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INTRODUCTION

In this report, we present temperaturcs measured in three holes
drilled into the sea bed in the Prudhoe Rty region and a tentative
interpretation of them in terms of the gross thermal regime and shore-
line history of tne area, The new holes (PB-1, PB-2, and PB-3, Fipure
1) were drilled in spring, 1976 (sec Sellmann, 1976 as part of a
cooperative study of off-shore permafrost by the USGS, CRREL, and the
University of Alaska, Results from two of the holes (190 and 43370,
Figure 1) drilied earlier by the University of Alaska {Osterkamp and
Harrison, 1976) have been inclwkded in our interpretation.

The reader not interested in analytical details may wish to examine
Figures 1, 2, and 3, and then ship to the conclwling section '"Sumary

and Discussion,' page 32.
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TEMPERATURE OBSERVATIONS

Temperature measurements were made by logging from the surface with
the "portable mode" of instrumentation described by Sass and others
(1971). Equilibriun observations were made to millidegree precision at .
discrete depth increments of about 1| meter. The time constant for the
temperature transducer is only a few seconds, and the measurement accuracy
of the system is probably a few hundredths of a centigrade degree. The
obs¢rvational data are presented in tabular form in the Appendix. Pre-
drilling temperatures estimatcd for selected depths by the method of
Lachenbruch and Brewer (1957) are shown with temperatures from thé two
University of Alaska holes in Figure 2. More refined estirmtés of the
equilibrium temperature will be undertaken at.a later date, but the
results shown are adequate for the present purpose. |

The line of holes drilled by the University of Alaska eﬁtends
3,37 km outward from the shoreline to a point where about 0.3 m of sea
water occurs under the 2 m of ice that foims seasonally (sce inset,

Figure 2). Holes P3-3 and PB-2 extend that line seaward, PB-3 is

6.62 km from the shere where the combined water and ice depth is 5.8 m,
and PB-2 is 17.0 km from shore beneath 11.6 m of water and ice. Conditions
at PB-2 are complicated by proximity to Reindeer Island, a barrvier
island whose position is probably changing with time (see e.g., Hopkins
and others, 1977), Hole PB-1 lies within Prudhoe Bay proper, about 3 kn

from the shoreline; 0.7 m of sea water underlies the Z meters of seasonal
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ice there. Table 1 lists other information about these three holes and
two of the holes (190 and #3370) drilled by the University of Alaska
and discussed by Osterkamp and Harrison (1976).

Insofar as is known, no frozen material was penctrated by holes PB-1,
PB-2, and PB-3 or by hole #337¢: (Osterkamp and Harrison, 1976). 1his is
consistent with the general linearity of temperature profiles in the
lower parts of these holes (Figure 2) which implies steady-state conduction
in homogeneous materials with no phase changes in progress. [However,
the uncertaln bottom-most paints on profiles PB-2 and PB-3 {Figure 2)
suggest a sharp decrease in gradient; they may represent a transition at
the bottom of cach hole to thermal conditions in ice-bonded permafrost.)
llole 190 evidently penctrates relatively homogeneous- ice-bonded material
(Osterkamp and Harrison, 1976). Holes PB-3, PPB-2, and 3370 were all
temninated because of drilling difficulties at or near the depth of
the -1.8°C isotherm (Figure 2). As -1.8°C is the approximate freezing
temperature of normal sea water, thir obscrvation suggests that the
reason the drilling became difficult at these depths was because ice-
bonded permafrost was encountered there, and that the thawed sediments
penctrated were saturated with nommal sea water.

This important observation provides evidence fer the temperature,
9¢, of the top boundary of ice-bonded permafrost at these localities,
This boundary temperature is detemined by the freezing temperature (and

consequently the salinity) of interstitial water in the scdiments
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contiacting the icc-bppded interface. In principle, 0 can Lie'ﬂnywhbré
between 0°C'¢nd the eutectic Lempcrature.for sea water (abcut -23°C).
Harrison and Osterkamp (1976) have emphasized that the actual value of
Of depends upon processes by which salt might be concentrated or trapped
in the sea bed (e.g., by exclusion fron freezing seﬁ ice) and trnnéported
downward through the thiwed sediments, They have shown that if the salt
were transferrved exclusively by diffusion, salinity would decrease
sharply from the sea bed to the ice-bonded interface. If the salinity
at the sea bottom were close to that of normal sea water (as it probably
is in general when the water depth is substantially grehter-than-icc
thickness) the salinity gradient in the thawed laycr_would result in
relatively fresh interstitial water at depth and higher values of Gf
than inferred above. The rate of degradation of ice-bonded permafrost,
and in fact whether or not degradation occurs, is very-senSitive to
small changes in Of relative to the mean annual sea bed temperaturc,'qo.
The best estimate of the mean annual sea bed temperature O is
obtained by upward extrapolation of the linear portion of the curves
shown in Flgure 2, The values 50 obtained are listed ln Table 1, colﬁmn
4. The values of 00 for the four sites where the water depth i at-
least 3 m or so, vary from -0.8°C closest to shore to -1,57°C at the
site farthest from shere. [f O, were not less than 0,) there would be
no progressive thawing from onc year to the next and the ice-bonded
permafrost would persist close to the sea bed. As Osterkamp and Marrison

(1976) have pointed out, this is evidently the case at hole #190 which




is typical of _thé nea_f-_shore_region in which ice freezes to the sea bed _.
zinnuall».r_. Here conductive cooliﬁg in the winter _rcdﬁces the mean annua) |
tempernture.' éo, to about -3,.°C which is probably less than the freezing |
temperature of interstitial water, except possibly for effects of seasonal
salt concentrations. Thus within the near-shore band of grounded sen
ice, it is likely that op > 9, and ice-bonded permafrost can persist
close to the sea bed. It is important to emphasize that were it not for
effective salt transport through surficial sediments at the other sites,
this condition (0, > éo) could obtain alﬁo in the deeper watcr-. A.é_
Osterkamp (1975) z5d fiarrison and Osterkamp (1976) have stressed, the.
parameters controlling this salt transport process must be understood
befcre we can predict whether or not ice-bonded pe_nnafrost is likely to
occur close to the sea bed, If the salt is transported primarily by
movement of interstitial water, It mll be important also to confirm

that the heat transport is primarily conductive as is gcneraliy'a_sswn'éd.




A SIMPLE "TARGET' MODEL FOR PRUDHOE BAY PERMAFROST

Recognizing the hazards of premature generalization, we feel that
at this time it is useful to.construct a highly idealized preliminary
model of the gross featuves of Prudhoe Bay pemmafrost. Although it will
certainly be wrong in detail, it should serve to focus attention on the
sensitive parameters und provide some guiding context for future work.

