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Introduction 

During the month of October, 1977 a seismic study was conducted by 
Earth Physics Branch (EPB) personnel at the Chalk River Nuclear 
Laboratory site. This study had the following five specific goals: 

1 . Measure the horizontal velocities of scismic P, S and surface waves 
as a func tion of azimuth from a centrally located, drilled hale . 

2. Determine the effect of tidal stress on these velocities and on the 
attenuation of seismic waves. 

3. Relate horizontal velocit ies to vertical velocities, obtained in situ 
and to velocities of core samples . 

4 . Attempt to relate velocity variations and attenuat ion as a function 
of azimuth to the pore pressure and to the distribution of cracks and 
joints in the rock body. 

5. Using high resolution reflection/refraction techniques, attempt a 
structural interpretation as revealed by profiles near the drilled 
ho le. 

The first four objectives required innovative fie ld and data 
proce ssing techniques and are reported on elsewhere. The fifth 
objective, the subject of this report, required the application of a 
st.:mècrd, oil industry, technique, i.<nown as the common reflection point 
(CRP) method. 

While the technique is widely us ed as a means of delineating strata 
within a sed imentary basin, it 1 s utility in mapping the boundaries of, or 
the fracture/shear zones within, a granite batholith had not heretofore 
been tested. Granite bathol iths in the upper crust may be 11 floored 11 and 
the ancient, deeply eroded, crust of the C~nadian Shield may be a 
patchwork of 
diapiric intrusions floored, in some cases, at shallow depth. The 
delineation of the macro-features of the batholith may be possible with 
the CRP seismic t echn ique, sub j ec t to the following considerations . 

The CRP method enhances seismic energy returned from near-horizontal 
acoustic discontinuities. In the vicinity of vertical or steep l y dipp ing 
discontinuities , however, the assumptions inheren t in the 11 stack ing 11 

process are violate d and rather than a reinforcemen t of signal, 
interference wil l occur. This same r esult wi.11 occur wi t-h the use of 
linear arrays of seismometers for each trace . The linear arrays are 
designcd to att enuate energy travelling, near-horizontally, in-line with 
the array , while enhancing the near-vertical reflection energy r e turned 
from a near-horizontal ialerface . 

Dips greater t.han about 15° will n.ot., normt1ïly, he welJ 
acco •odated y th> t.~'t1wJ , rcquiring r.10diîied [Îl~ld pi-oc•'dures .'.md 
r1 i;::;,-:1 [-j nn techniquès i11 t}h' l1

' ta proces<: i_«g sta:.:"' . Bot li of L'll1 se 
operations, however, are basC'd on a kno»1lcdge nf the target, tlw t is 
un.'.lV3Îlahle to the initi.:il fi.r"!ld expci-i.,c1 nt . 
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The resolution capabilities of this technique depend on the 
wavelengths of seismic en2rgy, reflected from acous tic discontinuities 
within the earth, that can be recorded at useful signal to noise ratios. 
In a sedimentary basin, the highest, useful frequencies recôrded are 
about 50 Hz and in rock material with a typical P-wave velocity of 5 krn/s 
the corresponding wavelength is 100 m for this energy . The useful 
resolution of the techn ique can be extended to some, unknown, fraction of 
this shortest wavelength by studying the variations in fo rrn and time, as 
a function of horizontal distance, of correlatab le, reflected energy , 
transients. 

In a granite batholith, P-wave velocities will be typically 6 krn/s 
but useful recorded frequencies rnay be as high as 200 Hz to yield 
wavelengths as small as 30 m. 

We rnight expect, therefore, that acoustic discontinuities such as may 
be caus ed by, fractures, shear zones, ~hanges in rock type or even a 
change in the pore pre ssure within the rocks, may be detectable if thei r 
vertical extent is of the order of several meters . The amount of energy 
reflected will depend on the density and velocity differences of the 
interface, however , strong reflections are often produced by interlayered 
bedding, with layer thicknesses. of a srnall fraction of the wavelength and 
with srnall reflection coefficients. The lateral extent of the 
discontinuity must be sufficient to allow corre latable wave shapes to be 
recorded, as a function of distance along the surface p~ofile, a matter, 
resolvable to some extent, by the choice of fi eld recording geometry. 

