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SEAFLOOR SEISMIC VELOCITY: RESULTS FROM AN ANALYSIS OF THE WATER 
BOTTOM MULTIPLES RECORDED FROM THE ARCTIC ICE ISLAND EXPERIMENT 

X. ZENG~ AND RF. MEREU~ 

ABSTRACT 

The ice island experiment WBE a """et PeiEmiC rettection Survey 
conducted on a floating ice sheet in the Arctic ocean by the 
Geological Survey 0‘ Canada in 1985. me seismic data recorded 
from the experiment are dominated by water bottom multiples 
which show distinct reverberation patterns. On each of the raw data 
shot sections there is an amplitude cutoff line below which the 
amplitude of the multiples falls off sharply. An examination of the 
raw data shows that the cutoff tine appears fo be a straight tine 
across the section and tile slope ufthe line "arks from shot 10 shot. 

Synthetic data computed in the frequency domain using general- 
ired ray theory with horizontally layered seismic models without 
and with a" ice layer show that tile amplitude cutoff tine is due to an 
atmpr change of the PV renection coefficient at the warer-sea"oor 
interface with the angle of incidence. In the case that the seafioor S- 
velocity ix greater than the water P-velocity. if is the seafloor S- 
Velocity that determiner the slope Of tile CUlOf‘ line. tn the case ttla, 
rile seamor S-velocity is smattrr than the water P-velocity, it is the 
seathxr P-velocity that determines he slope. For both cases, the 
cutoff tine is a*sociated viith the critical angle at the water-seatloor 
interface and the slope is proponionat to Ihe sea*,oor vetoci,y. A" 
analysis at the synthetic data and the real data from the ice island 
experiment shows thal the velocity of seafloor sediments varies 
from 1.62 km/s to 2.18 km/s along the survey tine. 

INTRODUCTlON 

Water reverberation is often considered as an undesired 
noise which deteriorates the quality of marine seismic data. 
Backus (1959) studied the formation of the water reverber- 
ation patterns of marine seismic data and argued that some 
subsurface structural information is contained in these data 
even in their original forms. They are often character&d 
by an apparent ringing or dominant repetition interval, by 
an abnormal slow energy decay and by periodic multiples. 
The properties of the seafloor are very important parame- 
ters in the formation of the water reverberation patterns of 
these data. The large amplitude water bottom multiples 
which appear periodically at the critical angle in the seis- 

mic data from the Barents Sea, north of Norway, were used 
by Berge et al. (1986) to determine the seafloor velocity. 

Seismic data recorded in the summer of 1985 from the 
Arctic ice island experiment arc dominated by watrr bot- 
tom multiples. The processing and interpretation of the 
data are very difficult because of their low signal-to-noise 
ratio, (Cox, 1987; Hajnal and Overton, 1987; Cox et al., 
1990). The multiples which plague the data are reflected at 
the water bottom in a wide range of angles of incidence 
and are characterized by their large amplitudes. They show 
very distinct reverberation patterns. One of the most promi- 
nent features is the amplitude cutoff line of the multiples. 
The amplitude of the multiples falls off sharply below this 
line on each of the shot sections of the raw data. 

In this paper, a method similar to that of Berge et al. 
(1986) is investigated and applied to the Arctic ice island 
data sets. We show how the amplitude cutoff line is formed 
and how the variation of seafloor velocity can be inferred 
from the cutoff line by using synthetic data computed with 
horizontally layered models. The synthetic data are com- 
puted using generalized ray theory in the frequency domain 
where the effect of the complex reflection and transmission 
coefficient can be easily included. The free surface and 
geometrical spreading effects are also included in the mod- 
elling. The dominant frequencies of the source wavelets 
used arc in the 22 to 25 Hz range. One essential purpose of 
the paper is to show how the ice layer affects the water 
reverberation patterns using a comparison of synthetic data 
from models without and with an ice layer. 

EXPERIMENTAL SETUP AND RAW DATA 

In 1983, an ice island, approximately 7 km by 3 km and 
45 m thick, separated from the Arctic ice cap at the northern 
tip of Ellesmere Island and began to drift southward with the 
ocean currents (Figure la). In 1985, the Geological Survey 
of Canada installed a permanent seismic array on the moving 
ice island and conducted a seismic reflection survey to 
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study the structure of the sediments of the continental shelf 
under the Arctic Ocean tloor. Further details on this experi- 
ment were presented by Cox (1987). Hajnal and Overton 
(19X7) and Cox et al. (1990). 

