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rm: HYPERSALINE 
IN ma cmmnmn men ARCTIC 

AND CONSIDERATIONS or mm nnvatonmur 
Stewart, K.M. and R.F. Platford 

MANAGEMENT PERSPECTIVE 

The Polaris leadrzinc mine at latitude 75°N is the world's most 
northerly mine. This mine discharges its tailings into Garrow Lake on 
Little Cornwallis Island- High concentrations of heavy metal sulfides 
accumulate in the stable bottom layer of the lake, although they 
appear to pose no problems for the life in the upper layer of the 
lake, Garrow Lake, and Sopha Lake on an adjoining island are 
interesting examples of two meromictic lakes, which we believe have 
developed their strong salinity gradients through differential 
freezing each year.
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Eruna ma mzux mcs HYPERSALES 
DE L'ARCTIQUE.SEPTENTRIONAL CANADIEN 

ET DE LEUR FORMATION 

Stewart, K.M. et R.F. Platford 

PERSPECTIVE-GESTION ' 

La mine Polaris de plomb et de zinc, située 5 75°N de latitude, est la 
plus septentionale du uwnde- On décharge ses résidus dans le lac 
Garrow de l'ile Little Cornwallis. Des sulfures de métaux lourds 
s'accumulent ainsi en fortes concentrations dans la couche stable du 
fond dud lac et cela ne semble pas entraver la vie aquatique des 
couches supérieures- La lac Garrow et le lac sophia, d'une ile 
voisine, sont des exemples intéressants de lacs méromictiques dont le 
fort gradient de salinité est dfi, selon. nous, au gel différentiel 
chaque année.



Stewart, K. M., and R. F. Platford. 1986. Two hypersaline lakes in the 
- Canadian High Arctic. Can. J. Fish. Aquat. Sci. 

Abstract 

The meromictic Sophia and Garrow Lakes are probably saline relicts of cutoff 
fjords on the uplifted Cornwallis and Little Cornwallis Islands in the high 
Canadian Archipeligo- Sophia and Garrow have brackish (2-4 °/oo) upper and 
hypersaline (55-90 °/00) lower waters with ion ratios (especially the lower
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waters) similar to that of the sea. Substantial oxygen extends well below the 
chemocline in Sophia. The stability of these lakes is among the highest known. 
Because of their size,_depth. and unusually warm lower waters, it seems likely 
that an unfrozen “thermal chimney“ extends beneath the lakes through the 

surrounding permafrost. We feel that the hyperssline gradients evolved 
primarily by descent of “salt fingers“ during freeze out from above. and not by 
solute rejection from the ground during uplift and permafrost growth. or through 
taliks connected to the sea, as proposed by Page et a1. (l984L
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ETUDE DE DEUX LACS HYPERSALES 
DE L'ARCTIQUE SEPTENTRIONAL CANADIEN 

ET DE LEUR FORMATION 
Stewart, K.M. et R.F. Platford 

Résumé 

Les lacs méromictiques Sophia et Garrow sont probablement d'anciens 

fjords réséqués des iles soulevées Cornwallis et Little Cornwallis de 

l'archipel arctique canadien. Les couches supérieures de ces lacs sont 
- . . 

saumatres (2—4% et les couches inférieures hypersalées (55-90%); dans 

ces dernieres surtout les rapports ioniques sont analogues 5 ceux de 

l'eau de mer. Dans le lac Sophia, on trouve de l'oxygEne bien au—dessous 

de la chémocline. Ces lacs sont parmi les plus stables connus. En 

raison de leur étendue, de leur profondeur et de leurs eaux inférieures 

exceptionnellement chaudes,.il semble probable que ces lacs soient reliés 

5 des cheminées thefmales non gelées qui percent le pergélisol. Nous pensons 

que le gradient hypersalé est principalement dfi au gel de la surface qui 

forme des "doigts salés" et non pas 5 l'apport de substances en solution 

du sol lors du soulevement et de la formation du pergélisol ni 5 

des tabetisols reliant les lacs 5 la met, comme le proposenc Page et 

autres (1984).



Meromictic lakes. in which chemical gradients overwhelm temperature 
gradients in governing the stable density structure. are found from the 
tropics to the poles. This paper concerns two such unusual lakes in the High 
Arctic of the Canadian Archipelago. We examine here some comparative 
limnological data. mostly from 1982.and also consider'the development of 
hypersaline gradients. ' 

Sophia and Garrow Lakes are located on Cornwallis and Little Cornwallis 
Islands in the Northwest Territories (NJLTJ at a latitude of about 75°F (Fig. 

