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Summary
Previ ous OCSEAP seismic investigations in Harrison Bay (Neave and

Sellmann, 1982) provided information on velocity distribution and structure
as well as anonalies in the seismc data. This information was used to
devel op an understandi ng of permafrost properties and distribution in a
maj or part of Harrison Bay. High-velocity naterial interpreted to be ice-—
bonded permafrost was traced as far as 25 km from shore. Pernafrost dis-
tribution was nost variable in the western section of the bay. |In the east
the depth to the bonded material increases and velocity decreases in an
orderly manner with distance fromshore. Attenuation zones interpreted to
be areas in which the seabed materials contain free gas were al so mapped.
These attenuation zones and zones of apparent natural seismicity were
restricted to the bay and were correlated with high-velocity regions.
Results fromthis year’s program were based on exam nation of seismc
records for the area east of Harrison Bay, including both near-shore ice
survey and deeper water marine records. Enphasis was placed on extending
interpretations further offshore than those nmade early in this study
(Sellmann and Neave, 1980). Records fromas far east as the Canadi an
border were examined; the main study area is shown on the index map (Fig.
1). The velocity profiles and structure data indicate that ice-bonded
permafrost is common in this area, with some regional sinmilarities in the
deep velocity data. The results of analysis of near shore data were
di scussed in Sellmann and Neave (1980). The new records exan ned extend
beyond the offshore islands and add an inportant perspective to the
di stribution of high-velocity permafrost. This report is based on a
collection of selected seisnmic lines that link the near-shore data with
marine lines that commouly extend as nuch as 60 ‘km seaward of the small
of fshore islands. New refraction observations help to docunent the seaward
extent of shallow high-velocity material. The linits of an extremely large,
al nost anomal ously shall ow | obe of high-velocity nmaterial identified as
ice~bonded permafrost were defined. This material extends many Kilonmeters
of fshore of the Sagavanirktok Delta, often beyond the of fshore islands.
No equal |y extensive shallow, high-velocity zones have been observed in
ot her parts of the Beaufort Sea.
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Deep reflections recur at approxi mately 200, 500, and 800 m Throughout
this region and the area to the west near Harrison Bay. These reflections
commonly extend seaward of the shallower high-velocity material. A
hi stogram of deep reflection data is shown in Figure 2, for the region
exam ned as part of this study. Their depth and configuration appear to
correspond with the expected depth to the top and bottom of relict ice-
bonded permafrost. The reflections also show patterns that suggest perma-
frost, with the depth to the top increasing with distance from shore while
the depth to the bottom remains fairly uniform

The noticeable variations in velocity distribution observed along the
coast indicate differences in factors such as coastal processes, material
types, and geol ogical and thermal history of the region
[I. Introduction

The objective of this annual report is to present the current results
and observations nade by this work unit since the last annual report (1981)
and the recent synthesis report for |ease area nunber 71. It is based on
anal ysis of Beaufort Sea data selected to answer sone specific questions
regarding the distribution of ice-bonded permafrost. Lines were picked to
obtain nore information on the offshore extent of the deep relict ice-
bonded pernafrost, and the distribution of shallow, high-velocity, ice-
bonded permafrost. The study area and |lines exam ned are shown in Figure
1.

The Harrison Bay investigation discussed in our 1981 annual report was
also conpleted and fornmalized as a CRREL Report (in press).

The information on offshore permafrost distribution and properties was
inferred from consideration of velocities and structures from both refrac-
tion and reflection analysis. The resulting velocity data were used to
construct velocity profiles and velocity distribution maps.

