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ABSTRACT 

Significant and systematic variations in oxygen-18 and tritium contents 
were documented in field cores collected in 1974 along t he Mackenzie Valley 
and Polar Gas pipeline routes. As a resul t of these findings a laboratory 
program was initiated in the fall of 1977 t o investigate these isotope 
variations under controlled conditions which simulate t he growth of permafrost. 
This report describes the work completed during the second year of the 
program in developing the e quipment and experimental procedures. Data obtained 
during t he first five experimental runs ar e discussed i n r elation to 
f undamental guidelines fo r f uture experimen ts and i n re l a t ion to the effect the 
varia tions produced or not produced will have on t he in t er pretation of the 
naturally occurring isotopic variations. 

RESUME 

Des variations systemat iques et importantes dans le c ontenu d'oxygene-18 
e t de tr i tium furent documentees dans des carottes ramass ees en 1974 le long 
des routes de pipe~ line de l a Vallee du Mackenzie et de Po l ar Gas . Suite a 
ces decouvertes un prograunne de laboratoire pour etudie r l es variations de 
c e s isotopes sous des condi tions controlees et simulant l a croissance du 
pergel isol fut ini tie en 1977. Ce rapport decrit le trava i l accompli sur le 
developpement de l 'equipement et des methodes experi mentale s durant la 
deux ieme annee de ce progrannne. On discute des donnees ob t enues durant les 
c i nq premi ers essais exper imentaux par rapport a l' effet que les variations, 
pr odui t es ou non, auront sur l'interpretation des variat i ons isotopiques dans 
l a nature. 
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l. INTRODUCTION 

l.l Previous Studies 

During the summer of 1974, field cores were col lected from 

various locations along the Mackenzie Valley and Polar Gas pipeline 

routes as part of WRI project #606-12 (DSS file #06SU.23235-6-0681). 

In that study, significant and systematic variations in oxygen-18 and 

tri ti um contents were documented (Fritz and Michel, 1977). A paper on 

the results of this study was presented at the 3rd Internat ional Penn­

afrost Conference in Edmont on, during July 1978 (Michel and Fritz, 

1978b). 

As a result of t hese findings, a laboratory prog ram was in­

itiated in the fall of 1977 in order to investigate these isotope 

variations under controlled conditions which simulate t he growth of 

pennafrost. The progress made during the initial year of this program 

(WR! project #606-12-02, DSS file #02SU.23235-7-0768) was reported at 

the end of the contract peri od (Michel and Fritz, l978a ). 

1.2 Tenns of Reference 

This study was developed as a continuation of the laboratory 

experiments initiated during the previous contract and was designed to 

improve upon the experimenta l procedure and to initiate the actual ex­

perimental work. This work would aid in attempting to quantify the 

effects creating the isotope variations in pennafrost re la ted waters 

described previously. As a result of quant i fying these effects a more 

deta i led discussion of the formation and stability of permafrost should 

be possible. In addition to the experimental work addit ional field 

data was to be collected from the Foothills Alaska Highway pipeline route 

in order to increase the da ta base of observed natural i sotope variations. 



- 2 -

l .3 Scope of Present Study 

This report des cri bes the work completed to date in develop­

ing the equipment and experimental procedures. Data obta ined during 

the first five experimental runs are discussed in relat ion to funda­

men tal guidelines for futu r e experiments and in relation to the effect 

the varia ti ons produced or not produced will have on the interpretation 

of t he naturally occurring variations. During the course of this study 

the Foothills cores were no t available for the collecti on of additional 

data and, therefore, only a limited amount of work was poss ible on this 

aspect. The additional da ta collected are discussed wi th respect to 

the original data. Finall y, this report suggests a course along which 

fur ther work should be directed. 
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2. WORK COMPLETED 

2.1 Equipment Development and Ms~ification 

2. l. l Column Design and Assembly 

As noted in the report submitted last year desc r ib ing the 

init i al design and testing of laboratory equipment (Mic he l and Fritz, 

l977a ) , several modificati ons were recommended for the overall equip­

ment design. In keeping with these recommendations, ports were added 

to a number of additional PVC rings so that water may be i njected or 

withdrawn from specific levels during the course of futu re experiments. 

The columns are assembled in a similar fash i on to that out lined last 

year. 

As a result of changes in the cold source, loose vermiculite 

is no longer employed as t he insulation. In its place, a series of 

5 cm thick blue styrofoam bl ocks have been constructed t o f i t around 

the column. A small air space approximatel y 1 cm in thi ckness exists 

between the column and the styrofoam. The individua l bl ocks are 

stac ked and fitted tightly together using 6 cm long spiral ' ARDOX' 

nail s . Each block has outs i de dimensions of 20.3 cm by 40.6 cm, with 

a pair of blocks fitting together around the column. Th i s provides a 

minimum of 12 cm of insula t i on. Figure 1 illustrates the relationship 

of the insulation and column. 

2.1. 2 Temperature Monitor ing 

During the initia l development and design work , teflon coated 

thermocouples were employed because of the severe cold crea ted by the 

use of dry ice as the cold source. With the i ntroduction of a more 

moderate cold source, nylon coated thermocoup l es were se l ected to re­

place the teflon ones. The t hermocouples (N/N 20T) conta i ns 20 gauge 
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FIGURE 1 

Plan view of co lumn and insul at i on drawn at a 
scale of 1.4 
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copper constantine with a temperature range to -85°F (-65°C) and an 

error of ± 0.75°F (± 0.42 °C) . This change was mainly because of the 

poor sealing qua]ity attained between the teflon, silicon and PVC. 

The nylon thermocouples provide a better qual i ty seal al­

though they have proved to be less flexible even at the more moderate 

temperatures and they stil l require careful handling after sealing to 

prevent leaks from develop i ng. 

Measurements of the temperature were made usi ng the Dorin 

Trendicator 400 A Type T model meter purchased last year . This meter 

is capable of reading to 0.1 ° C. The fact that the the rmocouple wire 

has error limits of± 0.42° C is of little importance i n these exper­

iments since all of the thermocouples were constructed from the same 

roll of wire. Therefore, every thermocouple should experi ence a sim­

ilar error. The maximum error is largest near the limits of the 

temperature range. At temperatures close to 0° C, the err or should 

be considerable less than the 0.4° C. 

2.1.3 Cold Source 

The experimental design during initial development employed 

dry ice as the cold source. The dry ice was placed within a copper 

based cylinder set on top of the soil column to initiate f reezing from 

the top downwards. Because of the severe temperature gradients created 

and due to a few technical problems, this system was abandoned during 

the present contract. 

In its place, an electrical system was designed. For this 

system, the soil column and insulation were placed within a 22.1 cu. ft. 

Kenmore chest type freezer (model no. 36220). The freezer provided the 

cold air necessary to produce freezing. 



- 6 -

A wooden rack was placed on the fl oor of the freezer to allow 

for circulation of the co ld air. Three inches (7.5 cm) of insulation 

was laid on the rack to hel p prevent the bottom of the soil column from 

freezing. 

To control the temperature of the freezing ~ran t and the ther­

mal gradient along the co lumn, heaters were pl aced on ei t her end of the 

column. The overall exper imental design is shown in Fig ure 2 with the 

heater system illustrated in detail in Figure 3. 

The heater bloc ks are constructed f rom a 5 cm t hi ck slab of 

alumin um. Chromel (nickel -chromium) wire with an asbestos insulation 

cover i ng was wrapped around the heater block and attached to copper 

lead wires. The 26 gauge chromel wire used has a resis tance of 8.43 

ohms per metre. To reduce t he amount of chromel wi re requi red, the 

lead wires were connected to a 6.3 volt, 1 amp. Hammond transformer 

(model no. 166 J 6) which in t~rn was connec t ed to the main tempera­

ture control unit. This con trol unit is a Versa-Therm proportional 

temperature controller (model no. 2156) with a temperature range of 

-100 t o+ 500°F (-73 to+ 260°C). The unit features temperature con­

trols that allow the tempera ture to be set within 0.05° F (0.03° C) 

and a voltage limit contro ll er that eliminates temperature overshoot 

and undershoot problems. To provide this voltage control a YSI ther­

mistor (model no. 44004), with a tolerance of 0.2° C, was installed 

in the center of the heatin g block and connected directl y to the 

temperature control unit. A regular thermocouple was al so i nstalled 

in the block so that the temperature of the heater could be measured. 
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Calculations for sizing of the heaters were made using the 

heat loss equation: 

H • L • = S x ti-T I u x t ( 1) 

where H. L. = heat loss (B.T.U. 1 s/hr) 

s = surface area of the column (sq. ft .) 

t>T = difference in temperature between the column and 
the freezer (°F) 

u = therma l resistance of i nsulation (u = 10.0 for blue 
styrofoam) and 

t = insu l at ion thickness (inches) 

To B.T.U. 1 s/hr. i nto watts a divis i on factor of 3.4 was used. 

Once the potent i al heat loss was calculated, the value was 

used to calcu l ate the amount of heat input t hat would be required in 

order to prevent uncontrol led freezing. For the heat input per heater 

the heat loss was multip l i ed by a safety f ac t or of 2.5 . Using this 

val ue for the power requ i red , the following equation wa s t hen employed 

to calculate the amount of chromel wire requ i red. 

p = V2/R (2) 

where p = power (watt s) 

v = line voltage (volts) 

R = res i stance (ohms) 

Since p and V a re known, R can be calculated. To reduce t he amount of 

wire, the transformer added to the system lowered the value of V from 

117 to 6. 3 vo 1 ts. From R, the number of Metres of wire required were 

determined using the value of 8.43 ohms per metre as gi ven by the man-

ufacturer. 
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After the initi al two experimental runs , a pair of small 

electric fans were placed in the freezer to circu l ate the air and 

thereby el iminate any temperature strati fica tion withi n t he freezer. 

2.2 Equipment Performance 

2. 2. 1 Freezer Performance 

Freezers, like the one used dur i ng this contrac t period, do 

no t maintain a constant t emperature continuously. Instead , they op­

erate on a cycle which al l ows the temperatu re to f luctuate over a 

specific range which is dependent upon the f reeze r se tting . When 

the temperature rises above the upper limi t, the f reezer automatically 

ac t ivates the cooling sys tem which lowers the temperature to a lower 

li mit . . At this point the f reezer then shuts the cooli ng unit off and 

the temperature once agai n begins to rise . 

In order to document the temperatu re ranges , to examine fluc­

tuations in the range with time and to help in selecti ng the most 

su i table range for the experiments to be conducted, a mon itoring pro­

gram was undertaken. Figure 4 graphically displays the temperature 

fluctuat i ons in the freez er for various settings over a period of time. 

From this figure, several f eatures of the fr eezer become obvious. The 

most obvi ous is that the lower the freezer setting, the hi gher the 

temperature. Also, the lower settings produce a small er range in 

temperatures than the higher settings. Because of t he smaller range, 

the cycl i ng frequency is hi gher for the l ower settings, wh ich in turn 

means a more constant temperature , relat ively speaking. 

Although not qu i t e as obvious, t he lowering of t emperature 

with the coo li ng unit occur s in a slight ly shorter period of time than 

the rise in temperature once the cooling uni t shuts itself off. Once 
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~e ·ange l imit is reached and the cooling unit either turns on or sh uts 
' ff, there i s a small overshoot in the temperature before the trend re-

er ~s. This overshoot phenomena is always largest at the top end of 
I 

.he temperature range and largest with the highest freezer setting (7). 

The temperature ranges for each setting remained constant over 

:h( ·1test period of up to 65 hours. Random measurements taken immediately 

~fter the setting was changed, indicated t hat the freezer reaches its new 

te1 erature range within the first few cycles. It must be pointed out 

th ~~ during this testing, the highest setting (7) was examined first wi th 

ea1..11 subsequent change 1 O'l1eri ng the setti ng. 

