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Abstract: Measurements of dissolved N,, O,, Ar, CO,, and CH, were made in perennially ice-covered Lake 
Hoare. Results confirm previous reports that 0, concentrations in the upper water column exceed atmospheric 
equilibrium and that N, and Ar are supersaturated throughout the water column. The mean supersaturation of 
N, was found to be 2.0 (*0.37) and Ar was 3.8 (rtl. 1). The ratios of N,/Ar (20.3 +3.8), and 02/Ar (22.5 rt4.0) 
at the ice-water interface are consistent with those previously measured, suggesting that bubble formation is 
the main process for removing gas from the lake. However, the saturations of N, and Ar greatly exceed those 
previously predicted for degassing by bubble formation only at the ice-water interface. The data support the 
hypothesis that removal of gas by bubbles occurs in the water column to a depth of 11 m in Lake Hoare. CO, 
concentration increases from near zero at the ice-water interface to 80-100 times saturation at and below the 
chemocline at c. 28 m. There is considerable variability in the gas concentrations throughout the water column; 
samples separated in depth by one metre may vary by more than 50% in gas content. It is likely that this 
phenomenon results from the lack of turbulent mixing in the water column. Methane (c. 2 pg 1.’) was detected 
below the chemocline and immediately above the sedimentlwater interface at a depth of 30 m. Samples from 
lakes Vanda, Joyce, and Miers, also show supersaturations of 0,, N2, and Ar at levels similar to levels found 
in Lake Hoare. 
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Introduction 

The McMurdo Dry Valleys of Antarctica contain perennially 
ice-covered lakes that are interesting in that they neither 
freeze solid in the winter nor thaw completely during the 
summer (Chinn 1993). In this paper data are presented on 
dissolved gases within four of these lakes; Hoare, Joyce, 
Vanda and Miers. It has previously been recognized that the 
0, and N, concentrations in the water column exceed 
atmospheric equilibrium (Vincent 1988, Simmons et al. 
1993, Wharton et al. 1993). There are both biological and 
non-biological sources of gas within the lakes. However, the 
contribution of each these sources to the overall gas budgets 
are not well understood. 

Most of the data are derived from the analysis of samples 
obtained at Lake Hoare (77”38’S, 162”53’E), a perennially 
ice-covered, oligotrophic, amictic lake located in the eastern 
end of Taylor Valley at an elevation of 58 m. It is 4.1 km long, 
1 .O km wide and has a maximum depth of 34 m with a mean 
depth of 14.2 m. The lake is dammed at its eastern end by the 
Canada Glacier, an alpine glacier flowing into the valley from 
the Asgard Mountains. Lake Hoare receives water and 
sediments from glacial melt and from Lake Chad during the 
summer (Wharton et al. 1993). 

Wharton et al. (1987) and Craig et al. (1992) discussed 
quantitative models ofboth O2 and N, in Lake Hoare. In their 

models of gas flow into and out of the lake they considered 
both biological and non-biological sources and sinks. Gases 
enter the lake as air dissolved in water and are concentrated in 
the water column as water freezes onto the bottom of the ice- 
cover. The presence of the ice-cover prevents the dissolved 
gases in the water from mixing freely with the atmosphere. 
Water leaves the lake by sublimation from the top of the ice 
cover. Bubbles are present in the ice cover and are a major 
sink for gases from the lake. In addition to loss through 
bubbles in the ice, there may be some loss ofgases through the 
peripheral moat that forms on the shore each summer (Parker 
et al. 1981, Wharton et al. 1987). The noble gases have no 
known biological sources or sinks and one could expect a 
build-up of these gases in the water column. Biological 
processes should have the most pronounced effect on 0,, CO, 
and CH, concentration due to photosynthesis and respiration, 
as well as anaerobic conditions that are found in Lake Hoare 
below c. 28 m. Biological sources and sinks for N, are small 
compared to the dissolved input (Allnut et al. 1981, Vincent 
et al. 1981, Wharton et al. 1987, Voytek et al. 1995). Net 
production of 0,, due to removal of organic material via 
burial in the sediments, will affect the OL concentrations to a 
much larger extent than they will affect N2, thus altering the 
N,:O, ratio (Wharton et al. 1987). Therefore, this ratio canbe 
a useful “signature” of the relative strengths of biological and 
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non-biological gas production. In Lake Hoare, this ratio was 
1.20 at the icelwater interface and 1.05 at 12 m; considerably 
different from the ratio in equilibrium with air (c. 1.8). Based 
upon the above results, Wharton et al. (1987) suggested that 
about half of the net 0, production in Lake Hoare is the result 
of biological processes. Wharton et al. (1986) also pointed 
out that biological processes can cycle 0, in the water column 
without contributing to the net source of 0,. 

