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Abstract 

Observations on the distribution of oxygen and hydrogen isotopes 

in permafrost waters have been completed at a drained lake site in the 

Mackenzie Delta, along the Dempster Highway, Additional laboratory 

observations of isotope 'fractionation in phase change were completed. 

The analyses are used in conjunction with c14 dates to delineate the 

history of the drained lake basin over the past 9000 yrs. and to 

examine permafrost history and the origin of the waters in the north

eastern Yukon. 

Réstnné 

Des obervations de la répartition des isotopes de l'oxygène et de 

l'hydrogène dans des eaux de pergélisol ont été réalisées sur l'emplacement 

d'un lac asséché, dans le delta du Mackenzie, le long de la route de 

Dempster. Elles ont été suivies d'autres observations en laboratoire sur 

la séparation isotopique en changement de phase. Ces analyses et la 

datation au c14 permettent de retracer l'histoire du bassin du lac asséché 

depuis 9000 ans, ainsi que d'étudier l'histoire du pergélisol et l'origine 

des eaux dans le Nord-est du Yukon. 
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Chapt er I 

INTRODUCTION 

Initia. l investl~atlons into the natural variations of 

stable isotopes ic ~erma1rost waters were undertaken by the 

11.uthors in 1976 (Fritz and Michel 1977 >• 1ha t study ln-

volved a.o examination o~ cores made avallable by Foothills 

Pipe Llnes Ltd. for the Mackenzie Valley, anà by Polar Gas 

Ltd. for their proposed pipeline route throuÉh the central 

Keewatin. The results of this study, which revealed oxy-

gen-18 shifts o-:l. 10 to 15 °/oo, were presented at the 3rd 

International Permafrost Con.ference ( Michel and Fr i t'z 

197!:sb). 

Dur in$Z the 19 7 7 - 7 9 pe rio d , proi;zram was initiated to 

periorm a series of la.bora.tory experlments in an attempt to 

simulate the natural variations detected within the ori~ioal 

:field cores. Ee~lnning •ith those experi~ents and continu-

in~ loto the . 1979-81 period, 

strated that it is possible 

the laboratory ,ork has demon-

to ~enerate fractionations on a 

smalt scale as a result of 1reezing. 

To supplement ~he laboratory work and to lncrease the 

natural data base, an extensive xield program was und~rtaken 

in May o~ 197~ and 1980 ~tan experimentat laxe site (named 

l -
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l l li sa. t'v i k ln the Mackenzie Delta. A total o~ 23 continu-

ous cores we re c o L lec ted this site :from wlthln the 

drained Lake bed, the surrounding shore and from a nea.roy 

pingo. I nte re st in~ variations were ~ound in a number of 

cores, white other cores dlsplayed an equally lnterestlng 

lack oï variation. A number or smalt variations simlla.r in 

rr.a.~nitude 1:o thoee generated within the laboratory pro~ram 

were detected white larger shi .l:'ts ran61lnlii! from +5 'tO -15 

0 /oo ior oxyRen-18 were also encountered. Isotope profillng 

o~ the pln~o has revealed a complex freezin~ history for the 

lce core. Through the use o:f. isotopes it has a.Lso oeen pos-

sihle to determine the thickness of the active layer during 
i 
l . 

the past JO years, the ao.nner in ~hlch the 

' . ; ireezes, the age o~ the waters and the presence oL. water 
L 

tram dif~erent sources. The year oy year progress of these 

lnvesti~ations has bee n desc ril>ed in d. serit:s of report~ 

{Michel. and Fritz 1878a, 1979, 1980, 1981, in press) whlch 

have been c-0mpiled and summarized by the senior author as a 

Ph.De thesis (Michel 1982). 

TERMS .llf mEBENCE 

As pa. rt o:f. the ongoing investigations of groundwa:ter ln 

perma1rost regions o1 Canada, this study was undertaken as a 

continuation of the previous research ~ro~ram. Speciflcal-

ly, the objectives of this study were: 
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l • to continue to qudotiiy the ~ecbanis~s crt:ating the 

isotope variations in permafrost waters. ln orde r to 

permit a more deta.iled discussion of the formation 

and stabllity of permafrost, 

2. to continue to study isotope iractionations occurrlng 

at Il lisarvl.k, 

J. ta corre1.a1e the fiel.d resul.ts with the 1.aboratory 

pro~ram, and 

4. t o expand the data base by examinin~ permaîrost wa-

ters .from the area south o~ Inuvik ( a ton~ the Demp-

ster Hl'1hway). 

i . 
1 .3 SÇOPE ~ :I.lU~ REPORT 

This report describes the work compteted and presents the 

data acquired during the contra.et period. Pre L imi nary in-
1 · 

terpretations of the data are dlscussed in relation to their 

signlLicance in understandin~ the history of the perma1rost 

~aters at ILlisarvik and al.on~ the Dempster Hl~hway. The 

laboratory experlaents undertaken usin~ saturated ctay col.-

umns are dlscussed in rel.ation to the previcus experlments. 

Finally, the report sug~ests a course along •hich iurther 

~ork could be pureued. 
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Chapter II 

WOliZ.1' COMPLE'IED 

2.1 ..U.LJSARYJK 

The work conducted durin~ the period o! this contract has 

involved the radiccarbon datin~ of a oumber o:f organic sam-

pl.es col.lected durinll! the 1979 an<l 1580 :field pro~rams. 

These analyses have been per::tormed 1 D order to provide a 

better understanding o~ the a.~e of the varlous sedimentary 

units 9 the a.~e o1 Lake Itlisarvik and the ma~lmum age o:f the 

permaÎrost. ln addition. selected s~mple@ trom :four cores 

have been anal.ysed for thelr deuterium contents in order to 

examine the retatlonship of oxy~en-18 and deuterlum contents 

in these 111aters. 

2.2 ~EMPSTER HJGH!AX 

Durin~ the pa.si yea.r, Foothills Pipe Lines ( YuKon) Ltd. 

sent to the University o~ Waterloo alto~ the available core 

material col.lected during their 1978 dritting program along 

the Dempster and Klondike Hi~h•ays. ~~ter !rom a ta.r~e num-

ber o~ sa.mpl.es representing the entire leng~h o.f the route 

ha.s been extrocted and a.nalysed 1or oxy~en-18. 

- 4 -
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2.J .l...VlORATOil lX~]RIMENl~ 

Durln~ ~he current contract period~ two experiments were 

conducted usin~ saturated kaollnite clay. These experiments 

were designed to exaœlne fractionations ~hich could occur in 

flne grained soils as a resul.t of :freez.i.ng ana to corni:are 

these fractionaticns with 1:hose developed in coarser si l.t 

and sand solts during previous contract periods. Oxy~en-lX 

and deuteriu~ conten~s were determined ln bath o~ the exper

iments. 



Chapter III 

DISCUSSION CF RESUL~S 

3.1 .liJ..ISARVIJ 

Illisarvlk ls located on the northern tlp oî Richards [s-

land in the Mackeczie Delta ( Figure 1 ). It was desi~nated 

by a ~roui: oî Canadian researchers as an experlmental site 

for 1:he investigation of permairost 10rmatlon 

t 1 on. The lake was dralned via an artixlcial channel to the 

• coast durin~ Aueust of 1978. This exposed the lake bed to 

' 1 
L the atmosphere and permltted the upper several metres ot the 

1 . lt1.ke bed to freeze tor the first time during the wicter oi: 

1978. 

In May o~ 1979 and 1980, arilling pro~raœs were undertak-

en in order to collect continuous core material from various 

locations within the lake bed t1.nd frcm the surrounding ba-

sin. A total of 15 boreholes and 2 lce wedges were drilled 

during the 1979 program, whlle a total of 8 cores were col-

lected ln 1980. Except for the 4 cores taken from the pinQo 

immediately south of Illisarvik, atl of the borehole loca-

tians are shown in Figures 2 and J• 

- 6 -
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~n1igracJ:u 

Based oo the observations of other ~orkers (Hunter et al. 

1~79 >, and an examination of core material collected durin~ 

the prevlous etudies, the stratl~rt1.phy of the basin can be 

divided into three prim4ry units, capped DY modern peat, as 

shown in Figure 4. 

The lowermos1: unit encountered durin~ drillin~ consists 

or t1. clean, .:fine to medium sa.nd, probably oî deltaic ori~in, 

with ~inely ~amlnated beddln~ slopin~ at 10 to 20 degrees in 

some co res, and conta.ln.ing scattered or~anlc .irat2ments. 

L This sand grades upward icto a series o.:f in1:erbedded sand 

and clay-silt layers. 

Above these lo.yers is a continuous clay-silt unit con-

.. tainin~ varyin,ll proportions ot sand, mlnor or~anics, and nu-

merous stones. These stones are up 1:c 2 Cffl in diameter and 

VtU"Y in lithology ~rom smal1 red shale clasts ( 1 to 2 ŒIJI 

thick) to sub-rounded quartz and granite pebbles. Rarn;:ton 

C 197 1) descrlbed 11 a 1:il1-like mt1.terio.l up to 15 .teet thick 11 

overlyin,ii the sa od unit on Richards Island, white ~ackay 

(1963, P• 26) repor-ted only "a smo.tl percentage of expo-

sures II w bere a thin tlll. could be .tound over the sands. 

