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ABSTRACT. 1'0 gain new insight into th e mecha ni sm s o f basa l mol io n , wc ha\'C 
demonstrated the feas ibilit y o f a n acti\'e seismic technique to m easure tempo ra l cha nges 
in basal conditions on sub-ho url y time-scales. Onc region o f the bed of Bl ack R apid s 
Glacier, Al aska, U.S.A. , "vas m onitored for a period of 45 days using scismic refl ections. 
The m aj o rity of these refl ec ti o ns were nea rl y identica l. H owe\'er, three significant a noma
lies were recorded severa l d ays apart. These corresponded with the englacia l drainage of 
two ice-m a rg inal lakes a nd o ne supraglacia l pothole, each up-g lac ier of the stud y site, as 
well as dramatic increases in basal motion. Two of these se ismic a nomali es revea led iden
tica l cha nges over I km 2 of the bed despite the fac t that their dra inage e\'ents occ urred at 
different locations. Further, these two seismic a nomali es were fo llowed by records identi
calto the non-anomalous sta te, showing that the seismic cha nges were reversible. In one of 
these e\'e m s, two records ta ke n 36 min a pa rt 1'C\'Ca led tha t th e tra nsition between the 
a nomalo us a nd norma l sta tes occurred completely within thi s short intcrva l. 

INTRODUCTION 

An understa nding of basal motion is essenti al to ma ny 
studi es o f glacier dyna mics, including those o f ice-stream 
fl ow, g lac ier surges a nd seasona l a nd short-term \'e loc ity 
fluctuati o ns. H owever, the difficulti es of direc tl y observing 
the basa l interface ha\'C left the mecha ni sm s o f such moti on 
obsc ure, a nd o ur understa nding of the processes occ urring 
a t the bed is still fa r from complete. Boreho les, cm'Cs a nd 
tunnels prO\'ide a means to observc the bed o n a local scale, 
but they a re often logisticall y un feasible, a nd can a ffect the 
dynamics. For insta nce, a single borehole is no t a reliable in
dica tor o f the spati a l extent of subglac ia l cha nges, and it 
may disturb the exi sting subglac ial drainage system by in
troducing a new source fo r basa l water. Aside from these 
localized m easurements, the bed of a glac ier can bc im'esti
gated onl y a fter the ice lea\ 'es, or it may be i m aged by geo
physical m ethods such as electrom ag netic or seismic 
sounding. 

Seismic techniques have been used as a non-invasive 
method to investigate basal moti on O\'er la rge areas on a 
vari ety o f g lac iers. For ex a mple, pass ive seismic techniques 
have been used to measure the extent a nd na ture of sub
glacia l a nd englacial sei sm ic events rela ted to g lacier motion 
on Ice Streams B and C, \" 'est Antarctica (Ana nda kri shna n 
and Alley, 1997), and Variegat ed Glacier, Alas ka, U.s.A. 
(Ray mond and M alone, 1986), as lI'ell as to m o nitor events 
rel ated to iceberg calving (e.g. Wolf and Dav ies, 1986). Act ive 
seismic measurements of ice thickness, using explosive 

* We use the term "till" herein , fo ll owing Pa te rson (1994), to 
refer to a ny unlithifi ed basal debris, whethe r g lac iall y de
rived o r ove rridden m ateri a l, such as incompetent fa ult 
gouge beneath glaciers situated along m ajor fa ults or ma r
ine sediments beneath tidewater glac iers. 

sources, hm'C been used to estimate the deforma tiona l com
ponent of g lacier speed, a nd thus infer the component of 
motion at the bed , on Ta ku Gl ac ier, Alas ka (Nola n a nd 
others, 1995), a ndJa kobshavn Isbrcc, Greenland (Cla rke and 
Echelmcye r, 1996). AC'l i\ 'C se ismic methods have also been 
used to inves tigate basa l a nd eng lacial layer properti es over 
extensive regions of Anta rctica (e.g. Bentl ey, 1971). Simila r 
methods have bee n employed to determine the thi ckness, 
porosity a nd effective pressure of subglacial till s * beneath 
Ice Stream B (Bl a nkenship and others, 1987), as well as their 
spati a l va ri a ti on (Rooney a nd others, 1987; Atre a nd Bentl ey, 
1993). Such meas urements have a lso been made o n Rutford 
lee Stream, Anta rc tica (Smith, 1997). In a study simila r to 
ours, seismic re fl ecti on methods have been used to obsen 'C 
changes that occurred bet\\'Cen pre-surge a nd surge condi
ti ons at the bed ofVa ri C'gated Gl ac ier (Richard s, 1988). 

In 1993 we a ppli ed seismic re fl ec tion techniques to im'es
tigate cha nges a t the bed or Blac k R apids Glac ier, Al as ka 
(Fig. I), during its a nnua l spring speed-up, and during sub
sequent short-term \ 'c1 oc ity flu ctua tions. This glac ier was 
selected for stud y because it has a well-doc umented hi story 
of la rge seasona l cha nges in basal motion (H einrichs a nd 
others, 1996; pe rsona l communication from \V. Harrison, 
1993). These seasona l changes appeared to occur on a reli
able sc hedule, a nd our intent was to stud y the na ture a nd 
extent of concomita nt changes a t th e bed by comparing the 
propcrties o f re fl ected seismic waves before, during a nd 
a ft er thi s speed-up. The repea ted measurements were m ade 
a t a high tempo ra l reso lution to pinpoint the timing a nd 
locati on of basa l cha nges, a nd thus to increase our under
standi ng of the m echa nisms of m o tio n a t the glac ier bed. 

Our slUd y was p a rt of a la rger project in which research
ers from the University of Was hing ton, Seattl e, U. S.A. , 
conducted a na logous radi o-echo sounding (RES ) im'estiga
ti ons (Gades, 1998), a nd the outl e t stream of the g lac ier was 
monitored for hydrologica l pa ra meters (Coehran, 1995). 
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From mid-May to midjuly, coincident with the geophysical 
research, we surveyed ice motion twice da ily (including 
three-dimensional position and hori zonta l stra in over 
5 km); measured vertica l strain a nd passive seismieity 
hourly near the survey site; monitored the outlet stream for 
stage, conducti vity a nd turbidity using automated equip
ment; and occupi ed a stream camp continuously fo r rela ted 
studies. T hese d a ta provide the background against which 
compari sons of the geophysical d a ta will be made. In thi s 
paper we present only the seismic techniques and obser
vations, focusing on their spatia l and temporal cha nges. In 
the companion paper (Nolan a nd Echelmeyer, 1999; de
noted as N&E ) we give an interpre tati on of these seismic 
observations in terms of subglaeia l morphology a nd the 
m echanisms of seism ie change. 

BLACK RAPIDS GLACIER: MOTION HISTORY 
AND DRAINAGE EVENTS 

Black R apids Gl acier is a surge-type glacier in the centra l 
Al as ka Range. Much of it li es in a n cast- west va ll ey a long 
the Denali Fault, a major teeLOni e fault extending for severa l 
hundred km through the Alaska R ange. Motion a long thi s 
predominantly strike slip fault has placed granitic rocks 
adjacent to metasediments across the fault (Nokleberg and 
others, 1992) a nd has caused a loss of competency of the 
rocks directly on the fault. It is in tere ting that three other 
la rge surge-type glaciers (Susitna, West Fork and Yanert 
Glaciers) lie a long thi s fault just to the west (H a rri son and 
others, 1994); these glaciers appear to surge every 50-
70 yea rs (Cla rke, 1991). 

The glacier is about 43 km long, wi th an area of 246 km 2
. 

It fl ows from a n elevation of about 2500 m to a terminus at 
about 1000 m, with a n average surface slope of about 2.3° 
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Fig. 1. ( a) Map qf Black Rapids Glacier, £l laska. T he 
glacier is shown with its center-line coordinates, beginning 
with 0 km at the head. L ake locations are labeLed with Roman 
numerals in the order that they dra ined in summer 1993. ( b) 
An enla1gement qf the 16 km study area. 

(H einrichs and others, 1996). Center-line ICe thickness is 
about 630 m near our fi eld site (Fig. 1). The glacier is tem
perate (H a rrison and others, 1975), and it is situated in the 
cold, dry continenta l clim atic regime characteristic of 
interior Alaska. 