111 Current State of Know edge
Most avail abl e information on subsea pernafrost has been acquired as

part of govennent-supported studies. Mich of this information is based on
OCSEAP investigations. As a result of these studies we are gaining an

understanding of the variable nature and great extent of ice-bonded subsea
permafrost in the Beaufort Sea, as well as patterns of permafrost distribu-
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tion in this region. The small amount of information from the Chukchi Sea
suggests that distribution of ice-bonded permafrost will be nuch nore
restricted than in the Beaufort Sea. Seismic studies are the basis for
much of our distribution data. Unfortunately, there is little or no
supporting drilling data for use in control and calibration of the seismc
data. Requirements still exist for information on pernafrost thickness,
of fshore extent, ground ice distribution, and zones where shallow ice-
bonded materials occur. This information is needed for the devel opnent of
predictive permafrost mpdels, for understanding uni que subsea permafrost
processes, and for establishing regional pernmafrost distribution patterns.

This study was directed at obtaining nore information on the above
topics. Fortunately the observations were al so made where the greatest
anount of control exists based on earlier drilling and sampling efforts
that were part of the USGS Conservation Division and OCSEAP studies.

Additional topics for which nore data are needed that require drilling
efforts include: engineering properties of frozen saline sedinents, dis-
tribution data fromdrilling for control purposes and for establishing
distribution patterns, and distribution of pernmafrost and frozen sedinent
related features such as overconsolidated materials and gas in both free
and hydrate form
Iv. Study Area

The general |ocation of the area covered in this report and the lines
fromwhich data were selected for analysis are shown in Figure 1.
V. Sources, Methods and Rationale of Data Collection

The basis for this study is that noticeable changes in seismc

vel ocities occur between frozen and unfrozen unconsolidated materials.
This fact and the existence of |arge anmounts of seismic data from surveys
conducted for petrol eum explorati on nake studies-of the distribution of
i ce-bonded subsea permafrost by seismic techniques a reasonabl e approach
When records are available, and their quality and field-recording para-
neters are appropriate, pernafrost data can be extracted.

Three types of waves have been identified on the nonitor records and
used inthe anal ysi s: refractions, reflections, and surface waves, The

sane anal ysis procedure is used for all three wave types. Each reading of a
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Figure 3. Ray path geonetry for a refractor dipping at an
angle ¢. The shot is at P and the receiver is at Q for the

down-dip shot. The shot and receiver positions are re-
versed for the up-dip shot.
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record consists of the coordinates (x and t) for the tangent point on the
ti me-distance plot plus a slope neasurement (c = dx/dt) of a tangent to the
curve. This information is converted to velocity data and depth profiles
by neans of the appropriate equations described bel ow.
Refractions

A dipping plane layer refraction interpretation could be used on the
reversed ice shooting records. Followi ng the derivation given by Grant and
West (1965) and using the geometry shown in Figure 3, the critical angle is
given by i.= sin=! (vavi), where V,is the upper layer velocity and Vv,
is the lower |ayer velocity. The apparent velocity in the |ower |ayer when
shooting down-dip is

¢ = Vg/sin (i .+ ¢) = Vy/sin [sin"}(Vy/Vy) + ¢] (1)

where ¢ is the dip of the boundary. For shooting up-dip, the apparent
velocity is

T = vy/sin (i.- 9 = Vo/sin [sin~ Vv, - ol (2)

Equations 1 and 2 can be conbined to give an expression for the true
velocity (V) in the lower |ayer.

[/c + l/c+ =sin (i .+ ¢)/Vg + sin (ic - 9V,

2 sin ic cos¢/Vy

2 cos¢/Vy.
For snall dip angles,

/vy = 12 (Ilc- + 1/, (3)

Grant and West show that thedi stance h fromthe up-dip shot point to
the high-velocity refractor is

hy © (Vg to/2) (1 (Vo/vp2~t/? (4



where tg is the intercept tinme on the record. W did not neasure the
intercept time, but it can be easily calculated fromthe tangent readings.
This converts eq 4 to

hy = (Vo/2) (£ - x-/c-) [1 - (Vo/vp)2P. (5)

For purposes of constructing seismc cross sections, the depths were plot-
ted under the midpoints of the reversed spread. An average depth (h) was

calculated for an array based on values fromits ends:

Bo= (Vg/8) (£ + t'- x-/c- - /<) [1 - (VOIV)@/2 . ()

Equations 3 and 6 are the required equations for neking velocity and depth
profiles for the ice shooting data.

