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A SEISMIC STUDY OF SURFICIAL DEPOSITS IN THE WINKLER AREA, MANITOBA 

Abstract 

The surficial deposi ts of the Winkl er area, southern Man itob a, were inves tigated by 
a ser ies of se ism i c experim ents . Clay, gravel , sand, silt and till units overlie a bedrock 
of lim es tone, sandstone and shale. Within the s urvey area i s nort hwes t trending, 
glaciofluvial, sand and grave l deposit that was located by electric r es i s tivity measurements 
and which is a major so urce of groundwater. 

The seismic model es tabli shed by upho le wav efront investigations showed that a thin, 
high velocity, till unit was the only co nsistent so urce of first arrival headwaves in the 
overb urden. A till unit beneath the sand and gravel deposit gave rise to secondary 
arrivals. Two other refrac tors were identified in refraction profiles and were associated 
with a shale unit and a limes tone unit. The dips on these refractors sugges t a bedrock 
depression underly ing the sand and gravel deposit. 

A s tudy of three-component particle motion at the site of the u phole wavefront 
investiga tions showed the absence of a direct co mpressiona l wave at shot detector distances 
of less than 150 feet. The direc tly travelling energy is instead carried in the form of a 
coupled s urface wav e with a down - away, up - toward particl e motion. 

Res ume 

L es auteurs ant exec ute une serie d 'experiences s i smiques pour etudier les depot 
meubles de la region de Winkler, au sud du Manitoba. Des unite s d 'argile, de gravier, 
de sable, de s ilt et de till reco uvrent un suibs traturn de ca lcai re, de gres et de schis te 
argil eux. Grace a des mesures de resistivite, les chercheurs ant decouvert dans cette 
region un depOt sab lo -graveleux fluvio - glaciaire ori ente vers le nord, qui co nstitue la 
principale source d 'eau souterraine. 

Le mode le s i smique, etabli au moye n d'etudes du front d'ondes a son arrivee au haut 
du trou de tir, a revele que la seul e so urce co nsis tante d 'ondes de tete de la prem iere 
arrivee dans couverture le terrain de etait co nst ituee de till de faibl e epaisseur et qu'e ll e 
e tait d'une grande velocite. Une unite de till s ituee so us le depot sablo - graveleux a 
provoque des arrivees secondaires. L es profils de refraction ant mis en evidence deux 
autres e lements de refractio n , a savoir une unite de schis te argileux et une autre de 
ca lcaire. Les pendages de ces e lements de refrac tion laisse supposer qu'il exi s te une 
depression du subtra tur n roche ux au - dessous du depot sablo-graveleux. 

L 'e tude du mouvement tridim ensionnel des particules sur le site des etudes eu front 
d'ondes a demontre ! 'ab se nce d'une onde de compress ion directe a des distances du 
de tecteur de tir inferi eures a 150 pieds . L 'energie qui se deplace d irectement est transmise 
plutot sous form e d 'une onde de s urface ou les parlicules ont un mouvement combine 
d'e loignement v ers le bas et de rapprochement vers le haut. 

INTRODUCTION the r esu lts obtained from a seismic investigation in the 
Winkler, Manitoba area . 

A seismic proj ec t was undertaken by the Geological 
Survey of Canada to inve stigate the problems involved 
in applying seismic techniques to the ma pping of the 
surficial deposits of the Canadian prairies . Two areas 
in Saskatchewan and one in Ma nitoba we re selected for 
investiga tion on the basi s of available geological control. 
A paper by Burke (1968) discussed the data from the 
Ste ne n, Saskatchewan area while this paper report s 

Authors' addresses : 

Dept . of Geology, University of New Brunswick, 
Fredericton, N. B . (K. B. S . B.) 

Polar Continental Shelf Projec t, Dept. of Energy, 
Mines and Resources, Ottaw a (G. D. H. ) 

Original manuscript submitte d: September 3, 1975 
Final version approved for publication: November 25, 1975 

The area studied for this investigation lies in 
Townships 2, 3 and 4 of Ranges 4 and 5, west of the 
prime meridian in southern Manitoba (Fig. 1). The 
surface topography has the characteristic flatness of the 
Glacial Lake Agassiz region, with local relief nowhere 
exceeding 20 feet. The many grid roads along which 
the s u rvey was conducted and the lack of topographical 
relief make it an excellent area in which to conduct 
sei smic surveys. The mean surface elevation of the 
survey area is 875 feet above sea level. 