As a result of the information acquired during these tests, it 

was decided to use setting number one for all column experiments. By 

k ~ ping the temperature as close to zero as possible, the difference in 

tr-perature between the freezer and the outside air wou ld be kept t o a 

minimum, thereby allowing for lower heat losses. 

To look at variations in temperature within the freezer at any 

point in time, a series of seven thermocouples were installed at di fferent 

p ints throughout the freezer. The ap proximate locations of these thermo-

c Jples are shown in Figure 5. The cooling unit consists of small diameter 

tubes within the freezer walls. Therefore, thermocoupl es at the same depth 

t t at different distances from the walls produced slightly different tern-

peratu~es. The data collected for thermocouple number one was used in 

~ _otting the temperature ranges of Figure 4. 

The major differences in temperature were found to occur as 

horizontal stratifications with the warmest air at the top of the freezer 

id the cold air sinking to the bottom. The data listed in Table 1 demon-

strates the temperature stratification for the various freezer settings. 
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Depth 
Setting 
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TABLE 1 

Date of Temperature Distr ibut ion Within 
the Freezer for Various Settings 

1 2 3 4 

(2 / 3) (3/4) ( 1 /3) (2/ 3) 

*-24.9 -24.9 -23.3 -24 . 4 
-29.5 -29.5 -28.3 -29 .3 

*-29.8 -29.8 -28 . 5 -29.5 
*-28.4 -28. 5 -27.2 -28 . 3 

-22. 4 . -22.6 . -21. 2 . -22.4 
*-21.6 -21 .8 -20.6 -21. 6 

-22.6 -22.6 -21.6 -22.4 

-1 7.8 -17.8 -17.1 -17 .9 
*-22.8 . -22.8 -21. 5 -22.5 

*-17.6 -17.8 -17.0 -17.8 

-15. 0 . -14.9 -14. 1 -14.8 

*-14.7 -14.7 -14.0 -14.4 

*-16.8 -17.0 -16.2 -16.7 

-1 7.0 -1 7.8 -17.0 - 17.5 

*-1 3.3 -1 3.4 -12.8 -13. 1 

* Value pl otted in Figure 6 

5 6 7 

( 1I4) (2/3) ( 1 /2) 

- 22.8 -24.3 -24.7 

- 28.0 -29.0 -29.5 

- 28.2 -29.4 -29.6 

- 26.6 -28.2 -28.5 

- 20.9 -22.4 -22.7 

-20.4 -21.6 -21.6 
- 21 . 2 -22.3 -22.4 
-1 6.9 -17.8 -18.2 
-21. 0 -22.4 -22. 2 
-16.7 -17.7 - 17 .9 

-13.8 -14.8 -15.0 

- 13.5 -14.4 -1 4.4 

-15.8 -17.0 -17.0 

-16.6 -17.7 -17.7 
-12.4 -13. 1 - 13. 1 



- 15 -

These data are plotted graphically in Figure 6 to better show the 

higher freezer setti ngs. The t hree thermocouples at the 2/3 depth 

level demonstrate the type of variation that can be found at one 

depth . 

It was found that when the insulated co l umns were placed 

in the freezer, the circulation of air was greatly hampered. The 

top of the freezer, at a setting of one, reached a temperature of 

-2 to -6° C while t he bottom had a range of -11 to -17° C. To coun­

teract this problem, a pair of small electrical fans were pl aced in 

the l ower half of t he freezer. With these fans i n place, t he tem­

perature between the t op and bottom of the freezer did not differ 

by mo re than 0.5° C at anytime during the freezer cycl e. There was 

at times a temperature difference of up to 1.0° C between t he top 

of the freezer and the side furthest from the fans. It was felt that 

thi s small difference would not affect the experiments and, therefore, 

an additional fan on t he far side was not added. There was no notice­

able heat affect produced by the presence of the two f ans . 

2.2.2 Heater Performance 

The information obtained on the characterist ics of the freezer 

as described i n the previous section permitted the siz ing of the heaters 

to be ca l culated wi th some degree of confi dence as outlined in Section 

2. 1.3 . During construct i on of the heaters , an overnig ht test was con­

duc ted to ver i fy the calculations. The heater, after being left on 

overnight, was approx imatel y 10° C above room temperature t he following 

morni ng. No insulation was placed around the heater and the tempe~ature 

atta i ned represents non- i nsulated conditions. 
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Duri ng the second column experiment , it appeared as if the 

heaters were not work i ng . Freezing from the top and bottom was occur­

ing with the temperature of the heater blocks apparently being 

controlled by the f reezer. 

Because of t hi s fa ilure, the heaters were tested again under 

room temperature, non- insulated conditions. Over a period of 24 hours, 

both of the heaters f ai led to produce enough heat to rais e the temper­

ature of the blocks above that of the room. Throughou t t he final 18 

hours of the test, the heaters were set for maximum power output and 

insulation was added for the last half of the test. 

Upon termination of the test, an investigati on revealed that 

the 1/10 amp fuses in each unit had blown and that the transformer for 

one of the heaters had also malfunctioned . In order t o correct these 

problems, minor modifi ca t ions were made to the heater sys tem. These 

modifications included inc reasing the size of the fuse s t o l/8 amp, 

replacing the one t ransformer and the addition of a resis tor to each 

transformer to reduce any su dden fluctuations in the f iel d created by 

cycl i ng of the temperature controller. 

With these changes in place, another test wa s performed to 

exami ne the performance of the heaters. Both of the t emperature con­

trol l ers were set to provide 50% of the total power outpu t . The heater 

blocks were insula t ed in a fashion similar to an experimental run, but 

they were tested at room temperature rather then i n the f reezer. Three 

thermocouples were pl aced within the room so that vari ati ons in room 

temperature could be monitored. Table 2 lists the results of this 

test with the heater data plotted in Figure 7. Time zero is set at 

midnight of the day t he test began with the actual sta rt occurring at 
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TABLE 2 

Heater Test Da t a 
Heaters were set at 50% of Maximum Power Output 

T t empera ure (o c) 

Time HEAT ERS RO OM TH ERMOCOUPLES 

(Hours ) Top Bottom 1 2 3 

18 : 30 13. 0 13. 2 13. 5 15. 4 14.4 
19:20 17. 1 16.8 12. 2 12.8 12.2 
19 : 55 20.5 19 . 7 12. 1 12.7 12. 1 
20 : 20 22 . 6 21. 5 12. l 12. 8 12.0 

21 :00 25 . 7 24.2 12. 0 12.8 12.0 
21 : l 0 26 . 5 24.8 12. 2 12.9 12. l 
21:55 29 . 7 27.6 12. 1 12.8 12. 1 
22:00 33 . 7 31. 0 12. l 12. 7 12.2 

32:55 48 . 6 43 . l 10. 2 10.9 10.6 

33:35 49 . 4 43 . 8 10.9 11. 6 11. 2 
34:05 49 . 7 44.2 11. 2 11.8 11 .4 

36:35 51. 0 45.4 11. 8 12 .4 11. 9 
37. 45 51.4 45.7 11.8 12. 2 12.0 
39: 10 51.8 46. l 11. 8 12.6 12.0 
40: 10 52.0 46.2 11. 6 11. 9 11 . 7 
56:50 52.3 46.6 10. 3 11. 0 10.6 
58. 45 52.8 47 . 2 11. 6 12. 2 11. 7 
65:50 53.0 47.6 11. 1 11. 8 11. 3 
81:00 52.2 46.4 10.8 11. 5 11. 1 

82: 10 52.7 46.9 11. 5 12. 1 11. 6 
85:55 53.0 47.4 12.0 12.3 12.0 

89:00 53.0 47.4 11. 6 12. 6 12.2 
89 :00 TEST TERM Plfl.TED. HEATERS OFF. 

106:00 14.2 13.8 10.7 11. 0 10. 8 
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18:30. Fluctuations in room temperature were the result of several 

i nfluences, including outside air temperature, the temperature of the 

adjacent room when the door was open, fluorescent l igh ts and sunlight. 

Since the heaters were in sulated only on the sides, the ir temperature 

was influenced to some degree by the surrounding air temperature. This 

is the main reason for the minor drop in temperature around 81:00 hours. 

As is appa rent from Figure 7, each heater has slightly dif­

ferent outputs from what is assumed to be initially equal power inputs. 

This is due to slight differences in the efficiency of the various com­

ponents of which the heater is composed. The bottom hea ter, although 

having a lower efficiency than the top heater, still was able to rai.se 

the block temperature almost 35° C above room temperature wi th 50% of 

the total power available. Using a freezer setting of one, a temper­

ature difference of 12 to 18° C exists between the heater and the 

freezer. There should, t herefore, be no problem in produci ng suffi­

cient heat from these heaters during the column experiments . 

In the chapter of discussion on each of the column experiments 

performed, the temperature of the heaters is listed with the i r respective 

output settings. As can be seen from these data, the heaters di d not 

encounter any problems in supplying the required heat. The ma j or problem 

which still exists concerns the temperature control unit itsel f . Since 

it is a proportional controll er, the temperature wi ll change as the heater 

block temperature changes with freezer fluctuations. Therefore , until the 

heaters reach equilibrium with the freezer, some change continua lly occurs 

in the temperature of the blocks. This problem can be overcome by more con­

tinuous monitoring of the teP1pe rature \\l it~ tke. In experiment f ive, 

equi 1 i bri um v!as reached vd thin a short periQQ of tir.ie and changes in temp­

erature were gradual and ~asily contro l led. 
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2.2.3 Thermocouple Performance 

Throughou t every aspect of the experimenta l work , thermocouples 

were employed to monitor temperature. In order to int erpret the tempera­

ture data collected, it is necessary to know the accur acy of the thermo­

couples with respect to one another. After monitoring t he temperature 

variations within the freezer, the thermocouples were bu ndled together 

and placed with the t ips located in the center of the f reezer which had 

been set to one. Al l of t he thermocouples should have measured the same 

temperature, at the same l ocation and at the same time . They were tested 

over a period of eight days with the resulting data tabul ated in Appendix 

I. The bead on thermocouple #3 broke near the beginni ng of the test and 

was not, therefore, measured. 

being remeasured at t he end . 

Thermocoupl es were read i n order with #1 

As can be seen from the data, the change in 

temperature during the time involved in tak i ng the readi ngs was never 

greater than 0.2° C. Variations between the thermocoup l es were usually 

no larger than 0.2° C with only a few instances of vari at i ons reaching 

differences of 0.4° C during a single set of readings. 

When thermocouples were prepared for installati on into the col­

umns, they were tested with respect to one another i n order to detect any 

faulty thermocouples which might have been included. In all cases, when 

the thermocouples were read with the freezer off, variat i ons were confined 

to 0.2° C in size. 

The reproduci bility of the measurements sugges t that readings 

made during the column exper i ments can be cons i dered as accurate to within 

± 0.2° C. In some instances the accuracy may be within± 0. 1° C, but for 

convenience, the former error range is used during all di scussions of the 

data. 
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2.3 Analytical Work 

Upon dissect ion of the frozen column, each i nterval was anal-

ysed for its moisture content. Other samples were then squeezed to 

obtain water for anal ysis of oxygen-18 and deuterium contents. As . 
described in the firs t chapt er, core was not made avai la ble during 

the past year by Foothills Pipe Lines Ltd. Analyses were, therefore, 

confined to examining the deuterium contents of the Mac kenzie Valley 

core samples which had previ ously been examined for the ir oxygen-18 

contents. A single sample of lake water from Illisarv ik, an exper-

imental drained lake site, was analysed for i ts oxygen-18, deuterium 

and tritium contents. 
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3. DISCUSSION OF RESULTS 

3. 1 Analysis of Mackenz i e Valre-y -eo:res 

The init i al oxygen-18 analyses obtained on t hese cores were 

reported by the author s in 1977 (Fritz and Michel, 1977). As a result 

of our findings, the current experimental program was i nitiated in 1978. 