Black Rapids Glacier las t surged in 1936- 37 (H ance, 
1937), and relic moraines indicate that previous surges have 
crossed the current location oftheTrans-A laska Pipeline and 
a maj or highway (Reger and others, 1993), closing off the val
ley and damming the D elta River (Fig. I). Since its las t 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. H a rrison, unpubli shed data, 1996). 

Average center-line surface speeds in the neighborhood 
of our fi eld site (Fig. I) a re about 55- 65 m a- I Based on a 
20 yea r reco rd of surveying (Heinrichs a nd others, 1996) 
and 15 years of ti m e-lapse photog raphy (persona l 
com municat ion from W. H arri son, 1993), we know that the 
average annual velocity in the region between 14 and 20 km 
(Fig. 1) vari es by about 50% (30 m a I), possibly periodically. 
The seasonal flu ctuati ons in speed m entioned above a r e 
superimposed on these longer-term vari a tions, with peeds 
in spring and ea rl y summer being about 100- 300% fas ter 
than those in winter, as averaged over a few weeks. The 
spring transition in sp eed occurs abruptly within abo ut 
I day, a nd the velocity genera ll y remains high for 2- 4 weeks. 
Afte rwa rds there is a slow decay to a mini mu m in late 
summer, followed by a g radual increase th rough the winter. 
This spring speed-up usually occurs between 1 and 10 June. 
All of these vari ations in sp eed 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 ea rlier than expected (22 
May), on the day tha t our seismic moni toring began. H ow
ever, during the subsequent measurement period wc 
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observed three jokulhlaups * up-glac ier of our moni to ring 
site. Associated with each jokulhl aup was a period of 
increased glacier speed , with up to a four-fo ld increase in 
speed during each event, as well as up to 15 cm increases in 
surface elevati on (Fig. 2). The high speed s las ted about I day 
each, while the ele\'a ti on changes \'aried in duration (Fig. 2). 
Such events appear to b e annual phenomena (Sturm and 
Cosgrove, 1990; R ay m ond and others, 1995; Trurrer a nd 
others, 1996). For a p er iod of about 45 d ays encompassin g 
these events, we made nearl y daily seism ic reOection surveys 
of one sec ti on of the bed th at was arrec ted by these transient 
wa ter inputs. This pa per describes the seismica ll y detec ted 
changes at the bed tha t occurred durillg these e\'Cnts. 
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Fig. 2. Surveyed speed qf Black Rapids Glacier near 16 km in 
1993. T he initial spring speed-up occurred about day 142 (22 
A/ay), foLLo wing a storm. T he three peaks in slJeed labeled 
with Roman numerals correspond to drainage cif the lakes 
identified in Figure 1. Elevation change is calClllated from 
the vertical coordinate minus the mean decrease througizout 
the summer due to sll1Jace slope. 

The three j okulh laups va ried in size, location, dra inage 
method a nd glacier-d yna m ic errects. \IVe observed the fi rst 
and third j okulhl aups, located at ice-m a rg ina l lakes on the 
north side of the vall ey (Ia beled I and In in Fig. I), a nd 
afterwa rds completed m aps of their empty basins. Abo ut 
lOG m 3 of highl y turbid wa ter drained from each. The sec
ondjoku lhlaup, located a t a supraglacia l p othole (TI in Fig. 
I), was not directly obser ved nor was its basin surveyed 
a fterwa rd s. No more th an about 105 m 3 o f clean meltwa ter 
drained from thi s po tho le, but other nearby potholes m ay 
also have drained at the same time. 

SEISMIC BACKGROUND AND METHODS 

Wave t y p es and s p eed s 

Seismic waves a re cha racteri zed by the type of parti cle 
motion they induce throug h a mcdium (Fig. 3). The direc
tion of pa rticle motion fo r compress iona l (P ) waves is the 
same as wave propagatio n, wherea for hear (S) wa\'es it is 
perpendic ula r. S-wave p a rt icle moti on can bc decomposed 
in to verti cal (SV) and h orizonal (SH) p o la ri zati ons. 

Upon refl ection of a P-wave at non-normal incidence, 
some of the incident energy is cO Il\'erted to SV motion (Fig. 

Fig. 3. Schematic cifseismic waves. Heav.v arrows show dim
tion qf wave fJropagations; light arrows show direction of par
ticle motioll. SH particle mOlion is into and out qf the IJage. 

3), and \ 'ice versa . SH motio n d oes not undergo such cOIl\'er
sion. Unlike P-wayes, S-wa\"Cs a re often diffi cult to generate 
with explos ives, a nd thus co nverted P-to-SV (P-SV ) reOec
tions may be the onl y mea ns to study S-wave response. This 
was true in our study: no useful S-wa\·es were generated by 
our sources. 

In additio n to these reOec ted and converted wave , two 
direct wa\ 'es ( traveling from the source to th e geophones 
along the ice surface ) a re o fte n recorded: a direct P-wave 
and a R ayleigh wa\'e (a lso known as "g round roll"). The 
latter is considered cohere nt 1I0 ise in this study. 

The speed s ofP- and S-waves, Vj) and Vs , res pecti\'cly, in 
temperate ice a re not wcl l co nstrained. They a re sen itive to 
the amount of li quid water a t the g rain bounda ri es (Rothlis
berge r, 1972). The speeds in co lder ice, where li ttle wa ter is 
present, a re much beller de te rmined. The wave speeds for 
temperate ice that we use in thi s paper were deri ved from 
data obtained during our proj ec t, a described in Appendi x 
A. In parti c ula r, we found a n average P-wave sp eed ofVp = 
370+ m s \ which is at the upper end of the ra nge recom
mended by R oth lisberge r (1972, p. 20) of 3600- 3700 m s I 

Experimental design 

[n his stud y of the 1982 surge of Va riegated G lacier, 
Richards (1988) showed tha t P-SV reOecti ons wo uld change 
polarity in response to thc development of wa ter layers as 
thin as 0.1 m , whereas P-P waves wo uld remain v irtua ll y un
affected. Such thin water laye rs a re hypothes ized to occur in 
a system of linked ca\·iti es O\"C r a wide a rea during surges 
(Kamb and o thers, 1985) a nd may exist beneath part of 
Black R apids Glacier dur ing non-surging flow (R aymond 
and others, 1995). Since wc expected the cha nges causing 
the spring sp eed-up to be re la ted to increased water at the 
bed, our exp erimenta l se t-up fo llowed R ichards' emphasis 
on recording P-SV reOection .. H owever, instead of seismic 
reco rd ings made almost I year apa rt (pre-surge a nd surge 
conditions), wc made da ily m easurements, a llowing us to 

observe ch a nges QI'er the sh o rt t ime interva ls inherent in 
spring speed-ups. 

Recording P-SV reOections requires la rge shot-receiver 

* Here we follow Patcrson's (1994, p. 127) definiti on ofj oku l
hlaup, because sentence continues after defin ing clause 
"the sudden and rapid dra ini ng of a glacier-da mmed lake 
or of wa te r impounded with in a glacier", and use "drainage 
event" to include all survey, seismic and hydrologic anoma
li e apparentl y caused by a j o ku lhlaup. 

121 https://doi.org/10.3189/S0022143000003105 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000003105


J ournal rifGlaciology 

ofT~e ts because the conversion is weak a t nea r-norm al inci
dence. To accommoda te such large offsets, we placed the 
shot-receiver axis in the direction of g lacier flow, nea r the 
valley center line (Fig. I). Our shot-receiver oflset was 
chosen so tha t we wou ld clearly record P-SV refl ections, as 
well as direct, reflected and multiple P-waves, without sig
nificant interference from the ground roll. The small est off
set which met these criteri a was 1350 m, g iving nomina l 
incidence angles (8 in Fig. 3) of 45-55 ° for the refl ections, 
as discussed below; we did not find P-SV waves as useful as 
P-P waves for our interpretations, so sm a ller offsets could be 
used in future work. The actual shot locations varied within 
a 5 m r adius of 1350 m to avoid excessively fracturing the ice 
at a single location and thereby potentially changing the 
source cha rac teri stics among the approximately 100 shots 
taken there. 