The s urficial deposits of the Winkler area have 
been the s ubj ec t of previous geological , geophysical 
and drilling investigations of the Geological Survey of 
Canada (C h arron, 1960, 1962 ; and Wyder, 1964). 

These investigations revealed the presence of a 
linear sand and gravel deposit, the lacustrine silt and 
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Figure 2. Block diagram of Winkler aquifer, after Charron 1962. 
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clay deposits of Glacial Lake Agassiz that extends 
15 miles in a northwest direction, with the town of 
Winkler near its centre . Considerable knowledge of 
the extent a nd loca tion of the deposit had been obtained 
previously from e lectric r esistivity surveys a nd drilling 
and it was consider ed that this was an ideal a r ea in 
which to evaluate the effectiv e ness of the seismic method 
as a technique for mapping surficial deposit s. 
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GEOLOGICAL SETTING 

Charron (1960) has s ummari zed the b edrock geology 
of the survey ar ea in two cross- sections, b ased on four 
deep holes. One hole at Rose nfeld (sec. 8, tp . 3, RlWP ) 
inter sected granitic rock of the Precamb ria n basement 
at a depth of 1037 feet b elow the surface. Overlying the 
Precambrian rocks are limestones, sandstones and 
shales of Ordovician to Devonian age; the Devonian 
rocks, in turn, are unconformably overlain predomi
nantly by shales , inte rbedded with sandstone and 
lime stone, of Jurassic and Cretaceous age. This 
ge neral sequence is present throughout the area, the 
sedimentary rocks having a gentle westw ard dip of 
between 5 to 16 feet to the mile. 

The bedrock geology and topography map of 
Klassen e t al. (1970) shows that the immedia te a r ea of 
the seismic survey is underlain by the Ashville and 
Favel formations of Cretaceous age. These formations 
are predominantly s hale , with minor a mount s of 
bentonite, limestone, sand and silt . T he bedrock 
surface s lopes downward towards a buried river valley 
of the ancestral Red Rive r that lies to the northeast of 
the survey area. The r e i s a l so evide nce for a tributar y 
of this buried river v alley cutting across the north 
western corner of the survey area and trending in a 
northeasterly direction . 

Bedrock is covered by Pleistoce ne glacia l d eposits. 
Immediately overlying b edrock is a till deposited 
principally as ground moraine and which varie s from 
a soft clayey d eposit to a dry pebbly hardpan. In some 
places, glaciofluvial deposits of sand and gravel occur, 
probably form ed a s ice contact featur es. The sand 
and gravel deposit of major inter est to the seismic 
survey is such a feature . It s ma terial is poorly sorted, 
varying in size from sand grains to boulders approxi 
mately 3 feet in diameter. Figure 2 is a block diagram 
(after Charron, 1962) of the deposit. 

Lacustrine deposits of silt a nd c lay ove rlie the till . 
The clay i s greyish blue , very compact and sticky 
when wet , and varies in thickness from a few feet to 
over a hundred feet. The c lay i s overlain by a surficial 

deposit of silt that is usually less than 20 feet thick. 
Both the clay a nd silt are r elatively soft and provide 
easy co nditions for the drilling of shot holes. 

An electrical resistivity survey, supplemented by 
a drilling program, had delineated the boundaries of 
the sand and gravel deposit (Wyder, 1964) . An INPUT 
survey from the air h ad also produced similar results 
indicating that the deposit was marked by a contrast 
in electrical resistivity properties (Collett, 1966). 
The map of the deposit produced by the resistivity 
survey was the b asis for planning the seismic profiles 
to be shot. 

SEISMIC INSTRUMENTATION 

A Southwestern Industria l Electronics, twe lve 
channel, P. T. 100 , seismic system was used to record 
all data . McManis (1961) and Hefer (1961) have given 
a detailed description of the amplifier and filter sections 
of this seismograph. The P. T. 100 system was coupled 
to a PMR-2 0 FM magnetic tape transport. Broad band 
recording (3- 300Hz) was thus possible using only 
enough a ttenuation to control noise and avoid over
modulation of the tape transport. Playback of the tape 
through variou s filter settings and level s of gain was 
made to a VRO photographic recording oscillograph 
with conventional 'wiggly trace' display . 