1). This treeless tundra region is characterized by a cold desertalike climate 
with a mean annual temperature of ~16.2°C and precipitation of 13.0 cm as 
recorded at Resolute (Vowinckel and Orvig 1970). The regional glacial history 
(Blake 1964; Thorsteinsson 1958) suggests that the lakes are likely relict fjord 
basins that were separated from the sea following glacial retreat and isostatic 
rebound. Table 1 provides some morphometric comparisons. Both lakes have an 
outflow which is active only in the summer. The lake-ice thickness may exceed 
two meters. Sophia Lake is usually ice free for only about one month. In the 
years 1980. 1981. and 1982, Garrow Lake never completely lost its ice. This 
difference is a bit puzzling because the maximum and mean depths of both lakes 
are quite similar. However. the length. orientation to wind (Sophia lies east 
and west. Garrow north and south) and internal thermal structure differ slightly 
and those features may influence the extent and duration of open water. 

Water temperatures were measured on both lakes with a calibrated 
thermistor connected. via a coaxial cable. to a Keithley model 135 multimeter. 

TemPetatflre8.were easily resolved to-i 0J °C but. owing to minor uncertainties 
unknown to us during the field measurements. are now believed to be accurate to

3 

Fig. 1 

& Tabl 
1 near 
here



only 3 1.0 o¢_ 
T Irradiance measurements were made with a Lambda Instruments model 185A 

.meter and model 1925 underwater quantum sensor in the photosynthetically active 
range (PAR) of 400-700 nm.

Q 

The 1982 sampling was done at a single station near the deep region of 
both lakes. Sophia Lake was ice free but approximately 3/5 of Garrow Lake was 
covered with drifting and broken ice in its southerly end. Sampling in Garrow 

was from the north edge of the loose ice pack. -

i 

Water samples from selected depths were collected with a 2.2 liter Van 
Dorn sampler. Dissolved oxygen was determined by the Winkler_azide method (Am. 

Public Health Assoc. 1971). The major inorganic ions were determined as 
follows: sodium and potassium by flame photometryw magnesium and calcium by 
atomic absorption spectrometry. chloride by Mohr titration with silver nitrate. 
sulfate by MTB colorimetryu and alkalinity by infrared spectrometry of total 
carbon dioxide. The minor constituents were determined as follows: lead. zinc 

and iron by atomicbsorption spectrometry. and selenium and arsenic by ion 
chromatography. The imprecision is 2 to 5 units in the last significant figure 

given in Table 2. - T 

The ionic balance of the inorganic constituents agreed to within i 32. 
leading us to assign the same uncertainty to the major ion concentrations. 

Chloride. sodium. magnesium. sulfate. calcium. potassium and bicarbonate. in 

that order accounted for 99.92 of the equivalents present. The uncertainty in 

the heavy metal concentrations was about 10 ppb for the hypersaline lower 
waters. The more saline waters had to be diluted before analysis. thus 
accounting for the poorer precision. The arsenic and selenium values probably 
have detection limits of about 10 ppb. Some chemical and physical results for 

two strings of samples are given in Tables 2 and 3. 

Salinities were determined both on the day of sampling by means of an A0
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Goldberg T/C model 10419 refractometer (0.-1600/0° range, _4; 1 0/0°) and, 13“;-, 
from pycnometric measurements of densities (Table 2) and the relation of the 
latter to salinity (Millers et ail. 1976). Densities were estimated for two 
conditions for application to stability calculations. First. the relationship 
of Ichiye (1966) was used which states that density increases with salinity 
approximately 8 x l0'4g cm'3 for each °/oo increase. As an example. sea water 
with a salinity of 32 °/oo would have a density of 1.02563 cm"3. The indirect 

refractometer determinations of densities were corrected for temperature 
variations in _s_j__gg,. Second. densities were also determined from 10 to 2-0°C by 
means of _a pycnometer having an estimated precision of 1 0.00053 cm‘3. This 
latte!‘ 491155-W F735 ¢°I1V€1‘t6d I10 thc in ot value by means of the expression 
°t = 1’03('Gt.-1); the density was obtained by a shortextrapolation of the 
laboratory density values to those at the water temperatures. The freezing 
points were determined with an Advanced Instruments. Inc. Osmometer and are 
precise to 0.001 K.