As reported by Craig & Hayward (1987) and Craig et al. 
(1992), the exsolution of gas to form bubbles fractionates N,, 
O,, and Ar. This effect is similar for 0, and Ar, which have 
similar solubility coefficients. However, there is a large 
fractionation of N, when compared to either 0, or Ar because 
the solubility coefficients differ by a factor greater than 2. 
Since bubble formation constitutes a major loss of gas from 
the lake, the different solubility coefficients of N, and 0, 
make it difficult to determine the biological source of 0, 
production from N, and 0, measurements alone. Craig et at. 
(1992) measured N,, Ar, and 0, content of bubbles in ice 
samples from Lake Hoare. By comparing the NJAr ratio to 
the O,/Ar ratio, Craig et al. (1 992) found that the extent of 
biological processes may be lower than estimatedby Wharton 
et al. (1987). They concluded that only 1 1% of the 0, is of 
biological origin. To further the work described above, 
additional samples were collected at Lake Hoare of water 
column gases from the ice water interface to a depth of 30 m. 

Methods 

N,, 0,, Ar, C02, and CH, concentrations were measured in the 
water column of Lake Hoare at 1 m intervals from the ice- 
water interface to the lake bottom. Additional samples were 
obtained at lakes Vanda, Miers and Joyce. Sample depths for 
these lakes are shown in Table I. Samples were obtained 
during the 1994 summer (December and January). The 
samples were collected using 150 ml glass serum bottles 
(Wheaton Scientific) fitted with a flange style, red rubber 
stopper and sealed with analuminium crimp. Prior to shipment 
to Antarctica, each bottle was evacuatedusing a high vacuum 
mechanical pump and mercury diffusion pump to 
approximately lo-’ torr. Upon arrival at McMurdo and prior 
to sampling, each bottle received a 2.5 ml (@ STP) injection 
of Kr (99.999%, Matheson Gas Products) as an internal 
standard and to correct for the loss of gas from the sampling 
needle during the analysis of the pressurized head space. 
During analysis the needle is moved from the higher pressure 
inside the head space to ambient before injection into the gas 
chromatograph. This loss of gas was corrected using the 
known Kr amounts by normalizing the results with a linear 
function of pressure. 

Water samples were collected at Lake Hoare near the centre 
of the lake using a mechanical sampling device lowered 
through a hole c. 5 cm in diameter. With this device, a single 
bottle could be lowered to the prescribed depth and by pulling 
on a second cable, a needle (22 gauge) was inserted into the 

Table I. Dissolved gas data for lakes Joyce, Vanda and Miers. 

Lake Depth S<,d SVd SA,d Scold  N,/Ar OJAr 
m 

~ ~- 

Joyce 15.0 3.6 2.2 3.3 0.19 24.6 22.6 
25.0 1.0 3.5 5.7 28.2 22.3 3.6 
30.0 0.6 3.0 5.8 31.3 19.2 2.2 

Vanda 40.0 2.5 2.7 2.4 1.1 41.5 21.3 
58.0 2.2 3.1 2.4 7.7 48.0 19.3 

Miers 5.0 2.5 2.3 2.5 0.22 34.0 20.9 
10.0 2.4 2.3 [3.2]h 1.9 [26.4] [15.6] 

Sx of gas “x”. Saturation is defined as the volume concentration of gas 
divided by the value that would be found in water in equilibrium with 
the atmosphere at a total pressure of moist air of 1 atm (Weiss 1970). 

Numbers in [ J indicate data corrected by an apparent drop of one 
decimal place in S,,,. 

bottle through the stopper. Releasing the cable allowed a 
counterweight to retract the needle from the bottle. Several 
trial runs allowed us to estimate the time required for filling 
the serum bottle with water, forming a headspace by 
compressing the internal standard to the local hydrostatic 
pressure. Upon retrieval the bottles were dried and a small 
amount of Apiezon type N grease was applied to the stopper 
as an additional seal. They were placed into an insulated 
container to prevent freezing. 

Upon return to the Crary Science and Engineering Center, 
the samples were analysed for N,, 0,, Ar, Kr, COT, and CH4 
by injecting 10 or 250 p1 aliquots of head spacegas into a 
Hewlett Packard 5890-11 gas chromatograph (GC) fitted with 
a J&W Scientific molesieve column (#115-3632) and a 
thermal conductivity detector. The initial column temperature 
was maintained at -50°C for 1 min to facilitate the separation 
of Ar and 0, and then raised steadily (20°C min-’) to 220°C 
to remove CO,, water vapour and any other contaminants. 
The injector and detector temperatures were set at 250°C and 
300”C, respectively. 

The instrument was calibrated using injections of laboratory 
air as the source for anominal air standard. Three commercially 
prepared gas standards purchased from Scott Speciality Gases 
were also used for calibration and for peak identifications of 
N,, 0,, Ar, Kr, CO,, and CH,. The three calibration standards 
were composed of the following: 

1) Noble gas standard - Ne at 2.04%, Ar at 2.00% and Kr 

2) CO/CO, standard - CO at 2.00%, CO, at 2.00%, 0, at 

3) CH, standard- CH, at 5.005% with the remainder being 

Standards were analysed after every five samples to eliminate 
any error due to instrument drift. 