It is a target model in the sense ﬁhat it gives 1s something to ''shoot"
at. With this introduction we shall not further belabor the presentation
with cautlous qualifying remarks. A more rigorous synthesis will be
presented with onshore data from the region after the completion of the
1977 fieldwork, For the most part, th2 following discussion is based
upon well known results from heat-conduction theory and concepts that
have been stated or implied in work published over the last 25 years
(Terzaghi, 1952; lachenbruch, 1957; Carslaw and Jaeger, 1959, chapter

XI; Lachenbruch and others, 1962, 1966; Mackay, 1972; Gold and Lachenbruch,
1973; Sharbatyan and Shumskiy, 1974; Osterkamp, 1975; Hunter and others,
1976; Osterkamp and Harrison, 1976; Harrison and others, 1977].

The model is represented schematically in Figure 3. At the time of
submergence the temperature is given by the curve t=0; thereafter the
seca bottom is maintained at temperature Oy and the melting (and freezing)
temperature of interstitial ice is maintained at O, at the upper surface
and Gf at the lower surface of the ice-bonded penmafrost. We shall
assume that % and O have remained constant at their presently observed

values since some effective date of submergence t=0. 'This, of course,
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cannot be true, but the assumption is justified by the resulting simplicity
of the analysis and by our present ignorance of the time-dependence of
these quantities. Figure 3a represents the case 0, > 9 which results
in a thawed layer at the sca bed (e.g., at holes 33?4, -PB-l, PE-2, and
PB-3) and Figure 3b represents 0, < O where there is only superficial
thawing, resulting largely from seasonal effucts (e.g., hole #190). 'he
model is one-dimensional, i.e., we neglect horizontal transfer of heat,
treating the submergence as if it were a sudden climatic change. For
slow transgression and at points close to the shoveline, this assumption
must be exam.ned carefully. We assume further that essentially all of |
the latent heat is released over a very small temperature interval,
ceffectively at Of near the top of the ice-bonded penmafrost, and at 0}
near the bottom of permafrost. We assume also that prior to submergence,
a thermal steady state had been established on land, the geothermal
flux, q*, is constant and tne thermal properties of the frozen (subscript
“"f*) and thawed (subscript "t') materials are each uniform. The moisture
content is assumed to be uniform also. These latter assumptions are
reasonably consistent with subsurface observations on land near Prudhoe
Bay. |

Pefinitions of quantities in the analysis arc as follows:

B initial depth of permafrost (on land).

9, long-term mean annual temperature at land surface (prior to

submergence)
0, freezing (and melting) temperature at top of ice-bonded

penmafrost



Of freozing (and melting) temperature at bottom of ice-bonded
permafrost

0 long-term mean annual temperature of sea bed at site of
interest

E - 00 = Of-

E =0p -0, 0r0 -9 whichever is less

F = O - Op or 0;: 0 whichever is greater (it can be negative)

I(f thernal conductivity of ice-bonded permafrost

K thermal conductivity of thawed sediments

ag thermal diffusivity of ice-bonded permafrost

pc volumetric heat capacity of ice-bonded pcrﬁafrost

q* steady upward geothermal flux (negative)
= K¢ ©, - @E]/B

X depth beneath sea bed

X =x - X

X(t) Depth beneath sca bed to top of ice-bonded permafrost at
time t

X'(t) Depth beneath sca bed to bottom of ice-bonded permafrost at

time t
8 = XY = X
L latent heat of freezing per unit volume of sediment

q, heat flux dowiward into upper surface, X, of ice-bonded

permafrost (positive)

'KSK




Q¢ heat flux downward from upper surface, X, of ice-bonded
permafrost |

ag heat flux upward from lower surface, X', of ice-tonded

permafrost

q{ heat flux upward into lower surface, X‘, of ice-bonded

permafrost
t
Q =[ qgdt
L] - t I
Q¢ = [0 qgt

QS,Q; the quasi steady-state parts of Qf and Q%, respectively

Q,Q' the transient parts of-Qf and Q%, respectively

To obtain representative numerical results for the model of Figﬁre_
3, we shall estimite the parameters for the initial condition (téU] and
the themmal properties from observations on shore, Then with the
values of X, ¢ and 9, inferred from the measurements previously discussed
(Table 1), we shall obtain relations for the durafion of suhnergencé-t,
and the vertical distribution of temperature and permafrost. fhe

principal difficulty stems from the requirement to determine rate of

movement of the upper and lower boundaries of the ice-bonded permafrost.
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INITIAL CONDITIONS AND THERMAL PROPERTIES

Temperature measurements through permafrost at onshore installations
near Prudhoe Bay suggest the following generalized values for the initial

temperature distribution (see Figure 4 of Gold and Lachenbruch, 1973).

B = 600 m (1a)

0% & -17C (1b)

6, = -11°C . (1c)

Gt

= W 1.8 (1d)
f _

Where G, and G represent the thermal gradients immediately below and
above the base of permafrost (x=B) respectively. We believe that this
gradient discontinuity corresponds to a discontinuity in conductivity

under steady thermal conditions. Hence

Qe = qp

and consequently

(2)

Sate
~le

For gas-free aggregates it is convenient to represent the thermal conductivity

as the geometric mean value of the conductivities of the constituents

(8ass and others, 1971), Thus if ¢ is the volume percent of water
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or ice we have

K lgﬁ Ké"t’ {3a}

ke = K} K7 )
where

Kw x 1,3 cal/am sec °C - (da) -

Ki = 5,4 cal/cm sec °C (4b)

are respectively the conductivities of water and ice, and K is the mean
conductivity of the remaining solids.

Combining 1d, 2, 3, and 4 yields
$ v 40% (5)

which is consistent with observations made near the sea bottom (Osterkamp .
and Harrison, 1976). |

For siliceous sediments of the type common in the Prudhoe Bay area,
we have found that K. is typically about 10 cal/cm sec °C. Using this

value with (4) and (5) in equations 3 yields

Kt v 4.4 cal/em sec °C (6a)

K v 7.8 cal/am sec °C (6b)
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Taking the velumetric heat capac'ty (pc) as 0.5 cal/cm® °C for solids

and 1,0 cal/em’ °C for water we obtain for the thermal diffusivity

a, "~ 0.0063 em?/sec (7a)

ae v 0,016 cm? /sec (7b)

The latent heat of freezing for water is about 80 cal/cm’; and for

sediments with $ ~ 408, it is

L = 32 cal/cm’ (8)

The steady geothermal flux q* is obtained by combining la, ¢  and
6b,

0_'
L f
q*'xf'—ﬁ_“

= -1.3 x 10" cal/an?sec
= -41 cal/am’yr (9)