Although the cores are now almost four years old, it was de­

cided that an attempt shoul d be made to obtain deuteri um contents to 

compliment the earlier oxygen-18 work. After examining the samples 

available and the oxygen-1 8 curves, cores 75-2-1 and 75-4-1 were chosen 

for deuterium analyses . Sel ected samples were picked from along the 

entire length of the core in order to fully characterize t he isotopic 

shift. In all, 11 samples were analysed for deuterium. The deuterium 

and the previously reported oxygen-18 results are listed i n Table 3. 

Shifts similar to the oxygen-18 profile are readily apparent 

from the deuterium data. When the data from Table 3 are pl otted against 

one another, a best fit meteoric water line can be drawn. As shown in 

Figure 8, this line can be described by the equation 

oD = 8.33 51so + 16.65 (3) 

Because of the smal l amount of data used in defining th i s line, it is 

not possible at t .his t ime to say whether or not there i s a statistically 

significant difference between this line and the average, world wide 

meteoric water line described by Craig (1961) as 

oD = 8 018 0 + 10 (4) 

Nevertheless, it is important to note that the isotopic contents of the 

waters from both sides of t he major shift continue to lie al ong the 
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TABLE 3 

Isotope Data f or Se l ected Samples from Cores 75-2- 1 and 
75-4-1 Plus a Singl e Sample of Lake Water from Illi sarvik. 

Sample 

75-2-1-5 

75-2-1-6 

75-2- 1-7 

75-2- 1-24 

75-2-1-29 

25-2-1-30 

75-4-1-5 

75-4-1-12 

75-4-1-18 

75-4-1-20 

75-4-1-21 

Illisarvik 
Lake 

Depth (Ft.) 

3. 08 - 3.92 

3. 92 - 4.25 

4. 25 - 5. 17 

36 . 17 - 37.5 

56 . 5 - 57.25 

57 . 25 - 58.42 

4. 0 - 6.0 

20. 0 - 22.0 

39. 0 - 41 .0 

47. 0 - 48.0 

49. 0 - 51.0 

180 

- 14.4 

Foothi 11 s 

(1976 ) 
iso 

-23.8 

-24.3 

-24.2 

-29. 1 

-27.3 

-27.3 

- 21. 5 

- 28.9 

-31. 5 

-31. 2 

-30.9 

D 
-46.5 

Core 

( 1 97 9) 

D 

-171 

-176 

-178 

-220 

-215 

-212 

-173 

-233 

-246 

-236 

-243 

141 ± 8 
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FIGURE 8 

Relationship of D - 180 for Foothills cores from the Mackenzie 
Valley. Solid li ne represents best fit for data. Dashed line 
is average worldwide meteoric water line as defined by Craig (1961). 
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meteoric water line. Therefore, whatever the process mig ht be which 

has produced these la r ge isotope variations , that process does not 

shift the isotopic contents of the ~1ater off the meteoric water line. 

The analysi s of the one sample from Illisarv ik, indicates 

that the lake water was subjected to a high rate of evaporation. The 

analysis of the oxygen-18 and deuterium contents would plot well off 

the meteoric water line. It is not known whether the isotopic compo­

sition of water in the bot tom sediments woul d also have been altered 

by evaporation. The p esence of tritium in the wa t er i s indicative of 

modern surface waters. The lake probably receives a large influx of 

snow melt water in the spring which then evaporates dur i ng the summer. 

3.2 La boratory Experi ments 

3.2. 1 Introduction 

Since the modi fication of the equipment construc ted for this 

research, a total of f i ve experiments have been performed . Throughout 

these initial few runs , minor problems were encountered with various 

pieces of equipment. It i s felt that most of the probl ems have been 

overcome and that a complete laboratory investigation will soon be 

underway. The equipment as presently designed and previous ly described 

can provide sufficient contro ls to allow for t he investi gation of a 

number of different parameters. 

In four of the five experiments co nducted, the medium grained 

Hawkesville sand descri bed in last year's report was used (Michel and 

Fritz, l978a). In exper iment four, a water column conta i ning deionized 

water was frozen. In t he following sections, each exper iment is des­

cribed in detail with al l of the temperature data recorded in appendices 
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at the end of this report. Moisture contents are calc ulated as a percent 

of the dry weight of t he soil. Oxygen-18 analyses have been completed 

for the first two experiments only. 

3.2.2 Experiment 1 

For this fi rs t experiment, a 50 cm long column was packed with 

a saturated sand mixtu e. The excess water was removed after the column 

had been filled to wi th in l cm of the top. The column was fully insulated 

on the sides with the styrofoam blocks whi l e above and bel ow the column, 

a one inch thick sheet of styrofoam was placed. No hea t ers were used in 

this run. A 5 cm space located where the heaters would normally be placed 

above and below the co l umn was left to provide an air pocket which acted 

as the cold source. The temperature of the freezer determined the rate 

of freezing. 

The experiment was conducted over a period of 178 .5 hours. The 

temperature readings t aken during the duration of the r un (see Appendix II) 

indicate that freez i ng occurred from the bottom upwards t o the top. Strat­

ification of temperatu res within the freezer maintained near zero tempera­

tures at the top of the column through the first 24 hour peri od. Within this 

time, the temperature along the entire length of the co l umn dropped to below 

zero degrees centigrade . 

After nearly 48 hours, the temperature at the top of the column 

finally decreased below those being recorded within the column. From this 

time on, both ends of t e co l umn registered negative temperatures which 

rose towards the centre of the column. 

At the end of the experiment, the column was removed from the 

freezer and immediatel y secti oned. When the column was r emoved from the 
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freezer, a 3 mm thick ice lense was noticed at the 25 cm level. Because 

only a small amount of material was available for analys i s, the oxygen-

18 content could not be determined. The central portion of the column 

which remained above -1 .0° C, contained partially unfrozen material: 

From this interval several millilitres of water were obtained for anal­

yses. 

In Table 4, t he moisture contents are listed for each section 

of the column. The top l cm of the soil was completely dry, probably 

due to evaporation of the wa ter during the course of the experiment. It 

is not known why the mi nor variations exist . The slight increase through 

the 15 to 25 cm interva l might be due to expulsion of water during freez­

ing at the ends of the column. This centra l portion, as no ted earlier, 

was still partially unforzen at the end of the experiment. If pore water 

was expelled during freezing, it would most l ikely acc umul ate in this 

section. 

The isotope data of Table 5, indicate that fract ionation did 

not occur. The top 5 cm was affected by evaporation as observed in the 

upper l cm of dry sand . The ice lense at the 25 cm level shows minor 

enrichment in the deuterium contents with this value be i ng substantiated 

by the adjacent frozen soi l . Unfortunately, the frozen soil does not 

show a similar trend i n the oxygen-18 and, therefore, t he significance 

of these two numbers i s unknown. Water from the partia l ly unfrozen core 

also shows some minor enrichment in comparison to the adjacent material. 

Because of the difficul ty i n obtaining this sample, the au thors do not 

wish to place any sign i ficance on this value. 



Sample 

l - l 

- 2 

1 - 3 

- 4 

- 5 

- 6 

- 7 

- 8 

- 9 

- l 0 

1 - l Ou 
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TABLE 4 

Moisture Contents of Saturated Soil in Column 1, 
Li sted as % Dry Soil Weight 

Depth (cm) Mois tu re Content (%) 

l - 5 21. 0 

5 - 10 21.3 

l 0 - 15 20.7 

15 - 20 22.7 

20 - 25 22.2 

25 - 30 19.3 

30 - 35 19. 4 

35 - 40 19.7 

40 - 45 19. 2 

45 - 49 19 . 4 

49 - 50 18. 6 

u represents unfrozen material. 
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TABLE 5 

Isotope Data for Column l ~ Expressed as 0 /oo SMOW 

Sample 

Std. \~ater 

Tap l·Jater 

Coln. #1 

- l 

1 - 2 

- 3 

1 - 4 

- 4u 

- 4w 

- 5 

1 - Su 

1 CE 

- 6 

l - 6u 

- 7 

- 8 

- 9 

- 10 

u represents 

Depth 

l - 1 

5 - l 0 

10 - 15 

15 - 20 

15 - 20 

20 - 25 

20 - 25 

25 

25 - 30 

25 - 30 

30 - 35 

35 - 40 

40 - 45 

45 - 49 

unfrozen material. 

w indicates excess li qu id water 

-11. l 

-11. l 

-10.8 

- 9.7 

-10.6 

-10.7 

-10.7 

-10.7 

-10.0 

-10.7 

-10.7 

-10.6 

-10.8 

-10.7 

-10.7 

-10.8 

present. 

-78 

-78 

-68 

-7'5 

-77 

-71 

-76 

-70 

-70 

-75 

-67 

-68 

-73 

-71 

-70 

-77 
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In summary, this experiment did not provide any definite 

evidence with which to evaluate fractionat ion produced duri ng freezing 

of the soil column. 

3.2.3 Experiment 2 

In this exper iment a 50 cm long col umn was again packed with 

a saturated sand mixture. The excess water was removed after filling 

and the column was then i nsulated similar to column 1. Heaters were 

placed on both ends of the column. This experiment was conducted over 

a 178.5 hour period. 

Unfortunately, both heaters are bel ieved to have failed within 

the first hour of the experiment. Temperature stratifica tion of the air 

in the freezer again de l ayed freezing at the top of the col umn. As a 

result of these probl ems the temperature data of Append ix II I are similar 

to those of experiment 1. The main difference between the t emperature 

data of these two exper imen ts is the larger decrease i n the bottom values 

in experiment 2. The al umin um heater bloc k appears to have decreased the 

value of the basal insu lation sheet. As a result, by the end of the ex­

periments, the lower port ion of the column had mar kedl y lower temperatures 

in column 2 than in the first column. 

When the top heater plate was removed du r ing sect ioning, a thin 

veneer of ice was found covering the soil. No other f eatures were noted 

during sectioning. Unl i ke t he column in the first experiment, this ~ol­

umn was frozen throug hout its entire length, with the exception of the 

bottom 1 cm. 

The moisture con tents of Table 6 contain minor va riations 

similar to the first co lumn . However, no pattern is evident to indi­

cate that expulsion of water during freez ing could account for these 

variations. 



Sample 

2 -

2 - 2 

2 - 3 

2 ;.. 4 

2 - 5 

2 - 6 

2 - 7 

2 - 8 

2 - 9 

2 - 10 
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TABLE 6 

Isotope Data for Column 2, 

Expressed as 0 /oo SMOW 

Depth (cm) 

1 - 5 

5 - 10 

10 - 15 

15 - 20 

20 - 25 

25 - 30 

30 - 35 

35 - 40 

40 - 45 

45 - 49 

Moi sture Content (%) 

20.5 

19.6 

20.4 

20. 1 

21. 7 

20.2 

18.8 

20.4 

18.5 

19 . 1 
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Determinat ion of the o~ygen-18 contents indi cates that no 

fractionation occurred during this experiment (Table 7) . The deuter­

ium contents vary sli ght ly more than the oxygen data, but except for 

a small enrichment at the bottom of the co lumn, there i s no evidence 

of fractionation. The two samples showing enrichment in the deuter­

ium data would have been the first part of the soil co l umn to freeze. 

If enrichment were to be found, it would be expected t o occur in this 

section. 

3.2.4 Experiment 3 

After modifying the heater systems to prevent failures during 

future experiments, a 50 cm long column was again packed with a satur­

ated medium sand. A heater was set up beneath the col umn with three 

inches of styrofoam beneath the heater. The top of the col umn was 

covered with a sheet of plastic to prevent moisture los s by evaporation. 

For this experiment, the freezer was used directly as the cold source. 

Two small fans were installed in the freezer to help ci rcu late the air 

and prevent the temperature stratification present du ring the first two 

experiments. 

