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Under-ice methane accumulations from 76 lakes representing differing 

frequencies and durations of flooding were determined from among three clusters of lakes 

distributed over an east-\vest transect across the central Mackenzie delta. This delta is 3 

Iake-rich environment (contains 25.000 lakes) and these 76 lakes represent a stratikd 

sample from 3200 lakes along the east-west transect Methane accu~llulation in these 

fakes is related to the frequency and duration of the spring flooding event, Accumulation 

in fiigh-closure lakes (not flooded every spring) and low-closure Iakes (flooded annually 

but disconnected from main channels as the summer progresses) was significantly greater 

(:means 45 1 and 3 15 @A respectively) than in no-closure lakes (remain connected to main 

channels throughout open water seascn) (mean 173 pM). This indicates that the 

magnitude of methane buildup is strongly related to the flooding and fight regimes of the 

lakes. ffigh-closure lakes are significantly smaller in area than no and low-closure lakes 

and they also tend to be deeper. A trend for higher under-ice accumulation in the eastern 

delta wrnpzed to the westan deki may- be related to lower inclrganic sedimentation in 

the eastern delta. 

A multiple regression model iocorporating chemical indices which are related to 

primary productivity is able to predict methane accumulation in these Iakes with a high 

degree of precision (r2 = 0.88). Four models which estimate under-ice water volume 

were used to predict methane fluxes which yielded an area-weighted average ranging 

fim 183 to 2600 m g l d  for the set of lakes. Extrapolation of these values to the entire 

warer surface area of the h / i acke~e  Delta, yields a spring methane pulse of bet wee^! 0.5 

to 12 Gg to the atmosphere, Further extrapolation yields a potential spring pulse of 3 trl 

I 0 9  Gg for Arctic delta Iakes on a circumpolar scale. 

Best estimates of methane fluxes from the Arctic deltas are probably toward the 

higher end of the range. An average flux of 2000 m g / d  with an average lake surface 



area of 35% on ail northern deltas would result in a spring puise of 58 Gg. %his estimate 

rep~esents approximately 0.3% of :he ami=ud emissions of methane from northern 

wetlands. 
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Chapter 1 

Introduction 

The rise in atmospheric concentration of methane, and other. greenhouse gases 

has raised concern about the potential for increased temperatures due to the possible 

alteration of the Earth's atmospheric radiation balance. The atmospheric concentration of 

methane is currently increasing at an annual rate of 0.8 to 1.0%, doubling in the last 200 

years (Houghton et al.. 1990). To account for current concentrations and increases. 

annual emissions on the order of 540 Tg (1 Tg = 10'2 g) are required. In order to 

intelligently predict changes in concentrations and the subsequent effects on the global 

budget, it is necessary to develop an understanding of the role individual ecosystems have 

in the exchange of this radiatively important trace gas between the earth's surface and the 

atmosphere. To this end, many methane producing systems have been identified and 

extensive work on quantitatively estimating their inputs to the global budget has been 

done. Various terrestrial sources contribute approximately 98% of the global atmospheric 

production (Cicerone and Oremland, 1988). Recent estimates include inputs of 

approximately 20% from each of wetlands (largest natural source), ruminants and 

termites, and rice paddies, with the remaining 40% attributed to other human activities. 

MI of these estimates are subject to considerable uncertainties (Fung et al., 1991 ). 

Atmospheric methane measurements taken at Cape Meares on the Oregon coast 

between 1979 and 1992 indicate a seasonal cycle in atmospheric concentrations in the 

northem hemisphere with peak tropospheric concentrations occurring in the spring and 

fdl (Khalil et al., 1993). To my knowledge, trace gas studies of northern terrestrial and 

freshwater ecosystems have focused on open water and vegetation emissions during ice 

free conditions and potentially address the fall peak in atmospheric methane 

concentrations. High fall emissions are a result of the decomposition and fermentation of 



an increased supply of organic material to lake and wetland sediments during the late 

summer and fall (Hamilton et al., 1994). The spring peak, however, has not yet been 

adequately addressed and the recognition and confusion surrounding this peak helped 

spark the interest to undertake this study for it has been postulated that a pulsed release of 

methane to the atmosphere at the time of ice breakup within lakes may be widespread at 

high latitudes and may play a role in the observed increase in tropospheric methane 

concentrations in the northern hemisphere (Smith and Lewis, 1992). 

Within this introduction, backgrourrd information is given on methane flux 

estimates from northern ecosystems by highlighting two main studies that have taken 

place within the last 10 years. Controls on methane production and accumulation within 

under-ice water columns as relevant to the Mackenzie Delta lakes are also discussed. By 

drawing on this background information and by identifying a potentially significant 

source of atmospheric methane that has been under-represented in current flux estimates, 

the two main hypothesis of this thesis, as well as the study objectives, are derived and 

presented. 

Current Methane Flux Estimates from Northern Ecosystems 

The contribution of methane to the global budget from northern Canada and the 

Soviet Union is poorly understood because of the vastness of the area, the logistic 

difficulties inherent in working in these remote, relatively inaccessible and inhospitable 

environments, and the heterogeneous nature of the ecosystems contained therein. Recent 

estimates of methane emissions fiom high latitude ecosystems of tundra, boreal bogs and 

fens, and taiga indicate that this area has global significance as an atmospheric methane 

source. Estimated annual fluxes range fiom 10 Tg yr l  and 1 1 Tg yr l  (Matthews and 

Fung, 1987; Bartlett et al., 1992; Fan et al, 1992) to 22 Tg y r  * (Matthews and Fung, 

1987) to 38 Tg y r  (Whalen and Reeburgh, 1990). The estimates span a wide range due 

to adoption of different global areas for the estimated flux, the diversity of ecosystem 



types in any one region, the poor knowledge of the areal extent of any one ecosystem type 

various rates and periods for methane emission from each type of vegetation. Also, 

most global flux estimates do not include Arctic lakes which are important sources of 

methane, about half the flux in the Yukon-Kuskokwim delta (Fan et al., 1992). The most 

effective way to obtain more accurate flux estimates is to gather more data from 

representative northern ecosystems and obtain more accurate estimates of the areal extent 

of each ecosystem type. 

To this end, two major studies, focused on obtaining quantitative estimates of 

annual methane fluxes from northern ecosystems to the atmosphere, occurred in the late 

1980's and early 1990's. Both of these studies used sampling designs which 

accommodated the heterogeneous distribution of wetland types within the northern 

ecosystem. Both studies attempted to compare and correlate flux results from aircraft, 

tower and enclosure sampling methodologies. 

The Yukon-Kuskokwim delta in Alaska was intensively studied during a six week 

period (July 3 to August 10) in 1988. The study obtained estimates of methane flux frcm 

three major environments: lakes, wet meadow tundra, and dry upland tundra. 

Measurements taken from wet meadow tundra yielded values approximately 2 orders of 

magnitude higher than values obtained from drier upland tundra. It was also found that 

the highest emissions of methane originated from small delta lakes. Within these lakes, 

the presence of vegetation significantly enhanced the methane flux compared to open 

water rates. By extrapolating the values obtained from these observations, Fan et al. 

(1992) estimated total methane emissions from the global tundra area to be 22 Tg y r  I or 

about 5?4 of the mml global methane budget. Without inclusion of lakes, flux 

estimates decreased to between 1 1  m-9 12 Tg yr(Bart4ett et al., 1992; Fan et al., 1992) 

indicating the significance of lakes as methane sources. 

The Northern Wetlands Study, undertaken on the Hudson Bay Lowlands, was 

designed as a multiyear study to determine the importance of northern wetland 



ecosystems as sources and sinks for a variety of atmospheric gases of which methane was 

one. Six locations along a 140 ian x 40 iun iranseci stretching eastward from North Point 

on James Bay to Kinoshco Lake plus a second site situated in the subarctic region of the 

northern Hudson Bay lowland were sampled intensively. Regional flux surveys were 

also conducted by aircraft between the two main study areas (Glooschenko et al., 1994). 

Weighted emissions for the Hudson Bay Lowland, using sixteen wetland classes, was 

estimated at 0.54 Tg ~ r - 1 .  Extrapolation of flux values to include all northern wetlands 

yielded an annual flux rate of 17 Tg yr-1 or 3 to 4% of the global methane source (Roulet 

et al., 1994). 

Annual flux estimates from these two studies differ mainly because the measured 

fluxes are extrapolated to vastly different areas. Measured fluxes from the Yukon- 

Kuskokwim study are used to estimate flux from the entire northern tundra region fiom 

50" N to 80•‹N (7.3 x 106 krn-2 (Matthew?, 1983)) whereas the Hudson Bay Lowland 

study restricts its estimate to include flux from wetlands only between 40•‹N and 80•‹N 

(2.4 x lo6 km2) (Roulet et al., 1994). Therefore, even though the sampling designs 

allowed for more complete ecosystem representation than previous studies, comparison 

of estimated annual methane flu is difficult because of the differences in areas that the 

extrapolations are applied to. 

Estimates of methane contribution to the global budget from northern ecosystems, 

such as cited in the above studies, are based on extrapolations from summer flux values 

only. There is no indication in the literature that any fluxes were measured immediately 

after ice-out and incorporated into the total flux calculations. Thus a potentially 

important contributor to the annuai flux could have been omitted fiom the northern 

budget estimates. Just how great the buildup of methane may be under ice caps is 

discussed in the following section. 



Under-Ice A c c m u  fation of Methane 

In a study of five alpine lakes in the Colorado Rockies, Smith and Lewis (1 992) 

demonstrated that under-ice methane accumulation is considerable in these lakes. Long 

Lake, for example, had an under-ice methane accumulation of 53 times the summer water 

column concentrations. This lake is shallow and productive with extensive macrophyte 

vegetation covering the sediments and, in this way, is similar to the lakes that occupy the 

deltas and floodplains of the rivers flowing northward into the Arctic Ocean and the 

Beaufort Sea. Even though rates of decomposition of organic material by microbial 

organisms slows in response to decreased temperatures, it does not cease. Therefore, the 

production of methane within anoxic sediments continues through the long winter 

beneath the thick ice cover that accumulates on these lakes. The ice cover prevents 

exchange of gases between the lake surface and the atmosphere thus allowing the 

depletion of oxygen within the water column as well as the accuinulation of methane and 

carbon dioxide. During spring breakup, the ice cover is removed and the wind mixes the 

water column releasing the accumulated methane in a pulse. Smith and Lewis (1 992) 

postulated that these pulses fiom lakes could contribute strongly to the spring peak of 

atmospheric methane. 

Following analogous reasoning, a recent study by Larnrners and Suess (1 995) in 

the Sea of Okhotsk showed a spring flux at ice-out approximately 4 times greater than 

that observed in the summer. Lammers and Suess (1995) concluded that the magnitude 

of the methane flux released during the retreat of the sea ice cover is large enough to 

contribute to the irregular distribution of atmospheric methane on a regional scale. Even 

though the fiux is not large enough to be a significant influence on the m u a l  variation of 

atmospheric methane in the northern hemisphere, they conclude that the spring release of 

methane fiom parts of the Arctic Ocean combines with and modulates other seasonal 

active sources in the northern hemisphere and thus may help generate the observed spring 



peak of atmospheric methane. Without measurements from other representative sources, 

however, this remains as conjecture. 

With under-ice accumulation of methane and subsequent release to the 

atmosphere during ice-out being observed in both northern oceanic ecosystems and 

aquatic alpine ecosystems, it follows that other aquatic systems in which ice acts as a 

barrier to gas exchange could be important contributors to the global methane cycle as 

well. These systems would include lakes, ponds, and wetlands on the Arctic tundra as 

well as the organic rich lakes which cover an estimated 20 to 35 percent of the deltas of 

northward flowing river systems. Of these two ecosystems, the delta lakes may be 

greater potential contributors of methane to the atmosphere than tundra aquatic 

ecosystems because they receive a large annual influx of nutrients to their systems with 

the spring floodwaters. These nutrients promote the high rates of productivity which is 

characteristic of delta lakes. This, in tum, provides a high carbon flux to the sediments 

which supplies the substrate upon which the methanogenic bacteria feed. 

What is not known is how much methane is actually within the ice-covered lakes 

on northern deltas and how much will actually be emitted to the atmosphere after the ice 

has left the lakes. To date, the flux estimates from northern ecosystems rely on summer 

values only with the only exception being the ice-out flux from the Sea of Okhotsk 

(Lammers and Suess, 1995). To my knowledge, very few studies report under-ice 

methane concentrations. Two such studies were done in the Antarctic (Smith et al., 1993; 

Frazma et al., 1991), one in the Colorado Rockies (Smith and Lewis, 1992), and one 

study focused on temperate ice-covered lakes in Minnesota (Michmerhuizen and Striegl, 

1995). Based on the fact that northern delta lakes are productive ecosystems for which 

the accumulation of under-ice methane and the subsequent potential flux to the 

atmosphere during ice-out has not been measured, the objectives for this study include: 

(1) Obtaining a quantitative firs: order estimate of potential methane accumulation in 

ice-covered Arctic lakes on the Mackenzie River delta. 



(2) Estimating subsequent flux to the atmosphere via "lake burping". 

(3) Extrapolating flux values for the Mackenzie Delta to estimate flus values for 

northern delta ecosystems on a circumpolar scale. 

(4) Comparing this estimate with present values in the global methane budget to 

ascertain the significance of these northern delta lakes as methane contributors to the 

budget. Whether or not the methane pulse to the atmosphere at time of ice-out offers a 

potential explanation for the atmospheric spring methane peak will also be addressed. 

Prior to presenting the hypothesis that guides the study design for this thesis, it is 

important to provide background information on the Mackenzie Delta lakes in order to 

draw the link between frequency and duration of spring flooding events and the relative 

degree of primary productivity within these lakes. Backgound information on estxblished 

controls of methane production is also necessary as they are inextricably linked to degree 

merits. of primary productivity in the lakes and the subsequent carbon flux to the sed' 

The Mackenzie Delta: 

Background In formation 

General Description 

The headwaters of the largest river system in Canada, the Mackenzie River 

system, rise in the Rocky Mountains at a distance of 4141 km south of its mouth. The 

Peace and Athabasca Rivers feed the Slave River which in turn drains into Great Slave 

Lake (Fig. 1). From Great Slave Lake the Mackenzie River flows north for 1600 km 

before emptying into the Beaufort Sea. In total, the drainage area of this system is 1.805 

million krn2 (Anoc, 1975). 

