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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.

Résumé

Des obervations de la ré@partition des isotopes de 1l'oxygéne et de
1'hydrogéne dans des eaux de pergélisol ont &té réalis@es sur 1'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 Ccl4 permettent de retracer l'histoire du bassin du lac asséché
depuis 9000 ans, ainsi que d'8tudier 1'histoire du pergélisol et l'origine

des eaux dans le Nord-est du Yukon.
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Chapter 1

INTRODUCTION

1.1 PREYIQUS STUYLIES

Initial investigations into the natural variatjions of
stable isotopes in rermafrost waters were undertaken by the
authors in 1976 (Fritz and Nichel 1877). That study in-
volved an examination of cores made available by Foothills
Pipe Lines Ltde. for the Mackenzie Yalley, and by Polar Gas
Ltd. for their proposed pipeline route through the central
Keewatine The results of this study, which revealed axy-
gen=18 shifts of 10 to 15 9/00y were presented at the J3rd
Internaticnal Permafrost Contference {(Nichel and Fritz
1378Db ).

During the 1977-79 period, a program was initiated to
perform a serles of laboratory experiments in an attempt to
simulate the natural variations detected within the original
field cores. Beginning with those experiments and continu-
ing into the. 1979-81 periody, +the laboratory work has demon-
strated that it 1s possible to generate fractionations on a
small scale as a result of freezinge.

To supplement the laboratory work and +to increase the
natural data basey an extensive field program was undertaken

in May .ot 1979 and 1980 at an experimental lake site ( named
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Illisarvik) in the Mackenzie Delta. A total of 23 continu-
cus cores were collected at this site from within the
dralned lake bed, the surrounding shore and from a nearbpy
pingoe. Interesting variations were found in a nuwmber of
cores, while other cores disglayed an equally interesting
lack of variatione A number of small variations similar in
ragnitude <o those generated within the laboratory program
were detected while larger shists renging from +5 to =15
8/00 for oxymen—18 were also encountered. Isotope profiling
of the pingo has revealed a complex freezing history for the
ice core. Through the use of isotopes it hes alsc been pos-—
sible to determine the thickness of the active layer during
the past 30 years, the manner in which the active layer
freezes, the age of the waters and the presence of water
from different sources. The year by yesar progress ol these
investigations has been described in a series of reports
{(Michel and Fritz 1S578a, 1979, 1880, 1881, in press) which
have been compiled and summarized by the senior author as a

Ph«De thesis (Michel 1982).

1.2 IERMS QF REEEBENCE

As part of the ongoing investigations of groundwater in
rermafrost regions of Canada, this study was undertaken as a
continuatlion of the previogus research gprograme Specilfical-

lyy the obJjectives of this study were:
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ls+ to continue to gquantify the mechanisms creating the
iscotope variations in permafrost waters, in order to
permit a more detailed discussion of <the formation
and stability of permafrost,

2 to continue to study isotope tractionations occurring
at Illisarvik,

Je to correlate the field results with the laboratory
program, and

4. to expand the data base by examinineg permairost wa-
ters from the aree south of Inuvik (along the Demp-

ster Highway)e.

1.3 SCOPE OF IHIS REPORI

This report describes the work completed and presents the
data acquired during the contract period. Preliminary in-
terpretations of the data are discussed in relation to their
significance in understanding the history of the permairost
waters at Illisarvik and along the Dempster Highwaye. The
laboratory experisents undertaken using saturated clay col-
umns are dlscussed in relation to the previcus experiments.
Finally, the report sSuggests a course along which further

work could be pursuede.



Chapter 11

WORK CCMPLETED

2.1 JLLISARYIX

The work cunducted during the period of this contract has
involved the radiccarbon dating of a pumber of organic sam=-
ples collected during the 1979 and 1580 field programs.
These analyses have been pertormed 1in order to provide a
better understanding of the age of the various sedimentary
unitsy the age of Lake Illisarvik and the maximusm aze of the
permafroste. In additions, selected samples from four cores
have been analysed for their deuterium contents in order to
examine the relationship of oxygen-18 and deuterium contents

in these waterse.

2.2 DENPSTER HIGHWAX

During the past year, Foothills Pipe Lines ( Yukon) Ltde.
sent to the Univergsity ot Waterloo all ot the available core
material collected during their 1978 drilling program along
the Dempster and Klondike Highwayse Yater from a large num=
ber ofi samples representing the entire length of the route

has been extracted and analysed ior oxygen—18.
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2.3 LABCRATORY EXEERIMENIS

During the current contract period, two experiments were
conducted using saturated gaolinite clays These experiments
were designed to examine iractionations which could occur in
fine grained soils as a result of freezing ana to comrare
these fractionaticns with those developed in coarser silt
and sand soils during pre;ious contract periodse Oxygen=-1R%

and deuterium contents were determined in both of the exper-—

imentse.
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DISCUSSION CF RESUL1IS

3.1 JLLISARVIE
3elel Dackground

Illisarvik is located on the northern tip of Richards Is-
land in the Mackenzie Delta (Figure 1) It was designated
by a groug of Canmadian researchers as an experimental site
for the investigation of permafrost fcocrmation and aggrada-
tione The lake was drained via an artificial channel to the
coast during August of 1978, ' This exposed the lake bed to
the atmosphere and permitted the upper several metres of the
lake bed to freeze for the first time during the winter ot
1978.

In May of 1979 and 1980, drilling programs were undertak-
en in order to collect continuous core material from various
locations within the lake bed and frcm the surrocunding ba-
sine A total of 13 boreholes and 2 ice wedges were drilled
during the 1979 program, while a total of 8 cores were col-
lected in 1980. Except for the 4 cores taken from the pingo
immediately south of Illisarviky, all of the borehole loca-

tions are shown in Figures 2 and J.
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Location of I1lisarvik in the Mackenzie Delta.
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3.1.2 Stiratigraphy

Based on the observations of other workers ( Hunter et al.,
19789 ), and an examination of core material collected during
the previcus studies, the stratigraphy of the basin can be
divided into three primary units, capped by modern peat, as
shown in Figure 4.

The lowermost unit encountered durina drilling consists
of a cleany fine to medium sand, probably of deltaic origin,
with finely laminated bedding sloping at 10 +to éO degrees in
some coresy and contalning scattered organic Ifragmentse.
This sand grades upward into a series of interbedded sand
and clay=-silt layerses

Above these Llayers is a continuocus clay=-silt unit con-
taining varying proportions of sandy, minor organics, and nu-
merous stonese. These stones are up tc 2 cm in diameter and
vary in lithology from small red shale clasts (1 to 2 om
thick) to sub=rounded quartz and granite pebblese. Ramgton
(1971) described '"a till-like material up to 1S feet thick"
overlying the sand unit on Richards Island, wvhile Mackay
(1963, Pe 26) reported anly "a small percentage of expo-
sures’ where a thin till could be tound over the sandse.
Mackay suggested that "where stones are lacking, the field
identificaticn of till is hazardouss" Although the limit of
glacliation in this portion of the Mackenzie Delta is uncer-

tain, it appears that the 1llisarvik area was not glaciated
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during the Late Wisconsin (Mackay et ale. 13972), ’At Illisar-
viky this clay=silt unit locally reasches a thickness of up
to approximately Z metrese. This layer may represent soli-
fluction debris, but the widespread nature of the unit and
the preponderance of stones within it suggest to the authors
that perhaps the unit represents flow till material as de-
scribed by Boulton (1871).

