S P et are S s

> B,

A SEISMIC SURVEY ACROSS LLEWELLYN GLACIER
Camp 26 Sector
Juneau Icefield, Alaska-Canada

Karen L. Healey
with Richard Carlson, mentor

A NSF-URP Project

OPEN FILE REPORT - JIRP 1985
Glaciological and Arctic Sciences Institute

University of Idaho
Moscow, ID 83843

1985



Abstract

A four ay selismic survey was conducted across the Llewellyn
Glacier, Zritish Columblia, Canada. The study was significant bccause
the scasonal neve line was much further down the Llewellyn Glacier
than it had been in recent years. In the past,.studies in the area
were difficult due to the presence of large criss-crossing crevasses
throughout the area. l

The seismograms were analyzed and the approximate glacial ice
thickness. was calculated. The shallowest depth that was determined
was 890 feet at station ;4#7. The thickest portion of the glacier
was furthest from Camp-26. This was Seismic Station #6 and the
thickness calculated was 1480. The rock-ice interface had relatively
shallow dips ranging from 0'to 20°. In some instances a second
reflection was found that showed another rock layer at about 1600

feet in depth. The glacial ice thickness was much thicker than had

been thought before the project was conducted.
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Introduction

The theory of selsmology 1s used to help investlgate and deter-
mine the compositlion and state of planetary interiors. Lxplosion
selsmology involves the artificial production and recording of seismic
waves, to reveal the geologic structure immedliately below the surface.
This technique to measure glacial ice thickness has been used since the
1930's. In 1930, Sorge and Loewe me;sured thicknesses of the Creenland
ice~-cap. Since that time extensive ice thickness measurements have
been made in both the Arctic and Antarctic. (Bullen 1965). The
present selsmic survey was conducted to determine the glacial thickness
across the Llewellyn Glacier, British Columbia. This year's study
(summer 1985) was significant because the seasonal neve line was
much further down the Llewwllyn Glacier than it had been in recent
years. In the past studies in the area were difficult if not im-

possible due to the presence of large criss-crossing crevasses through-

out the area. -



Location of the Secismic Survey

The selsmic survey was conducted in a cross-sectional pattern
across the Llewellyn Glacier in British Columbia, Canada (south of Atlin).
Tests were conducted at eight statlons across the glacier. (Figure 1).
The location of the survey was chosen because the seasonal néve line
was much further down the glacler than it had been in previous years.
Past geophysical studies were very difficult and dangerous to conduct

due to the numerous and extensive crevasses in the area,

Theory of Explosion Seismology

Ice and snow have elastic properties therefore artificial explosives can
be used to propagate waves. ihese waves can be recorded and analyzed

by the use of a seismograph. There are two basic methods used in ex-
plosion seismology. ihese are the refraction and reflection methods.
fefraction shooting is designed to determine seismic speeds and structure
of layers in regions where speed does not decrease .ith depth. (Bullern 1965).
The waves are refracted as they come in contact with layers which

have different velocities., (Figure 2).

sure 2. Theory behind refraction seismology. The shot is refracted
as it comes in contact with layers with different velocities.
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Reflection shooting attempts to record near vertical reflections
from the boundaries of the layer investigated. (Bullen 1965). Reflection
shooting 1s principally used when making determinations for ice
thickness in a given place. Reflection seismology was the method
used in the present study. In seeking reflections for the ice-rock
interface speclial attention must be given to backround effects such
as surface waves and scattered waves.

Complications due to surface waves are reduced be firing shots
in deep bore holes, According to Bullen (1965), it can be possible to
determine ice thicknesses to within 2% accuracy. In the present
study the bore holes could only be augered as deep as the available
equipment would allow. The holes were generally five-ten feet deep.

It is possible that there is some error in our findings due to the
fact that the bore holes used were not very deep,

I'wo methods of setting up the geophones were employed to over-
come the above mentiohed backround effects. The geophones were set
up in an “L" shaped pattern. This pattern helps to show more accurately
the difference in the "real" reflection and scattered reflections.

Jhen possible the array was set up over an open crevasse. This was
done to reduce complications by breaking up the surface wave, Crevasses
help to resirict surface wave readings.