The tempera tu re data, listed in Appendix IV indicate that 

freez ing occurred from the t op down. The t emperature gradi ent prior 

to the initiation of f eezing (30 hrs.) was approximately 7° C per 

metre. When the next set of readings were taken some 13 hours later, 

almost the entire column recorded negative temperatures . However, the 

gradient had decreased to l ess than 0.1° C oer metre in the frozen sec­

tion. Temperatures he l d continuously at around -0 . 2° C ± 0.1 for a 

considerable length of time. Freezing continued to dec rease the tem­

perature of the upper 5 cm of the column at a gradual r ate throughout 



Sample 

Std. ~~ater 

Tap ~~ater 

Coln. #2 

ICE 

2 -

2 - 2 

2 - 3 

2 - 4 

2 - 5 

2 - 6 

2 - 7 

2 - 8 

2 - 9 

2 - 10 

2 - lOu 

u represents 
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TABLE 7 

Isotope Data for Column 2, 

Expressed as 0 /oo SMOW 

Depth (cm) 5180 

-11. 1 

-11. 1 

-10.8 

0 - 0.5 

0. 5 - 5 -10.8 

5 - 10 -10.7 

10 - 15 -10.7 

15 - 20 -10.6 

20 - 25 -10.8 

25 - 30 -10.7 

30 - 35 -10.7 

35 - 40 -10.6 

40 - 45 -10.8 

45 - 49 -10.7 

49 - 50 -10.5 

unfrozen material 

CD 

-78 

-78 

-75 

-77 

-72 

-72 

-70 

-76 

-71 

-70 

-73 

-74 

-61 

-67 
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the experiment. It is interesting to note that a temperature difference 

of approximately 1.2° C was required before the temperature of the under­

lying 5 cm column section dropped below the -0.2° C value. This would 

translate into a 1.2° C per 5 cm gradient or 24° C/metre. This size of 

gradient was required for each section of the column. Once the tempera­

ture was reduced, the grad i ent decrease gradually from 20° C per metre 

(100 hrs.) to 8° C pe metre at the end of the experi ment (217 hrs.). 

Fluctuations, crea~2 d because of repairs being undertaken on the univer­

sity pm-Jer supply be tween 100 and 105 hours , did not affect the column 

temperatures. The bottom heater, however, did undergo a sharp rise in 

temperature which qu ickly dropped once the normal power supply was re­

turned to operation. 

Dissection of the column revealed the prese nce of frost on the 

lower surface of the plast i c sheet and a thi n veneer of dry soil beneath. 

The column had separat ed s l ightly at the 35 cm level. All of the material 

was frozen and no loss of water was apparent . 

The moistu re content of the co lumn (Table 8) generally increases 

with depth. This is similar to the earlier experiments in that the water 

appears to be expell ed duri ng freezing, accumulating in the portion of the 

columm which freezes last. The slight increase in mo is ture content at 

the 10 to 20 cm leve l cannot be explained by this method, however. This 

anomaly correlates wi th a slight depletion i n deuteri um as seen in Figure 

9. 

The fluctuations present in the graph, may indi cate the presence 

of some less permeable material retarding the movement of the moisture 

downwards. The dep letion and slight enric hment near the top of the column 

is probably due to f r actionation during formation of the f rost. 



Sample 

3 - 1 

3 - 2 

3 3 

3 - 4 

3 - 5 

3 - 6 

3 - 8 

3 - 9 

3 - 10 
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'FABLE 8 

Moisture Content of Saturated Soil in Column 3, 

Lis ted as % of Dry So il \~ eight 

Depth ( Cr.1) Moisture Content 

0 - 5 21. 0 

5 - 10 21. 0 

l 0 - 15 22.0 

15 - 20 22.5 

20 - 25 21.4 

25 - 30 21. 7 

35 - 40 21. 3 

40 - 45 22.2 

45 - 50 23. 1 

(%) 
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Fr GURE 9 

Va r i ation in deuter i um with dept h in 
Column No. 3 
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From the 20 cm l evel, the data (Table 9) indicate a gradual 

enrichment of the soi l water in deuterium. The sudden depletion near 

the base of the col umn is indicative of a reservoir effect which would 

be expected for the last water to freeze. The gradua l enrichment, how­

ever, was not expected as this is the reverse of what should have 

occurred. Variati ons in the deuterium values of earl ier experiments to 

a s imilar degree, wi thou t corresponding variations in the oxygen-18 data, 

provide some doub t as to the significance of the 4°/o o shift. It should 

be noted, however, that the deuterium contents are preserved, indicating 

that no loss has occurred. The reason for the var i at ions are, therefore, 

unknown at this t ime . 

3.2.5 Experiment 4 

For this experiment, a 40 cm column was fil led with deionized 

water to within 2 cm of the top. A plastic sheet was placed over the 

top of the column to prevent moisture loss. Beneath the bottom heater 

a total of five inches of i nsulation was inserted. The su rrounding in­

sulation was assembl ed i n t he same fashion as the previous experiments. 

The temperature data compiled in Appendix V ind icate that 

thorough mtxing uf t he water column was occurring throughout the first 

25 hours of the exper iment. This is believed to be due t o temperature 

related density changes whi ch caused the colder surface waters to sink. 

Throughout this exper iment, freezing was definitely occurring from the 

top down. 

Water attai ns its maximum density at approxi mately 4.0° C. 

According to the data for t his experiment, t he stratifica tion of the 

water column began once the temperature dropped to 3.8° C (at 30 hrs.). 



Sample 

Std . Water 

Tap Water 

Coln. #3 

Frost 

3 -

3 - 2 

3 - 3 

3 - 4 

3 - 5 

3 - 6 

3 - 7 

3 - 8 

3 - 9 

3 - 10 
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TABLE 9 

Iso tope Data for Col umn 3, 
Expressed as 0 /oo SMOW. 

Depth (cm) 

Top 

0 - 5 

5 - 10 

10 - 15 

15 - 20 

20 - 25 

25 - 30 

30 - 35 

35 - 40 

40 - 45 

45 - so 

OD 

-78 

-78 

-72 

-74 

-74 

-71 

-75 

-72 

-71 

-70 

-69 

-68 

-69 

-75 
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The 0.2° C difference is of the same magnitude as the previously noted 

stabilization tempera ture . In all of the experiments comp leted to date, 

the temperatures leve l l ed off at -0.2° C and maintained th is temperature, 

for considerable periods of time. This si mil arity mig ht indicate that 

all of the thermocoupl es are recording temperatures whi ch are 0.2° C 

lower than the actual t emperature. 

Nevertheless , once the temperature decreased bel ow the maxi­

mum density point, the column became stratifi ed from top t o bottom. 

The temperature gradient gradually decreased from S° C per metre imme­

diately after strat i fi cat i on to less than 0. 1° C per me t re at the time 

of freezing . Temperatur es of -0.2° C were maintained for nearly 12 

hours before the upper water temperature began to drop. I t took over 

50 hours for the freezer t o cool this upper water (ice) to the point 

that the next section of t he water column began to experi ence decreased 

temperatures. During t hi s time a gradient of approximatel y 45° C per 

metre was generated over t he 5 cm interval. This is twice the gradient 

generated in the soil - water system before the tempera tu re decreases 

occurred. 

Once the temperature dropped below t his critical point (-0.2° C), 

the gradient in the co lumn st eadily decreased to approxi mately 10° C per 

metre at the end of the experiment. This is slightl y highe r than the soil­

water system which decreas ed to S° C per metre. Further reductions might 

have occurred if the exper iment had been cont i nued. 

Upon completi on of the experiment, the column was removed from 

the freezer for dissecti on. The top 1 cm, i rmnediately beneath the plast i c 

sheet, contained frost . The silicon seal at the 35 cm l eve l was split 

with the PVC ring and base plate at 40 cm almost completely separated. 
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Some water had escaped f rom this lowennost crack and was frozen shortly 

afterwards. Within t he i ce column a hole up to 1 cm i n diameter and 

2.5 cm from the edge of t he column was found. It was con tinuous from 

14 cm to 35 cm. Surrounding the hole were small air bubbles oriented 

vertically along the hol e and horizontally near the to p and bottom of 

the ho l e. This hole appears to have been created by vert ically flowing 

water through a semi-f r ozen liquid. 

The isotope data (Table 10) _when pl otted as i n Figure 10 pro­

vides answers to several questions. The large negative shift at the 

very top of the column (24 °/ 00 ) is due to f ractionation in the 

liquid-vapour system. The vapour was recondensed as frost on the 

plastic sheet. The enrichment of the upper ice core res ults from the 

preferential uptake of the heavier deuterium into the i ce lattice. The 

higher energy of the hydrogen allows it to remain in the l iquid phase. 

Continued depletion of the deuterium should cause the i sot opic contents 

to shift along the Ray l ei gh distillation model line (dashed line, Figure 

10). This asymtotic l i ne would eventually indicate that t he final res­

idual fraction of water would not contain any deuterium whatsoever. Of 

course, this point is never reach ed in natural systems. 

The deviations from the theoretical line in Figure 10 occur 

in the 14 to 35 cm range. Thorough mixing of the water during freezing 

woul d account for the lack of fractionation in this interval. The hole 

and vertically oriented bubbles may be the physical evidence of this 

mixing . Conservation of the isotopes indicates that no appreciabl e 

loss of water occurred f rom the system. The minor enri chment of the 

basal water which did escape from the column i s probably from the re­

servoir when the deuteri um :ontent of the water was -96 °/ 0 0 • 



Sample 

Std. Water 

Buc ket Water 

Coln. #4 

FROST 

4 - 1 

4 - 2 

4 - 3 

4 - 4 

4 - 5 

4 - 6 

4 - 7 

4 - 8 

4 - Base 
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TABLE 10 

Isotope Data for Column 4, 
Expressed as 0 /oo SMOW. 

Depth (Cm) 

Top 

1 - 5 

5 - 10 

10 - 15 

15 - 20 

20 - 25 

25 - 30 

30 - 35 

35 - 40 

40 

OD 

-78 

-73 

-79 

-89 

-65 

-68 

-71 

-74 

-81 

-81 

-82 

-99 

-96 
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The experi ment has clearly demonstrated tha t reservoir ef­

fects can cause vari at ions in the isotopic content of ice. Most of 

the fractionation occurs when less than 25% of the li quid remains. 

If such were the case i n the field, one would expect t o see a gradu­

ally i ncreasing var iat i on with depth followed by a ra pid return to 

the isotopic content of the frozen material beneath. Th is may be 

the process to expla i n the small variations detected in the detailed 

core, but it cannot expl ain the large, sudden shift noted in the 

other cores. 

3.2.6 Experiment 5 

This was the f inal experiment conducted within the time 

available. Additional experiments will be conducted duri ng the up­

coming months to furt her investigate isotope effects resulting from 

freezing of the soil. 

In this experiment a 45 cm column was f ill ed wi th the sat­

urated sand. After f i ll ing, a plastic sheet was set over the top of 

the column and the bo ttom part was opened to allow dra i nage of the 

excess water. A sampl e of the initial water (EXCESS-1 ) was collected 

followed by a series of samples taken at ten minute in t ervals. Drain­

age of the column con t i nued for one-half hour at which time the port 

was closed and the pl asti c removed. The column was on ly partially 

drained. 

Heaters were pl aced at both ends of the column. The bottom 

heater was set on t op of three inches of insulation. Th e column was 

insulated in a manner ~mila r to the previous experiments , except that 

no material was packed in the space between the column and the insul­

ation. In this experimen t, the temperature gradient and rate of 
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freezing were to be controlled as careful ly as possib l e . Unfortunately, 

the lack of packing between the column and insulation res ulted in some 

freez i ng from the s ides occurring. 

Because of t he presence of satur ated and unsaturated zones, 

the temperature of the column did not dec rease as unifonnly as in the 

fully saturated columns. The highest temperature in the column was 

recorded from the section with the lowest moi sture conten t. Temper­

ature in general, dur ing the first 14 hours was controlled to some 

extent by the moisture content of the soi l . 