The seismic data were recorded using a 12 channel Bison 
7012 se ismograph, with a 0.25 or 0.5 m sample ratc and a 
record length of 0.5 or l.0 s, rcspectively. High-frcquency 
geophones, with a linea r response from about 14 to 400 H z, 
were used throughout the study. Shots were typicall y 0.7 kg 
of nitroglycerine-based explosive (trade names: Gelmax or 
Unimax ), and were pl aced about 1.5 m below the ice surface. 
As a potenti al alternative to dynamite, we expcrimented 
with a sled-mounted "Thumper" unit, which used an enor
mous rubber band and hydraulic pistons to slam a weight 
onto a metal plate on the ice. This system d id not release 
enough energy into the ice to create usable results eyen with 
multiple stacking of the records. Radio triggers provided 
the timing bct ween shot detonation a nd seismograph re
cording; these were the cause of \'ari able and intermittent 
timing delays, as described below and in Appendix B. 

Both vertical and hori zonta l geophones were deployed. 
The vertical geophones are optimal for reco rding P-waves, 
and the horizontal geophones, oriented para llel to the sho t
receiver axis ("radi a l"orientation ), are optim al for SV waves 
(Fig. 3). Two pa rallel cabl es of 12 geophones each (one ofver
tical a nd one of hori zonta l geophones) were deployed such 
tha t one geophone from each cable was placed in each of 12 
snow pits, directly on ice. The pits (initi a lly 2.5 m deep) were 
abo ut 27 m apa rt, yielding a total spread leng th of 300 m. 
Except for occasional resetting due to ice- and snowmelt, 
and occasional reorienta tion of the horizonta l geophones to 
reco rd SH waves, the geo phones rema ined undi sturbed for 
the duration of the study. The geophones fa rth est from the 
shot (1650 m orIset) a re labcled geophones IV and lH, for 
the vertical and hori zonta l cables, respectivel y; those elosest 
to the shot (1350 m offse t) a re 12V and 12H. 

There were primari ly two types of seismic data collected 
for thi s study; we refer to them as the da ily and longitudina l 
datase ts. The dail y se t consists of38 and 44 records from the 
vertical and horizol1lal geophone cables, respectively, a ll 
with a nominal offse t of 1350 m from geophone 12. 'Ve at
tempted to make one reco rd per day on each cable; bad 
weather, misfires and timing errors account for the different 
number of measurements. As our emphasis was on record
ing P-SV waves, we made the hori zonta l measurements fi rsl. 
If th e ti ming was bad, we sometimes opted to make a second 
measurement with those geophones. Such was the case on 
day 175, a nd thi s res ulted in a very fortuitous experimenta l 
result, as described below. The longitudinal dataset consists 
of a tota l of four longitudinal sections for each of the two 
geophone orientations, collected at different times through
out the summer. These longitudinal measurements were 
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made by leaving the geophones in place a t their "daily" 
locati ons, a nd mO\'ing the shot down-glacier in 300 m incre
ments (one geophone-spread length) for a maxi mum offse t 
of 4500 m from gcophone 12; the sections varied in number 
of shots a nd longitudinal coverage. The objective of the 
longitudina l d ata was to better identify the typ e of waves, 
the wave sp eed s and the location of the refl ectors, as well to 
constrain the longitudinal ex tent of any subglacial changes. 

Two types of timing errors affect our results. Our data 
collec tion suffered from a vari able and inte rmittent delay 
that caused the seismograph to turn on 0- 150 m s after shot 
detonation. This error affected both dail y a nd longitudinal 
datase ts. The accuracy of any analyses tha t compare rccords 
from two or more shots is therefore limited by our attempt to 
shift each record to the common-zero time of shot detona
tion. \Ve used a combination of techniques for this shifting, 
as described in Appendix B, and we e timate their com
bined accuracy to be ± l m s. As a imple means to provide 
timing synchronization be tween the daily hor izontal and 
vert ical sho ts, a lbeit in a limited way, we traded one hori
zonta l geophone for a vertical one at location 12. Thus each 
eable had 11 geophones of o ne orientation a nd one of the 
other. This a llowed us to correct for any timi ng shifts due 
to the shape of the recorded waves. 

Once the seismograph was triggered, the timing acc u
racy was limited only by our a bility to di stinguish the signal 
(e.g. a rriva l times and amplitudes) from the noise. We did 
this digitally, a nd believe such measurements a re acc urate 
to ± l ms. The seismic data were filtered with a 32- 1000 H z 
band pass filter prior to recording in an effort to minimize 
the effects of the low-frequency ground roll. 

WAVE IDENTIFICATION AND REFLECTOR 
MIGRATION 

We were able to identify the type of waves present by com
paring the a rrival times of the observed waves along the 
geophone spread (the so-called "mO\'e-out" ) to theoretical 
time- dista nce curves (also known as travel-time curves ). 
Prclim inary identification was made in the field using a nor
malized time-distance chart (Rothli sberger, 1972). The seis
mogram s in Figure 4 a re examples of our longitudinal data. 
The superi mposed time- distance curves were calcul ated 
using a simple geometry with ice of a uniform thickn ess O\'er 
beclrock. We used these eurves to identify the most coherent 
P-P, P-Sv, a nd multiple P-P (P-P P-P) waves in the seismo
gram , as well as the di rect P-wave and ground roll. As can 
be seen in these fi gures, there a re often sever a l waves of each 
type in the longitudinal sec tions. They come from different 
parts of the valley bottom a nd wa lls, as identified below. 
This multitude of different waves is a feature of seismic re
fl ecti on studies on vall ey g laciers, due to the bed's cu rved 
shape, a nd is not commonl y found on ice sheets. 

Several coherent P-P and P-SV waves show up in onl y 
limited sec tions of the records, and some are unaccounted 
for by time- di stance curves (Fig. 4). In addition, the corre
spondence between the labeled waves and their respective 
time- distance curves is not exact, because the subglacia l 
vall ey, which comprises the envelope of the reflectors, is 
characterized by ridges a nd troughs, not the smooth, fl at 
surface we assume for calcula tions. 

Knowing the three-dimensional locations of the refl ec
tors, esp ecia lly those seen in the daily records, is essenti al 
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fo r a complete g laciological interpre ta ti on of a ny obse rved 
cha nges in them. The approx im a te longitudina l loca tions 
o f the da il y P-P, mu ltiple P-P, a nd P-SVrefl ectors arc shown 
in Fig ure ,), obta ined by ray-t raci ng the first arriva ls o f each 
type of Wa\T to each geophone. The bed was sp ec ifi ed by 
RES (persona l communicati on from T. Gades, 1994); R ES 
d ata work well fo r thi s purpose because of their hig h spatia l 
resolution. This migrati on is stric t ly \ 'a lid on ly fo r re fl ectors 
located along thi s center-line profile. 

\ Vc can es tim ate the spa ti a l ex tent of se ismica lly 
observed cha nges a t the bed by estimating the ho ri zonta l 
reso lution of each geophone. H o ri zonta l reso lutio n is t ypi
cally descr ibed in terms of the constructive interference that 
wo uld occur if two refl ec ti ons fi'om nea rby refl ecto rs a rrive 
a t a geo phone w ithin one ha lf- cyc le o f each other. For nor
m a l incidence, ass uming a pla na r interface, a ll refl ec ti o ns of 
a spherical wa\·efi-ont from within a circl e o f radius 
()"'H / 2) 1/ 2 sho uld constructive ly interfere, where H is ice 
thi ckness. This circle defin es the hori zonta l reso lution 
(Sheriff a nd Gelda rt, 1995). In our case, )... in ice is a bo ut 
45 III a nd H is a bo ut 450- 600 m, y ielding a radius o f a bout 
100- 120 m. Thus, a ny subglac ia l layers that wc obse rve seis
m icall y should be fa irly continuo us over a n a rea o f a bout 
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Fig. 5. First-arrivaL ra)i-tracillgjor dail]'-s/lOt geometlY. (a) 
p-p and P-SV rays. (b) The same rcrys with multiple P-P 
waves. The P-P rifLector does 1101 overlap witlz the others, sug
gesting that changes i l1 P-P measurements mcry occll r indejJen 
dent/y of P-SVor multi/lIe P-P measurements. 