Situated in the zone of continuous permafrost, the active delta of the Mackenzie 

River covers an area of 12,000 km2 (Fig. 1). Delta sediment accumulation ranges from 



60 to 90 meters thick for a total deposition volume of 1,200 km3 (Lewis, 1988). An 

estimated 25,000 lakes interconnected by thousands of kilometers of river channels 

dominate the delta ecosystem. The mass of water held by the delta leads to the creation 

of a climatic microcosm with higher mean temperatures enabling the tree line to extend as 

far north as Shallow Bay (Pearce, 1991). In contrast, the vegetation of the bordering 

uplands is predominantly scrub tundra from Inuvik northward (Mackay, 1963). 

Organic-rich lakes, averaging less than 2 m in depth, cover between 15 and 30% 

of the area in the southern and northern sections of the delta and between 30 and 50% in 

the central delta (Mackay, 1963). These three subregions of the delta (Fig. l), can be 

recognized either by dominant vegetation type (Gill, 1978) or levee elevation (Mackay, 

i 963) as both systems of classification are concordant. The southern delta has levee 

heights greater than 6 m as1 and the vegetation on the levees is dominated by spruce and 

alder. The highest sites, elevated well above the modem flooding and erosional regime 

by the formation of ice lenses within the substrate, are characterized by thick organic 

substrates, active layer depths of 30 to 50 cm and luxuriant ground cover of lichens, 

crowberry, blueberry and other heaths with tundra affinities (Pearce, 199 1). In the middle 

delta levee elevations range between 3 and 6 m as1 with spruce and willow being the 

characteristic vegetation on the land surface. The northern delta has levees less than 3 m 

as1 with willow and small bushes forming the ground cover. The border between the 

middle and northern delta is the northern extent of the tree line on the delta. Throughout 

the delta, sedges, horsehiis, and pondweeds are common inhabitants of channel and lake 

shorelines. 

Two components of the hydrology of the Mackenzie Delta are of interest to this 

thesis: (1) the source areas for the flood waters and the subsequent potential effect on the 

spatial distribution of methane concentration in the delta lakes, and (2) the spring flood 



Fig. 1. Location map of the Mackenzie Delta, N.W.T., Canada. The marked section 

between Inuvik and Aklavik represents the transect containing the sample lakes. Note 

that the delta has also been subdivided into 3 sections, Northern (N), Middle (M), and 

Southern (S) which reflect major divisions based upon dominant vegetation and sill 

elevation regime (Map modified from Marsh and Hey, 1988). 





event, which has considerable control over the ecological characterisiics of the delta lakes 

Gesack et al., 1996). 

The west side of the delta receives 90% of its water from the Peel and Rat Rivers 

which drain the Mackenzie Mountains and are heavily laden with sediment. The water 

on the east side of the delta originates almost solely ffom the Mackenzie River with small 

contributions from channels draining the Caribou Hills. The eastern tributaries are almost 

sediment deficient because of geologic controls but the main Mackenzie River is supplied 

by the silt laden Laird River which is responsible for about 40% of the total sediment 

load of the Mackenzie River (Marsh and Ferguson, 1988). The waters which feed the 

mid delta lakes, while containing mainly Mackenzie River water, may also contain 25% 

Feel River and mountain water. 

Spring flooding is maximized because the southern portions of the Mackenzie 

basin thaw before the northern portions. Ice jamming downstream causes backup of the 

water with the frequency and duration of flooding increasing in a down-delta direction 

(Marsh and Hey, 1991). The duration and level of flooding is dependent upon the type of 

breakup that occurs in the spring (Eigras, 1990). Thermal breakups are the most 

common type on the Mackenzie delta and result in lower flood levels and shorter duration 

of the flooding event. With thermal breakups, the northern and central delta lakes are 

most affected with southern, higher elevation lakes receiving little or no floodwater. 

Thermal breakups result from high air temperatures, high insolation, reduced albedo, low 

water flow and an extremely weakened ice cover on the river's main channels. In 

contrast, mechanical breakups are much more dynamic. They are accompanied by low 

air temperatures and, with long lasting snow cover over the ice, high albedo. The river 

therefore has a very strong ice cover which has to be moved and broken up by the force 

of the spring flood wave. This causes extreme flooding which is high enough to top even 

the lakes at the higher elevations above the main channel. 



As well as a north-south variation in flood water depths, the cross-delta shape of 

the floodwave is convex probably caused by more extensive ice jamming of the central 

channel compared to the eastern and western channels (P. Marsh, personal 

communication). Because extensive data is unavailable at this time for the central and 

western delta I will assume that this pattern remains consistent from year to year. For the 

eastern delta, however, over 20 years of data indicates a flood level range between 4.3 to 

7.8 m as1 with an average mean level of 5.6 m as1 occurring on June 3 (Marsh and 

kerguson, 1988). After this date, the lake levels fall rapidly in response to falling 

Mackenzie River levels, with water levels dropping an average of 1.04 m over a 4 day 

period following the peak. Lower summer floods from precipitation events within the 

drainage basin also occur but, because their magnitude is much less, their effect on the 

delta ecosystem is less pronounced. 

Luke classification based upon fIoodingJLequency and durution 

Delta lakes are linked to nearby lakes or channels by single or multiple breaches 

in the sill (!owst point on the connectifig thalweg). The lakes exist on a continuum of 

elevations above the main river channels and, as such, frequency and duration of flooding 

of each lake depends upon the height of the main river flood event. Marsh and Hey 

(1 989) classified Mackenzie Delta lakes as high-closure, low-closure, or no-closure 

depending upon the duration and frequency of spring floodwaters entering the lake. 

High-closure lakes have a flood return period of greater than 1 year with a duration period 

of approximately 14 days. Low closure lakes are flooded annually but become 

disconnected to the main channel as the summer progresses. No-closure lakes remain 

connected to the main throughout the open water period. Because the sill 

elevation defines the closure status of the lake, high-sill, low-sill, and no-sill are 

synonymous with high-closure, low-closure and no-closure. Marsh and Hey (1 989) have 



estimated Irigh-closure. Io.rv-cfosure. and EO-closure lakes constitute approsim;ilel_i. 

33%,55% znd 12% ~.ecpf:ti~e!y of I&PC in the Inuvik a m  of the hiackenzie Delta. 

Lesack et al.. (1996) have determined &at chemical cornpsition of thc frtsyuc~rl~ 

flooded lakes appear to be relatively stable from year to year, This s ~ b i l i t y  is a result of 

chemical reinitialization of the water columns by the annual flood event. The 

composition of high closure lakes which are infrequently flooded are subject to strong 

biogeochemical controls, but the strength of the effect is propflional tit the lmgh of 

time that the Iake has not k e n  flooded. Far example, Ctishwster 1-&e went through a 

period of 8 years where it was not flooded. M e n  reinitialized by flcdwaax, thc 

chemistry shifted from Ca*' plus SOjZ- dominance to Ca** plus liCOj-. 

Aerial surveys conducted along a 75 km by 5 km mid delta transeft (Fig. 1 ) 

during the 1992 spring breakup aflowed the relation between dates of lake flooding and 

channel water levels to be examined. The aerial photography showed qwiitative 

variations in lake sediment concentrations. take ice condition and flooding status, f ,&es 

were considered to be flooded when sediment concentration was c u n s ~ ~ t  throughout !he 

lake. When a mixture of concentrations within the lake was noted. the status of the lakc 

was considered to be still flooding. The date and flooding status of each lako was then 

compared to water level records for each of the three main channels. hst,  West, anti 

Middle. Lake sill elevation was estimated as being equal to the measured main cfiannc-l 

wafer level on the first (fay that floodwater was observed to have flooded into a fakc. f t 

was from this information, combined with the definition of closure status, that all lakes 

(approximately 3200) along the transect were classified (Bach 2 9943. 

Bmzm +u.e eleyii450s of'&e irre r---- L- -A" 4- ----a" fid---L --A t Z - - -  - i ~ u m  ~ U I U I  tu WUUX r ~ m a r ~ l t  arxu nuy, 

f %l), the probability oflafrs fl&hg decreases in the mxe e!evatd w t t !  upper 

central regions of the delta ( E 5 i g - q  1990). It follows then that, in a southward 

progression dong this the percentage ofhigfi-clasure lakes ranges fmn~ 13%. trt 

3396, to 44% (Marsh and Hey, 1991 ). Lake evof utiun processes explain the diflen:nces in 



sill elevations with channel abandonment and point bar development leading to the 

formation of low-closure lakes on the delta front. Further south. thermokarst processes 

dominate and tend to lead to the development of high-closure lakes. 

jMethane is a gas emitted in moxie lake sediments by bacteria which feed on the 

by products of decomposing organic debris. According to current literature, three main 

components affect and control the production of methane in lake sediments and the 

subsequent buildup of this gas in the overlying water column: 

I .  Substrate aviiilability as derived from the productivity of the lakes 

7 ,, pH a d  re&x pkdd 

3. Dissolved oxygen concentration in the water column 

Extreme variability in any of these components will cause a significant change in 

potential methane production and/or accumulation. In this section. a general discussion 

of each ofthese three controls will be presented with specific relevance to the Mackenzie 

Delta lakes. 

Substrate maiiabiiity 

There is general agreement in the literature among open water methane emission 

@dies that substrate avziiability, quafit).. rate of supply to the sediments. and temperature 

are major &eminants of me& production because they act to control rates of 

Fermatmtion and subsequent mewogenic activity (Kelly and Chynoweth, 1981 ; Smith 

md Lewis, 1992: Valentine, 1994)- Kelly and Chpoweth (1 981) illustrate the positive 

reiatiorr between in s i f ~  methane flux rate and sedimentation rate of total organic carbon. 

However, subsequent studies demonstrated that not only quantity but quality of carbon 

input affects mezhaue probuction- Lab studies Naientine, 1994) demonstrate that carbon 

with high iigBig:N Acts and high &n:N ratios znakes relatively methane 



production substrate as compared with carbon exhibiting low 1ignin:N and carbon:N 

ratios. From this relation, it follows that ecosystems with high rates of autochthonous 

primary productivity would be superior methane producing ecosystems as compared with 

systems with lower rates of in situ primary productivity. This relation has been 

hypothesized to account for spatial differences in methane flux rates observed between 

"old" lakes with peaty bottoms and "young" lakes with organic sediments exhibiting 

iower ratios of carbon:N and 1ignin:N on the Hudson Bay Lowlands (Valentine, 1994). In 

relating this correlation to the Mackenzie River delta lakes, it is possible that lakes which 

characteristically have a high degree of autochthonous production, such as lakes with 

clear water columns, may provide superior substrate for methanogenic bacteria and 

ibae5.y prove to be b e ~ e r  meiftme producers than more turbid Iakes. 

Productivity as related to closure stutus 

Spring flooding is vital to the life of the Mackenzie Delta lakes, for without 

flooding these lakes would operate with a negative water balance losing more to 

evaporation each summer than they would gain in direct precipitation and runoff from the 

surrounding lake basin (Marsh, 1989) In addition to regeneration of water, spring flood 

waters bring with them nutrients and suspended sediments both of which affect the 

productivity levels of the lakes. Nutrients can often limit phytoplankton growth when 

depleted in the surrounding water column. Suspended sediments act to limit light 

availability to submerged macrophytes. 

In the M a c k e ~ e  Delta fakes, phytoplankton may become phosphorus limited in 

high cfosure-takes because of their limited connection to the main river channels during 

the open water season (Hecky et aL, 1991). In natural systems, the supply of phosphorus 

is retamed in surround'mg terrestrial watersheds by vegetation and by chemical 

interactions with soil minerals. Thus when sediment moves with the flood waters, 

phospHom is delivered to the lake ecosystems. Within the water column a large 



proportion of the phosphorus is contained in the plankton biomass leaving only a small 

portion to be found in available form. When the plankton dies, the phosphorus is 

returned to the sediments. Because of the long period of ice cover for Mackenzie Delta 

lakes, the water column should become anoxic early in the winter. Phosphorus release 

from the sediments is at a maximum in anoxic conditions and it is expected that these 

lakes will yield high values of phosphorus within their under-ice water columns. 

High concentrations of nitrogen in the form of ammonium should also be 

encountered in the delta's anoxic ice-covered lakes. A major source for ammonium for 

the Mackenzie Delta lakes during winter is from decomposition of organic nitrogen to 

ammonia and its diffusion into the overlying water. Ammonia combines with water to 

form ammonium hydroxide which dissociates to form ammonium and hydroxyl ions. 

Ammonium is the nitrogen source utilized by the methane producing bacteria and thus its 

spatial distribution is of interest to this study as it is expected to correlate well with 

methane production. 

Unlike phytoplankton populations which depend upon obtaining nutrients from 

the surrounding water column, macrophytes mine nutrients from the sediments and are 

therefore unlikely to become nutrient limited. Their growth is, however, affected by light 

availability. Among the lakes, a strong gradient of light regimes exists (Lesack et al., 

1991 b). High-closure lakes are only connected to spring flood waters for a short time, if 

at all, in any given year and are rarely subject to summer flood waters. Their biota is 

dominated by macrophyies which develop in the clear water columns during the summer 

months. In contrast, no and low-closure lakes are often too turbid to facilitate submerged 

vegetation growth and their primary productivity values are often dominated by 

phytoplankton which can take advantage of the mixing water column to obtain adequate 

light. Hecky et al. (1991) demonstrated the effects of turbidity on community metabolism 

and subsequent photosynthetic rates in four delta lakes in which light attenuation was 

affected by sedimentation in the water column. In the clearest lake, a high sill elevation 



lake, net photosynthesis of macrophytes per unit area was more than a factor of 20 higher 

than turbid lakes and accounted for more than 95% of community photosynthesis whereas 

throughout the four lakes photosynthetic rates of phytoplankton per unit area varied less 

than two fold. These results are consistent with other studies in northern lakes such as 

Ramlal et al. (1 994) on the Tuktoyaktuk Peninsula and Welch and Kalff (1 974) on Char 

Lake where macrophyte photosynthesis was also important. The most turbid water 

columns exist in the no and low-closure lakes as they continue to exchange water with the 

river channel throughout the summer. 

Heavy sedimentation of a lake will most likely occur just prior to and immediately 

following the peak of the river flood. Distance that the suspended sediment travels, or 

proximity to channel, also determines how much sediment actually enters a lake system. 

