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i
ABSTRACT

To gain new insight into the mechanisms of basal motion, [ have demonstrated
the feasibility of an active seismic technique to measure temporal changes in basal
conditions on sub-hourly time-scales. Using changes observed in the summer of 1993
on Black Rapids Glacier, [ have determined part of the basal morphology and the
mechanisms of seismic change there.

One region of the glacier’s bed was monitored daily using seismic reflections,
for a period of 45 days. The majority of these reflections were nearly identical.
However, the englacial drainage of two ice-marginal lakes and one supra-glacial
pothole upglacier of the study site each caused significant anomalies in the daily
reflections, as well as dramatic increases in basal motion. Two of these seismic
anomalies were nearly identical despite the fact that their drainage events occurred at
different locations. Further, these two seismic anomalies were followed by records
identical to the non-anomalous state, showing that the changes were seismically
reversible. In one of these events, two records taken 36 minutes apart revealed that the
transition between the anomalous and normal states occurred completely within this
short interval.

Reflection arrival times during the anomalies require that a basal layer at least 5
m thick was either created or changed in situ. Reflection amplitudes indicate that such
a layer could be either water or a basal till, but water layers of such thickness are not
physically reasonable. Published values of wave speeds and densities of till are then
compared to those constrained by the observed reflection coefficients. Only a decrease
in till saturation can produce the observed changes in reflection amplitudes in the time
required. Because the transition from anomalous to normal states can occur in as little
as 36 minutes, any mechanisms involving the diffusion of water through a thick till layer
are ruled out, such as a change in porosity or pore-water (or effective) pressure. We
therefore interpret the cause of the seismic anomalies as due to a temporary decrease in
saturation, and propose that such a change may occur quickly and reversibly following

a lake drainage by a redistribution of the overburden pressure.
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PREFACE

This thesis is a combination of two papers written for the Journal of Glaciology,
presented as Chapters One and Two. They were submitted with the same main title as
this thesis, followed by “Part 1: Observations™ and “Part II: Basal Morphology and
Processes” respectively. I am responsible for their content and clarity as first author,
but gratefully acknowledge the many useful discussions I had with my Committee
Chairman and second author, Keith Echelmeyer.

Several changes were made to turn these papers into this thesis. The abstracts
have been combined, reworded, put in the first person, and placed at the beginning of
the manuscript. The references have also been combined, and placed at the end of the
manuscript. The figure numbers for Chapter Two have been renumbered beginning
with Figure 11 for continuity with Chapter One. Figures 1 - 10 are found at the end of
Chapter One, and Figures 11 - 19 are found at the end of Chapter Two.

The text was not altered. This leads to some duplication of material as the
Introduction to Chapter Two is essentially a recapitulation of the main findings of
Chapter One. Also, references to “Nolan and Echelmeyer (submitted)” refer to
Chapter One or Two depending on whether the reference is found in Chapter Two or
One, respectively.

The decision was made to submit a substantial amount of material as appendices
to these two papers rather than a third paper/chapter. These appendices primarily
focus on the uncertainties in seismic wave speeds in ice and till and how this
uncertainty affects the data analysis and interpretations. Including the material as
appendices keeps it close enough at hand so that journal readers can evaluate it along
with the main body of work if they choose, but separate enough not to slow down the
pace for non-seismologists. I wrote an additional paper (Nolan and others, 1996), as
part of my graduate studies, about seismic work done on Taku Glacier near Juneau. It
was not included in this thesis because it distracted from its theme of temporal changes

on Black Rapids Glacier.
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CHAPTER ONE: OBSERVATIONS

INTRODUCTION
An understanding of basal motion is essential to many studies of glacier dynamics,
including those of ice stream flow, glacier surges, and seasonal and short-term velocity
fluctuations. However, the difficulties of directly observing the basal interface have left
the mechanisms of such motion obscure, and our understanding of the processes
occuring at the bed is still far from complete. Boreholes, caves and tunnels provide a
means to observe the bed on a local scale, but they are often logistically unfeasible, and
can affect the dynamics. For instance, a single borehole is not a reliable indicator of the
spatial extent of subglacial changes, and it may disturb the existing subglacial drainage
system by introducing a new source for basal water. Aside from these localized
measurements, the bed of a glacier can be investigated only after the ice leaves, or it
may be imaged by geophysical methods such as electromagnetic or seismic sounding.
Seismic techniques have been used as a non-invasive method to investigate
basal motion over large areas on a variety of glaciers. For example, passive seismic
techniques have been used to measure the extent and nature of subglacial and englacial
seismic events related to glacier motion on Ice Streams B and C (Anandakrishnan and
Alley, submitted) and Variegated Glacier, Alaska (Raymond and Malone, 1986), as
well as to monitor events related to iceberg calving (e.g., Wolf and Davies, 1986;
Power and Echelmeyer, 1986). Active seismic measurements of ice thickness, using
explosive sources, have been used to estimate the deformational component of glacier
speed, and thus infer the component of motion at the bed, on Taku Glacier, Alaska
(Nolan and others, 1995) and Jakobshavns [sbrae, Greenland (Clarke and Echelmeyer,
1996). Active seismic methods have also been used to investigate basal and englacial

layer properties over extensive regions of Antarctica (e.g. Bentley, 1971). Similar
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methods have been employed to determine the thickness, porosity, and effective
pressure of subglacial tills’ beneath Ice Stream B (Blankenship and others, 1987), as
well as their spatial variation (Rooney and others, 1987; Atre and Bentley, 1993). Such
measurements have also been made on Rutford Ice Stream, Antarctica (Smith, 1997).
In a study similar to ours, seismic reflection methods have been used to observe
changes that occurred between pre-surge and surge conditions at the bed of Variegated
Glacier (Richards, 1988).

In 1993 we applied seismic reflection techniques to investigate changes at the
bed of Black Rapids Glacier (Fig. 1) during its annual spring speed-up, and during
subsequent short-term velocity fluctuations. This glacier was selected for study
because it has a well documented history of large seasonal changes in basal motion
(Heinrichs and others, 1996; W. Harrison, pers. comm.). These seasonal changes
appeared to occur on a reliable schedule, and our intent was to study the nature and
extent of concomitant changes at the bed by comparing the properties of reflected
seismic waves before, during, and after this speed-up. The repeated measurements were
made at a high temporal resolution to pinpoint the timing and location of basal
changes, and thus to increase our understanding of the mechanisms of motion at the
glacier bed.