There are no reversed profiles for the marine survey data; therefore,
they were interpreted assumng plane horizontal |ayers. Equations 2 and
5 can be rewitten for horizontal |ayers by setting ¢ = Oand ¢ = c+:

Vi=c (7)

h= (vg/2) (t - xic) [1- (vo/v)2]. (8)
These two equations allow the conversion of tangent readings fromthe
marine records to velocity and depth profiles along the marine I|ines.
Ref | ecti ons

Reflection data analysis was based on assuming a plane horizonta
reflector at a depth ‘n under a uniformupper layer with velocity Vg.

This sinple model results in the equation of a hyperbola for the travel
tinme t and the distance x fromthe shot point to the receiver (see Gant
and West, 1965):

V% 2= X2 + 4h2, (9)

Taking differentials on both sides of the above equation gives an expres-
sion for the upper |ayer velocity?

V3 t dr = 2x dx. (10)

Since dz/dt = ¢, eq 10 can be arranged to give the velocity in terns of the
tangent readings:



V¥ T (ex/t) 1/2. (11)

Conmbining eq 9 and 11 gives an expression for the depth to the reflector

h = (x/2) (et/x - 1)"°% (12)

Any tangent to a reflection curve can be converted using eq 11 and 12
into a depth and velocity determ nation for profile construction along the
shot lines. \Were possible, a number of tangents were read on each
reflector, so that scatter on the plotted reflecting horizons could help to
i ndi cate the accuracy of the determ nations.

Rayleigh WAves

Based on the surface wave or Rayleigh wave tangent neasurenents, pro-
files were nade of the phase velocity along the survey lines.
Spatial Resol ution

The spatial resolution of the data fromthis type of study is obvious—
ly not as great as can be obtained froma seismc investigation specifi-
cal ly designed to study offshore permafrost. For refraction and reflection
measurenents, a number of factors nust be considered, including geophone
spaci ng, signal frequency, and conplexity of the subsurface. 1In general
the horizontal extent of a feature that can be detected should be a m nimum
of three detector spacings. This means that the minimum size of a target
that can be resolved is around 300 mfor the ice-shooting data, and around
150 m for the marine survey data. The mninmum vertical thickness of 2
detectabl e high-velocity layer is determ ned by the wavel ength of the
refracted signal (Sherwood, 1967). Resolution is possible to approxi mately
1/2 wavel ength or about 50 mfor these data. |In addition, Sherwood s
results show that thin layers (less than 30 mthick) might be observed at
shal l ow depths, but the signals fromthese would be in the formof plate
waves at a reduced velocity and anplitude.

A sinmplifying assunmption was used for the refraction depth deternina-
tions. The upper layer velocity was taken as 1.3 ‘km's for all profiles.
This neans that the water layer, Oto 16 m deep, was combined with the low-
velocity bottom sedinments to make a single upper layer. Upper-I|ayer
vel ocities were observed to range from 1.6 to 2.0 km/s. Therefore, the



error introduced by assuming 1.8 km's could be as much as 30% under rare
ci rcunstances (see Error Estinates).

Refraction velocities and depth determ nations from single-ended
marine records are subject to errors caused by dipping layers. Qur inter-
pretations indicate that dips are normally less than 3% The corresponding
maxi mum error is approximtely 5% in velocity nmeasurements and 2% in depth
deternminations, as discussed in the follow ng section.

The assunption of horizontal layers for the reflection interpretation
does not result in significant errors. The follow ng error calculations
show that a 3% dip usually results in a 1%error in velocity and 2% in
dept h.