Vertical component geophones of three different 
natural fr equ encies ( 4. 5 Hz , 28 Hz and 85 Hz) were 
tested on a n initial profile, from which the 4. 5 Hz 
geophones were selected for subsequent recording. 
Geospace, MP-6, pressure geophones were used in 
boreholes, while all three-component recordings were 
made from Geospace, HSJ , 4. 5 Hz, omnidirectional 
geophones. 

The normal procedure was to record all information 
on magne tic tape in the field; later d u ring playback in 
the labora tory, various instrument settings were adjusted 
to obtain clear records of the portion of the waveform 
of inter est. Thus , first arrival times were obtained by 
playing back the tape with as little a ttenuation as possible 
and no filt ering, whereas la ter event s were enhanced 
by choice of gain and filter settings and u se of a program 
gain control unit. 

FIELD PROCEDURE 

The original purpose of the project was to evaluate 
the sei smic refraction method as a means of mapping 
s urficial deposits in the Winkler area. From initial 
uphole shooting tests, it became apparent that suitable 
r efr actor s are lacking in the upper section. This was 
confirmed by a stu dy of three-component particle motion 
along 1000 feet of profile near the second uphole test. 
In subsequent investigation s of the area, all refraction 
profiles w er e ex tended sufficiently to map shallow 
bedrock horizons . A brief outline of the field and 
recording procedure for each method of investigation 
follow s. 
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Uphole Shooting 

Uphole shooting was carried out in two boreholes, 
WUl and WU2 , by de tonating small c harges of exp los ives 
in the borehole generally every 10 feet, but sometimes 
every 5 feet. Each shot was recorded from a complete 
spread of 12 geophones, rather than from a single uphole 
geophone so that wavefront diagrams could be constru cted 
using the method of Meissner (1961). Test WU 1, a 
borehole at the northwestern corner of Sec. 17, Tp. 3, 
R4 WP, employed a 300-foot in - line spread of geophones, 
with 25 fee t between each geophone. A split spread of 
geophones, 500 feet on each side of the borehole, with 
a geophone spacing of 5 0 feet, was used for the second 
test, WU2. The location of this test is approximately 
1300 feet north of borehole WUl. In both uphole tests, 
Geospace, HSl, 4. 5 Hz, geophones were u sed with 
recording p arameters set to endure optimum first arrivals 
of energy. 

Three- Component Recording 

Uphole test WU2 was c hosen also as the site for a 
more intensive study of the mode of wave propagation 
in the surficial deposits . At this site, three- compone nt 
geophones recorded components of p artic le velocity at 
various distances a long the surface from the bore hole. 
Eac h spread consisted of three, Geosp ace, HS - J, omni 
directional, 4. 5 Hz geophones buried at 50- foot 
intervals . Spread distances were 50-200 feet, 250-400 
feet, 450- 600 feet, 65 0- 800 feet and 850- 1000 feet. Two 
shots were detonated at each of these spread distances, 
at depths ranging between 20 and 35 feet in the clay 
laye r and between 45 a nd 60 feet in dep th in the sand 
and till layers. 

Correlation Refraction Profiles 

Fifteen correlation refraction profiles were recorded, 
eac h profile containing a number of in - line spreads 
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(usually twelve) and each spread composed of eleven 
chan nels with one 4. 5 Hz geophone p er trace. The 
first spread of a profile was 100 feet in length, with a 
geophone interval of 10 feet, while all s ucceeding 
spread s were 25 0 feet in length , with geophone intervals 
of 25 feet. 

RESULTS 

Uphole Wavefront Diagrams 

A most important parameter to the seismologist 
is the velocity of propagation of seismic waves in a 
particular medium. In addition , it is imperative that 
wave types be correctly identified if meaningful estimates 
of depth and thickness of layers are to b e made . The 
construction of uphole wavefront diagrams i s of 
considerable assis tance in estab li shing sei smic velocities 
and identifying wave types. 