Those lakes closest to the channel will receive heavier sedimentation than those further 

along the flow path. Once the floods recede somewhat, heavy sedimentation will not 

affect the whole lake but rather affect only the area near the inflow allowing for a more 

photosynthetically favorable light regime to exist in the remainder of the lake. Settlement 

of suspended sediments occurs quickly after connection with the main channel ceases. 

Marsh (1995, unpublished), in a study of an 81 lake subset of the 3200 lake 

transect showed an increasing trend in sedimentation rate from high to no-closure lakes 

based on the amount of sediment accumulated above a 137Cs peak specific to each lake. 

From this information it is evident that no and low closure lakes would have more turbid 

water columns due to higher levels of sediment concentration for a longer duration than 

the high-closure lakes. The trend in sedimentation rate on a cross-delta basis was also 

found by Marsh et al. (1 995, unpublished) which appears to reflect geological controls 

although it is unknown how much sediment originates from the erosion of fine grained 

bank material along the channels. 

From the above information, it becomes evident that high-closure lakes have 

higher rates of primary productivity in the form of aquatic macrophytes than low and no 



dosure lakes. This is a direct result of favorable light regimes (lower sedimentation 

rates) and adequate nutrient supply. Therefore, in this study, light, as controlled by 

flooding regimes, may prove to be a controlling factor on methane production through its 

limitation of primary productivity within the lake ecosystems. 

pH und redox potential 

Methanogenesis is the anaerobic mineralization of organic matter. Within a 

typical lake sediment profile, aerobic processes occur near the sedimentlwater interface. 

Further down the profile, oxygen disappears and anaerobic processing of organic material 

begins. As the redox falls lower with depth into the sediments, a sequence of processes 

occurs by which various bacteria act as catalysts to initiate oxidation of organic material. 

Methanogenesis is the process which occurs at the lowest redox value. 

In fieshwater environments, methane production is dominated by acetate splitting: 

CH3COOH -+ C02 + CH4 (1) 

Methanogenic bacteria can use only certain organic substrates for acetate splitting and 

sulfate-reducing bacteria are more effective competitors for the same compounds 

(Schlesinger, 1991). However, sulfate reducers also release acetate which often benefits 

the acetate fermenting methanogenic bacteria. So even though there is little or no overlap 

between the zone of methanogenesis and the zone of sulfate reduction in sediments, a 

dynamic relation exists that resporids to the shifting of the redox zones within the 

sediment profile. As the upper sediments become more anoxic, the redox potential 

becomes lower at shallower depths in the profile shifting the zones of reduction upward. 

Therefore, the acetate produced by the sulfate reducers becomes the substrate for the 

methane producing bacteria. 

Methane is also produced by carbon dioxide reduction: 

C02 + 4H2 -> CH4 + 2H20 



where hydrogen is available as a byproduct of fermentation: 

CH20 + H20 -+ 2H7 - + CO? - 

Redox potential is closely related to pH by the equation: 

log K = pe + pH 

where: log K = equilibrium constant of the methane reaction 

pe = -Logre-] where [e-1 is electron activity in a redox half-reaction. 

As the chemical reaction which produces methane is represented by a constant (K), the 

given relation shows that as redox potential decreases, pH must increase. Methanogenesis 

requires low redox potentials and thus higher pH values are necessary for high methane 

production. Hence, both redox potential and pH act as physiological controls over 

methane production in lake sediments. 

Dissolved oxygen concentration 

To this point in this section, I have provided an overview of the expected 

dominant controls on methane production in the Mackenzie Delta lakes. Just as methane 

production demands an anoxic environment, so does methane accumulation within the 

water column. Oxidizing bacteria, which can inhabit both the upper lake sediments 

andlor the overlying water column, use oxygen as an electron acceptor to convert 

methane to carbon dioxide. Methane oxidation can represent the dominant contributor to 

the development of total lake anoxiz especially in cases where ice cover prevents gas 

exchange with the atmosphere (Rudd and Hamilton, 1978). 

Water column oxygen is also consumed by the metabolic demands of other 

organisms within the water column and the sediments. The sediments consume oxygen at 

a rate which is related to lake morphometry and mixing of the water column beneath the 

ice. As a rule, ice-covered deep lakes with small surface areas take longer to consume 

19 



oxygen than shallow lakes with larger surface areas (Schindler, 1971; Mathias and Barica, 

1980): Even though the Mackenzie Delta lakes we not large in area, they have an average 

depth of < 2 rn and therefore anoxic conditions will develop soon after surface ice 

formation. 

The degree of mixing of the water column under ice cover may be important 

because of the implications it has for the initial consumption of water column oxygen and 

hence the accumulation of methane in the under-ice water column. Two scenarios can 

occur. In the first, the water column mixes completely under the ice as occurs on prairie 

ice-covered lakes (Mathias and Barica, 1980). In this case, vertical oxygen profiles in the 

under-ice water column are used as evidence of complete mixing. In the second scenario, 

a stratified system is set up under the ice cover which prohibits vertical mixing of the 

column. This could occur via chemical stratification, as occurs in Lake Fryxell (Smith et 

al., 1993), or by density differences of water layers in response to temperature. For Arctic 

delta lakes, there is no anticipation that they will become chemically stratified beneath a 

winter ice cap; however, temperature gradients do exist within the under-ice water 

columns which would result in density differences between strata of water. These density 

differences inhibit vertical mixing of the water column. Therefore, there could be a 

stratification of methane beneath the ice cover with highest values being maintained at the 

sedimentJwater interface. 

The key to remineralization of carbon materials lies in the flux of carbon to the 

sediments. The consumption of oxygen by the sediments and the subsequent processing 

of carbon by anaerobic processes cannot take place unless there is a supply of carbon to 

the sediments dthorrgh it is hypothesized that the oxygen uptake rate of sedime~ts reflects 

a long term integral of sedimented organic matter rather than short term variation 

(Mathias and Barica, 1980). Thus the long term controlling variables of primary 

production become important in all estimates of carbon remineralization. Although in 

general, for lakes that strati@, it has beer? hypothesized that mid-sized lakes are more 



productive t5an small or large lakes (Fee et al., 1992). in the case of the Mackenzie Delta 

lakes it has been shown that the degree of productivity is related more to channel 

connectedness and the effects of light limitation than to size. Thus lakes at higher 

elevations above the river channel (high-closure) are more productive than lakes that are 

closer in elevation to the river channel (low and no-closure) and therefore should have 

higher concentrations of methane in their under-ice water columns. 

Research Hypotheses 

One major aspect of this study has focused on identifying and explaining how sill 

elevation, through its control on lake flooding regimes, determines nutrient supply and 

light regimes which act as limiting agents on primary production within delta lakes. 

Primary production is the main control on methane substrate availability which, in turn, 

determines the production of methane in the sediments of ice-covered delta lakes. The 

physiological controls of pH and redox potential are intcgrated tightly with the controls 

on substrate availability. There has also been a focus on identifiing and explaining the 

role of water column oxygen concentration and how it will affect the maintenance of 

methane within the water column of ice-covered lakes. 

Previous work has suggested that high-closure lakes are more productive than low 

and no-closure lakes. Because of their limited connection to the main river channels, they 

have lower sedimentation rates. These two factors lead to the first hypothesis which 

guides this thesis: 

Hypothesis I: Lake closure (high, low, and no) will have an effect on the spatial 

distribution of methane and other measured physical and chemical variables. 

The second hypothesis focuses on spgtial distribution of methane accumulation 

across the Mackenzie delta. The lakes are fed by three main channels each with it's own 

chemical signature reflecting differing source areas for the contributing waters. The lakes 

these waters feed could well reflect these chemical signatures. As well, geologic controls 



operate to influence the amount and type of sediment in each of the three channels with 

the western channel being more heavily laden with sediment than the eastern channel. 

This reasoning leads to the second hypothesis: 

Hypothesis 11: Lake position on the delta (Inuvik (east), Central, and Aklavik 

(west)) will have an effect on the spatial distribution of methane and other measured 

physical and chemical variables. 



Chapter 2 

-Methods 

Study Design 

The study covered by this thesis is based on an 8 1 lake subset that was selected 

(Marsh and Hey, 1989) fiom a 3200 lake transect between Aklavik and Inuvik. The lakes 

were chosen to be representative of lakes with differing closure status and location on the 

delta. The subset focuses on the three main target areas which reflect the differing 

sources of the floodwaters: (1) western delta near Aklavik (Fig. 2, Table I), (2) the 

central delta near Middle Channel (Fig. 3, Table 1) and, (3) the eastern delta near Inuvik 

(Fig. 4, Table 1). Each area contains 27 lakes of which 9 are high-closure, 9 are low- 

closure and 9 are no-closure. 

Sample Collection and On-Site Measurements 

The lakes were sampled thme times over two field seasons (spring 1993, summer 

1993, spring 1994). Sampling during the spring of 1993 and 1994 was performed over a 

short period (late April to early May) just prior to ice-out. Sampling during summer 1993 

was performed on a single day during late summer (mid August). Sample collection and 

analytical procedures were consistent across all three data sets. Because the lakes are 

well mixed during the open water period, water samples for major solute analysis were 

collected from the subsurface in the middle of the lakes. Under-ice sampling was 

accomplished by drilling a 20 cm hole through the lake ice with a gas-powered ice auger 

and withdrawing samples from appropriate points in the water column with a submersible 

pump. The location of the sampling hole was intended to be at the deepest part of the 

lake and this location was estimated based on proximity to shore and the degree of bank 

slumping associated with a particular shoreline. To assist with calculations of lake 



Fig. 2. Location map highlighting sampled lakes on the west side of the Mackenzie Delta 

near Aklavik, N.W.T. Lakes numbered 19 to 27 are classified as no-closure lakes, 28 to 

36 are classified as low-closure lakes and 73 to 81 are classified as high-closure lakes 

(Map modified from Surveys and Mapping Branch, 1974). Dashed lines indicate 

northern and southern transect boundaries. 





Table 1. Lake number cross referencing based on lake closure classification 
scheme for the Mackenzie Delta lake transect 

Region No Closure Low Closure High Closure 

Lake No. UTM No. Lake No. UTM No. Lake No. UTM No. 

lnuvik 1 NL50508250 
(East) 2 NL47308250 

4 NL46707860 
5 NL46207830 
6 NL45607900 
8 NL41707640 
9 N L4 1 657708 

Central 

Aklavik 19 
(West) 20 

2 1 
22 
23 
24 
25 
26 
27 



Fig. 3. Location map highlighting sampled lakes on the Central Mackcnzic 13elta. 

N.W.T. L&es numbered 10 to 18 x e  cimsifid as no-closure !&s, 3? to 45 me 

classified as low-closure lakes and 64 to 72 are classified as high-closure lakcs (Map 

modified from Surveys and Mapping Branch, 1974). The dashed line indicates thc 

southern transect boundary. The northern boundary is located just north of thc map 

margin. 





Fig. 4. Location map highlighting sampled lakes on the east side of the Mackenzie Delta 

near huvik, N.W.T. Lakes numbered 1 to 9 are classified as no-closure lakes, 46 to 54 

are classified as low-closure lakes and 55 to 63 are classified as high-closure lakes. The 

dashed lines indicate the northern, southern, and eastern trnasect boundaries. 





volumes and under-ice volumes of water (this thesis, pages 37 to 46), measurements of 

water colunin depth, total ice thickness mb white ice thickness were obtained at each ice 

hole. Snow depth was also recorded for each lake. The surface area of each lake was 

determined by planimetry of 1:50,000 topographic maps. 

Gases and Major Solutes 

Water samples for CH4, C02, and DIC analysis were collected in evacuated 125 

ml serum bottles. Prior to evacuation, 8.9 g of potassium chloride salt (KC1) was added 

to each bottle as a preservative (Hesslein et a]., 1991). The use of KC1 as a preservative 

does not change the C02 concentration as it does not affect the pH of the water. The 

serum bottles were then flushed with ultra high purity nitrogen (UHP N2) for 2 minutes, 

sealed with vacutainer rubber septurns, and evacuated to 27 inches of mercury using a 

pump connected to a 18G needle. Bottles prepared in this method have been kept for 6 

weeks with no loss of vacuum (Hamilton et al., 1994). In practice, the bottles were 

prepared within 2 weeks prior to sampling. 

The goal at each lake was to obtain duplicate samples which, when analyzed for 

gas content, would be representative of the entire under-ice water column. Therefore, one 

of two methods was utilized depending upon the depth of the lake. If the total depth of 

the lake was less than 1 m the shallow under-ice water cplumn necessitated that duplicate 

samples be drawn from 5 to 10 crn above the sedimedwater interface. If the water 

column was greater than 1 m deep, a single sample was drawn from approximately 5 to 

10 cm above the sediment water interface and another just below the ice/water interface. 

For these lakes an average of the two samples was assumed representative ef the gas 

content for the entire water colulrr?. 

It is imperative that the samples drawn from the lake remain anoxic in order to 

prevent the oxidation of methane contained in the sample. A submersible pump allowed 

withdrawal of samples from any depth desired with minimal disruption of the water 



column. The 125 ml serum bottles were submerged into a bottom-filling collecting 

vessel connected to the pump and the septums were punctured using a 18G needle. Once 

the flow into the serum bottles stopped, the needle was removed and the bottles were left 

submerged for 30 seconds to allow the punctured septum to reseal. The KC1 within the 

samples was dissolved by swirling the bottles. In the lab, septums were coated with 

silicone to ensure tight sealing and the samples were refrigerated. 

Using the submersible pumpltygon tubing apparatus, samples for major solute 

analyses were drawn into clean 1 L plastic bottles (Nalgene HDPE) from just above the 

sediment water interface. At each lake, conductivity and temperature measurements were 

taken at 0.5 m intervals in the water column (YSI Model 3000 Temperature Level 

Conductivity meter). Conductivity values were corrected to 25•‹C by use of the 

regression equation: 

C, = C(-0.02457 * T + 1.619006) (5) 

where C, = temperature corrected conductivity 

C = measured conductivity 

T = temperature in "C. 

Sediment 

In order to determine the relation between the organic carbon, nitrogen, and 

phosphorus content of the sediments and the poteniial for under-ice methane production, 

sediment samples were collected fiom each lake in the Inuvik and central delta regions. 