Error Estimtes

The first error estinate arises from using an average upper |ayer
velocity of 1.8 kmis for refraction calculations instead of the loca
value. A worst case situation is examined to illustrate how nmuch error is
introduced. The remaining error problens involve dipping |ayers when the
interpretation assunes horizontal layers. For these cases, we used typica
readi ngs and calculated the difference between the velocity and depth
estimates for horizontal layers and layers with a 3% dip

Wien the correct |ocal velocity V, is used in eq 8 of the Methods
section, the depth is:

b, = (& - x/c) (V,/2) [1 - w2, (13)

When t he average velocity VA = 1.8 km's is used instead, the erroneous
depth estimte is

B, = (t - x/c) (V,/2) [1 - (vA/vl)zfl/z. (14)

The proportional error in the depth estimate is
(b = h)/h =1- h/h

[
VAL - (VL/Vl)ZT 12

=l -2 |« (15)
V.11 (VA/VI)J

L
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This expression gives the largest error when the local velocity is large
and the lower |ayer velocity V; is small. W can choose Vi = 2.0 km's
and v, = 2.3 knl's (Neave and Sellmann, in press). This highly unlikely
conbi nation of velocities results in an error of 30%
The effects of dip on the interpretation of apparent |ower |ayer

vel ocity from single-ended refraction data can be found fromeq 1

¢ = Vg/sin [sin~! (vo/vy) + ¢l (1 6 )
The real velocity in the lower layer can be found by solving this equation
for Vy:

V) = Vo/sin [sin~! (vo/e) - ol. (17)
The proportional error in the lower velocity fromusing a horizontal |ayer
model i S
1 - e/vy
1 = (e/Vy) sin [sin™! (Vg/e) - ],  (18)
The estimted depth for the horizontal |ayer nodel is given by eq 8:

-
] 5 2 -1/2
h, " (Vo/2) (t - X/c) Ll - (Vy/e) 1 (19)

(vy- /vy

This equation can have Vi replaced by a substitution fromeq 17. Then
eq 19 and 20 can be used to find the proportional error in the depth:

(hD - hH)/h.D =1 - cos [sin~! (Vo/e) - ¢l [1 - (Vg/c)z]_llz. (20)
Using a typical set of velocities, Vo= 1.8 km/s and ¢ = 3.66 ‘km's. A
slope of 3%results in a 2% error in depth according to eq 21, and the
corresponding error in the velocity is 5%fromeq 18.

For the reflections from a plane boundary which dips at an angle ¢,
the arrivals on the record still forma hyperbolic curve; however, the
hyperbola is not centered with respect to the shot point. The arrival
times can be calculated froman imge source R (Fig. 4) which is at a depth
h = 2h cos$ and displaced by a horizontal distance £ = 2h sing fromthe
true source P.

Tine travel tine equation is

2 _ (X+ 8% + (2h cosg)?

L 2
Vo

t

11
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Figure 4. Raypath geonmetry for a reflector dipping at an
angle ».



t2 =(l/V% ) (4h? COS* ¢ + 4h’sin’¢ + &hx sing)

£2 V% = 4h*+ X + 4hx sing. (21)
Taking differentials on both sides of the equation gives
2t V% dt = 2xdx + 4h sing dx
(22)

VE C(x/t) (dx/de) + (2h sing/t) (dx/dt).

The estinmated velocity for the horizontal |layer interpretation was

a2 a2
e G =& ) (23)

This can be substituted into eq 23:

2 2 2
Vo = + i
0 v 2h sing VH /X

1
Vg = VH [1 + 2n sinq;/x]'/Z. (24)

The proportional error in velocity is
(v v — . "1/2
0 - H)/VD =1- [1+ 2h sin¢/x] (25)

Now conpare the horizontal |ayer depth estimate in eq 12

hy (Xx/2) [(et/x) - 111/2

to the distance to the reflector in eq 22
t?2 v2 = 4h*+ Xi- 4h x sing.
To elimnate V, we use eq 24 and 25
cetx [1 + (2h sing/x)] = 4h? + x+4hxsing.
This is rearranged as a quadratic equation with h as the unknown:

4h*-i (4x sin¢ - 2ct siné) h -i X'- etx = 0, (26)

Solving for h gives

g (18 (2cr - 4x) sing = (1/8) (2ct - 4x)sia?y - 16, ctx) !