Uphole shooting was conducted in two boreholes, 
as described previously, and the results of these tests 
are plotted in the form of wavefront diagrams in 
Figures 3 and 4. In the construction of these wavefron t 
diagrams, an assumption is made that the travel tim e 
from the point of detonation to the surface i s the same 
as from the top of the borehole to a point below the 
geophone position a t a depth equivalent to the shot 
depth. This assumption is valid if all veloci ty c h anges 
take place eit her v e rtically or horizonta lly . However, 
loca l inhomogeneities in lithology and dipping high 
velocity layers will introduce deviations which are 
noticeable in the diagrams (Burke, 1973). 

The first uphole test, Figure 3, indicates a rapid 
increase in velocity with depth near to the s urface . 
This i s seen in the wavefront diagra m at horizontal 
di stances up to 50 feet from the shot point and de pths 
b etween the surface and 10 feet, where the wave 
travelling directly through the clay layer i s progres
sively overtaken by wavefronts from below. As there 
is no change in lithology in the upper 25 fe et of borehole 
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Figure 3. Uphole wavefront diagram, WU 1, geophone sp acing 25 feet. 
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WU 1 variations in velocity probably r esult from an 
increasing overburden pressure and a rise in water 
content with depth. 

Below 25 feet, wavefronts from WUl are characteristic 
of refracted waves travelling in a medium of higher 
ve locity than that of the upper layers. The bending 
back of wavefronts between depths of 10 and 25 feet 
are al so characteristic of head waves generated by this 
higher velocity medium. The upper boundary of the 
latter correlates with the change in lithology from clay 
to till at a depth of 2 7 feet in borehole WU 1. There is 
some evidence that the zone between 25 and 55 feet has 
a slightly higher velocity than the zone between 55 and 
100 feet. The absence of till units below 55 feet may be 
responsible for an overall decrease in velocity with 
depth because the sand deposit lacks the consolidation 
of the till. However, irregularities in the wavefronts 
make interpretation of this section of the diagram 
uncertain. 

A rapid increase in velocity near the surface is not 
apparent in the result s of uphole test WU2 (Fig. 4), 
because there were no shots at depths of less than 
10 feet. Instead, the diagram shows a refracted wave 
in the clay being overtaken by a head wave from below. 
To the south of the shot hole, a direct refracted wave is 
represented in the interval between 10 and 20 feet of 
depth out to the end of the spread. Lower down in the 
diagram, the wavefronts are again characteristic of a 
head wave overtaking a direct refracted wave. There 
is no apparent change in near-surface conditions that 
would explain the different behaviour on each side of 
the shothole and times of first arrivals of energy for the 
shot at 10 feet beyond 300 feet may therefore contain 
experimental errors. A zone of low velocity material 
beneath the vicinity of geophone 8 6 is indicated by the 
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SAND 

S5 

NORTH 
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clustering of the wavefronts in the interval between 
geophones 85 and 86 and the spreading out of the 
wavefronts between 86 and 87. 

Below depths of 50 feet, the wavefronts are char
acteristic of a refracted wave in a higher velocity medium. 
The upper boundary of this higher velocity medium 
correlates with the change in lithology within the borehole 
from clay to till. The bending back of the wavefronts 
for the shot at 100 feet suggests the presence of a deeper 
refractor but recordings from shots at greater depths 
would be required to substantiate this interpretation. 

The bulge in the wavefronts in the till suggests 
that this unit may act as a thin, high velocity layer. 
The disappearance of the bulge toward both ends of 
the spread is explained by the thinness of the till unit 
and consequent attenuation of seismic energy in both 
directions away from the shot point. Alternatively , the 
bulge in the wavefront may be caused by a change in 
shot point lithology. It has been shown that a shot 
detonated in till has a higher proportion of high 
frequencies (Burke, 1968); therefore, first arrivals 
from such a shot should have a sharper onset than those 
from shots detonated in clay. The bulge in the wavefronts 
may therefore result from early timing of first arrivals, 
an explanation which is favoured because of the devia
tion of the bulge in the wavefronts away from the till 
unit at the northern end of the spread. 

