SEISMIC DEPTH STUDY OF THE SALMON GLACIER,
BRITISH COLUMBIA

By RicHarp R. DoerL
(U.5. Geological Survey, Menlo Park, Calif.)

ABSTRACT. Seismic observations on the Salmon Glacier have shown that the glacier bed has a general
V-shape with a depth-to-width ratio of about 1:2. These studies also indicate that the north terminus of the
glacier effectively dams Summit Lake. Several reflections were recorded from surfaces transverse to the
glacier length that curve from near tangency with the bottom surface of the glacier to a vertical attitude at
the upper surface. These reflections are restricted to the part of the glacier near the source area.

Risumi, Des mesures sismiques sur le “Salmon Glacier” ont montré que le lit du glacier a une forme
générale en V avec un rapport profondeur-largeur d’environ 1:2. Ces études indiquent également que la
limite nord du glacier forme effectivement le barrage du lac Summit. Plusicurs réflexions sur des surfaces
transversales par rapport a la longueur du glacier ont été enregistrées. Ces surfaces, presque tangentes 4 la
base du glacier, s’incurvent jusqu’a devenir verticales superficicllement. Ces réflexions ne sont obtenues que
dans la partie haute du glacier.,

ZUSAMMENFASSUNG. Seismische Untersuchungen auf dem Salmon-Gletscher haben gezeigt, dass der
Querschnitt des Gletscherbettes im allgemeinen die Form eines V mit einem Verhiltnis von 1:2 zwischen
Tiefe und Breite besitzt, Aus den Untersuchungen folgt weiter, dass das Nordende des Gletschers den
Summit Lake abdimmt. Einige Reflexionen wurden von Flichen erhalten, die quer zur Gletscherachse
verlaufen, den Untergrund annihernd berithren und gegen die Oberfliche senkrecht einfallen. Diese
Reflexionen sind jedoch auf den oberen Teil des Gletschers beschrinkt.

INTRODUCTION

During the summers of 1956 and 1957 the University of Toroito sent expeditions to the
Salmon Glacier, north-west British Columbia, for the purpose of making various glaciological
and geophysical measurements. This paper describes the seismic measurements made during
the summer of 1956.

Although the reflection method was used for determining the bottom contours of the
glacier (I'ig. 6), one refraction spread was made, as well as a seismic velocity study of a
thermal bore hole. The latter two studies were useful in determining the seismic compressional
wave velocities in the glacier.

The Salmon Glacier is situated in the Coast Ranges just east of the southern tip of Alaska
(lat. 56° 10" N, long. 130° 8" W.). Tt flows roughly west to east for a distance of about 10 km.,
dropping from an elevation of 1,400 m. to 950 m. At this point the glacier divides into two
parts, one flowing north into Summit Lake (elevation 826 m.) and the other flowing south
to a terminus some 10 km. from the bend, at an elevation of 175 m. Here it is the source for
the Salmon River.

The seismic equipment (a portable, 12-channel, shallow reflection, high resolution unit)
was flown to a base camp near station S7 (Fig. 6) where preliminary tests were made. These
tests indicated the necessity of placing the explosive charge directly into the glacier ice rather
than in the snow or firn cover, which was some 6 m. thick at this location. One to two pounds
of explosive placed in the ice yielded far better data than as much as ten pounds placed within
a meter of the firn-ice interface. To facilitate drilling holes for the charges, which was done
with hand tools, the equipment was moved to the lower part of the glacier where the cover
was about a meter thick. As the snow melted, the seismic work progressed up the glacier in
an attempt to maintain operations on cover of about this thickness. However, a long period
of warm weather caused rapid melting of the snow cover while operations at station S6 were
being completed; for reasons of safety it was necessary to abandon two proposed geophone
spread stations between stations S6 and S7.

Determination of the seismic spread locations and charge locations was done by K.
Arnaold. Details of the survey methods used, which had to correct for surface movements of
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some 20 cm. per day, are given by Russell and others (1960) in a paper describing gravity
measurements that were made on the glacier at the same time as the seismic measurements.