We are using the convention that heat flux is negative for a positive

temperature gradient; i.e., upflux is negative, downflux is positive,
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CONDITIONS AT THE BOUNDARIES OF ICE-BONDED PERMAFROST

The upper boundary, X. If the mean sea bottom tenperature 0, is

greater than the freezing temperature O¢» then € > 0 and thawing will
proceed downward from the sea bed. Simultaneously, deposition of sediments
will result in thickening of the thawed layer by the amount D(t) (see

Figure 4). Therefore the heat balance at x=X is given by

qQ
Q% %% dp (10)

For the large moisture contents under consideration and relatively small
sedimentation rates, X will change slowly, and temperatures within the
thawed layer can be considered in a quasi-steady state. We introduce
Qe(t), the total amount of -ensiblc ieat supplied to the ice-bended

permafrost through its upper surface
t
Qg (t) = ]0 qg dt an
and (10) can be written

K,
STRCLRRYRY. (12)

where the dot denotes differentiation with respect to time,
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sea bed at t, ¢ 9,
SR Em——— T AT } b(t,-t,), sedimentation
7
T /
X(ty) X(t2)
A
‘L o
7
Y _ e : Y }i(t;-t.), thawing
/ — —— — — — -
ac/ /
y /
¥
(ice-bonded permafrost)

Figure 4. Simplified

conditions in thawed layer to depth X

beneath the sea bed at two successive times t; (solid
lines) and t; (dashed lines) for case ¢ > 0. @  and
GJE assumed constant and quasi-steady conduction is

asswned above X. Arrows on temperature curves represent
heat fluxes q, and q associated with gradients above

and below X, respec

tively,




14

Equation 12 can be integrated simply if Qe and 1) vary either as

1/2

t or t. The first case leads to

0
-9+ gl (13)

N‘K
~

L. o
,
and the second case yields

K. e

= .!. b - t L H
t=sX-—ztmQs E’;E‘ X)i (14a)
Q
where p = b+ —[ + @ constant (14b)

In this report, we shall consider only the first case, equation 13,.
which gives the time t since submer~ence for a case in which both the
sensible heat absorbed by permafrost and the sedimentation rate are very
large initially and then diminish progressively. Qualitatively, this is
correct for the heat; the bchavior of sedimentation rate is unknown but
at least (13) provides a first-order sccount of it. The factor preceding
the bracket in (13) is the well known approximation that neglects Sedimentation._ -
and the more important effect of sensible heat abcorbed by permafrost, b
For the case € < 0, there is, of course, no progressive thawing of

the upper ice-borded surface and X = 0,
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The lower boundary, X'. 'The position of the lower boundary of ice-

bonded permafrost, X' is determined by
dx* :
IﬂT_ gy " qi (15a)

As the moisturc content is large, X' will move slowly und we assume a
quasi-stexdy state below the base of permafrost (i.e., in x > X') and replace

qE by q*, the steady geothermal flux. FEquation 15 can then be written

dX'

La—t— E qﬂ - qi_ (ISb)

which yields on integration
L]
B - X'(t) = - [t - Qpe)) (16)

This is an expression for the thinning of ice-bonded permafrost
from below after passage of time t since submergence. Unlike conditions
at the upper surface, this thawing occurs irrespective of the sign of e.

Our strategy is now as follows: In the next section we shall -
obtain expressions for Qg and Qp. We can then apply our observations of
X, ¢, and D to estimate (from 13) the time of submergence t at any site,
Introducing t and q* in (16) will yield the position cf the bottom of

permafrost. Knowing the history of the positions of the phase boundaries
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and the initial temperature distribution, we can then estimate the

temperature distribution beneath any point on the sea bed.

%
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THERMAL CONDITIONS WITHIN PERMAFROST
AND THE EVALUATION OF EQUATIONS 13 AND 16

Conditions controlled primarily at the upper surface X. The rate

at which heat enters the top (x=X) of ice-bonded permafrost consists of
two parts; a quasi-steady part, és' resulting from the cons*ant difference
in tempernture between its top X and bottom X', and a transient part, q,
resulting from the depletion of its initial cold reserve (i.e., the heat

needed to raise the temperature to melting). Hence
e = Q + Q (17)

and (sce Figures 3a, b)

& = Ke xry a®)

where [ = 0;,-Gf >0

2 Ot .
0f0°L<0
The transiont part contributes heavily for ecarly times (sce e.g., curves
ty, Figure 3), but it becomes negligible (e.g., curves t;, Figure 3)

for later times., Tt will be shown (a posteriori) that for the ice-

rich conditions at Prudhoe Bay, the transient decays before appreciable
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pennafrost thinning takes place. Hence, we can approximate the transient
behavior by the temperature in a slab of constant thickness B with an initial
linear temperature distribution, and with upper and lower surfaces maintained

at constant temperature for t > 0.

For the sake of generality, we introduce the notation
B o= XHE) - Xt (19a)
X * x - X(t) ; (19b)

but we shall ignore for the moment the time-dependence of X and X', and

in the numerical calculations we shall generally approximate B by B,
showing eventually that the approximation is probably of little conseﬁuencc
for the cases of interest. |

We can write

8- g gt (
= K 20)
f H— x-o

where Oi(t,x;ﬁ} is the solution to

2
30, BQi

——— T

SRR I 0<x<B (21)
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with the conditions

0, = -EQ-§) , t=0 (22)

Gi =0, x0and x=8 , t >0 (23)

Here E = 0; - 0, for case ¢ > 0 (24)
E = 9, - 0, for case e < 0 (25)

The solution (modified from Carslaw and Jaeger, 1959, p. 313, equation

10) is

-nin? t

@ n i
o (t,xig) = & § Lo T T sinmnq1-§) (26)
n=1

where the time constant t is given by

.8
1 :!a—f (273)
= 1800 yrs for Prudhoe Bay (27b)

where (27b) is obtained from (la) and (7b), assuming B = B. Results from
(26) are shown graphically in Figure 5. It is seen that the decay of

9; is almost complete (i.e., the sensible heat storage is negligible)

for t > 1. Hence it is necessary only that our approximation § = B be

valid for t < r,
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w0 I '

t = /
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= 2 1 (360C vr~)
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Figure 5. Ticasient temperature function 04 describing

depletion of the cold reserve of ice-rich penmafrost,
Numbers on curves are times since inundation in
dimensionless units (1) and years for conditions at
Prudhoe Bay. Inset shows scheme of temperature
superposition.

tepth beneath top of ice-boaded pemafrost (i)
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Evaluating the derivative of (26) at y=0 yields an apprdximtion'- to
1 e ' (28)

time t

4 g2 6 ;nl :2;111:'