Although the serum stoppers provided a good seal, a very 
small amount of gas vented through the needle hole in some 
of the bottles. Leakage occurred particularly in those bottles 

at 2.05%, the remainder being air; 

18.00%; the remainder being N,; 

N2. 
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Fig. 1. Saturation values for 0, and CO, versus depth in Lake 

Hoare. Samples from a given date are labelled with the same 
symbol: 18 Dec. I994 - triangles; 12, Jan 1995 - squares; 
4 Jan 1995 -tripods. The uncertainty in depth is less than 0.5 
m. The dotted line refers to the value expected for water in 
equilibrium with the atmosphere at 0°C. Standard errors for 0, 
and CO, replicates are 5% and 13% respectively (see text). 

returned from depths greater than 20 m, as a result of high 
internal pressure. This loss was not significant as could be 
determined from the Kr internal control. In addition, because 
the gas ratios in air are different from the ratios of gas 
exsolved from water, air leaks during shipment could be 
detected by the GC, as well as by anomalous head space 
volumes. Such samples were discarded. Confirmation that 
the sample bottles held vacuum for several months before use 
was obtained by noting the volume of the headspace after the 
bottles filled with water. The samples were analysed within 
two weeks of their collection. 

Error has been estimated in the following manner. At five 
depths replicate samples were obtained and for each such 
depth and for each gas the standard deviation of the replicates 
was determined. These were averaged for each gas. The 
results are 0,:5% (So > l), N,:10.2%, Ar:12.6%, C0,:13%, 
N,/Ar: 1 1%, O,/Ar: 12% (So > 1). The largest replicate error 
for N, or Ar is *2 1 % for Ar at 9 m. Note that for samples from 
Lake Hoare to which 2.5 ml of Kr @ STP was added, the 
measured value of Kr amount was 2.5 ml*9.6%. Therefore 
an overall 10% error has been assigned to our results. In this 
paper the term saturation, Sx, is used for each gas species, x, 
to be defined as the volume concentration of gas divided by 
the value expected in water in equilibrium with the atmosphere 
at a total pressure of moist air of 1 atm. 

Results 

The saturation of 0,’ CO,, N2, and Ar are plotted as a function 
of depth (Figs 1 & 2). At unity saturation, the concentration 
ofN,, 0,, andArare 18.2,10.1,0.49ml(STP)/kg,respectively 
(Benson & Krause 1976, Craig et af. 1992). All three ofthese 
gases are supersaturated just beneath the ice-cover (S, = c. 
2.0, So = c. 3.5, SAT = c. 3.5). The saturation of 0, decreases, 
roughly linearly, toward the bottom of the lake and falls to 
negligible values near the bottom. The mean saturation for N, 
is 2.0 with a standard deviation of rtO.37 and for Ar, 3.8 with 
a standard deviation of& 1.1, There is considerable variability 
in the gas concentration with depth and time. This variability 
has been observed in previous measurements of dissolved 0, 
(Wharton et al. 1986). The N, and Ar data do show a slight 
trend with depth. Statistical analysis indicates that both sets 
of samples have a correlaticn Coefficient of 0.7, which for 33 
samples gives a probability that the linear dependence is valid 
of more than 99.9% (Bevington 1969). The slope for Ar 
corresponds to a change of 60% in concentration from the 
surface to 30 m and 41% for N,. It might be speculated that 
the gradient in the concentrations of N, and Ar in the deep 
water is a reflection of the increased meltwater inflow and the 
thinning of the ice cover over the past decade (Chinn 1993, 
Whai-ton eta]. 1993). Because these difference are comparable 
to our measured errors and because systematic errors due to 
pressure in the sampling vessels may affect depth dependence 
we do not consider further this slight increase in Ar andN, gas 
with depth. 

Figure 1 also shows the measured saturation of CO,. The 
partial pressure of CO, depends on the carbonate equilibrium 
of the lake water and does not simply follow Henry’s Law as 
it would in pure water. Since the head space volume is small 
compared to the water sample, and because the solubility 
coefficient of CO, is relatively high, we estimate that c. 3% of 
the CO, is present as head space gas. This amount represents 
a negligibl. ,I: .ge in the CO, carbonate system, and thus the 
data provide a irect measurement of the CO, fugacity in the 
water column. The results are reported in terms of the 
equilibrium solubility in pure water, i.e. assuming Henry’s 
law; thus a saturation ofunity corresponds to the ambient CO, 
partial pressure (c. 350 patms). The direct measurement of 
CO, complements chemically based analytical methods (Cole 
et al. 1994). In this context it should be noted that 
measurements takenwith aHydroLab Datasonde 3 (HydroLab 
Inc., Austin TX) indicate that the pH is about 8.2-8.6 in the 
upper 10 m and then drops sharply to about 7.3 at 15 m and 
remains constant below that depth, consistent with the CO, 
results. CO, increases with depth to the top of the chemocline 
reaching maximum values of 100 times saturation before 
decreasing by a factor of 2 through the chemocline to the 
bottom. 

