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Abstract

During the field season of 1993, seismic investigations were carried out
on the Juneau icefield, Alaska, under the auspices of the Foundation for Glacier
and Environmental Research. The seismic study revealed depths of 500-800m
for the u.pper Matthes Glacier, 400-500m for the Vaughan Lewis Glacier, 600-
700m for the Matthes-Llewellyn divide, and under 400m for the Biicher Glacier.
In all 1993 seismic work the Poulter Method of using above-surface explosions
was found to be the most effective technique for producing clear seismic
records. Furthermore, research in conjunction with radio-echo sounding

technigues was done to determine a P-wave velocity in ice of 3660 m/s.



Introduction

Two widely employed geophysical techniques for constructing glacier
depth profiles include radio-echo sounding and seismic methods. Radio-echo
sounding is the most popular technique in current glaciological research, and it
has been used extensively in Antarctica and other regions with polar and sub-
polar ice. However, radio-echo sounding (radar) performs inconsistently on
temperate glaciers because of their high water content (Paterson 1981). On
the other hand, seismic methods, although cumbersome and somewhat old-
fashioned, are not greatly dependent on glacier water content and therefore
can be employed on a polar or temperate glacier equally well. Many workers
have used seismic techniques in glacier depth surveys, and some of the major
studies include Hobson and Jobin in British Columbia (1975), Réthlisberger on
Baffin Island (1955), Allen and Smith in Alaska (1953), Robin in Antarctica
(1952), and Doell in British Columbia (1963).

On the Juneau Icefield, which is a temperate glacier system, seismic
surveying has been the method of choice for obtaining depth profiles, and since
the mid-1940’s three main seismic surveys have been carried out. The first
was done by Poulter in 1949, followed by Senstad and Rifkind in 1983 and
Nolan in 1992. However, these surveys did not produce consistent results, and

there is a particularly great discrepancy between Poulter and Nolan, as Nolan’s



glacier depths in some instances are almost 400% greater than Poulter’s.

The primary goal of the geophysical work on the Juneau Icefield during
the field season of 1993 was to end the confusion rising from the inconsistency
between the earlier studies by completing seismic surveys on several major
glaciers. Furthermore, the excellent summer weather allowed the geophysical
survey to explore other profile techniques such as radar and gravity methods.
Radar, although ill-suited to the temperate ice, showed promise and
complemented the seismic survey in some instances. Its specific results will be
reported elsewhere. The gravity work also evolved into its own separate

survey and will be reported in another paper.

Physical Setting of the Juneau Icefield

The Juneau Icefield, which is located in southeast Alaska and northwest
British Columbia, is a relict of the Cordilleran ice sheet (Marston 1983). Its
southwestern edge is about 10-15 km from the Alaskan capital city of Juneau,
and the ice extends northeast across the U.S./Canadian border, almost
reaching Atlin Lake in British Columbia (Figure 1). The most significant glacier in
the icefield, the Taku Glacier, extends approximately 45-50 km from Névé to
terminus. Other major glaciers include the Herbert and Mendenhall glaciers on

the icefield’s western edge, the Matthes and Demorest glaciers in the central



portion of the icefield, and the Llewellyn Glacier which reaches toward Atlin in
the northeast.

The Juneau Icefield is significant because it is representative of the
glaciated region in southeast Alaska, which contains the world’s largest area of
concentrated glacial ice outside of the high Arctic and the Antarctic. However,
unlike most of southwest Alaska, the Juneau Icefield is in a region of relative
tectonic stability, which implies that glacier behavior observed there is primarily
controlled by climatic and not tectonic factors (Miller 1_985). Therefore the
icefield is an excellent prototype region for the study of climatic change, which
in turn has great practical implications for research on global warming and the
greenhouse effect. This naturally underlines the importance of knowing the
basic physical parameters of the glaciers of the icefield - particularly their
depth profiles - as these are foundational for climate study or any other

interdisciplinary work
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Research on the Juneau Icefield is primarily carried out by the Juneau
icefield Research Program (JIRP) which was organized in 1946 under the
direction of Dr. Maynard M. Miller. Since then JIRP has carried out research on
the Juneau Icefield in many glaciological disciplines, including glacier deformation
experiments, glaciothermal studies, and glacio-hydrology in addition to work in
bedrock geology, general geomorphology, and ecology. All of the members of
the 1993 seismic survey were members of JIRP, and all equipment and logistics

were provided by JIRP as well.