13

/2



/2

= [(et/4) - (x/2)1 sin¢ £(1/4) (et - 2x)zsin2¢— 4( x> ctx)1 (27)
The relative error in depth is
d fmo (x/2)_[(et/x) ~11"° . (28)
‘d 1/4 (et-2x) sing = 1/4 [(et-2x)’sin?¢ - 4x (x-et)] L/2

For a typical reflection reading, ¢ “2.0 km's, x 1.0 km and t
0.63 S. With a dip of 3% on the reflector, we find a 1% error in the
velocity determination and a 2% error in the depth.
VI and VIl Results and Di scussion

Refl ection Data

Refl ection analysis of returns in this region indicates that three
deep horizontal reflecting horizons are common (Figure 2). The depths of
these reflectors are approximately 200, 500 and 800 neters. These features
are not continuous on all lines but can be found repeatedly throughout the

region. An exanple of good continuity in the reflectors can be seen in
Figure 5a. This line (W 500) is an east-west section on which the upper
reflector is a continuous feature for the entire length of the line. The
intermediate reflector is missing on the eastern t'bird of the line, while
the deep reflector is suggested by a scattering of reflections between 700
and 900 m  However, the deep reflector is not continuous enough to define
a single horizon. Additional exanples of the continuity of the reflectors
can be seen in Figures 5b and ¢, which are the north-south |ines WB6&6 and
WB22 . The north halves of both lines show reflection horizons at 500- and
800-m depths. In Figure 5ca segnment of the 200-m upper reflector can be
found at the north end of the line, with the intermediate reflector seen at
the south end. The west end of line WB37 is reproduced in Figure 5d with a
good example of a strong continuous reflector at 80 m, The 200-m
reflector is well represented on this line, as well as a small segnment of
the 500-m reflector.
Refraction Data

Probably the nmost significant results that devel oped fromthe new
refraction analysis was establishing the wide distribution of shallow high-
velocity material in the region offshore of the Sagavanirktok Delta and
obtaining information in its limts. Refraction data in Figure 6a, from

14
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d. The west half of line WB37 with reflectors at approximately 200, 500 and 800 m

Figure 5 (cent'd). Reflection sections showi ng horizontal structures.
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line WB146 north of Reindeer |sland, show the high velocities observed in
the sediments very close to the seabed. The top of the high-velocity
material is seen at 20 to 40 m bel ow sea | evel . On this line the high-
velocity segment (>2 km's) is confined to a 17-kmlong section that starts
adj acent to Reindeer Island. A corresponding velocity profile (Figure 6b)
for line WBL46 shows the abrupt beginning of the high velocity material
along with a steady decrease in velocity with distance north of the
island. The maxi mum velocity on this line is approximately 3 km's and the
mnimmis 1.7 knmis for the seabed refractor.

The shallow high-velocity material is found in the extensive region
shown in Figure 1 enclosed by the 2-ion/s velocity contour. The north-
eastern boundary of this region parallels the 20-m isobath. Drilling
results fromthe Hardy-Lawson program suggest that this zone extends to the
east on the offshore side of the barrier islands. The western boundary of
this zone occurs between the Sagavanirktok and Colville rivers at
approxi mately 139° 30" west longitude. The high velocity zone does not
exi st immediately south of Reindeer |sland, even though it can be found to
the southeast, extending offshore fromthe Sagavanirktok Delta. South of
Rei ndeer Island a refractor with a vel ocity of 2.2 kmis is found at a depth
of 130 m Deep refractors much like this are also found throughout this
regi on. Exanples are shown for Prudhoe Bay (Fig. 7a), Foggy |sland Bay
(Fig. 7b) and Harrison Bay (Fig. 8). These deep refracting layers only
approach the surface at the coastline, where they rise to correspond wth
the shall ow high-velocity permafrost on land. The offshore extension of
these |ines appears to correspond with the 200-mrefl ector observed on the
marine records.