Macko.y su~gested that "where stones a r e la. c k l n ~ , the i'.ield 

identitica1:lon of tilt is hazardous•" Althou~h the limit of 

~lliclation ln this portion oi'. - the Mackenzie Delta is uncer-

tain, lt appears tha1: the 11.lisarvik area wa~ not alaciated 
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durin~ the Late Wisconsin (Mackay et al. 1972). At llllsar-

V i k, th l s c la y- s i t t un 1 t local l y reaches a thlckness o1 up 

to approximately 2 ~etres. This layer may represent soli-

tluction deor.is, but the widespread nature of the unit and 

the preponderance o1 stones within it eu~~est to the authors 

that perhai:s the unit represents ~lo• tilt material as de-

scri bed by Bou lton ( 1971). 

Restinil on this till 1s a aequence o~ or~anic-rich lake 

silts containln~ moltusc Lra~ments near the base, that grade 

laterally into sands near the edges oi the local llllsarvik 

basin• These la.ke sllts are thickest in the central i:or-

t ions o.t the basin and thln outwards. A si ml lar or1,1 an ic 

silt soit was tound above the tilt layer in core 7~-3 at an 

f 

L 
elevatlon of almost 7 metres above lake levet. 

Wadlocarbon dating ot or~anic materibl was undertaken in 

o!"der to provide a time ~rame for the hls~ory of the lake 

and the sediments. A l ♦ ç h~lf-li1e oi 5~50 8 years was used 

and the radiocarhon ages llsted ln Table 1 have been adjust-

ed .by standardization oî t be lr 1 3 C contents to -25 °/oo. 

Some o~ these data are alao plotted on the east-~est cross-

section shown in Fl~ure 4. 

ln every study lnvolvln~ radiocarbcn datln~, it 1s neces-

sary to examine the validity oï 'the a~es determined. P tant 

materials, and especlally wood, are ~eneratly consldered to 

yield more reallstlc ages than shells or other inorganlc ma-

terials (Ka.rrow, personal communication). ~ven ,.,1 th plant 
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Table 1 Radtocarbon data for Illisarvtk 

Sample I Depth Mater1al c513C % Modern 14c Age WAT I 
(cm) Type 1 (%0 PDB) (PMC) (Yrs B.P.) 

79-2-19 180-190 BO -28.2 39.6 7400.!: 130 801 

79-3-2 5-10 A -28.2 98.4 80:!.70 631 
79-3-9 40-45 A -28.5 52.3 5150.!:80 632 
79-3-22 105-110 A -26.6 44.9 6410.tlOO 639 
79-3-32 155-160 D -27.1 18.0 13720±350 800 

79-4-2 5-10 C -29.3 74.3 2320±70 746 
79-4-20 95-100 C -28.5 54.1 4880180 739 
79-4-44 215-220 C -21.8 34.0 8720±90 741 
79-4-53 265- 270 E -'27 .4 11.2 17530±540 740 
80-6 360-365 E -27.4 8.6 19630±1600 742 

79-6-3 10-15 C -29.6 81.0 1620t70 814 
79-6-23 110-115 C -28.2 63.3 3620!60 784 
79-6-45 220-225 C -23.0 42.0 7010.!:70 782 

79-8-17 80-85 B -27.9 46.6 6100.!:90 802 
79-8-21 100-105 E -25.5 19.2 13240.!:740 790 
79-8-35 170-175 E -28. 1 3.3 27440±4280 783 
79-8-61 300-305 E -28.4 5.2 23710.!:3620 761 

79-9-11 50-55 B -29.5 76.6 2070±70 804 
79-9-23 110-115 D -27.7 65.3 3380±60 799 
79-9-34 165-170 B -28.1 39.5 7410±120 791 

79-12-18 170-180 80 . -28.5 24.5 11240±140 803 

79-15-1 30-40 B -30.7 78.1 1890±120 805 

1 A Peat 
B Fibrous organic 
C Organic s 1 lt 
D Woody fragments and sticks 
E Organic fibres and streaks 

w 
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mnterial~, it is necessary to determine ~hether the material 

~rew in situ, or ~hether it was redeposited irom anotter la-

cation. lf it was redeposited, theo ooe ŒUSt ccnsider the 

period o.t. time between ~rowth and de,::osition or redeposi-

tion. Un~ortunately, this is o.t.ten very diif1cult to deter-

mine. The modern date obtalned near the top of core 79-.3 

(WAT 631), indicates that the age de~ermined is the age of 

the materi~l dated. However, it ls still necessary to de-

termine where the material ori~inated. In the case of the 

modern peat the answer ls obvi eus because the orli!:anic 

(ph.nt) matter gre• in situ, but a~es determined 1or other 

older or~anics are not ~s clear. Therefore, 1or the purpose 

I l 
o:t this study, it le asaumed that the organic material was 

' ' 
L 

incorporated into the seaimeots sbortly a .t'ter 1he plan'ts 

died and that the cantlnual supply o~ new or~anic debrls was 

J' al-ays much sreater than the supply of reworked older or~an-

,. les. 

Only one radlocarhon date o1 23,710 years wc.s ootained 

ior or~a nies con1alned •ithin the lower sand unit encouo-

tered ln borehole 79-8 (WAI-761). Or~anlc materic.l ~rom the 

overlyin~ tltl unit yielde~ a slightly older radiocarbon age 

o:t. 27,440 years (WAT-783), although the error limits are 

sulficieotly targe that the two samples could be oz tte saŒe 

Thls su~~e&-ts that the organic material ln tt:e tlll 

unit was not ~ormed ln situ. Ctber or~anlc samples from the 

till unit ylelded a~es ranRing from 13,0GO to almost 20,ùOO 



1 . 
1 

' ' 
l 
L 

15 

years before present, indica.tini:i "thti.t tllis till is :from the 

Late Wisccnsln• Si nce the or~anics were incorporated into 

the till, the ice must have been present in the viclnity ao-

proxim~tely 13,000 radlocarbon years a~o. Mackay (1963) re-

ported that the region was probably de~laciated by 12,000 

years B.P. which would perRit only a short 1,000 yea.r period 

ior an ice cover in the area. • The "field ,vork of Mackay 

( 196~, P• 25) indicated tha.t ice flow into the area ~as from 

the south-southwest and that 11 minor dif1erences in relief, 

o:i the order aï eeveral bundred feet, seem to have played 

important roles in controllina ice movement, thus su~~esting 

a thin caver"• 

co111111unica.tloo 

cove-r. 

Geotherma.t data collected by Judge (personal 

a.lso woutd suggest a thln or short-lived ice 

ln borehole 79-12, a JO cm thlck or~anic unit contalning 

sticks and plant 1ra~ments •~s encountered at the oounda.ry 

between the tllL layer and the overLyln~ organic silts. Ra-

diocarbon dating ot a portion of this or.zanic mist ( .. A'I-803) 

provlded an a~e ot 11,240 years, which places an Upper llmit 

on the a~e of the tltl. 

_\n age o-L. 8720 years, determined for sample 44 o:f core 

79-4 ( WAT-741 ) was the oldest diste obtalned -ithin the Lake 

si lts. Sl nce a thin layer o~ the lake sitts occurs below 

the sa.mple da.ted, 1t ls possib~e th~t the liske, ist least in 

the vlcinity or core 79-4, initially 1ormed istmost 9,000 ra.-

diocarbon years a~O• Borehole 79-6 •as terminated in the 
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lake silts. .-\n e~e o1 7010 years ( iA 'I-782) from near the 

bottom of this core and an age of 7410 years 1rom lake sllts 

in core 7E-~ (WAT-791) demonstrate that œost of the lake ba-

sin ws covered hy a lake more than 7,000 years a~o• Basal 

dates of 6100 and 6410 years, !or cores 79-~ (IL.\'I-802) and 

79-3 (WAT-639) respectively, indicate that a lake much lar~-

er ln extent than the recent Lake Illisarvik existed during 

the warmer Hypsithermal period. This war111er intervat is 

generally thou~ht to have la sted 1 r cm 8000 to about 4000 

yettrs ago (Dansgaard et ale 1971, Ritche and Hare 1971). 

Along the entire len~th of the cross-section, there is a 

deîlnite break ln the sedlmentation record. This break co-

incides wlth the transition !rom or~anic-rich lake silts to 

' -• i 

' 
the stony clay-sllt tilt • Although the .formation o.f the 

ea.rl.y phase o1 Lake H.llsa.rvik appears to have occurred 
1 . 

about 2,000 years after the lce retreated, there is no ev i-

1· 
dence that 

except ~or 

a. vegetatlon cover 

possibly the thick 

.!ormed on the 

or~anic layer noted 

Hl l surface, 

in core 

79-12 at a depth ot 1.6 to 1.~ metres. 

The datlna o-f lake or~anics .tro111 several intervals in 

cores 79-4 and 79-6 suggests that the •ater body bas existed 

continuousty since its ior•atioo, but the a~es ior the up-

permost da.ted saaples ln these two cores ( 2J20 and 1620 

years respectively) are somewhat troublesome. In Fialure 5, 

where the sedimentation break is clearly marked, the lake 

s l lt s o:f. core 79-4 indic~te continuous sedi~entation a t a. 
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rate of O.JS mm/year. Core 79-6 yielded a rate oi 0.35 mm/ 

y~ar in the lower portion and a rate oi G.SJ mm/year ior the 

upoer one metre oi lake silt8. Usin~ the lower sedimenta-

tian rate Lor bath cores, the two sam~les in Question should 

have a~es not in excess of 300 to 400 years. 