The seismic array used in the reflection experiment was 
a cross-am array as shown in Figure I b. The main line was 
about 3.53 km in length and had I07 stations with a station 
spacing of 33.33 m. The cross-arm line consisted of I2 sta- 
[ions. Each experiment on the ice island consisted of 13 
shots. The source was located in the water at a depth of about 
I IO m from the top of the ice layer and consisted of I kg 
charges of 60 pcrcent Gcogel. All thirtren shots were fired 
30 to 60 seconds apart with the set forming one shooting 
position. After the island had drifted for 1 km. the shots 
wcrc fired again to form another shooting position. 
Altogether X7 shooting positions were covered and 975 
shots were recorded during the summer of 1985. 

Figures 2a to 2d show four shot sections of the raw data 
from the main line of the array. Shot 29 represents a typical 
shot where the water depth is deep. and shot Xl7 represents 
a typical shot where the water depth is shallow. Their water 
reverberation patterns are similar to those observed in the 
entire data sets. Shots 5x2 and 401 are two extreme exam 
ptes from the experiment which show how the position of 
the cutoff lint can vary. The large amptitudc waves in the 
triangular area with an apparent velocity in the range of 
about 0.98 km/s to 1.48 km/s are the water bottom mutti- 
pies. The amplitude of the multiples falls “Cl sharply at 
some certain cutoff time for a given offset. The cutoff time 
varies with the offset. The tint which links the location 
whcrc the amplitude of the multiple falls off sharply is 
referred to as the amplitude cutoff lint. The cutoff line 
appears to be approximately a straight line across the sec- 
tion as marked on each of the four sections. It seems that 
the multiples have gone through an on-and-ofl gate. All 
multiples above a certain threshold are passed through the 
gate and those below it are terminated 
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Other main features of the raw data are: I) initial large 
amplitude waves on targc offset tracts, 2) shingling waves 
on small offset traces. and 3) attenuation of the later phases 
on the large offset tmces. The similarity of the wave pat- 
terns of the multiples for different shots of the raw data 
indicates that the multiples are coherent and are of a deter- 
mmistic nature. 

Although there ir similarity in the major appearance. the 
variation in the slope of the amplitude cutoff line from shot 
to shot is significant. Figures 2c and 2d give a striking 
comparison of the slope of the cutoff tine. The number of 
multiples which can be counted in Figure 2d is much 
greater than that in Figure 2~. 

Introduction 

The theory used to generate the synthetic data is similar 
to that of the generalired geometrical ray theory which 
decomposes the total wave field into the summation of infi- 
nite phases travelling along different raypaths. According 
to this theory, the complex amplitude of the synthetic seis- 
mogram at distance I can be computed in the frequency 
domain by 

M 
A(x.f) = W(f) X A, AJASA$-, (I) 

,,,=I 
where W(fJ is the complex spectrum of the source wavelet, 
M is the total number of individual waves considered, r,,, is 
the traveltimr, A, is the total reflection and transmission 
coefficient, Ai is the free surface effect, A, is the ,geometri- 
CBI spreading effect, and A, is a symbohc notation repre- 
senting additional amplitude effects such as dissipation. 

The rctlcction and transmission coefficients are obtained 
by solving the well-known Zoeppritz equations derived 
from a plan-wave ray theory. See, for example, McCamy 
et al. (1962) and Ben-Menahrm and Singh (1981). They 
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Fig. 1. (a) A map showing the drift path of the ice island during the summer of 1985 (after Cox, 1987). (b) Seismic array used to record the 
data in the ice island experiment. The main line has 107 stations. 13 shotpoints ate located as shown with a source depth of about 110 m 
(after cox. ,987). 



(a) 

SEAFLcKm SElSMlC “ELOClTY 

DISTANCE (KM) 

“0 0.5 LO 1~5 2 ~0 2~5 3” 1.5 

35 

DISTANCE (hhl) 

Fig. 2. (a) Display of shot section of the raw data of shot 29: (b) of shot 817. 



x. z.ENC and R.F. MEREU 

LIlSThY(‘E (KM) 

1.5 ;L.I, 2,5 :I~” 1.5 

I?ISTANCE (KM) 

0 * -~I 

Fig. 2. (c) Display of shot section 01 the raw data of shot 582; (d) of shot 401 
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are, in general, complex and are functions of the angle of 
incidence and the elastic properties of the media at both 
sides of the interface. The free surface effect is taken into 
account using plane-wave theory and, thus, A/is also com- 
plex, while the geometrical spreading effect is computed in 
a manner similar to that given by Bullen (1963) and, thus, 
A, is real. The effect of a complex coefficient can be easily 
incorporated in the frequency domain by a phase shift of 
the source wavelet. Taking an inverse Fourier transform of 
equation (I) provides a straightforward method for generat- 
ing synthetic seismograms. 