SesMIc VELOCITY STUDIES

A single ended refraction profile was made with the shot point at station 59 and the
receivers, at 15-25 m. intervals, extending down the glacier for 1,830 m. to station 57.
Figure 1 shows two of the recordings obtained, and arrivals of the direct (first arrivals) and
the reflected waves are plotted on Figure 2 as a function of distance from the shot point. All
charges were placed just into the ice, which at this location was covered by 6 m. of snow, and
arrival times were taken as the first downward break in the seismogram traces.
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Fig. 1. Typical refraction recordings

The first part of the travel-time curve has a slope indicating a velocity of 3,450 m./sec.
Because the receivers were on the surface and the explosive charges were at a depth of 6 m.,
we may interpret the intercept time of 0-007 sec. and the 3,450 m.[sec. velocity as indicating
a compressional wave velocity of 832 m./sec. in the snow. Thus, the rays traveling along the
snow-ice interface refract up to the surface at an angle of about 14° to the vertical, according
to Snell’s law. These rays will require 7-5 msec. to reach the surface from the snow-ice
interface, so that we can subtract 7-5 msec. from all arrivals and use the snow-ice interface
as a datum plane for the following calculations.

Using the usual methods for interpretation of refraction profiles, the travel-time curve on
Figure 2 indicates a layer 20 m. thick immediately under the snow-ice interface with a
compressional wave velocity of 3,450 m./scc.; this layer lies on top of a layer having a velocity
of 3,510 m./sec. The lack of curvature in the travel-time curve beyond 430 m. should indicate
the absence of any appreciable increase in velocity for at least some 100 m. below this depth.
The nature of the upper layer is not known with certainty. However, the occurrence of many
crevasses in this area (as well as over most of the glacier) may well influence the velocity in
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the upper 20 m. For example, if the crevasses were filled with water (velocity near 1,500 m./sec.)
one might expect an average velocity lower than that for solid ice.

The east-west medial section (Fig. 9) shows that the maximum thickness of the glacier
between stations Sg and S7 is uniform to within some g0 m. Thus if the reflection arrivals
plotted on Figure 2 came from near the deepest part of the glacier and the velocity was
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Fig. 2. Refraction travel-time resulls

nearly constant throughout the thickness, we should expect the reflected travel-time curve
to have the form of a hyperbola whose equation is:

t=(2fo) (2] 4+h),

where ¢ is the time of arrival at distance x from the explosion, / is the thickness of the glacier,
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and v the average compressional wave velocity. The curve drawn through the reflection data

points on Figure 2 is the hyperbola that best fits the observed data in the sense of least-squares.
Its parameters are:

h=692 m.,
v=3,610 m.[sec. !
The close fit of these data to the curve indicates that the above assumptions are not greatly
in error. Moreover, as will be discussed more fully later, a thermal bore hole (Granduc

No. 5) in this area reached an apparent ice bottom at a depth of 721 m. (Mathews, 1959),
which is only four per cent greater than that indicated by the reflection results above.
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REerFLEcTION DEPTH STUDY

The receiver spread contained twelve separate channels, with three receivers (geophones)
to each channel. These three geophones were connected electrically in series and were
placed 3-66 m. apart along the length of the cable; the center receivers of each group were
placed at intervals of 15-2 m. In order to determine the direction from which the reflected
waves came, the spread was formed into an L-configuration of 83-8 m. length on each leg.
All reflection studies were made with this configuration.

As mentioned earlier, preliminary tests indicated that the charges should be placed into
the ice below the snow cover. However, later experiments to test the response when the
geophones were also placed below the snow cover yielded poor results. Perhaps the snow
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cover, along with the numerous crevasses (in many areas constituting half the surface area of
the glacier) acts as a very low impedance medium for the seismic energy, that is, the reflection
amplitudes appear to be much larger in the snow than in the ice. Thus the snow cover is an
ideal place for the receivers. On the other hand, the charge is best placed in the ice, which
appears to be a much better transmitter of seismic energy.

Average velocity versus depth was determined from a velocity study in a thermal bore
hole (Granduc No. 4) to a depth of 470 m. Figure 3 shows some typical recordings obtained
from this study, and Figure 4 is a plot of the average velocity versus depth. For comparison,
another such study made by J. R. Weber on the Leduc Glacier (about 8 km. north-west of the
Salmon Glacier) to a depth of 366 m. is also shown on Figure 4. These data were obtained
from a weighted single geophone, of the type used for the reflection studies, lowered inside an
aluminum casing that had been placed in bore hole No. 4 for repeated inclinometer measure-
ments (Mathews, 1959; data from the Leduc Glacier were obtained in an uncased hore
hole). Explosive charges were placed at various distances, to a maximum of about 50 m.,
and at different azimuths from the bore hole.

At the time these measurements were made, numerous and very large crevasses which were
not filled with water (water in bore hole No. 4 was encountered at go m. depth) were
observed in the vicinity of the bore hole. It is possible that these crevasses are responsible
for the long observed times, and consequently low velocities, for the determinations above
go m. Although the scatter in these data is rather great, a velocity in the neighborhood of
3,650 m./sec. is indicated. There is also an indication of an increase of velocity with depth;
however, this apparent increase may be caused by time delays in the upper go m. which would
have more effect on the average velocity determinations near 150 m. than on those at greater
depths.