_ 

Total inorganic carbon (TIC). dissolved organic carbon (DOC). and 
particulate organic carbon (POC) were determined, on an Oceanography Inter-' 
national Corporation (0.I.C.) 05248 total carbon system (Oceanography Inter- 
national Corporation 197 8). Samples from the field were prepared on the day of 
sampling for later analysis as follows. For TIC. 40 ml vials (Supelco with 
teflon lined caps) were filled to overflowing (no air bubbles). Later. Hamilton 
syringes were used to extract subsamples through the teflon cap for direct 
injection into thecarbon analyze.r. For DOC. sa_mp‘les were filtered through 
precombusted (2 hr at 400°C) Gelman glass fiber filters (which retain 99.92 of 

particles > 0.3 1_1m in size) and acidified with 10% n3P04 to convert" all 
5-n°1'88I1i<.= nlfittér t0 C02. For POC. the filters were placed in borosilicate glass 
ampules. After acidification of both noc and POC samples. KZSZO3 was added as

s



an oxidant. the ampules were purged. sealed. and autoclaved,(4 hr 86.13000) tq 
convert all organic matter to CO2' 

Meromictic lakes are normally characterized by their lack of complete 
vertical mixing, a continuing absence of oxygen in the monimolimnion. and an 
increase in relative salinity and density with depth below the chemocline. In 
Sophia and Garrow Lakes. the temperature and oxygen concentrations peak at 
intermediate depths (Fig. 2). In both lakes the maximum oxygen concentration 
(supersaturated to ~227Z in Sophia and 1352 in Garrow) lies above the depths 
of maximum temperature; The intermediate peaking of temperature, found in other 
saline Arctic lakes that have been cut off from the sea (Hattersley-Smith et al. 
1970; Jeffries et al. l984L,and in some Antarctic lakes(Hoare et a1.1964; 
Yoshida et al.r1975)» has been attributed to solar heating through clear waters 
to a salinity gradient (Shirtcliffe and Benseman 1964; Ragotzkie and Likena 
1964). Interestingly. this warm “lens” region is a common feature of 
heliothermal lakes at wide ranging latitudes within 80° of the equator 
(Sonnenfeld and Hudec 1980: Kirkland et al. 1983). 

The oxygen falls to zero at about the level of the chemocline in Garrow 
Lake but extends well below the chemocline in Sophia. Arctic regions are 
generally regarded as being organically depauperate(Remmert l980L However» 
given the relatively large ratio of Sophie's catchment area to lake area (Table 
1). and potential organic contributions to the highly saline zones with time. 
such extensive monimolimnetic quantities of oxygen in Sophia are puzzling and 
unusual for meromictic lakes generally. Oxygen contributions, particularly from 
descending saline plumes during freeze out, or generation in the lower 
transparent waters by photosynthetic pelagic and/or benthic flora, are possible 
mechanisms for enrichment. Subterranean contributions. as postulated for an 
Antarctic lake by Weand et al- (1975) and for Sophia Lake by Page et al. (1984),
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seem questionable because such additions from the sea would likely have less 
oxygen and also lower salinity than the hypersaline lower waters of those lakes 
contain. It is curious that Page et al. (1985. their Table I) recorded no 
oxygen below ll m in Sophia Lake. In light of our measurements on 26 August 
l982 (Fig. 2). rechecked at selected depths on 30 August 1982. and the absence 

of ¢ete¢¢ab1e 32$ at depths < 35 m on either of those occasions. we now suspect 

that the lower water oxygen analyses of Page et al. for Sophia were in error. 
We also note an internal inconsistency (poor ion balance) in some other chemical 

data of Page et al. (1984. their Table 1). 

The comparative semi-log plots of light decay (Fig. 3) show a marked 
change in slope and decrease in light transmission around 20 m for Garrow Lake. 
This probably reflects a turbid bacterial layer. (also noted previously by 
Fallis and Harbicht 1980). Sharp changes in light attenuation appear to be 
common features of lakes with bacterial layer and reductive zone associations 

(Takaha shi and Ichimura 1 96 8). .