Our study was part of a larger project in which researchers from the University
of Washington (T. Gades and C. Raymond) conducted analogous radio echo sounding
(RES) investigations, and the outlet stream of the glacier was monitored for
hydrological parameters (Cochran, 1995). From mid-May to mid-July, coincident with
the geophysical research, we surveyed ice-motion twice daily (including 3-D position
and horizontal strain over 5 km); measured vertical strain and passive seismicity hourly

near the survey site; monitored the outlet stream for stage, conductivity, and turbidity

" Following Patcrson (1995). we use the term 'till’ to refer to any unlithificd basal debris. whether
glacially-derived or overridden material. such as incompetent fault gouge beneath glaciers situated
along major faults or marinc scdiments beneath tidewater glaciers.
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using automated equipment; and occupied a stream-camp continuously for related
studies. These data provide the background against which companisons of the
geophysical data will be made. In this paper we present only the seismic observations,
focussing on their spatial and temporal changes. In Nolan and Echelmeyer (submitted;
denoted as “N&E” (in journal form) and Chapter 2 (in this thesis)) we give an
interpretation of these seismic observations in terms of subglacial morphology and the
mechanisms of seismic change. The hydrologic data have been analyzed by Cochran
(1995), and the radio echo sounding results are forthcoming (T. Gades, pers. comm.,

1997).

BLACK RAPIDS GLACIER: MOTION HISTORY AND DRAINAGE EVENTS

Black Rapids Glacier is a surge-type glacier in the central Alaska Range. Much of it lies
in an east-west valley along the Denali Fault, a major tectonic fault extending for
several hundred kilometers through the Alaska Range. Motion along this predominantly
strike-slip fault has placed granitic rocks adjacent to metasediments across the fault
(Nokleberg and others, 1992) and has caused a loss of competancy of the rocks directly
on the fault. It is interesting that three other large surge-type glaciers (Susitna, West
Fork and Yanert) lie along this fault just to the west (Harrison and others, 1994), these
glaciers appear to surge every 50 to 70 years (Clarke, 1991).

The glacier is about 43 km long, with an area of 246 km” . It flows from an
elevation of about 2500 m to a terminus at about 1000 m, with an average surface
slope of about 2.3° (Heinrichs and others, 1996). Centerline ice thickness is about 630
m near our field site (Fig. 1a). The glacier is temperate (Harrison and others, 1975),
and it is situated in the cold, dry continental climatic regime characteristic of interior
Alaska.

Black Rapids Glacier last surged in 1936-37 (Hance, 1937), and relic moraines

indicate that previous surges have crossed the current location of the Trans-Alaska
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Pipeline and a major highway (Reger and others, 1993), closing off the valley and
damming the Delta River (Fig. 1a). Since its last surge the glacier has thinned by up to
220 m near the terminus, while thickening by about 50 m on the upper glacier (K.
Echelmeyer and W. Harrison, unpub. data, 1996).

Average centerline surface speeds in the neighborhood of our field site are
about 55 to 65 m a’' . Based on a 20-year record of surveying (Heinrichs and others,
1996) and 15 years of time-lapse photography (W. Harrison, pers. comm.), we know
that the average annual velocity in the region between 14 and 20 km (Fig. 1) varies by
about 50% (30 m a™"), possibly periodically. The seasonal fluctuations in speed
mentioned above are superimposed on these longer term variations, with speeds in
spring and early summer being about 100 to 300% faster than those in winter, as
averaged over a few weeks. The spring transition in speed occurs abruptly within about
a day, and the velocity generally remains high for two to four weeks. Afterwards there
is a slow decay to a minimum in late summer, followed by a gradual increase through
the winter. This spring speed-up usually occurs between 1 to 10 June. All of these
variations in speed are due primarily to changes in basal motion (Heinrichs and others,
1996).

Unfortunately, in 1993 the spring speed-up occurred about two and a half
weeks earlier than expected (May 22), on the day that our seismic monitoring began.
During the subsequent measurement period, however, we observed three jokulhlaups’
upglacier of our monitoring site. Associated with each jokulhlaup was a period of
increased glacier speed, with up to a fourfold increase in speed during each event, as
well as up to 15 cm increases in surface elevation (Fig. 2). The high speeds lasted about
a day each, while the elevation changes varied in duration (Fig. 2). Such events appear

to be annual phenomena (Sturm and Cosgrove, 1990; Raymond and others, 1996;

" Here we follow Paterson’s (1995, p. 127) definition of “jékulhlaup’: “the sudden and rapid draining
of a glacicr-dammed lake or of water impounded within a glacier’. and usc “drainage event'to include
all survey. scismic. and hydrologic anomalics apparently caused by a jokulhlaup.
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Truffer and others, 1996). For a period of about 45 days encompassing these events,
we made nearly daily seismic reflection surveys of one section of the bed that was
affected by these transient water inputs. This paper describes the seismically detected
changes at the bed that occured during these events.

The three jokulhlaups varied in size, location, drainage method, and glacier-
dynamic effects. We observed the first and third jokulhlaups, located at ice-marginal
lakes on the north side of the valley (labelled I and III in Figure 1), and afterwards
completed maps of their empty basins. About 10° m® of highly turbid water drained
from each. The second j6kulhlaup, located at a supra-glacial pothole (I, Fig. 1), was
neither directly observed nor was its basin surveyed afterwards. No more than about
10° m® of clean meltwater drained from this pothole, but other nearby potholes may
also have drained at the same time. Details of these events will be provided in a later

paper; we introduce only as much of these data as is necessary herein.

SEISMIC BACKGROUND AND METHODS

Wave types and speeds
Seismic waves are characterized by the type of particle motion they induce through a

medium (Fig. 3). The direction of particle motion for compressional (P) waves is the
same as wave propagation, whereas for shear (S) waves it is perpendicular. S-wave
particle motion can be decomposed into vertical (SV) and horizonal (SH) polarizations.
Rayleigh waves (or 'ground roll') only travel along the ice surface and are are
considered to be coherent noise in this study.

Upon reflection of a P-wave at non-normal incidence, some of the incident
energy is converted to SV motion (Fig. 3), and vice versa. SH motion does not
undergo such conversion. Unlike P-waves, S-waves are often difficult to generate
with explosives, and thus converted P-to-SV (P-SV) reflections may be the only means

to study S-wave response. This was true in our study: no useful S-waves were
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generated by our sources. In addition to these reflected and converted waves, direct P-
and multiple P-wave reflections are often observed in seismic studies on glaciers.