Methane was detected in two samples taken from within the 
anaerobic zone giving concentrations of 1.0 and 2.5 pg 1.’. 
These data indicate the presence ofmethane-producing bacteria 
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Fig. 2. Saturation values for N, and Ar versus depth for all 
locations sampled in Lake Hoare. The dotted line refers to the 
value expected for water in equilibrium with the atmosphere at 
0" C. Symbols as in Fig. 1. Standard errors for N, and Ar 
replicates are 10% and 13% respectively (see text). 

in the anaerobic zone within Lake Hoare. The lack of CH, in 
the water immediately above the chemocline suggests the 
presence of CH4 oxidizing bacteria (Galchenko 1994, 
Franzmann et al. 1991). Observations made by divers 
indicate that a visible bacterial haze occurs at the oxic/anoxic 
interface about 2 m above the lake bottom. Since some loss 
of CH, due to microbial oxidation may have occurred during 
transport and storage, these results represent a lower limit. 

Table I presents the results from a limited number of 
samples obtained from lakes Joyce, Miers, and Vanda. All 
samples from these lakes show supersaturation of N2 and Ar 
at levels similar to those found in Lake Hoare. The N,/Ar 
ratios in Miers and Vanda are much larger than in Hoare, 
which may be a result of differences in the ice cover and basin 
morphology. 

Discussion 

One strlking feature of the results is the large variability in the 
gas concentration seen in Lake Hoare. Samples from the 
same location vertically separated by 1 m can have gas 
concentrations that differ by 50%; the N,/Ar ratio (Fig. 3) 
varies as well but by a smaller factor. This variability does not 
correlate with sampling or analytical procedures and is 
probably a natural occurrence, llkely a result of the lack of 
turbulent mixing in the water column. 

The variability in our data is comparable to the variability 
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Fig. 3. Ratios of N, and 0, to Ar versus depth for Lake Hoare. 

The dotted line refers to the value expected for water in 
equilibrium with the atmosphere. Symbols as in Fig. 1 .  

in the 0, data reported by Wharton et al. (1986). Their data 
show variations that occur day to day, at equal depths and 
between depths that are comparable to the variations seen in 
Fig. 1. This is an additional indication that the variability is 
a naturally occurring phenomenon and not simply a result of 
sampling error. As discussed below, this variability probably 
results from low eddy mixing in Lake Hoare. 

Figure 3 shows theN,/Ar and O,/Arratios in these data. The 
N,/Ar ratio shows no clear trend with depth, which would be 
expected because these gases have no significant sources or 
sinks in the water column. The average value of N,/Ar is 
20.3h3.8. This can be compared (Fig. 4) with the NJAr 
measured by Craig et al. (1992) in bubbles in the ice cover. 

Craig et al. (1992) developed a model for the freezing 
process. They considered a unit mass of water freezing at the 
bottom of the ice cover. In developing their model they made 
the following assumptions: 

1) bubble formation occurs as soon as the gas pressure 
exceeds local hydrostatic pressure; 

with the bubble throughout the freezing process; 
2) the unit mass of water remains in complete equilibrium 

3) the unit mass of water and ice remains materially isolated 
and after some degree of freezing the residual water is 
removed from the ice-water interface carrying with it 
some remnant of the dissolved gases; 

4) the bubble in the ice cover is then closed and retains the 
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Fig. 4. Ratios of N, to Ar as a function of w predicted by the 
Craig et al. (1992) freezing model for gas in a bubble (solid 
line) and in the residual liquid (dotted line). The parameter w 
indicates the extent of freezing; w =O is the start of the freezing 
process; w = infinity is the end of the freezing process. The 
data of Craig et al. for the ice cover bubbles are shown as 
triangles. The mean N,/Ar ratio (20.3*3.8) is shown by the 
solid circle with error bars. 

signature of this freezing process. 

Based on this scenario, Craig et al. (1992) developed a 
formalism that relates the NJAr and O,/Ar ratios to a "progress 
variable", w (measured in ml gas at local pressure per kg of 
residual liquid) which is defined as the ratio of the bubble 
volume formed within the ice (at ambient pressure) to the 
mass of the water remaining at any point in the freezing 
process within an isolated system. 

Consider a unit mass of meltwater. Mass balance for each 
gas requires that the gas dissolved in the incoming meltstream 
equals the gas in the bubble plus that in the residual liquid. 
This can be expressed as 

Xt d'r Pa bi = Xi Pg V, + Xi Pg bi M, (1) 

Where X,"ir is the mixing ratio of gas "i" in the atmosphere, Pa 
is the atmospheric pressure, bi is the solubility coefficient for 
gas "i", Xi is the mixing ratio of gas ''2' in the bubble, Pg is the 
local hydrostatic pressure and the pressure in the bubble, Vb 
is the volume ofthe bubble and MI is the mass ofthe remaining 
liquid. Equation 1 together with 

Incoming Meltwater v=O 
No huhhle formailon 

3 I % Frozen 

1y=71 
80% FroLen 

E X i  = 1  
I 

and the definition 

y l  = Vb/MI (3) 

contributes the set of equations used in the Craig et al. (1992) 
model. 