_ 

There is a marked increase of TIC from the mixolimnion to the 
monimolimnion in both lakes (Fig. 4) that generally parallels the corresponding 

salinity curves (Fig. 2). The particularly large rise in Garrow was also 
observed in 1980 by Dickman and Ouellet (1983). In comparison. the relative 
constancy of the DOC and POC pools. as well as their mean DOC:POC ratios of 
roughly 6:1 or higher. is striking. Such constancy is a feature common to some 
temperate lakes and has been attributed (Wetzel 1983) to the lack of disturbance 

by external (man's) influence. If so. it will be interesting to see if the 
anthropogenic inputs (Slurry tailings from a lead—zinc mine). being discharged 

into Garrow Lake since November 1981. will impact the carbon fractions in the 

future.
_ 

A weighted mean salinity was calculated for each lake by a summation_of
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the products of salinities and volume fractions at 5, 5 m intervals and assuming 
horizontal uniformity. Mean salinities were 26-'29 °/oo’) for Sophia and 37 °/00 
fer Garrow Lake. These salinities are close to the salinity of the surrounding 
sea water ( '\-32 0/oo) and suggest an isolation from the surrounding sea some 
time in the past. 

Stability 

As might be expected. ia spite of the obvious thermal instability (Fig. 
2). the hypersaline chemical gradients (Table 2 and Fig. Z) prevent complete 
vertical mixing» in either lake and produce a marked hydros_tat'i'c stability. 
Stability here refers to the amount of work required to mix the lake completely 
without loss or gain of heat. When defined in terms of a unit area (A) at ‘depths 

(z). acceration of gravity (g). and center of mass (28). (3) can be calculated 
from equation (1) as: 

_A _l H 

zm _
I S = g A0 _/°- (z - zg)Az( 6- C°z)dz (1) 

The equation and symbols are equivalent to those i-n Hutchinson (1957, p. 510.1 equation 37) except that we calculateda mean density (C) for the dates of 
sampling and then substituted that 5 for the 1 of Hutchinson. This 
substitution makes the equation more universally applicable and is important 
when lake water densities exceed l g cm 3. as is the case for Sophia and Gar:-ow 
Lakes.

. 

From the salinity relationships discussed earlier. stabilities, were 
calculated from two separate sets of density determinations.(Tab_le..4). Other 
than the differences in numerical stability between the lakes. both approaches 
give similar results thus illustrating the overwhelming chemical component to 
the stability of the lakes. The stabilities are among the highest known and 
exceed those of some saline lakes in the Antarctic (Burton 1981). as well as
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some tropical (Lewis 1984). and temperate (Hutchinson 1957) lakes. 

The major ion data given in Table 2 can be most simply summarized by 
comparing them with sea water data. The surface waters (above the chemocline) 
in either lake appear to be diluted sea water; the waters below the chemocline 
appear to be concentrated sea water. with no major alteration in the ionic 
ratios such as would have resulted from differential mineral precipitation or 
intrusion of saline groundwater. ' 

As a specific check we compared the similarity of cation milli- 
equivalents in the Arctic Lakes with the ocean and with two Antarctic lakes 
(Table 5). »The similarities are of course most obvious in the lower waters of 
both Sophia and Garrow (also noted in the latter by Fallis and Harbicht 1980). 
In detail. upper water calcium. especially in Sophia. shows the greatest 
difference from that of mean sea water. Given the somewhat calcareous nature of 
surficial material on Cornwallis Island (Crnickshank 1971). runoff contributions 
from the catchment basin could enhance those mixolimnetic differences over time. 

In contrast. milliequivalent percentages in the Antartic Lakes Vanda 
(particularly) and the two basins of Bonney suggest an older or more complicated 
history (Table. 5). Combinations of evaporation. fresh water flooding. and 
differential precipitation of sodium (first as mirabilite at about 4 times and 
then as hydrohalite at around 8 times sea water concentration) are believed to 
be responsible (Thompson and Nelson 1956. Matsubaya et al. 1979L 

The bottom waters of Garrow Lake contain up to 150 ppm of dissolved 
hydrogen sulfide. At the pH of the lake (seven to eight) the sulfide 
¢°n¢EBtf8ti0n should be 850“! 10'9 M (Stumm and Morgan l970). The heavy metal 
concentrations given_in Table 4 correspond to > l0‘7 M for Pb. Zn and Fe. The
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solubility products for the sulfides are about 10P27, 10-Z0 and 19-19 
respectively (Vogel 1951) so that the water is enormously oversaturated with the 
three sulfides. The Polaris mine. located roughly 3 km west of Garrow Lake. 
lies on one of the richest lead-zinc surface deposits in the wqtld (Scales 
1982). Therefore it would not be surprising to find particulate galena. 
sphalerite and pyrite in the bottom waters. An inspection of the vertical 
distribution of the heavy metals and sulfide in the water columns of the 
sampling site indicates that the water could become unsaturated with heavy metal 
sulfides above about 15 to 20 m depth. which is near the chemocline. 