The temperat ure gradient prior to freezing ranged from 4 to 

5° C per metre (21 to 28 hours, Appendix VI). From the i nitiation of 

freezing at 30 hours, the temperature of the column remai ned in the 

-0.2 to -0.4° C range for over 55 hours. During this per iod the 

grad i ent was less than 0. 1° C. The gradient required to initiate 

downward movement of t he temperature was approximately 0. 4° C per 5 cm 

or 8° C per metre for t he unsaturated zone. This is t he l owest grad­

ient required in any of t he experiments conducted. It wou ld appear 

that the higher the mois t ure content, the higher the gradient required 

to initiate freezing to t emperatures below the -0. 2° C level. As dis­

cussed in the section on the previous experiment, the -0.2° C readings 

may in fact be 0.0° C and the steady temperatures resul t f rom the phase 

change of water to ice . 

The tempe rature anomaly indicating freezing f rom the sides 

was f i rst registered at the 100 hour mark. Throughout the remainder 

of the experiment thi s problem became worse as temperatures in the 

column decreased to va lues less than either heater. 
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When the column was dismantled, a thin layer of frost was 

discovered on the lower surface of the top heater. Duri ng sectioning 

about 2 cc. of wa t er were recovered from the 30 cm level . It was noted 

dur i ng sectioning that t he central portion of the col umn was consider­

ably drier than the edges. Because of the side-wall freezing, it was 

dec i ded to keep separ ate these two parts of the column. 

Analysis of t he samples for the ir moisture contents (Table II) 

clearly shows the wat er table at the 30 cm level. Wi thi n the saturated 

zone, the water contents are within 2% of one another (F igure II). How­

ever, in the unsaturat ed zone the water con tents are very different. The 

central core of the column drained to ap proximately a 4 t o 6% water con­

tent. The edges of the column however, only drained to a water content 

of 13 to 16%. It is not known whether t his difference i s due to drain­

age or whether this is a function of freezing from t he walls inwards. The 

earlier experiments indi cated that during freezing water was expelled from 

the freezing soil into t he unfrozen materi al. If this we re true for this 

experiment, then the difference in moisture content canno t be due to 

freezing. 

From the isotope data in Table 12, the effects of freezing from 

the walls inwards can be seen. The temperature data i ndi cate that side­

wall freezing began at the 35 cm level. Enrichment in the initial ice 

would be followed by gradual depeletion during freezin g. The most highly 

enriched values are found around the 35 cm level (Figu re 12). Gradual 

freezing towards the centre of the column and upwards produces a complex 

pattern which appears t o show depletion. Unfortunatel y , many of the 

upper samples did not yield sufficient water for analyses . The incom­

compl eteness of the data do es not permit the system to be fully under­

stood at this time . The frost value of t he top of the col umn indicates 

that some evaporat i on of the sample has occurred. 
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Sample 

5 - 1 

5 - 2 

5 - 3 

5 - 4 

5 - 5 

5 - 6 

5 - 7 

5 - 8 

5 - 9 

- 47 -

TABLE 11 

Moisture Content of Partially Dra ined Soil in Col umn 5, 
Listed as % of Dry So i l Weight 

Dep t h (cm) Moisture Content 
Centre 

0 - 5 6. 1 

5 - 10 4.5 

10 - 15 5.9 

15 - 20 4.8 

20 - 25 4.f.i 

25 - 30 6. 1 

30 - 35 18.0 

35 - 40 19. 7 

40 - 45 17.8 

(%) 
Edge 

14.9 

12. 8 

15.6 

15. 5 

13.2 

14. 7 

18.9 

20.5 

19.9 
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Column No. 5 



Sample 

' 
Std. Water 
Tap Water 

Bucket \-later 
Coln. #5 

Excess -1 
Excess - 2 
Excess - 3 
Excess -4 
End Tube 

FROST 

5 -
5 - 2 
5 - 3 
5 - 4 

5 - 5 

5 - 6 

5 - 6w 

5 - 7 

5 - 8 

5 - 9 

5 - 9u 
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TABLE 12 

Is otope Data for Column 5, 

Expressed as 0 / oo SMOW. 

Depth (cm) 
Centre 

Top 

0 - 5 

5 - 10 
10 - 15 
15 - 20 
20 - 25 

25 - 30 

30 - 35 -74 

35 - 40 -76 

40 - 44 -68 

44 - 45 

u represents unfro zen materia l. 
w in di ca t es excess l iquid water present. 

00 
Edge 

-78 
-76 
-82 
-75 

-78 
-73 
-76 
-73 
-66 

-55 

-74 
-72 
-72 

-65 
- 66 

-67 
-60 
-60 

-73 
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In order t o prevent future problems of this type, insulation 

such as rock wool will be wrapped around the column before placing it 

within the styrofoam blocks . 
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4. CONCLUSIONS 

4.1 Laboratory Equi pment and Procedures 

Modificati ons to the original equipment des i 9n have successfully 

resulted in a system t hat can be used to investigate i sotope fractionation 

effects created duri ng freezing. The cost of the equ i pment described with­

in this report is re l at ively low. Automation of the system would add to 

the expense, but i f a l arge number of experiments were t o be run for various 

purposes, it would wel l be worth the cost. Care must be taken to ensure 

that freezing does not occur from the sides. Wrapping of the column in 

insulation or with heati ng tape should rectify this pr oblem. To derive the 

maximum from each experi ment, readings should be taken t hroughout the ex­

periment at least every 3 to 4 hours. In general, the system can be set up 

in any room or laborat ory, although a cold room is still the best, and used 

for various freezing experiments. 

4.2 Experimental Findi ngs 

Of the five experiments conduc t ed to date, the freezing of the 

water column (Experimen t 4) has yielded t he best resul t s. Evaporation­

condensation effects and reservoir effect s were clearl y documented during 

this run. Although t he evaporation-condensation effect s are not considered 

to be important at dept h i n a saturated so il system, t hey may be important 

in looking at vapour t ransfer in the unsaturated system. This system could 

have existed in the pas t and has been replaced by satur at ed conditions now. 

Nevertheless, the effect s of the unsaturated system may still be present at 

depth. The Rayleigh equilibrium fractionat i on path fo llowed during freezing 

of the water suggests t hat reservoir effects may be responsible for the 

minor variations and t he i sotope couplets seen in the det ailed core. 
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Minor frac t i onations were produced dur i ng Experiments 3 and 

5, but they were inc l usi ve in helping to determine the s ize to which 

fractionations could occur. The first two experi ments f ailed to pro­

duce any isotope effect s . 

Expulsion of water from the freezing front area a-n-d into the 

unfrozen ffiaterial ap peared to occur in al l the saturated soil columns 

tested. The importance of this moisture migration for frost heave and 

ice lensing experi ments has still to be i nvestigated at a future date. 

Analysis of two of the cores f rom the Mackenzie Va 11 ey for 

deuterium enabled a more detailed invest igation of the ma terial system 

to be conducted. Shifts similar to the oxygen-18 var iati ons described 

in previous reports were found in the deuter ium data. Pl otting of the 

oxygen-18 and deuter ium data against one another indicate that the 

waters at all the de pths surveyed fall on the meteoric wa ter line. The 

equation best describ i ng th is line for t he data availa ble is 

oD = 8.33 o18o + 16.65 

The significance of any change from the worl d-wide meteoric line cannot 

be determined at t his t ime because of the sparse amoun t of data. The 

fact that all data po i nt s fall onto the meteoric water li ne rules out 

all non-equilibrium f racti onation processes as possible processes re­

sponsi bl e for the l arge shi fts in isotope contents seen i n the field. 

Further testing in the l abo ratory should reduce the poss i ble number of 

processes that can be considered. 

Finally, the one sample analysed from the la ke at Illisarvik, 

indicat es that the wa t er is modern water probably deri ved from local 

surface runoff. High evaporation losses are indicated by the isotope 

contents of the sample anal ysed, probably reflect ing the t ime of the 

year in which the sample was taken. 

- , :·. "---- ~- .: ·~-
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4.3 Suggestions fo r Cont i nued Work 

r~ow that t he l abo ratory equipment has been modi fied success­

fully, a series of experiments can be un dertaken during the upcoming 

year . These exper iments should examine vari ous paramete rs such as 

moisture content, grain si ze, freezing t emperature, rate of freezing, 

saturated and unsaturated conditions etc . 

Further fi el d work should also be conducted in order to in­

vesti gat e the distri buti on of the isotope shift throughout the Arctic. 

A field program is expected to be undertaken at I l lisa rvi k during the 

upcoming spring. De tail ed drilling of modern pennafrost and, hopefully, 

relic permafrost wil l be undertaken duri ng t his program. 

The cores from the Alaska highway route which were to be ob­

tained from Foothi l l s during the present contract sho uld be available 

during the upcoming year. Analysis of t hese cores and any other cores 

which may be obtained during the next year should be consi dered in order 

to increase the da ta base. 
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11. PPEi!D IX I 

Temperatur e Data for Thermocoup les Used in Freezer Tests 

Thennocoup 1 e ilo . /Temperature (oc) 

Time (hrs. ) 2 4 5 6 7 

09:30 - 14. 9 -14.9 -14 .9 -14 . 7 -14.8 -1 4.8 -14.8 
11: 10 -16.7 -16.6 -16.6 -1 6.6 -16.6 -16.6 - 16 .6 
12: 20 - 16.8 -16.7 -16.7 -17.0 -16.7 -16.7 -16 .7 
15: 10 -13.6 -13 .6 -13.6 -13.4 -13 .5 -13.6 -13.6 
40: 12 -15.4 -15.3 -15 .3 -15 . 7 -15.6 -15.3 -15.3 
40: 14 -15.9 -15. 8 -15 .8 - 15.2 -15.9 -15.9 - 16.0 
59:11 -15.2 -15 . 2 -15.2 -15.0 -15. 1 -15.2 -15. 1 
59: 16 -14.2 - 14 .2 -14 .2 -14. 1 -14 . 1 -14.2 -14 .2 

59:23 -13.6 -13.6 - 13 .6 - 13 .6 -13.6 -13.6 -13.7 

60:25 -14.6 -14.6 -14.6 -14.4 -14. 4 -14.5 -14.5 
60:28 -14.0 - 14 .0 -14.0 - 13 .8 -13.9 -14.0 - 13.9 

60:32 -13. 5 -13.5 - 13 .5 - 13 .3 - 13 .4 -13.5 -13.5 

60:36 -14.3 -14.2 -14.3 -14.6 -14.3 -14.2 -1 4.5 

60:39 -15.4 -15.3 -15.3 - 15 .6 -15.4 -15.2 -15.6 

60:42 -1 6.2 -16. 1 -16 . 1 -16.4 -16. l - 16.2 -1!:. 4 

60:44 - 16 .8 -16.6 -16 .6 -1 7. 0 -16 .8 -16 .6 -16.9 
60:46 -17 .0 - 16 .9 -16 .9 -17. 1 -16. 9 -16.9 - 17.0 

60:49 -16 . 5 - 16 .6 - 16 . 6 - 16. 4 -16. 5 -16. 5 -16.5 

60:53 - 16 .0 -16.0 -16.0 -15.9 - 16.0 -16.0 -16.0 

60:58 - 15 .0 -15.0 -15.0 -14.8 - 15.0 -15 .0 - 14.9 

61 :01 - 14 .4 -14.5 -14 . 5 - 14 .3 -14.4 -14.4 -14. 4 

61 :04 -14. l -14. 1 -14. 1 - 13 .9 - 13 . 9 -14.0 -14 .0 
61 :07 -1 3. 6 -13 .6 -1 3.5 - 13 .4 -13.5 -13.5 -13.5 
61: 50 -15 .4 -15 .3 - 15.3 - 15.6 -15. 4 -15.2 -15.6 