Seismological Equipment

Geophones are the recorders of the various waves as they are
propagated over the area. There are two types of geophones. One type
measures horizontal ground movement and the other measures vertical

ground movenment.: “he geophones that measure horizontal displacement



were used in this study. A gcophone is similar in theory and construction

to a pendulum. The geophone (recorder) is placed in the ground or ice
and when the carth moves a pendulum.type dcvice.swings back and forth.
The amount of swlnging motion inside thé geophone 1s reco:ded on
magnetic tape and an amplified image of the movement 1is shown on a
seismograph. Adjustments (gain for example) can be made to enhance
the image and any reflectioﬁs that may be present. The paper re-

production of the image 1s called a selsmogram. The results of the
seismogram are analyzed and the data is used in geophysical formulas

to determine (in this case) glacial ice thickness.

Calculation of Depth and Dip of ithe Ice-Rock Interface

Wwhen a reflection is detected in the seismogram, the times of the
reflected waves for each particular geophone are noted. (figure 3). Only
the geophones which are in line with the shot location are taken into

onsideration.
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Figure 3,

Reflection 2
An example of a seismogram showing two reflections



For the example in rigure 3 only geophones 6-12 are of interest,
This was the limb of the array in line with the shot. The geophone nunbers
are listed along the left hand side of the seismograp. The scis-
mogran is recorded in increments of 5 ms. To find the reflection
arrival time count the ms over to the peak of the reflection. ‘he
arrival of the reflected wave to geophone 7 occurred .208 s after
the shot was set off. The time to geoéhone 12 was .216 s. ‘he dif-
ference between the arrival times At = .008 s. The variables needed
to perform the depth calculations are 4t, &x, Rl and R2. The distance
Ax between ihe two geophones is 250 ft. R is equal to the velocity
of the ice multiplied vy the respective values of t. rigure 4 .is a
step by step chart showing the procedure in calculating the glacial ice

thickness.

Procedure ror Calculating Depth

1. leasure arrival tires t, and t,. (See figure 3).

2. The velocify*at which soind waves travel through the ice
iz 12,500 ft/s. It is assumed that the ice is homogeneous.

3, The lli~tance ax between the two geophones under inspection
is recorded.

4o cos® = vat
AX
-1
5. © = cos
6. Ry=vty : R, = vt,
7. Draw a horizontal line placing the shot and geophones in

question at appropriate distances from one another. (See Figure 5)

Construct the 5© off of the last geophone.

9. rrom this & draw R,. Draw R, coming from the first geophone
) 1
sorthat it intersects RZ.

10, CZonstruct the line SI.
11. Construct the perpendicular bisector Lof SI.

12. The depth beneath the shot is measured from S to the Lbisector.

“igure 4., Procedure for calculating depth.
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Geometry involved in calculating the depth.



Paily Account of the ixperiment

Nay 1-7riday August 2, 1985

Today was a practice day to become familiar with the equipment.
An "L" shaped array was set up. (Figure 1). By setting the geophores
in different configurations possible noise can be ruled out and data
can be confirmed if two reflections are obtained. The geophones are
set up by first setting out a seismic éable in the pattern desired.
The geophones are attached to the cables and buried every fifty feet
in the snow. It is best to pack the snow down hard after the geophones
are buried.

After the first array was set an air shot was set off. The
blasting wires were attached to two stakes and the blasting cap was
put in a booster. The equipment seemed to work fine,

Kext, an explosive by the brand name Tovex was tested. It
did not work. This particular explosive was manufactured in Canada.
It was found later in she week that this type of Tovex would not explode
at all. Perhaps it was too old or it had been frozen too often and
the explosive power had been affected. The Tovex that had been man-
ufactured in the USA was tested and it worked satisfactorily. A re-
flection was observed on this shot. One third a stick of the explosive
seemed to give the right amount of energy to obtain detectable re-
flections,

This first day a few tips for using the equipment were learned:

1. Always make sure that the memory on the machine is clear

before making a reading. If the memory is not clear the

seismogram will contain all recordings from present and’
previous shots.



2. After the blast always make sure that the end wires that
connect the circuit to the firing device are shunted,
F'his shorts the circuit and prevents possible accidents
while wiring the explosive.

3. Be as still as possible while the seismograph is recording,
whether in the vehicle or in the immediate area,.

Day 2- Saturday August 3, 1985

dent back to Seismic Station #1. Two shots were set at either
end of the line, Several reflections ere obtained., There were three
shots in which reflections could be obtained. These are shown in the
section on the Data and Analysis,

After a sufficient amount of data was collected a new seismic -
station was set up further up the glacier, towards Camp F-10. This
new location was designated Seismic Station #2. The array was set
up with one limb perpendicular to a crevasse. Two shots were fired.
Both were 400 feet off of either limb of the array. The first shot
did not work very well. There did not seem to be enough energy_in
the explosion., This co;ld have been caused by several reasons. It
is possible that the shot was not set deep enough and the snow damped
the waves. It 1s also possible that the charge was not packed tightly
enough into the hole with enocugh snow packed down over top of it.
Another shot was set which did reveal a reflection. The shot location
on this array was closer to an ice layer and the recording secmed stronger.
As it turned out both shots revealed depths that were fairly close
together. (3ee section on Data and Analysis)

Day 3- Sunday August 4. 1985

A new array was set up which lay between seismic stations #1

and #2. This new array was designated Seismic Station #3. Several

shots were attempted but no definite reflections could be found.