“3’](5-51[1';:-{;—8 y (298)
= 3 Ke g Tll - .08] " ter - @%by
“3KeET , tyT (29¢)

Integration of (17) yields
= |'E
Gl = [* ag ae
=) + [t 4 de
0

Ke 4
g (3B T Opogt] , €20, to1 e -
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‘Substituting the foregoing numerical values including.ef = -1.8°C, -

0% = -1°C in (30), we obtain the following dimensional relation for

Prudhoe Bay

Q
-[-f- (meters) = 28 -0.1 x t (centuries) t > 7 (31)

Introducing (31) in equation 13 along with observed values of
mirine sedimentation D and the other parameters, we obtain an estimate -
of the time since submefgence (column 15, Table 1). The 28 meters
contributed by the transient term in (30) is substantial, and the
sensible heat it represent# cgnnot'be'negleCIEd._ (Thc heat absorbed
through the upper surface by the warming permafrost is equivaient to
that required to melt 28 m of ice-bonded permafrost.) The second term .
in (31) represents the quasi-steady effect and it is sensitive to thé -
choice of Of and 0L, the latter in particular is rather arbitrary. In
Table 1, colum 8, the simpler approximation neglecfing sedimentation
and sensible heat is compared with the adjusted values, Table 1, column
15, given by equation 13, still a crude approximation. In general, the
combined effect of sedimentation and heat sforuge'increaﬁes the estimate
of t by ahout 45%.

It is seen from Table 1, colunn 7, that (excluding PB-1, to be
discussed) the greatest thawing from the surface, X - D, is about 40 m, ;3_:-

It occurs at hole 3370 where the time ¢ (colunm 15) is substantinlly

greater than t. But 40 m is only 7% B, and at t=1, X - D would be
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appreciably less. Thereforc thawing from the top of ice-bonded permafrost

does not seriously jeopardize our approximation
B(v) = B

More general conditions for the validity of the approximation will be
considered elsewhere.

Returning now to the case € < 0 we should like to determine the
temperature gradient -g% ; near the sea bed in ice-bonded permafrost as a
function of time to cc. .are with the observed value at hole 7190, From

(17), (18), and (28) it is given approximately by

90, %
xlg Kg
- ML
. % (0} - 0, + 2(0, - 0) nzl e 7 1) (32)
or
T :E;E:'E 1 3
- 0
2 x = (-B - (6 -0.)}) (33)
nZI » % -9 g ©f - %

From Figure 2, we obtain %;l . -38°C/kn, and @ = -3.5°C for hole 190.
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Introducing the other parameters in (33) yields
a0 o

O = 8, = 2.5

and (33) yields

w WAL
3 T

2§ e

= 2,70 - (34)
n=1 :

This relation is satisfied by

1

.08 (35a)

el ad

145 yrs ~ (35b)

r+
it

This value is consistent with an estimate by Harrison (oral commmication)

made with another method (it will be discussed further below),
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Melting from the lower surface X'. Following the procedure used

for the upper surface, we break q¢ into its transient and steady parts.

q% = Qé + Q' - (36)
where

Q' = Q = -K F - (3?)

s 5 f XT-X
We shall also use the notation
¢ . :
o - [ ap (38)
e

The heat balance at the lower surface X' of ice-rich bonded permafrost

is given by (15b), integration of which yields

X! t ' :
L e e | e - a1 e (39)

t
B-X' = Il: (Q'(t) - [0 Ke g dt - q* t) (40)
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It ha. been shown that Q'(t) will not increase significantly after t

exceeds 1, i.e,, by time 1 the sensible cold reserve has been depletgd;
The total amount of heat input from top and bottom required to aéhieve

this depleted condition is

Qp(1) - Q4(1) = 3 pc BE (41a)
=2K.E1v (410)
£ B {
where (41b) follows from (27a)
Substituting (29c) yields
; 3. B -
Q) * xKe gt N (42)

Comparing (41b) and (42) we see that one-third of the sensible heat
required to warm the permafrost enters through tc bottom surface. )
Integrating (40) and using (42) we obtain for t = 1

Boxi(r) v b 2k Bk fr-am)

bl.ll‘. qﬂ - ‘Kf T
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and hence
u-x'(r)=-15rxf§r (43)

From (43) we can calculate the thinning of permafrost from the bottom
during the first 1800 yrs (t=tr) after submergence for the four offshore

sites where E = 9,2°C and for hole 190 where E = 7.5°
B-X'(t) =7m , t=1800 yrs, E = 9.2°C (44a)
=57m , ) E = 7.5°C (44b)

As this is only about 1% of B, thinning from the bottom will not jeopardize

our approximation
B(t) » B

For larger values of time (t > 7), the first temm in the braces,
equation 40, is constant. Using (43), the subsequent thawing can be

expressed

K E £ .o
B - X'(t) = gfr v - [ (@H(t-T) - ( Ke § dt) (45a)

*T

KEE

o p2 t
3 AR T SCDRY

Txfgdt}, t >t (45b)
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Thus if F is small relative to E as is generally trué in the case e > 0,
the constant degradﬂtidn'fof t > 1 caused by the geothermal flux will
adequately describe all but the final stages of permafrost melting

(B << B).

We can describe the melting of the bottom ¢f permafrost for t > 1,
caking ~ccount of the time-dependence of B in (45). For the small
values of ¢ and large values of L of interest, it is seen from (13) and
(16) that most of the permafrost thinning will take place from below for
larger values of time. Retaining‘only X' in the denominator of the

right side of (37) and observing that (' =.0 for t > 7 we obtain

afx Kegr , t>T -  (46)
The heat balance (15b) can then be written

L& e cfa*] ¢ Ke ke ) o o (n

As q* is negative by our convention, we insert the absolute value to

clarify the physical meaning of (47). It follows that

[t dt = [X‘(t] s dx!
; X' (1) ‘_‘{f la*] x
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or

L , , . H X'(1) - H o
AR o 'I?"’ Ix (T) - X (t)] {1 mw n [r%—_n]} (433]

I}

T%'T [X'(r) - X)) , H=0 - (48b)

= 0.78 centuries/meter, Prudhoe Bay (48c)

:é;.l
=

where (48c) follows from (8) and (9). In (48) H is a characteristic

length defined by

P :
H =

- F B (49b)
E+F )
i

- 51———5 =3, B for e > 0 _ (49¢c)
of - 0, '

- @_O_f =3, B for € < 0 (49d)