Therefore, there is sone evidence that the 200-mreflection is the top
of the thick slab of relict subsea pernmafrost. An exanple of the apparent
continuity of this structure fromthe refractions and reflections in the
coastal and narine survey data is shown by conparing the north ends of
lines D26 and 28 and the south end of line WB22. The approxi mate 200-m-
deep refractor on the north end of the D lines (Figure 8) corresponds to
the intermttent 200-mdeep reflector at the south end of the WB line
(Figure 5e).

21
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The internediate reflector at the approximate depth of 500 m coi nci des
with the depth of permafrost on land in sone parts of this area based on
anal ysis of onshore well data (Osterkamp and Payne, 1981). This reflector
may represent the velocity contrast between the ice-bonded sedinments in a
relict permafrost layer and the warmer thawed sedinents below. Even though
the position of this reflector corresponds with the observed depth of on
| and ice-bonded pernafrost along segnents of this coastline, the evidence
is not as conclusive as for the source of the upper reflector.

Addi tional evidence that suggests the near horizontal reflectors are
pernmafrost related is that they appear to be cut by dipping structures.

The di ppi ng strucutres would nost likely be related to changes in material
type, with the horizontal features related to contrast in the change of
state of the pore water. The base of the permafrost should be fairly
uniformwth distance fromshore in an area of active coastal retreat.
Increases in the depth to the top of ice-bonded material with distance from
shore should be nore noticeable.

The source of the 800-mreflector is not known. It is likely rel ated
to sone change in nmaterial types; however, it has been suggested that it
may be related to the distribution of hydrates.

The information on the distribution of the shallow high velocity
material shown in Figure 2 helps to illustrate the great |ocal extent of
this ice-bonded permafrost unit. Test drilling in this zone hel ps support
the results of the seismc analysis. The holes drilled off the Sagavanirk-
t ok and beyond the offshore islands to the east indicate that the top of
this shallow unit ranged in depth from7 to 24 m bel ow t he seabed (Harding
and Lawson Associ ates, 1979).

VI11 Concl usi ons

Shal | ow hi gh-vel ocity zones of ice-bonded permafrost occur locally in
the Beaufort Sea. The largest unit observed occurs off the Sagavanirktok
Delta where ice-bonded sedinments are comonly found |ess than 10 m bel ow
t he seabed

A general . pattera seens to exist for the deeper high-velocity
mat eri al . Refractors can often be traced fromthe surface on land to
depths in excess of 150 mwhere they correspond to a reflecting horizon

commonly found at 200 m  Because of the apparent link with the high

vel ocity pernmafrost on shore the evidence is strong for this being the top




of ice-bonded pernafrost off shore. Variation in the depth to this first

high velocity layer depends locally on material type and geol ogical history
of the region. The general pattern is for the velocity to decrease with

di stance from shore until the unit is no |longer detectable. This decrease

in velocity with distance from shore nakes determning the limt of ice-
bonded pernmafrost difficult. Current analysis suggests that ice-bonded
material will occur beyond the limts of the lines stuides, out to at |east
55 km from shore

Refl ectors at 500 and 800 m are al so conmon. The 500-m reflector nay
correspond to the base of permafrost.

The deeper permafrost unit can be overlain by the shallow high-
velocity material in some areas. This shallow unit may form after degrada-
tion of the deep unit is initiated. Examples of this are found in areas
where perennial freezing of the bed may occur in association with the
formation of shoals or islands. Shoreward novenent of the barrier islands
could also account for the shallow ice-bonded naterial found seaward of
these islands, particularly for those where only deep ice-bonded materia
is observed on the shoreward side. Reindeer Island and the chain in the
eastern part of the study area may be exanples of this situation.

Cases where shall ow high-velocity material will not be separated from
deep ice-bonded permafrost will be found near shore in zones of active
coastal erosion such as in the western part of |ease area 71

The origin of the shallow zone shown in Figure 1 is not known. [t may
be related to a nmore recently degraded land surface.
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