Field Procedure 

A contract, awarded to the University of Manitoba , provided a 24 
channe i, Geo Space 211-T, binary gain, digital recorder, nnd an 
experienced technician, plus associated equiprnent, including cables and a 
recording truck. 

A contract awarded to Mark Products, Calgary pi·ovided 36 linear 
arrays of seismometers. Each array was composed of n ine (LIS, 10 Hz, 600 
ohm) elements, equally spaced ove r a cable length of 50 rn, connected in 
series/parallel and damped to 0.6 critical . 

A contract with Environmental Research Insi tute of Michigan, provided 
a "thumper " unit, two technicians and a service truck . The thumper unit 
provided a source of cori1pressional energy , produced by a 1 1/2 ton 
weight, dropped a vertical distance of about eight feet onto a steel pad 
previously harrnnered into the ground. An accelerometer, fixed to thi_s 
pad, provided the zero-time signal to the recording equipment . 

The field parameters chosen were: 

1. A spacing between center points of each array of 30 m. 

2. A digitization rate of 1000 Hz. 

3. A r e cord ing duration of six seconds per thump. 
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4. 

5. 

6. 

7. 

8. 

Split-spread, roll-along profiling with a thumper to nearest recorded 
channel distance (minimu.rn offset) of 90 m, i .e. for each thump, 12 
recordings spaced over the distance 90 to 420 meters ahead of the 
thumper position and 11 recordings (one channel inoperative) from 90 
to 390 me~ers behind the thumper, were obtained. Six thumps at each 
site were recorded, then the complete array and thumper moved ahead 
by 30 m. 

No high-cut filtering other than the alias filtering supplied with 
the recording equipment, i.e. - 3 db. at 125 Hz to -80 db. at 250 Hz. 

Low-cut filtering was provided by the seismometers with 12 db. per 
octave attenuation below the 10 Hz resonance . 

1200% common reflection point (CRP) stacking capability, i.e. thumper 
site and array site spacings are equal for 24 channel recording. 

600% stacking capability of successive thumper blows at each thumper 
site. 

The two profiles indicated in Figure 1 comprise approximately 130 
sites . It required approximately 60 heurs of field work to complete 
the se lines. 

Horizontal and Vertical Control 

Array centerpo int, dis t at,ce s w-2re 0btained to precisions of 
approximately 0.1 m using a surveyors chain. These measurements were 
related to topographie markers and plotted on a large scale (l" - 400') 
base map. Errors, relative to this map, proved to be less than + 2 m. 
Coordinates east and north for 
each position from an origin (Figure l) were measured from this base 
map. Elevations were obtained by linear interpolation of the contours of 
the base map to a precision estimated to be within ~ 1 m. 

As vertical velocity for compressional waves in the surface 
low-velocity-layer (LVL) is approximately 2 km/s and the highest 
frequencies recorded are approximately 200 Hz, one wavelength of this 
energy is approximately 10 m. An elevat ion precision of + 1 m is 
therefore adequate for our da ta processing procedures that will use this 
statistic. As horizontal velocity is approximately 6 km/s (th is energy 
travels beneath the upper layer ) and the wavelength for 200 Hz energy is 
therefore, about 30 meters, a pre cision in lateral distance of + 3 meters 
is adequate . 

As the original base map is scalcd in fce t per inch, the position 
data of eastings , northin gs and elevations given in Table l have not been 
conver ted to rne tric measure, and have bcen "rounded " to the neares t 5 
f ect in elevation and 10 feet in lateral distance. 



