQﬂ_past #me rehole 52 to a point on the surface
whi ch isg sharened H]tgp then p can be witten as [ERR] The
| engt h L___‘}Bg;dbMB904 meen the source and the reflection
POt 57umanub$|wwuﬁnwm1 Iength L' of the upgoing raypath
bet ween the reflection ﬁﬁ? E»aﬁ&athe surface can be witten as
Qa I el
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[ERR] The length | of the portion of the upgoing raypath between the
borehol e geophone and the surface can be witten as [ERR] If [err] is again
thé two-way vertical traveltine a [ in the average velocity

doywn to the reflection 50 point SH, ‘Egﬁb@haéES If [err] is the
traveltine along the entire raypath fron1source to reflection point and
bdbk’up to the surface, then the total pathlength can be approxi mated by
[EQR] 8 EP 0117280 Bl The VSP reflection tine [err] will again be the
dijference between [err] and the traveltine fromthe borehol e geophone

| ofation up to the surface. If td is the two-way traveltinme along the
raypath fromthe geophone 34 to the surface then [ERR] from which [ ERR]
where [err] is again the average velocity down to the borehol e geophone

| opation. The VSP reflection 5 event is given by [ERR] Substituting
equations (36) and (38) into (39) gives 20
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[ERR] 25 Theh substituting equations (31), (32), and (33) into (40) gi ves

[ ERR] 30 Using equat.i ons (gg4) 14‘? PCDP stack can be perforned !
according to the foll ow ngéé 8 urg Estinmate the dip angle [err] by

t he techni que described in Balch, A H. , Lee, M W, and Muller, D. "A -
Veritical Seismic Profiling experinent to determ ne the dept h and di p of the
Pal =6zoi c surface at drill hole 35 UlObd, Nevada Test Site: U. S :

Geol ogi cal Survey Open-File Report No. 80-847, 25pp, 1980. 2. Specify al
nunber of VSPCDP | ocations. These | ocations shoul d extend over a br oader:
region than just between the well and half the source offset. These _

| ocations would a@in typically be separated fromeach other by a constant

| ateral spacing ok D. A VSPCDP stack trace is associ at wi th each | ocation
as has been previ ﬁJsly stated. 40 3. Choose a VSP @ata trace. This is
agai n acconpl i shedi by choosing a depth where a geophone- was | ocated such as
152 m (500 feet), @0&-- (1000 feet), 366 m (1200 feet), X etc. This choice
determ nes the val® &G d which will correspond to thesdepth of the
geophone. [err] c& 28% n be cal cul ated based on the figst break time taken
fromthe VSP respghsgg¥once [err] is known, equation (§) cangagain be
solved for [err] & %plose a value for h V\/m ch is great®r thanpzthe chosen
d. Essentially, a<df8e assunption is being 45 Smade timqt reflfectors are

| ocated at peri odruc l,gtances bel ow d but this a'ssurrptr n allqws the

mappi ng to be acc@pLuszd by varying h= The char ce of% deter nes an
appr oxi mat e val ue of O£ rdg since [&r]l.wll be equal [err-] Wnere d =th
and [err] will beb%ng ;@%apluralrtﬁof dept Bs (d) & omtf&e‘zcalculatrcn

of g plurality of é/d‘l’gé‘#{‘é’,& [err] af pr@viouslydescriiged. 53xXal cul ate §
val ue of [err] usr"ng—’Eﬂi.regé,on (27), ¢ VRl ue forgg usin@ equatidn (29) and a
val ue of p usi ng £on (30). <’l'h_eh calculgte a v ue BF$' using
equation (28), a %E err] usi g gguatron g34) an& finglty a val ue flor
[err] using equaunc.m Qa.6. Take ata san@ e at. me £2.p on the VP
data trace chose m zace it at tr-me -[-err] onOthe VSRCDP ick trace
associated with fdaws _? n K for \an&a equatron (19) -rs sat*rcsfred as

previ ously descri 2&"
- .~k
ZrD
ad
(M=o
[4 g
»_47Y]
=+
n_ni-t
-
P 4
o

~ ARRAY CONTAINING VSPmU
PROCESSING SHOTPOI

/
- DEPTH OF GEOPHON
(I-1)%GI

P1+(I-1)»]ISPI
GE. NE. 0. AND. KD. EQ. NOPHO

E(1, 2000) 1SP

G1-GiFB)/GIFB
9000 FORMAT("