The Craig et al. (1992) freezing model is shown 
schematically in Fig. 5.  It is important to note that w = zero 
represents the start of bubble formation, not the onset of 
freezing. When w = 0, all gas is present as dissolved gas 
within the residual liquid. Accordingly, the total pressure of 
dissolved gas is equal to the local hydrostatic pressure. Any 
further freezing raises the total gas pressure above the local 
hydrostatic pressure and a bubble forms. Freezing without 
bubble formation occurs when the inflowing liquid has a total 
gas pressure that is less than the local hydrostatic pressure 
where freezing occurs. Craig et al. (1992) consider a 5 m 
thick ice cover implying that the hydrostatic pressure at the 
ice-water interface is 1.45 atms. As w approaches infinity the 
water is completely frozen and the gas exists entirely in the 
form of a bubble in the ice. The intermediate stage shown in 
Fig. 5 corresponds to w = 7 1, which is the typical value found 
by Craig et al. (1992). At this value of w, for the freezing of 
meltwater at O'C, approximately 80% of the water exists in 
the frozen state (MI = 0.2) and 75% (1-1.27xO.2) of the N2, 
58% of the 02, and 56% of the Ar have been forced into the 
bubble. 

Numerical results for the Craig et al. model are tabulated in 
Table I1 for w values ranging from 0 to infinity. The ratio of 
gases in the liquid phase (subscript 1) and gas in equilibrium 
with this liquid (subscript g), as well as the saturations of the 
gases are also listed in Table 11. The final column in Table 11, 
MI, shows the mass of remaining liquid divided by the initial 
mass of liquid. All numbers in Table 11, except \y, are 
quantities without dimension. The total gas pressure of the 
incoming meltwater (the first row in Table 11) is less than the 
local hydrostatic pressure, therefore bubbles would not be 
expected to form. Freezing therefore proceeds without bubble 
formation and the concentration of all gases in the residual 
water increases uniformly; the gas ratios remain unchanged. 
Bubble formation begins when the total pressure of dissolved 
gases equals 1.45 atms. This corresponds to y~ = 0 (the second 
row in Table 11). It should be noted that the total pressure of 

= Infinity 
100% Ice 

Fig. 5. The Craig et al. (1 992) 
freezing model is shown 
schematically beginning with a 
parcel of incoming meltwater at S-1 
and progressing to V-infinity with 
the parcel of water completely 
fiozen and all of the dissolved gas 
having been exsolved into a bubble. 
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Table 11. Numerical results for the Craig et al. (1992) model 

Meltd 83.60 22.43 37.00 20.53 1 1 1 1 

0 83.60 22.43 37.00 20.53 1.45 1.45 1.45 0.69 
1 81.72 22.39 36.17 20.49 1.48 1.44 1.47 0.66 
10 69.79 22.11 30.89 20.24 1.67 1.40 1.65 0.50 
71 48.68 21.31 21.54 19.50 2.19 1.27 2.08 0.20 
100 45.94 21.15 20.33 19.36 2.28 1.25 2.15 0.15 
1000 38.08 20.62 16.85 18.87 2.60 1.18 2.39 0.02 
10000 37.11 20.54 16.42 18.80 2.65 1.18 2.42 0.002 
m 37.00 20.53 16.38 18.79 2.65 1.17 2.43 0.00 

'Melt refers to the incoming meltwater at S=l .  

dissolved gases is always equal to 1.45 atms for all values of 
w>o.  

In an ideal closed system, when \v = 0, the gases in the water 
have NJAr and O,/Ar ratios still determined by equilibrium 
with the atmosphere (37 and21 respectively). The gas within 
a bubble in equilibrium with this water would resemble 
atmospheric composition (84 for N,/Ar and 22 for O,/Ar). As 
v, becomes larger than zero and continued freezing takes 
place, more dissolved gas in the water is forced into a bubble 
in the ice. At any point in the freezing process, the partial 
pressure of each gas in a bubble is in equilibrium with the 
amount of that same gas dissolved in the residual water. Thus, 
the initial concentration of each gas is partitioned between the 
bubble and the dissolved gas remaining in the water and is 
dependent on its solubility coefficient. As a result, for any 
finite amount of freezing (w >O) the gas in the bubble does not 
have the same composition as air but contains a mixture that 
reflects the inventory and the relative solubility of the gases 
in water. Importantly, the mixture is depleted in N, with 
respect to air. When the limit of y~ becomes infinite, the water 
is completely frozen and all the gas that was initially dissolved 
in the water has exsolved into the bubble. In this case the gas 
within the bubble must have the same ratios as the gas initially 
dissolved in the water before any freezing began (37 for N,/ 
Ar and 2 1 for 0,iAr). The ratios in the water at w = 0 are equal 
to the ratios in the bubble at \v = infinity. For values of y~ 
between zero and infinity the ratios will have intermediate 
values. 

In Fig. 4 we show the NJAr ratio, as a function of w, 
expected in a bubble (solid line) in the ice and the residual 
water (dotted line) in equilibrium with that bubble. The 
values of Craig et al. (1 992) for the bubbles in the ice cover 
are shown as triangles. They suggest a value of w of 71. 
Shown in Fig. 4 is our average value of NJAr for the residual 
water of 20.3. Our results are consistent with those of Craig 
et al. (1992) suggesting that bubble formation plays a key role 
in determining the N,/Ar ratio in the lake. 