Location of Seismic Profiles on the Juneau Icefield

Seismic soundings were carried out on six previously established survey
profiles on four glaciers in the Juneau Icefield (Figure 2). Profile IV was done on
July 20-25 on a transect of the Taku Glacier between Camp 10 (“Nunatak
Chalet” on USGS maps) and Shoehorn Mountain. Profile Il was carried out on
the Taku Glacier near the midsummer transient equilibrium line in the vicinity of
Slanting Peak on July 27. Profile VIll was carried out on July 29 and August 13
on the Matthes Glacier between Blizzard Peak and Mt. Moore. Profile X was
done on July 30 on the divide between the Matthes from the Llewellyn Glaciers.
Profile IX was completed on the Vaughan Lewis Glacier between Blizzard Peak

and Camp 18 on August 5 and 6. Profile XIl was carried out on August 9 and
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10 between Mt. Nesselrode and Mt. Bressler on the Bucher Glacier.

On each profile, seismic soundings were taken at survey positions (flags)
which were surveyed using Global Positioning System (GPS) techniques (Table
1). Therefore the absolute surface position of each seismic sounding can be
accurately determined. The only exception was the Biicher Glacier profile which
could not be GPS surveyed because of weather conditions. However,
conventional survey techniques were employed, and reasonable estimates of

the shot positions for this profile have been made.

Equipment

The Juneau Icefield Research Program provided a Bison 9024 (DIFP)
portable stacking seismograph and two lines of twelve geophones. Kinepak
brand explosives were used in conjunction with DuPont seismic detonator caps.
In addition a Bison battery-powered blasting box was employed. Morton

Thiokol snow-transport vehicles were used for moving equipment and personnel.

Field Methods

In all of the 1993 seismic work the two geophone lines were connected

together resulting in a configuration of twenty-four geophones on a single line.



TABLE ONE: POSITIONS OF SEISMIC SURVEY FLAGS

PROFILE Vil
FLAG NUMBER EASTING (m) NORTHING (m) Elevation (m)

1 487763 6524125 1898

2 488063 6523894 1839

3 488351 6523675 1824

4 488610 6523476 1816

5 488826 6523311 1812

6 489050 6523141 1807

7 489261 6522980 1804

8 489470 6522821 1800

9 489690 6522653 1794

10 489896 6522497 1790

11 490097 6522344 1787

12 490354 6522147 1793

13 490580 6521975 1815
PROFILE X
FLAG NUMBER EASTING (m) NORTHING (m) Elevation (m)

1 485269 6524979 1760

2 485393 6524944 1757

3 485522 6524914 1754

4 485651 6524862 1751

5 485771 6524796 1749

6 485872 6524709 1748

7 486047 6524560 1745
PROFILE X
FLAG NUMBER EASTING (m) NORTHING (m) Elevation (m)

1 490008 6526293 1878

2 490295 6526220 1874
PROFILE XIi Because of weather conditions,
FLAG NUMBER Elevation (m) Profile Xil was not GPS surveyed.

1 2010 However, estimates were made with

2 2020 the understanding that the survey

3 2030 line generally follows the transect

4 2040 line between Mt. Nesselrode and Mt.

5 2050 Bressler. Flags were positioned

6 2060 approximately 250m apart with

7 2070 Flag 1 about 300m from Mt

Nesselrode.




The spacing between geophones was 10m; therefore the total geophone
spread was 230m from end to end.
The first two profiles studied (IV, ll) were primarily exercises in trial and

error. At least seven methods were tried out:

1. A sledgehammer and iron plate were used to generate seismic
waves. Sledgehammer position was offset about 1-2m from the geophone line
in a split-spread fashion.