Two shots at four foot and six foot depths were tested. A three

foot airshot and a shot 60' down in a crevasse were tested also.
rossible reflections were found in the iwo ground shots. +hen the
depths at these two shots were analyzed they resulted in fairly close
values.

Two new arrays were set up later in the day. ‘These new arrays
were scismic stations #4 and #5. Frominent reflections were obtained
from each station after only one shot. The shot at station /#4 re-
vealed three reflections.

Day- Ausust 6, 1985

Seismic Stations #6, /7 and #8 were set up. Reflections were
obtained from each station. This was the last day that the geophysics

pro ject was conducted.
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Data and Analysis

The selismographs for each of the eight selsmic stations of the
eizht scismic stations were analyzed. 7The arrival times of the reflcecctions
were determired and the depths below the shot were calculated as in
“igure 4. [he selsmograms and the geomeirical analyses of the data
are shown in :igures (6-36). The following is a sumrary of the depths
'

found for each seismic station.

Ice Thickness Below the Seismic Stations

Station #1- . _
3hot 1-Airblast, depth = 12685, dip = 5.
3hot 1-Croundshot, depth = 1235, dip = 3

Shot 2-Croundshot, reflection 1 depth = 1250, dip = 6‘.
reflection 2 depth = 1600, dip = 10
Station #2-
Shot 1- depth = 1050, dip = 10°
Shot 2- depth = 1015, dip = 16
Station #3-
Shot 1- depth £.1110, dip = 5~
Shot 2- depth = 1175, dip = 13°
Station #4- )
Shot 1- reflection 1, depth = 1180, dip = 2
‘ reflection’.2, depth = 1170, dip = 13
reflection 3, depth = 1450, dip = 0~

Station #5-
Shot 1- depth

i

1070, dip = 7

Station #6-

Shot 1- depth = 600, dip = 9

Shot 2- depth = 1480, dip = 11

3hot 3- depth = 1300, dip = 7~
Station #7-

Shot 1- depth = 860, dip = 7°

Shot 2- depth = 390, dip = 25°

Station 8-

Shot 1- depth = 1575, dip = 4~

Figure 39. Summary of the glacial ice thicknesses beneath the
seismic stations.
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Scismic Station #1
Shot #1
Airblast

Figure 6.
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Seismic Station #1
Shot 2
Reflection 1
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Seismic Station #2
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Seismic Station #3
Shot 1

Figure 17.
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Seismic Station #6
Shot 1

Figure 27.
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Seismic Station #6
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Figure 29.

35



Seoismi ¢ Stakion #0
Snot #2
\@\,\) M\.JC..W

L v . . - s ,M.\. s @ sl - . )

Ll il LT TETTTTITTT
~ %4 Rt ﬂx m .ﬂ_‘,. N TR 0 AT
2 - xmﬂv A (e T Inglye \w_..;m. gk 1 isshitliat :m YoM
; _ _ rh.r.ﬂ.. k» Q 5 xém Jr,;_ 1‘ \ ] .17!T, =4 ..ﬂ?;x)/..w.‘.ljx\ﬁ._vg.:\
4 L....,LJ».L_/ ...L ﬁ w: a.x‘ 1t ”.,. .,ﬁ.ﬂ 4.*;1} ,F«.llﬁ 1 A AL r.v...4'..17\}..«_41.?{1_
MT“.ILTIZ'L.. %L*..zr. w“fl‘ .“..2“)11.. b ; . \]tiz.ﬁ‘wﬁ/\‘_ _ u.... \Lh.:rj..ﬁ ‘.F1I_.,_113\11 "
pLani ksl T AN T
_Qﬁ-ﬁ _— w .w&.—h g
S :
. HHAer -
guni al
. n v
u....,.ﬁ! _ ...1 _ M .1 i
.._“11\_<~Ll. v .
R I
gt

Figure 30.