Equation 48a gives the time past t=1 required for the bottom of permafrost |
to rise to X'(t) (from X'(r) given by equation 43). The factor preceding

the braces is the simple thaving Ly geothe:mal flux (48b). If the

melting temperaturc is the same at the top and hottom of permafrost,
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o theﬁ F=0, nnd.the-quanfity in braces is unity; the ice-bonded permafrost
will eventually all disappear, degrading at a near-constant rété (48b |
and ¢). If F > 0 the degradation will prbcéed at a diminishing_ratc and

a steady state will occur when X'/B = F/(E+F), If F < 0, the secoﬁd .
term in braces becomes negative and the quasi-steady flux across the
ice-bonded permafrost accelerates thawing, (The final stéges may, of
course, be complicated by variations of 0, and for ¢ > 0, by_bchavior

of the upper surface,) _

For the four offshore holes where F = 0.8°, R e 9.2°, the expression
in braces can generally be neglected, and thawing can be cohputed at the
rate L/q* (or 1.28 m/century, see equation 48c) for timcs of intéreét at
Prudhoe Bay. For example, for X! to_réduce to 500 ﬁ frﬁm 593 m, péglectiﬁg :
the braces gives (t:r) = 7,250 yrs and including them gives 8,030 yrs. |
The total time, obtained by adding t (during which time the first 7 m
thawed), is 9,050 yrs neglecting braces or 9,830 accounting for them.

If the model is approximately'corréct, it is likély phat 1cé-bdﬁded
permafrost extends to depths on the order of 500 m benéath the observation

sites at Prudhoe Bay today.
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Temperature profiles, A summary expression for ;he_approkimate

temperature O(x,t) above, in, and beneath ice-rich bonded permafrost

according to the present model is

Case I' €20,-0,>0

0=0, "% X , 0<x<X '. (50a)
= 0g + 0;(t,xiB) *+ g (=X(£)) , X~ x <X | o
0p - Xy, xox - (s0c)

Case 11 e = Go - Gf <0

0 = Qo + Oi(t.x;B) + g-x' y DxxeX' (51a) -
= o} - % ®x-X') , x>X | (51b)

The quantities X and X' are functions of t given by equations 13
and 16, respectively, and ai(t,x;BJ is given by equation 26, Far
approximations under ice-rich conditions and small e such as those at
Prudhoe Bay we can generally veplace 8 by B in 0, without serious error
or t < t = 1800 yrs at Prudhoe Bay, the temperature brofiles will -

resemble curves t; or t; of Figure 3a for case I, and Figure 3b for case
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I, For t >, 0 is small and the profiles will resemble curves t; of
Figure 3a for case i, and Figure 3b for case II. Parameters for the
profiles beneath each study site can be obtained from Table 1 and
relations in the text. Numerical details of the results should not be
taken too seriously, however, until more data are acquired to confirm

the assumptions or refine the analysis,
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SUMMARY AND DISCUSSION

We have presented a highly simplified analysis of thermal conditions -
near the shore at Prudhoe Bay. Although it cannot be "right" in defail,
the exercise exposes some logical implications of the fragmentary
observations presently available, it indicates the sensitivity of these |
implications to several of the parameters upon which the s¢lution depends,
and it serves to focus attention on the types of observations needed for
a mere confident analysis., The principal assumptions are:

1) Thawed sediments at the sea bed are saturated u_ith normal sea
water | ) _ |

2) Salinity of the ice-bonded permafrost is negiigiblé

3) Prior to the last inundation, the thermal vegime was in a
steady state and similar to the rég_irne observed teneath the adjacent
land today

4) The sediments are generally siliceous and have a large porosity

§) The thermal conductivity of the ice-bonded -and thawed material
are each relatlvely uniform |

6) Tile mean sea-bottom temperature inferred from preseht-day
observations at each sito Is the value that has obtained since inmdatidn-

7) torlzontal heat transport is negligiblie relative to vertical
transport.

A rather indirect justification for the first assumption has been

presented in the section 'Temperaturc Measurements'; it can ecasily be
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contirmed by deeper drilling, Some justification for assumptions 2, 4,
and 5 is provided by limited information on materials and temperatures
from borehcles on and off shore. The validity of assumption 3 depends
upon interpretations of shoreline chronology; the assumption is probably
consistent with existing evidence at the sites under study (see Hopkins
and others, 1977). Assumption 6 is arbitrary and jusiified largely by
its simplicity and our present lack of information; more rational
refinements are possible but probably unwarranted at this stage. The
seventh assumption will generally be violated at sites near shore.

The analysis yields the following results:

1) It underscores the importance of distinguishing between two
cases:

a) £€>0, and
b) e<0 |

where € = 0, - O and 9, is the mean sea bed temperature and O¢ is the
temperature of the upper boundary of ice-bonded permafrost (see Figure
3). In the first case (¢ > 0), permafrost thaws downward progressively
from the sea bed and eventually disappears. In the second case (¢ < 0),
permafrost persists near the sea bed. even in the steady state. The
sccond case is expected in a near-shore band where sea-ice freezes to
~ the bottom seasonally, but it i3 also possible at offshore locations.
00 depends on the secasonal regime of the sea water and Of depends upon
salt transport mechanisms in the sea bed; small changes in the relative

values of Bo and GJI can change the sign of € and convert one regime to
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the other. ' Several aspects of this problem have been discursed iﬁ
detail by Marrison and Osterkamp (1976) and Osterkamp (1975).

2) When the cold permafrost is inundated by the sea, it absorbs. |
heat from the relatively warm sea béd above and from geothermal flux
risirng from below. After ar initial period, the duration of qhich is
easily calculated, temperatures in the ice-bonded permafrost become
nearly uniform at the value determined by the melting temperatures of
its uppor and louef surfaces., For conditions at Prudhoe Bay-thé time
required to reach this near-isothermal condition is about 1800 years;
for submergence times less than this, apprecizble negative thermal
gradients are expected beneath the top of ite-ﬁcnded'behmafrnst.