As described above, the model of Craig et aE. (1992) can 
also be used to predict the expected supersaturation of gas in 
the water column. As freezing proceeds, the saturation of N, 
decreases while those of 0, and Ar increase. Results have 

been plotted in terms of N, versus Ar saturation, (Fig. 6). The 
data range from 1 to 3 for S, and from 1 to 7 for SAr. Inflowing 
meltwater in equilibrium with the atmosphere would have SN 
and SAr values of unity. The dashed line shows how the gas 
concentration would increase if all gases were retained in the 
water as freezing progressed. N, and Ar concentrations 
would increase linearly and the NJAr ratio would remain 
constant, unaltered by biological activity. 0, concentrations 
would be subject to alteration by biological processes in the 
lake. In this case arbitrarily large supersaturations would be 
reached in the residual liquid. The solid line in Fig. 6 shows 
how the dissolved gas concentration would change following 
the Craig et almodel(l992). It should be noted that the point 
v, = 0 occurs at S, = SAr = 1.45. This is because the gases must 
be concentrated to this level before bubbles can form at a 
depth of 5 m, the ice thickness assumed by Craig et al. (1 992). 
Thus, there will be a period of ice formation before bubbles 
begin to form. The value w = 0 represents the start of bubble 
formation; \v approaching infinity represents complete 
freezing. The point, y~ = 7 1, suggested by Craig et al. (1 992) 
as the point at which a bubble becomes isolated from the 
liquid by occlusion in the ice, is also indicated. The ultimate 
saturations reached by following the Craig et al. model are 
1.17 for S, and 2.43 for SAr (see Table 11). Figure 7 shows the 
N2/Ar ratios as a function of the Ar saturation. The solid line 
shows the expected results from the model by Craig et al. 
(1992). Note that our measurements and analyses pertain 
only to the central part of the lake. It is expected that there is 
some gas loss through the summer moat (Wharton et al. 
1986), whichmay be as high as 25% of the gas budget (Craig 

3 

5 

z" 

4 

v) 

c1 

A 

0 

A 

A A  

0 

0 
0 

Fig. 6. Saturation of N, versus Ar. The dashed line indicates the 
expected values for water that freezes while retaining all of the 
dissolved gases in the residual liquid. The solid line is the 
freezing model of Craig et al. (1 992). The value of q~ = 71 was 
suggested by Craig et al. based on gas ratios in ice-cover 
bubbles from Lake Hoare. Our data are represented as open 
squares and fall primarily between the two lines. Symbols as in 
Fig. 1 and the four points at the ice-water interface have been 
filled in. 
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et al. 1992). If the loss from the moat is this large, then one 
would expect a measurable gradient in the dissolved gas 
concentration, as well as fractionation by solubility and 
isotope in a transect from the centre of the lake to the shore. 

Clearly, the concentrations of N, and Ar we have measured 
in the water column of Lake Hoare do not correspond strictly 
to the Craig et al. (1 992) model nor do they follow the line 
expected for freezing without bubble formation. Indeed, the 
data seem to be bounded by these lines. However, the 
agreement of our N2/Ar ratio at the ice-water interface with 
the predictions of the Craig et al. (1 992) model (Fig. 4) imply 
that the basic gas concentration process proposed in the 
model - gas exsolution upon freezing - and the concomitant 
fractionation of N,, Ar and 0, is valid. Other assumptions 
made by Craig et al. (1 992) may be invalid, in particular: 
assuming bubble formation occurs immediately when gas 
pressure exceeds hydrostatic pressure and considering the 
bubble and residual liquid acts as a closed system. Gas 
concentrations in the water column may reach values much 
higher than predicted by the Craig et aE. model because the 
onset ofbubble formation does not occur until the pressure of 
dissolvedgases greatly exceeds the local hydrostatic pressure, 
or because not all of the gas in the freezing layer can diffuse 
to the bubble sites as freezing progresses. It is important to 
note that due to differing solubilities, N, is systematically 
depleted with respect to Ar in the water column, as indicated 
by the N,/Ar ratio in Figs 3 & 7. All ratios are below the value 
(N,/Ar = 37) expected for freezing without bubble formation. 
This indicates that the main gas-removal mechanism is 
associated with bubble formation. The low solubility of N, 
compared to Ar, ensures that N, is preferentially degassed 
into a bubble when that bubble is in contact with the water. 
Observations do not imply that bubble formation occurs only 
at the ice-water interface as assumed in the Craig et al. model. 

A 

1 2 3 4 5 6 7 

Ar Saturation 

Fig. 7. Ratio of N, to Ar versus Ar saturation for Lake Hoare. 
The solid line are the results predicted by the freezing model of 
Craig et al. (1 992). The parameter y~ is as defined in Fig. 4. 
Symbols as in Fig. 1, and the four points at the ice-water 
interface have been filled in. 

As shown in Fig. 7, the data do not conform to the predictions 
of the Craig et aZ. model. Bubbles may form at depth and rise 
while removing and fractionating supersaturated gases from 
the water column. 