Resting on this +till is a sequence of organic-rich lake
silts containing mollusc fragments neer the busey; that grade
laterally into sands near the edges ot the local [llisarvik
basine. These lake silts are thickest in the central for-
tions of the basin and thin outwards. A similar organic
silt soil was found above the till layer in core 79=-3 at an
elevation of almost 7 metres above lake level.

Radiocarbon dating of organic material was undertaken in
order to provide a time frame for the history of the lake
and the sedimentse A 1%C halft-life ot 5,568 years was used
and the radiocarhon ages listed in Table 1 have been adjust-
ed by standardization of their 13C contents to =25 9/ca.
Some of these data are also plotted on the east-west cross-
section shown in Flgure 4.

In every study involving radiocarbcn datingy, 1t is neces-
sary to examine the validity of the ages determined. Plant
materials, and especially wood, are generally considered to
yield more reallstic ages than shells c¢r other inorganic ma-

terlials (Karraw, personal communication). Even with plant



Table 1 Radiocarbon data for I1lisarvik

Sample # Depth Material sY¢ % Modern M6 pge WAT #
(cm) Type 1 (%o PDB) (PMC) (Yrs 8.P.)

79-2-19 180-190 BD -28.2 39.6 7400130 801
79-3-2 5-10 A -28.2 98.4 8070 631
79-3-9 40-45 A -28.5 52.3 515080 632
79-3-22 105-110 A -26.6 44.9 64101100 639
79-3-32 155-160 D -27.1 18.0 137204350 800
79-4-2 5-10 C -29.3 74.3 2320:70 746
79-4-20 95-100 c -28.5 54.1 4880480 739
79-4-44 215-220 C -21.8 34.0 872090 41
79-4-53 265-270 E -27.4 11.2 17530+540 740
80-6 360-365 E -27.4 8.6 196301600 742
79-6-3 10-15 C -29.6 81.0 1620+70 814
79-6-23 110-115 C -28.2 63.3 3620160 784
79-6-45 220-225 c -23.0 42.0 7010470 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 2744044280 783
79-8-61 300-305 E -28.4 5.2 2371013620 761
79-9-11 50-55 B -29.5 76.6 2070170 804
79-9-23 110-115 D -27.7 65.3 338060 799
79-9-34 165-170 B -28.1 39.5 7410120 791
79-12-18 170-180 BD - -28.5 24.5 112404140 803
79-15-1 30-40 B -30.7 78.1 18904120 805
1 A Peat

B  Fibrous organic

C Organic silt

D Woody fragments and sticks

E Organic fibres and streaks

€l
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materialsy it is pecessary to determine whether the material
grew in situy or whether it was redeposited from anotter lg-
catione If it was redeposited, then one must ccnsider the
period of time between growth and degosition or redeposi-
tiones Untortunately, this is often very difficult to deter-
mines The modern date obtained near the top of core 79=3
(WAT 631), indicates that the age determined is the age of
the material datede. However, it 1s still necessary to de-
termine where the material originated., In the case of the
modern peat the answer Is obvious because the crganic
(plant) matter grew in situ, but ages determined tor octher
oclder organics are not as clear. Therefore, for the purpose
of this study, it is assumed that the organic material was
incorporated into the sediments shortly after the plants
died and that the continual supply of new organic debris was
always much greater than the supply of reworked older organ-
icse

Only one radlacarbon date of 23,710 years was osotained
for organics contained within the lower sand unit encoun-
tered in borehole 79-8 (WATI-761). Organic material from the
overlying till unit yielded a slightly older radiocarbon age
of 27,440 years (WAT;783)' although the error limits are
suificiently large that the two samples could be of tre same
ages. This suggests that the organic material in tre till
unit was not formed in situ. Cther organic samples from the

till unit yielded ages ranging from 13,000 to almost 20,000
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years before presant, indicating that this till is from the
Late Wisccensine Since the organics wvere incorporated into
the till, the ice must have been present in the vicinity ap-
proximately 13,000 radiocarbon years agos. Mackey (1963) re-
ported that +the region was probably deglaciated by 12,000
years BePe which would permit only a short 1,000 year period
ior an ice cover in the area. The field work of Mackay
(18634 pe 25) indicated that ice flow into the area was from
the south—-southwest and that "minor differences 1in relief,
cf the order of several hundred feet, seem to have played
important roles in controlling ice movementy thus suggesting
a thin cover". Gecthermal data collected by Judge ( personal
communication) also would suggest a thin or short=lived ice
covere

In borehole 79-12, a 30 cm thick crganic unit containing
sticks and plant fragments was encountered at the boundary
between the till layer and the overlying organic siltse Ra-
diocarbon dating of a portion of thie organic mat ( WAT=303)
provided an age ot 11,240 years, which places an upper limit
on the age of the till.

An age of 8720 years, determined for sample 44 of core
78-4 (WAT-741) was the oldest date obtained within the lake
siltse. Since a thin layer of the lake silts occurs kelow
the sample datede, 1t i8 possible that the lake, at least in
the vicinity of core 79=4, initially formed almost 9,000 ra-

diocarbon years Agoe Borehole 79=6 was terminated in the
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lake siltse. An esge of 7010 years ( WAT-782) from near the
bottom of this core and an age of 7410 years from lake silts
in core 78=-9 (WAT-781) demonstrate that most of the lake ba-
sin ws covered by a lake more than 7,000 years agoe Basal
dates of 6100 and 6410 years, for cores 79-& (wWAT-802) and
79-3 (WAT=639 ) respectively, indicate that a lake much larg-
er in extent than the recent lake Illlisarvik existed during
the warmer Hypsithermal period. Ibis warmer interval is
generally thought to have lasted frcm 3000 to about 4000
vears ago (Dansgaard et ale. 1971, Ritche and Hare 1971).

Along the entlre length of the cross—section, there is a
definite break in the sedimentation record. This break co-
incides with the translition from organic-rich lake silts to
the stony clay-silt till, Although the formation of the
early phase of Lake Illisarvik appears +to have occurred
about 2,000 years after the lce retreated, there is no evi-
dence that a vegetation cover formed or the till surface,
except for possibly the thick organic layer noted in core
79-12 at a depth ¢f 16 to 1.Y metrese.