This discrepancy could be the result oi an a~e eiiect due 

to the upta.ke of 1 •c depleted carbon into the orl,!a.n.ic n:at-

ter. Such "hard water" a~e e1fects have been noted in many 

more southerly la.kes Aarrow and Anderson 1875), out have 

not been investiiated in these northern envlronments where 

the dri~t contains some carbonate mA ter ia 1, eveo when bed-

rock is deeply buried. Since the sedlœentatlon rate 1s con-

stant throuahout the lake silt sequence oî core 79-4, any 

• . 1 
1 

a~e ef~ect must be appllcabl~ to soœe exteot for all of the 
•-

radlocarbon dates. This would not only reduce the age for 

the ~ormatlon of the lake, but would olso lmply a~e e1iect~ 

for the remalning radioc~rbon a~tes which were determined on 

or~acics from a varie~y o1 se~tlngs. 

An alternative explanation for this discrepancy would be 

erosion~ and/cr a sharp decrease ln the rate o1 sediment ac-

cumulation. Radlocarbon datlng o~ the uppermost lake silts 

(WAT-805) ln the dralned lake lmmedia1ely south oL Illlsar-

vlk, referred to here as the Pin~o Lake basin, ond the .t:ase 

of the ori;ianlc mat on the sill separotlnQ. the t ... o lal<e ba-

slns ( WAT-804 ), indicates that the Pln~o Lake drained ap-

proxlmately 2,000 years ago. Dralna~e of Pl~~o Lake proba-



' f ' 

-V 

., 

L 

r · 
1 

1 
1 

\' 

' 

19 

bly resulted ln an appreciable decrease in the level cf Lake 

Il lisarvik. This decrease in turn wculd create change!: in 

the circulation patterns within the lake which could result 

ln an lncrease or decrease in the seulmentatioo rate, and a 

reŒobilization of older sediments. ~uch an hypot hesis 1$ 

tavoured by the authors because it does not require the in-

troduction o~ major adjustments to the r!ldiocarbon data. 

However, ej'.:forts should s~itl be maoe to investl~ate the 

hard ~ater ef1ec1:s in these northern environments. 

It should be noted 1:hat organic and inorganic sediments 

have been accu~ulatin~ in the Illisarvik area since de@laci-

ation. l~ one assumes that the active layer bas had a con-

stant thick.ness over time, then the accumulation of sediment 

would resut1: in a rise ot the permctros1: table. Mackay 

( 1967 > reported the existence oi lakes which were partially 

dammed by the accumulation ot peat. No doubt the continuel 

ji!rowth and accumulation oz the peu.t caused the perŒafrost 

table to rise and etïectively block the outilo• o:f water. 

Thus, a similar continued accumula-

tion o.t 

it appears 1ikely that 

peat at lllisarvik has resulted in a ris e of the 

permafrost table and a ~raducl rise in the lake Level during 

the past 2000 years. 
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Deuteri.l.lJII Çoctents 

Duriu~ the ~st 1:wo years, the analytical program h~s to-

cussed on the determination o-.t. the oxygen-18 contents of 

permaîrost waters !'ecovered from many ot the 23 cores 

drilled at lllisarvlk. 1' i th the e x c e p 1: i o n o . .r core 7S-4, 

w h 1 c h d i s i: laye d only a minor shi.ft to more nei!at ive o.xy-

gen-18 values with depth, none o.f the cores bad been exam-

ined 1or thelr deuterlum contents. It ls known !row theory 

and from the laboratory experiments that bath deu~erium and 

oxy~en-18 will be preferentialty enriched ln the ice phase 

aurin~ treezing. However, since the two ls~topes îraction-

ate at stl~htty diîterent rates it was not known ,hether ad-

ditional lnformatlon coutd .be obtained by de-termlnin~ the 

concentration o1 .both isotopes. There~ore, during the pres-

ent contract ~eriod the analyticat work has been confloed to 

an examination o1. deuterlum ln selacted samples from four 

cores 11rlth water containin~ t~rge veriations ln o.xyi;zen-18 

content, and which represent difierent environments or 

1reezlng histories. The .tirst two cores (7~-2 and 79-9) 

were taken nea. r the edp:e oL Lake Itlisarvik and represent 

ditïerent ages oî perma1rost. The third core (79-14) was 

collected iro~ the plnp:o in the adjacent take basin, white 

the îourth core ls representative o! a cross-section through 

a relativety youn~ ice wedge. The isotope d11ta ior t'hese 

cores are llsted in ~ppendix A• The solt key for alt cores 

1s i.:iven in Fi.1ure 4. 
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The deuterium profile of core 79-2 (Fi~ure 6) ls identl-

cal to the oxy g en-1 8 profile ror thls core. Clearly vl.!:iible 

are the shift within the active layer representlng xreezing 

from two dlrectlons, the shiit to more negative values ~ith 

depth ln the upper t~o metres of the permafrost, followed by 

a rapid increase in the deuterium concentration• Only 'two 

samples huve been analysed trom the bottom 1.5 metres of the 

core, but it would appear that with.ln this zone the deuteri-

um concent-r11.tlon ls relatlvely constant at approxlmat-ely 

-140 °/oo. 

Core 7S-9 (Fi~ure 7) also has a deuterlum ~roflle cloeely 

resemblin~ its oxywen-18 profile. Wlthin the upper 2o5 me-

tres, the two isotopes have been analysed ln sufflcient de-

ta.il ta demonstrate that the two profiles are related ln al-

most every detail. Below 2.5 metres onLy thre samples have 

been an~lysed 1or deuteriumo Althou~h these sa~plee lndi-

cate a rapid decrease ln the deuteriuŒ concentratlon, they 

are notable to demonstrate the lar~e numoer o~ ~Inor flue-

t-uations visible in the OXYAen-18 profile (Fi~ure 8 ). To 

accompli eh this •ould have required many more deuterlum 

analyses. 

Upon examlnation of the deuterium and oXY@en-18 proiiles 

1or the pingo core (79-14) sho•n ln Fl~ures 9 and 10 respec

tively, it can be aeen that the two isotopes have behaved ln 

a slmilar manner durin~ freez~n~• Wlthin the upp~r zone of 

masslve ice, both isotopes clearly outline . the lndividual 
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i:ulses o:f. water ~hich have iroz~n uurin~ the i!ro .... th o:f the 

plngo. As was oxygen-18 profile, 

1:he underlyln~ c1.ay soi 1. and massive ice dlsplay relatively 

li t-t 1. e variation in compar.ison to 1:ne upper m~ssl ve ice 

zone. 

which was cored by horizon1:ally drilliog 

perpendicular to the wedge, a ls o dlsplays a deuterium pro-

:file that parallels the orl~inal oxy~en-18 pattern. 'Ihe ice 

wedge is clearly visible in Figure 11 as the ,l!roup o:f more 

ne"ative deuterium values in the .interval o:f 0.8 to 1.15 me-

tres, white the soit on either s.ide et the we<lue ccntalns 

water with relatively positive deuteriu~ values. 

Althoui;zh the 1our cores e~amined contain permafrost wa-

ters which dl~1er in a~e and ~reezln~ bistory, the behaviour 

o:L. both the oxygen and hydrogen isotopes has been shown to 

be the saœe. This would appe~r to indic~te thct no addl-

tional in:formation is acquired by analysing the second iso-

tope, since all 01 the relative variations can be deecribed 

by determinln~ the distribution oï only 

topes. Howeve:r, since the rate o:f Lractlonation during 

treezlng di~1ers sli~htly ior the two isotopes, it ls possl-

ble that a direct comparison of the isctoi::es woul<.1 reveal 

in~ormation that coutd be useful in understandin~ the devel-

opsent of per~a1rcst or perma1rost-relcted phenomena. 

The oxy~en-18 and deuterium data for all four cores have 

been plotted ln Figure 12. It is apparent thct all of the 
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dat~ peints are part of a sin~le overall trend which c~n be 

descrlbed by the relationsh.ip o f ~ 2 H = 6. 63 ( 18 0 - 25.4 

(correlatlon coe~1icient of Q.97). Upon closer examination, 

it can be seen that the data for the indlvldual sectlons of 

each core (Table 2) form their own relationship which varies 

1rom the overall ~rend. The cause of these variations and 

the.ir si~nl1lcance are not fully understood at present. 

In theory when a closed body is bein~ ~rozen, the distri-

butlon oî the l s o tope s •ithin the profile will display a 

gradually acceleratin~ increase .in the concentration o.f the 

liaht isotopes wlthin the re s idua l li qui d • This dis-tribu-

tlon of the isotopes can be aescribed by a curve ~enerated 

from the Rayleigh distillation model usinp equllibrium frac-

tlonation îactors. When the relationshlp of oxygen-18 to 

deuterium and their respective rates o1 fractionation are 

compared• it ls xound tha~ the sl.o~e ot. th~ 1. .i ne cha n~e s 

1rom a.~proximately 7.5 with 20% oL the water mass trozen, to 

7.0 when 98~ of the •ater mass is trozen. Suzuoki and Kimu-

ra ( 1973) tound• ~rom their experimental work on iractiona-

tian factors in the !ce-water syst~m, tha.t deuterium irae-

tionated at a rate whlch was 7.4±0.5 times ~reater than for 

oxy~en-18. Since only a smalt percenta~e o~ the total water 

mass was trozen during their e~periments, it would .be ex-

pected that thelr value woutd be close to ~he theoretlcat 

value of ï.5 tor lnltial 1ree~ln~. 
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At Illlsarvlk, a numher of different processe~ are active 

and each would appear to affect the 18 0 - 2 H relationship in 

The nor~al pattern of treezlng, in which the 

concentration of the heavy isotopes decreases with depth, ls 

represented ln co~e 79-2 by section 5-20 and in ccre 79-9 by 

section 51-67 (see 'Iab le 2) • ln both 

values are in the ran~e of 7.0 to 7.!:. 

instances the slope 

Thls condition can 

probably he best descrlbed as 

front with a large available supµly oi water belo~. 