40 000 m 2 for each geophone. The sampled a rea for adj acent 
geopho nes wi ll often have some ove r la p, but wc might ex
pec t tha t a refl ec ted wave a rriving a t each of the geophones 
a long the 300 m long a rray wo uld illumina te a region on the 
o rde r o f 200 m wide by 350 m long. The irregul ar bo tto m , 
however, may cause th is illuminated a rea to be di scontinu
ous, as desc ribed below. 

Fig ure 5 indicates that the refl ec to rs are distributed ove r 
a 1300 m length of th e bed, and tha t the irregul ar bo tto m, 
eombi ned with the la rge shot-rece ive r o ffse t, res ults in re
fl ec to r'S for the different wa\"C types th a t do not ove rla p. 
Therefore, compa r isons of changes in P-P a nd mu ltipl e P-P 
refl ecti o ns, for example, require cauti o n because they re p
resent different pa rts o f the bed a nd the refl ecto rs m ay be 
a ffec ted difTerentl y as subglac ial conditio ns change. The p
P re fl ecti o ns come fro m a section of th e bed about 650 m 
downstream of geopho ne 12. The P-SV a nd multiple P-P re
fl ec to rs, un like the P-P, a rc unevenly sp aced compa red to 
the surface spac ing o f the geo phones, a nd they may lie o n 
bOLh the Ice and stoss sides of bumps in the bed, as shown 
in Fig ure 5. Aga in, since such refl ec to rs might be a fTec ted 
d ifferent ly, two geopho nes 27 m apa rt 0 11 the surface m ay 
be recording changes within two indep e ndent subglac ia l re
g imes. As wc wil l la te r show, the meas urem ents of bo th P
SV a nd mu ltiple P-P wa\·es rC\"Ca ltha t so me of the refl ecto rs 
were in fact topographically di scont inuo us a nd each regio n 
was a ffec ted difTerent ly. 

Eve n though the sho t, the geophone a rray and a refl ecto r 
wi ll t ypicall y lie within a single pl ane, tha t plane may no t be 
ve rtica l, requiring add iLional informa tio n from outside the 
pla ne to locate it. \ Ve de termined the tra nsverse pos itio n o f 
the re fl ecto rs by compa ring the radi a l di sta nce of a refl ec to r 
measured on the time- dista nce curves (Fig. 4) to a tra ns
verse c ross-secti on o f the study area m easured by seismic re-
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fl ec tions and RES (Fig. 6) at the approximate location of the 
P-P refl ec tors shown in Figure 5 (650 m down-glac ier from 
geophone 12). The radius of eaeh of the three semicircles in 
Figure 6 is equa l to the dista nce from the shot-receiver axis 
to the three P-P refl ectors N, C a nd S labeled in Figure 4; 
they a re the loci of all possibl e locations for each of the re
flectors (assuming travel throug h ice only). Note th a t the an
notated distances a re not depths; instead they a re di stances 
from the shot-receiver axi s a t the ice surface. Ba rring any 
unlikely englac ia l refl ectors, refl ection N (corresp onding to 
a dista nce of 540 m) is unambig uously loca ted abo ut 350 m 
north of; and 100 m above, the deepest part of the bed (Fig. 
6), at a depth of about 500 m. This lack of a mbiguity is 
important as nearly all the m orphological interpre tation 
made in N &E rely on changes to P-P waves observed at thi s 
location. 

North 
Shot-Receiver 
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N1 01 

South 

51 52 
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~ \ ' 
0 - ~ ... 

~ 9 . 
. . f1..~ C1l . 

Il. 'S 
:I 

600 

800 

~ ~ ~ ~ 0 ~ ~ ~ ~ 
Transverse Distance (m), looking downglacier 

Fig. 6. Transverse cTOss-section of BLack Rajlids GLacier near 
/6 km. The vertical lines rejJTesent the bore/wle locations, Il ur
posifully selected to match seismic riflector locations used in 
this study. T he semicircles represent the loci of the riflector 
locationsJor the P-P waves annotated in Figure 4. The dashed 
lines represent the most likety riflector locations fo r these 
waves. 

The locati ons of the two other P-P refl ectors, C and S, 
are more ambiguous because their loci have two intCl-sec
tions with the bed. From Snell 's law, we know that the tan
gent to each circle must be pa ra llel to the transverse slope of 
the bed for a refl ection to be r ecorded. Figure 6 shows the 
inter ections that best meet this condition for r efl ectors C 
and S. This fi gure shows the significance of labeling these 
refl ections N, C and S: north, center and south (or PP:,-:, 
PPc and PPs). Refl ection PPc comes from the center of the 
valley at a depth of about 600 m, and refl ection PPs prob
ably comes from a point abo ut 350 m south of the center line 
at a depth of 550 m. It is poss ible that one or both of the e 
waves travel cd through a subglacia l layer th a t has a slower 
wave speed (e.g. till ) for pa rt of its path. In tha t case, the 
radiu. of its refl ection locus wo uld be dec reased somewhat. 
On the other hand, if these re fl ections came from the top of 
a subglaciall aycr, other refl ec tors could be beneath ; such re
fl ections a re impos ible to identify conlidently, yet they 
would contribute to the complex suite of' P-P refl ecti ons 
shown in Fig ure 4. 

The angles of incidence of these P-P refl ections at the 
subglacial interface are important for later interpretation 
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(N & E). Because o f the large shot-receiver offsets a nd the 
m easured ice thickness, we expec t these angles to be about 
45- 50°, which cannot be taken as "near-normal" incidence 
(i. e. nea r zero) in a ny analysis. To obta in a more acc ura te 
va lue for the ang le of incidence for refl ection PP" , we utili ze 
the mo\'e-out orits unobscured a rri val times to calcula te the 
slope of the basal interface relati ve to the surface foll owing 
the migration procedures develop ed by Clarke and Echel
m eyer (1996). This method shows tha t refl ector PP,,! was in
clined upwa rd abo ut 2°. This implies an angle of incidence 
of about 49- 54° fo r the rays reaching geophones 12- 1, re
sp ectively. The incidence angles for refl ecti on PPc were esti
m ated from ray tracing (Fig. 5), a nd were in the range 47-
53° across the geophone line. For PPs, they were estimated 
to be 44- 49° . 

The travel time of the brightes t P-SV refl ecti on (Iabcled 
in Fig. 4) correspo nds to a dista nce of about 620 m from the 
shot-receiver axis, implying tha t this refl ector is probably 
located near the deepest point of the cross-section, simil ar 
to refl ector PPc . An earli er, unlabcled P-SVrefl ection, with 
a 550 m di stance, is probably situa ted a long the northern 
vall ey wall at a location simila r to PPN in the cross-section. 
Again we note tha t these P-SV waves need not com e from 
the same longitudinal position as the corresponding P-P re
turns, as shown in Figure 5a. 

To summarize, our analysis shows that there a re three 
prominent P-P re fl ections: the one labeled PP" comes from 
the north side of the vall ey abo ut lOO m above the deepest 
p a rt of the channel (500 m depth ); the one labeled PP c 
comes from the near-deepest pa rt of the chan ne! (about 
610 m) nea r its center line; and the one labeled PPs comes 
from the south side a t about 550 m depth. There a re a lso rel
a ti vely strong P-SV a nd multiple P-P refl ections that prob
ably come from the deepest pa rt of the channel. It i the 
temporal changes in these refl ections, pa rticularly PPN, that 
form the basis o f our analysis of the basal morphology of 
Bl ack Rapids Gl acier in N& E. 

TEMPORAL CHANGES IN SEISMIC DATA 

In undertaking these analyses, we fo und that there were two 
m ;:yor ca tegori es of dail y records, which we label "normal" 
a nd "anomalous". Although there was some variation 
be tween the records within each category, the two cat
egories are well distingui shed. For m os t of the summer, the 
records were nea rly identical, with onl y minor varia ti ons. 
The simil arity in waveforms throughout the summer can 
be seen in Figure 7, which shows a ll of the daily traces for 
geophone IOH . M ost of these traces show very few changes 
in amplitude or timing throug hout the summer; these a re 
the "normal" records. Only those associated with the dra in
age and motion events are "anom a lous"; they occurred on 
d ays 165- 167, 169- 171 and 175. At first glance, the differences 
be tween these two record types a re not large, but they a re 
significant. "Ve first describe the a nalysis methods, and then 
the distinguishing features of the normal and anom a lous 
records. 