A coring device (ID = 10 cm) was inserted into the sediments with a metal rod. A 

butterfly sealing valve positioned on top of the tube was open during tube insertion and 

then closed by releasing the valve after the tube was inserted into the sediments. This 

resulted in a vacuum being generated within the tube which allowed the sediment to be 

withdrawn intact. The cores were extruded into a bucket and the top 1 cm of the core was 

scraped off and stored frozen in whirl-bags. 



Analytical Chemistry 

Gases and major solutes 

Prior to analysis the serum bottles were placed in a warm dark water bath to 

elevate the sample temperatures quickly to room temperature. The temperature of each 

sample was recorded. Samples were then shaken by hand for 30 seconds to establish 

equiiibrium between the gas phase and the liquid phases. Duplicate 0.2 ml gas samples 

were removed using a 0.25 ml pressure lok syringe (Dynatech) and analyzed by gas 

chromatography (Carle Model AGC-3 1 1) using flame ionization and thermal 

conductance detectors. The gas chromatograph was standardized by injection of six 

standard mixtures for CH4 (100 to 250000 ppm, Scotty gases) and three standard 

mixtures for C02 (5000 to 60000 ppm, Scotty gases). 

To determine dissolved inorganic carbon (DIC) content, 0.2 ml of phosphoric acid 

(85%) was added to each sample bottle to drop the pH below 2.5 and the bottles were 

shaken again for 30 seconds to convert all the DIC to C02. Duplicate 0.2 ml sub-samples 

of headspace gas were again taken from the sample bottles and analyzed as outlined 

above. The range for the three standard mixtures for C02 were increased (10,000 to 

300,000 ppm, Scotty gases). During the DIC analysis a double check on methane content 

was run. HC03 concentrations were calculated by subtracting the amount of C02 

measured for each sample from the total DIC measured for each sample. 

To calculate gas content per sample volume, bottle weights were recorded when 

empty, with the addition of the KC1, with the sample, after the addition of phosphoric 

acid, and at full weight. To calculate head space, full bottle volumes and sample volumes 

were measured. Water concentrations of C02 and CH4 were calculated from head space 

concentrations of these gases using Henry's law and the appropriate soiubility coefficients 

as per Hamilton (1992). Solubility coefficients adjusted for temperature and salinity were 



obtained from Yamamoto et al. (1 976) and Harned and Davis (1943) as per the 

methodology of Hamilton (1 992 ). Prior to statistical analysis to determine spatial 

variability or regression correlations with other variables, between bottle concentrations 

were averaged for the 60 cases where duplicate samples were drawn from the same level 

of the water column. 

Conductivity (YSI Model 32 Conductance meter) and pH (Orion 290A pH1ISE 

meter) analyses were performed on aliquots of unfiltered sample, while measurements for 

major solutes were performed on aliquots of sample filtered through thoroughly rinsed 

Gelman AE glass fiber filters and an all-plastic filtration apparatus. Conductivity values 

were standardized to 25O C by use of regression equation (5). 

Ammonium was measured by the indophenol blue method and phosphate by the 

molybdenum blue-ascorbic acid method (Strickland and Parsons, 1972). Sulfate and 

chloride values were determined via ion chromatography (Dionex) using an IonPac 

AS4A SC 4rnm column. Sodium, magnesium, potassium, and calcium concentrations 

were obtained via atomic absorption spectroscopy (Varian AA- 1275) using an air- 

acetylene flame. Samples for calcium and magnesium were spiked with lanthanum 

chloride and potassium and sodium samples were spiked with cesium chloride as per 

APHA (1989). 

Once major ions had been analyzed, theoretical conductivities and per cent charge 

balances were calculated to ensure that the analysis was complete and that no major 

analytical errors had been made. Theoretical conductivities were obtained by calculating 

the equivalent conductance of each major measured cation and anion and summing the 

results (Golterman and Clymo, 1969): 

CT = (Na*50.5)+(Mg*53)+(Ca*60)+(K*74)+(C1*76.4)+(SO4*8O)+(HCO3 4 4 5  (6) 

where CT represents the theoretical conductivity 

all values of ions are in pM 



Per cent charge balance was calculated as: 

Cb = [Cf - C-)/Ct] * 100 

where Cb = % charge balance 

Cf = sum of positive charges 

C- = sum of negative charges 

Ct = total sum of charges. 

Silica values were determined via spectrophotometry using the molybdosiiicate 

method as per APHA (1 989). Although silica measurements were performed on filtered 

water, leaching tests confirmed that the glass fiber filters were not a source of significant 

leachate in the concentration range in which we were working. Detection limits for gases 

and major solutes are presented in Appendix E. 

Sediments 

Prior to analysis, each sample was placed in a pre-weighed 57 mm aluminum 

dish, weighed and oven dried to a constant weight at 46 "C to ensure no destruction of 

carbon. Ground replicate sub-samples were placed in capped 20 ml scintillation tubes 

and stored in a desiccation chamber. 

Measurement of sediment phosphorus was performed by using an elevated 

pressure-temperature microwave dissolution technique revised from Revesz and Hasty 

(1 987) in consultation with a technician from Seigniory Chemical Products. The samples 

were digested in 10 ml of 1 :1 HN03:H20 in closed vessels. Samples were then diluted to 

100 ml and filtered through Gelman AIE glass fiber filters. The digested samples were 

then analyzed after appropriate dilution via spectrophotometry as per the molybdenum 

blue-ascorbic acid method (Strickland and Parsons, 1972). To ensure reagents did not 

react with the HN03 used in the digestion, 10 ml of a 1 M PO4 standard was mixed with 

10 ml of HN03 and then digested along with the samples. After digestion, this standard 

was diluted with deionized distilled water to form 1, 5, and 10 pM standards and 



absorbency readings were compared with a control set of 1,5, and 10 pM PO4 standards 

made without being subjected to the addition of HN03 or the digestion process. Blanks 

were also treated in this manner. 

Sediment carbon and nitrogen concentrations were obtained via CMN analysis 

done at the Freshwater Institute, Saskatoon (Stainton et al., 1977). 

Statistical Analjwis of Data 

Determining the eflect of closure andor position on the spatial distribution of measured 

variables 

An important goal for the statistical analyses of the data sets is to determine if the 

spatial variability of the physical and chemical variables is defined by lake closure and/or 

position on the delta. Testing for variability between level means can therefore be 

accommodated by using a Model 1, two factor analysis of variance as follows: 

Factor Level 

Closure classification High, Low, No 

Delta position Aklavik, Central, Inuvik 

If significant variation between the level means of the variable was identified by the two- 

way ANOVA a subsequent one-way ANOVA combined with a post-hoc TUKEY HSD 

test was run on the category to determine exactly which levels of the category contained 

significant variation between the means. 

Prior to performing the ANOVAs, transformations of the data were carried out to 

obtain the most normal distribution possible for each variable. To help identify the 

transformation that best fit the normal distribution, the Lilliefors test for normality was 

performed on various transformations of each variable and the transformation that yielded 

the highest p-value was used in subsequent statistical analyses. 



Predicting Under-Ice Methane Concentrations 

Multiple regression was used to predict under-ice methane concentration from 

measured water chemistry and sediment variables. Residual plots were examined to 

verify the linear fit of the model as well as to identify outliers. Transformation of the 

dependent variable, as well as many of the independent variables, was necessary to avoid 

violating the assumption of model linearity. Checks for coliinearity of independent 

variables were performed in order to stabilize estimates of regression coefficients which 

can be adversely affected by strong Iinear relaticnships among explanatory variables 

(Chatterjee and Price, 1990). 

Determination of Total Lake Volume and Under-ice Volume 

A major objective of this study is to obtain a quantitative first-order estimate of 

potential methane accumulation in ice-covered Arctic lakes on the Mackenzie River delta 

and then to extrapolate these values to give an estimated flux value for northern delta 

ecosystems on a circumpolar scale. To do this, whole lake methane content had to first 

be determined for each lake based upon the concentration of methane found in the 

samples multiplied by under-ice water volume. A challenge became to determine total 

lake volume and under-ice water volume from known lake surface area, ice column 

depth, lake depth at point of sampling and ion concentrations from the summer 1993 data 

set and the under-ice data set from the spring of 1994. In this section two models are 

presented, Model 1 and Model 2, each of which determine total lake volume. Under-ice 

volumes are then estimated f ~ r  each model using two methods, Method A and Method B. 

Thus 4 rnode!s are generated to determine under-ice volume: 

Model I, Method A 

Model 1, Method B 

Model 2, Method A 



Model 2, Method B 

Model I includes two inherent assumptions: (1) that the point we sampled was 

the deepest point of the lake; (2) that the bathymetry of NRC Lake is indeed a 

representative model for all the lakes in the Mackenzie Delta and therefore the relations 

between % depth with % area are also representative. This model takes advantage of the 

excellent spatial information available for NRC lake. A hypsometric curve was generated 

for NRC lake (Fig. 5) and a seven degree polynomial equation was fit to the data to 

enable % area to be estimated for each lake from known % depth values (r2 = 0.998). 

Using this relation, total lake volumes can be estimated from the measured surface area of 

the lakes and the measured depth at the sampling sites. By calculating 

areas of strata at 5 cm depth intervals, determining the volumes of each strata section, and 

then summing the volumes, the total lake volume can be estimated (Fig. 6). 

Model 2 assumes that the sampling point was representative of the average depth 

of the lake (Dl in Fig. 6). Total lake volume is hence obtained from the product of the 

lake surface area and depfh at the sampling point: 

V,=D, * A  

where Vt = Total volume of the lake (m3) 

Dl = Depth of lake (m) at sampling point 

A = Area of lake (m2) 

Individual volumes for the sampled lakes as determined by both Model 1 and 

Model 2 are presented in Appendix D (Table Dl). 

Under-ice volume for both models was calculated by two methods. The first 

method (A) involves identifying the depth at which the icejwater interface occurs. Model 

1 under-ice volumes (Fig 6) can then be determined by summing the volumes of the strata 



Fig. 5. Hypsometric curve of NRC Lake. A 7 degree polynomial equation for best fit 

line generates an r2 value of 0.998. This model is used to calculate unknown areas at 

known depths for lakes sampled on the Mackefizie Delta lake transect in the spring of 

1994. 
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Fig. 6 Total lake volume as determined by Model 1 and Model 2. Model 1 asunres thst 

the sampling p i n t  was the deepest point ofrk i&e md that the bii~hyrnet? of %RC 

Lake is representative of average ialre-basin shape. Total fake viiiumt. is o b ~ d i i d  

ming the surface area of the lake and depth at the samp!ing point to estimate arcas at 5 

cm depth intervals and then summing the volumes associated with each strata- 

Model 2 assumes that the sampling p int  was representative of the average depth 

of the labre @Ir). Total lake volume is hence abtained from the product af the lake surhcc 

area and depth at the sampling pint. 

Dashed fines on each diagrati.,. indicate a hypothesized icehater interface 

Menmination of under-ice volume try b 4 e W  A uses rhe measwed ice thickness on each 

fake, Model 1A adds together &e sWi volumes beneath the icehater interface. Ntdel 

7A assumes that the depah of dlcozen water at the sampling point was reprwntative of" 

the awaage depth of unfrozen water beneath the lake-ice. ID,). - Under-ice water vvolume is  

heme obtained from the @uct afthe lake surface area and depth of unfmxn water at 

tk sampting p i n t  
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below the ice water interface. Model 2 (Fig 5) uses method A to calculate under-ice 

volume by: 

Vu=DZ * A 

where V, = Under-ice volume of the lake (mj) 

D2 = Depth of under-ice water column (m) at sampling point 

Meghod •’3 assumes &at there is no loss or addition of water &neath the ice front, 

and that solute exclusion is complete during ice formation. This method involves using 

an ion concentration factor to determine under-ice volume. Chloride and sodium 

concentrations are available for the summer 1993 field season and the spring 1994 field 

season and enabled the determination of an ion concentration factor for a subset of 47 of 

the sampled lakes. Linear regression of the chloride concentration factor against the 

sodium concentration factor for each lake yielded an r2 value of 0.57. This correlation is 

within the range expected as spatial variation of solute concentration occurs in the water 

coilrmn'beneatI.1 the winter ice cover which inidbits mixing due to isolation from wind. 

Higher solute concentrations characteristically occur at the deeper parts of the lake (Fig. 

7). When looking at the under-ice spatial distribution of sodium and chloride in relation 

to depth for WRC lake (spring 1994 field season ) it can be seen that sodium 

concentrations appear to respond more dramatically to depth changes whereas chloride 

has a relatively more consistent distribution. Consequently, determination of a 

concentration factor for sodium and chloride from a single bore hole for each of the delta 

lakes could ~ s d t  h =me v z i z t i ~ n  Averaging the two ccmcentration faictms 

may give a more representative value, Therefore, the ion concentration factor was 

calculated by averaging the chloride and sodium concentration factors determined for 

each Eafre by: 

ccf = q 3 9 d C ~  r ~ o )  



Fig 7. Spatial sampling design for the spring 1994 field season for NRC Lake. The top 

figure illustrates the relative points at which samples were drawn from beneath the ice of 

NRC Lake. The bottom graph gives solute concentrations and depth measurements in 

relation to the sampling points. Note the tendency for solutes concentrations to be higher 
' 

at the deeper points of the lake and iower at the shallower points. 
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Ncf = Nsp94'Nsu93 

Icf = (CCf*NCf)/2 

where Ccf = the chloride concentration factor for each lake 

CSp, = the concentration of chloride in the spring 1994 sample 

C,,,, = the concentration of chloride in the summer 1993 sample 

Ncf = the sodium concentration factor for each lake 

N,,,, = the concentration of sodium in the spring 1994 sample 

N,,,, = the concentration of sodium in the summer 1993 sample 

Icf = the ion (average of the sodium and chloride) concentration factor 

The volume of the unfrozen water column can then be estimated by dividing the total 

water volume of each lake as calculated by both Model 1 and Model 2 by the ion 

concentration factor specific to each lake. Under-ice water volumes calculated for each 

lake by methods A and B are given in Appendix D (Table Dl). 