The dating of lake organics from several intervals in
cores 79-4 and 75-6 suzgests that thé water body has existed
continuously since its formation, but the ages for the up-
permost dated saszples in these two cores (2320 and 1620
years respectively) are somewhat troublesomes In Figure 35,
where the sedimentation break is clearly marked, the lake

sllts of core 79-4 indicate continuous sedimentation at a
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rate 0f 035 mm/yeare. Core 78~6 yielded a rate of 0«35 mm/
year in the lower portion and a rate of (.53 mm/year for the
upper one metre of lake silts. Using the lower sedimenta-
tion rate for beth cores, the two samples in question should
have ages not in excess of 300 to 400 yearse.

This discrepancy could be the result of an age eftect due
to the uptake of 1%C depleted carbon into the organic rmat-
ters Such "hard water" age effects have been noted in many
more southerly lakes (kKarrow and Anderson 1975), but have
not been investigated in these northern environments where
the drift contains some carbonate material, even whgn bed-
rock is deeply buriede. Since the sedimentation rate 1é con—
stant throughout the lake silt sequence of core 79-4, any
age effect must be applicable to some extent for all of the
radiocarbon datese. This would not only reduce the age for
the farmation ¢f the lakey but would also imply age eftects
for the remalning radiocarbon dates which were determined on
organics from a variety of settings.

An alternative explanation for thie discrepancy would be
erosiony and/cr a sharp decrease in the rate of sediment ac-
cunmulatione Radlocarbon dating of the uppermost lake silts
(WAT=805) in the drained lake immediately south of lllisar-
viky, referred to here as the Pingo Lake basin, and the tase
of the organlc mat on the sill separating the two lake ba-
sinsg (WAT-804), indicates that the Pingo Lake drained ap~-

proximately 2,000 years agos Drainage of Pingo Lake proba-
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bly resulted 1ln an appreciable decrease in the level cf Lake
Illisarvike. This decrease in turn wculd create changes in
the circulation patterns withinp the lake which could result
ln an increase or decrease in the sedimentation rate, and a
resobilization of older sedimentse. Such an bhypothesis is
favoured by the authors because it does not require the in-
troduction of major adjustments to the radiocarbon datas.
However, efforts should still bpe made to investigate the
hard water effects in these northerg environmentse.

It should be noted that organic and inorganic sediments
have been accumulating in the Illisarvik area since deglaci-
atione It one assumes that the active layer has had a con-
stant thickness over time, then the accumulation of sediment
would result in a rise of the permafrost table. Mackay
(1967 ) reported the existence of lakes which were partially
dammed by the accumulation of peate No doubt the continual
growth and accumul;tion of the peat caused the perxafrost
table to rise and effectively block the outflow of waters
Thus, it appears likely that a similar continued accumula-
tion ot peat at Illisarvik has resulted in a rise of the
permatrost table and a gradual rise ir the lake level during

the past 2000 yearse.
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3¢1.3 Reuterium Captents
During the past two years, the analytical program has fo-
cussed on the de termination of the oxygen-18 contents of
permafrost waters recovered from many of the 23 <cores
drilled at Illisarvike Vith the excegption of core 7S5=4,
which disglayed «<¢nly a ginor shift to more negative oxy~-
gen=18 values with depth, none of the cores had been exam=-
ined for their deuterium contents. It is known from theory
and from the laboratory experiments that both deuterium and
oxyzen=18 will be preferentially enriched in the ice phase
during freezinge However, since the two isotopes fraction-
ate at slightly different rates it was not known whether ad-—
ditional information could be obtained by determining the
concentration of both isotopese. Therefore, during the pres-
ent contract reriod the analytical work has been confined to
an examination of deuterium in selected samples from four
cores with water containineg large variations in oxygen=—13
content, and which represent different environments or
ireezing historiese The first two cores (79-2 and 79-9)
were taken near the edge of lLake Illisarvik and represent
different eges of permafroste. The third core (79-14) was
collected from the pingo In the adjacent lake basin, while
the fourth core ls representative of a cross=—-eection through
a relatively young ice wedges The isotope data tor these
cores are listed in Appendix Ao The soll key for all cores

is &given in Figure 4.
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The deuterium profile of core 79-2 (Figure 6) 1is identi-
cal to the oxygen=18 profile for this ccre. Clearly visible
are the shift within the active layer representing i1reezing
from two directions, the shift to more negative values with
depth in the upper two metres of the permafrost, followed by
a rapid increase in the deuterium concentration. Only two
samples have been analysed from the bottom 1.5 metres of the
core, but 1t would appear that within this zone the deuteri-
um concentration is relatively constant at approximately
-140 9%/00.

Core 78=9 (Figure 7) alsc has a deuterium profile cloesely
resembling its oxygen—-1§ préiile. Within the upper 2¢5 me=-
tres, the two isocotopes have been analysed in suffjicient de-
tail to demonstrate that the two profiles are related in al-
most every detail. Below 2.5 metres only thre samples have
bheen analysed for deuterium. Although these sanplee indi-
cate a rapid decreagse in the deuterius cancentrationy, they
are not able to demonstrate the large number o0f minor fluc-
tuations visible in the oxygen-18 profile (Figure B8). To
accomplish this woculd have required many more deuterium
analysese.

Upon examination of the deuterium and oxygen—=18 protiles
tor the pingo core (78=14) shown in Flgures 9 and 10 respec-
tively, it can be seen that the two isotopes have behaved in
a similar manner during freezing. Within the uprer zone of

magsive ice, both isotopes clearly outline the individual
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rulses of water which have irozen during the growth of the
pingaoe. AS was shown originally in the oxygen=18 profile,
the underlying clay soil and massive ice display relatively
little variation in comparison to thre upper massive ice
Zonee.

Ice weage #2, which was cored by horizontally drilling
perpendicular to the wedge, also displays a deuterium pro=-
file that parallels the original oxygen=18 pattern. The 1ice
waedge is clearly visible in Figure 11 as the group of more
negative deuterium vatues in the interval of (Ce8 to 1le15 me-
tres, while the soll on either side cI the wedge ccntains
water with relatively positive deuterium values.