The zone o.1:. annual :free:zlna and thawing in core 79-2 

(section 1-5) has a slope value of 6.é2 whlch ls sug~estlve 

of a closed system .treezln~ condition in wblch none o.t the 

water is expelled or escapes ~rom the system. Such a condl-

tion would appear reasonable since the relatively dry centre 

was bouoded by ice-rlch zones. In the active layer o~ 79-9 

( section 1-10) su~~ested on the basis of 

the isoto;:e profiles that the freezln~ occurred entirely 

xrom the perma~ros~ tabte upwards. li this were the case, 

then the slmilarlty ln slopes for the active layer retation

ship and the upper perma.~rost (section 10-34) could po~sibly 

lndicate that the upper zone of 

upward movin~ per=afrost table. 

in.lZ lower than the active layer 

clear. 

permaïrost has formed by an 

The reason .tor the slope be 

value ox core 79-2 ls un-

ln both cores 79-2 and 79-8, the sections •hich h~ve been 

lnterpreted as zor.es o~ iso~ope diffusion (seçtion 20-28 and 

34-51 respectively) have elope values of L ess tten o. 
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Table 2 Linear regression anal ysis of deuterium and 

oxygen-18 data for Illisarvik samples. 

CORE # SECTION NUMBER OF SLOPE CORRELATION 
(SAMPLE #) DATA POINTS COEFFICIENT (R) 

79-2 1-5 5 6.82 0.94 

5-20 7 7.37 0.99 

20-28 5 5. 72 0.99 

79-9 1-10 3 6.27 1.00 
l 0-34 9 6.27 0.98 
34-51 7 3.83 0.90 
51-67 3 7.20 0.99 

79-14 4-28 11 7.54 0.99 

29-45 4 7.02 0.96 
1-51 19 7.43 0.99 

r 79-IW#2 17-23 5 7.74 0.99 i 
3-16 7 4.26 0.89 •• 24-31 
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Whether the lo• :lopes are due to kinetlc e.1.f e cts ls 

uncertaln, 

slon zones, 

hcwever, lf these values are typicel %or dli~u-

then rates 0% mlgratioo fer each isotope should 

also be consldered durlng an examlnaticn o1 these slc~e val-

ues. 

The ice wedge and pln~o cores also cootain some interest-

in~ slope values. Withln the massive lce of the ice -ed(Ze, 

the value ot 7.74 is very slmilar to re~lonol meteorlc water 

lines whlch lie at a sll~ht an~te to, but on the global me-

teoric water line. Slnce thls line is representatlve of un-

altered precipitatlon, it would 4ppear that the water con-

talned •lthin the ice w ed (le has s;robably not been 

1ractionated durin~ 1reezln~• Furthermore, the more neg-

atlve isotope values found wlthin the ice as compared to the 

adjacent soit would sug~est the water 1orming the ice 

wed~e represents •inter precipltatlon. /4ackay ( 1973) has 

reported tbat ~round crackln~ during the late winter (Fetru-

ary-Marc h and ln1lltratlon o1 snow pack waters are respon-

~lble for the ~eneration o1 lce wedges. 

The reason 1.or the low slope value of the •a te rs con-

1ained within the adjacent soils ls unknown, althou~h the 

value is slmilar to those discussed previou~ly fer zones of 

isotope di1fuslon. I t should be noted 1:hat the oxygeo-18 

contents are siadlar to 1:he deeper •aters encountered in 

near.by borehole 79-8. Lt the waters adjacent to the ice 

wedµe are not related to diffusion, but lnstead to the deep 

wat~rs of borehole 79-~, then an analysis of the ~aters en-
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countered ln borehole 79-8 should prcduce e slope va lue 

slmilar to the soil adjacent to the ice •edge. 

Within the upper massive ice core c1 the ~in~o which was 

intersected by borehole 79-14, the individual deuterlum and 

oxy~en-18 proîlles (Figures 9 and 10 respectively) indicated 

a series oî three discrete lce zones iormed by the injection 

o.f a water pulse ~ollowed by closed systea, treezing • Ac-

cordlng to the Raylei~h distillation 1:beory, the con:pl.ete 

~reezing ot a con~ined water mass should yield ~ slope value 

o.t. approxima.-tly 7. From 'Iable 2 it can be seen tha.t 'the 

value ior the entire massive ice core is 7.54. However, in-

su.fficient deuterium analyses have been coœpleted to deter-

mine slope values 1or the individual ~~lses. 11: ls possible 

that the •ore detailed analysis woulo demonstrate sli~htly 

lower ~Lo~e values. 

In summary, it would app~ar that the determination of 

bath oxy~en-18 and deuterium contents îor permaîrost waters 

may have the potential to provide additional information 

concernlnt,i the history o:f 1:hes~ waters a.nd the conditions 

under which they îroze. However, before any definlte trends 

can be described, it is necessary to examine in ~rea.ter de-

tait the retationshlp oz the two stable isotopes for •aters 

tha't can be directly related to individua.t characteristics 

or phenosena. ~ormed a.sa result ot per~airost e~~radation. 
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The s::ropcsed route o-f the Dempster Hlghway pipe Li ne 

closely ~ollo-s the Dempster and Klondike Hlghways from Inu-

vik to ,.bltehorse. The ma..ïor physioiraphlc re,'?ions trav-

ersed by the pipeline include the ~ackenzle Delta, Mackenzie 

Valley, Peel Pl8in, Richardson Mountains, Ea~le Plain, O~il-

vie Moun~alns, Tlntlna Trench and Pelty Mountains. Permaf-

rost has been encountered atong the entire route wlth the 

the targest ice-rlch sections located ln the un~laciated Ea-

~le Plain ot the northern Yukon (Foothllls 1978). 

A lar,ze number o.f core samples, from boreholes located 

alon,;r the entlre route, were provided by Foothills Pipe 

r 
1 

Ll nes ( Yukon ) Ltd. trom their 1978 drillln~ pro@ram. The 

location oi every tenth borehole and those dlscussed ln sec-

tion 3.2.2 are plotted on Figure lJ. In addition to the 

core samples recelved tram the pipeline route, the second 

author collected nine groundwat~r sam~les trcœ variou~ c~mp-

grounds and sprln~s atong ~he route during a visit in July 

ot'. 1981. The locations o~ these sas~les are also shcwn ln 

Fi ~ure 1 J • 
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I::,ot ope .BJ!eY l;ts 

Durin" the period of this contra.et, o~y~en-18 contents o1 

perma~rost waters heLve been determined for representative 

samples !rom the entire len~th oi'. the proposed Dempster 

Hi~hway pipeline. Due to the large nuœber o~ samples made 

available for the proJect by Foothi lls Pipe Lines (Yukon) 

Ltd •, it was only possible ta a na l y e e a :f e,. sa111ples 1rom 

each location. ln several instances, samptes oi the lce 

(irost) coatin~ the outside oi many cores were collected and 

analysed. Normally tbis outer layer oi ice and scil ~as re-

w.oved be1ore the eample was eut 

sibility o~ contaainatlon. T.he 

~ithln the core are considered 

ln order to remove tt.e pos

preservatlon o~ ice lenses 

to l ndi cate tha t the cores 

have not been thawed and subsequently reïrozen. Al l 01": the 

isotope data are tabulated in Appendl~ B• Many ot thE deep-

er samples of bedrock or dense 

clent water ior analysis. 

tilt heve not ylelded suîîi-

Fro~ the samples cotlected by the second author, eha l l ow 

proundwatera appear to generally have o~ygen-18 contents ln 

the ran~e of -20 to -23 °100. The sprln~ discharges, which 

probably are representative of deeper and more re~lonal ilow 

systems have isotope values in the lower i:ortion cf "1:hls 

ran.ie• From other work underte.ken by the authors 7 the 

spring a.t North Fork Pass ls known te ilo~ throu g hout th~ 

year and lt has a constant isotope co~position• There1ore, 
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it would appear that the isotope contents o~ the ~prin~s can 

be considered as bein~ representative of the average annual 

~roundwa ter• ~ork by Hltchon and Krouse ( 1S72) indicates 

that the oxygen-18 contents of suriace waters in the north-

ern Mackenzie Valley and Peel Plain re~lons are in the range 

of -20 to -22 °/oo. 

Upon examination o1 the isotope data for the permafrost 

cores, it can be seen that most o~ the shallow permairost 

waters he.ve oxygen-18 contents in the ra.n@Ze oi: -20 to -22 

0100 • Several ot the surficial peat samples h~ve values in 

the range oL -14 to -16 °100 which is consldered to indicate 

partial evaporaticn of the waters. 

contents either decrease to values o~ less than -23 °/oo, or 

they lncrease to values in the range o1 -17 to -19 °/oo. In 

those cases where onty a few samples 1rom a core have l:leen 

anatys~d, lt 1s l~passlble to determine whether these shifts 

are retated te cllmatic variations or to treezin~ ~ractiona-

tlons. 