Data Processing 

At each position al ong a profile , sjx , 24 t race (23 seismic pl us 1 
accelerome ter) r ecordings were obtained . These were of six sec ond 
dura tion, digitized at 1000 Hz. Approximately 800 of these r ecord i ngs 
were obtained in traversing the two profiles. 

These data we re r ecorded on 9 track, 1/2 inch tape in SEG-A format, a 
standard of the oil exploration industry . Recording equipment 
malfunction rendered these tapes unreadable by standardized commercial 
computer prograrrun ing. The data were therefore, reformatted by the 
University o f Manitoba into black fo rm . Individual blacks we re read , 
demultiplexed and when necessary cor rected, using a PDP-11 mini- computer 
at the EPB. These corrected data were then, again, reformatted to allow 
manipulation by the EMR, Cyber computer , a necessary proc e dure as memory 
requirements during one ste p of this manipulation r equired a storage 
capacity of approximately 5,000,000 computer words. 

Equivalent traces (time-series ) of the six recordings obtai ned a t 
each position were ampl i tude normalized, shifted to make each t ime-series 
begin at the zero-time indication of the accelerometer and then added to 
each other . This procedure should, theoretically, impr ove the signal to 
random noise r a tio by a factor of J6 . This step reduced t he data to 65 x 
24 traces for Line 1 and 66 x 2L~ for Line 2. This is still a form i dable 
number of data samples (65 x 24 x 6000 for line 1) and a reduct i on to a 
du rat ion of 3 seconds (the first 3000 samples ) fr om the 6 seconds 
r e cordecl ';.lélS adopted for subsequent manipu l ations . These nequivalent 
tra ce" stacks have been s tored on magnetic tape as an "indexed sequential 
file" (see Appendix A for detai l s of the format and cal l s required to 
access these tapes). 

Displays o f 0 .5 second s of these traces were obtained and served t he 
dua l purpose o f , allowing an edit to remove poor traces from subsequent 
process i ng steps and allowing "first event " time picks and intercept 
times to be obtained. These displays are shown in Appendix B. The 
tra ces are individually normalized, and plotted at fixed gain, 
unfiltered . They are time shifted by a factor of T - X/6000, where T is 
the re corde d s ample time after the thumpe r pulse and X is the 
straight-line distance , in meters, between the thumper and recorder 
positions. Any correlatable event with an apparent velocity of 6 km/s 
will, thereforc , be lined up vertically on these displays and it is 
apparent that the fi rs t events are very nearly so. Intercept time of 
each record was obtained from these plots by interpolation, to the 
thumper position , using the time picks of t he ad j acent traces . An 
estimate of the thickness of the low velocity l ayer (LVL) at each t humpe r 
position can thu s be obtained , by multiplying half of the intercept time 
by an assumed velocity o f 2 km/s. 

These results for Profil es 1 and 2 of Fi gure 1 are shown plotted in 
Fi.gure 2 and Figure 3 . They provide a bnsis for computing ti me de lays in 
Lhe LVL and t o ~ datum plane for a ray path travelling nearly vertica lly, 
bcLw:1th the tlrnmpcr and rccording po sitions, co rrecti ons that are 
req 11ired in subsequent proccssi ng . 
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The indexed seque ntial files for each line are searched for common 
reflection point (CRP) tra ces and written to tape. These "CRP gathers" 
have been r e tained (s ee Appendix A for details). The time series 
samples, of each trace are amplified by a varying gain function based on 
the compu ted power within a 200 sample (0.2 s econds) moving window. A 
time shift is then calculated and applied to correct each trace for its 
thumper and recorder position elevations rel ative to a datum pl ane and 
for the LVL delays at these poin t s . A variable time shift (normal 
moveout ) that , effectively , corrects each wave traj ectory from the 
slanting paths required by the field geome t ry (thumper to reflector to 
r ecorde r) to a vertical trajectory are then app lied . Each trace is then 
filtered (Fourier t ransformed to the frequency domain, normalized to a 
desired pass band, then transformed back to the time domain). Data 
s amp l es at these corrected times , common for each trace of the CRP gather 
are then summed to produce one composi te trace. These resulting trace s 
are then normalized to a cormnon max i mum amplitude , related in position to 
the mid point between thumper and recorder positions and, finally, 
plotted. 