Although the <four cores examined contain permafrost wa-
ters which differ in age and treezing historyy, the behaviour
of both the oxygen and hydrogen isotopes has been shown +to
be the samee. This would appear to indicate <thet no addi-
tional information is acquired by analysing the second iso-
topey since all of the relative variations can bhe described
by determining the distribution of only cne o the twa iso-
topese However, €ince the rate of fractionation during
freezing differs slightly for the two isotopes, it is possi-
ble that a direct compariscn of the isctopes would reveal
information that could be useful in urnderstanding the devel-
opzent of perzafrcst or permafrost-related phenomenas

The oxygen—18 and deuterium data for all four cores have

teen plotted in Figure 12. It 1s apparent that all of the
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data pcints are part of a Single overall trend which can be
described by the relationship of gzﬂ = 6463 ¢ 183 < 25.4
(correlation coefficient of 0.97), Upen closer examination,
it can be seen that the data for the individual sectlions of
each core (Table 2) form their own relaticnship which varies
trom the overall +trende. The cause of these variations and
their sianificance are not fully understood at present.

In theory when a closed body is beina frczen, the distri-
butlon of +the isctopes within the profile will display =a
gradually accelerating increase in the concentration of the
light isotopes within the residual ligquid. This distribu-
tion of the isotcpes can be described by e curve generated
from the Rayleigh distillation model using equilibriuam frac-
1iopation factorse Vhen the relationship 0f oxygen=-18 to
deuterium and their resvective rates of fractionation are
comparedy it ils found that the slore of ttre line changes
irom agproximately 7.5 with 20% of the water mass trozen, to
7.0 when 9B% of the water mass is frozene. Suzuoki and Kimu-
ra (1973) toundy, from their experimental work on fractiona-
tion factors in the ice-water sSystem, that deuterium frac-
tionated at a rate which was 7.4(0.5 times pgreater than for
oxygen—18. Since only a small percentage of the total water
mass was frozen during their experiments, it would be ex-
pected that their value would be close to the theoretical

value of 7.5 for initial freezinge
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At Illisarviky a number of different processes are active
and each would appear to affect the 180 - 2H relationship in
its own ways The normal pattern of freezing, in which the
concentration of the heavy lsotopes decreases with degth, 1is
represented in core 79-2 by section 5-20 and in ccre 78=9 by
section 51«67 (see Table 2)e. In both instances the slope
values are in the range of 7.0 to 7.E. This condition can
probably be best described as a downward migrating freezing
front with a large available supply oi water belagwe.

The zocne af annual freezing and thawing in core 79-=2
(section 1-5) has a slope value of 6.82 which iIs suggestive
of a closed system freezling condition in which none of the
water is expelled or escapes from the systeme Such a condi-
tion would appear reasonable since the relatively dry centre
was bounded by ice-rich zones. In the active layer of 78-9
{section 1-10) 41t eas originally sSuggested on the basis of
the isotcre profiles that the freezing occurred entirely
from the permafrost table upwardse. If this were the case,
then the similarity in slopes for the active layer relation-
ship and the upper permafrost (section 10-34) could possibly
indicate that the upper 2Zone of permairost has formed by an
upward moving permafrost tablee. The reason for the slope be
ing lower than the active layer value of core 738-2 is un-
clears

In both cores 78-2 and 79=39, the sections which have been
interpreted as zores of isofo?e diffusion (section 20-28 and

34-51 respectively) have slope values of less than oo



Table 2 Linear regression analysis of deuterium and

oxygen-18 data for I1lisarvik 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
10-34 9 6.27 0.98
34-51 7 3.83 0.90
51-67 3 7.20 0.99
79-14 4-28 n 7.54 0.99
29-45 4 7.02 0.9
1-51 19 7.43 0.99
79-IW#2 17-23 5 7.74 0.99
3-16 7 4.26 0.89
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Whether the low slopes are due to kinetic effects |is
uncertaing hcwever, 1f these values are typicel tor ditiu-
sion zones, then rates ot migration fcr each isotope should
also be considered during an examinaticn of these slcre val-
uese

The jce wedge and pinpo cores also caontain some interest-
ing slope valuese Within the massive lce ¢f the ice wedge,
the value of 7.74 is very similar to regionsl meteoric water
lines which lie at a slight angle toy but on the global me-
teoric water lipe. Since this line is representative of un-
altered precipitationy it would appear that the water con-
tained within the ice wedge has gprobably not been
fractionated during freezinge. Furthermore, the more neg-
ative isotope values found within the ice as compared to the
adjacent soil would suggest that the water forming the ice
wedge represents winter precipitatione. Mackay (1973) heas
reported that ground cracking during the late winter (Fekru-
ary=-March) and infiltration of snow pack waters are respon-
sible for the generation of ice wedges.

The reason for the Llow slope value of the waters con-
tained within the adjacent soils is unknown, although the
value is similar to those discussed previously fcr zones of
isotope di;iusiono It should be noted that +the oxygen-18
contents are similar to the deeper saters encountered in
nearby borehole 79=8. If the waters adjacent to the ice
wedge are not related to dlff;slony but iInstead to the deep

waters of borehole 79-3, then an analysis of the waters en-
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countered in borehole 79-8 should precduce a slope vealue
similar to the soil adjacent to the ice wedge.

Within the upper massive ice core ¢t the pingo which was
intersected by borehcle 79-14, the individual deuterium and
oxygen—18 profiles (Figures 2 and 10 respectively) indicated
a series of three discrete lce zones formed by the injection
of a water pulse followed by closed system freezinge. Ac—-
cording to the Rayleigh distillation theory, the camplete
freezing of a confined water mass should yield a slope value
of approximatly 7. From Table 2 it can be seen that the
value for the entire massive 1ce core is 7.54. However, in-
sufficient deuterium analyses have been completed to deter-—
mine slope values for the individual gulsese. it is possible
that the more detailed analysis woula demonstrate slightly
lower slore values.

In summary. it would appear that the determination of
both oxyren=18 and deuterium contents for permefrost waters
may have the potential to provide additional information
concerning the history of these waters and <the conditions
under which they froze. However, before any definite trends
can be described, it is necessary to examine in greater de-
tall the relationship of the two stable isotopes for wmaters
that can be directly related to individual characteristics

or phenczena formed as a result of permafrost aggradatione.
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3.2 DBEMPSTER BIGHWAY
3.2.1 Jdotrodugtion

The rropcsed route 0f the Dempster Highway pipeline
closely follows the Dempster and Klondikxe Highways from Inu-
vik to wWhitehorses. The ma.jor physicgraphic regions trave
ersed by the pipeline include the Mackenzle Delta, Mackenzie
valley, Peel Plain, Richardson Mountainsy, Eagle Plain, Ogil=-
vie Mountains, Tintina Trench and Pelly Mountains. Permaf-
rost has been encountered along the entire route with the
the largest ice-rich sections located in the unglaciated Ea-
gle Plain of the northern Yukon (Foothills 1978).