0n the basis of earlier temperature profiles. made through the deep 
permafrost by Cominco Ltd. at the Polaris lead-zinc mine on Little Cornwallis 
Island. Figure 5 has been prepared. Temperatures were measured in three (Z00- 
300 m) thermistor-rigged drill holes located in the mine area. "'3 km vest of 
Garrow Lake. and in two shallower drilled holes. (50 m. of which only 
thermistors from 12 m upward functioned properly. and 91 m). located ‘v.9 km 
and .2 km respectively. from the south and southeast seaward side of the lake 
(Burns and Hamilton 1974). Considerable uncertainties in the extrapolated 
permafrost depth (Fig, 5) reflect both the limited number of profiles 
available and the difficulty of instrumenting holes much beyond depths at 
which drill hole fluid is lost (from > 200-300 m) and where temperatures have 
risen to N-2°C. Drill hole fluid was lost in two of the three instrumented 
holes in the mine region. Because they are shallower. the loss of such fluid » 

in the holes on the seaward side of Garrov had not yet been encountered. 
Linear extrapolation of the temperature profiles with depth provides an 
approximate 0°C permafrost depth. .0 

Because the depth at which drill hole fluid is lost is reduced 
significantly as the sea coast is approached (Burns and Hamilton 1974). it is
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interesting to speculate on whether there is permafrost beneath Sophia and 
Garrow Lakes. Lachenbruch (1968. p. 836) suggests that “if the minimum 
horizontal dimension of the water body is more than about twice as great as the 
local undisturbed permafrost depth. an unfrozen ghimnex generally occurs beneath 
the body of water". unless it was very recently formed”. Some support for this 
rule of thumb.comes from a study of two small lakes (roughly 6 ha area 1 m 
depth. and 3 ha area 6 m depth) in the Mackenzie River delta region of the 
N.W.T¢ Canada (Johnson and Brown 1961. 1966). The latter authors found no 
permafrost beneath the lakes proper to the depth of their drilling F“73 m in 
the shallower and ~98 m in the deeper lake) whereas permafrost was encountered 
within a few meters of the landward side of the lake edge and its thickness 
increased rapidly with distance from shore. C 

Owing to their greater size. depth. and unusually warm lower waters. it 

would seem that Sophia and Garrow Lakes should have an unfrozen thermal chimney 
also. However. seismic and drilling data reveal that subsea permafrost from 
earlier times may extend many kilometers off shore in some Arctic regions 
(Hunter et al. 1976, Neave and Sellman l982). This might be expected given the 
fairly rapid transgression of Arctic seas onto the land in some regions thus 
causing a slow degradation of the cold terrestrial permafrost (Lachenbruch et 
a1. 1982). Granted. the temperature of the sea water (-1.7 ; 0.1 °C. Burns and 
Hamilton 1974) surrounding the Cornwallis Islands is markedly less than that of 
the lower lake waters. but it seems unlikely that permafrost would extend 
laterally well below-the mud-water interface and effectively seal the 
'hypersaline lakes. The age and rate of expanding (aggrading) or contracting 
(degrading) of deep permafrost on the Cornwallis Islands is uncertain -was is 
specific knowledge of possible earlier glacial and isostatic episodes. 
Consequently. until seismic or drill hole data are available from beneath the 
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lakes proper. it will be difficult to confirm the presence or absence of 
permafrost beneath Sophia and Garrow. Interestingly. as part of some initial 
geophysical exploration by the Cominco Ltd. lead—zinc mine. plans were made one 
year to drill through the center of Garrow Lake to check for permafrost beneath 
the lake. The lake ice became unsafe unexpectedly early that year and the 
project was never pursued (R. Burns. Pers. comn). -