2. Various amounts of Kinepak (1-10 charges) were placed directly on
the snow surface and fired in a split-spread fashion with offsets of up to 100m
from the geophone line. This technique was tried by Poulter in Antarctica during
the Second Byrd Expedition (1950a), by Rothlisberger on Baffin Island (1955),
and by Doell on the Salmon Glacier in British Columbia (1963).

3. In-line shots were attempted with various amounts of explosives (1-
10 sticks of Kinepak) at the snow surface.

4. In-line shots with offsets of 100-1000m were carried out with 1-5
sticks buried about .5 m below the snow surface. A similar technique was
used in the Antarctic by Robin (1952).

5. Split-spread shots with various offsets were done with 1-5 sticks
buried at about .5m.

6. Split-spread shots were done with 1-5 sticks left in a open hole about



.5 m deep.
7. Split-spread shots with small offsets (less that 5Sm) were attempted
with 1-5 sticks buried at 2-3m. This was Poulter’s method of choice in

Antarctica (1950a).

Experimentation with these six techniques on profiles il and IV produced
almost fifty seismic records; however, none of them had clear reflecting waves.
Because of this, trials were carried out with above-surface shots. This was
done by attaching 1-5 Kinepak charges on a bamboo wand about 1-2m above
the glacier surface in a split-spread fashion. This yielded better, though still
vague, seismic records on Profiles Il and IV. However, by the time the
expedition had reached Profile VI, this above-surface technique was refined
enough so that clear reflections were being recorded.

The method of using a charge pattern suspended above the glacier
surface was first studied by T.C. Poulter and consequently is called the “Poulter
Seismic Method.” Its main advantage over a buried shot is that it
concentrates energy in the vertical direction, which enhances the signal-to-noise
ratio and strengthens the reflection (Poulter 1950b). The most useful variation
of the Poulter Method for the 1993 seismic work was found to be an above-
surface shot with single charges mounted on three 1-2m bamboo wands

arranged in a triangular fashion with each wand about 1m apart. This was



done in a split-spread manner with the offset of the shot pattern from the
geophone line between 80m and 200m (Figure 3). The best offset distance had
to be found by trial and error at each sounding point, and it was also
sometimes necessary to increase the amount of explosive to two sticks per
wand. On the other hand, it was possible on some occasions to use only a
single wand with one or two Kinepak charges. Again, this had to be

ascertained at each sounding point by trial and error.

Velocity of the Compressional Wave in Ice

The velocity of the compressional wave in ice is of importance because it

is the central constant in a seismic glacier depth analysis. In the literature

there is a variety of measured velocities:

Brockamp and Mothes, Austrian Alps (1927) 3600 m/s

Goldthwait, Crillon and Klooch Glaciers, AK (1936) 3000 m/s - 4600 m/s

Peterson, Port Barrow AK (1949) 3750 m/s
Poulter, Taku Glacier AK (1950c¢) 3950 m/s
Robin, Antarctica (1952) 3800 m/s
Allen and Smith, Malaspina Glacier, AK (1953) 3755 m/s

Roéthlisberger, Baffin Island (1955) 3760 m/s



Doell, Salmon Glacier, British Columbia (1963) 3660 m/s

Hobson and Jobin, British Columbia (1975) 3810 m/s

These velocities represent a mixture of data from polar, sub-polar, and
temperate glaciers. The compressional (P-wave) velocity in polar glaciers is
very well quantified and has been shown to be dependent on ice temperature
(Kohnen 1974). However, the compressional wave velocity in temperate
glaciers is also dependent on water content (Paterson 1981). This means P-
wave velocity can vary between temperate glacier systems, implying that there
is not a general value which can be applied in every situation. Therefore it was
necessary for the 1993 geophysical team to establish its own P-wave velocity
for survey use, and this was done by employing seismic techniques and radio-
echo sounding methods together. On Profile X the radar produced convincing
reflections, and since the propagation velocity of electromagnetic waves in ice
is well-known, it was possible to calculate a reliable ice-depth. Since there were
strong seismic reflections at the same position, a seismic compressional wave
velocity of about 3660 m/s was deduced. Since this velocity is consistent with
the findings of earlier workers, and since it is supported by this excellent radar
evidence, 3660 m/s is used for all calculations in the analysis of the seismic

records.
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Description of Seismic Records