The speeds of P- and S-waves, V), and V., respectively, in temperate ice are not
well constrained. They are sensitive to the amount of liquid water at the grain
boundaries (Roethlisberger, 1972). The speeds in colder ice, where little water is
present, are much better determined. The wave speeds for temperate ice that we use in
this paper were derived from data obtained during our project, as described in
Appendix A. The results are presented in Table 1. In particular, we found an average
P-wave speed of };,= 3704 ms™', which is at the upper end of the range recommended

by Roethlisberger (1972, p. 20) of 3600 to 3700 m s™.

Table 1. Wave speeds, densities and wavelengths for various media. Wavelengths are
calculated assuming 80 Hz, the dominant frequency of our reflections. Ice values are
discussed in Appendix A. Rock values are those given by Richards (1988). Till values
(except wavelength) were measured by Blankenship and others (1987) on Ice Stream
B. The maximum and minimum values refer to the effect on the reflection coefficients.

V, V. Density Wavelength

Media ms' ms' kgm® m
Ice 3704 1850 910 46
Rock 4200 2600 2700 53
Water 1412 0 1000 18
UpB till, max 1700 130 2000 21
UpB till, min 1400 160 2000 18

Experimental design
In his study of the 1982 surge of Variegated Glacier, Richards (1988) showed that P-

SV reflections would change polarity in response to the development of water layers as
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thin as 0.1 m, whereas P-P-waves would remain virtually unaffected. Such thin water
layers are hypothesized to occur in a system of linked cavities over a wide area during
surges (Kamb and others, 1985) and may exist beneath part of Black Rapids Glacier
during non-surging flow (Raymond and others, 1996). Since we expected the changes
causing the spring speed-up to be related to increased water at the bed, our
experimental set-up followed Richards' emphasis on recording P-SV reflections.
However, instead of seismic recordings made almost a year apart (pre-surge and surge
conditions), we made daily measurements, allowing us to observe changes over the
short time intervals inherent in spring speed-ups.

Recording P-SV reflections requires large shot-receiver offsets because the
conversion is weak at near-normal incidence. To accommodate such large offsets, we
placed the shot-reciever axis in the direction of glacier flow, near the valley centerline
(Fig. 1). Our shot-receiver offset was chosen so that we would clearly record P-SV
reflections, as well as direct, reflected and multiple P-waves, without significant
interference from the ground roll. The smallest offset which met these criteria was
1350 m, giving nominal incidence angles (8 in Fig. 3) of 45 to 55° for the reflections, as
discussed below (Fig. 1b). The actual shot locations varied within a 5 m radius of 1350
m to avoid excessively fracturing the ice at a single location and thereby potentially
changing the source characteristics among the approximately 100 shots taken there.

The seismic data were recorded using a 12 channel Bison 7012 seismograph,
with a 0.25 or 0.5 ms sample rate, and a record length of 0.5 or I s, respectively. High
frequency geophones, with a linear response from about 14 to 400 Hz, were used
throughout the study. Shots were typically 0.7 kg of nitro-glycerine based explosive
(tradenames: Gelmax or Unimax), and were placed about 1.5 m below the ice surface.
As a potential alternative to dynamite, we experimented with a sled-mounted "Thumper'
unit, which used an enormous rubber band and hydraulic pistons to slam a weight onto
a metal plate on the ice. This system did not release enough energy into the ice to

create usable results even with multiple stacking of the records. Radio triggers
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provided the timing between shot detonation and seismograph recording; these were
the cause of variable and intermittent timing delays, as described below and in
Appendix B.

Both vertical and horizontal geophones were deployed. The vertical geophones
are optimal for recording P-waves, and the horizontal geophones, oriented parallel to
the shot-receiver axis (a ‘radial’ orientation), are optimal for SV waves (Fig. 3). Two
parallel cables of 12 geophones each (one of vertical and one of horizontal geophones)
were deployed such that one geophone from each cable was placed in each of 12 snow
pits, directly on ice. The pits (initially 2.5 m deep) were about 27 m apart, yielding a
total spread length of 300 m. Other than occasional resetting due to snow and ice melt,
and occasional reorientation of the horizontal geophones to record SH waves, the
geophones remained undisturbed for the duration of the study. The geophones farthest
from the shot (1650 m offset) are labelled as geophones 1V and 1H, for the vertical and
horizontal cables, respectively; those closest to the shot (1350 m offset) are 12V and
12H.

There were primarily two types of seismic data collected for this study; we refer
to them as the daily and longitudinal data sets. The daily set consists of 38 and 44
records from the vertical and horizontal geophone cables, respectively, all with a
nominal offset of 1350 m from geophone 12. We attempted to make one record per
day on each cable; bad weather, misfires, and timing errors account for the different
number of measurements. As our emphasis was on recording P-SV waves, we made
the horizontal measurements first. If the timing was bad, we sometimes opted to make
a second measurement with those geophones. Such was the case on Day 175, and this
resulted in a very fortuitous experimental result, as described below. The longitudinal
data set consists of a total of four longitudinal sections for each of the two geophone
orientations, collected at different times throughout the summer. These longitudinal
measurements were made by leaving the geophones in place at their “daily” locations,

and moving the shot down-glacier in 300 m increments (one geophone-spread length)
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for a maximum offset of 4500 m from geophone 12; the sections varied in number of
shots and longitudinal coverage. The objective of the longitudinal data was to better
identify the type of waves, the wave speeds and the location of the reflectors, as well to
constrain the longitudinal extent of any subglacial changes.

Two types of timing errors affect our results. Our data collection suffered from
a variable and intermittent delay that caused the seismograph to tum on O to 150 ms
after shot detonation. This error affected both daily and longitudinal data sets. The
accuracy of any analyses that compare records from two or more shots is, therefore,
limited by our attempt to shift each record to the common-zero time of shot
detonation. We used a combination of techniques for this shifting, as described in
Appendix B, and we estimate their combined accuracy to be =1 ms. As a simple means
to provide timing synchronization between the daily horizontal and vertical shots, albeit
in a limited way, we traded one horizontal geophone for a vertical one at location 12.
Thus each cable had 11 geophones of one orientation and one of the other. This
allowed us to correct for any timing shifts due to the shape of the recorded waves.