Seismic Station ,#6
Shot 3

#7 #1]
v 4X v

[
V212800 §£4
/ / Axz= 200¢%4 /3
t;+ .209
*'“—. Al
Atz 002

/ coso=vat - p.125
Ax

(-]

:‘l ©z493
g1: V{--," 26 12.5

‘ i
\\ i
N |
1\/ Ry vk e 2032.5

d= 1300 f‘*

o~ < 7°

| / Figure 31.

37



Sorsmr . OfITON

L}

.v*\

o

: c’n ‘

4

27 A

-.3

=y

o) .
» .l "-
B
Pareal]
;- b
St
-’\v -
_\!l-! -

}
1
-

.
A
w4
e
[ VA4
1'. -
~
'l

2

* -t O%E ' L . o & y
. . Y » t ' B B -. . b . ; . ! - i
. K _ . * ' s 2 . . e ‘ ay .
L Fai e ] SRR & ~. - N P 1 I S R Vb
¥ * -.. o " " " ] i, . ¢t ‘o T
% : H A 3 T T N e | ~" ok
3% < L B B9k Ttle e byl b
. s . . . 146 Y Lo . . . \: !
1 d 0 o N ot e S . ) I, : § <
; 1. J : ) : , 3 { ‘ ., . g
: . . g .
Ui ast=1i T4 , T L . . .
' | ) R 1 X ! H [N 1 .
H N IRE . 5 B CAEAN Y L / =, J J
. S A L R B AST ANAN 18 P 557, 78 P I L y ! .
' ' ° “ L . ~ g

<< \
D W ANy .
p 4

3
]

}_—
)
(.

]
I
1
ot
{

{
3
ST
T
{
4

7
N
| —-.—‘

T
bY
/s

—4
}l
-

{

1

=
3 4%

S
I4
D)

| A

{
[
L.

Figure 32.

38



—~—

-2 Zde)

o

Seismic Station #7

Shot 1
L7 o
.: v r
P l.‘
| !
| )
1 "’
/
I
/
{
1 \
' ] “‘. 4 «
1
LA
\ .
LA
- | o7
4
Iv’
I;‘
Figure 33.

39



< ! < /b — S
Sojsme Sratien F 7

{\V&QQ\ £ \
ol A5
/.
Za p
2o 07<

720 M&MW\hNA\

i

T S .

I P, P ost A i,

Attt Lo’ amae? O
A e

SO S e

i

Bt beasta? L

el S ) LR E e WO 2

hiate it TRV IV

B Sl TV -~ A

P st et P s oA

Bt e S s Tt v

[ Pt e et

.

/.v()\) T N ]

: .

}

‘

~ i

e 0t g ‘

Plgure 34,

40



Seismic Station #7
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Aralysis of the Data

The following is a discussion of the findings in the secismic
survey. The statlions will be discussed starting with Station #5
which is closest to C-26 and moving across the glacier to Station
#6, the final station.

At Seismic Station #5, the depth below the shot was detcrimined to
be 1070 feet deep. The dip of the ice-rock interface was 7°. (Figure 40).
Only one shot was fired but it seemed to produce a strong reflection.

Three shots taken at Station #1 were analyzed. All of the
calculated depths seem to occur around the mid 1200°'s. OCne shot
revealed two reflections. The depth of the first reflection was 1250
fecet while the depth of the second reflection was 1600 feet.

The next station (3eismic 3Station #8) revealed a depth of 1575
feet. The seisnogram was very difficult to read. There are no
definite reflections. It is quite possible that the depth found was
really a second reflection. This would match perfectly with the results
found for the statlons located on either side.

For Seismic Station # three reflections were found. The first
depth calculated was 1180 feet. The second reflection revealed a
depth of 1170 feet. This is less deep than the first reflection.
Reflections 1 and 3 had dips of nearly 0 while the second reflection
had a dip of 13.a The depth of the Brd reflection was 1450. This is
about the same depth as those found at stations 1 and 8. 3ince
reflection 2 had a different dip and was at nearly the same depth as
reflection 1, reflection 2 was disregarded.

Two seismograms were analyzed for Seismic Statlon number 3. The
depths revealed were 1110 and 1175. These depths were similar to

others found for the depth of the ice-rock interface,

L5



Station number 7 revealed two depths. These depths were 860 and

350. The seismogram from which the depth of 390 was calculated was

extrem2ly hard to analyze. A distinct reflection could not be found

therefore the depth of 390 was disregarded.
Seismic Station nmunber 2 showed depths of 1060 and 1015. The

final station #6 showed one depth of 600:feet and two over 1300 feet

deep. The depth of 600 feet was disregarded.
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