To test the degree of agreement between the two methods for determining under- 

ice volumes the under-ice volume for NRC Lake was calculated. The bathymetry 

information available for NRC Lake enabled accurate estimation of water volume below 

the ice depth as measured in the spring of 1994. Under-ice chloride and sodium 

concentration values were obtained from seven sites during the spring 1994 field season 

as illustrated in Fig. 7. Because of the good spatial representation inherent in the 

sampling design, the averaging of these values can be considered representative of a total 

lake concentration for each ion. Open water concentrations of sodium and chloride are 

dso available (Lesack et al., 1996). Under-ice volumes calculated via both methods 

resulted in a difference of less than 5% at the time of sampling (spring 1994). These 

results establish that Method B should work reasonably well, at least in cases where the 

chemistry is we11 characterized. 



Circumpolar DeltaWetland Areas 

Literature searches provided areas for several of the circumpolar deltas that are of 

interest to this thesis. To complement information, planimetry on operational navigation 

charts (scale 1: 1,000,000) was used to define the area of major river deltas and associated 

wetlands 



Chapter 3 

Results 

Methane accumulation in the water column of ice-covered lakes is the product of 

physical, chemical, and biological variables. It is necessary to evaluate quantitatively the 

most obvious of these variables in order to come to an initial understanding of the 

relations that exist between them and methane production and retention within the water 

column. 

This chapter is divided into four main sections: 

(1) Physical Data Analyses 

(2) Sediment Content Data Analyses 

(3) Gases and Major Solute Data Analyses 

(4) Methane Prediction and Spatial Modeling 

The two-way analysis of variance, chosen to determine statistical significance for 

the first three of these sections, tests the two research hypotheses: The fourth section of 

this chapter deals specifically with methane. In this section the results from the multiple 

regression model used to predict under-ice methane concentrations are given. As well, 

the four models used to calculate under-ice volumes are applied to methane 

concentrations and used to calculate whole lake methane content as well as total 

Mackenzie delta methane emissions at ice-out. Emissions fiom northern delta lakes are 

then calculated using these same four models. 

This set of 8I lakes has been sampled during 3 consecutive field seasons: the 

spring of 1993, the summer of 1993, and the spring of 1994. Therefore the data sets 

generated fiorn these field seasons represent two under-ice sets and one open water set. 

A complete set of variables for which samples were collected for each of the field seasons 

is summarized in Table 2. Data fiom all three of these field seasons has been 
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quantitatively analyzed and synthesized for use in this thesis. Conductivity, pH, and 

major ions were analyzed for all three data sets. The spring 1994 under-ice data set is the 

most extensive and it includes analyses of methane and carbon dioxide, dissolved 

inorganic carbon and bicarbonate, phosphate and ammonium as well as physical 

measurements relating to ice thickness, snow depth, and lake areas. Also, as sediment 

samples were taken from each lake during the spring 1994 field season for the Inuvik and 

Central delta regions, carbon, phosphate, and nitrogen content of the sediments was 

determined. Sedimentation rate was determined from a separate data set obtained from 

NHRI in Saskatoon (Marsh, 1995 unpublished data). The summer 1993 open water data 

set was collected from Aklavik and Central delta lakes only and includes variables of 

secchi depth, lake depth and temperature as well as analyses of major solutes that are 

specific to that sampling period. The spring 1993 data set is the smallest and includes 

analyses of major solutes. 

Results for Lake 2 1 indicated abnormally high conductivity (1 3 17pS), calcium, 

sodium, and chloride values (4644,3398, and 6859 pM respectively). These values are 

two to thee times the conductivity values for other lakes in the data set, six times the 

next highest chloride value, three times the next highest sodium value and 25% higher 

than the next highest calcium value. Possible contamination of sample bottles was 

eliminated as a source for this error as data from both summer 1993 and spring 1993 also 

indicate abnormally high values of these variables for this lake. Charge balances were 

within 10% and theoretical conductivity values calculated from measured cation and 

anion concentrations (equation 2) fell within 2% of the measured conductivity values 

taken on site and within 7% of the conductivity value as measured in the lab. Therefore I 

accepted the water chemistry analyses as being accurate but omitted Lake 2 1 from the 

data set for the analysis performed on these four variables due to suspicions that human 

interference with the lake was causing abnormally high readings for ions. 



Physical Data 

Physical data on the lakes are available for the summer 1993 data set as well as 

the spring 1994 data set. The entire physical data set includes variables of lake depth. 

secchi depth, and temperature for the summer field season and lake depth, temperature, 

total ice thickness, white ice thickness and snow depth for the spring field season (Table 

2). Analysis of lake area is also included in this section. 

Although several relations between variables of the physical data set became 

apparent during the analyses, this data set becomes most useful when estimating lake 

volume. Volume is an essential component of the models developed in this thesis to 

calculate individual lake methane content as well as in estimating total Mackenzie delta 

lake methane content and then extrapolating to circumpolar delta lake methane content. 

Before discussing the spatial distribution of these variables, there are two relations 

that stand out when first viewing the data. Fig. 8 highlights the relation between water 

column depth and secchi depth for the summer 1993 data set. To analyse this relation, I 

considered only those lakes with depths 2 1.5 m.. Within each closure class, the lakes 

were divided into 2 groups: 1 with secchi depths < 1.5 m and 1 with secchi depths 2 1.5 

m. The use of a chi-square statistic indicated that there is no relation between secchi 

depth and lake closure (p > 0.25). From this information it could be concluded that light 

is not a major limiting factor for primary productivity in any of these delta lake 

ecosystems. However, it must be remembered that the secchi depth observations 

represent a snap-shot in time. On occasions of rapid inflow into the lakes, such as during 

and after river rise, turbidity may well be much higher. As no and low-closure lakes 

remain connected to the main channels for significantly longer time periods than the high- 

closure lakes it seems plausible that high-closure lakes would be more conducive to 

rooted macrophyte growth as their water columns are clearer. Three of the lakes (12,30, 

and 40) included in this data set could not be sampled in the spring of 1994 as unfrozen 



Fig. 8. Secchi depth in relation to total lake depth for lakes in the Aklavik and Central 

Delta regions (N = 50). Although statistically there is no relation between secchi depth 

and closure status (chi-square statistic, p > 0.25) this represents a snap-shot in time and it 

is Iikely that the photic zone would decrease in times of rapid inflow into the lakes.. 
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water was not found. Two other lakes (3 and 7j not a part of the s m e r  data set could 

not be sampled as unfrozen water was not found. 

The other relation hetween physical variables that is interesting involves variables 

in the spring 1994 data set. The ratio of white ice thickness to black ice thickness was 

approximately 1 :3 for the entirs data set, which is consistent with the results found by 

Bigras (1 990j (Fig. 9). White ice is formed when snow accumulation on top of a 

thickening black ice column is sufficient to depress the surface of the black ice column 

below the hydrostatic water level forcing water up through cracks in the ice and arollnd 

the edges of the lake (Adams and Lasenby, 1985). This depression of the ice column 

usually occurs when the snow cover equals approximately 50% of the depth of the ice 

column below. The escaping water saturates the snow cover to the hydrostatic water 

level and freezes forming the white ice layer. 

Because of the distance included in the sampling area and the dominant lake 

fom.ing processes characteristic of each closure ievei, spatial variability within the data 

set for physical variables is liitely. For example, high-closure lakes proved to be 

significantly smaller in area that either the low or no-closure lakes (Table 3).  Snow depth 

on the high-closure lakes is significantly less than either the no or lowclosure lakes. As 

total ice depth and white ice accumulation show no significant variation between level 

means for this category, less snow coverage could lead to more favorable light regimes in 

the early spring thereby encouraging earlier photosynthetic activity in the under-ice water 

cd- of these lakes. It is mmewhat swpriskg that the snow cover o,n, these likes is 

less than the low and no-dosure lakes. The hi@<losllre lakes are simcmtly smaller in 

area than either of the other two levels and therefore one would expect relatively less 

redistribution of snow by wind on tfiese lakes which would lead 10 higher accumulations 

sf snow on their ice surfaces. One possible explanation for the lower snow 



Fig. 9. Snow, ice and unfrozen water measurements for the Maclronzit. Delta lakes, 

spring 1994. White ice to black ice formation exists at a ratio of approximately 1 3 .  Note 

the tendency for high-clowe lakes to be deeper than the low and no-rrfosure lakes. 
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accumulations is that the surrounding coniferous vegetation is more likely to trap the 

snow before it can settle on the small ice surfaces. 

When examining variation within the position category, Aklavik lakes prove to be 

significantly deeper at our point of sampling and also have significantly thicker ice 

columns than the Inuvik or Central delta lakes (Table 3, Fig 10). Even though the total 

ice column is thicker, the portion composed of white ice is significantly less than either 

the Inuvik or Central delta lakes. This is a logical relation when you consider the 

importance of deeper snow cover in the formation of white ice. If the ice column grows 

rapidly, it would become thick enough that it would be less likely to be submerged by 

snow cover and therefore these lakes would attain a thinner white ice layer. 

High-closure lakes tend to be deeper than the no-closure lakes with the low- 
% 

closure lakes being the shallowest (p = .095) (Fig. 10). As both the summer and the 

spring data sets follow the same pattern for the depth variable some confidence in this 

trend can be held. Therefore, even though lake area is the smallest for the high-closure 

lakes, they are also the deepest. For the position category, not only are AkIavik lakes 

significantly larger in area than the Inuvik lakes but they also appear to be deeper on 

average with thicker total ice columns and less white ice accumulation (Fig 10). 

S m e r  water col-um temperature attained a mean value of 17.9 "C with a range 

from 14.8 "C to 22.3 "C and a standard deviation of 1.73. Because of the shallow nature 

of these lakes, they are constantly mixed by wind and do not stratify. It can therefore be 

assumed that the single temperature reading taken is representative of the entire water 

column. The mean of the urider-ice spring water column temperature was 1.3 "C with a 

standard deviation of 0.87. The temperature profiles of each lake for the spring 1994 data 

set are given in Appendix B alongside the conductivity profiles. 



Fig. 10. Physical variable means of depth, secchi depth, ice column depth, white ice 

thickness, snow depth and lake area for the summer 1993 (Sum 93) and spring 1994 (Sp 

94) data sets for the Mackenzie Delta lake transect. The top two graphs report arithmetic 

means for the category of closure while the bottom two graphs offer arithmetic means for 

the position category. Matching symbols above bars indicate significant variation 

between level means @ < 0.05). 
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Sediment Content Data 

It is apparent that sediment accumulation within the Mackenzie delta I,?kes is 

related to lake closure with no-closure lakes having higher annual sedimentation rates 

than low-closure lakes which, in turn, have higher sedimentation rates than high-closure 

lakes (Marsh, 1995, unpublished data). To determine sedimentation rates. a Ij7Cs marker 

bed was identified in sediment cores obtained from each of the transect lakes. Knowing 

the closure classification of each of the lakes enabled sedimentation rates to be related to 

lake closure. 

As no-closure lakes receive sediment laden river water throughout the summer 

season and high-closure lakes are only comeeted to the main channels for a short time, 

sediment accumulation rates for high-closure lakes should be more dependent upon 

autochthonous primary production than either low or no-closure lakes. Hence, the 

sediments of high-closure lakes should contain a higher percentage of carbon than the 

other lake closure types. As carbon is the substrate that methanogenic bacteria feed on, it 

is no surprise that sediment carbon content has been found to be weli correlated with 

methane emissions from wetland ecosystems s e l l y  and Chynoweth, 1 98 I ; Smith and 

Lewis, f 992; Valentine, 1994). 

Spatial variability 

Sediments were analyzed for carbon, nitrogen and phosphate content. Also 

included in the statistid d y s i s  for this data set is sedimentation rate. Significant 

variation between level means for sediment carbon content between the high and no- 

closug lakes and high and low-closure lakes exists (Table 4). Sedimentation rate aim 

shows significant variation betwen high and ntt-closure lakes. Sedimentalion rate 

declines fkm I~B-C~=, through low-~l05~~e, and into the higher closure lakes while 

sedkent&n co~sho~~aaimrerse~e lzd ionto  tfris pattern (Fig. I I). This is the 



Table 4. Summary for the Two Way ANOVAs and TUKEY HSD tests performed on the 
sediment content and sedimentation rate for the spring 1994 Mackenzie Delta 
transect lakes. p values are reported for all Two Way ANOVAs. p values < 0.051 
reported for TUKEY HSD tests run on One Way ANOVAs. 

TwbYVay ANOVA 
p values 

One Way ANOVA 
p values 

Carbon 
Nitrogen 
Phosphate 
Sed. Rate 

Carbon 
Nitrogen 
Phosphate 
Sed. Rate 

Two-way ANOVA 
p values 

One Way ANOVA 
p values 

P m  AklaviWinuvik AklaviWCentral CentraVlnuvik 

0265 No data No data 
0.004 No data No data 0.005 
QOOJ No data No data 0.002 
0.338 - - - 

Note: Data for the Aklavik region are not available for this data set and therefore statistical testing for 
significant variation between level means fw the position category is limited to CentraUInuvik levels. 



to this pattern (Fig. 1 1). This is the relation that is expected as no and low-closure lakes 

receive sediments from longer interaction with floodwaters than the high-closure lakes 

do. The resultant clearer water columns, on the other hand tend to favor rnacrophyte 

growth in the high-closure Iakes which results in enhanced flux of carbon to the 

sediments. 

For the category of position, the nitrogen content of the sediments is significantly 

higher for the Inuvik lakes than for the Central delta lakes with phosphate showing an 

inverse relation to this (Table 4 and Fig. 1 I). Sediment carbon content, like nitrogen, 

appears higher in the Inuvik sediments than the Aklavik sediments. Sedimentation rate 

appears lower on the eastern side of the delta than the western side with highest rates 

occurring in the centrai deita. This possibly reflects the geologic controIs on 

sedimentation as outlined earlier. 

Gases and Major Solutes 

Although the hypotheses guiding this thesis focus on methane and its spatial 

distribution among lakes on the Mackenzie Delta, the rationale that supports these 

hypotheses generally holds m e  far the variables of gases and major solutes. If the 

Boading regime of these Iakes is a major control on their biological compositions through 

tfie delivery of nutrients and sediments, it should dso prove to be a major control on the 

chemical composition of the lake water. 