A typical range of velocities for each particular 
deposit may be obtained from wavefronts representing 
direct or refracted waves by drawing in rays normal to 
the wavefront and determining the distance covered by 
successive wavefronts along these rays in unit time. 
For a wavefront representing a head wave, it is possible 
to obtain the velocity in both the refractor and the 
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Figure 4. Uphole wavefront diagram, WU2, geophone spacing 50 feet. 
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overlaying media. In the latter case, the same construc
tion and measurements are used as for a direct or 
refracted wave. The refractor velocity can be obtained 
by drawing a line through the wavefronts parallel to 
the upper boundary of the refractor and measuring 
the distance travelled by a wavefront along this line in 
a unit time. Irregularities in the wavefront p attern 
ofte n make the above methods u nreliable and i t is 
better to resort to a time-distance (T-X) diagram and 
determine values of velocity from a least squares fit of 
a straight line to the data. If a high velocity layer i s 
present in the subsurface, most of the energy from 
layers below is channelled into this high ve locity layer. 
It i s then difficult to obtain meaningful values of velocity 
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Figure 5 

Hodograph of radial and vertical components 
of seismic energy for geophone 50 feet north 
of shotpoint WR- 31. 

for the lower layers by any of the above methods. In 
this case, the most r e liable value of velocity is obtained 
from the wavefro nt s near the shot hole. 

The ranges of velocit ies obtained from the present 
data are: 

Clay 
Till 
Sand 

700 - 4000 ft. /s . (213 - 1219 m/s.) 
5000- 55 00 ft. /s. (1524- 1676 m/s.) 
5000-5500 f t. /s. (1524- 16 76 m/s.) 

Most of the variation in the velocity for the clay layer 
is accounted for by a rapid increase in velocity in the 
top ten feet below the s urface. 
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Figure 6. Hodograph of radial a nd vertical compone nts 
of seismic energy for geophone 150 feet from 
shot point WR - 31. 

Three-Component Recording 

An attempt was made to understand the mode of 
propagation of seismic waves, in s urficial deposits of 
the area, by making three-component recordings of 
particle motion at the site of the second uphole test, 
WU2. Some of the hodographs of radial and vertical 
components for the first arrival of energy and the 
following 30 to 50 milliseconds of recording are shown 
in Figures 5, 6, and 7. All three components of motion 
ar e plotted below each hodograph in the form in which 
they were recorded . These traces were hand digitized 

at 1. 5 millisecond interv als to p roduce the da ta used 
in con s truction of the hodographs. 

The fir st hodograph , in Figure 5, is constructed 
from data recorded 50 feet nor th of s hot hole WR- 31. 
The initial motion of down- aw ay - up - tow ards shows tha t 
the first arrival of energy at thi s station is not purely 
a compressional wave as might be expected from simple 
theory but tha t there is al so a large component of trans
verse motion . Because the longitu dinal compone nt of 

UP 
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I I 
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Figure 7. Hodograph of radial and v ertical components 
of seismic energy for geophone 1000 feet 
from shot point WR-31. 
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motion is the strongest of the three component s, this 
first arrival of energy h as been identified as the coupled 
wave fi rst described by Leet (1946). However, Howell 
and Budenstein (1955) showed that all compone nt s of 
coupled waves of this type are not in phase with one 
another so that there i s probably interference fro m 
smaller com ponent s of other types of waves . The 
velocity of a coupled wave is less tha n that of a direc t 
compressional wave (Leet, 1946) , and therefore, it i s 
conc luded that a distinct and separate direct compres
s io nal wave does not exi s t for the conditions under 
whic h this recording was made . 

A coupled wave mechanism dominates the motion 
over most of the hodograph, alt hough the motion i s 
modified to an e lliptical retrograde motion between 
t = 37 milliseconds and t = 44 milliseconds, possibly 
signifying the arrival of a Rayleigh wave. The final part 
of the hodograph i s a lso complicated by interference 
from other unide ntified wavetypes. 