Alt ot the aveil~te samptes for borehole 78-185 have 

been analysed to a depth ln excess o~ si~ œetres. The isa-

tope profile 

both ctimatlo 

shown ln Fi~ure 14 ind.icates the presence of 

and 1reezln~ fractlonation variations. The 

tractlonatlons formed as a result oz ireezin~ are •elL de-

vetoped 2 t O 2. 5 ° / 00 variations. Superim~osed on these 

~ractionatlons is a climatio shift to more ne"1atlve values 

with depth• These n~~ative values (-2o 0 /oo) are simlLar to 
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Figure 14 Variation in 180 content with depth 
for core 78-185. Soil types are: 
1 - peat, 2 - organic silt, 3 - clay silt, 
4 - ice. & clay silt. 
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thcse reported by the authors (Fritz and Michel 1877) rar 

permafrost waters cantained in fine "'rained soils oi The 

central M~ckenzie Valley. lt is possible that deeper sam-

ples would have yielded water with isotope contents slmilar 

to the -31 °/oo reported ~or other cores in the northern 

çortion or the Mackenzie Valtey and ~ackenzie Delta. 

In contras-t to the isotope pro.lite of borehole 78-185, 

the oxy~en-18 contents o~ borehole 78-189 display a shiit to 

more positive values ~ith depth (Figure 15). îhe isotope 

values o~ the waters ln the · Lower portion oY the core are 

only sli~htly more positive than the avera~e shatlow ~round-

water values and the shlft is apparent primarlly because o:f 

the overlyln~ negstive trend• I:f the isotope con ten~s o:f 

the waters in the lower portion ox the ccre are retated to a 

climaticalty warmer period such as the Hyp si thermal, then 

the overlyina •a1ers which are isotopically more neiative 

lt coula be must be retated te a post-Hypsithermal event. 

possible that the tower waters represent part o1 a young 

~roundwater syRtem which has recently frozen, out this i s 

considered to be unlikely because o:f the iine ~rained soit 

and the location o~ the borehole on a broad ~lat plain. 

sa~ples ~rom borehole 78-115, tocated alon~ the northern 

section of the Klondike lii"hway near ~cQuesten, also yielded 

•aters with axy~en-18 contents higher ~han the normal ran~e 

ior shallow ~roundwaters. As shown in FiQure 16, t ~e iso-

topes display a ~radual shift to more ~ositive values •ith 
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dept t:. An examination of the isotope data reveals that oth-

er boreholes ln thls section of the Yukon ( for exan:pl.e 

78-119) al.sa display sligh~ posl_tlve shlfts with depth. The 

two shall.~w aroundwater samples collected 

an averaae oxy~en-18 content o1 -20 °/oo• 

ln thls area have 

'!hese shitts are 

relatively smalt and are stitt poor Ly de.!ined at present. 

Therefore, on the b~sis o1 the present d4ta, lt 1s lmpossi-

ble to detera;ine whether these waters are preserved from a 

warmer climatlc period or represent variation withln modern 

~roundwaters. 

Althou~h incomplete, cores 78-141 and 78-142 have yielded 

some interestin@ results for the boundary betweeo the 0{lil-

vie Mountains and the Ea{lle Plain. Bcrehcle 7'Ô-141 was 

arilled near the O~ilvie ~lver. All oi the waters extracted 

bave oxygen-18 contents between -20 and -21 °/oo which is 

typical ci shallo• groundwaters. The two sprln~s whlch were 

s11.1npted in 

-23.0 °100. 

tbis areo. have oiy~en-18 contents of -21.2 and 

on hi~her Borehole 78-142, which is located 

~round el.opina toaard the river, contains waters with oxy-

2en-l8 contents ot -12.2 °100 near sur~ace and -14.o 0 100 at 

dept h • The near sui~ace saœple could ~e altered due to eva-

pora tion, but the 

more positive than 

sample at depth ( lS to 

almost any other sumple 

19.5 metres) is 

analysed within 

the Yukon. 

It should be noted that the strati2raphy !or borebol.e 

78-142 was reported as: 



0 - 1.24 m pea1: u.nd or~anlc silt 

1 • .2 5 - 1.s m ice 

1.5 1.9 m peat and organic slli: 

1.9 s.2 m ice 

5.2 6.1 m or6'an.ic silt 

0.1 19.0 m lce 

19.0 - 19.S m silt 

(Foothills 1978). 

The saœple collected at depth occurs immedlately be l.ow al-

most 13 metres o~ massive ice. Un.tortunately no semples 

were taken o1 the ice. Bowever 9 :t. rom theory lt is known 

~he water imœedi-that as the overlyln~ massive ice tora~d, 

ately below the ice would have 

isotopes or remained the sa~e. 

become depleted ln the heavy 

Tberetore 9 the water sample 

collected ■ust reiresent a •ater mass with an oxy~en-18 con-

tent ot at least -14.6 °/oo. Since the present day waters 

are conslderably depleted relative ta this value, the deep 

in borehole 78-142 must have infiltrated uurin~ a 

warœer cliœatic period. Slmilarly, the relatively positive 

values deterœined :t.or waters in core 7E-170 œust also repre

sent ln:t.iltration during a warmer period. 

From the samples analysed to date. it ie apparent that 

various a~es o~ per~afrost e~ls~ along the proposed pipeline 

routlnii• Indications 01 la1: e gla.c la l waters are i:;rtl sent 

•lthin the Mackenzie Valley while wi~hin the Yukon the deep

est waters analysed appear to correspond to the Hypslthermal 
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interval. Now that isotope contents of permafrost wa~ers 

are available to serve as background data 1or the entire 

leni:;:th of the Dempster Hi~hway, i t 1s possiù te ta select 

speci:tic sites .!cr de tai l.ed cori n~ • Initially the most 

inexpenaive means 01 undertakin~ this -ork would be to anal-

yse selective cores ~rom the Foothitls collection which are 

relatlvely complete to a depth oî at le~st five metres. Ul

timately, a dril.l.ing prograa at severat epeciilc sites •oul.d 

yield the ~reatest amount ot in1ormaticn. 

J.3 SATYRATED .cJ...U EXPERIHE.Ji:I.S 

As part o~ the ongoln~ program o~ l.aooratory experimenta-

tion and investigation, e..xperiment 15 and 16 were desi~ned 

to examine the development o~ isotope fractionation effects 

due to freezin~ in a saturated pure cl.ay soit. The use o.f 

cl.ay in these experiments provides a iine ~rained end member 

condition with which to examine the mixed soil.s cormally en-

countered in the 1'.ield. The properties oi the commercial 

Geor~ian kaol.lnlte used are glven by Ycng et al. ( 1979). 

a.a.1 E.xperlwJUU ~ 

For thls e~periment, saturated Geor~ian kaol.inlte which 

was all.owed to soak tor three days was poured lnto a 45 cm 

column. the upper 10 cm ot the column was leit empty to ac-

commodate any expansion o~ the cl.a.y upoo ~reezin~. A thin 

layer o~ excess water 1ormed on topo~ the clay prior to the 
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was not removed. H: ea te rs "'e re 

placed at both ends of the column. 

DurinQ the first 75 hours of the experiment the thermal 

~radient was consl2tently less than 4°c per metre, even when 

the temperature dropped below o0 c. ~tile the upper hali o~ 

the column maintained isothermal conditicns at a temperature 

oL -o.o0 c ior the next 400 hours, the lower half oi the col-

umn stabilized with a gradient o~ approilœatety 28°c perme-

tre. At thia point intime, the temperature of the top 

heater w~s gradually towered. 'Ihis resulted in a decrease 

in temperature in the upper halt of the column with a ~radi-

ent of 2s 0 c per metre, while the teŒ~erature ln the bottom 

ha lj'. o:f the column decreased to -0. 6 °c, •here lsothermctl 

L conditions were formed. Cverctll, the tempere1tures within 

the column were relatively stable for in excess o1 7OC hours 

( Fit(ure 1 ï ). 

Wben the colum~ was removed :from the freezer, expansion 

of the clay durin~ ~reezlng was evident. Within ~he column 

the soil. had risen 1 cm into the air si:ace i:rc'\li<led. The 

column rings were atso separated by Q.3 cm at a depth oi 25 

cm, 1.5 cm at the 30 cm levet, 0.2 cm at the 35 c~ level and 

O.1 cm at the 40 cm tevet. Overatt, 8.9~ expansion as are-

sult of freezing •as measured. 

Massive ice Lormed a 2 cm thick layer on top of the clay. 

In additlcn, a thick rina o.f massive ice had fcrmed around 

the outer ed~e o~ the column •hile the clay was conflned to 
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the central ccre. îhe thickness ai t t. 1s ring aecreaseà from 

2.5 cm ll1: the to,: of the coLumn to tess thon 0.2 cm t1t a 

dept h oI. 27 cm. In the u~per sectlon ot this lce, vertical 

bubb le t r zdns curved outward and oeca111e horizontal ~ithin 

0.7 cm of the watt. From this evldence, lt was as:parent 

that a s1~n111cant amount o~ treezin~ occurred 1rom the side 

of the column lnward. Wlthin the clay core, ice leDses up 

to o.s ca in thickness were horizontalty oriented e.11:cept 

near the edges where angles of up to 30° were no"ted. The 

slze o1 the ice lenses decreased with de~th. 