The proce ss ing, simply described in the foregoing paragraph, is in 
fact a r ather time consuming, expens ive computer operation. The plots of 
Figure s 4 and 5 cost approximately $400.00 each to produce from the CRP 
gather tapes. 

The processing steps described are standard techniques. The 
programrning software developed at EPB to achieve ' these steps may be fcund 
in Appenàix A. 

Discussion 

Figures 4 and 5 are the result of a 1200%, CRP stack using a filter 
(BPNORM) that shapes the frequency spectrum of each trace to unity 
betwee n 24 and 48 Hz and applies a cosine weighting function to reduce 
the spectral amplitudes to zero at 12 and at 96 Hz. This filter forces 
all traces to have the same frequency spectrum but does not alter their 
phase spectrum . It's effect is to, generally, increase the high 
frequency content of the recorded time series within the selected 
passband. 

There appears to be no correlat able energy, as a function of 
distance, on these plo ts-:-

The 1200% gather traces are compos ites made up of corrected time 
series recorded with thumper to recorder position offset distances 
varying from 90 m to about 400 m. It is quite possible that, within this 
range of distance, significant lateral variations in velocity and 
structure could occur that would destroy the value of the CRP stacking 
process . We can reduce this range of offset distances by using only the 
recorded traces neares t the thumpcr position. Figure 6 is a 600% stack 
wherein the r;:111ge of dist.'.'ince within each gath e r i s from 90 m to just 
over 200 m. Again, thcre appears to be no us efu l corre l ations . 

·:l 
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This really, is not too surprising as , in the short discus s ion on th e 
resolution of the method, it was sugges t e d that to de tect an acoustic 
discontinuity its ve rtic a l dimension should be some reasonable fraction 
of the wavelength of the highe st recorded frequ ency. The filter used for 
these sections begins att enna tion of frequenci e s above 48 Hz and this 
frequencies wavelength is approxima t ely 120 m in t he batholith. To 
s eismic energy with wavelengths of thi s dimension and greater, the rock 
structure in thi s area at Chalk River appears virt ua lly, homogeneous, to 
the full depth of these sections of approximate ly 9 km (3 s e conds 7 2 x 6 
km/second). A negative result perhaps but, in fact, one that would be 
considered as favorable insofar as the qualifying of a radioactive waste 
disposal site was concerned . 

Figu r es 7 and 8 are the results of a 600%, near-trace , CRP st ack and 
a fil ter with a pas s -band of 80 to 200 Hz. We violate a principle here 
by forcing the pass - band to 200 Hz as, during the recording, we used an 
alias filter that attenuat ed fr equencies above 125 Hz. We therefore, are 
introduc ing non-seismic noise in the range above about 150 Hz. It is 
interest ing nois e however , and indicates how one could be misled by an 
art ifact of the field and process ing sequence. The co r relatable 
transient at about 0.4 seconds , probably r esults from some low-level 
switching noise in the recorder . The fact that this noise st acked in 
phase for all of Line 2 but only the l e ft half of Line 1 was due to a 
change in the fi e l d operation. The right half of Line 1 was recorded 
fir s t and, during this period, the time shifts of individual recordings 
to the zero instant were obtained by analysis of the accelcrometer 
wave- form . The zero instant s were randomly distributed over the first 
half second or so of the r ecording int e rval whereas the switching 
transient was, apparently, fixed in relation to the start of the 
recording cycle. Sta cking o f the six recordings at each position with 
randomly distributed time shifts would t herefore staclc the switching 
transient s out of phase . Dur ing the recording of the last half of Line 1 
and all of Line 2 we were ab l e to opera t e (proper ly) using the 
acce l erometer signal to trigger the record ing cycle. As no time shifts 
were therefore required, the transient then stacked in-phase and our 
illegitimate , filter pass-band has made visible this instrument noise. 