0 I=1,NG
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vt || O wers
HZwO Il QZ
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=’ ZEX0 vauc
o Pt et O O 0t 3K Vs T

R=XS#(H-D)/ (2%H-D)
DO 400 K=1, NTR
IF(R. GE. BOUND(K, 1). AND. R. LT
400 CONTINUE
- G0 TO S00
410 ARG1=(XS-R)/7ISV(J)*1000.
24R)
II=1+IMIN
2. #SQRT(TOXTO/4. +ARG1#ARG

DO 301
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X
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73 Sum toget her sanpl es whi ch accunul-ate at the sane value of [err] on a
gigven VSPCDP stack t.race. 5s -8. Repeat steps 4-7 for all desired val ues
off h. A typical increment for h is 5 feet. 9 _ _Repeat steps 3-8 for all VSP
dqta traces. Again, steps 4, 5 BB 9%1%2§ﬂe%ppi ng of a segnent of the

C q§%? VSP data trace for the calculated VSP tinme [err] into the surface
sqi S c data at the calculated surface seismc tine [err]. Step 8
aqconpl i shes the mapping for a plurality of segnents of the chosen VSP data
tdace. Step 9 acconplishes 60 the mapping for all VSP data traces. Step 7
adconpl i shes the stacking which results in the production of the surface
sgismic data fromthe VSP seism c data. The preferred conputer program for
agconpl i shing steps 1-8 which transform VSP seismic data into surface
sqismc data for the case of a horizontal reflector which is substantially

~pdrallel to the surface is set forth in Appendix I. The preferred conputer

priogr am f or acconplishingfsteps 1-9 which convert VSP 65 seismc data into
surface seisnic data for Bhe case of a dipping horizontal layer is set
forth in Appendix I1. 9 % EP 0 117280 Bl Both conputer prograns are
written for the 2100 Seri®s conputer manufactured by Hew ett-Packard and
are sel f-explanatory to oge skilled in the use of tfie 2100 Series conputer.
The input required into tge conputer prograns is VSR seism c data such as
tqat illustrated in FIGURE 2 and the first break tir@ for each geophone
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d) calculating a reflection event time t,,p being the time required forgthe
wave to travel fromsaid source to a reflection point on said subsurfacg
refl ector at said depth h BB OHAY 280sB1d geophone at said depth d; e)

calculating a |ateral. distance q of said reflection point fromsaid
borehol e; 15 f) taking a wave signal fromsaid selected data trace far
an_arrival tinme equal to said reflection event tine and placing it at a
| ocation K corresponding to said tine [err] and laterally positioned at {a
di stance VSPCDPK fromthe borehole which is related to said distance q Ry
the inequality [ ERR] 20 whereby signals having reflection points vvithi:d

hal f of said spacing Dto either side of said conmon depth point |ocatidgn
are stacked at said common depth point |ocatiohn K and whereby signals i ch
accunul ate at said | ocation K are sumed togetdher; g) repeatimg steps c)ito
f) for a plurality of values of said two-way Vertical travel €ine; 25

h) selecting further data traces and repeatdhgysteps b) to g). 2. A nethod
in accordance with claim1l vferein [err] isldgosen in increments of about 1
mllisecond. 3. A nethod in ficcordance Wth _g@=aim1l wherein sgd subsurface
reflector dips with respect #o the surfaee artewherein said nm&hod further
conprises the initial stepsf estimting a(fd:i-i) angle [err] fer said ;
refl ector and sai d-choosi ng Df a two-waydvewSsal travek ti ma%err] of sgep
c) conprises the substeps of530 cl) ¥ho88%g a depth at wh ch said
reflector intercepts said bdfehole, and g2) @ cul ating™the twp-way
vertical travel tine [err] kgsed on sai &inflergeption dgpth all on said