61 :52 -1 6. 1 -16. 0 -16.0 -16.3 -16. 0 -15.9 -16 .3 
63:06 -17 .0 -16.9 - 16 . 9 -17. 1 -16.9 -16. 9 - 17.0 

179: 41 -1 6.6 - 16 .6 -16. 6 -16.9 - 16 .6 -16.5 -16.8 
179:42 -1 6. 8 -16. 7 -16 .7 -17.0 -16.7 -16. 7 -16.9 
179 : 43 -1 6.9 - 16 .8 -16.8 -17. 1 -16. 8 -16.8 - 17 .0 

179 :44 -17.0 - 16 .9 -16. 9 - 17 .0 -16. 8 - 16.8 - 16 .9 
179 :46 -16.6 -16 .6 -16.6 - 16.5 -16.5 -16.6 - 16.5 

179 : 47 -1 6.4 -1 6.4 -16. 4 - 16.3 - 16 . 3 - 16 . ~ - 16.3 

179:50 -16.0 - 16.0 -16. l -15.9 -16.0 -16.0 - 16.0 

179 :52 - 15.6 -15.6 -15.6 -15. 5 -15.6 -15.6 - 15 .6 
179:55 - 15. 2 - 15.2 - 15. 2 -15.0 -15 . 1 -15.2 -15.0 

179:57 -14.8 -14. 8 -14.8 - 14. 6 -14.8 -14.8 - 14.7 

179: 59 - 14.5 -1 4. 5 -1 4.5 -14.3 - 14 . 4 -14.4 -14.4 

180 :01 -14. l - 14. l - 14. 1 -13.9 -14.0 -14. 1 - 14 .0 

180:03 - 13. 8 - 13.8 - 13.8 -13.6 - 13. 7 - 13 .8 -13. 7 
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Temperatu re Data for Thermocouples Used in Freezer Tests Co nt'd 

Thermocouple No. /Temperature (oc) 

Time (h rs. ) 2 4 5 6 7 

180:05 - 13 .4 -13 . 5 -13.G -13.3 - 13. 4 -13 .4 - 13.4 

180:07 - 13 . 3 -13.3 -13.3 - 13 .3 -13.3 -13.3 -13.4 
180:09 - 13 . 7 -13. 6 -13.7 -13 .8 -13.7 -13 .6 -13.8 
180:11 -1 4. 3 -14.2 -1 4.2 -14. 5 - 14.3 -1 4.2 -1 4.5 
180:13 -15.1 - 15.0 -14.9 -15. 3 - 15.0 - 14 . 9 -15 . 3 
180: 15 - 15 . 8 -15.7 -15.7 - 16 . l - 15.8 -15.6 -16. 0 
180:17 -1 6. 4 -16.4 -16.4 -16.7 -16.4 -16.4 -16 . 6 
180:19 -1 6. 9 -16.8 -16.8 -17.0 -16.8 -16. 7 -16.9 
180 :21 -1 6.8 -16.8 -16.8 - 16.8 - 16.8 -16. 8 -16. 8 
180: 23 -1 Ii . 5 -16.5 -16 . 5 -16.4 -16 .4 -16.5 - 16.4 

180:2 5 - 1Ii . 2 - 15.2 -16 .2 - 16 . 1 -16. l -16. 2 -16 . 1 

1!30:27 - 15. 8 -15.8 -15.9 -15. 7 -15 .7 -15 .8 -15.7 
180:29 - 15. 4 - 15.5 -15.5 -15.3 - 15 . 4 -15 . 5 -15 .3 

180:31 - 15. 1 -15.2 -15 . 2 - 15 .0 -15. l -15.2 -15 .0 
180 :33 -14 .7 - 14 .8 -14.8 -14.6 -1 4.7 -14 .8 - 14 . 7 
180: 35 · -14 .4 - 14 .4 -14.4 -14. 3 -14.4 -14 .4 -14.4 

180:37 -14. 1 -14 . 1 -14. 1 -13.9 - 14 .0 -14. 1 -1 4.0 

180:39 -13.7 -13.8 -1 3.8 -13 . 6 -1 3. 7 - 13.7 -13. 7 

180 :41 -13.4 - 13 . 4 - 13 . 4 - 13 . 2 -13 .3 - 13 . 4 - 13.3 

180 : 43 -13.3 - 13 .3 - 13.3 - 13.3 -13 .3 -13.3 - 13.4 

180:45 -13.8 -13.8 -13.7 -14 . 0 - 13.3 -13 .7 -13. 9 

180:47 - 14.5 -14. 4 -1 4.4 -14 .7 -14.4 - 14 .3 - 14.6 

180:49 - 15. 1 -15. 0 -15.0 -15 . 4 -15.2 -15.0 - 15 .3 

180: 51 - 15. 8 -15. 8 - 15 .8 -16 . 1 -15. 8 -15.7 -16.0 

180 :53 -16.5 -16.4 -16.4 -1 6.8 -16.4 -16 .4 - 16.7 

180 :55 -16. 8 - 16.8 -16 .8 -16 . 9 - 16 . 7 -16.8 -16. 8 

180 : 57 - 16. 7 - 16 .6 -16 .7 -16.7 -16.6 -16.6 -16.6 

180 : 59 - 16. 4 -16.4 -16 .4 -16. 3 -16.3 -16 .4 - 16.3 
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APPEND IX II 

Temperat ure Dat a fo r Expe riment #1 

Time Temoerature (o c ) I Thermocoup le Depth (cm) 
(Hrs :Mins ) 5 10 15 20 25 30 35 40 45 

0:1 5 15 . 7 15. 7. 15. 6 15 . 6 15 . 6 15. 5 15. 5 15. 5 15.4 

8:30 9. 4 9.8 9. 7 9.4 8. 8 8 . 1 7.1 5.9 4.8 

10:30 8.1 8.4 8.3 7. ') 7.3 6. 4 5.5 4.4 3.3 

21: 30 1. 0 1. 1 0. 8 0. 6 0. 2 -0 . 1 -0.5 -0.7 -0.8 

22 : 12 1. 1 1. 1 0.9 0.7 0. 3 0.0 -0.3 -0 .4 -0.4 

25:40 -0.6 -0 . 5 -0.6 -0. 6 - 0. 7 -0. 7 -0.7 -0.7 -0. 7 

27:21 -0. 4 -0 . 4 -0. 4 -0. 4 -0.4 -0 .4 -0.4 -0 .4 -0.4 

32: 10 -0. 6 -0 . 6 -0.6 -0.6 -0 .6 - Q.6 -0.6 -0.6 -0.6 

32:22 -0.6 -0 . 6 -0.6 -0.6 -0.6 -0.6 -0. 6 -0 .6 -0.6 

33:30 -0.4 -0.4 -0.4 -0. 4 -0.4 -0.4 -0.4 -0.4 -0.4 

45:30 -0. 5 -0 . 5 -0.4 -0 . 4 -0.4 -0.4 -0.4 -0.4 -0.7 

49:25 -0. 7 -0 . 4 -0.4 -0.4 -0.4 -0.4 -0. 4 -0.4 - 1. 0 

52:57 -1.3 -0 .7 -0. 7 -0.7 -0.7 -0. 7 -0 . 7 -0 . 7 - 1. 6 

70:08 - 2. 2 -1. 3 -0.8 -0.7 -0 .7 -0.7 - 1. 6 -2 .6 -3.4 

74: 10 - 2. 2 -1. 4 -0. 5 -0. 4 -0.4 -0.8 - 2.0 -2.9 -3.6 

74:59 - 2.4 -1. 5 -0. 6 -0. 4 -0.4 -0. 9 -2 . l -3. l -3.8 

78:24 - 2.7 - 1. 9 - 1. 0 -0.6 -0.7 - 1. 6 - 2.8 -3.7 -4.3 
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APPENDIX I II 

Temperature Data for Ex periment #2 

Temperature (°C)/Thermocoupl e Depth (cm) 
/ Time Top Bottom 

(Hrs:Mins) Heater 5 10 15 20 25 30 35 40 45 Heater 

0: 1 5 16. 0 15. 3 15. 4 15. 3 15. 1 15. 0 15 .0 14 .9 14. 8 14.8 15.0 

8:30 9.8 9.8 9.4 8.6 7.9 7.0 6.4 5.2 4.2 3.2 1. 6 

10: 30 8.5 8.4 7. 9 7.0 6.2 5.3 4.7 3.4 2.6 1. 6 (). 1 

21:30 1. 3 1.0 0. 6 0.0 -0.2 -0.5 -0.6 -0. 6 -0. 6 -0.6 -2.4 

22: 12 1. 4 1.0 0. 6 0.2 -0. 1 -0.2 -0.3 -0. 4 -0.4 -0.4 -2.0 

25:40 -0.2 -0.4 -0. 5 -0.6 -0.6 -0.6 -0.6 - 0.6 -0.6 -0.6 -2.6 

27:21 -0. 8 -0.4 - 0.4 -0.4 -0.4 -0.4 -0 .4 -0. 4 -0.4 -0.4 -2.5 

32: 10 -1. 0 -0.7 -0 . 7 -0.7 -0.7 -0.7 -0 .7 -0. 7 -0.7 -1. 0 -3.3 

32:22 -0. 7 -0.5 -0 . 5 -0.5 -0.5 - 0.5 -0 . 5 -0. 5 -0.5 -0.9 -3. 1 

33:30 -0.7 -0.4 -0 .4 -0.4 -0.4 -0.4 -0.4 -0. 4 -0.4 -1 . 0 -3. 1 

45:30 -0.8 -0.5 -0 . 5 -0.5 -0.5 - 0.5 -0.5 -0. 5 -1.8 -3.0 -4.6 

49:25 -0.9 -0.5 -0 . 5 -0.5 -0.5 -0.5 -0. 5 . -1. 2 -2.6 -3.8 -5.2 

52:57 -1.3 -0.8 -0 .8 -0.8 -0.8 - 0.8 -0.8 -2. 4 -3.7 -4.8 -6. 1 

70:08 -1. 9 -1. 1 -0 .8 -0.8 -2.5 -4.0 -4.6 -6. 0 -6.8 -7.4 -8.4 

74: 10 -1 .6 -0.9 -0 .4 -1. 7 -3. 1 -4.5 -5.2 -6.3 -7.0 -7.6 -8.4 

74:59 -1. 7 -1. 0 -0 .4 -2.0 -3.4 -4.7 -5 .3 -6.4 -7. 1 -7.7 -8.6 

78:24 -2. 1 -1. 6 -0 .9 -3. 1 -4. 3 - 5.5 -6.0 -7. 1 -7.7 -8.3 -9.0 



(H r s:mi ns ) 

0 

0: 15 

0:30 

0:45 

l :00 

l: 30 

2:00 

3:00 

4:00 

5:00 

6:00 

7:00 
8: 4.5 

10 :05 

13: 20 
17: 40 

21":00 

24:20 

25:55 

27:50 
29:50 
31:50 
35:20 
36:50 
38: 15 
41: 15 
45: 10 

47:05 

48:50 
50:50 

52:50 

54 : 55 

57: 15 

59 :30 
60 : 45 
71 : 15 

75:1 5 
78 :00 

To p 
Heater 

17. l 
18.5 

19.0 

18 . 2 
17. 2 

14.9 

12.6 

11.0 

9.8 

8.6 
7.3 

6.3 

5. 6 

4. 0 

2. 3 

0.6 

-0.4 

-1. 2 

-1. 0 

-IJ . 7 

-0.9 
-1. l 
-C.8 
-0 .8 
-0.8 

-a.a 
- 1. 0 

- 1. 0 

-1.0 
- 1. l 

- 1. 0 

-1. 0 

-0 .8 

-0.9 
- 0 . 7 

- 1. 0 

-1. l 
-1. l 

5 

18 . 0 

18 . 2 

18 . 4 

18.4 

18 . 4 

18 . 4 

18.0 

17 .0 
15. 7 

14.6 
13 . 3 

12 . l 

11. 1 

8 .8 

6.1 

3.6 

2.2 

1. 0 

0. 6 

0. 2 

-0. 2 

-0. 4 
- IJ . 3 

- 0.2 

-0. 2 
-0. 2 

-0.2 
-0.4 

-0.4 
- 0.4 

-0.4 

-0. 4 

-0. 4 

- 0.3 

-0. 3 

- IJ. 4 

-0.4 
- 0 . 4 
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Append ix VI 

Tempe rature Data for Experiment #5 

Temperat ure (°C)/Thermocou ple Depth ( en ) 