The seismic models used to compute synthetic seismo- 
grams in this paper are horizontal, layered models without 
and with an ice layer as shown in Figure 3. The no-ice 
model is a one-layered model and the ice model is a two- 
layered model. The main difference between the two mod- 
els is that many more phases should be considered for the 
ice model. Each layer of the two models is specified by its 
P-velocity, S-velocity and density. For both models, the 
source is located in the water layer. The most important 
individual waves chosen for the ice model are the four 
groups of waves: I) primary waves, 2) ice-water multiples. 

G 

* Source 

Seafloor as p, p, 

3) ice multiples and 4) water multiples. The parameters of 
the two models used to generate synthetic data presented in 
this paper are listed in Table 1. In all cases, the parameters 
of the ice and water layers are kept constant. The 3.36 km/s 
value for the ice P-velocity is obtained from an analysis of 
the first-arrival least-squares lines of all the 975 shots from 
the ice island reflection experiment. The water P-velocity 
and the ice S-velocity are chosen to be I .44 km/s and I .48 
km/s, respectively, to be consistent to the studies of Cox 
(1987) and Zeng (1989). The Poisson’s ratio of a medium 
is derived from 

0 = 0.5 
a” - 2p2 
a> - p2 

(Waters, 1981) when the P-velocity a and the S-velocity 8 
are given. 

A model is designated as a hard or soft model depending 
on whether the seafloor S-velocity is greater than the water 
P-velocity or not, respectively. For a model with a hard 

seafloor, there are two critical angles at the water-seafloor 
interface given by i,.,= sin-‘(a,&) and ic2 = sin~‘(a,J!3,); 

w 
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Fig. 3. The no-ice model and the ice model used to compute synthetic seismograms. Here a, 0, p and hare the P-velocity, Svelocity, density 
and thickness of the layer. For both models, the source is located in the water layer. The raypaths shown for the ice model are the typical ray- 
paths of the four groups of waves: 1) primary waves, 2) ice-water multiples, 3) ice multiples and 4) water multiples. 
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Case Medium P-velocity S-velocity Poisson‘s Density Thickness 
NO. CZ(kllliS) @km/s) ratio tWcW WW 

1 water 1.44 0.0 0~50 1.0 0.145 
Seafloor 4.0 2.0 0.33 *~4 

2 W&3 1.44 0.0 0.50 1.0 0.145 
SC3atlOOr 2.0 0.6 0.45 1.8 

3 tee 3.36 1.48 0.38 0.9 0.045 
Wefts 1.44 0.0 0.50 1.0 0.100 
Seafloor 4.0 2.0 0.33 2.4 

4 Ice 3.36 1.48 0.38 0.9 0.045 
W.&i 1.44 0.0 0.50 1.0 0.100 
Seafloor *.o 0.6 0.45 1.8 

5 Ice 3.36 1.48 0.38 0.9 0.045 
Water 1.44 0.0 0.50 1.0 0.100 
Seafloor 1.6 0.6 0.42 1.8 

6 Ice 3.36 1.48 0.38 0.9 0.045 
WC%Y 1.44 0.0 0~50 1.0 0.100 
Se&XJr 2.2 0.6 0.46 1.8 

Table 1. The parameters of the no-ice model and the ice model for 6 cases 

here a,.. a,, and R, arc the water Pm, seafloor P- and seafloor 

S-velocities. respcctivcly. The first critical angle corre- 

sponds to the angle of incidence in water when the trans. 

mitted P-wave in seafloor becomes evanescent, while the 

second critical angle occurs when the transmitted S-wave 

in seafloor becomes evanescent. For a model with a soft 

seafloor there is only one critical angle given by i,, = 

sin-‘(a&,). 

No-ice model 

Although the no-ice model is an oversimplified model it 

was used in this study so that comparisons could be made 

with a model having an ice layer (see next section). 