Once the seismograph was triggered, the timing accuracy was limited only by
our ability to distinguish the signal (e.g., arrival times and amplitudes) from the noise.
We did this digitally, and believe such measurements are accurate to +1 ms. The
seismic data were filtered with a 32 to 1000 Hz bandpass filter prior to recording in an

effort to minmize the effects of the low frequency ground roll.

WAVE IDENTIFICATION AND REFLECTOR MIGRATION

We were able to identify the type of waves present by comparing the arrival times of
the observed waves along the geophone spread (the so-called 'moveout') to theoretical
time-distance curves (also known as traveltime curves). Preliminary identification was
made in the field using a normalized time-distance chart (Roethlisberger, 1972). The

seismograms in Figure 4 are examples of our longitudinal data. The superimposed
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time-distance curves were calculated using a simple geometry with ice of a uniform
thickness over bedrock. We used these curves to identify the most coherent P-P, P-SV,
and multiple P-P (P-P P-P) waves in the seismograms, as well as the direct P-wave and
ground roll. (Here P-P denotes an incident P-wave reflected as a P-wave.) As can be
seen in these figures, there are several waves of each type in the longitudinal sections.
They come from different parts of the valley bottom and walls, as identified below. This
multitude of different waves is a feature of seismic reflection studies on valley glaciers,
due to the bed’s curved shape, and is not commonly found on ice sheets.

We interpret the converted reflections as P-SV rather SV-P ( both would have
the same moveout for a parallel ice surface and bed) because they have a larger
amplitude on the horizontal geophones (Fig. 4a). Additionally, no direct or reflected S-
waves were recorded, and it is probable that no S-waves (or only very weak ones) were
generated by our source.

Several coherent P-P and P-SV waves in show up on only limited sections of
the records, and some are unaccounted for by time-distance curves (Figure 4). In
addition, the correspondence between the labelled waves and their respective time-
distance curves is not exact because the subglacial valley, which comprises the
envelope of the reflectors, is characterized by ridges and troughs, not the smooth, flat
surface we assume for calculations.

Knowing the locations of the reflectors, especially those seen in the daily
records, is essential for a complete glaciological interpretation of any observed
changes in them. For example, are the different P-P reflectors located beneath each
other, or are they spread across the width of the valley? Our simple traveltime model
yields only a reflector's distance measured perpendicular to the shot-receiver axis. The
location itself is unconstrained in the transverse direction because even though the shot,
the geophone array, and the retlector all must lie within a single plane, that plane may
not be vertical. This again is a significant difference between seismic investigations on

valley glaciers and those on ice sheets. We need further information from outside this
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plane to determine the three-dimensional locations of the reflectors (so-called
‘migration") within the glacier valley.

One method we used to obtain this three-dimensional information was to make
seismic shots with a portion of the geophone array aligned transverse to glacier flow,
giving the array an 'L’ shape. (These were made before the geophones were fixed in
their permanent “daily” positions.) Because the P-P-waves overlapped, we could not
pick arrival times that were accurate enough to invert for location (P-SV waves cannot
be uniquely inverted). However, the effects of varying the shot location while
recording on the "L’ arrays indicated that at least three of the P-P-waves (labelled N, C,
and S in Figure 4) are the result of focussing - that is, the concavity of valley walls
concentrates reflections from widely separated reflectors located on the valley bottom
and walls toward the geophones.

We next applied foward modelling techniques as a means of migration. Ray
tracing provided information on the longitudinal position of the reflectors. The
tranverse position of the reflectors was determined by comparing the radial distance of
a reflector measured on the time-distance curves (Fig. 4) to a transverse cross section
of the study area, measured by seismic reflections and radio echo sounding (RES).
These techniques are not fully three dimensional (we only have a linear array), but they
do give an estimate of the three-dimensional location of the reflectors which utilizes the
partially known geometry of the glacier valley. The limited accuracy of these techniques
makes it difficult to positively identify any reflections arising from the lower interface of
a subglacial till layer (if present), as could be done by Blankenship and others (1987)
using the seismic records from Ice Stream B.

Applying geometric ray tracing methods within a longitudinal section of the
glacier (i.e., imposing Snell’s Law at the reflector) leads to the results shown in Figure
5. In this vertically exaggerated figure the approximate longitudinal locations of the
daily P-P, multiple P-P, and P-SV reflectors are shown, as obtained by tracing the first

arrivals of each type of wave to each geophone. The bed was specified by RES and the
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glacier surface by surveying (T. Gades, pers. comm., 1994); RES data works well for
this purpose because of its high spatial resolution. This migration is only strictly valid
for reflectors located along this centerline profile. It indicates that the reflectors are
distributed over a 1300 m length of the bed, and that the irregular bottom, combined
with the large shot-receiver offset, results in reflectors for the different wave types that
do not overlap. Therefore, comparisons of changes in P-P and multiple P-P reflections,
for example. require caution because they represent different parts of the bed and the
reflectors may be affected differently as subglacial conditions change. The P-P
reflections come from a section of the bed about 650 m downstream of geophone 12.
The P-SV and multiple P-P reflectors, unlike the P-P, are unevenly spaced compared to
surface spacing of the geophones, and they may lie on both the lee and stoss sides of
bumps in the bed, as shown in Fig. 5. Again, since such reflectors might be affected
differently, two geophones 27 m apart on the surface may be recording changes within
two independent subglacial regimes. As we will later show, the measurements of both
P-SV and multiple P-P-waves reveal that some of the reflectors were in fact
topographically discontinuous and each region was affected differently.

The transverse positions of the different reflections were determined using a
cross-section of the valley measured at the approximate location of the P-P reflectors
shown in Figure 5, 650 m downglacier from geophone 12. This transverse cross-
section (Fig. 6) was determined from a combination of RES measurements from 1993
(T. Gades, pers. comm., 1994), seismic measurements made in 1993 and 1996
(migrated using techniques of Clarke and Echelmeyer, 1996), and hot-water boreholes
drilled in 1996. The radius of each of the three semi-circles in this figure is equal to the
distance from the shot-receiver axis to the three P-P reflectors N, C, and S labelled in
Figure 4; they are the loci of all possible locations for each of the retlectors (assuming
travel through ice only). Note that the annotated distances are not depths. instead they
are distances from the shot-reciever axis at the ice surface. Barring any unlikely

englacial reflectors, reflection N (corresponding to a distance of 540 m) is
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unambiguously located about 350 m north, and 100 m above, the deepest part of the
bed (Fig. 6), at a depth of about 500 m.