Egperlment li 

The setup for thls eiperiment was identical to that of 

exp e-r i se n t 1 5 • Saturated Georgian ctay ws poure~ into the 

column with a 10 cm air space kept at the top tor expansion. 

As shown ln Fi~ure 18, the temperature was decreased rapldly 

during the first 75 hours ot 

lized ~or the next 700 hours. 

the experiment and then stabl-

Durin~ that tlme, the thermal 

~rad.lents were simitar to those in the previous experlment 

as were the iscthermat conditions teir.pera ture of 

-o.6°c. The difference between the t~o experiments is that 

experi~ent 16 was termlnated shortly a1ter the zero depree 

i sotherm advanced below a depth o1 25 cœ. 

Dissection ox the coLumn revealed 2 cm o1 clear ice cap-

pin~ the soiL and a ring of massive lce around the central 

core o1 clay, as descrlbed 1or experi•ent 15. In this ex-



) . ~ ... 

2....---:-:-----r----,-----r-----"ïr-----r-----.---.---~r---, 

-(.) 
0 -

25 cm 
0 w 

et: 20 
::> 
J- 15 <( 
et: -1 -w 
a.. 
~ 
w 
.J- -2 

-3'----'----L------JL------JL-------'----'---'----'---_,_ ___ __. 
0 100 200 300 400 500 600 700 800 900 

ELAPSED TIME ( hrs) 

Figure 18 Temperature variations with time for experiment 16 at the 15, 20 and 25 cm levels . 



50 

periment, the soil ~as solidly trozen to a àepth of 2J cm. 

Immediately below the Ïrozen section, smatl razor blade ice 

crystals were separated by unfrozen clay. "lhe clay telow a 

depth o~ 25 cm was cold bu-t un.frozen • In crder to exaaine 

isotope variabillty as a result of the downward œlgration ot 

the freezlng Lront, the massive ice and clay core of each 5 

cm interval were eectioned as one sample. 

A major achlevement oL experiments 15 and 16 was the ex-

tensive formation oJ: segre~ated lce throughout the frozen 

cl.ay. Due to a problem with .freezln~ from the sldes oi the 

co lull\ns, most of the ma~sive lce for~ed as 11 n out e :r r i n g , 

while the clay was concentrated within the centr11t core. 

This segTe~at~on àemonstrates th~t the water œi~rated to'llrard 

the colder walle during ireezin~• 

To exa~ine the isotope distribution ln both the ctay and 

the se~reQated ice rln~1 separate samples were col1ected in 

î 
experi.ment 15. The isotope contente listed in Tabte 3 

clearly demonstrate pre.ferentlat enrichment of the heavy 

isotopes in the ice, white the residuat water within the 

clay became de~leted. As eho•n in Fi@ure 19, the heavy iso-

tope content o~ the c1ay core ~raduatly increases with depth 

as the amount o~ massive ice decreases. The lar~est Lrac-

tlonation detected occurs at the topo~ the cotumn where the 

amount oI ice is Qreatest. Both the oxysen-18 and deuterium 
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Table 3 Isotope and moisture data for experiment 15. 

Sample Oepth (cm) M.C. (%) 

Tap Hater 

Coln #15 

15- ll 9-10 

-1 l. l -72 

- l l . 3 -76 

-10.8 -75 

l 5-2 upper 10-12.5 -10.5 -72 

15-2c 

15-2 

15-3! 

15-3c 

15-4 I 

l 5-4c 

15-5I 

15-5c 

15-6 

1 5- 7 

15-8 

1 5-9w 

11 -15 -1 3 . l -87 

lower 12.5-15 -10.5 -70 

15-20 -10.4 -67 

15-20 -1 2. 0 -81 

20-25 -10.2 -70 

20-25 - l 2. l -80 

25-30 -10.5 -72 

25-30 -11. 7 -80 

30-35 -1 l. 7 -77 

35-40 -1 l. 2 -75 

40-45 - 11 . 4 -78 

45 - l l . 3 -77 

I represents massive ice usually around the edge 

c indicates central cofe of column 

w indicates excess liquid water 

69 

137 

203 

217 

56 

63 

11 6 
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isotopes dlsplay slmilar trenas ~nd nelther o~ the isotopes 

produced .fractionatlons greater than those predic"ted by 

theory for the pure ice-water system. 

Sepc.r11.tion of the massive ice and ctay into individual 

samples makes it ditticult to detect overall variations with 

depth as a result o:f the s1:a.b.ilizatlon ai'. the :t.reezing 

front. The re ap;:ea:rs to be a depletion of the heavy iso-

topes in the :t.irst interval tha.t does not contain the ice 

ring ( JO- 35 cm) which would correspond to the zone immedi-

ately benea.th the îreez.in~ :front such a depletion 

would be expected. 

In experiment 16. the massive ice and clay core of each 5 

cm intervol was sectioned c.s one sample, so that variations 

in the isotope contents as a result ot 

tian ot the ireez.in~ ~ront could be studied. Examinatioo of 

the isotope data, 1.istea in Table 4 and plotted in Figure 

20, reveols a systematic pattern ox variations that are re-

corded by both oL the stable isotopes. lhe top layer o~ ice 

is enriched in the heavy isotopes relative to that o.t the 

underl.yin.r soit. No major accumulation pe~k is visible 

within the :t.rozen section oî the column• Ho•ever, a lar,:ie 

ne~ative peak immediately beneath the 1rczen zone is clearly 

visible. 

displays a 

The reaalnder o~ the column, 

izro.dual but continuous shift 

values with depth. 

which was un~rozen, 

to more ne"'ative 
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Table 4: Isotope and moisture data for experiment l 6 . 

Sample Depth (cm) ë 
180 U~o) c2H {%a) M.C. ( % ) 

Tap Water - l l. l -72 

Coln #16 -11. 3 -76 

16-1 I 9- 11 -9. 9 -70 

16-2 11 -15 - l l. 7 -76 80 

16-3 15-20 -10.9 -77 183 

16-4 Fl 20-21.5 - 1 l . 0 -79 385 

16-4 F2 21 .5-23 -11. 0 -80 481 

16-4u 23-25 -1 2. 0 -85 77 

16-Su 25-30 -11 . l -78 69 

·r 16-6u 30-35 -11 • 3 -79 90 

16-7u 35-40 -11 • 6 -80 97 
' -l 16-8u "40-45 -11. 6 -84 84 

l6-9w 45 -82 

\· 
I represents massive ice 

' 1 
indicates central of column C core 

\ 
w indicates excess liquid water 

u represents unfrozen material 

1 
\ 

' 
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From these two experiments, it ls evident tha1 extensive 

ice se~reaation can occur in saturated clay-rich soils. As 

this segregation developed, oxygen-1~ and deuterium were 

preferentiatty incorporated into the ice structure, white 

oxygen-16 and hydro@en remained in the residuat liquide Al-

though the amount o~ massive ice forwed arour.d the edge 01' 

the cotuœns was large, 1ractionation o1 the isotopes tetween 

the massive ice and the l~e in the clay core did oot exceed 

that predicted by theory for the ice-•ater system. Further-

more, when saw.pling was conducted on a regular interval ba-

sis, regardtess o1 soil composition or ice content, the iso-

tope pro f.t. tes displayed only sn:all, Eingte-san,ple 

variations. 'Ihese vari~tions are siuitar ln character to 

r 1 • 
• 1 

L those developed ln the silt experiœents (Michel and Fritz 

1980) ln whlch the freezln~ front was stabillzed ïor a con-

siderable period o1 time. 

Thrcuahout the experimentat prograœ, ir~ctiunations have 

been developed as a result of freezin~• ~hese ~ractiona-

tlons were mcst easity iormed in .fine ilrained soi ts, l::ut 

some variations were generated in the sands. All ot the 

isotope iractlonations generated in saturated soi ls "'e re 

con.fined te smalt, sin~le-sample intervals. The :fractiona-

tions developed in the unsaturated solls and the con.1ined 

1i,ater cotumns, althou~h sizeable, cannot be sustained for 

tar~e depth lntervals. There.fore, it •ould appear to be im-

possible to ~enerate major isotope shi.fts that can be main-
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tained with depth, throu~h the frac1lonation of isotopes 

dur 1 n g f r e ez i n ~ • 

.. --

' 
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Chapter IV 

SUMMARY AND CONCLOSICNS 

ILLISARVIX 

Durin~ the currec1 contract period the work at Iltisarvik 

has focussed on determining ln detail the stratigraphy and 

age of sediments ln the lake nasin, and on the distribution 

o~ deuterium in the pore •aters. 

The stratigra.phy oL the Lake bas.in can be subdlvided into 

three Œain uoits. The lowest unit encountered durin~ drill-

' 
ln-2 la a clean :tlne to mediu111 .trained dettalc sand. Overly-

.: 

ln,z this sand ls a 1 to 2 111etre th.ick widespread stony 

clay-sllt unit occasionally cont~ininQ trace amounts o~ or-

~aoic fraaments. This unit •as deposited durin~ the Late 

Wisconsin and ls 
\ 

descrlbed by the authors as a till. The 

t i t l ta.yer is overlaln by up to J 111etres of or~an.ic-rich 

si lt. Beyond the edMe of the Lake, the organlc sllts are 

covered by modern pea'te Radiocarbon do.tin~ oi. tht! loke 

silts lndica'te thet the la.ke ori~inatty !ormed approximately 

9,000 years a.go and flooded most oL tte present take basin 

J 
by at least 7,000 years a~o• The laÀe has eKisted continu-

ously since it originally tor~ed, bu~ has varied in size and 

extent. DurinR the -armer perlod o~ the Hypsither~al, it is 

believed that the lake •as part o~ a much lar~er lake •hlch 

also encompassed the lake basin to the south o1 Illiearvike 
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This lar~er lake was dra.ined approxlmately 2000 years ago 

when coastal erosion breached the western ed~e ot the south-

ern basin. 