A large number of core samples, from boreholes located
along the entire route, were provided by Footrills Pipe
Lines (Yukon) Ltde from their 1973 drilling programe. The
location of every tenth borehole and those discussed in sec-
tion 342.2 are plotted on Figure 13, In addition to the
core samples recelved from the pipelipe route, the second
author collected nine groundwater samgples frca various camp-
grounds and sgringas along the route during a visit in July
of 19381. The locations of these samrles are also shown 1In

Figure 13,
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Je2a2 lsotopne Results

During the period of this contract, oxygen-18 contents of
permafrost waters have been determined for representative
samples from the entire length ot the prorosed Dempster
Highway pipelines Due to the large number of samples made
available for the project by Foothills Pipe Lines (Yukon)
Ltde, it weas only possible teo analyse a few sSamples from
each locatilone. In several instances, samples ot the ice
(frost) coating the outside of many ccocres were collec;ed and
analysede. Normally this outer layer ot ice and scil was re-
moved before the samrle was cut in order to remove tle pos—
sibility of contamzinatione. The preservation of ice lenses
wl;hln the core are considered to indicate that +the cores
have not been thawed and subsequently refrozen. All of the
isotore data are tabulated in Appendix Be. Many of the deep~-
er samples of bedrock or dense till bhave not yielded suifi-
clent water for analysise

Frox the samples collected by the second author, ghallow
eroundwaters aprear to generally have oxygen-18 contents in
the range of =20 to =23 P/oo- The spring dischargesy, which
probably are representative of deeper and more regional flow
systems have isotope values in the 1lower gortion o¢f <this
rangee. From other work undertaken by the authors, the
spring at North Fork Pass iIs- known tc flow throughout the

year and it has a constant isotope compositions Thereiore,
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it would appear that the isotope contents of the springs can
be considered as being representative cf the average annual
groundwa ter. Work by Hitchon and Krouse (1872) indicates
that the cxygen=-18 contents of suriace waters in the north-
ern Mackenzie Valley and Peel Plain regions are in the range
of =20 to =22 %/oo.

Upon examinaticn of the isotope data for the permafrost
cores, it can be seen that most of the shallow permaftrost
waters have oxygen—18 contents in the range ot =20 to =22
G/coe Several of the surficial peat samples have values in
the range of =14 to -16 9/00 which is conslidered to indicate
partial evaporaticn of the waters. At depth, the oxygen—=18
contents either decrease to values of less than =23 9%9/c0, or
they incresse to values in the range of -17 to -19 %/0c0. 1In
those cases where only a few samples from a core have Lbeen
analysed, it is lnpossible to determine whether these shifts
are related tc climatic variations or to freezine fractiona-
tionse.

All of the available samples for borehole 78-185 have
been analysed to a depth ln excess of six metrese. The iso-
tope profile shown in Figure 14 indicates the rresence of
both climatic and freezing fractionation variationse The
fractionations formed as a result ot treezing are well de-
veloped 2 to 25 9/00 variationse Superimrosed on these
fractionations is a climatic shift to more negative values

with depthe These negative values (=26 9/00) are similar to
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thc=se reported by the authors (Fritz and Michel 1977) tor
permafrost waters contained in fine grained soils of the
central Mackenzie Valleye 1t is possible that deeper sam-
ples would have yielded water with isctope contents similar
to the =31 9/o00 reported tor other cores in the northern
rortion of the Mackenzie Valley and Nackenzie Delta.

In contragst <+to the isotope ©profile of borehole 78-183,
the oxygen—=18 contents of borehole 78-188 display a shitt to
more positive values with depth (Figure 15). The isotope
values of the waters in the  lower portion of the core are
only slightly more positive than the average shallow ground-
water values and the shift is apparent primarily because of
the overlying negative trende If the isotope contents of
the waters in the lower portion of the ccre are related to a
climatically warmer period such as the Hypsithermal, then
the overlying waters which are isotopically more negative
must be related tc a post—Hypsithermal evente. It could bpe
possible that the lower waters represent part cf a young
groundwater system which has recently frozen, but this is
considered to be unlikely because of the fine grained soil
and the location of the borehole on a broad ;lat rlaine.

Sanrles from borehole 78-113, 1loceted along the northern
section 0f the Klondike Highway near NcQuesten, also yielded
waters with oxygen—=18 contents higher <than the normal range
for shallow groundwaterse. A8 shown in Figure 16y the iso-

topes display a gradual shift to more rositive values with
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depthe An examination of the isotope data reveals that oth-
er boreholes In thls section of <the Yukon (for example
78-119) also display slight positive shifts with depth. The
two shallow groundwater samples collected 1n this aree have
an average oxygen—18 content of =20 %/coe. These shifts are
relatively small and are still poorly defined at present.
Therefores on the basis of the present data, it is impossi-
ble to determine whether these waters are preserved from a
warmer climatic period or represent variation within modern
groundwaterse.

Although incompletes cores 78-141 and 78-142 have yielded
some interesting results for the boundary betweeﬁ the Ogil-
vie Mountains and the Eagle Plain. Berehcle 75=-141 was
drilled near the Cgilvie Rivers. All of the waters extracted
have oxygen—-18 contents between =20 and =21 %/00 which is
typical ¢f shallow groundwaterse. The two springs which were
sampled in this area have oxygen-18 contents of =-21.2 and
=23+0 %/0o0s Borehole 78-142, which is loceted on higher
ground sloping toward the river, contains waters with oxy-
gen-18 contents of =-12.2 %/00 near surtace and =-14.6 9/c0 at
depthe The near surface sample could re altered due to eva-
porationy but the sample at depth (1€ to 1S5 metres) |is
more positive than almost any other sample analysed within
the Yukone

It should be noted +that the stratigraphy for borehole

78-142 was reported as:
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0 - 1¢249 peat and organic silz
1625 = 1.5 m ice
15 - 1.8 m peat and organic silt
1¢9 = Se2 m 1ice
S¢2 = 61 m organic silt
601 = 18.0 m ice
190 - 19.5 m silt
(Foothills 1878).
The sample collected at depth occurs immediately below al-
most 13 metres of massive ice. Unfortunately no samples
were taken of the ice. Howevery, from theory it is known
that as the overlylng massive ice formed, <the water immedi-
ately below the lce would have become depleted in the heavy
isotopes or remained the same. Thereforey, the water sample
collected sust rerresent a water mass with an oxygen—-18 con-
tent of at least =14.6 %/oco. Since the present day waters
are considerably derleted relative to this value, the deep
water in borehole 78-142 must have intiltrated during a
warmer climatic periocde. Similarly, the relatively paositive
values determined for waters iIn core 78=170 must also repre-
sent Infiltration during a warmer periode
From the samples analyased to date, it is apparent that
varicus ages of permafrost exist along the proposed pipeline
routinge Indications of late glacial waters are rresent
within the Mackenzie Valley while within the Yukon the deep-

est waters analysed appear to correspond to the Hypsithermal
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interval, Now that isotope contents of permafrost waters
are avajlable to serve as background data for the entire
length of the Dempster Highway, it is possible to select
specitic gites fcr detailed corinage. Initially the most
inexpensive means of undertaking this work would be toc anal-
yse selective cores from the Foothills collection which are
relatively complete to a depth of at least five metreses Ul=-
timately, a drilling program at several epeciflc sites would

yield the greatest amount of informaticne

3.3 SATURATED CLAY EXPERIMENIS

As part of the ongoing program of lanoratory experimenta-
tion and investigation, experiment 15 and 16 were designed
to examine the development of isotope fractionation effects
due to freezing in a saturated pure clay soile. The use of
clay in these experiments provides a fine grained end member
condition with which to examine the mixed soils ncrmally en-
countered in the fielde. The properties of the commercial

Georgian kaolinite used are given by Ycng et ale. (1379).