Since neither the abso lute timing (due to fault y triggers) 
nor the absolute a mplitudes (due to variable source cou
pling) could be compared directl y between traces, both of 
these va lues were then normali zed using another wave in 
the same trace. H owever, it should be noted tha t source 
coupling was rem a rkabl y uniform throughout the study 
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period, as ca n be seen in Fig ure 7, and this norm a li zati on 
was minima L Quantit ati,"C compa ri. ons of the cha nges in 
a rrival time (e.g. Fig. 8a) a nd a mplitude were then made. 
This was done with most combinations of the direct, 
refl ected (P-P a nd P-SV) and multiple waves, reali zing that 
norma li zations using refl ec ted wa,·e: are of questionable 
vali dity because their refl ec tors a re a t different locati ons. 

Cross-correla ting dail y reco rds was anothel- effecti\ "C 
way to qua11lita tively cha rac teri ze their simil a rit y. The se t 
of da il y traces a t a given geo phone was ana lyzed by compar
ing: (I) every trace with every other trace, (2) eve ry trace 
with a single "typica l" trace, (3) every trace with the a, ·erage 
of a ll the traces at that geo phone, o r (4) each trace to the 
preceding trace. Different effects were illumina ted by each 
method, but we found the fourth most usefuL Figure Bb and 
c a rc examples of the fourth cross-co rrel ation method : com
p a ring each geo phone's reco rding lo that of th e preceding 
day. The mean co rrelati on OHT a ll 12 geo phones fo r each 
d a il y record is shown. 

Digita ll y o, "C rlaying two records often proved to be the 
most useful technique for determining the nature a nd extent 
o f the differences bet ween them, pa rticul a rl y on days when 
la rge-sca le cha nges occurred a t the bed. On such days, com
pa ri sons of the amplitude of a pa rticul a r wave had littl e 
, ·alue because it ,vas often not clea r if the same refl ecti ons 
were still being compared. Exampl es of such a compa ri son 
a rc shown in Fig ure 9. 

Features of the normal records 

Thcrc were no trends in a rri,·a l times for the various waves 
in the normal reco rds. Figure 8a shows the difference in a r
ri va l time between the d irec t P-wave a nd the pp)! fo r a ll 
ho ri zonta l geophones, a long with their mean for each seis
mogram (heavy circl es ). This pa LLern is t ypica l of both ver
ti cal a nd hori zonta l geophones. The sta ndard deviation of 
these means (not including the outlie rs) is about 2 m s, 
which is about the combined acc uracy of our picking a bilit y. 
The prom inent outl iers in this fi gure a rc associated with 
a no ma lous records. The appa renL scatter of" indi,·idua l 
traces about the mean for a pa rtic ul a r day is rea l: the 
move-outs of the direc t and refl ec ted P-wa,·es are no t the 
sam e, so each geo phone records a slig htly cl iflc rent time 
difference. 

In general, there were few trends in the amplitudes of 
the various waves in the normal reco rds. Those trends th at 
wc did identify were appa rent only o n the hori zonLa l geo
phones; the ,·enical geo phones showed a lmost no coherent 
ch anges. These include: (I) the P-P to P-SVamplitude ra ti o 
g radua ll y decreased throughout the . ummer; (2) the ra ti o of 
p-p to multiple P-P increased after the second joku lhl a up 
(day 169), prima ril y due to a change in the multiple P-P; (3) 
the P-SV to multip le P-P ampli tude ra ti o increased a fter day 
169; a nd (4) in genera l, most of the a mplitude rati os show 
more scatter after day 169. Here P-P re fers to refl ec ti on N, 

125 https://doi.org/10.3189/S0022143000003105 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000003105


Journal vClaciology 

0.11 

~ 0.1 

~0.09 

s) Amval Time Difference, 
Hortzontal Geophones 

~ 1r ····-· .,.· ····=-== ····,- ·'··T'~=·T······· · ··········r·~···· ·· · · ··i············T · · ···· 
'0 
lE 
8 
(J 0.51- -········· !. ·········· l···········.········ t········· t U 
c: 
o 
li 
~ °t===i===~~:L==:L===l~tJL!!=Y===i===:L==~ 
(J 

c: 
G> 
'0 
lE 
8 
~ 05~ ··········+········ ! ········· ··t············ 
o 
~ 

~ 
(J ~40 145 150 155 160 165 170 

Julian Day 
175 180 185 190 

Fig. 8. Examples qfliming and cross-correlation analyses. ( a) 
Plot Vthe difference in anival times V direct P-wave andJirst 
P-P arrival: light circles are from individualtmces and dark 
circle is the mean q/allthe tmces. Several records are missing 
because the direct P-wave was not recorded. (b, c) Cross-cor
relations were made qf each trace to the jJreviously measured 
trace (e.g. trace la on day 158 10 Imre la Oil day 157). and the 
mean V these cross-conelationsjor all 12 tmcesjor each seis
mogmm is slzown for the ( a) horizontal and ( b) vertical geo 
phones. Although not resolved in ( b ), there are two data jJoinls 
on day 175, each with a correlation coif./icienl Vabout - 0.05; 
no measurements were made using the vertical geoplzones on 
day 175. 

p-sv to the 620 m P to SV renec tion, and multiple P-P to the 
most prominent (630 m) P-P wave multiple. 'Ve might ex
pect to find some variations as the geophones were dis
placed relative to the bed by g lacier motion throughout the 
study period (a tota l of about 12 m ), ye t such changes are i 111-

poss ible to predict. 
We disting uished the effects of such daily motion from 

those related to changes in basa l conditions using cross-cor
rela tions. By selccting one particular day as a sta ndard for 
comparison (technique 2 in the previous subsec tion ), we 
found that thc greater the time interval be tween two 
records, the more dissimilar they were (that is, their corre
lation coefficient was reduced ). This trend was linea r with 
the number of days between the records, and thus was not 
related to temporal variations in basa l conditions. 

We eliminated the effects of this dail y motion by C0111-

pa ring each trace to the preyi o us one (technique 4 in the 
previous subsection ), which highlights the difference 
bet ween success ive records. R es ults of this correlation over 
the study period for the vertical a nd horizontal geophones 
are shown in Figure 8b a nd c, respectively. IV[ost of the 
reco rds have a cross-correlation coefTi cient with the pre
vious record of 0.75 or higher; these "nearly identica l" 
records a re the normal ones. There is somewhat m ore varia
ti on in the hori zonta l geophone records. 

There are several "normal" records that have a cross
correla tion coefficient less tha n 0.75, but ex tenuating ci r
cumsta nces apply in each of these cases. For example, 
records from days 144 a nd 146 have a poor ice- shot cou
pling, a nd a ll waves, ineluding the direct P-wave and 
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ground roll , a re ofa lower amplitudc, as can be scen in Fig
ure 7. This lower amplitude causes slight differences in waye
form s, and thus a weaker correlation. M easurements m ade 
on days 180 and 184 have low coe fTi c ients because several of 
the geophones on each geophone cable were temporarily 
witched or reoriented to study local effects, causing some 

traces to be inverted (Fig. 7). Inspection of these records 
using O\Trlays reyeals that they too a re "normal" once these 
experimental discrepa ncies are accounted for. 

Qyerlays of two such normal records highlight their 
similarity (Fig. 9a). The cross-correlation between the two 
records overlaid in thi s figure was a bout 0.9. No amplitude 
scaling was appl ied; thi s shows that the source/ice coupling 
was nearly equa l for the two records, as was typica l 
throughout the summer. The measurement on day 159 is 
miss ing se\'era l of the dircct waves because of an error in 
timing. 

Features of the anomalous records 

There were only three pcriods throughout the summer 
when significant changes in the seismic reflec tions were 
observed. 'Ve refer to these as anomal ies I- Ill; each corre
sponds to one of the three lake-drainage events. Unfortu
nately, no longitudinal cros. -sec tions were made during 
these events and therefore none could be used to constrain 
their longitudinal extent. 