On the basis of these compressional wave velocity studies, and for ease in making com-
putations, a constant velocity of 3,660 m./sec. (12,000 ft./sec.) was chosen for the inter-
pretation of the reflection studies, which constitute the major part of the seismic studies made
on the Salmon Glacier.

Very few events that could possibly be interpreted as multiple reflections were observed.
Moreover, the energy returned to the receivers is in rather discrete time intervals, as can be
seen by noting the “log-level” trace on the typical reflection recordings shown on Figure 5.
This is the relatively smooth trace which is a time-integral plot of the logarithm of the average
amplitude on channel number three. From these facts, one may assume that there is little
scattering of energy in the glacier and that the surface absorbs a very large part of the
returned energy.

Several recordings were made at station S1 to test for the best filter settings. Although good
reflection arrivals were obtained with a very wide range of filter settings, a sharp low cut-
off' at 70 c./sec. and sharp high cut off at 140 c./sec. gave the most easily interpreted recordings.
Except for a few additional tests at station S7, all the recordings were made with these filter
settings. Automatic volume control was used on all recordings.

The L-shaped spread was set up at ten different locations—designated as stations St
through Sro on Figure 6. The charges were then placed at intervals of 183 m. from the spread
in four lines roughly north, south, east and west; these are also indicated on Iigure 6. A total
of 129 charges were detonated in the lower part of the glacier, which gave 171 reflection
arrivals for computation. In the upper part of the glacier 163 reflection arrivals were obtained
from 88 charges.

The computational procedure used for the interpretation of the reflection arrivals is given
in the appendix. Although this procedure is tedious to carry out, it was used because no
“datum plane” corrections are neceded. The irregular topography, large separations of
geophones and shots, and the fact that most of the reflected waves arrived at the surface at
large angles to the vertical would make such corrections rather difficult and in many cases

https://doi.org/10.3189/50022143000027842 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000027842

450 JOURNAL OF GLACIOLOGY

O.IO TIME (SEC.) 0.l

00 TIME (SEC) O] 02 03 04 05 06
i o e e
TARING || S T
TN = Ayt RIS R AR BNARR N RRRR RARR DA
WA & L
3 A T L S N R
T AT RENEN Y
11 "r ‘J ’ ¥ “E M e ~UNLAA
.'\ e l l tﬂuf uﬁu;\-’\”"" A
MU U % LA NaWEERGYy T
( g ‘ “ & I[:'J’\”uh\f\‘ \'/\-" M HNAAH
--F—-.'--r-.-a--h.- N ! o MMM \Pw MM F-"m
M TIME 2'1 ‘ UNGEOPHONE SPREAD STATION S 9
= [N, CHARGE 183 METERS EAST i
i @ J) IR, OF SPREAD CENTER AU
I o 1 ? f Nt W q-.J-
r NI k VY
LOG LEVEL TRACE Y= 4] PN HER T
00 TIME (SEC) 0| 02 03 04 05 06
iy IHII-L-R!'IILI(;-RiTlI'il i 1l ‘H [/ ‘ HL“ || [1411 Is
TRt METERS NOR TR ATTTRITIICI T L I 1 A Rl “’JF}W A\ M
IVASREEA SN LS s ‘,:‘:-tf[‘\ it e
v'\-L—vau\ i I “_1 = " E—”‘ h%"_p;a" 2% r"\.'-::-
T | = D St K ity
'i " SPREAD CENTER [IT] BERY ’_\,u 4~ i o el B AR
M ‘ : ) T ot i 1 / M I Lejsjel ¥ ! Lt [ Ay 3
T MBI Uy 1 SN A i 15 I R 1) b ‘F\'EI Ji
1 llﬁ : ENARY -;f-“—-v"+"-—~~l-'0 'I.NL.Q_( .'\;,— AN ‘_f-:i *( @i }PQJ N
T AT AN Y IR 1}&;?‘ NNMVHIN I | s LRl | ) i,::. AV G Gy
MYy 84 METERS WEST},— M | B b | 1/}‘\:{ DA A
»-'Vi 1L w ‘_"_. LiA A LitAlR Ly L .\’buv,r"_..,,- Aty
T IE WS T TRSTIE | GEQPHONE ‘SPREAD LOCATION $9 AT
AT T BT U4, CHARGE 910 METERS W il T
HMIMM T 1 @ H OF SPREAD CENTER £l "
IR w1 5l -']W o
! ) = [H ] # 0 XA H
T LG LEVEL TRACE ST S T L AT st 2