Figures 4a and 4b show how the P-P amplitude rcflec- 

tion coefficient at the water-seafloor interface is affected by 

variations of the seafloor S-velocity for a high-velocity 

seafloor case (a, = 4.0 km/s) and for a low-velocity seafloor 

case (a, = 2.0 km/s), respectively. It is clear that the 

seafloor S-velocity is very important when the angle of 

incidcncc is larger than the first critical angle for both cases. 

The reflection coefficients at the water-seafloor interface 

were used to generate synthetic sections for a high-velocity 

seafloor model with a hard seatloor and for a low-velocity 

seatloor model with a soft seafloor. Typical reflection coef- 

ficicnt wrvcs arc shown in Figure 5a. The abrupt change of 

the reflection coeft‘icient at about 46 degrees is due to the 

second critical angle for the high-velocity seatloor model 

with a hard seafloor and to the first critical angle for the 

low-velocity seafloor model with a soft seafloor. The total 

reflection coefficients for different multiples ranging from 

I to 11 for the model with a hard seafloor (case I) are 

shown in Figure Sb. They are obtained by multiplication of 

the corresponding reflection coefficient at the watcr- 

seatloor interface shown in Figure 5a. These curves illus~ 

trate a possible cause of the cutoff line. Multiples reflected 

at the water bottom with an angle of incidence greater than 

the second critical angle are of large amplitude, and those 

ANGLE OF INCIDENCE (OEG) 

Fig. 4. (a) P-P reflection coetiicient at the waterwxaatloor intedace for different seafloor S~velocities for the high-velocity seafloor case. a. = 
1 .A4 km/s, 8, = 0. p. = 1 .O glcm3. a, = 4.0 km/s, pr = 2.4 g/cm3 and 8, = 0.4-2.0 km/s. The numbers represent D, in km/s and the increment 
in 8, is 0.2 km/s. (b) P-P reflection coefficient at the water-seafloor interface for different seafloor %&cities for the low-velocity seafloor 
case. a, = 1.44 km/s. 0, = 0, pw = 1 .O gicm3. a, = 2.0 km/s, ps = 1.8 g/cm3 and B, = 0.1-t .O km/s. The numbers represent 8, in km/s and the 
increment in 0, is 0.1 km/s. 



SEAFLOOR SElSMlC “ELOCITY 39 

8’ 
010 I 10.0 I 50.0 

I I 
10.0 20.0 ,o.c 60.0 70.0 80.0 so.0 

ANGLE OF INClDENCE (“EG) 

: 
-7 L 

1, 

- 

Fig. 5. (a) A comparison of the reflection coefficients at water-seafloor interface for a model with a hard seafloor and a model with a soft 
seafloor. The abrupt change of the reflection coefficient is due to the second critical angle for the hard seafloor case and due to the first critical 
angle for the soft seafloor case. Parameters are given in cas.?s 1 and 2 in Table 1. (b) Total coefficients for downgoing multiples 1 to 11 for a 
no-ice model with a hard seafloor (case 1: aE = 4.0 km/s, p, = 2.0 km/s, c5 = 0.33). 

reflected with an angle of incidence smaller than the sec- 
ond critical angle arc relatively very weak. It is apparent 
that the low-velocity seafloor model with a soft seafloor 
should have the same on-and-off mechanism which would 
produce an amplitude cutoff line on a shot section. 

For a no-ice model, the traveltime and the offset for a 
particular multiple m are given by t(m) = Z,(m)/(a,cosi,) 
and n(m) = Z,,(m)tani,, respectively. Here Z,(m) is the total 
vertical distance travelled by the multiple in the water 
layer, a, is the water P-velocity and i,. is the angle of inci- 
dence in the water layer. The traveltime and the offset are 
related by 

It is interesting to note that the traveltime-offset relation 
does not depend on the rank of the multiple. Equation (2) 
simply indicates that all of the multiples with a given angle 
of incidence will arrive on a straight line on a shot section. 
For those multiples incident with a critical angle i, = 
sin-l(aJv,), the slope is given by 

f,l& = vs l(a2, ), (3) 

where xc and t, are the corresponding critical distance and 
critical time and Y, is the seafloor velocity. The slope of the 
cutoff line is proportional to the seafloor velocity, v,, and 
does not depend on the water depth. 