3.3.1 Exparimpent 1S5

For this experiment, saturated Georgian kaolinite which
was allowed to soak tor three days was poured into a 45 cm
columne The upper 10 cm of the column waa left empty to ac-
commodate any expansion of the clay upon freezinge A thin

layer of excess water formed on top ot the clay prior to the
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start of the experiment but was not removedeo Heaters were
placed at both ends of the column.

During the first 75 hours of the experiment the thermal
gradient was consistently less than 4°C per metre, even when
the temperature dropped below 00C, %wrile the upper half of
the column maintained isothermal conditicns at a temperature
of ~0.69C for the next 400 hours, the lower ralf ox the col-
umn stabilized with a gradient of approximately 289C per me-
tres At this point in time, the tem;erature of the top
heater was gradually lowerede. This resulted in a decrease
in temperature in the upper balf of the column with a gradi-
ent of 289C per metre,' while <the texgerature in the bottom
half of the column decreased to =0.69C, where isothermal
conditions were formed. Cverall, the temperatures within
the column were relatively stable for in excess o0f 70C hours
(Figure 17)e

When the column was re;oved from the freezer, expansion
ot the clay during freezing was evidente. Within the column
the soil had risen 1 cm into the air srace grcvidede. The
column rings were also separated by $¢3 cm at a depth of 25
cmy 1¢S5 cm at the 30 cm levely 02 cm at the 35 cx level and
D¢l cm at the 40 cm levels OCverall, §.8% expension as & re-
sult of freezing was measured.

Massive lce formed a 2 cm thick layer on top of the clay.
In additicny a thick ring of massive ice had fcrmed around

the outer edge of the column wshile the clay was confined to
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the central ccre. The thickness ot thris ring decreased from
2S5 cm at the tor cf the column to less than (J¢2 cm at a
depth of 27 cme. In the urper section of this ice, vertical
bubble trains curved outward and became hcrizontal within
Os7 cm 0of the walle. From this evidencey it was arparent
that a slgnificant amount oi freezing occurred from the side
of the column inward. Within the clay care, ice lenses up
t0 0«5 ¢c= in thickness were horizontally oriented except
near the edges where angles of up to 3009 ware notede The

size of the ice lenses decreased with degpths

3e3.2 Expecriment 16 . .

The setup for this experiment was jidentical to that of
experisent 15. Saturated Georglan clay s poured into the
column with a 10 cm air sSpace kept at the top for expansione
As shown in Figure 18, the temperature was decreased rapldly
during the first 75 hours of the experiment and then stekbi-
lized for the next 700 hourse During that time, the thermal
gradients were similar to those in the rrevious experiment
ag were the isocthermal conditions at a tempera ture of
=0.69%C, The difference between the two experiments is that
expericent 16 was terminated shortly after the zero degree
isotherm advanced below a depth of 25 cme

Dissection of the column revealed 2 cm of clear ice cap-
ping the soil and a ring of massive ice around the central

core of clay, as described for experiwment 15. In this ex~-
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periment, tﬂe soll was solidly irozen to a depth of 23 cme
Immediately below the frozen section, small razor blade ice
crystals were separated by unfrozen claye. The clay telow a
depth of 25 cm was cold but unfrozene. In crder to examine
isotope variability as a result of the downward migration ot
the freezing front, the massive ice and clay core of each S

ce interval were sec tioned as one samplee.

JeJed Diagussiop

A major achlevement of experiments 15 and 16 was the ex-
tensive formation of segregated 1ice throughout the frozen
clays Due to a problem with freezing from the sides ot the
columns, most of the massive ice formed as an ocuter ring,
while the <clay was concentrated within the central coree.
This ;egregatlon demonstrates that the water migrated toward
the colder walle during freezing.

To examine the lsotope distribution 1in baeth the clay and
the segregated ice ring, separate samples were collected in
experiment 15. The isotope contentse listed in Table 3
clearly demonstrate preferentlial enrichment of the heavy
isotopes in +the ice, while the residual water within the
clay becarme derleteds As shown in Figure 1S, the heavy iso-
tope content of the clay core gradually increases with depth
a8 the amount of massive Jice decreases. The largest frac-
tionation detected occurs at the top of the column where the

amount of ice is greatest. Both the oxygen=-18 and deuterium



Table 3:

Sample

Tap Water
Coln #15

15-11

15-2 upper
15-2¢

15-2 lower
15-31
15-3c¢
15-41
15-4c¢
15-51
15-5¢

15-6

15-7

15-8

15-9w

I
o

w

Depth (cm)

9-10
10-12.5
11-15
12.5-15
15-20
15-20
20-25
20-25
25-30
25-30
30-35
35-40
40-45

45

5180 (%,

-11.1
-11.3

-10.8
-10.5
-13.1
-10.5
-10.4
-12.0
-10.2
-12.1
-10.5
-11.7
-11.7
-11.2
-11.4
-11.3

52H (%o)

-72
-76

-75
=72
-87
-70
-67
-81
-70
-80
-72
-80
-77
-75
-78
-77

represents massive ice usually around

indicates central core of column

indicates excess liquid water

M.C.

the edge

137

203

217
56
63

116

Isotope and moisture data for experiment 15.
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isotopes display similar trends and neither ot the isotapes
produced fractionations greater than those predicted by
theory for the pure ice-water systems

Separation of the massive ice and clay into individual
samples makes it difficult to detect overall variations with
depth as a result of the stabilization o¢i the freezing
{ironte. There aprears to be a depletion of <the heavy iso-
topes in the first interval that does not contain the ice
ring (30-35 cm) which would correspond to the zone immedi-~
ately beneath the 1Ireezing front where such a depletion
would be expectede.

In experiment 16, the massive ice and clay core of each 5
cm interval was sectioned as one sampley so0o that variations
in the isotope contents as a result cf the downward migra-
tion of the freezing front could be studiede Examination of
the isotope datay listed in Table 4 and gplotted in Figure
20y reveals a systematic pattern of variations that are re-~
corded by both of the stable isotopese The top layer of ice
is enriched in the heavy isotcopes relative to that of the
underlying soile No maJjor accumulation peak is visible
within the frozen section of the columns However, a large
negative peak ipmediately beneath the frczen zone is clearly
visiblee. The rewainder of the columny which was unfrozen,
displays & gradual but continuous shift +to more negative

values with denthe



Table 4: Isotope and moisture data for experiment 16.