©

angle. 4. A nethod_in accordhnce with clgi ne8—aherein Zaid i §ferception
depth is incremented by val yes of about 4.5 meters. 85 = 5. A nethod ir
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4t enspur séism sche Well ensignal-e auf wei st, die von einer
erflachenquelle mt einemversetzten Abstand von ei nem Bohrl och erzeugt
rden und zu unterschiedlichenEmMQuA17280 tBh von ei nem Bohrl och- Geophon
fangeri werden, das in verschiedenen Tiefen in einem Schacht
psitioniert werden kann, wobei das Verfahren aufweist die fol genden
Eheftte: iJ 45 a) Spezifieren ainer Anzahl von genei nsanmen
ef enpunkten, die lateral in einem Abstand von dem Bohrl| och positioniert
nd und seitlich vonei nander durch einen seitlichen Abstand D getrennt
nd und in verschi edenen Tiefen |okalisiert sind, wbei jede Tiefe einer
i wegi gen, vertikalen Wanderzeit entspricht, die die erforderliche Zeit
flor eine Welle ist, umvertikal von ddg Obesflache zu einem unterirdischen
éeflektor in dieser Tiefe und wieder ¥grucl@zgF Oberflache zu wandern; 50
) Auswahl en ei né® Datenspur, die Siqpgle quf@ist, die in einer gew ssen
Geophontiefe d empfangen warden; C) Aggwahl4n & ner zweiwegi gen, vertikalen
Wander zei t To.,,:ﬂie.einen1unterirdi%g el fﬁe&kgr in diner Tiefe h
entspricht; d) Befechnen einer Ref | exto@serai wimreit tvsp, die die
erforderliche ZeiT fur die Wlle ist LEpe/on Jaiass Quell e zu einem
Ref | exi onspunkt dfif di esem unterirdi seife BEEE&DHr in der Tiefe h und dann
u dem Geophon irfCder Tiefe d zu wandB&gS FZBg%chnen ai nes seitlichen
stands q des R&I exi onspunktes von FeptBRLEeET f) Herausnehnen eines
Vel | ensignal s auffder selektierten Dal8H >P&-Line Ankunftszeit, die
gleich ist der RetlexionsereigniszeitSHag % [N dessel ben an_einem Ot
K, der der Zeit TFp,, entspricht und dewdy TEQD @ in eine steand
VSRCDPK von dem Bohrl och positionierhuca > Abst and qezuggordnet i st
durch die Ungleid%ung g - VSPEDPK < o>
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_ B E. ZEE
EP.0117280B1 . C L N. S * gemeinsamen %
Ti ef enpunkt ores in dem gemnei nEBranﬂlT 389nﬂr1odukt K ber ei chszusamengef a~t |
wer den und wobei Signale, die sich an diesem Ot K akkunulieren, -
m t ei nander sunm ert werden; g) Wederholen der Schritte c) bis fl fO eide

Vielizahl von Werten der zweiwegigen, vertikal en Wanderzeit; 5 h)
Auswhahl en weiterer Datenspuren und W ederhol en der. Schritte b) bis g). 2.
Ver fahren nach Anspruch 1, dadurch gekennzei chnet, daB TO , in |Inkrenenten