Sparial variabilip of gases 

Initially the no~~-parametric distribution free Kruskaf-Wallis test was performed 

on tmsfnned methane values. This test is not concerned with specific parameters (such 

as level meam as in ANOVA) but 16th ?he &bution of the variates. Results of 

Kruskal-Wallis test rejected the null hypothesis that the groups do not differ in terms of 

closure @ = .0(12). Mowewaf became the design of this study is to determine the role that 



Fig. I I .  Mean values for the sediment content and sedimentation rate data sets for the 

Mackenzie Delta lake transect. The top two graphs report arithmetic means for the 

category of closure while the bottom two graphs offer arithmetic means for the position 

category. Matching symbois above bars indicate significant variation between level 

means (p value < 0.05 1). 



Carbon Nitrogen Phosphate 

High 

Carbon Nitrogen Phosphate 

Mean H M e a n  
Central lnuvik 



lake closure has on the spatial distribution of methane and testing between levels in the 

closure category is not possible with this non-parametric test, a Two-way ANOVA was 

again used. 

Methane shows significantly higher concentrations in high and low-closure lakes 

than in no-closure lakes verifying that closure is indeed a major control on the spatial 

variation of methane concentrations in under-ice water columns of Mackenzie Delta lakes 

(Table 5). Mean values range from 477 pM for high-closure lakes to 3 15 pM for low- 

closure lakes down to 173 pM for no-closure lakes (Fig. 12). As previously stated, 

sediment carbon content is an important variable in methane production and the 

sediments of the high-closure lakes in this study have proven to contain significantly 

higher concentrations of carbon than the no-closure lakes (Fig. 1 1). It is not surprising 

therefore that the sediments of the high-closure lakes produce more methane than the low 

and no-closure lakes. 

An increasing trend in lake methane concentration appears to exist as one moves 

east across the delta @ = .066, Table 6) with Inuvik lakes attaining a mean concentration 

of 402 pM, Central delta lakes having zii average of 366 pM and Aklavik M e s  

containing the least methane with a mean of 21 3 pM (Fig. 12). Again, when considering 

that a trend of increased sediment carbon content exists in the Inuvik lakes compared to 

the Central delta lakes (Fig. 8) it logically follows that these eastern lakes should be better 

methane producers than the central lakes. 

In studying the interaction between closure and position, Inuvik high-closure lakes 

were significantly higher in methane concentration than both Ak!avik and central no- 

cfosure lakes (p values < 0.001 and 0.041 respectively). Aklavik no-closure lakes had 

extremely low methane concentrations (56 pM) and were significantly lower than central 

tow and high-closure lakes as well as the Inut-ik kgh-closure fakes. 



Tab!e 5A. Summary for the Two-way ANOVAs and TUKEY HSB tests performed 
on the gases and major solute variables from the spring 1993 (SA), 
summer 1993 (5B) and spring 1994 (5C) data sets for the category of 
closure. p-values are given for all Two-way ANOVAs. p-values 
< 0.10 are given for TUKEY HSD tests run on One-way ANOVAs, 
Dashes indicate insignificant variation between level means. 

Two-way ANOVA 
Spring 1993 

p value 

'One-way ANOVA 
Spring 1993 

p value 

Gases 

Methane 
Carbon Dioxide 
DIC 

Major Solutes 

pH 
Conductivity 
Calcium 
Magnesium 
Potassium 
Sodium 
Ammonium 
Chloride 
Sulfate 
Bicarbonate 
Phosphate 
Silica 

No data 
No data 
No data 

0.330 
0.007 
0.009 
0.106 
0.293 
0.012 

No data 
a 0 1  
0.004 

No data 
No data 
<.001 

No data No data No data 
No data No data No data 
No data No data No data 

- 
No data - 
0.013 

No data 
No data 
0.008 

- 
0.017 

No data 
,004 

No data 
No data 
0.001 

- 
- 

No data 
- 
- 

No data 
No data 



Table 58. 

Two-way ANOVA 
Summer 1993 

p value 

'One-way ANOVA 
Summer 1993 

p value 

Closure Hig h/No HighILow LowlNo 

Gases 

Methane No data No data No data No data 
Carbon Dioxide No data No data No data No data 
DIC No data No data No data No data 

Major Solutes 

pH 
Conductivity 
Caicium 
Magnesium 
Potassium 
Sodium 
Ammonium 
Chioride 
Sulfate 
Bicarbonate 
Phosphate 
Silica 

0.053 
0.028 
0.040 
0.107 
0.206 
0.1 69 

No Data 
0.002 
0.026 

No data 
No data 
0.285 

- 
No data 

- 
0.086 

No data 
No data 

No data 
0.023 
0.055 

No data 
No data 

- 
No data 

- 

No data 
No data 

- 



Table SC. 

Two-Way ANOVA 
Spring 1994 

p value 

One-Wa y ANOVA 
Spring 1994 

p value 
- 

Closure HighlNo Highltow LowlNo 

Gases 

Methane 
C a M n  Dioxide 
DIC 

Majur Solutes 

pH 
Conductivity 
Cafdtim 
Magnesium 
Potassium 
Saefium 
Ammonium 
Chbride 
Sulfate 
Bicarbonate 
Phosphate 
Silica 



Fig. 12. Mean concentrations for gases for the spring 1994 under-ice data set for the 

-Mackenzie Delta lake transect. The top two graphs indicate arithmetic means for the 

catzgory of closure while the bottom two graphs indicate arithmetic means for the 

position category. Matching s~im'mis above bars indicate significant variation (p vaiue < 

0.05 r ). 
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Table 68. Summary for fhe Two-way ANOVAs and TUKEY HSD tests performed on the 
gases and major solute variables from the spring 1993 (6A), summer 1993 (6B), 
and spring 1994 !6C) data sets for the category of position. p-values are given 
for ali Two-way ANOVAs. p-values < 0.10 are given for TUKEY HSD tests run on 
One-way ANOVAs. Dashes indicate insignificant variation between level means. 

Two-way ANOVA 
Spring 1993 
p value 

One-way ANOVA 
Spring 1993 

p value 

Position AklaviWinuvik AklaviWCentral Centralllnuvik 

Gases 

Methane 
Carbon Dioxide 
DIC 

Major Solutes 

pH 
Conductivity 
Cakium 
iviagnesium 
Potassium 
Sodium 
Ammonium 
Chioride 
sufiate 
Bicarbonate 
P h p h a t e  
S i i  

No daia 
No data 
No data 

0.060 
0.097 
0.085 
O.Oi9 
0.022 
0.002 

No data 
~ . O O - l  
0.001 

No data 
No data 
0.%0 

No data 
No data 
No data 

- 
0.01 0 

No data 
<.001 
0.002 

No data 
No data 

No data No data 
No data No data 
No data No data 

- 
No data 
0.031 
0.057 

No data 
No data 

- 
0.014 

No data 
0.001 

No data 
No data 

Note: Data for the lnuvik region is not avaibbk for the summer 1993 data set and therefore 
statistical testing fos significant variation between level means for the position category is 
krxited to CerrtraVAkbvik lev&. 



Table 68. 

One-way ANOVA 
Summer 1993 

p value 

Gases 

Methane 
Carbon Dioxide 
DiC 

Major Solutes 

pH 
Corrbircttvity 
Calcium 
Magnesium 
Potassium 
Sodium 
Ammonium 
Chloride 
Sulfate 
Bicarbonate 
Phosphate 
Silica 

No data 
No data 
No data 

0.118 
0.314 
0.205 
0.033 
0.051 
C.001 

No data 
<.001 
0.260 

No data 
No data 
0.256 



Two-way ANOVA 
Spring 1994 

p value 

One-way ANOVA 
Spring 1994 

p value 

Position AklaviWlnuvik AklaviWCentral Central/lnuvik 

Gases 

Methane 
Carbon Dioxide 
DIC 

Major Solutes 

PH 
Conductivity 
Calcium 
Magnesium 
Potassium 
Sodium 
Ammonium 
Chloride 
Sulfate 
Bicarbonate 
Phosphate 
Silica 



Carbon dioxide also shows significantly higher concentrations in the under-ice 

water coiumn of high-cioswe i&es than no-cIostire lakes (Table 5 j. As both rneifiarrt: and 

carbon dioxide are products of methanogenesis. a close correlation between these two 

variables was expected and subsequent regression analysis yielded an r2 value of 0.44. 

The average lake concentration of methane is 3 10 pM and the average concentration of 

carbon dioxide is 650 pM. By assuming that a net stoichiometry of 1 mole of carbon 

dioxide is produced for every mole of methane. it can be ca!t=ulated that approsimateiy 

50% of the carbon dioxide present at the time of sampling was produced by 

methanogenesis. As per Fig. 12. which reports the mean concentration of these gases in 

each closure level, it can be interpreted that 65% of the carbon dioxide in the high-closure 

lakes was produced by methanogenesis, 45% in the low-closure lakes a ~ d  33% in the no- 

closure lakes. As well as the under-ice content of both methane and carbon dioxide 

decreasing from high to no-closure lakes, the amount of carbon dioxide produced by 

methanogenic activity also decreases. If dissolved inorganic carbon concentration is 

representative of total carbon remineralization, methanogenesis is responsible for 10% in 

the high-closure lakes, 6% in low-closure lakes and 4% in no-closure lakes (Fig. 12) for 

an average of 7% for all the sampled lakes. Using the above presented percentages as 

indication of the importance of methane producing bacteria as agents of carbon 

remineralization, it can be seen that the bacteria are twice as important in the high-closure 

Eakes than in the no-closure lakes for this purpose. 

The remainder of the carbon dioxide present in these lakes is a product of 

respiration and would have been present in the water column prior to, and after, the 

development of an ice cover on ihese lakes. Carbon dioxide would have been excluded 

into the water coiumn during ice formation. Carbon dioxide is also generated drrrrrig 

methane oxidation processes which often occur at the sediment water interface until the 

supply of oxygen is coflsumed. 



Central low-closure lakes had the highest concentrations of dissolved inorganic 

carbon and were significantly higher than Inuvik no-closure lakes (p = 0.002). This 

difference was paraileled in the concentration of carbon dioxide in the under-ice water 

column (p = 0.002). 

For the sixteen lakes that had under-ice water columns greater than 1 m deep, 

thereby allowing for two water column sample locations, methane concentrations were 

highest at the sedimenthater interface in all but two cases (Appendix C). In the two 

cases where there were lower concentrations at the sedirnendwater interface (Lakes 29 

and 3 1) the values were very low f< 0.5 pM) and the difference between the upper and 

iower readings was slight (< 0.3 pM). This consistent pattern of higher concentrations of 

mehe at the sedimedwater intesace sQggests that the methime is not being mixed 

uniformly through the under-ice water cohmn but rather is staying close to its source and 

follows the pattern observed for Lake Fryxell, a permanently ice-covered lake in the 

Antarctic (Smith et al., 1993). The pattern for carbon dioxide and dissolved inorganic 

carbon generally followed the same trend as methane (See also Appendix C for profiles). 

The importance of the influence of frequency and duration of flooding on the 

nutrient chemistry of the delta lakes as dictated by lake closure has been addressed 

(Lesack et al., 1991 b). Based on summer water chemistry obtained fiom 42 Inuvik lakes, 

chemical signatures were tentatively assigned to lake closure levels. It is hoped, by 

broadening the dam sei to include lakes fiom the Central delta and Aklavik areas, as we!l 

as to include data sets from under-ice samples, that delta wide trends will become 

apparent that will allow lake classification on a more general scale of chemical 

signatures. As it has previously been determined in this thesis that lake closure is a 

significant determinant of methane production, it would be of value to be able to classify 



fakes as to their Ievd of closure and therefore their ability to produce methane based upon 

heir more readily obtainable water chemist?. 

Conductivity. a measure of total dissolved ions in the water column, seems st 

bgical place to start Iooking for spatial variation based on lake closure and position. 

Conductivities were obtained both in the field and in the lab for each lake. Simple linear 

regression between lab conductivities and in situ conductivities yielded a strong, positive 

correlation (r2 = 0.72, N = 76) giving confidence that no major recording errors v;ere 

made during data collection. 

Measured conductivities can afso be used as a check to ensure that all major ions 

have been accurately accounted for by comparing them to theoretical conductivities. By 

calculating and summing the equivalent conductance for each ion on a per Iaiie basis 

(equation 61, it becomes evident that the conductivities measured in the fieid give closer 

representation to the theoretical conductivities than the conductivities measured in the !ah 

(Fig 1 3). The % difference for in sifu lake conductivities peak over the 5 - I 0 i ntental 

while the lab conductivities peak over the 15 - 20 interval indicating that, while both 

v&ables generally read higher than theoretical conductivities. lab conductivi tics are 

approximately 10% higher than the lake conductivities. In situ conductivities retlcct the 

mda-ice environment where gas exchange between the water column and the 

mosphere has been inhibited. During sample collection we observed degasshg of' 

carbon dioxide from the water as a state of equili brium between the water sample and the 

atmosphere was establishing. As a response to the newly established equilibrium, pI-l 

values would rise and a higher percentage of the dissolved inorganic carbon contained in 

the sample would be present as the bicarbonate ion. This increase in anion concentration 

wodd result in higher lab conductivities. This same argument can be used to explain 

why the theoretical conductivities are lower than both the lab and lake conductivities. 

Some of the variation between theoretical and measured conductivities is also 1 ike1 y due 



Fig. I 3. Conductivity difference of (A) lake versus theoretical conductivity and (•’3) lab 

versus theoretical conductivity. Percent difference of lake versus theoretical 

conductivities peak over the 5 - 10% interval indicating that lake conductivities are 

gemrally higher ihm themetied cozOrrc,ti~ities by 5 - 10%. Percena difference of lab 

vmus theoretical conductivities peak over the 15 - 20% interval indicating that lab 

conductivities are even higher than the lake conductivities. 





to the fact that organic acids, which could potentially add sufficient anions to lower the 

variance between measured and theoretical conductance, were not measured. 

Even though the graph (Fig 13) showing the difference between lake and 

theoretical conductance shows a normal distribution for the most part, 5 lakes appear to 

have significantly higher in situ measurements of conductivities than is expected when 

calculating the theoretical conductivities. The theoretical conductivity for these five lakes 

(Lakes 5, 17,48,50, and 73) is actually closer to the measured lab conductivity than the 

in situ conductivity. One possible explanation for the discrepancies of these five lakes is 

that as the in situ conductivities are consistently much higher than the theoretical 

conductivities and the lab conductivities, it is possible that the in situ conductivity 

measurement was taken cioser to zhe sedimentiwatci- interface and the sample was 

actually obtained further up in the water column ~han was recorded. 