The synthetic section for a no-ice model with a hard 
seafloor (case I : CL, = 4.0 km/s, B, = 2.09 km/s, 0, = 0.33) is 
shown in Figure 6. Multiples reflected with an angle of 
incidence close to the first critical angle or greater than the 
second critical angle show up as large amplitude waves. 
The amplitude cutoff line in the section is attributed to the 
steep decrease of the reflection coefficient at the second 
critical angle. The waves below the line do not show up 
because they are weak in comparison with the 
supercritically reflected earlier multiples in the same trace. 
This is due to their small total reflection coefficients. The 
slope of the cutoff line is in agreement with that given by 
equation (3). The synthetic section for a no-ice model with 

a soft seafloor (case 2: a, = 2.0 km/s, I$ = 0.6 km/s, CS~ = 
0.45) is shown in Figure 7. The slope of the cutoff line is 
about the same as that in Figure 6 since the abrupt change 
of the reflection coefficient at the water-seafloor interface 
occurs at the same angle of incidence for both cases. The 
seafloor S-velocity in the hard seafloor case is equal to the 
seafloor P-velocity in the soft seafloor case. The multiples 
which are associated with the first critical angle in Figure 6 
do not show up in Figure 7 because the reflection coeffi- 
cient is small at about 21 degrees for the soft seafloor case. 

Ice model 

It is more realistic to include the ice layer in computing 
the synthetic seismograms. Since the ice layer is a solid 
layer, there are both P- and S-waves in it. In this paper only 
the S-waves are considered in the ice layer since the large 
amplitude water bottom multiples observed in the real data 
transmit through the ice layer mainly as S-waves. Figure Xa 
shows how the energy is partitioned among the reflected P-, 
transmitted P- and transmitted S-waves when a P-wave is 

incident from the water layer at the water-ice interface. It is 
clear that most of the P-wave energy incident from water 
will convert to S-wave energy in ice since the P-S transmis- 
sion coefficient is very large in the majority of range of 
angle of incidence (from 25 degrees to 65 degrees). Figure 
8b shows how the P-S energy or the two-way amplitude 
transmission coefficient at the water ice interface varies 
with the S-velocity. Since the ice S-velocity is close to the 
water P-velocity, the P-S raypaths are only slightly bent at 
the water-ice interface. This would suggest that multiples 
made up of P-S raypaths for the ice model will probably 
have similar characteristics to the multiples observed for 
models without an ice layer. 

For an ice model, the traveltime-offset formula contains 
terms of the ratio of the velocities as well as the ratio of the 
thicknesses of the ice and water layers. If the water P-veloc- 
ity is equal to the ice S-velocity, this formula reduces to 
equation (3). Since the ice S-velocity is very close to the 
water P-velocity, equation (3) still holds approximately for 
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Fig. 7 Synthetic section for a no-ice model with a soft seafloor (case 2: as= 2.0 km/s, D,= 0.6 km/s, (TV= 0 .45). 
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the slope of the cutoff line for the ice model. A more 
detailed discussion of this analysis is given by Zeng 
(1989). 

The synthetic sections for an ice model with a hard 
seafloor (case 3: a,? = 4.0 km/s,J3, = 2.0 km/s, G,? = 0.33) 
and with a soft seafloor (case 4: a, = 2.0 km/s& = 0.6 km/s, 
CS$ = 0.45) are shown in Figures 9 and 10, respectively. The 
two synthetic sections are quite complicated due to the 
overlapping of various phases. In Figure 9, ice multiples 
and water multiples arc seen in the earlier part of the multi- 
ple trains, while ice-water multiples dominate the later part. 
The weak zone between the two parts is due to the fact that 
the earlier ice-water multiples are weak and later ice multi- 
ples and water multiples are weak. Although the synthetic 
sections for the no-ice model and the ice model (compare 
Figures 6 and 7 with Figures 9 and 10) differ in detail, the 
cutoff lines are very clear for both models and the slopes of 
the cutoff lines arc about the same due to the same value of 
the seafloor velocity used. This implies that the amplitude 
cutoff line is effectively due to the properties of the 
seafloor and the existence of the ice layer does not affect 
the slope of the cutoff line significantly. 