Four primary types of waves are present in a typical 1993 seismic
record: the P-wave, S-wave, reflected wave, and the air wave (Figure 4). Of
these only the reflected wave arrived as a single pulse. The remaining waves
each arrived in groups of three parallel pulses, a pattern which was repeated in
all 1993 seismic records regardless of the geophone-shot configuration. This
triple pattern is interpreted to result from the use of Kinepak explosive, which
tends to burn less “cleanly” than other explosives, thus producing a multi-puise
waveform. Therefore each record is interpreted to have only one arrival each
of a P-wave, S-wave, and air wave. In other words, the triple pulse pattern
does not suggest three separate arrivals of each type of wave; instead, it is
indicative of a single, odd-shaped wavefront which is the result of the Kinepak
explosive.

The P-wave (first arrival) is interpreted as a compressional direct wave
which in some cases became a refracted headwave because of the velocity
contrast at the firn-ice interface. In areas where the firn layer was thin or non-
existent, such as Profile Il, no refraction was displayed because the entire first
arrival was a direct wave propagating through ice. In records from higher
elevations, where a considerable firn layer was present, the first arrival

underwent a subtle, though definite, refraction. From calculations using
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conventional refraction analysis, the firn layer present at Profiles VI, IX, X, and
Xl was measured to vary from 30m to 50m (Figure 5). The velocity of the
compressional wave in the firn was calculated to be about 1500-2000 m/s,
which is consistent with the findings of the Poulter survey (1950a). Using the
same methods the compressional wave velocity in ice was measured to be
3000-4000 m/s. Although much less elegant, this is roughly consistent with the
velocity determination carried out by radio-echo sounding.

At first glance the identity of the second arrival appears questionable as
it could be interpreted as a shear wave or a surface wave. However, upon
inspection it is clear that the second arrival undergoes refraction, which leads
one to the conclusion that it must represent a shear wave. This conclusion is
supported by Poulter (1950c) who stated that an air-shot creates vertical
shear movement in the upper firn layer. This gives credence to the idea that
shear motion could be detected by standard vertical-component geophones
such as the type used by the 1993 seismic survey. Poulter also asserted that
an air shot severely attenuates surface waves. This is consistent with the fact
that if the second arrival is interpreted as a shear wave, then surface waves
are completely absent from the 1993 seismic records

The reflected wave (typically the third arrival) is clear in most records
but is almost always quite weak. Therefore filtering, mostly low-pass, was

used as was automatic gain control (AGC) for strengthening the reflection.



FIGURE FIVE: REFRACTION ANALYSIS
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These efforts made reflections much easier to delineate, although the AGC

greatly increased background noise.

Analysis of Reflection Data

In order for the position and orientation of a seismic reflecting surface
(a glacier bed in this case) to be completely constrained in 3-D space relative
to a shot point, a geophone array must be configured so that all of the
geophones do not lie on a single line (Rothlisberger 1955). In order to achieve
this, a “cross,” “T,” or triangle geophone pattern must be employed. However,
because of time constraints and logistics, these configurations could not be
used during the 1993 field season. Fortunately, even with a layout of in-line
geophones, it is possible to estimate the orientation of a glacier bed and
glacier depth if reasonable assumptions are made.

Consider two hypothetical bed orientations. The first possibility, a
transverse dip, occurs when the glacier bed dips laterally under the geophone
line. In other words, since the geophone line was almost always oriented
perpendicular to glacier flow, this implies that the glacier bed in this case is
dipping perpendicular to flow, across the glacier. The second possibility, a
longitudinal dip, happens when the glacier bed dips perpendicular to the

geophone line. In this configuration, if the geophone line is again oriented



perpendicular to glacier flow, the glacier bed is seen to be slanting up-glacier or
down-glacier with respect to the glacier surface. Obviously, in nature neither of
these two situations exist by themselves. Instead they are end-members, and
natural bed orientations are combinations of transverse and longitudinal dip
components (Figure 6).