van ungefahr | nsec. ausgewahit wird. 3. Verfahren nach Anspruch 1, dadurgh
gekennzei chnet, daB der unterirdische Refl ektor bezuglich der Oberflache
genei gt ist und daB das Verfahren weiterhin aufweist den Anfangsschritt dds
Ei nschitzens 10 eines Neigungswi nkels fur den Reflektor und das Auswahl en
ei ner zwei wegi gen, vertikal en Wanderzeit T., von Schritt c), der die
Unterschritte aufweist ci) Auswi hlen elner Tiefe, in der der Reflektor des
Bohrl och schnei det und c2) Berechnen ei ner zwei wegi gen, vertikal en
Wanderzeit T., auf der Basis der Schnittiefe und des geneigten Wnkels. 15
4. Verfahren nach Anspyuch 3, dadurch gekennzei chnet, dag die Schnittiefe
um Warts von ungefahr" 5minkrementdert wird. 5. Verfahren nach ei nem der
Anspruche 1 bis 4 dadd@ ch gekennzei ghnet,  daB di e Ooerfl achenquel | e von dem
Bohrloch m.t einem Abggand i m Berei ¢ch von 91 bis 915m verset ztTist. 20
Revendi cations 1. Procde pour |'expforation sismque vertical® d' addition
des traces de donneesZ chaque trace Zle donnee conprenant des £ gnaux d' ond
sism que produits par ®ine source d@surface a une distance dégrtee d'un
trou de sondage et eGUS a<ﬂ2f6remﬂs tenps d' arrivee par un geophone de
thou de sondage uf Pogant etz e S|tue A diverses profondeurs dans un puits,
conprenant |es etapas%xnwlstant a. ﬁn spé6ci fier un nonbre~d' edipl acenents
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. T ds T autre-tar
unegdi stance du trou de sondage, sbpar6s | at6ral enent un de | " autre par
un

dspacenent lat6ral D, et situ6 a diverses profondeuﬂﬂ,m,ﬂnm"umﬁ deur
corgespondant a un tenps de traj et vertlcal deux voi
necdssaire pour une onde de traverEBRrOid% 2§ﬂl Blent de fTa Surfade A un
refl ecteurcdims @ couche 30 sous |a surface A |l adite profondeur et en
rétgur vers la surface; b) selectionner une trace de donnee conprenant des

si ghaux recust. anmmdmmdangererpcab‘aMembﬂnhgdaa ¢r6a@p begh data tricecoroprising seismic aaps
de frajet #9 nefateé V'F surfaqeépw a’ffﬁet Awtfncerfmm ecPP ?'e @ged reae'wms Héfe@oUS

| a urfﬁcea'é! 9‘;8 eat" T F” @?.‘i "%Ith egce
m | sn one a dis an rom he

de  6f | exi gifel ng;" vatJ 4 °" fgasra{e '°"s e D! Ak Igte G o Joot

| a isource &emoaesmadu@toraa&&-aw \&amcswrrav Bdihreié ﬁrHé re Lﬁre or @ WG tra@iiSertically

surif ace | tom thefsorfabe e a bubstrizen safledier av eaid ddpth aeidptlkan theAutfacepr of ondeur d a)

cal'cul ef® une F%!‘E"am%d#‘ﬁt'ﬂieémp ing signals mceived §t afcprsin grephonsgepth d: dy t .
i 1) B e e e e el
pour un te &15‘3&% bs@”a

avel rom sal source
anf tHef't ldg 1J epthd

placer cel ui w:an@mmmaa maenwuoﬂsa.eeéfrea&aa%damm 8aid béretugie; Tor et

posi ti onh6 ~\ﬂé~1€d'emga¢ wmrﬂaggﬁl fromesaiti lectad eatgt?ﬁdigi:ﬂén?mggm dr;agas)lmﬁcg? G:B\g‘?:

en_ rapporttiny geingi it ptajeeation K gprraspe p saig timg T,,, apd atgnal

si nagg ay¥iittPlhe °’BH]eﬁ’P§ehﬂ'§"$ IRt 1 i fistancg 4 p¥ e dnsfyplitY 6 de

| * pspacenent D de |'un ou |'autre c@t_evghtdpxgrﬁg acement de points de

pr bf ondeair conmun sont additionnes a |'enpl acenent de point de profondeur

co n K ewhgehysightiahdvingueflebtion pointsivdthio hgtiof sldzparingll te eithee sideef tsaie nqrhracredeptit