T 

Based on the estimates of Andrews et al. (1971). shorelines that formed 
4.000 years before present (y.B.P.) near Resolute on Cornwallis Island are now 
about 15 meters above sea level (m asl) (Fig. 6). This time and elevation 
estimate also fits within the emergence-curve envelopes of Washburn and Stuvier 
(1985). their Fig. 2). Washburn and Stuvier also showed that the uplift on 
Cornwallis Island has slowed dramatically from an initial rate of emergence of 
&3 m'(100 y)'1 for the first 75 m to about 0.5 m'(10O y)'1 for the last 40 m. 
Consequently, given the relative proximity of the lakes to Resolute. the current 
lake surface elevations (Table 1). and the shoreline thresholds near the outlet 
within lnmof the lake elevation; we could estimate roughly that Garrow Lake 
separated from, the sea *'2.500—3.000 years ago (Fig. 6). This period 
encompasses the estimates of 2.600 y.BJk (Fallis and Harbicht 1980); 3.000 
y.B.P. (Dickman and Ouellet 1983). and 2.580 3 260 y.B.'P. (Page et al. 1984» 
carbon dated sample of 1982 from 35 m in Garrow Lake) for the age of Garrow 
Lake. Though not available for this paper. the surface elevation of Sophia Lake 
is known (H. Dickman. pets. comn) to be substantially less than that of Garrow 
Lake. Therefore. if the curve drawn from the data of Andrews et al. (l97l) in 

,- Fig.6 is valid. Sophia Lake should have separated from the sea more recently 
and be younger. No 146 dates were included by Page et al. for Sophia but a 

higher percentage of modern carbon was found in its lower waters. 
Although the upper water values of the 5180 isotope are fair1Y similar in 
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both lakes. as are comparative lower water values, Page et al. attribute the 
higher percent of modern carbon in the lower brines of Sophia Lake to recent 
seepage of seawater into the lake through_taliks or seasonally unfrozen zones or 
underlake chimneys. 

Further. Page et al. (I984) have recently suggested» on the basis of 
isotopic studies. that meromixis in Garrow Lake developed crenogenically. 
Specifically. they feel that the high salinity of the lower waters developed 
from brine production (Le.. solute rejection from the surrounding ground to the - 

lake during uplift and permafrost growthh As evidence they cite the lower'(more 
negative) values of the heavier 6180 isotope in the mixolimnion and higher (less 
negative) values in the monimolimnion- "

V 

The argument of Page et al.'(1984) seems initially plausible because 
there is some alight enrichment ('v3Z) of the 6180 isotope in the ice during 
freezing (Hatsubaya et al. 1979; Page et al. 1984). Consequentlys ice 
forming at the lake surface would tend to have less negative values than the 
saline water descending from brine exclusion during freeze out. Of course, 
isotopic enrichment in ice could gradually become isotopic impoverishment. as 

laboratory studies of Souchez and Jouzel (1984) have shown. if a huge volume 
fraction of a water body were to freeze. However, although the early details 
of the glacial climatic history of Cornwallis Islands are unknown. it seems 
unlikely that the present depth of freezing (roughly 2 - 2-1/2 m. 3 102 of 
the lake volume) would at one time have been great enough (say 35 m. > 902 of 
the lake volume) to significantly alter the present-isotopic profile. — 

Further. if the land were once covered by sea water. the ground water, at 
least near_the sediment-water interface. should have a composition closer to 
that of the sea than ground water from land not so covered; Finally»

l3



although many salts besides those of sea water will lower the freezing point. i

\ 

the fact that some bore hole fluid was lost in the drill holes when a 

¢emPera¢Ure Of ~'2-0 °C was reached at least attests to some salts being 
present. 

The case for hznarsaline gradients ha freeze nut " 

The concentration of brines from sea water (Thompson and Nelson 1956) and 
development of hypersaline gradients in saline polar lakes (Goldman ét al. 
1967). have been attributed to the freezing out of salts and gases from the 
ice cover. Indeed. a much lower but significant increase in salts and gases 
during freeze out has been documented from freshwater lakes as well (Welch 
1914; Barica 1972; Rigler 1918; Canfield et al. 1933).

i 

The descent of brines excluded from sea ice does not take place merely by 
slow downward molecular diffusion because. even if one assumed an instantaneous

1 

uplift and separation (instead of a much more likely and slower separation 
during uplift). after the first or a few annual cycles in the two closed Arctic 
lakes. subsequent less dense saline layers would have to move against a density 
gradient. VIn fact. slow upward diffusion would be more likely from the more 
saline lower waters (Toth and Lerman 1975). However. hypersaline profiles could 
develop rapidly. even with a climate and ice thickness similar to the present» 
if there was a mechanism by which the brines formed during freeze out were 
concentrated. Such a mechanism occurs naturally and is well documented in 
mechanics. heat transfer. and oceanographic literature.. 

During the freezing of sea ice. there is rejection of concentrated brines 
in the form of narrow “salt fingers“ (Lake and Lewis L970;-Federov L972:

. 