It is possible that freezing results in highly saturated"parce1s" 
of water that exhibit gas pressures in excess of hydrostatic 
pressure. During the freezing process bubble formation 
depletes some of the dissolved gases but the water is not in 
equilibrium with the ice-cover bubbles and is not limited to 
the Craig et al. values. Instead supersaturations may reach 
levels of 5 or more. Both experimental and theoretical studies 
indicate that the pressure of dissolved gas must exceed the 
local hydrostatic pressure before bubbles form (Carte 1961, 
Bari & Hallett 1974, Lipp et al. 1987). The supersaturation 
of gas required before bubbles form depends on the rate of 
freezing but supersaturations larger than 10 are possible (Bari 
& Hallett 1974). 

Our data can be used to address the stability of bubbles in 
the water column below the ice-water interface. Wharton 
et al. (1 986) were the first to report that lift-off mats - bubble- 
laden microbial mats rising to the ice-water interface - were 
related to the supersaturation of non-oxygen gases in the 
water column. By noting that the lift-off mat occurred only 
to a depth of c. 11 m, they predicted that the N, saturation at 
that depth must be 2. This value is essentially identical to the 
mean N, saturation levels we obtain (2.0~k0.37). Figure 8 
shows the ratio of total pressure of dissolved gas divided by 
the local hydrostatic pressure. The total gas pressure, Plls, is 
given by (neglecting the small vapour pressure of water and 
COJ: 

P (atms) = 0.78 S, + 0.21 So + 0.01 SAr (4) 
In Fig. 8 the mean value for S, and SAr have been used in 

w 

E lo[ /l..Bubblesstable 0 0  

0 20 
0 

0 

Bubbles unstable 
30 1 1 1 1 1 1  I I ( ( , I ( I , , / J  

.4 .6 .8 1 1.2 1.4 1.6 
PgadP hydro 

Fig. 8. Total pressure of dissolved gas (PsAs) for the average 
values of the measurements for Lake Hoare (see text) divided 
by the local hydrostatic pressure (P,,ydro), shown by solid line. 
Individual samples are shown by squares. When this ratio 
exceeds unity, bubbles in the water column grow, limited only 
by diffusion of gas to the bubble site. Bubbles are stable 
above 1 1  m. 
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Equation 4. For So a least squares fit to a straight line has been 
used. Thus, the curve represents the average conditions in the 
water column. When Pgds exceeds the local hydrostatic 
pressure bubbles would be stable. Any bubble will grow with 
time, its growth being limited by the diffusion rate of gas 
through the water column to the bubble. Bubbles will 
dissolve when Pgds is less than the local hydrostatic pressure. 
As can be seen in Fig. 8, bubble stability occurs for depths less 
than 11 m. The nucleation of bubbles within the stability 
region may be governed by the presence of micro-organisms, 
and the bubbles, in turn, may affect their buoyancy regulation 
in the water column. 

It is possible to use the observed gradient in the oxygen 
concentration to determine the downward flux of 0, in the 
water column. The downward flux results from the biological 
consumption of 0, in the lake. This flux represents a cycling 
of 0, in the lake and does not provide information about a net 
source or sink. 0, is returned to the water column by the 
upward flux of CO,, indicated by the CO, gradient in Fig. 1. 
The flux of oxygen, FO,, is given by 

FO, = - (D+K) do,/& ( 5 )  

where D is the molecular diffusion coefficient and K is the 
turbulent (eddy), mixing coefficient. The value for D is 
expected to be about 2 x cm2 s-’; the value for K is 
unknown due to the uncertain level of eddy mixing. 

The 0, gradient can be compared with the net upward flux 
of CO, in the lake using the data shown in Fig. 1. As the 
transport coefficient is unknown, only the gradients can be 
compared. The 0, gradient is equivalent to -1 .Ox 10-’+0.3 ml 
gas at STP/l water per metre and the COz gradient is equal to 
1.3 x 10-’&0.3 ml gas at STP/l water per metre. This suggests 
that within the uncertainties, the fluxes are equal and opposite. 
The net biological production (or loss) of 0, in the lake 
represents the difference between these fluxes. A more 
precise treatment ofthe coupled carbon and oxygen budget of 
the lake is required to determine the net flux. 

In addition, the biological cycling of 0, in the lake can be 
compared to the inflow of 0, in the dissolvedmeltwater. The 
meltwater brings in about 30 cm yr-l of water at So=l 
(Wharton et al. 1986). Using only the molecular diffusion 
coefficient D in Equation 5 ,  the biological flux of 0, downward 
through the lake is equivalent to the 0, flux carried by 0.6 cm 
yr-I of water with S,=l, which is 50 times smaller than the 
meltwater inflow. However, there is certainly some eddy 
transport of 0,. Ellis et al. (1991) studied thermal diffusion 
in an ice-covered lake and noted that the thermal diffusion 
coefficients increased from a value close to molecular diffusion 
at the ice boundary to 10 times larger a few metres below the 
ice-water interface. Gu & Stefan (1990) used an eddy 
diffusion coefficient under an ice cover that varies from 1 to 
10 times the molecular diffusion value. Unlike many of the 
other McMurdo Dry Valley lakes, Lake Hoare is isothermal. 
Accordingly, the Richardson Number (Ri) is zero and eddy 
diffusion occurs in neutral conditions. In this case eddy 