3) A supstantial amount of the heat condn:téd downward-through the
sea bed is consumed in warming the perﬁafrost to its melting temperature |
(not melting it) in the initial phases. For conditipns at Prudhoe Bay,
the total amount of this heat is equivalent to that required to melt
28 m of ice-bonded permafrost. This heat reqﬁirement, neglected in
simpler models, can have a substantial effect on the estimate of time of
inundation calculated from the ubserved depth of thawing at the sea bed. -
For the present data it increases the time by 50%-80%.(Tab1e 1, coluﬁn .
13). :

4) One-third of the heat required to deplete the initial sub-
freczing cold reserve of permafrost is supplied by gecthermal flux
entering through the lower boundary. Thus, for conditions at Prudhoe

Bay the lower surface of permafrost rises only about 7 m during the



35

_first 1800 years, and thereafter it rises at the near-constant rate of |
about 1 1/4 w/century, |
| 5) 'The rate of thawing of the upper surface of ice-bonded permafrost
diminishes progressively with time because the thickness of the insulating
thawed layer increases. According to the model, the present rate of
t' awirg f the upper surface of ice-bonded permafrost is about 1 cm/yr.
at #3537, 1/2 an/yr at PB-3, and 1/3 an/yr ét PB-2. Hence at present,
permafrost is degrading faster at its lower surface (1 1/4 an/yr, see
4: =z ove) than at its upper surface at all sites, and the disparity
will increase with time, According to our interpretafion of the thermal
data, the thawed layer at the sea bed is thinnest at PB-2.(colum 7,
Table 1), the site that is farthest from shore, and hence the one that
has been submerged the longest. The analysis resolves this paradox
because the sea bed at PB-2 is colder and it thaws more slowly, as |
indicated by: the rates just cited (see alsc Table 1, coltzms 4 and 6).
These conclusions are sensitive to assumptions 6 and 7 which could be
seriously violated at PB-2, for example, by migration of Reindeér'Island.
Uncertainties of this sort can easily be resolved with additionni
drilling for thermal observations.-

$) The rate of sedimentation plays an important role in the heat
transfer between the sea bottem and the upper surface of ice-bonded |
permilrost. The thickness of the thawed layer that insulath permafrost

is the combined effect of thawing and sedimentation. Failure to account
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for sedimentation can lead to substantial errors in attempts to estimate
the period of inundation from observations of temperature and thickness
of the thawed layer beneath the sea bed. A very crude mathematical
account of sedimentation leads to adjustments of the inundation time by
as mich as 40% at the Prudhoe Bay sites; more realistic accounts will
probubly have larger effects.

With all of its shortcomings, thz analytical model was applied
formally to observations at holes #190, #3370, PB-3, and PB-2. The
calculated effective time of inundation is shown in Figure 6 as a
function of distance from the present shoreline (see also Table 1,
column 15). Taken at face value, the results suggest a peviod of rapid
transgression (at the rate of 10 m/yr) termminating some 4000 years ago
at a point presently perhaps 4 or 5 km from shbre; Thereafter, they
suggest a slow transgression at the rate of 1 m/yr up to the present
shoreline position. The latter rate is consistent with geomorphic
estimates of thenmal erosion of the present shoreline (sa2 iloplins and
others, 1977); the former would suggest a rapid rise of ¢ 1evei in the
past. However, these numerical results should not be taken too seriously;
it is easy to think of uncertainties in the assumptions that could change
the results substantially., It is probably fortuitous that the rate of
transgression, 10 m/yr, from PB-2 to PB-3 (Figure 6) is the samc as the
value determined by Hopkins (written commmication) from sea level

curves; a completely independent source of information. The absolute

values of his times of inundation are generally larger than
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ours by a factor of about 2, and consequently his estimate of the
transgression rate for the most recent ph2se is about half of ours
(about 1/2 m/yr). (One other curious, and perhaps no less fortuitous
result of our calculation is that hole 3370 which is 3370 m from shore
has a calculated inundation time of 3370 years.)

As the three offshore holes all have inundation times substantially
greater than the 1800 years required to deplete the cold reserve, the
analysis indicates that the temperature profiles beneath these holes are
described by the curve labeled t, in Figure 3a. That is the ice-bonded
permafrost is nearly isothermal and near its melting temperature. The
temperature and depth parameters (Go, Og X, X') for the curves at each
site are given in Table 1. Note that the base of permafrost has risen
only a few tens of meters (column 16). Thus the model suggests that
near isothermal ice-rich permafrost (at temperatures close to melting)
extends to depths of 500 m or so bencath the four offshore holes.

Temperatures bencath hole 190 would follow a curve like t,, Figure 3b.
According to the model, the actual position of the transient part of
this curve is about midway between curves labeled t = 0,05 and 1 = 0.1,
Figure 5. The curve parameters Go, O¢) X and X' are given in Table 1;
9, and 0} can reasonably be assumed to be -11°C and -1°C, respect’ ‘ely.
For a refined analysis at this site, departures from assumption 7 should

be examined,

The hole PB-1 lies within Prudhoe Bay proper, a bathymetric basin
(see Figure 1). PB-1 and hole 3370 are hoth about 3 km frcm shore, and
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their sea-bed temperatures measured to depths of 20+ m are comparable
(Figure 2).' However, the thermal gradient is anomalously low at PB-1.

A formal extrapolation to the -1.8° isotherm yields a thaw depth of
80+ m, and a formal calculation of the duration of submergence yields
13000+ years for PB-1 (Table '1). There are two simple ways of explaining
this anomaly:

1) The sediments beneath PB-1 contain water of low salinity and
consequently the top of ice-bonded permafrost lies well above the -1.B°C-
isotherm, YiGe; P is relatively high.

2) The sediments at PB-1 were ''pre-heated" beneath a large thaw
lake whose shoreline eventually was breached by the sea to form Prudhoe
Bay proper. Mean annual bottom temperatures of large fhnw lakes on the
coastal plain geherally vary from about 0°C to about +1.5°C depending |
upon whether or not they are brackish; where the lakes are less than 2 m
deep their temperatures can be lower (Lachenbruch and others, 1962).

Thus the negative temperature.gradient at PB-1 tends to support the

first explanation although it doeé not preclude the second. A recent
radiocarbon date suggests that marine conditions commenced at PB-1 only
600 ycars ago (David Hopkins, written communication), As this allows
little time for thawing, it sﬁpports the ancestral lakc explanation.

The problem can be resolved by drilling to 100 m in Prudhoe Bay; the
resolution bears upen the question of whether or not ice-rich permafroét_

exists beneath Prudhoe Bay proper.
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Hole PB-1

Date: April 12, 1976

Depth of ice and water:

Depth (m)
(below sea bed)

Temperature (°C)

5.8%
6.46
7.99
9.51
11.03.
12,56
14,08
15.61
17.13
18,65
20,18
21.58

T . . T

-1.249
-0.972
-0.965
-0,967
-0,973
-0.993
-0.998
-1.014
-0.977
-1.026
-1.062
-1.065

40

2,68 m
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Hole PB-1 i
Date: April 14, 1976 Depth of ice and water: 2.68 m

Depth (m) Temperature (°C)
(below sea bed)

5.24 -1.272
5.85 -1.089
6.46 -1.076
7.07 -1.070
7.68 -1,067
8,29 -1.066
8.90 -1.070
9.51 -1.073
10.12 -1.077
10.73 -1.081
11.34 -1,089
11.95 -1,098
12.56 -1.15
13.17 -1.108
13.78 -1.107
14.39 -1,107
15.00 ¢1.111
15.61 -1.112
16.22 -1.107
16.82 -1,096
17.43 -1,092
18,04 -1,105
18.65 -1.125
19.26 -1.145
20.18 -1,166
21.58 -1,357
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Hole PB-1
Date: April 23, 1976 Depth of ice and water: 2.68 m