For both the under-ice data sets, high-closure lakes had significantly lower 

conductivity readings than lowlosure lakes (Table 5). If you consider that high-closure 

lakes also have the lowest summer conductivity values (Fig 14) and that their under-ice 

water columns are the dee-pest, relatively low conductivities are expected. For the spring 

1993 under-ice data set, the low-est conductivities were found in the central high-closure 

lakes. These lakes had an average conductivity significantly lower than the Inuvik and 

Akfavik no-closure lakes as well as the central low-closure lakes (g = O.f)05,0,001, and 

0.023 respectively). For the spring 1994 under-- :e data set, the central low-closure lakes 

had the highest conductivity values. These lakes had an average conductivity 

significantly higher than central and Inuvik no-ciosure lakes as well as Aklavik high- 

cioswe takes (p = 0.044.0.028. and 0.040 respectively). 

Variation between conductivity level means is not significant for the category of 

position for the three data sets indicating that location on the delta is not a determinant 

factor for lake conductivity (Fig. 14. Table 6). Conductivities for the summer data set are 

signirimdy lower than for the tu.o under-ice data sets. The process of salt exclusion into 



Fig. 14. Meai values for condifctIvity and pH for the spring 1993, surrtmer 1993. and 

spring 1994 data sets for the Mackenzie Delta lake transect. The top two graphs report 

arithmetic means for the category of closure while the bottom two graphs ofkr arithtnctic 

means for the position category. Matching symbols above bars indicate significant 

variation between level means @ value < 0.05 1).  
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the water column d&g ice growth resulting in concentration of ions is the p r i m q  

reason for this. 

Conductivitqrltemperature profiles for each of the 76 lakes from the s~r ing 19% 

data set (Appendix 8) exhibit the same pattern as the 16 gas profiles (Appendix C) \vith 

highest concentrations evident at the sedimenthater interface. Plotted on each 

conductivity profile is the iceiwater interface depth indicating the thickness of the ice fhr 

each lake and the depth of the water column below. Either slightl~ above or betow this 

icefwater intefface, the conductivity line takes a sharp positive bend and eontitiurs in this 

manner to the sediments. The conductivity of t5e water within the drill hole rcilccts thc 

conductivity of the water that was immediately below the ice prior to the hole being 

drilled and therefore would represent the conductivity of the water near the wateriicc 

interface (Adams and Lasenby, 19851. 'fhe general trend of the temperature protilies 

tends to replicate the conductivic readings in the majority of cases (See also Appendix 

B) 

For the spring 19% data set, central no-closure lakes had an average pi-] value 

-- +'& w u sigaificmflj- low-er iilf diei  hke groejps with the exception of r2klavik 

and central high-closure lakes (p \dues range from < 0.001 to 0.003 1, For both under-icc 

data sets, AkIavik high-closure lakes had significantly lower pH values than Inuvik nrt- 

cEosm lakes (p = 0-001 (spring 1994); p = 0.012 (spring 1993)). In generill. though. 

along with Ewer conductivities, high-closwe lakes had significantly lower pH values 

than low-closure lakes for froth under-ice data sets (Table 5 ,  Fig. 14). 

pH values in the summer were much higher for a11 levels of both categories but 

showed the most dramatic increase in the high and low-closure lakes. This Is most likely 

a r e d t  of high levels of primary productivity in these lakes during the sumrner which 

drives the pH up through enhanced photosynthetic demands for free carbon dioxide. For 

lthe position category, Inuvik lakes had significantly higher pH values than both central 

Akfavik lakes for the spring 1994 data set (Table 6, Fig. 14). 



Analyses of the spring 1 394 data set indicates that high-closure I &es appear to 

c o n t ~ n  !cwa than average concentrations for a!! the major ions ~ i t h  the exception o i  

potassium, ammonium. and phosphate (Figs. 1 5 and 16). These three ions arc indiorttors 

of levels of primary productivi~ and should also be indicators of methanogenesis. For 

the most part, the spatial distribution throughout the categories parallels the distribution 

of methane. 

Ammonium, the form of nitrogen utilized by the methanogenic bacteria. is also 

present in significantly higher concentrations in high and low-closure lakes than in no- 

closure lakes with phosphate concentrations tending to be higher in high-closure lakes as 

well (Table 5, Fig. 15). High levels of primary productivity demand high levels ot'thcse 

nutrients. Ammonium and phosphate would be rapidly recycled during the spring and 

summer growth periods resulting in low concentrations in the water. Over winter when 

light limits primary productivity in these lakes and respir~tion dominates biological 

functions in the system, ammonium and phosphate would be released from the 

decomposing organic matter. 

The spring 4 994 data set illustrates a strong inverse relation between rnetharto arid 

sulfate exists in the water columns of the Mackenzie delta lakes with sulfate being 

significantly higher in no-closure Iakes than in high-closure lakes (Fig. 15). This inverse 

relation is also evident in the position category of the data set with Inuvik Iakcs 

containing significantly lower concentrations of sulfate than Aklavik Iakes (Table 6) 

while tending to contain higher concentrations of methane (Fig. 15). Sulfate reducing 

bacteria are active at a redox potential just above that necessary for the production of' 

methim. in lakes ex!ibiting high concentrations of methane, sulfate reducers 

h2ve zsed sp a large percatage of the sulfate during the production of hydrogen sulfide 

gas. Often we could smell the gas during sample collection which gave little doubt as to 

the moxic conditions of the under-ice water columns. Examination of the data for the 



Fig. f 5. Mean values for methane, sulfate, ammonium and phosphate for the spring 1994 

data set for the Mackenzie Delta lake transect. The top two graphs give arithmetic means 

for the category of ciosrrre while the bottom two graphs indicate arithmetic means for the 

position categov. Matching symbois above bars indicate significant variation (p value < 

0.05 1). Note the positive relation between methane, ammonium, potassium and 

phosphate and the strong negative relation between methane and sulfate for both 

categories. 
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Fig. 16. Mean values for the major solutes for the spring 1993 (Sp 93), summer 1993 

(Sum 931, and spring 1994 (Sp 94) data sets for the Mackenzie Delta lake transect for the 

category of closure. Matching symbols above bars indicate significant variation between 

level means (p value < 0.05 1). 
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psition category verifies the tendency toward a psitive relation between the 

concen&a!ion pattern set by m e b e  and ammonium, potassitam, and phosphate. 

lo this point in the resufs, it has k e n  established that closure does play a 

signifi cant role in the spatial distribution of methane with an increasing gradient in 

concentration from no, through low and into high-closure lakes. Paralleling this pattern 

fur the spring f 994 data set is sedimentary carbon content, and watsr column carbon 

dioxide, ammonium, potassium, and phosphate concentrations with water column sulfate 

concentrations exhibiting an inverse relation with these variables. These positive and 

negative relations are also present in the position category and therefore should prove 

usefbl for predicting methane concentrations from known water and sediment chemistry. 

Confidence is gained in the significance of the spatial distribution patterns when 

viewing the results for the thee data sets simultaneously (Figs. 16 and1 7). Since 

measurements were made in two consecutive years for under-ice samples as well as the 

summer between, both a n n d  varia~ion and interannual variability between data set 

means of the water chemistry can be tested by means of one-way and two-way ANOVAs 

for each variable mpaurd. Nme of tJe vaii?b!es in the twr, under-ice &tz sets show 

significant variation in the means. However, summer values for all major ions as well as 

for codwfivity were significantly lower in the summer data sets than the spring data sets 

while pH was significantly higher in the Summer than the spring. Regression of 

conductivity versus chioride concentration factor (summer 1993 chloride 

concentmtionlspring 1994 chloride concentration) determines that about 13% of this 

variance is due to solutes being excluded f?om the freezing fiont into the d o z e n  water 

heath the ice (r* = 0.13, N = 41, p = 0.021). Chloride is a conservative ion which is 

excluded into the under-ice water column during ice growth. It can therefore can be used 

to determine the approximate percentage of solute increase in under-ice water colurrms 

due or, salt exclusion into a decreasing volume of water resulting from ice growth. 



Fig. 17. Mean values for the major solutes for the spring 1993 (Sp 921, summer 1993 

(Sum 931, and spring 1994 (Sp 94) data sets for the Mackenzie Delta lake transect fir the 

category of  psition. Matching symbols above bars indicate significant variation between 

iwel means. (p value < 0-05 1)- 
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Although absolute means are different, the patterns betlveen levels arc consistent 

in the majoriiy of czses wifJ1 iow--ciosure ides attaining maximum concentrations of 

cafcium, magnesium, sodim, chloride and silica irregardless of the season or thc e a r .  

Significant variation, where it exists. occurs most often between high and lo!\-closure 

lakes for these variables [Fig. 16). 

For position. the distribution patterns of each variable are not quite as consistent 

in their trends except in eases where significant variance between level mans  is noted 

(Fig i 7). For example, whiie Akiavik iakes tend to have low chloride and sodium 

cor~centrations and high sulfate concentrations with inuvik lakes exhibiting the oppsitc 

pattern, calcium and magnesium concentrations tend to fluctuate in their spatial 

distribution for the two spring data sets. 

Dissolved silica is of interest to this thesis for two main reasons. First. dissolved 

silica is used by diatom populations for synthesis of their cell walls. Therefbrc, tltc 

availability of silica can have a marked effect on the population dynamics of'algac species 

inhabiting delta lakes. Conversefy, diatom ppulations also regulate the flux of silica in 

these lakes. Because of this dynamic interaction between silica availability and algae 

populations, the availability of silica can have an effect on the productivity of each lakc. 

Secondly, as the recyding rate through the diatom species for silica is very low, 

new inputs to the lakes via floodwaters are required to replenish supplies. Weathering of 

feldspar crystals (a main component of granite rock) is the dominant source for silica with 

a small amount being released from anoxic sediments. Although the source area 

mountains for the Mackenzie md other contributing rivers are predominantly composed 

afsedimenrary rocks, it would Sfiii -be expected that the flooding regime of these fakes 

wouid be a major coniroi over siiica availability. 

High-closure lakes contain significantly lower concentrations of silica in their 

water coiumns than fow-closure lakes for both the under-ice data sets (Fig 16). Based 

upon these results, it is Iiely that diatoms do not play as important a role in the 



composition of phytoplankton popti!ations of high-closure lakes. As silica is mainly 

provided to the lakes via fldirrg. it is probable that the lower concentrations of silica in 

these lakes is a result of the limited exposure that these lakes have to flood waters. There 

is the same pattern of summer drawclown of silica in the low-closure lakes as was 

apparent for calcium. It could therefore be conjectured that diatoms play a major roie in 

the structwing of the phytoprarrkton assemblage in low-cfosure lakes. Although 

significant only at the 900h confidence level. there seems to be a decreasing trend in silica 

concentration as one moves westward across the delta (Fig 17). Whether or not source 

area differences is a causal factor for this trend is questionable but perhaps offers a 

potential explanation. 

Methane Prediction and Spatial ,Modeling 

To put the results determined by the methane data analyses into a broader, more 

useful context, five models have been generated. The first model is designed to predict 

m e h e  accumulation in Arctic delta lakes from measured water column chemistry and 

sediment content variables. A model of this type enables calculation of methane 

accunirdation in an ice-covered delta lake without the expense and time constraints 

izherent in establishing a specialized sampling routine designed to preserve methane 

simples. The other four models are designed to give first-order quantitative estimates of 

totid methane flux to the atmosphere on a per lake basis during ice-out from the 

Mackenzie Delta iakes. Tne results &om these models can then be extrapolated to yield 

flax values for northern delta ecosystems on a circumpolar scale. Comparison of these 

estimates with present flux estimates from northern ecosystems will ascertain the 

significance of Arctic lakes as methane contributors to the global methane budget. 



Methane production is a direct result of several interacting sedirnenw and water 

cofumn variables and  heref fore it should be feasible to predict the amowl of methane 

likely to be contained in the under-ice water column of a lake from known quantities of 

variables which exhibit a strong correlation xsith methane. It has already k e n  

demonstrated in this thesis that lake closure is a significant determinant of methane 

production and accumulation within the under-ice water column of Mackenzie Det trt 

Iakes. It has also been s h o w  that other variables which play major roles in the 

metabolism of methanogenic bacteria have a spatial distribution contingent upon lake 

closure as well atld that this dtsiribusion parallels or exists in an iiivc= relation to 

methane concentrations. Seven of these variables meet the criteria: under-ice carbon 

dioxide, sulfate, ammonium, and potassium; summer calcium, sediment carbon content 

and sedimentation rate (Fig 18). Therefore it makes sense that prediction of methane 

concentrations from these variables is possible. 

Prediction of methane concentration in the under-ice water column of Mac kcnzie 

Delta Iakes was facilitated using various combinations of the seven identified variables 

(Table 7). When using only variables from the under-ice data set, the highest adjusted r2 

value that can be obtained is 0.846 (Table 7, Fig 13A). It is doubtful that the use of this 

model would be valuable in its present state for ammonium is a variable that is not 

cctmmonly measured or reported. Although it is the source of nitrogen used by the 

methanogenic bacteria as well as being an important nitrogen source for other bacteria, 

dgae and Eager aquatic plats, its concentrations commonly are low and the content in 

water samples can change quickly and markediy . If ammonium is dropped from the 

equation, the adjusted r2 value bps to 0.83 1 (Fig. 19B) and the corresponding standard 

mor of the estimate rises &om 3.8 to 4.1. 



Fig. 18. The relation between water column mean methane concentration and variables 

used for prediction of methane concentration versus lake closure status. Note the positive 

relation between methane and carbon dioxide, ammonium, potassium, and sediment 

carbon content and the negative relation between methane and sulfate and surnrner 

calcium concentrations. (Ail variables except calcium represent under-ice values from 

the spring 1994 data set). 
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Fig. 19. lMethane prediction from spring 1994 under-ice water column data sets. "A" 

represents the best possible prediction equation using only water column variables and 

includes sulfate, ammonium, potassium, and carbon dioxide as predictor variables. Lakes 

55 and 37 are identified as outliers (studentized residuals 4.1 and 2.9 respectively). 

Removal of these two points increases the r* value to 0.89 and decreases the standard 

error of estimate to 3.3. "B" includes sulfate, potassium and carbon dioxide only. Lakes 

55 and 37 are again identified as outliers (studentized residuals 3.0 and 3.5 respectively). 