Anomafy 1 
There were several changes associated with the first jokul
hlaup, on days 165- 167. In Figure 9b, which compa res day 
166 (anomalous) to day 159 (normal), renection pp[\; was 
una ffec ted (Figs 7 and 9b), but there were minor cha nges 
to PPc and larger changes to PPs, pa rticularly on the hori
zonta l gcophones. The latter appears to have changed 
polarity, but this finding is somewha t ambiguous. 

The ea rly multiple (corresponding to a distance of 
620 m from the shot-receiver axis, immediatel y preceding 
the time- di stance curve labeled "P-P P-P: 630 m" in Figure 
9 b ) a lso appears to have changed polari t y following the first 
dra inage event. The later multiple appears only slightly 
shifted, with perhaps a minor increase in amplitude. The 
changes in these multiples were smaller on the hori zonta l 
geophones, partl y due, perhaps, to the fact that these P
waves were much clea rer on the vertical geophones. ~![inor 
cha nges were observed on the horizonta l geophones for the 
620 m P-SV wave. 

Anomalies !I and 111 
Seismic anomalies were observed following the second and 
third jokulhlaups as wel l. The changes from the normal 
records were more prominent than those observed during 
anomaly 1. It appears that each of the three P-P renectors 
was affected, as well as the multiple P-P and P-SV waves; 
these reflectors span the entire 700 m by 1300 m study area 
(Figs 5 and 6). These a nomali es, on days 169- 171 and then on 
d ay 175, were nearly identical despite being separated by 
normal records on days 173 and 174 (Fig. 9c-e), so we discuss 
their changes together. Two measurem ents were made using 
the horizontal geophones during the earl y part of the thi I'd 
lake-draining event: the first was anomalous and the sec
ond, 36 min later, was compl etel y back to norma l (days 
175.688 and 175.713, respectively, in Figure 7). There are 
several interesting features o[ these anomalous record, and 
it is these anoma lous features that give us the most definitive 
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constra ints o n the changing morphology of the basal inter
face. 

The first P-P arrival o n these anomalous records was 
about 10 ms later than norma l (Figs 7, 8a and 9c; no data 
points ex ist for days 170 and 175.688 in Figure 8a because 
no direct P-wave was recorded due to timing errors ). This 

Jirst P-P arrivalno longeroriginatesJrom rifleclor N Ifit did, the 
ID ms increase would require either that the ice thickened by 
over 17 m in one day or that the bulk-ice wave speed tem-

porarily dropped by almost 150 m s \ whil e the near-surface 
wave speed remained constan t. Ne ither scenari o is pla usi
ble, especia ll y given the 36min time const raint. This new 
fi rst a rriva l may be from a new reflector, the second a rri val 
in the normal records, and/or from the bottom of a basal 
layer beneath refl ecto r N. These possibilities are cons idered 
inN&E. 

Most or the subsequent reflections during anom a lies IT 
and III are a lso uncha racteristic of the normal reco rds. 
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Fig. 9. ( e) OIlf1Ia.v comparison if anoma(y If! to anomaly If. 
T he 011(1' seismogramfrom anomaly Ill, recorded b)ltlze hori
ZOlltal geophones on day 175.688 (dark ), is compared to the 
same anoma0; Il seismogram ( day /7/) shown in (c). 
Although the direct P-waves were truncated due to timing 
errors and several traces were noi-DI due to melled-out geo 
phones, it is clear that the remaining measurements on da)l 
175.688 are nearly identical to those if da)l 171. SU/JerimjJosed 
011 all (J/ Ihe overlays are travel-time curves rif various waves 
along with their one-wa:y distanceJrom the shot -receiver axis 
10 the riflector. as annotated. 

Several of the P-P waves seem to be phase-reversed from 
those on the normal records, a nd they have cha nged in 
ro ughly the same manner on both the vertical and hor izon
tal geophones. Of all the P-P waves, refl ecti on PPc, from 
near the deepest pa rt of the valley, appears to have changed 
the least. 

The cha nge in the P-SV waves is different on the two or
ientations of geophones. On bo th, the first peak of the 
ea rli er P-SV wave (corresponding to about 550 m di sta nce 
from the shot-recei\'er axis ) dec reases to nea r zero ampli
tude, and the next peak may be phase-reversed. The second 
P-SV wave (620 m distance) rem ains essenti a lly unchanged 
in amplitude o r phase on the horizontal geophones, while it 
is somewhat phase-shifted on the vertica l geophones. These 
two wa\'Cs d isplay complex structure. For example, the 
shape of the a nomalous 620 m P-SV wa\'e (Fig. 9c) some
times has two peaks without an interve ning trough. This 
eJTect can onl y be caused through superposition of more 
tha n one wave; interpretati on of such changes would be am
biguous. T he changes to both P-SV wa\'es a re m ore pro
nounced on the geophones elosest to the shot, suggesting 
that the refl ec tors [or different geophone a rrivals a re located 
in different subglacial regimes a long the bed. This poss ibi
lity is also suggested by Figure 5. 

Significant changes ,,"ere a lso observed in the P-P multi
ple waves. On both the hori zonta l a nd vertica l geophones, 
the later-arri ving, more prominent multiple appears to have 
changed pola rity and poss ibly increased in amplitude. The 
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earlier mu ltiple does no t seem to have cha nged significant ly 
on the ve rtical geophones. Changes in pola rity and ampli
tude a re apparent on th e horizonta l geophones with offse ts 
o[ 1450- 1650 m, but not on the closer o nes. As with the P-SV 
waves, thi s suggests tha t this multiple res ults from discont in
uous refl ectors that a re a ffected independently. 

There are only minor differences be tween the anoma
lous reco rds from days 169- 171 (event 1I ) a nd day 175.688, 
as is shown in Figure ge and the cross-correl ations in Figure 
8b a nd c. The anoma lous record from d ay 175 in Figure ge is 
missi ng the direct P-wave arrival because of timing er rors, 
but it has been shifted properl y and is nearly identical to the 
anoma lous records from the previous event. Each of th e re
fl ec tions returned to normal after events II and TII, except 
for the 620 m P-SV wave, which cont inued to have a slight 
phase shift during the interval between the two events. That 
these two anomalous reco rds arc separa ted in time by three 
norm a l daily records a nd yet are nearly identical ind icates 
tha t the basal condi tio ns ex isting afte r the second and th i rd 
j okulh laups, which came from different la kes, were sim ila r 
over much of the bed a nd that the changes a rc the resu lt of 
sim ila r processes. 

It is signifi cant tha t the seismic records during event I 
were only slightly cha nged from norm a l ones, while those 
during e\'ents IT and III were markedl y different, especially 
given the magnitude a nd timing of the associated g lacier 
motion events, as is d isc ussed in the fo llowing section. 

CORRELATION OF DRAINAGE, SURVEY AND 
SEISMIC MEASUMENTS 

The sequence of dra inage events, se ismic anoma lies, 
increased motion, and surface-elevati on change is shown in 
Fig ure 10. This figure a llows us to constra in the duration of 
the seism ic anomalie , assuming that no changes occurred 
be tween our measurements. As we will discuss, this assLlmp-

1 - ' :;o~~;hlauJ I '1' 
0.9 ........ ·tnr ation·r -_. . ...... 

0.8 --r- ···· j -

T ........ 

. •. j 

1 ---+ ..... _.. t .... ·_· ........ ·+ 1 .... ,·_ .. ···· .... · .. +· .... · ....... , 
0.7 "-1 .. ......... j 

, 
0.6 ··········1 

0.4 

0.1 

-0.1 

160 162 164 166 168 170 180 
Julian Day 

Fig. 10. Conelation of jbkulhlaups, increases in ice motion, 
surface-elevation change and seismic anomalies. Estim ated 
initiation times (J/jbK.ulhlaups are represented bJI thin vertical 
lines wi Ih Roman numerals conesponding to those in Figures 1 
and 2. Circles at bottom represent "normal" seismic measure
ments. Crosses and asterisks represent the two types rif anom
atolls seismic measurements. 
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ti on sho uld be rega rded with cauti on. \ Vc use the initia ti o n 
of the j o kulhlaups as a minimum es tima te for the initi a l 
time or a seismic a nomaly. 