Depth (m) Temperature (°C)
(below sea bed)

5.24 -1.326
5.85 : -1.151
6.46 -1.135
7.07 -1.129
7.68 £ 21,126
8.29 -1.124
8.90 -1,125
9,51 =1:124
10.12 -3 ¥21
10,73 -1.125
11.34 1,127
11,95 -1.127
12.56 © 41,133
13.17 -1.136
13.78 -1.140
1439 -1.140
15.00 -1,141
15.61 -1,143
16.22 -1.146
16,82 -1.160
17.43 -1.168
18,04 o =1,172
18.65 41,179
19.26 -1.181
19.87 -1,197
20.48 -1.186
21,09 _ -1.209

21,64 -1.215
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Hole PB-1
Date: May 3, 1976 Depth of ice and water: 2.68 m -

Depth (m) Temperature (°C)
(below sea bed) :

5.85 -1,184
6.46 -1.162
7.07 -1,152
7.68 -1.141
8.29 0 -L.14d
8.90 -1.142
9.51 - -1.145

10.12 -1.145

10.73 -1.149

11.34 ~ =1.153

11,95 -1,157

12.55 : -1.162

13.17 -1,166

13.78. -1.170

14.39 -1.172

15.00 -1.177

15.61 -1,180

16.2 -1.181

16.82 -1.184

17.43 -1.190

18.04 -1.193

18.65 -1.199

19.26 -1.202

19,87 -1.206

20.48 1313

21.09 - -1.218

21.55 - 1. 228
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Hole PB-1 _
~ Date: .'June.B,'w?é. "_Deptt-\ of ice and water: 2,68 m

Depth (m). . Temperature (°C)
(below sea bed) o

6.10 -1,301
6.71 -1.236
.32 -1,216
7.92 -1.202
8.53 -1.193
9.14 -1.186
9.75 L -1.182
10.36 -1.180
10,97 -1.180
12.19 o -1.182
13.72 - -1.188
15.24 -1.197
16.76 -1,206
18.29 | -1.216
19.81 -1.227
21,34 -1.239

21.55 -1,243
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Hole PB-2-
-~ Date: April 21, 1976 S Depth of ice and water: 11.65 m
Depth (m) Temperature (°C) Depth (m) Temperature (°C)
(below sea bed). (below sea bed) .
0.55 -1,559 15,79 -1,626
1.16 -1.512 16,40 -1.628
1.77 -1.492 17.01 -1.631
2.38 -1.479° 17.62 -1.631
2.99 -1.466 18,23 -1,631
3.60 -1.458 18.84 -1.628
4.21 -1.452 19.45 -1.625
4.82 -1.452 20.06 -1.619
5.43 -1.453 20.67 -1,606
6.04 -1.455 21,28 - -1.591
6,64 -1.458 21,88 -1,580
7.5% -1.463 | 22.49 -1.576
7.86 -1.466 23.10 -1.584.
8.47 -1.475 ' 23.71 -1,603
9.08 -1.485 = 24,32 -1.652
9,69 -1,532 24,93 -1.671
10. 30 -1.587 25,54 -1.684
10.91 -1.607 ' 26,15 -1,701
11.52 -1.608 26.76 -1,711
12.13 -1.603 27,37 -1.720
12,74 -1.610 27,98 -1.727
13,35 -1.614 28,59 - -1,743
13.96 -1.616 29.20 -1,755 _ 5
14.57 -1.614 29.38 S - [T
15.18 -1.616 &




 Date: April 26, 197u

Depth (m)
(below sea bed)

Temperature (°C)

.

0.24
0.55
0.85
1.16
1.77
2.38
2.99
3.60
4.21
4.81
5.42
6.03
6.64
7.25
7.86
8.47
9.08
9.69

10.30

10.91

11,52

12.13

12.74

13.35

13,96

-1.679
-1.660
-1.658
-1.616
-1.588
-1,581
-1,551
-1.528
-1,515
-1,510
-1,514
-1,521
1,532
-1,545
-1.561
-1.576
-1,599
-1.614
-1.623
-1.633
-1.639
-1.633
-1.638
-1.638
-1.643

Hole PB-2

46

Depth of ice and water: il.GSIm

Depth (m)
(below sea bed)

Temperature (°C) ?

14.57
15.18
15.79
16.40
17.01
17.62
18,23
18.84
19.45
20.05
20.66
21.27
21.88
22.49
23.10
23.71
24,32
24,93
25.54
26.15
26,76
27,37
27.98
28.59
29,20
29,23

© -1.642
-1,65¢4
-1.664
-1.667
-1.667
-1.668
-1.668
-1.671
-1.665
-1.687
-1,689
-1.686

-1.683
-1.684
-1.690
-1.696
-1.686
-1.685
-1.717
-1,751
-1.767
-1.774
-1.780
-1.787

-1.795
-1.794
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Hole PB-2
Date: M/ 6, 1976 Depth of ice and water: 11.65 m
Depthk (m) Temperature (°C) Depth (m) Temperature (°C)
(below sea bed) (below sea bed)
0.24 -1,688 11.52 -1.648
0.55 -1.683 12,13 -1.648
0.85 -1.674 12.74 -1.652
1.16 -1.665 13.35 -1,656
1.46 -1.651 15.96 -1,659
1.77 -1.641 14,57 -1,665
2.07 -1.630 15.18 -1.673
2.38 -1.616 15.79 -1.680
2.68 -1.605 16.40 -1.686
2,99 -1,589 17.01 -1.690
3.29 -1.576 17.62 -1.692
3.60 <1.567 18.23 -1.695
3.90 -1.560 18.84 -1.608
4,21 -1.557 19.45 -1.697
4.51 -1.554 20,05 -1.707
4.81 -1,553 20.66 -1.715
5.12 -1.554 21,27 -1.720
5.42 -1.555 21.88 -1.723
5.73 -1,558 22.49 -1.725
6.03 -1.362 23.10 -1.727
6.34 -1,566 23.711 -1.725
6.64 -1.571 24,32 -1.711
6.95 -1.575 24,93 -1.705
7.25 -1,579 25,54 -1.735
7.86 -1,592 26.15 -1,761
8.47 -1.606 26,76 -1.776
9.08 -1.621 =2 X7 -1,784
9.69 -1,633 27,98 -1.791
10,30 -1,0639 28,59 -1.797
10,91 -1.644 29.20 -1,802