10 

18.3 

18 .5 

18 . 6 

18.6 

18. 6 

18 . 6 

18.4 

17.6 

16 .4 

15 . 3 

14.0 
12 .8 

11. 7 

9.3 

6.5 

4.0 

2.6 
l. 3 

0.9 

0.4 

-0.0 

-0.3 
-0. :: 
-0.2 
-0 . 2 
-0.2 

-0.2 
-0.4 

-0. 4 
-0.4 
-0.4 

-0. 4 

-0.4 

-0.3 
-1) . 2 

-0 .4-

-0 . 4 
-0.4 

15 

18.4 

18. 7 

18.8 

18.7 

18 .7 

18 . 7 

18. 5 

17 .8 

16 . 7 

15 . 6 
14 . 2 

12.9 

11 .8 

9.4 
6.7 

4.3 

2.9 

l. 6 

l. 1 

0.6 

0 .1 

-0.2 
- G. 3 

- 0.2 

-0.2 

- 0. 2 

-0.2 

-0.4 

-0. 4 
- 0.4 

-0.4 

-0.4 

-0.3 
- () . 3 

-0. 2 

-0.4 
-0. ~, 

-0.4 

20 

18 .6 
18 . 9 

18.9 

18 . 9 

18.9 

18.9 

18.6 

17 .8 

16 . 5 

15 . 2 

13.8 
12.4 

11.4 

9.0 
6. 6 

4.5 

3 . 1 

1.8 

l. 4 

0.8 
0. 3 

0.0 

-0.2 
-0.2 

-0.2 

- 0.2 

-0.4 

-0.4 
- 0. 3 

-0.4 

-0. 4 

-0.3 

- 0.3 

-n. 2 

-0.4 
-0 .4 
-0.4 

25 

18.7 
19.0 

19.0 

19 .0 
19 .0 

18 . 9 

18 . 5 

17 . 5 

16 .0 

14.7 

13.2 

11. 8 
10.8 

8 .6 
6.4 

4.5 

3.2 

1. 9 

1. 5 

l. 0 
'). 4 

0.0 

-0.2 

- 0.2 

-0.2 

-0.2 

-0.4 

-0.4 
-0.3 
-0.4 

-0.4 
- 1). 3 

-0.3 
-0 .2 

-0.4 
- ') . 4 

-0.4 

30 

18.8 

19.0 
19 . 0 

19.0 

19.0 
18.8 

18.1 

16. 8 

14 . 9 

13.4 

11. 8 

10 .6 
9. 7 

7.8 
6.2 

4.6 

3.2 

2. 1 
1. 7 

l. 2 

0.5 
0. l 

-G.2 
-0. 2 

-0 . 2 

-0.2 

-0 . 2 

-0.4 

-0.4 
-0.3 
-0.4 

-0 .4 

-0.3 

-0.3 

- 0.2 

-0.4 
-0.4 
-0 .4 

35 

18 . 7 

18.9 
18. 9 

18.9 

18.8 

113. 6 

17.7 

16 .0 

14.0 

12. 4 

10.'9 
9.8 
9.0 

7.4 

6. 2 
4.6 

3.3 

2.2 
l. 9 

1. 3 

0.5 
0.1 

- /']. 2 

-0.2 
-0. 1 

-0.2 

-0.2 
-0.4 

-0.4 
-0.3 
-0.4 

-0.4 

-0.3 

-0.3 

-0.2 

-0.4 
-0.4 
-0. 4 

40 

18. 3 
13. 5 

18.6 

18.8 

18.8 
18.4 

17.4 

15. 3 

13 .0 

11. 5 

10.4 

9.6 

8.9 
7. 9 

7.2 
5.4 

4.1 

3.2 

2. 9 

l.8 

1.0 
0. 5 
(\ , 
.. I 

().1 

0.2 

0. 1 

0.0 

-0. 1 

-0 . 1 

0 .0 

-0.0 

-0.0 
-0.1) 

-0. 1 

-0 .0 

-0.2 

-0.2 
- 3.0 

Bottom 
Heater 

16. 7 

18 . 3 

19 . 2 

19.4 

19.2 

18.4 
16.8 

14 .4 

1?.. 2 

11 . 6 

11.4 

11. 0 

10.7 

10.7 

10 . 6 

7.9 

6.5 

6.2 

5.3 
3.5 
2.3 
1.8 
1.4 

l. 3 

1. 4 

l. 2 

l. 1 

l. 1 

1.0 

1. 9 

1.2 

l. 0 

1. 1 

1.1 
1. 1 

1.0 
l. 0 

0.8 



( Hrs: Mins) 

80:55 

83:00 

85:25 

95: 10 

97:20 

100: 50 

103:40 

107: 15 

109:50 

110: 50 

120:40 

122:30 

124:30 

l 27: 3 7 

129:35 

131 : 30 

133:00 
142:05 
144: 10 

146:20 

148:00 

149: 40 
151:15 

154: 00 

157: 30 

165:20 

167:25 

169:30 
172: 05 
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Temperature Data for Experiment #5 

Temperature (°C )/Thermocoupl e Depth (cm) 

Top 
Heater 5 10 15 

-0. 1 -0.4 - 0. 4 -0.4 

-0.8 -0.3 -0.3 -0.3 

-1 .0 -0.4 - 0.3 - 0.3 

-1 .3 -0.8 -0.4 -0.4 

-1 .3 -0.8 -0. 5 -0.4 

-1.4 -0.9 -0 . 7 -0.4 

-1 .4 -1.0 - 0.8 -0.4 

- l . 3 - 1 . 0 - 0 . 8 -0. 4 

-1.4 -1.l - 1.0 -0.5 

-1. 5 -1. 2 - 1. 0 -0. 6 

-2.0 -2.2 -2 . 2 - 2.2 

-2.0 -2.5 -2 . 6 -2.6 

-2.2 -2.8 - 2. 9 -2.9 

-2.4 -3.2 -3 . 3 -3.3 

-2.5 -3.4 -3 . 5 -3.5 

-2.6 -3.6 -3 . 7 -3.6 

-2 .6 -3.7 -3 .8 -3.8 
-3.0 -4.0 -4 .1 -4.0 

-3.0 -4.0 -4 . 2 -4.1 

-3.0 -4. l -4.2 -4.l 

-2.9 -4.l -4 .3 -4.2 

-2.9 -4.l -4 . 2 -4.l 
-2.8 -4.0 -4 . 2 -4.3 

-2.7 -4.0 -4 . 3 -4.1 

-2.6 -4.0 -4 . 1 -4.0 

-2.6 -4.0 -4 . 0 -4.0 

-2. 6 -4.0 -4. l -4.0 

-2.4 -3 . 9 -4 .0 -3.9 

-2.d -3.9 -4.0 -3.9 

20 25 

-0.4 -0.4 

-0.3 -0 . 3 

-0.3 -0 . 2 

-0.4 -0.4 

-0.4 -0.4 

-0.4 -0 . 4 
-0.4 . -0.4 

-0.3 -0 . 3 

-0.3 -0.3 

-0.3 -0.3 

-2.2 -2. 1 

-2.6 -2.5 

-2.9 -2.8 

-3.2 -3. 1 

-3.4 -3. 3 

-3.6 -3 .4 

-3.6 - 3.4 
-3.9 -3 .6 

-3.9 -3.7 

-3.9 - 3. 7 

-4.0 - 3. 7 

-3.9 -3.7 

-4.1 -3.9 
-3.9 -3.6 

-3.8 - 3.6 

-3.7 - 3.5 
-3.8 - 3.5 
-3.7 - 3.5 

-3.7 - 3.5 

30 35 

-0 . 4 - 0.4 
-0 . 3 -0.3 

- 0. 2 -0.2 

-0 . 4 -0.4 

-0 . 4 -0.4 

-0 . 4 - 0.5 

-0.4 -0. 5 

-0 . 3 - 0. 7 

-0 . 6 - 0.8 

-0 . 7 -0.8 

- 2. 0 - 1. 9 

-2.4 - 2.4 

- 2. 7 - 2.5 

-2.9 - 2.? 

- 3. 0 - 2.7 

- 3. 0 - 2.8 
- 3. 1 - 2.8 
- 3. 3 - 3.0 
-3.3 - 3.r.J 

-3.3 -3.0 
-3.3 -3.0 

-3.3 -2 . 9 

-3.6 -3 . 3 

-3.3 -2.9 
-3. 1 -2 .8 

-3.0 -2.7 
-3. 1 - 2.7 

-3.0 - 2.7 

-3. 0 - 2.7 

Bottom 
40 Heater 

-0.2 

-0. 1 

-0. 1 

-0.3 

-0.3 

-0.4 

-0.4 

-0.4 

-0.5 

-0.5 

-1. 4 

-1. 9 

-1. 9 

-2.0 

-2.0 

-2 . 1 

-2.0 
-2.2 

-2.2 

-2 .2 

-2.2 
-2. 1 

-2.9 
-2.0 
-1. 9 

-1. 9 

-1. 9 

-1. 9 

-1.8 

0.8 

1. 0 

1. 0 

0.7 

0.7 

0.6 

0.5 

0.7 

0.7 

0.7 

0.3 

0.3 

0.5 

0.5 

0.5 

0.5 

0.5 

0.4 
0.4 

0.5 

0.4 

0.6 

0.6 
0.7 

0.8 

0.8 
0.8 

0.8 

0.8 



• 

Time 
(Hrs :Mins ) 

0 
0:30 

l :00 

l :30 

2:00 

2:30 

3:00 

3:30 

4:00 

4:30 

11 :00 

20:30 

25: 00 

30:00 

43:15 

45:00 

47:1 5 

49: 15 

51 :00 
54:30 

57: 30 

68:00 

70 :00 

72: 15 

75: 15 

77:00 

80:00 

92:00 

95:30 

100:00 

105:00 

117:00 

123 :00 

130:30 

5 

12. 1 

12. 5 

12. 5 

12. 3 

12.0 

11. 6 

11. 2 

10.9 

10. 7 

10.3 

7.8 

5. l 

4.7 

2.2 

0. 1 

0.0 

0. 0 

- 0 . l 

-0. 0 
-0. 2 

-0 . 2 

-0. 2 

-0. 2 

- 0.2 

- 0.2 

-0 .2 

-0.4 

-0. 9 

-1. 0 

-1. 2 
- 1. 4 

- 1. 9 

- 2. 1 

- 2. 4 
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APPENDI X V 

Temperature Data for Exper imen t #4 

Temperature (° C) / Therrnocouple Depth (cm ) 