Deut~rium pro~iles ~or various perœa1rost conditions are 

very similar to the oxy~en-18 profiles and hy themselves do 

not yield additional inïormation concerning the history of 

the perrnatrost waters. However, wt'1n deuteriua and oxy-

~en-18 are pLotted a~alnst one another, it appear& tha. t 

ch~racteristic slope values can be determined tor various 

permafrost conditions. 

4.2 DE)(PSTER ~.ll.!.U 

Water extracted Lrom core sampLes coltected a.long the en-

tire len~th of the Demps~er and Klondike Hl~hwoys hâve c~en 

analysed for their oxy~en-18 contents. Many ol the eamples 

appear to contain relatlvely young water wlth isotope con-

tents similar to ~odern shatlow ~round~aters throughout the 

reu:ion. These waters ~enerally have oxy~en-18 contents in 

the ran~e of -20 to -2J 0 100. At depth, severat cores con-

t4lned waters with decreasing concen~rations of o~ygeo-18 in 

comparison to the staltower waters. lhis shlLt to more ne~-

ative values witb depth was best de~ined in core 7&-1~5 1rom 

the northern Mackenzie Valley and is ccmparabte to previous

ly described shi~ts withio the Mackenzie Valley. 

Close to core 78-185, core 78-l~S di~played a sti~ht po-

sltive shi:ft which was characteristic o.i most cores at 
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depth. Several samples 1rom the Eagle Plain - Ogilvie Moun-

tains area yielded •aters from depth •lth oxy~en-1 8 contents 

in the -12 to -15 °/oo ran~e• These waters are deflnltely 

representatlve o1 -armer climatic conditions and have been 

preserved in a variety o1 settln2s• Un1ortunately, the -ide 

scatterin~ o1 the samples analyseà have not permitted a de-

tailed examination o1 perma1rost histories along t h e pro-

posed pipeline routin~• 

4 .. J ml!W J:.XPEiëIMENI$ 

In order te examine fractionations as a result 01 Lreez-

in~ in pure clay soils, t-o e~periments were undertaken us-

ing saturated kaollnite. Extensive ice se~regatlcn occurred 

in the columns but the isotope fractionaticns did not attain 

the equilibrium values determlned :Lor the pure !ce-water , -
system. When the massive ice and soil from each layer were 

considered as one combined sampLe, only singte-sampte varia-

tions were uetected. 

Throu~hout the experlmental program, fractionations have 

teen developed as a result o~ freezin~• ihese tractions-

tions, whlch we·re most easily develcped in .fine sralned 

soils, never atteined the equillbrlun lce--ater values and 

it would appear that the presence of soit in the system et-

tectivety reduces the dearee te whicb the ~rectionations can 

develop. It would also appear to be im~ossible to ~enerate 

a.ajor isotope ehifts tha t ca.n be mflintained wlth depth, 
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through the fractionatlon of isotopes durin~ ~reezing in the 

soll-ice-water system. 

4.4 ~ESTIO~S E.B CCNTINllEJ2 rn 
The initial investigations at Illisarvik o:f deuterium-o~-

yaen-18 rela.tionships has indicated ~hat it may be possible 

to dii1erentiate bet~een various perma~rost processes on the 

basls ot di:fferent slope values. To determine whether char-

acteristic slopes values do exist ior various permaI.rost 

conditions, it is sugges1:ed that research be uodertaken to 

e.xam .ine perma:froet and perma:frost-related phenomena which 

are wett defined in terms ot thelr formation and ~rowth. 

The reconnaissance isotope survey under~aken o:f perma:f-

rost alon~ the DeŒpster and Klondike Bi~hways indicates that 

varioue a~tiS o~ permafros~ have been preserved. Setectlon , 
ot deep well-sam~led cores :1'.rom the materiol provided by 

Foothllls Pipe Lines {Yukon) Ltd. would permit an initial 

investlir;a1:lon o:f spec l f le si tes alon~ various sections of 

the hi~hways. Ultimately, a separate detaited dritling pro-

~ram o~ lnteresting eec'tions should be undertaken to provlde 

con~inuous core material from depth. 'Ihis pro{!ra.m should 

probably De concentrated on the Ea~te Plain region as part 

o..f an examination o1 per~a1'.rost waters ln a oon-glaciated 

orea. Any sh11'.t ln isotope abundance ~ithin such an area 

must be due 'to changes ln cliœate ( te11:perature) 

eliminate ~tacial meltwater as a possible source for the 

very negatlve waters îound at depth in the Mackenzie Delta. 
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In addition, the followln-.i speciiic areas of research 

woul c1 be bene:t ici a t in deve loping a 1uller understandin~ oi 

the permazrost waters and could lead te~ better understand-

in~ oL other permaîrost-related phenomena: 

l • ·"- study of a continuously sampled core throupt the 

~ull thickness o~ old stable permaîrost. 

2. A study of permaïrost, precipitatlon, ~rcundwater and 

glaciat melt~ater immediately downslope 

en1:-day ~lacler. 

from a pres-

J. A detailed study of shaltow permafrost waters and av-

erage annual isotope contents in preclpitation at 

severat Arctic localities. , 

4. A comparis0n study o~ sub-sea permaLrost waters and 

land-based perma.Lrost waters. 

s. An isotope study o~ permafrost-retated 1eatures such 

as massive buried ice, pinaos, irost blisters and ice 

wedaes. 

6. A continuation o1 the laboratory studies, but with 

better experimental contrat thac was attained in this 

program. 
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Appendi.x A 

STABLE ISOiOPE DATA FOR CORES FROM lLLISAiVIK, 
N.w.T. 
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79-2 

SAMPLE NO. DEPTH ( CM) o18o (0 /oo SMOW) o2H (0 /oo SMOW) 

0-10 -19.3 -150 
2 10-20 -20.0 -154 
3 20-30 -20.0 -155 
4 30-40 -19.9 -152 
5 40-50 -19.2 -148 
8 70-80 -21.1 -164 

10 90-100 -21 . 5 -167 
12 110-120 -21 .8 -170 
16 150-160 -22.6 -174 
18 170-180 -22.9 -175 
20 190-200 -22.9 -176 
22 210-220 -21. 7 -167 
24 230-240. -20.4 -164 
26 250-260 -18.3 -151 

f 28 270-280 -16.5 -138 
30 290-300 -16.8 -144 

34 330-340 -16.5 -141 
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79-9 

SAMPLE NO. DEPTH (CM) c18o (0 /oo SMOW) iH (0 /oo SMOW) 

1 0-5 -18.0 -144 
4 15-20 -15.5 -128 

10 45-50 -14.0 -119 
13 60-65 -14.8 -119 
16 75-80 -16 .1 -133 
19 90-95 -18. 8 -143 
22 105-110 -19.5 -145 
25 120-125 -20.6 -158 
28 135-140 -21.7 -167 
31 150-155 -21 . 8 -164 

.i 34 165-170 -21. 7 -169 

·l 37 180-185 -21. 2 -166 
40 195-200 -20.9 -159 , . 
42 205-210 -20.6 -166 
44 215-220 -20 . 6 -163 
48 235-240 -19.0 -157 
51 250-255 -17.9 -153 
60 295-300 -22.2 -181 
67 330-335 -23.4 -194 

'· 
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79-14 

SAMPLE NO. DEPTH (CM) ë
18o (0 /oo SMOW) iH ( 0 /oo SMOW) 

0-10 -18.7 -142 

3 30-40 -20.9 -155 

4 40-47.5 -25.3 -198 

7 57.5-67.5 -22.6 -173 
9 87.5-97.5 -20.2 -157 

11 l 07. 5-117. 5 -21.8 -171 

14 147.5-157.5 -27.7 -221 

16 167 . 5-177. 5 -26.0 -195 

19 197.5-207.5 -23.0 -174 

22 227.5-237.5 -17.9 -143 

24 247.5-257.5 -25.9 -202 

27 277.5-287.5 -22.5 -175 

28 287.5-297.5 -19.4 -154 

29 297.5-307.5 -18.6 -147 

35 357.5-367.5 -17.8 -140 

44 447.5-457.5 -17.2 -135 

45 457.5-467.5 -16.9 -136 

49 497.5-507.5 -16.2 -130 

51 517.5-527.5 -15.0 -124 
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79-IW#2 

SAMPLE NO. DEPTH (CM) o18o (0
/ 00 SMOW) iH ( 0 /oo SMOW) 

3 10-15 -13.9 -121 
8 35-40 -13.6 -123 

12 55-60 -14.7 -129 
16 75-80 -15.7 -135 
17 80-85 -21.7 -168 
18 85-90 -22.8 -178 
20 95-100 -22.2 -171 
21 100-105 -23.2 -180 
23 110-115 -20.3 -158 
24 115-116. 5 -15.6 -128 
25 116. 5-125 -16.6 -134 

' . 31 150-154 -14. 1 -125 1 
L 

f -
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Appendix B 

STABLE ISOiOPE DATA FOR CORES AND G~CUND•AiERS 
FROM THE FROPOSED ~EMPSTER HIGH~AY PIPELINE 
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GROUNDWATER $AMPLES 

SAMPLE NO. LOCATION TYPE ë
18o (0 /oo SMOW) 

16 Twin Lake Campground Handpump -18.1/-18.2 
(30 m from lake) 

17 Cannacks Campground Handpump -20.2 
(50 m from Yukon River) 

1· 18 Minto Landing Campground Handpump -19. 9 

21 Dempster Hwy. KM 86 Spring -22. l 
(North Fork Pass) 

22 Dempster Hwy. KM 171 Sulphur -23.0 
Spring 

23 Dempster Hwy. KM 271 Spring -21.2 
(El. 800 m) 

J -
25 Dempster Hwy. KM 461 Spring -21.4 

(N.W.T.) 
1 -
1 31 Eagle Plains Hotel Tap -21. 5 
i . 