The previously described hodograph is typical of 
particle motion a t recording stations out to a distance 
of 100 feet. At larger distances, the first motion recorded 
in the radial - vertical plane becomes up -away - down
towards, signifying arrival of a compressional wave . 
A hodograph constru c ted from data recorded 150 feet 
north of WR-3 1, from a shot detonated at a dep th of 
55 fee t, i s s hown in Figure 6. Up-away-down - towards 
motion dominates the hodograph for the first 20 milliseconds 
and identification of this motion as a compressional wave 
i s confirmed by lack of moveme nt on the transverse 
component. The large a ng le of e merge nce indicates the 
wave p a th has been influenced by p assage through the 
upper few feet of low velocity material. An e llip tical 
retrograde motion typical of a Rayleigh wave mechani sm 
closely follows the initial pulse, although complicated 
by some movement on the transverse compone nt. The 
type of motion plotted in Figure 6 persist s out to the 
greatest recording distance , although motion typical of 
compressiona l waves tends to replace the elliptical 
retrograde motion for longer intervals of tim e as distance 
increases. 

Figure 7 shows a hodograph plotted from data 
r ecorded at the maximum dista nce of 1000 fee t from a 
shot detonated at a depth of 60 feet in borehole WR -31. 
The initial compressional wave is c losely followed by 
another compressiona l wave, 13 milliseconds la te r . 
However , thi s secondary ar r ival h as a s ignificant 
transverse component , indicating a more complica ted 
motion associated with its arrival. 

The results of the three-component study confirm 
the model of wave propagation suggested by the wave
front diagrams. Between 100 and 1000 feet , the first 
arrival is a compressional wave with an apparent 
velocity of 5250 feet /second and a n angle of eme rgence 
varying between 45 and 90 degrees. This first arrival 
is ther efor e identified as a h ead wave from the till layer. 
The variation of the angle of emergence i s due to 
inhomogeneities in the near-su rface lay e r , the large 
angles of emergence occurring where there is extr emely 
low ve locity material immediately underneat h a geophone. 

At distances greater than 750 feet, the first arrival 
is closely followed by another comp ressional wave which 
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appears progressively to overtake the first arrival and 
has a n apparent velocity of 7000 feet/second. Thi s 
secondary arrival is identified as a head wave generated 
by a refrac tor in the b edrock. 

Between the s hot point and 100 feet, the first arrival 
i s ide ntified as a coupled wave and no d irect compressiona l 
wave is recorded for this interval. Similar results were 
reported by Kroschunow (1955) from wave studies in 
loose media. He fou nd that a n independent compressional 
wave could not exist and propagate in a loose medium 
and that only compressional hea d waves fr om a h igh 
velocity refractor below the near-surface de posit s were 
r ecorded. Kroschunow stated, however, "longitu dinal 
waves inside the loose layer are always coupled with 
the Rayleigh wave mech anism which is generated and 
propagated inside the layer". From the p resent stu dy, 
it is concluded tha t the energy is propagated in the 
form of the coupled waves, first identified by Leet 
(1946), rather than the Rayleigh wave mechanism 
described by Kroschunow. This conclusion is supported 
by the existe nce of large components of transverse 
motion which would not be present in a simple combi
nation of comp ressional and Rayleigh waves. 

Correlation refraction profiles 

Table 1 sets out the velocity data and calculated 
depths to th e various significant refractors in the 
survey area. The locations of the variou s profiles are 
s hown in Figure 1. Depths were calculated using the 
critical distance me thod (Dobrin, 1960) . The a nalysis 
of the fr equencies of various arrivals yielded erra tic 
results in that no consistent rela tionship could be 
found b etween a particular arrival and it s frequency 
content and no attempt h as been made to u se this 
analysi s in the identification of eve nts. 

In the fo llowing sections, seismic r esults and 
borehole information are u sed to constru ct geological 
cross-sections. For conveni ence the seismic p rofi les 
are grouped into four lines: 

Line 1. Profiles WR - 6. WR -7. WR - 8. WR - 9. WR - 16. 
WR - 17. 

Line 2. Profiles WR - 2. WR-3 . WR-4. 
Line 3. Profiles WR-10. WR -11. WR - 18. 
Line 4. Profiles WR - 12. WR - 13. WR - 15. 