Sample Depth (cm) §180 (%,) 82H (%) M.C. (%)
Tap Water - -11.1 -72 -
Coln #16 - -11.3 -76 -
16-11 9-11 -9.9 -70 -
16-2 11-15 -11.7 -76 80
16-3 15-20 -10.9 -77 183
16-4 F1 20-21.5 ‘ -11.0 -79 385
16-4 F2 21.5-23 -11.0 -80 481
16-4u 23-25 -12.0 -85 77
16-5u 25-30 -11.1 -78 69
16-6u 30-35 -11.3 -79 90
16-7u 35-40 ' -11.6 -80 97
16-8u "40-45 -11.6 -84 84
16-9w 45 ) - -82 -

I represents massive ice

¢ indicates central core of column

w 1indicates excess liquid water

.u represents unfrozen material
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From these two experiments, it is evident that extensive
ice segregation can occur in saturated clay-rich soilss As
this segregation developed, oxygen—-1& and deuteriuam were
preferentially incorporated into the ice structure, while
oxygen=16 and hydrogen remained in the residual liquide. Al=-
though the amount of massive ice forwed arcund the edge of
the coclumns was large, fractionation of the isotopes ftetween
the massive ice and the ice in the clay core did not exceed
that predicted by theory for the lce—-water system. Further-—
more, when sampling was conducted on a regular interval ba-
sisy regardless of soil composition or ice content, the iso-
tope profiles displayed only swall, fingle-sample
variationse These variations are similar in character to
those developed in the silt experiments (Michel andg Fritz
1980) 4in which tre freezing front was stabilized for a con-
sideranle period of timee.

Thrcughout the experimental program, fractionations have
been developed as a result of freezinge. These tractiona=-
tions were mcst easily formed in fine gralned soils, tut
some variations were generated in the sandse. All of the
isotope fractionations gener;ted in saturated soils were
confined tc small, single-csample intervalse. The fractiona-
tions developed in the unsaturated soils and the contined
water columns, although sizeable, cannoct be sustained for
large depth intervalse, Therefore, it would appear to be im=-

possible to generate major isotope shifts that can be main-
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tained with depth, through the fractlonation of isotopes

during freezinge



Chapter 1V

SUMMARY AND CONCLUSICNS

4.1 JILLISARVIX

During the current contract period the work at Illisarvik
has focussed on determining in detail the stratigraphy and
age of sediments in the lake bpasin, ard on the distribution
ogf deuterium in the pore waters.

The stratigrapbhy of the lake basin can be subdivided into
three main unitse The lowest unit encountered during drill-
ing is a clean tipe to medium grained deltaic sand. Overly-
ing this sand is a 1 to 2 metre +thick widespread stony
clay-silt unit occasionally contuining trace amounts of or-
eanic fragmentse. This wunit was deposited during <the Late
Wisconsin and is described by the authors as a tille. The
till layer is overlain bY up to 3 metres of organicerich
silt, Beyond the edge of the lakey the organic silts are
covered by modern peate. Radiocarbon dating of the lake
silts indicate that the lake originally formed approximately
90000 years ago and flooded most of the present lake basin
by at least 7,000 years agoe The lake has existed continu-
ously since it originally formed, but has varied in size and
extente. During the warmer period of the Hypsithermal, it is
believed that the lake was part of a much la;ger lake which
also encompassed the lake basin to the scuth of Illisarvike.

- 58 -
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This larger lake was dreined approximately 2000 years ago
when coastal erosion breached the western edge of the south-
ern basine.

Deuterium procfiles for various persairost conditions are
very similar to the oxygen-183 profiles and by themselves do
not yield additional information concerning the histary of
the permafrost waterse Bowever, whken deuteriunm and oxy-
gen=18 are plctted against one another, it appears that
characteristic slope values can be determined t;r various

permafrost conditionse

4.2 REMPSTER HIGHWAX

Water extracted from core samples collected along the en-
tire length of the Dempster and Klondike Highweays ha;e Leen
analysed for their oxygen-18 contents. Many of the samgples
appear to contain relatively young water with isotope con-
tents similar to modern shallaw Géounduaters throughout the
regione These waters generally have oxygen~185 contents in
the range of =20 tc =23 %/00. At depth, several cores con-
talned waters with decreasing concentrations of oxygen-18 in
comparison to the shallower waters. Thies shift to more neg-
ative values with depth was best defined in core 75=1865 irom
the northern Nackenzie Valley and is ccmparable to previous-
ly described shifts within the Mackenzie Valleye.

Close to core 78-185, core 78-189 displayed a slight po-

sitive shift which wes characteristic of most cores at
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depthe Several samples from the Eagle Plain - Ogilvie Moun-
tains area yielded waters from depth w»ith oxyegen-=18& contents
in the =12 to =15 %9/00 ranges These waters are definitely
representative of warmer climatic conditions and have been
preserved in a variety of settings. Unfortunately, the wide
scattering of the samples analysed have not permitted a de-
talled examination of permafrost historiees along the pro-

posed pipeline routinge

4+3 COLUMN EXPEFINENTS

In order to examine fractlonations as a result of freez-
ing in pure clay soils, two experiments were undertaken us-
ing saturated kaolinite. Extensive ice segregatlcen occurred
in the columns but the isotope fractionatione did not attain
the equilibrium values determined fcr <the pure ice-water
systemoe When the massive lce and soil from each layer were
considered as one combined sample, only single~sample varia-
tions were uUetected.

Throughout the experimental program, fractionations have
teen developed as a result of freezinge These fractiona-
tions, which were most easily develcped in fine grained
sollsy, never attesined the equilibriuvae ice-water values and
it would appear that the presence of soil in the system ef-
fectively reduces the degree to which the fracticnations can
develope. It would also appear to be impossible to generate

ma jor isctope shifts that can be maintained with depth,
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through the ftractionation of lsotopes during freezing in the

soil~ice-water systeme

4.4 SUGGESTIONS FCR CCNTINUED ¥ORK

The initial investigations at Illisarvik of deuterium—ox-
y2en—-18 relationships has indicated that 1t may be possitle
to differentiate between various permafrost processes on the
basis of different slope values. To determine whether char-
acteristic slopes values do exist for various permairost
conditions, it is guggested that research be undertaken to
examine permafroet and permafrost-related phenomena which
are well defined in terms of thelr formation and growth.