et B

i T a—
~+-84 METERS SOUTH : ] sl
e baaasundp N i
L R
] | ! < |
__SPREAD CENTER[T] A RRRE i R A
s A A A 7
S ] Y T T 4ad Y T i ™ ; I:J.I'r
N . bt | 8 A ‘_'1, .
) + ~ MA»--*II r‘; D,\/\'ﬂ ol w 'l
1384 METE.RS\W:E‘SVFVAT. f\muTn N ‘ ““‘I&x:.ll.,l:f
= #=TIME LINE v~ _L; th . “ﬂ*“i‘
e el | | A B FTTTOTT | 4 {
T ENNRY T
L1 o <Al
T | T & M . % {
B RARARARARBARE=NAR ANAARRRNSSRRA M)
i == ahguo 2NV gy

ST

BEEN

|

Fig. 5. Typical reflection recordings. (Mixed signals combine energy from adjacent traces)
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inaccurate. The only assumptions required for the computations used here are that all three
receivers used for the computation (one at the center and one at each end of the L spread)
receive waves reflected from the same plane surface, and that the velocity of the com-
pressional waves throughout the glacier is constant. The first assumption must be made for
any interpretation, and the second seems valid from the velocity studies.
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Fig. 7. Sections A-A", B8, and c~c’. (Elevation in meters, no verlical exaggeration)

The computations were all made on a high-speed digital computer at the Computations
Laboratory, Massachusetts Institute of Technology. The computed data (strike, dip, and
elevation of the reflection surfaces) were then plotted on a base map. Next, east—west and
north-south profiles were constructed every 305 m. by projecting data points, within 153 m.
of each profile, to the profile. Reflection points were projected to the profiles along com-
ponents of dip normal to the profile, and components of the dip in the plane parallel to each
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profile were plotted on the profile. Smoothed curves were then drawn through these data,
care being taken that north-south and east-west curves crossed at the same elevations. In
this way, data from adjacent profiles influence the shape of any given profile. Finally, these
smoothed profiles were used to construct the bottom contours on Iigure 6 and the represent-

ative profiles shown on Figures 7, 8 and g.
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£ E

Fig. 8. Sections p—v’, £-£’, and ¥—¥’. (Elevation in meters, no vertical exaggeration)

Except for some thirty ““anomalous” reflection events in the upper part of the glacier
(to be discussed later), more than 8o per cent of the recorded reflections are from reflecting
surfaces within 25 to 30 m. of the smoothed contours. This deviation is in part due to the
methods used in projecting reflection points to the profiles; however, most of the deviations
arc probably due to the difficulty in determining the direction of the reflected wave arrivals.
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With the spread lengths used, a misinterpretation of the arrival time, at one end of the
spread, of 3 msec. will cause the reflected point to be plotted over 100 m. from its true
position.

The solid contour and profile lines on Figures 6, 7, 8 and g are based on a sufficient
number of reliable data points to yield an interpretation that is thought to be well within the
25—30 m. limits mentioned above. The dashed lines are, in general, based on too few reliable
data to make such a statement.

Discussion

In addition to the seismic studies reported here, two other studies, one of a limited extent
and one covering much of the area reported here, have been made on the Salmon Glacier to
determine its depth. The first of these consists of a line of bore holes drilled by thermal means
across the upper part of the glacier (B-B', Fig. 7) made by the Granduc Mines Limited (see
Mathews (1959) for details of the drilling procedures) ; profile B-s’ (Iig. 7) was drawn along
this line of bore holes for comparison with the seismic results. Bore holes 4, 5 and 6 agree
very well with the seismically determined depth, but holes 2 and 3 did not reach the depths
indicated by the seismic studies. Since it is possible that the thermal heating unit could come
to rest on large boulders imbedded in the ice above the bottom, these discrepancies may not
indicate that the seismic results have given too great a depth.

The second independent study was by gravimetric means (Russell and others, 1960).
Making reasonable assumptions concerning density contrasts, Russell and others calculated
depths that agree reasonably well with the seismic data.

In view of these confirmations and the internal consistency of the seismic data, there
seems little doubt that the true bottom topography is closely defined by the seismically
determined contours.

The general form of the glacier throughout the area studied seems to be approximately
that of a V with a depth-to-width ratio of about 1:2. Except for the region near profile ¢-¢’
(Fig. 7), the bottom slopes appear to be extensions of the slopes of the mountains bordering
the glacier. Near section c—c’ the apparent width of the glacier determined from the surface
shape considerably exceeds the sub-surface width as determined seismically. Moreover, a
system of very wide crevasses is developed on the surface near the seismically determined
glacier edges.