The locations of the two other P-P reflectors, C and S, are more ambiguous
because their loci have two intersections with the bed. From Snell's law, we know that
the tangent to each circle must be parallel to the transverse slope of the bed for a
reflection to be recorded. Figure 6 shows the intersections that best meet this condition
for reflectors C and S. This figure shows the significance of labelling these reflections
N, C, and S - North, Center and South (or, PPy, PP, and PPs). Reflection PP- comes
from the center of the valley at a depth of about 600 m, and reflection PPs probably
comes from a point about 350 m to the south of the centerline at a depth of 550 m.
There is the possibility that one or both of these waves could have traveled through a
subglacial layer that has a slower wave speed (e.g., till, Table 1) for part of its path. In
that case, the radius of its reflection locus would be decreased somewhat. On the other
hand, if these reflections came from the top of a subglacial layer, other reflectors could
be beneath; such reflections are impossible to identify confidently, yet they would
contribute to the complex suite of P-P reflections shown in Figure 4.

The angles of incidence of these P-P reflections at the subglacial interface are
important for later interpretion (N&E). Because of the large shot-reciever offsets and
the measured ice thickness, we expect these angles to be about 45 to 50°, which cannot
be taken as “near normal” (i.e., zero) incidence in any analysis. To obtain a more
accurate value for the angle of incidence for reflection PPy, we utilize the moveout of
its unobscured arrival times to calculate the slope of the basal interface relative to the
surface following the migration procedures developed by Clarke and Echelmeyer
(1996). This method shows that reflector PPy was inclined upward about 2°. This
implies an angle of incidence of about 49 to 54° for the rays reaching geophones 12 to
1, respectively. The incidence angles for reflection PP- were estimated from ray
tracing (Fig. 5), and were in the range 47 to 53° across the geophone line. For PPs,

they were estimated to be 44 to 49° .
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The traveltime of the brightest P-SV reflection (labelled in Fig. 4) corresponds
to a distance of about 620 m from the shot-receiver axis, implying that this reflector is
probably located near the deepest point of the cross-section, similar to reflector PPc.
An earlier, uniabelled P-SV reflection, with a 550 m distance, is probably located along
the northern valley wall at a location similar to PPy in the cross-section. Again we note
that these P-SV waves need not come from the same reflector as the corresponding P-P
returns, as shown in Figure Sa.

There are two multiple P-P-waves with similar arrival times (620 m and 630 m
from the shot-receiver axis), distinguishable only because sometimes one changes and
the other does not (shown most clearly in Figure 7 and on the daily seismograms, Fig.
9, described below). There are at least two geometric possibilities for each wave: its
two reflectors are located near deepest part of the valley (e.g., Fig. 5), or the two are
located on opposite walls of the valley near PPy and PP (Fig. 6). Of the two
possibilities, the former is the only one that we can geometrically verify with ray
tracing; the latter is speculative. The difference in arrival time between the two
different multiples could also result from the later one travelling through a slower
subglacial layer. The uncertainty in both the wave speeds and subglacial topography
prevent us from distinguishing these possibilities.

We also observed a refracted wave in the longitudinal section with the farthest
shot offset (4500 m). This indicates that the ice is underlain by a medium with a faster
P-wave speed, such as any of the metamorphic and granitic rocks found in the area.
This wave travels along the interface at the wave speed of the lower medium. Due to
poor signal to noise ratio, curvature of the valley, and the possibility of low velocity till
layers, we can only constrain [, of this lower medium to be 4500 + 500 m s which is
about what we expect for the local rock types.

To summarize. our analysis shows that there are three prominent P-P
reflections: the one labelled PP\ comes from the north side of the valley about 100 m

above the deepest part of the channel (500 m depth), the one labelled PPc comes from
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the near deepest part of the channel (about 610 m) near its centerline, and the one
labelled PPs from the south side at a depth of about 550 m. There are also relatively
strong P-SV and multiple P-P reflections that probably come from the deepest part of
the channel and, in the case of one of the P-SV waves, from the north side. It is the
temporal changes in these reflections, particularly PPy, that form the basis of our

analysis of the basal morphology of Black Rapids Glacier in N&E (Chapter 2).

TEMPORAL CHANGES IN SEISMIC DATA

We observed reflections from the same locations on the bed (e.g., PPy, PP, and PPs)
on a daily basis for about six weeks from 20 May (Day 140) to S July (Day 186). The
daily records were examined to determine what changes, if any, occurred in the various
reflections from the basal interface(s) throughout the study period. Because of the large
number of individual traces and the fact that some of the observed changes were
relatively small, we had to develop analysis methods that would clearly illuminate the
trace-to-trace differences. These methods are discussed next, after which the results are

presented.

Analysis methods
All of the daily traces from a particular geophone were initially ‘gathered’ as in Figure

7 and visually inspected for differences. Clearly erroneous or noisy traces were
eliminated. Since neither the absolute timing (due to faulty triggers) nor the absolute
amplitudes (due to variable source coupling) could be compared directly between
traces, both of these values were then normalized using another wave in the same trace.
However, it should be noted that source coupling was remarkably uniform throughout
the study period, as can be seen in Figure 7, and this normalization was minimal.
Quantitative comparisons of the changes in arrival time (e.g., Fig. 8a) and amplitude

were then made. This was done with most combinations of the direct, reflected (P-P

e ]
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and P-SV), and multiple waves, realizing that normalizations using reflected waves are
of questionable validity because their reflectors are at different locations.

Cross-correlating daily records was another effective way to quantitatively
characterize their similarity. The set of daily traces at a given geophone was analyzed
by comparing: 1) every trace with every other trace, 2) every trace with a single
'typical' trace, 3) every trace with the average of all the traces at that geophone, or 4)
each trace to the preceding trace. Different effects were illuminated by each method.
Figures 8b and c are examples of the fourth cross-correlation method -- comparing
each geophone’s recording to that of the preceding day. The mean correlation over all
twelve geophones for each daily record is shown.

Digitally overlaying two records often proved to be the most useful technique
for determining the nature and extent of the differences between them, particularily on
days when large-scale changes occurred at the bed. On such days, comparisons of the
amplitude of a particular wave had little value because it was often not clear if the same
reflections were still being compared. Examples of such a comparison are shown in
Figure 9.