Farhadieh and Tankin L975) which easily lead to thermohaline convection 
(Grange et al. 1977). The salt is rejected through narrow brine channels in

Q 

the ice matrix as the ice thickens. The salinity and density of the 
descending salt fingers vary with initial salinity and rate of sea ice 
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growth. Generally. the salinity increases at reduced rates of ice growth. 
Staffing with sea water of 33 o/oo. Wakatsuchi and Ono (1983) found that the 

salinity of the excluded brines. collected by positioning funnels within a 

few centimeters of the descending ice front. ranged from 42.3 °/oo to-92.7 
°/oo. It is noteworthy that the salinity of the sea water and that of the 
excluded brines is similar to the sea water surrounding the Cornwallis 
Islands and the monimolimnetic brines of the lakes respectively. Wakatsuchi 
and Ono (1983) and Wakatsuchi (1977) observed relatively little diffusion of 
the descending salt fingers into the sea water just below the ice. Whether 
or not the integrity of these long and relatively dense salt fingers could be 
maintained for several meters as they descend. either individually or in 
aggregated plumes to the bottom or to an equilibrium density. is unknown. 
However. the fact that hypersaline brines can be formed in one season. merely 
by freeze out from above. was documented by Schell (1973) and Coyle (1974) 

when they found salinities of ~40e72 °/oo in water below sea ice in some 
Shallow (5 2.5 m) and restricted coastal waters of the Alaskan Beaufort Sea. 

In two extreme cases. Schell found salinities of'hl26-183 °/oo where the ice 
was within a few centimeters of»."or on the bottom. ' 

Prior to the time of lake—sea separation. there should have been lower 
5180 values throughout the lakes more similar to those of the connecting sea. 

During uplift and isolation. freeze out from above would have made the lower 
waters somewhat more negative than they were originally. while at the same 
time making them rapidly more saline and increasingly resistant to vertical 
mixing. Indeed. the 140 value of 2.580 3 260 yuB.P. of Page et al. (1984) 
Suggests that the lower stable waters of Garrow Lake have mixed relatively 
little with the upper water since separation. As far as the more negative 
(5180) upper mixed waters are concerned. they are more simply explained by

15



meteoric contributions over time which can be added (by runoff and direct 
precipitation) or lostV(o‘utflow). 

We feel the interpretation of Page et al. (1984) unnecessarily stresses 
bottom (permafrost) and lateral (talik) contributions to explain the 
hypersalinity. We do not discount all such possible contributions during the 
course of an unknown and complex history. However. we feel that freeze out 
from the surface is a more likely and dominant factor in the evolution of the 
hypersaline gradients in Sophia and Garrow Lakes. If freeze out were the 
process. it should be expected to impact every lake on either island. Lt 
does - but would tend to cause permanent hypersaline gradient-s in those very 
‘few lakes that were saline re‘-licts (or cuts-off fjords) initially. » In 

contrast. if permafrost‘ growth were the process by which salts were pushed 
int-o the lakes from below or laterally. it should also impact all the lakes 
on both islands and generate numerous hypersaline bodies above and beyond 
those that might have been saline relicts. However. this .t.heVc_a.s_e. 

Therefore. freeze out leading to the“ development of a cryogenic meromix-is (as 
in Goldman et al. 1967). not crenogenic meromixis (as in Page et al. 1984). 
is the most plausible mechanism.

u 

The possible role of double-diffusive convection in either the early 
structuring or t-he, present maintenance of thermal-salinity gradients in Lakes 
Sophia and Garrow is unknown. However. double—diff»usiv'e convection. i.e.. 
where salt (diffusing about 100 times more slowly than heat. Terwilliger and 
Di-Z-i-0 1970) and temperature make opposing contributions to t-he density. is 

known to play a role in the microstratification of the oceans (Gregg l973; 
.-, 

Huppert and Turner 1931) and in the density gradients of Lake Vanda in the 
Antarctic (Huppert and Turner 1972). Future measurements with greater 
spatial and temporal resolution may provide new insights into the possible 
significance of this intriguing phenomenon on density gradients in Lakes

16
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Table 1. lloirphonetric data of lakes‘. Note from elevation and depths that" 

both lakes are ecryptodepressions. 