Since the 1993 seismic survey was completed with in-line geophones, it
was not rigorously possible to deduce from a particular seismic record the
complete description of bed orientation in terms of transverse and longitudinal
dip. However, if one of these components can be taken to be negligible in
comparison to the other, then a dip calculation could be made using only the
“significant” component. In this analysis it was assumed that the transverse
dip was much more important than longitudinal dip, and therefore the
longitudinal dip was neglected. As can be seen in Figure 6, this assumption is
reasonable because the transverse dip represents the component of the bed
orientation resulting from the curvature (U-shape) of the glacial valley. The
longitudinal dip would seem to be small in comparison to this and therefore
would have much less effect on the seismic records.

With this assumption a general travel-time equation was derived for the
geophone-shot configuration used in 1993 in the case of a transverse-dipping
glacier bed. (This derivation is tedious and is outlined in Appendix One) This

equation can be varied to account for different shot offsets and bed dip
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angles. Therefore theoretical reflection arrival times can be derived for a
particular bed orientation and shot configuration, and then the reflection data
from an actual field record can be compared with the theoretical curve.

The data analysis for each individual record was done by first picking
the arrival of the reflected wave at the center geophone. This value, in addition
to the offset distance, was entered for each record into a Microsoft Excel™
spreadsheet program desigtned to numerically solve the transverse travel-time
equation. Using this program several travel time equations portraying different
transverse dip angles were drawn for each record, and the curve of best fit
was then manually chosen. With this completed, the glacier bed orientation is
then known, and the glacier depth can be calculated using simple geometric
relationships.

An example of this treatment of the problem can be examined in Figure
7. In this case, the arrival time at each geophone of the reflected wave in
Record 0048 is graphed against geophone position relative to the center of the
array. (For example, the reflected wave arrival time at geophone # 1 is
graphed at x = 115, the arrival time at geophone # 2 is plotted at at X = 105,
and the arrival time at geophone # 24 is graphed at X = -115.) In addition,
the curve representing theoretical arrival times for a bed oriented at 13° is
plotted in the same manner. Since this curve correlates reasonably well with

the field data, the glacier bed in Record 0048 is consequently estimated to be
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oriented at 13°.

This analysis was done for each available record which had a reflection
covering at least 10 channels (see Figures in Appendix Two). (Records with a
reflection of spread over less than 10 channels could be fit to a curve; however,
having so few data points in most cases caused the curve/data correlation to
become quite ambiguous.) If a record did not qualify for dip analysis, two
approaches were used. First, if there were multiple records taken at a single
position, and if only one of these records had enough data points for a dip
analysis, then the calculated dip for that record was used in the analysis of all
of the “poorer” records at that position. Second, if none of the records at a
single position have enough data points, then the glacier bed was assumed to
be flat and the depth was estimated using depth = \/(VoTo)Z-XZ)/ 2 where Vo
= velocity of ice, To = time of reflection arrival at center geophone, and X =
offset distance. The results of the analysis of the records from Profile Vill, IX,
X, Xl are presented in Table 2. Since no creditable reflections were produced

at Profiles Il and IV, depth data from those profiles is not included.

Reliability of Results

The reliability of the depth calculation is mostly linked to the

trustworthiness of the raw reflection data, which in turn is dependent on two



TABLE TWO: BED ORIENTATION AND
DIP CALCULATIONS

PROFILE viii
Record Depth (m)  Dip Angle
Flag 4 0042 510
0046 530 14
Flag 4a 0047 550 15
Flag 4b 0048 590 13
Flag 9 . 0190 805
0194 825
0200 805 16
Flag 11 0203 645 20
0205 645
0208 610
0208 630

In Profile VIll "4a" is centered 115m towards Flag 5 from
Flag 4,. and "4b" is centered 230m from Flag 4.