Since the P-P reflection coefficient at the water-seafloor 
interface is very sensitive to the variation of the seafloor 
velocity, the synthetic section is also very sensitive to the 
variation of the seafloor velocity. Figures I 1 a and I I b 
show two synthetic sections for the ice model with soft 
seafloors a, = I .6 km/s and a, = 2.2 km/s (cases 5 and 6), 
respectively. The only difference for cases 4, 5 and 6 is the 
seafloor P-velocity. A comparison of the corresponding 
synthetic sections in Figures IO, 1 la and I lb shows that the 
variation of seafloor velocity changes the slope of the cut- 
off line in the way as specified by equation (3). Synthetic 
sections also demonstrate that this is true for the ice model 
with a hard seafloor. The slope of the cutoff line depends 
only on the seafloor velocity or on the critical angle i, for a 
given water P-velocity. Figure llc shows where the cutoff 
line should appear on a shot section for a, = 1.44 km/s. 
Since a smaller critical angle corresponds to a larger 
seafloor velocity for a given water velocity and only those 
multiples which are reflected at an angle greater than the 
critical angle can survive, it is clear that the slope of the 
cutoff line is directly proportional to the seafloor velocity. 

Results 

An examination of 74 shots of the raw data from shot- 
point I of the ice island experiment shows that the cutoff 
line on each of the shot sections does appear to be a 
straight line and the slope of the line varies from shot to 
shot. In general, the cutoff time is very sharp for small off- 
set traces, and it becomes vague for large offset traces due 
to the attenuation of the later phases of the multiple trains. 
The location of the cutoff line was determined by eye 
according to the wave patterns on the whole section. The 
slopes measured for the 74 shots are listed in the second 
column in Table 2. The maximum uncertainty in the slope 
determined in this manner is about kO.02 s/km. These 

slopes are converted to the seafloor velocities using equa- 
tion (3) with a, = 1.44 km/s and are listed in the third col- 
umn. The uncertainty in these velocities is about kO.04 
km/s. These shots are located along the drift path of the ice 
island as shown in Figure l2a and the seafloor velocity 
profile obtained is plotted in Figure l2b. The velocity pro- 
file exhibits two velocity highs. The velocity high for shots 
300 to 500 is actually compatible with the velocity high for 
shots X00 to 900 since the drift path is looped around to 
cover the same area. The velocity is slightly higher in the 
east side of the drift path and varies from 1.62 km/s for 
shot 582 to 2.18 km/s for shot 401. 

Dtsctlssttm AND CONCLUSTONS 

Although there is ambiguity in the seafloor model, we 
are quite confident in the validity of the mechanism of the 
cutoff line and its relationship to the seafloor velocity. If 
the seafloor sediments are hard, the cutoff line is due to the 

Shot No 

2 0.94 1.94 
15 0.90 1.87 
29 0.82 1.71 
43 0.91 1 .a9 
56 0.66 1.76 
70 0.90 1.87 
63 0.78 1.62 
96 0.81 1.68 

111 0.85 1.76 
123 0.67 1.81 
139 0.67 1 .*I 
166 0.66 1.79 
182 0.64 1.74 
196 0.62 1.71 
209 0.63 1.73 
222 0.63 1.73 
235 0.66 1.78 
249 0.85 1.76 
261 0.63 1.73 
276 0.62 1.71 
289 0.64 1.74 
304 0.63 1.73 
317 0.67 1.81 
329 0.81 1.67 
342 0.95 1.97 
354 0.93 1.93 
365 0.96 1.99 
377 0.95 1.97 
369 0.96 1.99 
401 0.90 1.86 
415 0.62 1.71 
426 0.64 1.74 
436 0.67 1.80 
447 0.66 1.76 
460 0.66 1.79 
480 0.95 1.96 
497 1 0.96 1.99 

Table 2. Slopes of the amplitude cutoff lines and seatloor velocities 
for 74 shots from the ice island experiment. The maximum uncer- 
tainties are 0.02 s/km in the slope and 0.04 km/s in the seafloor 
velocity. 

0.67 
0.93 
0.93 
0.93 
0.67 
0.66 
0.92 
0.66 
0.94 
0.89 
0.66 
0.66 
0.66 
0.65 
0.85 
0.85 
0.67 
0.64 
0.66 
0.65 
0.79 
0.82 
0.80 
0.61 
0.67 
0.93 
1.03 
1 .oo 
1 .o, 
1.05 
1 .Ol 
0.94 
1.04 
1.01 
1.04 
1.00 
0.91 