Line 1 (Fig. 8) 

This line extend s fiv e miles from shot hole WR - 28 
in the north to test hole M- 2 in the south, cutting 
obliquely across the sa nd a nd gravel deposit. In the 
central part of the section, the sand a nd gravel is 
approximately 100 feet thick. To the north, the deposit 
thins r apidly and i s not presen t in boreholes Fl2 and 
WR - 28. There i s also a decrease in thickness to the 
south, but 40 feet of sand is s till present in the south 
ernmost borehole M-2. A cover of lake clay which 
overlies the sand and gravel, varies in thickness from 
30 feet a t the centre to 80 feet at the northern extremity 
of the line. Underlying the sand and gravel is a 
consolidated till layer. In the only borehole to penetra te 



Table 1 

Velocity and depth data from seismic refraction profiles, 
Winkler area, Manitoba (from Finlayson, 1968) 

WR-2 WR - 3 WR - 4 WR-5 WR - 6 WR - 7 WR-8 

Velocity Layer 1 5700 5300 5450 4700 5200 5300 5250 
2 -- 6700 6500 6000 6100 6000 6600 

(ft. / sec . ) 3 7900 8250 7400 7000 7150 8300 7600 
4 13 300 14 OOO 13 600 13 OOO 13 OOO 13 300 12 200 

Depth to Layer 2 - - 173' 151' 133' 146' 130' 142' 
3 212' 290' 231' 196' 233' 278' 322' 
4 342' 627' 566' 846' 559' 658' 542' 

WR - 9 WR - 10 WR - 11 WR - 12 WR - 13 WR-15 WR- 16 

Velocity Layer 1 5350 5400 
2 - - 6800 

(ft. I sec . ) 3 7700 7700 
4 12 500 12 500 

Depth to Layer 2 - 110' 
3 251' 164' 
4 479' 660' 

WR - 17 WR - 18 

Velocity Layer 1 5300 5650 
2 6300 6100 

(ft. /sec.) 3 8300 7250 
4 12 800 12 300 

Depth to Layer 2 144' 85' 
3 265' 187' 
4 584' 532' 

bedrock (F-1), sandstone was logged between 185 and 
230 feet and shale between 230 and 292 feet. 

Four refracted events were identified on the seismic 
profiles. The absence of a direct compressional wave 
in the near-surface layer makes depth estimates based 
on the first refracted event unreliable and these depths 
were not included in the final analysis. However, a 
correction for the time delay in the upper layer was 
made in the depth estimates based on refracted events 
'A', 'B' and 'C'. Refracted event 'A' appears as a 
secondary arrival on profiles WR - 6, WR - 7, WR - 16 and 
WR-17, while events 'B' and 'C' were received as first 
arrivals. On profile WR-8, events 'A' and 'C' were 
observed as first arrivals, while event 'B' was a 
secondary arrival. Finally, on profile WR - 9, event 'B' 
was again observed as a secondary arrival, while event 
'C' was a first arrival and event 'A' was not identified. 

The high velocity of the refractor associated with 
event 'C' suggests that it represents a limestone unit 
reported by Charron (1962) in a borehole at Winkler. 
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An Ordovician limestone at a depth of 635 feet is present 

4900 5300 5300 4800 5250 
6750 5430 5400 5400 5800 
7600 7830 8800 9500 7600 

700 13 300 13 100 12 400 13 100 

189' 52' 38' 95' 108' 
269' 219' 206' 227' 238' 
620' 582' 565' 626' 564' 

in this borehole, which is the same order of depth as the 
seismic interface. The depth of the refractor associate d 
with event 'B' suggests that this probably represents 
the shale unit, identified as a Cretaceous shale in bore 
hole F- 1 by Charron. Event 'A' appears to be a ssociated 
with an interface in the consolidated till layer but exact 
corre lation is not possible with the available geologica l 
information. The change in the order of arrivals in 
profile WR- 8 can b e explained by a thickening of the 
consohdated till umt and a corresponding thinning of 
the shale unit. Similarly, the absence of eve nt 'A' in 
profile WR - 9 may be a result of a thinning of the till unit 
and disappearance of the refractor interface. 

The dip of the bedrock refractors towards the centre 
of the section suggests the presence of a minor bedrock 
depression which may have controlled the deposition of 
the glacial deposits. 