K sont son?%'@ﬁs%‘ sgackeggt said cogpor'dm wntll@st'@t'%éyh@ybvalwiswbe'p acgyypulate at

myl ¥i tude ﬁ’éd ;E‘d LalV & i Gal de\}éﬁca'qm S il
s6l ecti ghiner y ge,éwm f: t,.ggeg &ﬂe\ep E% a";&?ﬁ;’“ &P pBler I-es bt a pe‘s b) AQ).
2. Procede sel Amethad rrﬁébﬁ&dérﬁawitﬁ) Blain 1 dﬁéiﬁn 2qs!erobén .thc;enfasu‘s of §6duB1 mtiecond.
i ncrenment s d'3eAwmettad id acrotdan@odthrtidm 13uherirosm&xbsmfao;1 relﬂectareimgdthoalsng‘@grto 1h:
C d e et e itfah st iptapg or sai
~dans | aquaqr\;émzr?nmg c,SE!l"lc(')q:s?rg;P oft!aFE’t\lvfla“:\%lvhae\(/E %ﬁﬁggﬁﬁug 1!'9,',, %‘fﬁé,rtepac?)S g:nﬁprﬁgs tﬁtta Eubgteps of
30. c1) choosing a depth at which said reflector intercepts said borehole, and
" ¢2} calculating the two-way vertical travel time T, , based on said interception depth and on sald dip
angle.
I 4. A method in accordance with claim 3, wherein said interception depth is incremented by values of
about 1.5 meters.
35 5. A method in accordance with any of the claims 1—4, wherein said surface source is offset from said
_borehole a distance in the range of 91 to 9156 m.

Patentanspriche

= 40 - 1. Verfahren zum Bereichszusammenfassen vertikaler, seismischer Proflldatenspuren, wobei jede
Datenspur seismische Wellensignale aufweist, die von einer Oberflichenquelle mit einem versetzten
Abstand von einem Bohrioch erzéugt werden und zu unterschiedlichen Ankunftszeiten von einem
Bohrloch-Geophon empfangen werden, das in verschiedenen Tiefen in ‘einem Schacht positioniert werden .

o kann, wobei das Verfahren aufweist dié folgenden Schritte:

o/ 45 a) Spezifieren einer Anzahl von gemeinsamen Tiefenpunkten, die latera!l in einem Abstand von dem
Bohrloch positioniert sind und seitlich voneinander durch einen seitlichen Abstand D getrennt sind und in
verschiedenen Tiefen lokalisiert sind, wobei jede Tiefe einer zweiwegigen, vertikalen Wanderzeit
entspricht, die die erforderliche Zeit fiir eine Welle ist, um vertikal von der Oberfiiche zu einem
unterirdischen Reflektor in dieser Tiefe und wieder zuriick zur Oberfliche zu wandern;

50 b) Auswahlen einer Datenspur, die Signale aufweist, die in einer gewissen Geophontiefe d empfangen
werden; .
¢} Auswihlen einer zweiwegigen, vertikalen Wanderzent To,r» die einem untenrdlschen Reflektor in
einer Tiefe h entspncht
d) Berechnen einer Reﬂexnonserelgmszelt tvsp, die die erforderliche Zeit fir die Welle ist, um von der
55 Quelle zu einem Reflexionspunkt auf dnesem unterlrdlschen Reflektor in der Tiefe h und dann zu dem
Geophon in der Tiefe d zu wandern;
e) Berechnen eines seitlichen Abstands q des Reflexionspunktes von dem Bohrloch;
f) Herausnehmen eines Wellensignals aus der selektierten Datenspur fiir eine Ankunftszeit, die gleich
ist der Reflex:onserelgmszelt und Plazieren desseiben an einem Ort K, der der Zeit T, , entspricht und der

60 seitlich in einem Abstand VSPCDP, von dem Bohrloch positioniert ist, der dem Abstand q zugeordnet ist

durch die Unglelchung

q - VSPCDP < D/2,

85 wobei Signale mit Reflexionspunkten innerhalb des halben Abstandes D auf beiden Seiten des