transport is proportional to the shear stress usually resulting 
fromwind. InLakeHoare, windisnot amajor factorbut shear 
could be induced in the lake from the inflowing meltwater or 
perhaps by wind action on the summer moat. A direct 
measurement for a value for K was not possible, but it is likely 
to be 10 times D. In this case the flux of 0, resulting from 
biological processes in the lake is comparable to, but still 
smaller than, the net amount of 0, carried into the lake by the 
meltstream. Thus 0, may be cycled rapidly by biological 
processes, even if there is negligible net biological production 
of 0,. For an eddy coefficient of 2 x cm2 s-’, which is 10 
times the molecular diffusion rate, the mixing length 
scale, (t K)”*, corresponding to 1 year is c. 80 cm. This value 
is consistent with the maintenance of vertical inhomogeneity 
in the lake gas concentrations over distances of metres. 

One possible scenario is as follows (Fig. 9). As winter 
progresses, gases are exsolved from the forming ice back into 
the residual liquid forming a bubble-free layer of ice overlying 
gas-charged water. Eventually, bubbles form and the water 
incontactwiththesebubbles losesgas tothebubbles. However, 

WINTER 

SUMMER 

Fig. 9. Diagram of proposed model for gas supersaturation in 
Lake Hoare. In the winter freezing occurs at the ice water 
interface resulting in residual water enriched in gases and 
fractionated in N,, 0,, and Ar concentrations (Craig et al. 
1992). In the summer this gas enriched water is displaced by 
the momentum of the incoming meltwater without effectively 
mixing with that water. Thus parcels of water with low gas 
concentrations are vertically and laterally close to parcels of 
water with higher concentrations. Eventually diffusion will 
smooth out these difference but diffusion is slow without wind 
driven turbulence. 
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due to relatively low diffusion rates there is a gradient in gas 
concentration surrounding the bubble. Thus, at the end of 
winter the water column in the bubble-formation zone has a 
non-uniform gas concentration. When summer meltstreams 
flow into the lake, parcels of water are disturbed but are 
poorly mixed. For expected flow rates, the Reynolds number 
ofthe meltstream input is too low to induce turbulent mixing. 
If we consider water in the lake to flow on a flat surface (the 
ice cover) it will become turbulent for Reynolds numbers 
over 300 000 (Sissom & Pitts 1972). If instead we assume a 
characteristic length of 500 m (which is c. % the distance 
across the widest section ofthe lake), the velocity for the onset 
of turbulence is 0.1 cm s-). Alternatively, because the lake is 
more shallow than it is wide, we may consider the flow as in 
a pipe with the diameter given by the mean depth of the lake, 
14.2 m. Based on this dimension the flow will become 
turbulent for Reynolds numbers 2 2000 (Sissom&Pitts 1972) 
implying a velocity of 0.03 cm sl. The velocity of the 
meltwater entering the lake is expected to be < 0.03 cm s-l and 
the flow is not expected to be turbulent. Precise measurements 
would be required to determine the velocity of water parcels 
in the lake. If there is non-turbulent flow, then water parcels 
should move in the lake without uniform mixing. Since the 
molecular diffusion of gas in the lake (2x10.' cm2 s-') is slow 
compared to the diffusion of heat or momentum - rates of 
1 . 3 ~  lo-' cm2 s-l and 1.8 ~ 1 0 . ~  cm2 s-I, respectively - gas 
diffusion will take longer to achieve uniform concentration 
than the dissipation of momentum or thermal equilibrium. 

Conclusions 

Measurements of dissolvedgases in the water column ofLake 
Hoare and other Antarctic Dry Valley lakes, indicated 
supersaturation of the air gases. From the analysis of these 
measurements the following conclusions may be drawn for 
Lake Hoare: 

1) N, and Ar are supersaturated to levels of 2.0Zt0.37 and 
3.8rtl. 1 times atmospheric equilibrium, respectively. 

2) the ratio of N, to Ar in the water column is 20.3Zt3.8 
which is consistent with bubble formation as a primary 
mechanism for the loss of gases from the water column. 

3) the concentrations ofN, and Arare not entirely consistent 
with bubble formation occurring only at the ice-water 
interface during the freezing process. These 
concentrations could be explained by bubble formation 
to depths of c. 11 m. 

4) the gas concentration in the water column is highly 
variable with depth but without systematic trends. This 
variation results when water that has been in contact with 
the ice moves through the lake without effective mixing. 

5) methane has been measured in the anaerobic zone 
indicating the presence of methane-producing bacteria. 

The absence ofmethane 2 m above the anaerobic region 
and the visual observation of what appears to be a 
bacterial haze at this same depth (c. 28 m) suggests the 
presence of methane-oxidizing bacteria. 

6) there is a net flux of CO, upward in the water column that 
is approximately in balance with the measured downward 
flux of O2 and, presumably, sedimentation of organic 
material. Within the context of an overall carbon budget, 
this flux balance can provide an approximation of the 
lake productivity. 
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