1.81 
1.93 
1.93 
1.93 
1.61 
1.78 
1.90 
1.82 
1.94 
1.84 
1.76 
1.76 
1.78 
1.76 
1.76 
1.76 
1.81 
1.74 
1.78 
1.76 
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Fig. 8. (a) Energy coefficients for a P~wave incident at the water- 
ice interface. a, = t .44 km/s, R, = 0, pw = 1 .O qlcm3, a; = 3.36 
km/s. 8, = 1.48 km/s and pi = 0.9 qlcm3. (b) P-S energy transmis- 
sion cwnicients at the water-ice interface for a P incident wave for 
different ice Svelocities. a,+ = 1.44 km/s, 0, = 0, pw = 1 .O gicm3. 
ai = 3.36 km/s and p, = 0.9 q/cm3 and Di = 1.40 -1.80 km/s. The 
numbers represent R, in km/s and the increment in R, is 0.05 km/s. 

second critical angle and the velocity profile in Figure 12b 
will represent a seafloor S-velocity profile. If the seafloor 
sediments are soft, the cutoff lint is due to thr first critical 
angle and the v&city profile in Figure 12b will represent il 
seanoor P-velocity profile. 

Attempts to compare our velocity values in Figure 12b 
to the velocity values obtained from a first-arrival refrac- 
tion analysis of the raw data were not successful. The most 
significant observation of the first-arrival data was the fact 
that the traveltime curve for the ice layer turned out to be 
very dominant and was present with the same slope and 
intercept on almost all the data sets. The analysis of all the 
975 shots showed that the ice P-velocity was in the 3.27 to 
3.45 km/s range with an average value of 3.36 km/s. The 
intercept time for the ice traveltime line was consistent 
with an ice thickness of approximately 40 to 45 m. Figures 
13a and 13b show two typical first-arrival data sets. Figure 
13a has only one traveltime line. This is the “ice” layer 
line. The figure shows that this line can easily bc the first 
arrival for the whole section. All refraction energy from the 

sedimentary layers below the water comes in as later 
arrivals. Thus, it is impossible to determine the seafloor 
velocity from a first-arrival analysis of this type of data. 
This occurs when the ocean water is deeper than a critical 
depth of 250 to 300 tn. For shallower depths, the pattern of 
the first arrivals is different, as is illustrated in Figure 13b. 
Here, the traveltime branches from both deeper high-veloc- 
ity sediments (4.0 km/s and 5.3 km/s) are observed at the 
far end of the line. No sediment whose velocity is less then 
that of the ice P-velocity will produce a first-arrival refrac- 
tion traveltime branch. Since there are considerable shal- 
low structural and topographic variations in the area, the 
velocity profile WC obtained would possibly represent the 
velocity at the very top of the seatlow sediments. 

Asudeh et al. (IYXX) carried out a long-range refraction 
survey for a number of lines in the same area in 1985. 
Their data showed that the P-velocities of the seatloor sedi- 
ments varied from 2.2 km/s to 3.7 km/s and increased 
through a succession of layers to 6.0 km/s. The total thick- 
ness of the sediments was found to be up to 5 km. Another 
possible interpretation of the seatloor is that there is an 
unconsolidated soft thin layer overlying the hard sedimen- 
tary rock layers as mentioned by Hobson (19X9). 

This method of using the cutoff line appears to be partic- 
ularly useful and effective for the determination of the 
seafloor velocity in a shallow area where angles of inci- 
dence for different multiples can easily go beyond the criti- 
cal angle at the water-sea&or interface. This method is 
applicable in hoth ” .’ LOW without and with an ice layer. 
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Fig. 9. Synthetic section for an ice model with a hard seafloor (case 3: as= 4.0 km/s, D,= 2.0 km/s, CT.= 0.33). 
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Fig. 10. Synthetic section for an i,“, model with a soft seafloor (case 4: a. = 2.0 km/s, OS= 0.6 km/s. CT. = 0.45) 
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Fig. 11. (c) Amplitude cutoff lines for different critical angles at the 
seafloor for a, = 1.44 km/s. The numbers are the critical angles in 
degrees. 
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Fig. 12. (a) The locatiOns of different shots along the drill path of 
the ice island. The numbers are the shot numbers. (b) Seafloor 
velocity profile along the drift path shown in Figure 12(a). 
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Fig. 13. (a) First-arrival data for shot 29. The main traveltime branch (A) is a P-wave branch from the ice layer with a velocity of 3.36 km/s. 
(b) First-arrival data for shot 817. There is an ice branch (A) with a velocity of 3.36 km/s and two sedimentary branches (s) and (C) with v&c- 
ities 4.0 km/s and 5.3 km/s. 