The reconnaissance (sotope survey undertaken of rermaf-
rost along the Demgster and Klondike Highways indicates that
various ages of permafrost have been preserved. Selection
of deep well-samrpled cores from the wmateriel provided by
Foothills Pipe Lines ( Yukon) Ltde. would permit an initial
investigation of specific sites along various ©Eections of
the highwayse Ultimately, a separate detailgd drilling pro-
gram cf interesting sections should be undertaken to provide
continuous core material from depths This program should
probably be concentrated on the Eagle Plain region as part
of an examination of permafrost waters in a non-gzlaciated
areas Any shift in isotope abundance within 8Such an area
must be due to changes in climate { tezperature) and would
eliminate glacial meltwater ;s a possible source for the

very negative waters found at depth In the Mackenzie Deltae.
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In addition, the following speciiic areas of research

would be beneficial in developing a fuller understanding of

the permafrost waters and could lead tc a better understand-

ing of other permafrost-related phenomenasl

1.

2e

4

A study of a continuously sampled core throughk the
full thickness of old stable permafrcste

A study of permafirosty, precipitaticny grcundwater and
glacial meltwater immediately downslope from a pres-—
ent~day glacier. -

A detailed study of shallow permafrost waters and av—
erage annual isotope <contents in precipitation at
several Arctic localities. -

A compariscn study of sub-sea permafrost waters and
land-based permafrost waterse

An 1sotope g2tudy of permafirost—-related features such
as massive buried ice, pingos, 1rost blisters ana jce
weéges.

A continuatisn of the laboratory studies, but with

better experimental cantrol thap was attained in this

programe
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STABLE ISOTCPE DATA FOR CORES FROMN ILLISARVIK,
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79-2

SAMPLE NO. DEPTH (CM) 5180 (/40 SMOW) 62H (°/ 4 SMOW)
1 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
28 270-280 -16.5 -138
30 290-300 -16.8 -144
34 330-340 -16.5 -141



79-9

SAMPLE NO. DEPTH (CM) 5180 (°/4, SMOW) §2H (°/ 0o 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
34 165-170 21.7 -169
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



79-14

SAMPLE NO. DEPTH (CM) 5180 (°/00 SMOW) §2H (°/ 00 SMOW)
1 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

11 107.5-117.5 -21.8 17
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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79-1IW#2

SAMPLE NO. DEPTH (CM) 6180 (/00 SMOW) §2H (°/ 00 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 80-85 217 -168
18 85-90 -22.8 -178
20 95-100 -22.2 A7
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 -18.1 125
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Apprendix B

STABLE ISOTIOPE DATA FOR CORES AND GRCUNDWATERS
FROM THE FROPOSED LEMPSTER HIGHWAY PIPELINE



GROUNDWATER SAMPLES

72

SAMPLE NO. LOCATION TYPE 5180 (°/., SMOW)

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

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

18 Minto Landing Campground Handpump -19.9

21 Dempster Hwy. KM 86 Spring -22.1
(North Fork Pass) .

22 Dempster Hwy. KM 171 Sulphur -23.0

Spring

23 Dempster Hwy. KM 271 Spring -21.2
(E1. 800 m)

25 Dempster Hwy. KM 461 Spring -21.4
(N.W.T.)

31 Eagle Plains Hotel Tap -21.5

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



PIPE LINE CORES

CORE NO. SAMPLE NO. DEPTH (M) 5180 (°/00 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
2B 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
11B 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
78-116 6 1.45-1.6 -16.2
78-119 8A 2.0-2.15 -19.4
8B 2.15-2.3 -19.3
18A 5.2-5.35 -18.7
188 5.35-5.5 -18.9
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
8B 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 5A 1.65-1.75 -20.1
5B 1.75-1.85 -20.7
5C 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
5A 1.3-1.45 -19.5/-19.5
5B 1.45-1.6 *=19.0
78-141 5A 1.35-1.5 -20.9
5B 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



PIPE LINE CORES (continued)

CORE NO. SAMPLE NO. DEPTH (M) 6]80(°/ooSMOW)
78-142 1 0.5-1.0 -12.2
7(6) 19-19.5 -14.5/-14.7
78-147 5A 2.2-2.3 -24.0
58 2.3-2.4 -24.1
5C 2.4-2.55 -24.4
78-148 1 0.0-0.2 -16.5
4A 1.2-1.35 -20.7
4B - 1.35-1.5 -21.4
8 2.35-2.55 -20.0
11 3.05-3.4 -24.8
16 6.0 -16.6
78-151 ] 3.85-4.1 -22.4
78-153 2A 0.35-0.55 -20.5
2B 0.55-0.7 =-21.1
2 Frost - (-18.4)
78-154 5A 1.45-1.6 -21.6
58 1.6-1.7 -22.3
5C 1.7-1.8 -21.1/-21.4
5 Frost - (-20.1)
78-155 3 .1.2-1.55 -20.8
78-156 6 1.75-2.1 -22.2
8A 2.6-2.8 -21.6
88 2.8-2.95 -21.4
8 Frost -- (-18.3)
10A 3.9-4.0 -20.5
108 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 0.65-0.8 -23.0/-22.6
8 3.85-4.1 -21.2
78-159 3A 1.0-1.2 -23.0
38 1.2-1.35 -22.3/-22.1
3 Frost - (-22.2)
78-160 7A 5.1-5.3 -19.9
7B 5.3-5.45 -19.1
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



PIPE LINE CORES (continued)

CORE NO. SAMPLE NO. DEPTH (M) 5180(° /00 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 4.0-4.5 121
78-172 5A 1.8-1.95 -20.3
58 1.95-2.1 -19.7
78-173 8 5.7-6.0 =231
78-177 3 1.2-1.5 -22.2
78-178 3 0.65-1.0 -21.0/-20.7
2 1.4-1.7 -19.8
5 2.1-2.3 -20.6
7 2.8-3.] -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
. 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)
! 5A 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
1 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 aA 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
2 0.5-1.0 -23.7/-23.5
104 2.85-3.0 -22.9
108 3.0-3.3 -22.9/-22.8
12 3.8-2.15 -23.0



PIPE LINE CORES (continued)

CORE NO. SAMPLE NO. DEPTH (M) 580(° /00 SMOW)

78-189 24 0.3-0.4 -21.6
28 0.4-0.5 -21.6
2¢ 0.5-0.7 -20.0
3A 0.7-0.9 -20.9
38 0.9-1.1 -22.3
3C 1.1-1.2 -22.2

2A 1.2-1.3 -23.0/-22.9
48 1.3-1.4 22.9
ac 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)
5A 1.65-1.9 -22.5
58 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
78-193 3 0.7-1.0 -22.6
78-194 9 3.7-4.0 -20.2
9 Frost -- (-20.3)
78-197 7 1.95-2.55 7.2
8 2.55-2.85 -20.3
8 Frost -- (-19.3)