In undertaking these analyses, we found that there were two major categories
of daily records, which we label as “normal’ and ‘anomalous’. Although there was
some variation between the records within each category, the two categories are well
distinguished. For most of the summer, the records were nearly identical, with only
minor variations. The similarity in waveforms throughout the summer can be seen in
Figure 7, which shows all of the daily traces for geophone 10H. Most of these traces
show very few changes in amplitude or timing throughout the summer; these are the
‘normal’ records. Only those associated with the drainage and motion events are
‘anomalous’; they occurred on Days 165-167, 169-171 and 175. At first glance, the
differences between these two record-types are not large, but they are significant. We
first describe the features of the normal records as these will be useful for illuminating

the anomalous features of the second category.
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Features of the normal records
There were no trends in arrival times for the various waves in the normal records.

Figure 8a shows the difference in arrival time between the direct P-wave and PPy for all
horizontal geophones, along with their mean for each seismogram (heavy circles). This
pattern is typical of both vertical and horizontal geophones. The standard deviation of
these means (not including the outliers) is about 2 ms, which is about the combined
accuracy of our picking ability. The prominent outliers in this figure are associated
with anomalous records. The apparent scatter of individual traces about the mean for a
particular day is real — the moveouts of the direct and reflected P-waves are not the
same, so each geophone records a slightly different time difference.

In general, there were few trends in the amplitudes of the various waves in the
normal records. Those trends that we did identify were only apparent on the horizontal
geophones; the vertical geophones showed almost no coherent changes. These include:
1) the P-P to P-SV amplitude ratio gradually decreased throughout the summer; 2) the
ratio of P-P to multiple P-P increased after the second jokulhlaup (Day 169), primarily
due to a change in the multiple P-P; 3) the P-SV to muitiple P-P amplitude ratio
increased after Day 169; and 4) in general, most of the amplitude ratios show more
scatter after Day 169. Here P-P refers to reflection N, P-SV to the 620 m P to SV
reflection, and multiple P-P to the most prominent (630 m) P-P-wave multiple. We
might expect to find some variations as the geophones were displaced relative to the
bed by glacier motion throughout the study period (a total of about 12 m), yet such
changes are impossible to predict. However, using the cross-correlation techniques
above, we can distinguish the effects of such daily motion from those related to
changes in basal conditions.

Applying the second cross-correlation approach above, namely selecting one
particular day as a standard for comparison, reveals that the greater the time interval
between two records, the more dissimilar they were (that is, their correlation coefficient

was reduced). This trend was linear with the number of days between the records, and
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thus was not related to temporal variations in basal conditions. It is probably caused by
the changing location of the geophones relative to the bed, as well as to the gradual
increase in ground-roll wave speed as the snow melted, which would cause a decrease
in correlation between records spaced further apart in time. The third technique,
comparing each trace to the average trace, accounted for this bias, although this
suffered from using a somewhat artificial standard for comparison.

The fourth technique of cross-correlation, that of comparing each trace to the
previous one, highlights the difference between successive records, and is not affected
by the daily motion. Results of this correlation over the study period for the vertical
and horizontal geophones are shown in Figures 8b and 8c, respectively. Most of the
records have a cross-correlation coefficient with the previous record of 0.75 or higher;
these 'nearly identical' records are the normal ones. There is somewhat more variation
in the horizontal geophone records.

There are several ‘normal’ records that have a cross-correlation coefficient less
than 0.75, but they each have extenuating circumstances. For example, records from
Days 144 and 146 have a poor ice-shot coupling and all waves -- including the direct P-
wave and ground roll - are of a lower amplitude, as can be seen in Figure 7. This
lower amplitude causes slight differences in waveforms, and thus a weaker correlation.
Measurements made on Days 180 and 184 have low coefficients because several of the
geophones on each geophone cable were temporarily switched or reoriented to study
local effects, causing some traces to be inverted (Fig. 7). Inspection of these records
using overlays reveals that they too are ‘normal’ once these experimental discrepancies
are accounted for.

Overlays of two such normal records highlight their similarity (Fig. 9a). The
cross-correlation between the two records overlayed in this figure was about 0.9; no
amplitude scaling was applied. This shows that the source/ice coupling was nearly

equal for the two records, as was typical throughout the summer.
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Features of the anomalous records
There were only three periods throughout the summer when significant changes in the

seismic reflections were observed. We refer to these as anomalies [, II, and III; each
corresponds to one of the three lake drainage events. Unfortunately, no longitudinal
cross-sections were made during these events and therefore none could be used to

constrain their longitudinal extent.

Anomaly [: There were several changes associated with the first jokulhlaup, on Days
165-167. In Figure 9b, which compares Day 166 (anomalous) to Day 159 (normal),
reflection PP\ was unaffected (Figs. 7 and 9b), but there were minor changes to PP¢
and larger changes to PPs, particularly on the horizontal geophones. The latter appears
to have changed polarity, but this finding is somewhat ambiguous.

The early multiple (corresponding to a distance of 620 m from the shot-receiver
axis, immediately preceding the time-distance curve labelled "P-P P-P: 630 m’ on
Figure 9b) also appears to have changed polarity following the first drainage event.
The later multiple appears only slightly shifted, with perhaps a minor increase in
amplitude. The changes in these multiples were smaller on the horizontal geophones,
partly due, perhaps, to the fact that these P-waves were much clearer on the vertical
geophones. Minor changes were observed on the horizontal geophones for the 620 m

P-SV wave.

Anomalies Il and III: Seismic anomalies were observed following the second and third

jokulhlaups as well. The changes from the normal records were more prominent than
those observed during anomaly [. It appears that each of the three P-P reflectors were
affected, as well as the multiple P-P and P-SV waves; these reflectors span the entire
700 by 1300 m study area (Figs. 5 and 6). These anomalies, on Days 169, 170, and
171 and then on Day 175, were nearly identical to each other despite being separated

by normal records on Days 173 and 174 (Figs. 9c, d, and e), so we discuss their

- . - . )
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changes together. Two measurements were made using the horizontal geophones
during the early part of third lake draining event: the first was anomalous and the
second, 36 minutes later, was completely back to normal (labelled Day 175.688 and
Day 175.713, respectively, on Fig. 7). There are several interesting features of these
anomalous records, and it is these anomalous features that give us the most definitive
constraints on the changing morphology of the basal interface.