10 

12 . l 

12 . 5 

12. 4 

12. 4 

11. 9 

11. 6 

11. 2 

10. 9 

10. 6 

10. 3 

7.8 

5. 1 

4. 7 

3.3 

0.8 

0 .6 

0.4 

0.3 

0 .3 
o.o 

- 0 . 1 

- 0. 3 

-0. 2 

- 0. 2 

- 0.2 

-0.2 

- 0 . 1 

-0. 2 
-0. 2 

-0. 2 

-0 .2 

-0 . 2 

-0. 2 

-0. 6 

15 

12 .0 

12.4 

12 . 4 

12. 3 

12.0 

11.6 

11. 2 

10.9 

10. 7 

10.3 

7.8 

5. 1 

4.7 

3.8 

1. 4 

1. 1 

1. 0 

0.8 

0.6 
0.2 

0.0 

-0 . 2 
-0 .2 

-0 .2 

-0.2 

-0.2 

-0. 1 

-0.2 

-0.2 

-0.2 

-0. 2 

-0 .2 

-0 .2 

-0 .2 

12.1 

12.5 

12. 5 

12.3 

12. 0 

11.6 

11 . 2 

10.9 

10. 6 

10 .2 

7.8 

5 . 1 

4.7 

3.8 

l. 9 

1. 6 

1.4 

l. 2 

1. 0 

0 .6 

0.3 

-0.2 

-0.2 

-0. 2 

-0.2 

-0. 2 

- 0. l 

-0.2 
- 0 . 2 

-0. 2 

-0 .2 

-0 .2 

-0.2 

- 0 . 1 

25 

12. 2 

12 . 5 

12 . 5 

12 . 3 

12.0 

11. 6 

11. 2 

10. 9 

10.6 

10 . 3 

7.8 

5. 1 

4. 7 

3. 8 

2. 5 

2. 2 

1.9 

1. 6 

1. 4 

0. 9 
'.). 6 

-0.2 

-0.2 

-0.2 

- 0. 2 

-0 .2 

-0. 1 

-0 . 1 

-0.2 

-0.2 

-'l . 2 

-0 . 2 

-0. 2 

- 0. 1 

30 

12. 2 

12 .5 

12 . 5 

12 . 3 

11. 9 

11 . 5 

11 . 1 

10 .8 

10.6 

10. 3 

7.8 

5. 1 

4.7 

3.8 

3.9 

3.0 

2.4 

l. 9 

l. 7 

l. 2 

0.9 

- 0.2 

- 0.2 

- 0.2 

-0.2 
- 0. l 

-0.1 
- 0. 1 

- 0.2 
- 0.2 

- 0.2 

- 0.2 

- 0.2 

- 0. l 

35 

12.2 

12.5 

12. 5 

12.2 

11.8 

11.4 

11. 1 

10 .8 

10.6 

10.3 

7.8 

5.0 
4.7 

3.8 

4.0 

4.0 

3.4 

2.9 

2.6 
2. 1 

1. 7 

0.0 

0.0 

0 . 0 

0.0 

- 0 . 0 

0.0 

- 0 . 0 

- 0 . 1 

- 0 . 1 

- 0. 1 

-0.2 

-0.2 

- 0. 1 

Bottom 
Heater 

12.7 

14.0 

14.4 

14.2 

13 .5 

13.8 

13.9 
15 .2 

16. 0 

15 .8 

13 . 6 

~ 1. 4 

9.8 

8.0 

7.9 

6.8 

6.5 

6. 4 

6.5 
6.6 

5.7 

3. 9 

3.7 

3. 6 

3.5 

3. 5 

3.6 

3.2 

3. 2 

2.9 

4.1 

2.3 

2. l 

2.0 



(Hrs:Mins) 5 

140:00 -2. 8 

145: 30 -3.0 

154: 00 -3.4 

166: 00 -3.8 

172: 00 -4. 1 

1'78: 00 -4.5 

180:30 -5.3 

195:00 -5.9 

201 :30 -6.7 

212:30 -8.7 

217:00 -9. 4 
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Temperature Data for Exper iment #4 
Cont'd 

Temperature (°C) /Thermocouple Dep th 

10 15 20 25 30 

- 1. 1 -0.2 -0.2 -0.2 -0. 2 

- 1. 4 -0.2 -0.2 -0.2 - 0. 2 

-1. 9 -0.2 -0.2 -0.2 - 0. 2 

- 2. 4 -0.6 -0 . 2 -0. 2 - 0. 2 

- 2.8 -1. 2 -0.2 -0. 2 -0. 2 

-3 . 3 -1.8 -0.2 -0. 2 -0. 3 

-4 .2 -3.0 -1. 5 -0. 6 -0. 6 

-4.9 -3.9 -2.8 -1. 6 -1. 1 

- 5.8 -5 . 0 -4.3 -3 . 4 -2.4 

-8 . 1 - 7.5 -6.9 -6.2 -5. 3 

-8.8 -8.3 -7.8 -7.3 -6.6 

(cm) 

Bottom 
35 Heater 

-0.2 1. 7 

-0.2 1.4 

-0.2 0.4 

-0.2 3.5 

-0.2 1. 6 

-0.3 1. 2 

-0.5 1. 3 

-0.9 1. 7 

-1. 3 · 1.8 

-4.3 0.7 

-5. 8 -0.7 



Time 
(H rs :Mins ) 

0 

0:30 
1 :00 

l : 30 

2: 00 

2: 30 

3:00 

3:30 

4:00 

4:30 

11 :00 

20:30 

25:00 

30:00 
43: 15 
45:00 

47:15 

49 : 15 
51 :00 

54:30 

57 :30 
68 :00 

70:00 
72: 15 

75:15 
77:00 

80:00 

92:00 
95 :30 

100:00 
105:00 
117: 00 

123 :00 

130: 30 
141):00 

145:30 
154:00 

166:00 
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APPE tlDI X IV 

Tempe rature Data for Experimen t #3 

Te~epra t ure (°C) /Thermocoupl e Depth (cm) 

5 l IJ 15 20 

12.0 12. 2 12.2 12.3 
12 . 4 12 . 6 12. 6 12 .7 

12.0 12. 5 12.6 12.7 
ll.3 12. 4 12 . 6 12. 7 

10.4 11 . 9 12 .4 12.6 

9.8 11.4 12.1 12. 4 

9.1 10 . 9 11.8 12. 1 

8.6 10. 5 11.4 11 .8 

8.1 10 . 0 11.0 11.5 

7. 6 9.6 10.6 11. 1 
3. 5 5.2 6.4 7. 4 
0.3 1. 8 2. 9 4. 0 

0. 5 1. 6 2.6 3.5 

0.2 0. 9 1. 5 2. 1 

-0.2 -0. 2 -0 . 2 -0.3 

-0.4 -0 .3 -0.3 -0.3 

-0. 6 -0. 2 -0.3 -0.3 

-0.7 -0. 2 -0.3 -0. 3 
-0.8 -0. 2 -0.2 - IJ . 2 

-1. 1 -0 .2 -0.2 -0. 2 

- l.2 -0. l -0.1 -0 .2 
-2.0 -0.7 -0.2 -0 .3 

- 2. l -0.9 -0.2 -0. 3 
- 2.2 - 1 .1 -0.2 -0 .3 
-2. 3 -l.2 -'1 . 2 -0.2 
- 2. 4 -1 .3 -0 . 2 -0. 2 

-2.6 -1.4 -C.3 -0. 2 
-3. 2 -2.2 -1.2 -0 .2 

- 3.4 -2 .4 -1 .4 -0.2 
- 3.6 -2.6 -1.6 -0. 6 

- 3.8 -2.8 -1.9 -0.9 
-4.2 -3.3 -2 .5 - 1.6 
-4. 3 -3 . 4 -2.6 - 1.CJ 

- 4.6 -3.8 -3.1 - 2.<l 

- 5.6 -5 . 0 -4.5 - 4 . 1 

- 6.3 -6 . 3 -6.0 - 5.7 

-8.5 -8 .0 -7 . 6 - 7.4 

-8 .6 -3.l -7.6 -7.1 

25 30 35 

12.4 12.3 12. 5 

12 .8 12.9 13. 0 

12. 8 12.8 13.0 

12.8 12.8 12.9 

12. 8 12 . 7 12.7 

12.5 12 .4 12.3 

12.3 12.0 11.8 

12. 0 11.6 11.4 

l l. 6 ll.2 11.0 

l l.2 10.9 10.6 

8.1 8.5 8 . 9 

5.0 5.5 6. 2 

4.3 4.8 5. 1 

2. 7 2.8 3.0 

-0.2 -0.3 -0.2 

-0. 3 -0.3 -0.2 

-0.2 -0.2 -0.2 

-0.2 -0.3 -0.2 

-0.2 -0.3 -0.2 

-0.2 -IJ.2 -0.2 
-0 . l -0. 3 -0. 1 
-0 .2 -0. 3 -0. 2 

-0.2 -0.3 -0.2 
-0.2 -0.3 -0.2 
-0.2 -0.2 -0.2 
-0. 2 -0.2 -0.2 

-0. 2 -0.2 -0. 2 
-0. 2 -0.2 -0.2 

-0.2 -0.2 -0. 2 
-0. 2 -0.2 -0.2 

-0.2 -0.2 -0.2 
-0.4 -0.3 -0.2 
-0.8 -0 . 2 -0.2 

- 1.4 -0 . 7 -0.2 

-3. 7 -3 . 4 - 3.3 

-5.5 -5 . 4 -5.4 

- 6.9 -6.6 - 6. J 

- 6.4 -6 .0 - 5.5 

40 

12 .6 

13 . 0 
13.0 

12 .9 

12 .4 

l l.8 

11. 2 

10.7 

10.3 

10.0 
9.8 

7.0 

5.5 
3 . 1 

-0 . 1 

-0.2 

-0. l 

- IJ. l 

-0 .0 

- 0. 1 
-0.0 

-0.2 

-0.2 
-0.2 
-0. 2 
-0. 2 

-0.2 
-0.2 

-0.2 

-0.2 

-0.2 
-0.2 
-0.3 

- 0.5 

- 2. 9 

-5.2 

- 5.9 
-4 . 7 

45 

12 .6 

13. l 
13 .2 

13 . 0 

12. 2 

11 .4 

10 .9 

10 .4 

10 . 3 

l 0.3 

l l.8 

8.6 
6. 2 

3.5 
0. 4 

0. 3 

0 .3 

0. 3 

0.4 

0.3 

0 . 3 

0.0 

0.0 

o.o 
0.0 

0. 0 

0 . 0 

o.o 
0.0 

- 0 . 0 

0.0 
- 0. l 

-0. l 

-0 . 2 
- 2. l 

-4 .8 

- 5. 1 

-3.6 

Bottom 
Heater 

12.6 

13. 7 
14 .0 

13. 6 

12.4 

12.3 

12. 0 

13 . l 

13.8 
14.9 

19 .0 
14.2 

9.4 
5. 6 

2.8 

2.6 

2. 7 

2.7 

2.8 
2.8 

2.3 
l. 7 

l. 7 

l. 7 

1. 7 

l. 7 

l. 9 

l. 6 

l. 9 

l. 5 

2.7 
l .6 

2.2 

l. 6 

1. 2 

0.0 

1. 2 

4.9 



Time 
(Hrs :Mi ns) 5 10 

172 :00 -8.5 -8.0 

178:00 -8.8 -8.3 

188:30 -9 . 4 -8.9 

195:00 -9 . 5 -9.0 

201:30 -9 . 3 -8.8 

212:30 -9 .4 -9.0 

21 7:00 -9 .5 -9.0 
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Temperatu re Data for Experiment #3 
- Cont'd 

Temperature (°C)/Thermocou p1e Depth (cm) 

15 20 25 30 35 

- 7. 6 -7. 1 -6.6 -6.2 -5 .9 

- 7. 9 -7.4 -7.D -6.6 -6 . 3 

-8 . 6 -8.2 -7.8 -7.5 -7 .2 

-8. 6 -8. 1 -7.5 -7.0 -6 . 6 

-8 . 3 -8 .0 . -7.4 -7. 1 -6 .8 

-8 . 6 -8.2 -7.7 -7.3 -7 .0 

-8.6 -8.2 -7.7 -7 .3 -6 .9 

Sottom 
40 45 Heater 

-5.4 -4.6 1. 9 

-5.8 -5.0 1. 2 

-6.8 -6.2 -0.7 

-5.7 -4.6 -3.5 

-6.2 -5.5 0.3 

-6.5 -5.7 0.6 

-6.3 -5.4 1. 4 