The initi ati on of each j okulhlaup can be es timated fai rl y 
acc ura tely. In the ea rly a fternoon of d ay 164 wc obse ryed 
wa ter from the first la ke dra ining throug h a channel cut into 
its bank. This mudd y wa ter traveled down-glacier along the 
ice surface, filling seyera l small la kes bo rdering the mora ine 
of a tribut a ry glacier, before entering a m o ulin . We estima te 
tha t th e water first reached the bed by d ay 164.6 ± 0.1 d , a t 
the la tes t. The second j okulhl aup was no t obsen -cd, but \\T 

did find a freshl y dra ined supraglac ia l po thole I day la ter; 
a utoma ted camera data indicate that severa l such potholes 
may have drained simulta neously (personal communicatio n 
from \ \'. H a rri so n, 1995). Our sun'cy da ta show tha t 
increased moti on associa ted with thi s j o kulhl aup began as 
early as day 168.5 a nd certainly by day 169.3. We closely 
observed the thirdj okulhl aup, which empti ed water directl y 
into a tunnel at the la ke bon om, and es timate drainage o n
se t at day 17J.I ± 0.2 d ays. These estim a tes are shown in Fig
ure 10 as vertical lines. 

All o f the seismic reco rds measured during the 3 days o f 
the first drainage e\'ent sholl-cd some \'a ri a ti on from norm a l 
(shown with a cross in Fig ure 10). Altho ugh the next la ke
dra inage e\'ent occurred before the reco rds returned to no r
m a l, wc ass ume that thi s first anoma ly was re\-c rsibl e since 
records following a no m a lies IT and lIT were back to norm a l. 
Thus, we estimate th e minimum dura ti o n o f a nomaly I as 
the time between the first anoma lous record a nd the las t 
record before the secondj okulhlaup (2.1 d ays ), a nd the m a x
imum durati on as the time between the initi a ti on of the first 
and seeondjokulhl a ups (3.9 days) (Fig. 10). The las t a nom a
lous reco rd during e\-ent I was obta ined a t least I day after 
the p eri od of increased basa l moti on had e nded (Fig. 10). 

Severa l seismic records obtained a fter the sccond jokul
hl a up began Ile re a nomalous (as teri sk in Fig. 10); they II'e re 
followed by normal reco rds until the initi a tion of the third 
event. \ Vc estimate the minimulll dura ti o n of thi s second 
a nom a ly as thc intelya l between a nom a lo us measurements 
(1.9 days ), a nd the maximum durati on fro m the initi ati on o f 
draining to the next no rmal record (4.4 days ). Our fi rst 
anoma lo us seismic measurement during thi s eI'ent occurred 
after the increase in mo tion began, but wc continued to 
reco rd a nomalous measurements for a no ther full day ({/Ler 
the g lac ier speed return cd to the pIT-dra inage magnitude 
(Fig. 10). 

The third seismic anomaly was recorded during th e 
early stagcs of the third j okulhl aup, but ended before th e 
increase in basa l motion began (Fig. 10). \ Ve hm'e onl y one 
seismic record during this a nomaly (as terisk in Fig. 10 o n 
day 175.688), and wc th erefore estim ate its m ax imum dura
ti on a s beginning at drainage initi ati on a nd extending to the 
next no rma l reco rd (0.6 days). If wc assume this anom a ly 
began immediately prior to its measurem ent and ended im
medi a tel y prior to the nex t (norm a l) m easureme11l, the 
actua l duration could be as littl e as 36 min. H owever, a s 
the reco rd foll o" 'ing the a nomalous o nc was completel y 
back to the norma l sta te with no hys teres is, it seems poss ibl e 
tha t the tra nsitions be tween states could take e\'en less tha n 
36 min . 

Th a t we hal'e unequi\'ocal measurem ents of lransitions 
occurring O\'Cr about I km 2 of the bed in less tha n 36 min is 
a n unexpec ted res ult. It indicates th a t o ur da il y sei smic 
sampling inlen 'al was too coa rse to measure a ll the poten-

tia l cha nges tha t may ha\'C occurred and tha t, a t least fol
lowing jokulhlaups, thi s inten 'al could justifi ably be 
decreased to 15 min during jokulhlaups. 

The number of processes that ca n affec t such a large area 
so quickly a nd re\'ersibly is limited, and these timing con
stra i11ls a rc important for interpretati on in te rms of basal 
morph ology (N &E ). A further constraint to be considered 
is that, while the la ke dra inages appea r to have caused both 
the seismic a nomali es a nd the increased m o tion, the two 
effec ts m ay result fi'om different processes as they often do 
not stri ctl y overlap, as shown in Fig ure 10. 

CONCLUSIONS 

Wc have conclusively demonstrated the feas ibility of a n 
acti ve seismic technique to m ea sure tempora l variations in 
the bed o f a g lacier that rela te to \'a ri ations in basal moti on. 
After recordi ng seismic refl ec tio ns from the bed of Black 
Rapids Gl ac ie r for a peri od of 45 days in spring 1993, wc 
fo und tha t the o nl y measurem ents which showed sig nificant 
vari ati on we re immediately following ji:ikulhl a ups that al so 
caused inc reased glac ier m o tion. While these pa rticular 
moti on eve nts were sma ll and short-!i\'ed, these methods 
could eas il y be adapted to investigate the cha nging sub
glacial conditions that relate to why glaciers surge or form 
ice stream s. The spatial scal e of these ren ec tors is much 
larger tha n tha t sampled by indi\'idual boreholes. It should 
also be no ted th at chang ing surface conditi ons, such as the 
amount of m e ltwater present or small amo unts of normal 
glac ier m o tio n, do not a ffect the sei smic rcn ec tion dat a. 

Wc lea rned severa l new res ults rega rding the basa l dy
namics o f Bl ack Rapids Glac ier. Two of the se ismic a noma
lies were ide ntical despite being caused by jokulhla ups from 
different locatio ns. In both cases, the anoma lo us measure
ments re turned to nea rl y pre-a nomalous forms within 
2 days or less. Therefore the responsible mecha ni sm is not 
onl y indepe ndent of the orig in of the basal wa ter input but 
also causes no permanent cha nge to the bed 's seismic char
acter. Th is m echa nism must a lso be able to act over the same 
I km 2 area o f' th e bed in less tha n 36 min. And because the 
timing be tween the seismic a nomali es a nd the increased 
basa l motio n va ri ed with each cI'ent , II'C know that, whil e 
they were b o th caused by j okul hl aups, the temporal correla
lion between the two is not o ne-to-one. 

The m os t importa11l sp ecific changes in the seismic 
reco rds were: 

(i) The first P-P refl ec ti on di sappea red during two of the 
el'e llls, th en returned to normal each time. This rencc
ti on com es from a loca tion which is abo ut 100 m abO\'C 
the deep est part and on the north side of the glac ier 
I'a ll ey ( PP~ in Fig. 6). 

(ii ) The P-P renecti on tha t comes from the deepest part of 
the vall ey cross-sec ti on (PPc: in Fig. 6) showed the leas t 
cha nge o f a ny renec ti o n. 

(iii ) The P-SV re fl ection coming from a loca ti o n near P-P 
ref1ector PP~ decreased in a mplitude to nea r zero 
during the second two a nomal ies. The P-SV reflecti on 
from the deepest part o f the \'a ll ey (nea r PPc in Fig. 6) 
did not show strong changes on the hori zontal geo
pho nes, but it did on the verti ca l ones. 

(il' ) During the second two anoma li es the 630 m P-P waIT 
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mu ltiple (most likely from the deepest part of the val
ley cross-sec tion) showed clea r phase reversals. 

These res ults impose stringelll constra ints on the cha n
ging pro perties of the bed. In our second paper in this iss ue 
(N &E ) wc im-estigate what changes in basal morphology 
can lead to these obse rved seismic changes. 
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APPENDIX A 

WAVE SPEED DETERMINATIONS 

To determine seismic wave sp eeds in the temperate ice o[ 
Black R apids Glacier, we could not employ the standard 
techniques of refraction a nd commol1 depth point (CDP) 
analysis because these techniques require straight glaciers 
of uniform cross-section a nd sm ooth beds relative to the ice 
thickness. ' '\le instead used o ur daily and longitudinal data
se ts, and comparisons with borehole and RES depth meas
urements. C onsistent estimates of P-wave speed (Vp) were 
obtained by several different techniques. 