Ignoring the transient, we can see no useful, corre latable seismic 
energy on these plots , nor have we been able to de t ect any on plots using 
fil ters wi t h legitima t e , but necessarily lower, band -pas ses. 

The data can be subjected to further proce ssing step s such as "Fan" 
filt ering and deconvo lut ion . These procedures will be time consurning and 
expensive as they require fairly ma j or mod ifications to some of our 
existing software and a more àr l e ss "eut and try" approach to data 
enhancement . Th is wo rk will be done as time permits. 

Conclus i ons 

Wc have discussed t he physical size and nature of a di scontinu i ty 
that would be expccted to be r evealed by the CRP me t hod . The " first 
event" data (Appcndix B) indicate no significant veloc ity variation for 
the nc ar-horizont a lly travelling seisrnic cnc rgy, i . e. we detect no 
l ate ~a l hc teroge nc itie s of s ufficient s i ze and velocity difference to 



( ,.,.,..,_ 

( ·-

affect the CRP stacki ng proces s . We must thcrefore conclude that the 
Chalk Rive r batholith, beneath a shallow LVL, in the area traversed by 
the two profiles, appears virtually homogeneous to seismic energy in the 
frequency range up to 125 Hz, with the field parameters employed . 
Discontinuities almost certainly exist, within a depth interval and 
lateral distance s of a kilome t e r or so, but are beyond the resolving 
powe r of the me t hod employed. 

Recommenda tions 

We can no t be sure , afte r this first survey, t hat the reso l ving power 
of the me thod, a s used, r equires vast improvemenr for the surveying of 
othe r sites . Increased resolution involves much higher cost and should 
be carefu lly balanced agains t the obj ec tive. For the first step in the 
site selection process our conce rn should be with the detection and 
ma pping of major di s continuities, at all sites, at a reasonable cost . 
The second step, for sites not disqualified by step one, to be the 
application of a much higher resolution field procedure. 

As the number of sites to be investigated may be large and the time 
available short, this seismic reflection work should be contracted to 
I ndustry. 

A contract with Geoterrex to evaluate a field technique (Mini-Sosie) 
differing from that described in this report only as to the much lower 
energy of the source and much higher 11equivalent trace stacking" employed 
has been let for short surveys at Pinawa, Man . and at Chalk River, Ont. 
At Chalk River, over part of Line 1, we will evaluate the use of much 
higher resonant frequency seismometers, higher recorded pass - band, 10 m 
spacing of recording site s and no in-line seismometer arrays but with 
horizontal noise reduction achieved using a moving source . 

The real test of the method should occur at W. R.N.E., Pinawa , 
Manitoba in Jan . -Feb. 1979. A shear zone has been discovered, by 
drilling, a t about the 400 meter depth. The contracted, Mini-Sosie 
reflection profiling , will attempt to map this known discontinuity. If 
the technique is unable to clear ly delineate this zone , we must 
reconsider the proba ble potentia l of the CRP seismic me thod as a tool for 
site select i on. 
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Fig1..1rc 1: From ÂC' ro-Photo Inc ., Topographie Plan A and C, Chalk River 
Nuclear La bora tory , Dec .. 19 7 3 . Base ~ap X-4500 1 Thuriper and 
recorder positions arc' indjc<itcd ,,,i.Lh dots . Profile 1 
posi t ion 1 at uppcr lcft, origin of coonlin.:itcs (star) a t 
conter loft. 
l'rofilt· 2 , position 1 aL conter rigllt, origin of conrdin.:itos 
(star) boLLom loft . 
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Figure 7: Profile 1, 600% CRP s t ack , filtered 40/80/200 /400 
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Figure 8: Pro fil e 2, 600% CRP stack, filtered 40/80 /200/ 400 