The first P-P arrival on these anomalous records was about 10 ms later than
normal (Figs. 7, 8a, and 9¢; no data points exist for days 170 and 175.688 on Fig. 8a
because no direct P-wave was recorded due to timing errors). This first P-P arrival no
longer originates from reflector N. If it did, the 10 ms increase would then require that
either the ice thickened by over 17 m in one day, or that the bulk-ice wave speed
temporarily dropped by almost 150 m s™*, while the near-surface wave speed remained
constant. Neither scenario is plausible, especially given the 36 minute time constraint.
This new first arrival may be from a new reflector or simply a second arrival in the
normal records; alternatively it may be from the bottom of a basal layer beneath
reflector N (implying that reflector N is at the top of a basal layer).

Most of the subsequent reflections during anomalies [T and III are also
uncharacteristic of the normal records. Several of the P-P-waves seem to be phase-
reversed from those on the normal records, and they have changed in about the same
manner on both the vertical and horizontal geophones. Of all the P-P-waves, reflection
PP, from near the deepest part of the valley, appears to have changed the least.

The change in the P-SV waves is different on the two orientations of
geophones. On both, the first peak of the earlier P-SV wave (corresponding to about
550 m distance from the shot-receiver axis) decreases to near zero amplitude and the
next peak may be phase reversed. The second P-SV wave (620 m distance) remains
essentially unchanged in amplitude or phase on the horizontal geophones, while it is
somewhat phase shifted on the vertical geophones. These two waves display complex

structure. For example, the shape of the anomalous 620 m P-SV wave (Fig. 9¢)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

sometimes has two peaks without an intervening trough. This effect can only be
caused through superposition of more than one wave; interpretation of such changes
will be ambiguous. The changes to both P-SV waves is more pronounced on the
geophones closest to the shot, suggesting that the reflectors for different geophone
arrivals are located in different subglacial regimes along the bed. This possibility is also
suggested by Figure 5.

Significant changes were also observed in the P-P multiple waves. On both the
horizontal and vertical geophones, the later-arriving, more prominent multiple appears
to have changed polarity and possibly increased in amplitude. The earlier multiple does
not seem to have change significantly on the vertical geophones. Changes in polarity
and amplitude are apparent on the horizontal geophones with offsets between 1450 and
1650 m, but not on the closer ones. Similar to the P-SV waves, this suggests that this
multiple results from discontinuous reflectors that are affected independently.

There are only minor differences between the anomalous records from Days
169, 170, 171 (event II) and Day 175.688, as is shown by example in Figure 9e and the
cross correlations in Figures 8b and 8c. The anomalous record from Day 175 in Figure
e is missing the direct P-wave arrival because of timing errors, but it has been shifted
properly and is nearly identical to the anomalous records from the previous event. Each
of the reflections returned to normal after events II and III, except for the 620 m P-SV
wave, which continued to have a slight phase shift during the interval between the two
events. That these two anomalous records are separated in time by three normal daily
records and yet are nearly identical indicates that the basal conditions existing after the
second and third jokulhlaups, which came from different lakes, were similar over much
of the bed and that the changes are the result of similar processes.

It is significant that the seismic records during event [ were only slightly
changed from normal ones, while those during events Il and [1I were markedly
different, especially given the magnitude and timing of the associated glacier motion

events, as is discussed in the following section.
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CORRELATION OF DRAINAGE, SURVEY AND SEISMIC MEASUMENTS

The sequence of drainage events, seismic anomalies, increased motion, and surface
elevation change is shown in Figure 10. This figure allows us to constrain the duration
of the seismic anomalies. assuming that no changes occurred between our
measurements. As we will discuss, this assumption should be regarded with caution.
We use the initiation of the jokulhlaups as a minimum estimate for the initial time of a
seismic anomaly.

The initiation of each jokulhlaup can be estimated fairly accurately In the early
afternoon of Day 164 we observed water from the first lake draining through a channel
cut into its bank. This muddy water travelled downglacier along the ice surface, filling
several small lakes bordering the moraine of a tributary glacier. before entering a
moulin. We estimate that the water first reached the bed by Day 164.6 = 0.1 days, at
the earliest. The second jokulhlaup was not observed, but we did find a freshly-drained
supra-glacial pothole a day later; automated camera data indicates that several such
potholes may have drained simultaneously (W. Harrison, pers. comm.). Our survey
data shows that increased motion associated with this jokulhlaup began as early as Day
168.5 and certainly by Day 169.3. We closely observed the third jokulhlaup, which
emptied water directly into a tunnel at the lake bottom. and estimate drainage onset at
Day 175.1 £0.2 days. These estimates are shown in Figure 10 as vertical lines.

All of the seismic records measured during the three days of the first drainage
event showed some variation from normal (shown with an "x" in Figure 10). Although
the next lake drainage event occurred before the records returned to normal, we
assume that this first anomaly was reversible because records following anomalies II
and IIT were back to normal. Thus, we estimate the minimum duration of anomaly I as
the time between the first anomalous record and the last record before the second
jékulhlaup (2.1 days). and the maximum duration as the time between the initiation of

the first and second jokulhlaups (3.9 days) (Fig. 10). The last anomlous record during
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event [ was obtained at least one day after the period of increased basal motion had
ended (Fig. 10).

Several seismic records obtained after the second jokulhlaup began were
anomalous (‘**’ in Fig. 10); they were followed by normal records until the initiation of
the third event. We estimate the minimum duration of this second anomaly as the
interval between anomalous measurements (1.9 days), and the maximum duration from
the initiation of draining to the next normal record (4.4 days). Our first anomalous
seismic measurement during this event occurred after the increase in motion began, but
we continued to record anomalous measurements for another full day after the glacier
speed returned to the pre-drainage magnitude (Fig. 10).

The third seismic anomaly was recorded during the early stages of the third
jokulhlaup, but ended hefore the increase in basal motion began (Fig. 10). We have
only one seismic record during this anomaly (‘*’ in Fig. 10 on Day 175.688), and we
therefore estimate its maximum duration as beginning at drainage initiation and
extending to the next normal record (0.6 days). If we assume this anomaly began
immediately prior to its measurement and ended immediately prior to the next (normal)
measurement, the actual duration could be as little as 36 minutes. However, as the
record following the anomalous one was completely back to the normal state with no
hysteresis, it seems possible that the transitions between states could take even less
than 36 minutes.

That we have unequivocal measurements of transitions occurring over about
one square kilometer of the bed in less than 36 minutes is an unexpected result. It
indicates that our daily seismic sampling interval was too coarse to measure all the
potential changes that may have occurred and that. at least following jokuthlaups, this
interval could justifiably be decreased to fifteen minutes during jokulhaups.