Another interesting relation between surface and bottom topography exists just north-cast
of triangulation station rar. Here, a large topographic nose extending north-east of the
south-western corner of the “bend” is associated with a large ice fall and large crevasses on
the surface. One additional feature of the seismically determined bottom topography should
be mentioned, and that concerns the relation to Summit Lake. Reference to the north—south
medial profile of the lower part of the glacier (Fig. g) leaves little doubt that the Salmon
Glacier effectively dams Summit Lake.

In the upper part of the glacier between sections A-A’ and B-B" about thirty rather
interesting reflection events were recorded. The reflecting surfaces giving rise to these events
strike transverse to the flow direction of the glacier. Moreover, they appear to be vertical
near the surface, curving to near tangency with the bottom surface at greater depths. Those
reflection surfaces near the east-west medial section are shown on Figure g; however, the
reflecting surfaces extend across a major part of the width of the glacier. Also, as may be
noted on Figure g, the surfaces appear to curve both up and down slope.

Although it may be possible for a large system of crevasses to form reflecting surfaces at
shallow depths, the yield strength of ice does not appear to be great enough to support large
voids at depths up to 500 m., at least not under the conditions which give rise to surface
crevasses. Another source for the seismic discontinuities might be a “layering” of rock debris
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in the ice. However, one might also expect to find such “layers” in other parts of the glacier,
for which there is no evidence.

The shape of these reflecting surfaces, normal to the upper “free” surface of the glacier
and tangential to the bottom surface, may indicate some association with stress conditions
built up as a result of the ice flow down slope, but how these conditions are manifested as
seismic reflections is uncertain.
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APPENDIX

The following treatment is a modification of one developed by Roman (1932). We take the source, S(xg, 15,xs)
and a receiver R;(xy, v4,21) (see Fig. 10) at arbitrary positions on the surface of the glacier, which may of course
not be a level surface. The first assumption we make is that the energy travels along the straight ray paths 5p and
PR from the source to the receiver, where p is the point of reflection, i.e. we assume a medium of constant velocity.
The energy appears to come from the image point f(x’, »,z’), so that we may write:

vti=[{xi—2")* + (¥i—)* + (2i—2)%]4 (1)
where » is the velocity and {; is the travel time from s to r along the path 5PR, which is the same as that from
110 R.

Rioxi,yi zp

X(East)

y(South)

=

Nk, ¥ z"

Z{Down)

Fig. ro. Construction _for data reduction

The unknowns in this equation are x°, »’, z* (the coordinates of the image point) and the velocity, o. Thus
given four receivers, not all in a straight line, four such equations in the same four unknowns may be obtained.
provided that the reflections to the four receivers all come from the same plane surface. This is the second
assumption that has to be made. In our case we will take the velocity as known from other measurements and use
three receivers for a unique solution for the coordinates of 1.

Letting i —1, 2, 3 in equation (1), we have the desired three equations, which are quadratic in the unknowns.
Subtracting the second of these from the first and the third from the second yields two linear equations in the
unknowns x’, »*, and z’. (Subtracting the first from the third does not give a third independent equation.) x” can
be eliminated from these two equations and the resulting equation solved for »” in terms of 2”. Likewise 3" can be
eliminated, resulting in an equation between x” and z’. Substitution for x” and »’ as functions ol z’ from these
last two equations in the first of equations (1) yields a quadratic equation in 2" which is easily solved. The positive
value of the radical is taken in all cases. With z” determined, the equations giving x” and »” as functions of z°
yield these coordinates.

With the position of the image point, 1, determined we may compute the length of the line 51,

81 = 2b = [(x"—x6)® + (¥ —2a)* + (27 —25)%]Y, (2)
and its direction cosines,
| = (x'—x5)/2b, m = (¥ —ys)/2b; = (z'=2z)2b. (3)

Image theory tells us that the reflecting plane is the perpendicular bisector of this line, so that we may write

the equation of the reflecting plane in normal form as:

l(x—xs) + m(y—rs) + nlz—2z) = b. (4)
The line &51 (for example i—2), whose equations are
(r—=2)(Y' =) = x—xa)[(x'—m3) = (z2—za)/ (' —z3) (5)

intersects the reflecting plane at p, the point of reflection. Simultaneous solution of equations (4) and (5) vields
the coordinates of the point of reflection. The dip of the reflecting plane at the point of reflection is given by
8 = cos ' n, (6)
and the up-dip direction is
b = tan [ (0" —rs) /(¥ —xs) ] (7)

measured clockwise from the positive x (or easterly) direction,
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