Line 2 (Fig. 9) 

This line is perpendicular to the axis of the sand 
and gravel deposit and extends from the centre of the 
deposit to its western edge. The thickness of the over
lying clay layer decreases from 120 feet in the west to 
10 feet at the centre . In the only borehole to reach 
bedrock (WR- 1), a shale unit logged at a depth of 140 
feet is overlain by a consolidated till unit 20 feet thick 
which is in turn overlain by 120 feet of clay. 

Again, events 'B' and 'C' are prominent first arrivals 
on the seismic records, while event 'A' is only present 
as a secondary arrival on profiles WR - 3 and WR - 4. 
The consolidated till unit is therefore interpreted as 
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Figure 8. Cross-sec tion, line 1, seismic data correlated with lithology. 
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Figure 9. Cross-section, line 2, seismic data correlated with lithology. 

thinning to the west. The dip of the bedrock refractors 
towards the east again suggests that a bedrock depres 
sion may underlie the sand and gravel deposit. 

Line 3 (Fig. 10) 

Line 3, also perpendic ular to the axi s of the sand 
and gravel deposit, extends across two thirds of the 
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d eposit to the eastern edge. In the east the sand and 
gravel deposit is absent (borehole WR - 18) , but is 84 
feet thick in borehole F- 5 one mile to the west. The 
thickening of the sand and gravel deposit i s agai n 
associated with a thinning of the overlying clay, which 
is 100 feet thick in the east, decreasing to 10 feet at the 
centre of the deposit but increasing to a thickness of 
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45 feet at the western end of the sei smic line. A 
consolidated till unit under lies the sand and gravel at 
the easter n end of the line . 

The lower r efractors exhibit a westward dip towards 
the centr e of the sand and gravel deposit, again 
s uggesting that there i s a depression in the bedrock. 
Along this line, it appears that event 'A ' correla tes with 
the top of t he con solidated till layer. 

Line 4 (Fig. 11) 

This line cuts across the southern end of the sand 
a nd gravel deposit. In the westernmost borehole WR - 4, 

a s hale bedrock unit was e ncountered at a depth of 
210 feet, overlain by a till unit of 140 feet and an upper 
layer of silt and lake clay. Five hundred feet to the 
east, sand and gravel were encountered underlying 
the silt a nd c lay in borehole WR-11, a t a depth of 50 
fe e t. The sand a nd gravel i s present to a depth of 200 
fe e t farther to the east , b ut was not p e ne tra ted a t depths 
of 80 to 90 fe e t r esp ectively in boreholes WR-14 and 
W15, a t the eastern end of the line. 

Refract ed event s 'B' and 'C' are again present as 
first arrivals on the seismic records and have been 
corre la ted with t he bedrock shale a nd a lower limestone 
unit . However, a new secondary event 'E', also present 

on the r ecords, appears to correlate with the top of the 
sand and gravel. The absence of event 'A' may be 
explained by the lack of a substantial till unit below 
the sand a nd gravel , the la tter appearing to rest 
directly on the bedrock shale. 

CONCLUSIONS 

1. Three-component studies of p ar ticle motion 
s how the absence of a direct compressional wave as 
first arrival at s ma ll s hot -detector distances, i. e. less 
than 150 feet. Instead , directly travelling energy i s 
carried in the form of a coupled wave with down- away
up - towards motion as described by Leet (1946). 

2. The u sefulness of the seismic method in riiapping 
s urficial deposits in the Winkler area is r estricted by 
a high velocity channel in the form of the thin till layer 
overlying the sand and gravel deposit. Head waves 
generated by the upper boundary of the till dominate 
the first a rrivals at s horter distances and velocity 
contrasts between other unit s are gen erally too small 
to give ad equate secondary arrivals. One exception 
is the secondary arrival from refractor 'A' whic h is 
associated with the consolidated till unit beneath the 
sand and grave l deposit. 
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Figure 11. Cross-section, line 4, seismic data correlated with lithology. 

3. Two refractors 'B' a nd 'C' were identified and 
correlated with lithological horizons in the bedrock. 
Refractor 'B' may be associated with the Cretaceous 
shale unit in the Winkler borehole and r efractor 'C' 
has been related to the Ordovician limestone unit. 

4. The dips on these bedrock refractors s uggest 
a bedrock depression under th e sand and gravel deposit. 
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