29,23 -1.802
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Hole PB-2
Date: June 8, 1976 Depth of ice and water: 11.65 m
Depth (m) Temperature (°C) Depth (m) Temperature (°C)
(below sea bed) (below sea bed)
0.15 -1.659 14,78 -1.689
0.76 -1.648 15.39 -1,697
1.37 -1.630 16.00 -1.705
1.98 -1.615 16.61 -1.711
2.59 -1.607 17.22 -1.714
3.20 -1.599 17.83 -1.717
3.81 -1.597 18.44 -1,722
4,42 -1.597 19,05 -1.726
5.02 -1.599 19.66 -1.732
5.64 -1.604 20.27 -1,736
6.25 -1.F79 20.88 -1.738
6.86 -1.0618 21.49 -1.738
7.48 -1.62, 22.10 -1.736
8.08 -1.636 22.71 -1,732
8.69 -1.644 23,32 -1.735
9.30 -1.648 23.93 -1.741 .
9.91 -1.652 24.54 -1,758
10.51 -1.656 25.15 -1.772
11.12 -1.660 25,75 -1,780
11.73 -1.0664 26.36 -1,789
12.34 -1.668 26.97 -1.795
12.95 -1.671 27.58 -1.800 -
13,56 -1.675 28,10 -1.,805

14,17 -1,682




49

Hole PB-3 _
Date: May 1, 1976 Depth of ice and water: 5.84 m

“Depth (m) Temperature (°C) Depth (m) -Tempernturé .(°C) = g
(below sea bed) o (below sea bed) ' : o

-1.502 - 20.98 -1.454 -

0.25 _
0.86 -1.401 21.59 -1.458
1.47 -1.345 22.20 -1.465
2,08 1,314 22.81 -1,473
2.69 -1.295 23.42 O -1.487
3.30 1,285 24,03 -1.510
3.91 -1.282 24,64 -1,528
4,52 -1.280 25.25 -1,538
5,13 -1,278 25,86 -1.541
5.74 1,278 | 26.46 -1.545
6.35 -1.273 27.07 -1.549
6.96 -1.276 - 27,68 -1.549
7.57 -1.287 28,29 ~ -1,545
8.18 -1.299 28.90 -1.543
8.79 -1.312 29.51 -1.547
9.40 -1.327 30.12 -1,558
10.00 -1.342 _ 30.73 | -1,571
10.62 -1.350 31,34 -1.580
11,22 -1.358 31.95 -1.592
11,83 -1.366 32,56 -1.592
12.44 -1.373 33.17 -1,576
13.05 -1.384 33,78 . -1,570
13.66 -1.395 34.39 1,585
14,27 -1,401 35.00 -1.603
14.88 -1.404 35.61 . -1.601
15,49 -1.405 36,22 -1,590
14,10 -1.410 36,83 -1.575
16.71 -1.402 37.44 - -1.574
17.32 -1.407 38.05 -1.579
17,93 -1.432 38.66 -1,592
18,54 -1.452 39.27 -1.588
19,15 -1,450 39,87 -1,483

19.76 -1.449 40,15 -1.374
20,37 -1,451 :
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Hole PB-3

Date: May 3, 1976 Depth of ice and water: 5.84 m
Depth (m) Temperature (°C) ' Depth (m) Temperature (°C)
(below sea bed) (below sea bed)

0.25 -1.613 20.98 -1.503
0.86 -1.491 21.59 -1.506
1.47 -1.437 22.20 -1.511
2.08 -1.442 22.81 ' -1.518
2,69 -1.406 23.42 _ -1,527
3.30 -1.375 24,03 - -1.547
3.91 -1.355 | 24,64 -1.573
4.52 -1.341 29,25 -1.583

5:13 -1.338 25.86 -1.500
5.74 =1,337" - 26,46 -1,597
6.35 -1,336 27.07 -1.0601
6.96 -1.337 27.68 -1.602
757 -1,339 28.29 -1.601"
8.18 -1,345 28.90 -1,597
8.79 -1,357 29,51 -1.605
9.40 -1,365 - 30.12 -1.623
10.01 -1.375 30.73 -1.642
10,62 -1,385 31,34 -1.652
11,22 -1,391 31,95 -1.654
11.83 -1.399 32.56 -1.652
12.44 -1.408 33.17 -1.654
13.0S -1.418 33.78 -1.657
15.66 -1.432 34.39 - -1,663
14,27 -1.441 35.00 -1.677
14.88 -1.447 35.61 -1.686
15.49 -1.450 36.22 -1.690
16.10 -1.454 36.83 -1.686
16,71 -1.,453 37.44 -1.684

17.32 -1.449 38.05 -1,705
17.05 -1.470 38.66 -1,709
18.54 -1,497 39,27 -1.692
19.15 -1,502 310.88 -1.654
19.76 -1.500 40.18 -1.620

20.37 -1.500 40.39 -1,599



51:°
Hole PB-3
Date: May 6, 1976 Depth of ice and water: 5.84 m.
Depth (m) Temperature. (°C) ~ Depth (m}  Temperature (°C)
(below sea bed) (below sea bed) '
0.25 -1.639 18.76 - .. -1.528
0.56 -1,598 o 20.37 -1.530
0.86 -1,534 20.98 -1.534
1.17 -1.474 21.59 -1,539
1.47 -1,471 - 22.20 -1.544
1.78 -1.473 22.81 . =1:550 -
2,08 -1,470 23.42 -1.560
2.69 -1,443 24.03 : -1,583
3.30 -1,420 24,64 -1.597
3.91 -1.404 25,25 -1.608
4.52 -1,386 - - 25.86 -1.618
5.13 - -1,366 26.46 -1.625
5.74 -1.360 27.07 -1.629
6.35 -1,360 27.68 -1.631
6.96 -1.361 28,29 - -1.633
7.57 -1.364 _ 28.90 -1.635
8.18 -1.372 29,51 -1.643
8.79 -1.380 - 30.12 -1,658
9.40 -1.389 30.73 -1.673 .
10.01 -=1,398 ) 31.34 -1.681
10,62 -1.406 31.95 -1.686
11,22 -1,415 32.56 -1,690
11.83 -1.424 33.17 -1,697
12,44 -1.434 i 33.78. -1.705
13.05 -1,445- 34.39 -1,715
13.66 -1,456 35.00 -1.726
14,27 -1.464 35.61 ' -1,734
14,88 -1.469 36.22 -1.739
15,49 -1.474 36.83 . -1,743
16.10 -1.478 37,44 1,746
16,71 -1.479 38.05 -1.752
17.32 -1,484 ' 38.66 -1.753
17.93 -1,502 39.27 : -1,747
18.54 -1.521 39,88 -1,740
19,15 -1.526 ) 40.18 -1.734

 40.36 -1.863
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