Daily records 

Travel times of the direct P-waves on our daily records were 
used to estimate Vp . This approach samples only the near
surface ice in which the direct waves travel, and the speed 
so determined may be different than the bulk ice at depth 
due to differences in temper ature, cracks and water and 
bubble content. Velocity may be calcul ated by dividing the 
known offse t by the arrival time, or by dividing the distance 
between two geophones by the difference in the a rrival 
times a t the geophones ( the "m ove-out"). Since our timing 
relative to the shot was inaccurate, the second approach was 
utili zed, a nd only when a minimum of eight accurate first 
arrivals per record could be identifi ed. The mean Vp was 
3710 ± 45 m s- I and 3657 ± 58 m s 1 for the vertical and hor
izonta l geophones, respectively, as measured on 30 records 
each. 

The scatter is part ly due to errors in the arrival times 
(± ! ms leads to ± 45 m s 1 e rror ) and partly due to small dif
ferences in near-surface ice conditions. However, there was 
no correla ti on between the scatter and the time of season or 
day. 

Another way to extrac t wave speed is to compare the a r
rival-time difference between the direct and body waves at a 
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pa rti cul a r offse t. \Ve could not use thi s Illethod, however, 
because we do not know the ice thickness and bed slop e with 
sufficient accuracy. 

Longitudinal records 

Direct P-wave data from the longitudina l datase ts Ill ay a lso 
be used to determine Vp giving 3707 ± 25 m s I. The move
out of the ground roll yields a R ayleig h Wa\"C speed (VR ) o f 
1687 and 1645 m s 1 for the vertical a nd hori zonta l geo
phones, respectively. VR increased over the summer as th e 
surface snow laye r melLed. The appa rent a nisotropy m eas
ured in the direct P-waves and ground roll was not obsen'ed 
in the P-waves measured through the body of the ice. 

Plotting the square of the arri\'a l times for a refl ec ted 
wave vs the squa re o f the offset g ives another estim a te of 
Vp . A straight line in thi s plot has a slope ofVp - 2 . Thi s 
method gives 3698 ± 5 m s 1 

An estim ate of the S-wave speed, Vs, can be obta ined by 
di viding VR by 0.92, the theoretical ra ti o between the twO 
sp eeds. Choosing a la te-season R ayleig h wave speed to be 
more representative of pure ice gives Vs = 1850 ± 75 m s I. 

Borehole and RES records 

In spring 1996 we measured direct waves through the 
g lacier, using explosi\'e sources and geophones placed in 
deep boreholes. Sho ts were placed 150- 325 m below the sur
face. Four experiments gave Vp = 3716 ± 53 m s I. A furth er 
measure ofVpwas obtained by compa ring migrated seismic 
depths with the depths of fi ve boreho lcs drill ed in 1996 (see 
Fig. 4). Using Vj, = 3700 m s 1 gives ice depths that a re within 
several meters of the borehole depths. Of course, the ho t
wa ter boreholes may no t have reached the same interface 
as the seismic refl ec tors. 

Compa risons of seismic and rad a r cross-sec ti ons (p e r
sona l communication from T. Gades, 1994) from a tra ns
verse sec tion about 300 m up-glacier o f the boreholes did 
not y ield useful constraints on Vp . The P-wa\'e speed would 
need to be unreasona bly high ( > 3850 m s I) to match the 
rada r res ults. Us ing 3700 m s 1 an average depth discre p
a ncy of about 45 m is found between the two method s. 
There may ha\'e been some timing del ay in the rada r sys tem 
or problems with the RES migration. 

COIll.parison with previous research 

Combining the va rio us mea urements of wave speeds, we 
obtain the following estimates for Blaek Rapids Glacier ice: 
Vp = 3704 ± 40 m s I, VS = 1850 ± 75 m s 1 and VR = 1690 
± 40 m s I. Rothli sberger (1972, fi gs 8 a nd 9) presents d a ta 
on Vp and Vs vs tempera ture. Both show a large decrease in 
speed a nd a higher scatter as O°C is approached, with values 
for Vp ranging from 3600 to 3730 m s t, and Vs between 164·0 
and 1730 m s 1 (with seven data points) at Doe. Controll ed 
laboratory experiments indicate that the sca tter is proba bly 
real, and that the speed is sensitive to liquid at the g ra in 
bounda ries. The latter is dependent on the di stribution ofim
puriti es and loca l heat transfer (Rothli sberger, 1972). 

Bubble content must a lso be a n important factor in the 
sudden decrease in wave speed nea r O°e. M3\'ko and NUI-

(1975) present a theo ry fo r the seismic prop erti es of a solid 
matri x saturated with its own melt; they use the term 
"squi rt flow". They find th a t the seismic properti es of the 
composite material (in their case, the as thenosphere ) 
change due to differences in compress ibilit y and the move
ment of the liquid rela tive to the olid. Th e pore fluid can 
fl ow into vapor-fill ed void sp aces (microcr acks) during the 
passage of an clas tic wave. Thus, the degree of satura ti on 
and th e viscos ity of the fluid will affect seismic 1I'3\'e speed s 
and a LLenuati on in the p a rti a ll y melted m edium. As the ice 
at the g ra in bounda ri es melts, the attenda nt decrease in 
\'olume may change the saturation of bulk ice and thus its 
compressional wa\'e speed , but not its shear wa\"( speed. 
This process would a ffec t temperate ice m ore than cold ice, 
and expla in both the dec rease in speed s with increas ing 
temper a ture a nd the hig h scaLLer near melting tempera
tures. D etails on the role o f saturation in controlling wave 
speeds a re given in Nola n (1997) and N&E. 

APPENDIX B 

ADJUSTING ERRORS IN TIMING 

For da il y d a ta, the simples t approach to acco unt for our tilll
ingerrors is to pick the first a rri\'a l of the direct P-\\'a\,e from 
one particul a r geophone a nd shift all the traces by the same 
\·alue. This assumes tha t the P-wave speed is not va rying, 
which is a reasonable first a pproximati on. \ Ve modifi ed thi s 
simple approach by pieki ng fi rst arriva ls fo r all of the best 
direc t P-waves, fitting a least-squares line to them, then 
shifting the records based o n thi s best-fit line. The las t step 
was m ade by ca lcul ating the a rri\'a l time fo r geophone 11 
using the best-fit line a nd shifting all the traces by a com
mon va lue. This technique minimizes ra ndom errors asso
ciated with picking a rriva l times from a sing le geophone. 

A simil a r mr thod was used in correcting the longitudi
nal da ta. As the shot offse t ""Hied in increm ents ofgeo pho ne 
spread leng th (300 m), the first arriva l o f th e direct P-lI'ave 
to the las t geophone in a record should m a tch that of the first 
geophonc in the next reco rd. Lines of bes t fit through these 
first picks were used to sh i ft th e reco rds. 

Wh e n the timing del ays \\"( re so la rge that the direc t 
wave was cut off, as happe ned with about 12 da ily reco rds, 
alterna tive methods were d evised using simil a r approaches 
with th e ground roll a nd the renected P-waves, but neither 
of these m ethods was as acc urate. The g round roll \'a ri es 
throughout the summer as the snow melts a nd the refl ection 
arri\'al times arc poss ibl y changing da il y. Erro rs in the long
itudina l records so co rrec ted did not sufTer as much, brca llse 
they we re coll rcted with i n several hou rs of each other, m i n i
mi zing the chances for temporal changes in W3\"C \'C loc it y. 

By ove rl aying two d a il y records, it beca me immedi ate ly 
ob\'ious - to within the accuracy of the sample rate 
whether the shifting was done properly o r not. This was 
because the records were n ea rly identical. The la rgest differ
ence fo und in the origina l shift was 2 ms, a nd most we re less. 
Thus, we assume that th e relati\"C timing errors are abo ut 
Ims. 
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