_ 

V Sophia Lake 

Surface area (ha) 339 

Area (catchment/lake) 20.1 

Length (km) 4.8 

Volume (m3 x 105) 15.8 ~ 

Max depth (m) 50 

Mean depth (m) 22.4 

Elevation (m) ‘I but < Garrov 

Ga rrow Lake 

432 

2.5 

3.2 

99.1 

49 

22.9 

6.7 

Z4
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Table 3 Stabilities (ergo curl) af 133;; frgg 

two separate sets of density determinations. Corrected 

fior in aitu temperature 

Lake 

Sophia 

Garrov

I 

Density from 

_ relationship to 

salinity (as in 

Ichiye 1966) 

II . 

Density from 

pyconometer 

40-800 

64.790 

40.990 

5%300 

Ihble 4- Heavy metals (parts per billion) and related quantities 
,- 

Sophia Lake
i 

Garrow Lake 
V 

‘Above Below Above- Below 
Concentrations Chemod4ne Chemocline Chemocline Chemocline 

Lead 1982 < 1 < 100 4 < 100 

Zinc 1982 4 < 200 4 

Iron 1982 
_ 

3 . 
< 200 3 

_ 

< 200 

< 100 

Arsenic 1982" < 20 < 100 -< 20 < 

Selenium 1982 < 10 < 100 < 10 < 

200 

100 

,- 

97 -

\



Table 5. Comparative milliequivalent percentages of dominant cations in the ocean and upper and lower waters of four hypersaline polar lakes. Determined from chemical data in (1) Broecker 1974, (2) this paper 1982 data; (3) Matsubaya et a1. 1979 Sophia and Garrow Lakes are in the Arctic and lakes 
Bonney and Vanda are in the Antarctic (Bonney W and Bonney E = west and east basins of Lake 
Bonney). . 

Water Body Na iMg Ca K Reference 

Milliequivalent percentages 

Ocean 

Sophia 

Garrow 

Bonney 

Vanda 

77.7 

71.3 

76.8 

74.2 

77.0 

65.2 

63.6 

52.1 

47.7 

30.1 

11.5 

17 

18 

18 
2 

18 

18 

.22 

31 

22 

49 

20 

27

2

I

5

4

l

3

3

2 

2.

2

8



Fig 

Fig. 2. 

Fig 

Figs 46 

Fig 

Fig. 6. 

FIGURE HEADINGS . 

A portion of the Canadian Archipeligo showing the location of Sophia 
and Garrow Lakes. 

Profiles of temperaturm 02.. and salinityiin Sophia (26 Aug 1982) 

and Garrow (28 Aug 1982) Lakes. 

Decay of PAR irradiance in Sophia (26 Aug I982) and Garrow (28Aug 
1982) Lakes. Note rapid decrease in transmission in Garrov. at 
about 18-21 m. probably associated with a photosynthetic bacterial 

layer. 

Profiles of TIC, DOC, and POC in Sophia (26 Aug L982) and 
Garrow (28 ABS 1982) Lakes. The unknown value of DOC at 10 m 
reflects a single limited sample that was above the instrumental 
range.

. 

A schematic representation of possible permafrost distribution along 
a hypothetical eastewest transect through the middle of Garrow Lake. 

Vertical and horizontal scales are identical. 

Elevation in meters above sea level of the former shoreline near 
Resolute on Cornwallis Island during 800 year stages (dark circles 

along curve) of the past 4000 years. from estimates of Andrews et 
al. 1971; in comparison to present lake surface elevations»
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Fig. 1. 

Fig. Z 

Fig. 3. 

Fig. 4. 

Fig. 5 

Fig. 6 

FIGURE HEADIHGS 

A portion of the Canadian Archipeligo showing the location Of Sophia 

and Garrow Lakes. 

Profiles of temperature. 02. and salinity in Sophia (26 Aug 1982) 
and Garrow (28 Aug 1982) Lakes. A 

Decay of PAR irradiance in Sophia (26 Aug L982) and Garrow (28 Aug 
1982) Lakes. Note rapid decrease in transmission in Garrow. at 

about l8—21 m. probably associated with a photosynthetic bacterial 

layer. ' 

Profiles of TIC. DOC, and POC in Sophia (Z6 Aug L982) and 
Garrow (28 Aug 1982) Lakes. The unknown value of DOC at 10 m 
reflects a single limited sample that was above the instrumental 
range. ' 

A schematic representation of possible permafrost distribution along 

a hypothetical east-west transect through the middle of Garrow Lake. 
Vertical and horizontal scales are identical. 

Elevation in meters above sea level of the former shoreline near 
Resolute on Cornwallis Island during 800 year stages (dark circles 

along curve) of the past 4000 years. from estimates of Andrews et 

al. 1971. in comparison to present lake surface elevations.
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