The number of processes that can affect such a large area so quickly and
reversibly is limited, and these timing constraints are important for interpretation in

terms of basal morphology (N&E; Chapter 2). A further constraint to be considered is
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that, while the lake drainages appear to have caused both the seismic anomalies and the
increased motion, the two effects may result from different processes as they often do

not strictly overlap, as shown in Figure 10.

CONCLUSIONS

We recorded seismic reflections from the bed of Black Rapids Glacier for a period of
45 days in spring 1993. During that period there were three lake drainage events from
separate lakes upglacier of our measurement site, and during each event the glacier
speed increased dramatically. After these jokulhaups, each of which lasted about a day,
the glacier speed dropped back to the springtime level. The seismic records from

before, during and after these events show the following:

1) Most of the measurements were nearly identical. The only measurements which
showed significant variation were immediately following jokulhlaups that also
caused increased glacier motion. Thus, seismic reflection methods can be used to
investigate changing subglacial conditions that relate to variations in glacier speed.
The spatial scale of these reflectors is much larger than that sampled by individual
boreholes. It should also be noted that changing surface conditions, such as the
amount of meltwater present or small amounts of normal glacier motion, do not

affect the seismic reflection data.

2) Two of the seismic anomalies, resulting from jokulhlaups from different locations
on the glacier, were identical. In both cases, the anomalous measurements returned

to nearly identical pre-anomalous forms within two days or less.
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3) The transition from the anomalous state to the normal state can be rapid, lasting
less than 45 minutes, but the anomaly itself can persist for several days. The

transition from normal to anomalous can only be constrained to within about a day.

4) Each of the three jokulhlaups caused both a seismic anomaly and rapid glacier
motion, but the seismic anomalies were detected before, during, and after the
periods of increased motion. The pattern of overlap for the three events was not
the same, however. The seismic anomalies generally persisted longer than the
corresponding surface drainage events, but our temporal resolution is insufficient to

illustrate the details.
The most important specific changes in the seismic records were:

i) The first P-P reflection disappeared during two of the events, then returned to
normal. This reflection comes from a location which is about 100 m above the

deepest part and on the north side of the glacier valley (PPy in Fig. 6).

ii) The P-P reflection that comes from the deepest part of the valley cross-section (PPc

in Fig. 6) showed the least change of any reflection.

iii) The P-SV reflection coming from a location near P-P reflector PP\ decreased in
amplitude to near zero during the second two anomalies. The P-SV reflection from
the deepest part of the valley (near PPc¢ in Fig. 6) did not show strong changes on

the horizontal geophones, but it did on the vertical ones.

iv) During the second two anomalies the 630 m P-P-wave multiple (most likely from

the deepest part of the valley cross-section) showed clear phase reversals.
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The seismic results impose stringent constraints on the changing properties of
the bed: the bed must be able to change rapidly and reversibly over a fairly large region.
These changes are related to the abrupt and substantial increases in basal motion
because both result from the jokulhlaups, but the relationship between motion and basal
conditions is unclear. In a second paper in this issue (N&E; Chapter 2) we investigate

what changes in basal morphology can lead to the observed seismic changes.
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Figure la. Location map for Black Rapids Glacier, Alaska. The glacier is shown
with its centerline coordinates, beginning with '0 km' at the head. Lake locations are
numbered in the order that they drained in the summer of 1993.
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Figure 1b. A close-up view of the study area.
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Figure 2. Surveyed speed of Black Rapids Glacier near 16 kmin 1993. The initial
spring speed-up occured about Day 142 (22 May), following a storm. The three
peaks in speed labelled with Roman numerals correspond to drainage of the lakes
identified in Figure 1. Elevation change is calculated from the vertical coordinate
minus the mean decrease throughout the summer due to surface slope.
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Ground

Figure 3. Schematic of seismic waves. Heavy arrows show the direction of wave
propagations while light arrows show the direction of particle motion. SH particle
motion is into and out of the page.
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Longitudinal cross-section using horizontal geophones.
lines represent the theoretical time-distance curves for various waves, as annotated.
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Figure 4b. Longitudinal cross-section using vertical geophones. Note that this figure

has different axes limits than Figure 4a.
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Figure 5. First-arrival ray-tracing for daily-shot geometry. In (a), P-P and P-SV rays
are shown, and in (b), the same P-P rays are shown with multiple P-P waves. The P-
P reflector does not overlap with the others, suggesting that changes in P-P
measurements may occur independently of P-SV or multiple P-P measurements.
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Figure 6. Transverse cross-section of Black Rapids Glacier near 16 km. The bed is a
composite sketch derived from seismic measurements made in 1993 and 1996, RES
measurements made in 1993 (T. Gades, pers. comm.), and hot-water boreholes made
in 1996. The vertical lines represent the borehole locations, purposefully selected to
match seismic reflector locations used in this study. The semi-circles represent the
loci of the reflector locations for the P-P waves annotated in Figure 4. The dashed
lines represent the most likely reflector locations for these waves.
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Figure 7. Gather of traces from horizontal geophone #10 throughout summer.

These are raw data with no amplitude modifications or filtering. For most of the
summer, the measurements are nearly identical. Significant changes are apparent on
Days 169-171 and Day 175 688 Also apparent, at the lower right of the figure, is the
increase in ground roll speed due to the decreasing snow thickness. Measurements on
Days 180 and 184 are different because the geophone was temporarnily reoriented to

measure SH waves.
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Figure 8. Examples of timing and cross-correlation analyses. In (a), the difference in
arrival times of the direct P-wave and the first P-P arrival is plotted: the light circles
are from individual traces and the dark circle is the mean of all the traces. Several
records are missing because the direct P-wave was not recorded. In (b) and (c),
cross-correlations were made of each trace to the previously measured trace (e.g.,
trace #10 on Day 158 to trace #10 on Day 157) and the mean of these cross-
correlations for all 12 traces for each seismogram are shown for the horizontal and
vertical geophones, respectively. Although not resolved in (b), there are two data
points on Day 175, each with a correlation coefficient of about -0.05; no
measurements were made using the vertical geophones on Day 175.
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Figure 9a. Overlay comparison of two normal seismograms. Two normal
seismograms, Days 158 (heavy) and Day 159, are shown which have a cross-
correlation coefficient greater than 0.9. These seismograms are typical of most of the
measurements throughout the summer. Superimposed on all of the overlays are
traveltime curves of various waves along with their one-way distance from the shot-
receiver axis to the reflector, as annotated.
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