PROFILE IX
Record Depth (m)  Dip Angle
Flag 3 0097 520
0099 450 13
Flag 5 0076 480
0077 460 11
Flag 6 0091 485
0095 450 0
Flag 7 0078 470
Flag 8 0108 510
0110 460 8




TABLE TWO: BED ORIENTATION AND
DIP CALCULATIONS (CONTINUED)

PROFILE X
Record Depth (m)  Dip Angle
Flag 1 0050 620 13
0051 600 12
0052 600
0056 600 11
Flag 2 0059 700 13
PROFILE Xil
Record Depth (m)  Dip Angle
Flag 2 0112 520
0120 470
Flag 3 0148 380
0145 370
0150 380
0153 380
0154 360
Flag 4 0138 400 8
0140 440
0143 400
Flag 5 0159 410
0161 410 13
Flag 6 0164 360
0167 360




main error factors: human error in picking reflections and machine errors in
recording the seismic records. The human error is difficult to quantify;
however, if it is assumed that the correct reflection wavefront was chosen in
each record, then the error in measuring the arrival time of this reflected wave
should not exceed about .025s. This translates into roughly an error of about
+40m meters in the depth measurement.

Machine errors, assqming all equipment was working properly, were
probably negligible compared to human errors. However, the seismic survey
did encounter a malfunction in the blast box which disabled the mechanism that
triggered the seismograph upon shot detonation. This meant the seismograph
had to be manually triggered on Profiles IX and Xli, which implies that “time
zero” on those seismic records was inaccurate. To compensate for this, the
shot offset distance was measured, and then by using 343 m/s for the speed
of sound, “time zero” was defined by measuring backward from the air wave
arrival at the center geophone. (In other words, if the offset was 200m, the
time required for the air wave to arrive at the center geophone is
200m/(343m/s) = .58s. Therefore “time zero” on that seismic record is
defined as being .58s in front of the air wave arrival at the center geophone.)
This obviously introduced many additional errors into the analysis. Roughly
estimating, this suggests that arrival times could be inaccurate by as much as

.1s. This translates into a possibility for almost £150m error in the depth



calculations for Profiles IX and XIi.

This analysis of the error in Profiles IX and Xl is very pessimistic, and it
might have rendered the data meaningless if multiple shots had not been
recorded at several flags on each profile. On both Profiles IX and Xll, records
taken at the same flag position result in depth calculations which correlate
much better than +150m. In most cases, even though the offset distance was
varied for many of the records, the depth calculations mostly agree to within
about £50m. Since each one of these record analyses is independent, this
implies that the error in depth calculation in Profiles I1X and Xil is much less than
+150m and is probably closer to +50m.

The reliability of the dip calculation must be examined differently because
the dip calculation is much less dependent on the accuracy of arrival time
measurement than the depth calculation. This is because the dip calculation is
contingent on the relative difference between reflection arrival times at different
geophones. Therefore machine or human errors, if they were made
consistently, should not effect the dip calculation. However, in all profiles the
trustworthiness of the dip calculation is strongly linked to the accuracy of the
assumption that the longitudinal dip of the glacier bed was small enough to be
negligible. If this premise is significantly incorrect, then the reliability of the dip

calculation will be much reduced.



Conclusion

Seven main conclusions can be drawn from the 1993 Seismic Survey on
the Juneau Icefield:

1. Radar and seismic work in conjunction indicates that the velocity of
the compressional wave in ice for the Juneau Icefield glacier system is
approximately 3660 m/s. |

2. Refraction analysis indicates that firn layer depths on Profiles VIil and
X are between 30-50m, and the speed of the compressional wave in firn is
about 1500-2000m/s

3. No clear reflections were produced on Profiles Il and IV by the Pouiter
Methods which later produced clear reflections on profiles Viil, IX, X, and XIi.
This implies that the reflections on Profile It and IV were obscured by the first
and second wave arrival. Since these waves arrive quite early on the record,
this means that the reflection must be from a shallow source, indicating that
the depth of glacier bed is probably not greater than 400-500m. This
conclusion supports Poulter’s findings on Profile Il an IV in the 1949 survey and
contradicts Nolan’s findings in the 1992 survey.