32 Top of the World Hwy. 
KM 52 Spring -20.4/-20.3 
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PIPE LINE CORES 

CORE NO. SAMPLE NO. DEPTH (M) o18o (0 /oo SMOW) 

78-1 0 0.0-0.1 -14.4 
7A 2.0-2.5 -22.7 

78-14 17 11.5-12.0 -20.0 
78-63 4 1. 5-2. 0 -22.7 
78-107 2A 0.25-0.4 -19. 9 

28 0.4-0.6 - 19. 1 
78-109 7 1 . 8-2. 05 -21. 3 

16 4.75-5.0 -19.4 
78-113 10 2.7-2.85 -20.5 
78-115 6 1. 65-1. 85 -19.3/-19.2 

11A 3.15-3.25 -19.0 
118 3.25-3.35 -18.7 
14 3.9-4.05 -18.5 
15 4.2-4.25 -18.4 
18 5.0-5.25 -17.6 

i 78-116 6 1.45-1.6 -16.2 
1 . 78-119 8A 2.0-2.15 -19.4 

88 2.15-2.3 -19.3 
' - 18A 5.2-5.35 -18.7 
1 188 5.35-5.5 -18.9 L 

18C 5.5-5.65 -18.6/-18.4 
~- 22 6.85-7.05 -18.4 

78-122 14 4.5-4.75 -15.2 
78-127 4 0. 8-1. 1 -20.9 

8A 2.0-2.15 -20.9 
88 2.15-2.3 -21. 0 
9 2.3-2.6 -20.3 

14 5.7-6.0 -21.2/-21.2 
78-128 16A 4.75-4.95 -20.8 

168 4.95-5 . 15 -21. 3 
78-129 3 0. 85-1. 1 -20.2 
78-131 13 3.4-3.65 -20.5 

15A 3.9-4.05 -19.4 
158 4.05-4.2 -19.2 

78-134 SA 1.65-1.75 -20. l 
58 1 .75-1.85 -20.7 
SC 1. 85-1. 95 -19.5 

5 Frost (-16.2) 
78-135 2A 0.2-0.3 -22.7 

28 0.3-0.4 -22.1 
2C 0.4-0.55 -20.0 

78-139 1 0.0-0.2 -16.6 
SA 1.3-1.45 -19.5/-19.5 
58 1.45-1.6 · -19. 0 

78-141 SA 1.35-1.5 -20.9 
58 1.5-1 . 65 -20.3 

12A 3.3-3.4 -20.0 
128 3.4-3 . 5 -20. 1 
13 3.5-3.65 -20.5 
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PIPE LINE CORES (continued) 

CORE NO. SAMPLE NO. DEPTH (M) o18o( 0 / oo SMOW) 

78-142 l 0.5-1.0 -12.2 
7(6) 19-19.5 -14.5/-14.7 

78-147 SA 2.2-2 . 3 -24.0 
5B 2.3-2.4 -24. l 
SC 2.4-2.55 -24.4 

78-148 l 0.0-0.2 -16.5 
4A l.2-1.35 -20.7 
4B l.35-1.5 -21.4 
8 2.35-2.55 -20.0 

11 3.05-3.4 -24.8 
16 6.0 -16.6 

78-151 9 3.85-4.l -22.4 
78-153 2A 0.35-0.55 -20.5 

2B 0.55-0.7 -21. 1 
2 Frost (-18.4) 

78-154 SA l. 45-1. 6 -21.6 
5B 1 . 6- l . 7 -22.3 
SC l.7-1.8 -21.1/-21.4 

5 Frost (-20.l) 
, - 78-155 3 l.2-1.55 -20.8 
l 78-156 6 1.75-2.l -22.2 
! - 8A 2.6-2.8 -21.6 

8B 2.8-2.95 -21.4 
• 8 Frost (-18.3) 

l OA 3.9-4.0 -20.5 
l OB 4.0-4.15 -21. 2 

10 Frost (-18.9) 
12 4.85-5.15 -18.7 
16 6.75-7.05 -19.8 

16 Frost (-19.0) 
78-158 2A 0.5-0.65 -22.8 

2B o:65-0.8 -23.0/-22.6 
8 3.85-4.1 -21. 2 

78-159 3A l. 0- l. 2 -23.0 
3B l.2-1.35 -22.3/-22.1 

3 Frost (-22.2) 
78-160 7A 5.1-5.3 -19.9 

7B 5.3-5.45 -19. l 
78-162 3 1 . 0-1 . 2 -21 . 2 

8 3.3-3.65 -20. 1 
78-166 7A 4.8-4.9 -19.7/-20.0 

7B 4.9-5.0 -21.4 
7C 5.0-5.1 -20.0 

78-168 2A 0.6-0.7 -21.4 
2B 0.7-0.8 -21.6 
2C 0.8-0 . 95 -21. 8 
7 3.55-3.9 -23.0 
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PIPE LINE CORES (continued) 

CORE NO. SAMPLE NO. DEPTH (M) o18o( 0 /oo SMOW) 

78-169 8 3.8-3.9 -18.5 
78-170 1 0.0-0.2 -15. 2 · 

2 0.25 -13 . 6 
9 4.0-4.5 -12. 1 

78-172 SA 1. 8-1. 95 -20.3 
58 1.95-2.1 -19.7 

78-173 8 5. 7-6.0 -23.1 
78-177 3 1.2-1.5 -22.2 
78-178 3 0.65-1.0 -21.0/-20.7 

4 l. 4-1. 7 -19.8 
5 2.1-2.3 -20.6 
7 2.8-3.1 -20.0 

78-- 180 6A 2.15-2.25 -20.4/-20.3 
68 2.25-2.35 -20.9/-20.9 
6C 2.35-2.5 -20.4 

78-184 4 1.2-1.55 -23.8 
7 2.7-2 . 95 -20 . 7 

t 78-185 3A 0.5-0.6 -22.8 
38 0.6-0.7 -22.9 

' . 3C 0.7-0.8 -21 . 9 
' 3D 0.8-0.9 -21. 9 ( 

4 1. 0-1. 5 -22.5 

'. 4 Frost (-21.9) 
1 SA 1. 5-1. 7 -23 . 6 

58 1.7-1.9 -24 . 3 
6 2.15-2.35 -22 .3 
7 2.7-3.0 -22.7 
8 3.0-3.2 -22.7 
9 3.2-3.6 -24.6 

10 3.6-3.9 -22 . 3 
11 4.0-4.5 -24.7 
12 4.6-4.9 -24.7 
13 5.35-5.7 -25.4 
15 6.2-6.4 -26.0 

78-186 4A 0.8-0.9 -22.8 
48 0.9-1.0 -23.1/-23 .2 
4C 1. 0-1.2 -22.2 

78-187 3A 0.5-0.75 -20.8 
38 0.75-1.0 -21 .8 
4 o. 5-1. 0 -23.7/-23.5 

1 OA 2.85-3 . 0 -22.9 
1 OB 3.0-3.3 -22.9/-22.8 
12 3.8-4.15 -23.0 
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PIPE LINE CORES (continued ) 

CORE NO. SAMPLE NO. DEPTH (M) ô
18o( 0 / oo SMOW) 

78-189 2A 0.3-0.4 -21. 6 
2B 0.4-0.5 -21. 6 
2C 0.5-0.7 -20.0 
3A 0.7-0.9 -20.9 
3B 0. 9-1 . 1 -22.3 
3C 1.1-1.2 -22.2 
4A 1.2-1.3 -23.0/-22.9 
4B 1.3-1.4 -22.9 
4C 1. 4-1. 5 -23.8 
4D 1. 5-1. 6 -23.7/-23.7 
4E 1. 6-1. 65 -23.0 

4 Frost (-22.8) 
SA 1. 65-1. 9 -22.5 
SB 1. 9-2. 1 - 22.8 

5 Frost (-21.7) 
6 2.2-2.65 -18.9 
9 4. 1-4 . 7 -18.3 

10 4.7-5 .1 -19.2 
10 Frost (-17.9) 

• 78-191 2 0.3-0.8 -20.8/-20.5 
i 78-193 3 0.7-1.0 -22.6 1 

78-194 9 3.7-4.0 -20.2 
9 Frost (-20.3) r 78-197 7 1.95-2.55 -17.2 

8 2.55-2 .85 -20 .3 
8 Frost (-19.3) 