25
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| at 6rQbledifiehetgedeigtt istounddal sias Verfpbren’ waiterhihi athaeis aleal Anfangsschpiltaige Edech8tiend\ 915 m
6592 gines Neigungswinkels fiir den Reflektor und das Auswéhlen einer zweiwegigen, vertikalen Wanderzeit Tour
von Schritt ¢), der die Unterschritte aufweist
c1) Auswihlen einer Tiefe, in der der Reflektor das Bohrloch schneidet und
c2) Berechnen einer zweiwegigen, vertikalen Wanderzeit T,, auf der Basis der Schnittiefe und des
geneigten Winkels.
15 4. Verfahren nach Anspruch 3, dadurch gekennzeichnet, da8 die Schmttlefe um Werte von ungefihr
1,5m inkrementiert wird.
5. Verfahren nach einem der Anspriche 1 bis 4 dadurch gekennzeichnet, daf8 die Oberflachenquelie
von dem Bohrloch mit einem Abstand im Bereich von 91 bis 915m versetzt ist.

" 20 Revendications

1. Procédé pour I'exploration sismique verticale d’'addition des traces de données, chaque trace de
donnée comprenant des signaux d’onde sismique produits par une source de surface & une distance
, . déportée d'un trou de sondage et regus 2 différents temps d’arrivée par un géophone de trou de sondage
P pouvant étre situé & diverses profondeurs dans un puits, comprenant les étapes consistant a:
a) spécifier un nombre d’emplacements de point de profondeur commun positionnés latéralement 2
une distance du trou de sondage, séparés latéralement I'un de I'autre par un espacement latéral D, et situé
a diverses profondeurs, chaque profondeur correspondant 3 un temps de trajet vertical & deux voies étant
le temps nécessaire pour une onde de traverser verticalement de fa surface 3 un réflecteur de la couche
. 30 sous la surface 3 ladite profondeur et en retour vers la surface;
b} sélectionner une trace de donnée comprenant des slgnaux recus a une certaine profondeur d de
géophone;
¢} choisie un temps de trajet a deux voies T, , correspondant a un réflecteur de la couche sous la
surface 3 une profondeur de h;
a5 d) calculer un temps d’occurrence de réflexion tesv qui est le temps nécessaire pour 'onde de traverser
de la source & un point de réflexion sur le réflecteur de la couche sous la surface & la profondeur h et ensuite_
vers le géophone a la profondeur d;
e) calculer une distance latérale q du point de réflexion a partir du trou de sondage;
1) prélever un signal d’onde de la trace de donnée sélectionnée pour un temps d'arrivée égal au temps
40; occurrence de réflexion et placer celui-ci en un emplacement K correspondant au temps T, , et positionné
“rdtéralement 3 une distance PPCESV, du trou de sondage qui est en rapport avec la distance q par
I'inégalité: .

q — VSPCDPy < D72,

\__/ ol des signaux ayant des points de réflexion compris dans la moitié de 'espacement D de I'un ou |'autre
coté de 'emplacement de points de profondeur commun sont additionnés & I'emplacement de point de
profondeur commun K et permettant que les signaux qui s’accumulent en cet emplacement K sont
sommaés ensembile;

50 . g) répéter les étapes c) a f) pour une multitude de valeurs du temps de trajet vertical 3 deux voies;

h) sélectionner de nouvelles traces de données et répéter les étapes b) a g).

2. Procédé selon la revendication 1, dans laquelle T,, est choisi en incréments d‘environ 1
milliseconde. .

3. Procédé selon la revendication 1, dans laquelle le réfiecteur de la couche sous la surface présente un

55 pendage par rapport a la surface et dans laquelle le procédé comprend en outre |’étape initiale d"estimation
d'un angle © de pendage pour le réflecteur et le choix d'un temps de trajet vertical & deux voies T, de
I'étape c) comprend les sous étapes de:

c1) choisir une profondeur a laquelle le réflecteur intercepte le trou de sondage, et
c2) calculer le temps de trajet vertical 8 deux voies T, , sur la base de le profondeur d’mtercephon etsur
so l‘angle de pendage.
4. Procédé selon la revendlcatlon 3, dans laquelle la profondeur d’interception est mcrémentee par des
valeurs d'environ 1,5 métres.
5. Procédé selon |'une quelconque des revendlcatuons 1 & 4, dans laquelle la source de surface est
déportée latéralement du trou de sondage d’une distance dans la plage de 91 3 915 m.
65 .
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