4. Profile VIl (Upper Matthes Glacier) is viewed as having depths of
about 500m on the western section of the profile with a bed orientation of

about 15°. The depth increases toward the center of the glacier and probably



reaches its maximum around Flag 7. By Flag 9 the dip angle has reversed, and
the glacier depth is about 800m. As the profile extends farther east toward
Flag 13 the depth decreases. (Figure 9)

5. Profile IX (Vaughan Lewis Glacier) is characterized by glacier depths
of about 450m (Figure 8).

6. Profile X (the divide between Matthes and Llewellyn Glaciers) is
characterized by depths of 600m at flag 1 and 700m and flag 2. Dip angles
are 10-15°. (Figure 10)

7. Profile Xll (Bucher Glacier) is characterized by depths of about 400m.

(Figure 11)
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FIGURE TEN: CROSS SECTION OF PROFILE X
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APPENDIX ONE

Outline of the Derivation of a Time-Travel Equation for a Transverse

Dipping Glacier Bed for the 1993 Geophone-Shot Configuration



APPENDIX ONE

DERIVATION
Define:
to = time required for reflected wave to reach center geophone
Vg = velocity of compressional wave in ice
X = offset distance from shot to center geophone
d; = distance from geophone (i) to center of geophone line
(for example: d1 =115m,d2 =105m......... dpg =-115m)
D; = \/(X2+di2) = distance from shot to geophone (i)
0 = true dip of glacier bed
Step One:
h= \/((Voto)Z-XZ)/ 2 = distance from shot to bed in plane defined by
shot position, center geophone, and a line perpendicular to bed
Step Two:
H = h/cos 0 = distance from shot to bed in plane defined by shot
position, center geophone, and a line perpendicular to surface
Step Three:

u = apparent dip = sin™1(cos A sin d)

A = angle between shooting line and direction of true dip
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A, = tan”1 (X/d))
Therefore:
by = sin”! (cos(tan‘1 (X/d;))sind)

This step characterizes the apparent dip of the glacier bed
underneath a line defined by a geophone and the shot position. Because of the
geophone-array configuration, a raypath traveling from the shot to a
geophone contends with a ’different apparent dip on the glacier bed for each
individual geophone. Therefore, since there are 24 geophones, this apparent

dip expression defines 24 equations, i.e. an apparent dip for each geophone.

Step Four:

S; = H(cospy)(cos(0-;))

This step defines “S;” as distance from shot to bed in plane defined by
shot position, a geophone (i) and a line perpendicular to the bed. Note that

for the center geophone, p = 0, and therefore S=h

Step Five:

The classical time-travel equation for a dipping refiector, which can be
found in a general geophysics textbook is defined as:

(V1)2 = 4A2+W2+2AWsiny

where V = velocity, t = time, A = distance from shot to bed in plane defined by



APPENDIX ONE

shot position, geophone, and a line perpendicular to the bed, W = distance from
shot to geophone, and } = dip of reflector under line connecting shot position

and geophone

Step Six:

By the substitution, and solving for “t,” the classical egquation
becomes:

tj = V(4S{2+(D;)2+2S{(Dpsinuy)/Vo

This expression represents 24 equations (one for each geophone).
However, note that for a particular shot offset, compressional wave velocity,
geophone, and true dip, this equation can be solved for a specific, numerical
time. A Microsoft Excel™ spreadsheet program was then designed to calculate
“t” given a particular shot offset, compressional wave velocity, geophone, and
true dip. Using this program, an X vs t graph could made for the entire
geophone array for a particular true dip. If this curve did not fit the field data,
another true dip would be tried, and this process would be repeated until a
good fit was found. Once the best fit true dip was found, the depth of the

glacier midway between shot and the center geophone was calculated by:

depth = (v/((Vqto)2-X2)/2)/cosd



APPENDIX TWO

Graphs of Data from Records and Corresponding “Best Fit” Travel-

Time Curves



APPENDIX TWO

REFLECTION ARRIVAL TIME (s)
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REFLECTION ARRIVAL TIME (s)
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REFLECTION ARRIVAL TIME (s)
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REFLECTION ARRIVAL TIME (s)
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REFLECTION ARRIVAL TIME (s)
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REFLECTION ARRIVAL TIME (s)
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