Removal of outliers increases the r2 value to .89 and decreases the standard error of 

estimate to 3.5. "C" includes sulfate, potassium and sediment carbon content. Lake 37 

has a large studentized residual (4.0) and removal of this lake from the data set increases 

the r* value to -86 and decreases the standard error of estimate to 3.7. 1 :I lines are 

indicated. 



Sq. Rt. CH4 (pM) Sq. Rt. CH4 (pM) 

Sq. Rt. CH4 (pM) 



If the sediment carbon variable is included in the predictive equation and carbon 

dioxide is dropped, the adjusted r2 value drops to 0.508 and the standard error of estimate 

rises to 4.4. Time is saved, however, in terms of sample preparation and analysis (Table 

7, Fig. 19C). The sample size is decreased to 49 because sediment cores could not be 

obtained from the Aklavik lakes during the sampling period. 

The best predictive equation obtainable from my data sets includes water column 

variables from both the summer 1993 (calcium) and winter 1994 (sulfate and potassium) 

data sets. Equation E (Table 7, Fig. 20D) yields an adjusted r2 value of 0.876 with a 

standard error of estimate of 3.4. Using this equation, two lakes are identified by the 

statistics program as outliers because of the large studentized residuals associated with 

the observations (Lakes 37 and 80). Removal of these outliers from the data set increases 

the r2 value to 0.953 and decreases the standard error of estimate of 2.06 which is quite 

significant. In general, I have avoided removing "identified" outliers from the data sets 

because these are biological data sets and, as such, can be expected to have anomalies 

associated with them. For reader information, however, I have identified outliers on Figs 

19 and 20 (by Lake number) and given the studentized residual associated with them in 

the figure caption. 

Under-Ice Volume 

In order to determine potential methane content in the under-ice water columns of 

Mackenzie Delta lakes, four models were developed to calculate under-ice volumes 

(presented in the Methods section of this thesis). Fig. 2 1 compares under-ice volumes 

derived fiom each of these models. For Model 1 (based on maximum depth) method 13, 

under-ice volumes are approximately 2 times greater than for method A. For Model 2 

(based on mean depth) the under-ice volumes are within 5% of each other regardless of 

the method used to calculate them. What is also evident from Fig. 21 is that the mean 

depth model (Model 2) yields higher under-ice estimates by about 4 to 8 times over the 



Fig. 20. Methane prediction fiom summer 1993 and spring 1994 water column data sets. 

"D" includes under-ice sulfate and potassium as well as summer calcium. Removal of 

lakes 37 and 80 (studentized residuals 5.5 and -3.8 respectively) increases the r2 valus to 

0.96 and reduces the standard error of estimate to 2.1. "En uses summer calcium and 

sedimentation rate to predict under-ice methane accumulation. Again, Lake 80 is 

identified as an outlier (studentized residual -3.2). Removal of this data point increases 

the r2 value to 0.79 and reduces the standard error of estimate to 4.3. 1 :1 lines are 

indicated. 
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10 20 30 40 
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Fig. 21. Comparison of under-ice volumes derived from Method A and Method B for 

each of Model 1 and Model 2 (N = 47). For Model 1 (based on maximum depth), method 

B estimates under-ice volumes at approximately 2 times that of method A. Model 2 

estimates for under-ice volumes are within 5% of each other regardless of the method 

used to calculate them. Model 2 estimates under-ice volume at between 4 and 8 times 

greater than Model 1. 1 : 1 lines are indicated. 
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maximum depth model (Mode1 1). In order for the smaller values calculated via Method 

1A to be correct, the ion concentration factors would have to be significantly higher than 

they are. Given that changes in ionic concentration can give good estimates of under-ice 

volumes as indicated by the results obkined for NRC Lake, an implication may be that 

the shape of NRC Lake is not well representative of the lakes in the transect and that the 

mean depth model (Model 2) may provide a better estimate of under-ice volumes. 

The results from the four models indicate that the sampling point for each of the 

lakes may be representative of an average depth rather than the deepest point of the lake. 

Therefore it is likely that the under-ice volumes derived from Model 2 are closer to the 

"true" under-ice volumes of the lakes than the estimates from Model 1. However, the 

under-ice volumes from ail four models will be used to estimaie methane fluxes on a per 

lake basis in the following section. 

Whole lake methane content modeling 

All four models assume homogeneous methane concentration throughout the 

water column of the lakes. For the 16 lakes where two values of methane were 

determined (one just above the sedimentlwater interface and one just below the icelwater 

interface), the two values were averaged. The two sampling depths were chosen to 

capture potential gradients of methane concentration between lower and upper layers of 

the water column. By averaging the two values a representative value for the entire water 

column should have been obtained. For the remaining 60 lakes which had a shallow 

under-ice water column, the single sample depth value was assumed to be representative 

of the water column. Total lake methane content was calculated using each of the four 

water volumes as: 

MT=M, * V, 

Where MT = total lake methane content (moles) 



M, = methane concentration in the sample (moles/m3) 

V, = Under-ice volume of the lake (m3) 

Once the methane content was calculated for each lake using the four methods, 

estimates of "potential" methane flux was obtained by dividing lake methane content by 

surface area. In plotting the methane flux against area on a per lake basis, it is evident 

that a strong curvilinear relation exists in which lakes with small surface areas tend to 

have a greater potential flux per unit area than lakes with large surface areas (Fig. 22). 

As lake closure has been shown to be a primary control on the spatial distribution 

of methane accumulation in ice-covered delta lakes, average flux values for high, low, 

and no-closure lakes were calculated using each of the methods. Because of the observed 

relation between potential methane flux and lake surface area, both arithmetic means and 

area-weighted means were calculated (Fig. 23). The arithmetic means were within 10% of 

the area-weighted means for all four methods for high and low-closure lakes (Table 8, 

Fig. 24). However, for the no-closure lakes, arithmetic means were consistently higher by 

a factor of approximately 3 (Table 8, Fig. 23). This is due to the tendency for no-closure 

lakes to have very low methane accumulation and significantly larger surface areas than 

the low and high-closure lakes. Given these results, the area-weighted means may be a 

more realistic estimate of average potential methane fluxes from the no, low, and high- 

closure lakes. Also, because of the closeness of the results obtained by Methods 2A and 

2B using the reduced data set, confidence is gained in the results from Method 2A in the 

iarger data set. Therefore, the average potential fluxes at ice-out may range from 36 to 

400 mg m-2 for no-closure lakes, 300 to 3000 mg m-2 for low-closure lakes and from 700 

to 5500 mg m-2 for high-closure lakes (Table 8). 

Using the range of fluxes generated in the previous section and the estimated areas 

of lake surface in the northern, middle and southern delta, a range of total methane flux 



Fig. 22. Estimated methane flux per unit area versus lake area on a per lake basis. The 

relation suggests that high methane fluxes are generated from lakes with small surface 

areas and that low methane fluxes are emitted from lakes with large surface areas. Lake 1 

is not plotted because of its extremely large surface area (8.13 k d ) .  Its estimated flux 

value of 0.47 mg m-2 for Method 1A and 4.7 mg m-2 for Method 2A reinforces this 

pattern. Note that both the Method B graphs have a reduced data set (N = 47) as under- 

ice volumes could not be calculated using the ion concentration factor for the Inuvik 

lakes. 
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Fig. 23. Mean methane flux for high, low and no-closure lakes as derived from the four 

water volume models. Graph A shows the arithmetic means for the data set whereas 

graph B shows the area-weighted means of the methane flux. Note that both the Method 

B graphs have a reduced data set (N = 47) as under-ice volumes could not be calculated 

using the ion concentration factor for the Inuvik lakes. 
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from the Mackenzie Delta at ice-out can be estimated (Table 9). As previously discussed 

in relation to Fig. It the Mackenzie Delta can be divided into three sections in which the 

southern portion of the delta constitutes approximately 20% of the total delta (7400 km') 

6 t h  the middle and northern portions of the delta comprising approximately 40% (4800 

km2) each. Mackay (1963) estimated that 15 to 30% of the southern and northern portion 

of the deita is covered by lakes and 30 to 50% of the middle delta is water covered. 

Therefore, estimates of lake surface for the southern delta range from 360 to 720 kni2, 

ffom 1440 to 2400 km2 for the middle delta, and 720 to 1440 krn2 for the northern delta 

for a total area of lake surface of 2520 to 4560 km2 in the delta. These areas of total lake 

surface were multiplied by the average area-weighted methane flux derived from Methods 

1A and 2B (Table 8) to determine a range of potential methane flux from the Mackenzie 

Delta during ice-out of between 0.5 and 12 Gg (Table 9). 

Because of the short flooding duration of high-closure fakes, it is most probable 

&at the methane in these lakes enters the atmosphere rather than becoming oxidized by 

mixing with oxygen rich floodwaters. It can be estimated that the lake surface area 

rqresented by high elosure !&es is approxh,,ate!j. E 2% of the to&! lake surface area on 

the middle delta. This estimate is arrived at by dividing the lake surface area of the 

sampled high-closure !aka by fie lake surface area of a11 the sampled lakes. It can 

therefore be crudely estimated that high closure lakes would have a delta wide surface 

area from 300 to 550 k d .  Based upon this lake surface area and average methane 

concentrations, potential methane flux for high-closure lakes on the Mackenzie Delta is 

estimated at between 0-1 8 to 3.1 1 Gg (Table 10) or approximately 35% of the total 

-potentid methane flw from the Mackenzie Delta at ice-out (Table 9). 

The hffitcke~e River is not the ody  northward flowing river in the northern 

hemisphere to have built a large delta studded with organic-rich lakes. Several such 
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Table 10 Total potential flux of methane from the Mackenzie Delta high- 
closure lakes at ice-out as estimated by Methods 1A and 2B 
lnuvik lakes are not represented in Method 1A and consequently 
the data set is si-naller (N = 15). 

High-Closure Average Area Weighted 
Lake Surface Methane Methane Total Delta 

Method Area Concentration Flux Flux 
(square km) ( CIM) (mg/sq- m) (Gg) 



deltas exist on the Eurasian continent as well as in North America (Fig. 24). In fact, the 

delta built by the Lena River which covers an area of 30,000 km2 (Telang et al., 1991) is 

two and a half times the size of the Mackenzie Delta (Table 11). Assuming that thermal 

and mechanical breakup patterns are alike on all northward flowing rivers and have 

similar impacts in terms of controlling nutrient and sediment regimes in the delta lakes, 

and assuming methane fluxes are similar to those estimated for the Mackenzie Delta, 

extrapolation of the fluxes presented in Table 9 to the estimated lake surface areas of each 

of the northern deltas will give a gross estimate of circumpolar methane flux at spring 

ice-out. 

I assumed a range of lake area coverage from 20 to 50% for each delta. Bartlett et 

al. (1 992) estimated water coverage of the Yukon-Kuskokwim Delta at 15% using 1984 

Landsat imagery. The vast area of land (> 120,000 krn2) includes the active deltas of the 

Kuskowim and the Yukon Rivers as well as the inactive delta between them. Because of 

the closer proximity to main river channels and lower elevations associated with active 

deltas, they tend to have greater water coverage than the abandoned deltas that border 

them. The estimate for the Yukon-Kuskokwim Delta plus Mackay's (1 963) lower 

estimate of 15% lake coverage for the northern and southern portions of the Mackenzie 

Delta dictated my choice of 20% to represent the low end of my range for lake coverage 

of northern deltas. The high end of Mackay's (1 963) range for lake coverage on the 

middle of the Mackenzie Delta serves as the high end of my range of surface water cover. 

The potential total contribution to the atmospheric methane from these northern 

delta lake during the spring ice-out ranges between 3 and 43 Gg if using the conservative 

20% lake coverage figure, and from 8 to 109 Gg using 50% as an estimate for delta lake 

coverage (Table 1 1). 



Fig. 24. Location of northward draining rivers in the circumpolar region of the northern 

hemisphere. These rivers have built large deltas scattered with highly productive lakes 

(Figure reprinted from Telang, et. al, 1991). 
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Chapter 4 

Discussion 

Distribution of Methsne Among Mackenzie Delta Lakes 

The distribution of methane concentration among Mackenzie Delta lakes is 

consistent with expectations for the flooding frequency of the lakes, and with chemical 

indices of productivity of the lakes. It was expected that high-closure lakes would 

contain the highest concentrations of methane. As light is not a limiting factor in the 

high-closure lakes, macrophyte vegetation dominates primary production which results in 

the sediments being composed of a relatively high percentage of carbon. In low and no- 

closure lakes, where turbidity limits light penetration of the water column, the importance 

of macrophyte growth to the lake productivity is reduced. Phytoplankton populations in 

high-closure lakes, which suffer fiom nutrient limitation as the summer progresses, play a 

more important role in low and no-closure lakes. Carbon flux to the sediments in the low 

and no-closure lakes is subsequently lower than in the high-closure lakes. Low carbon 

flux, in combination with sediment laden river water entering the lakes for longer periods 

of time, results in the sediments of the low and no-closure lakes containing a lower 

percentage of carbon, 

Other indices of relative rates of primary productivity are also reflected in the 

variables used to predict under-ice methane concentrations. Potassium, which plays a 

minor role in phytoplankton growth and metabolism, is present in larger quantities inside 

the cells of macrophytes than in the surrounding water (Goldman and Home 1983). As 

under-ice decomposition of organic material occurs, potassium is released to the 

overlying water colurnn. If high-closure lakes are recognized as containing greater 

quantities of aquatic vegetation than no and low-closure lakes (Hecky et al. 199 l), it 

follows that the under-ice water columns of these lakes should contain the highest 



ccncentrations of potassium as the quantity of organic material available for 

decomposition is greater. 

Summer calcium concentrations can also indicate relative rates of primary 

productivity among lakes. There appears to be a large summer drawdown of calcium 

which is most enhanced in the low-closure lakes. This is a good indication of high rates 

of primary productivity as calcium carbonate will precipitate out in high pH situations 

such as occurs in the summer low and high-closure lakes (Fig. 14). pH is driven up by 

high rates of primary productivity. Therefore, the more productive a lake is, the higher 

the pH rises and the more calcium carbonate is precipitated out of the water column. 

Equations to predict methane concentrations use the above discussed variables 

which are expected to represent indices of productivity for the lakes. High rates of 

primary productivity result in enhanced carbon flux to the sediments which results in 

increased substrate availability. Using the above reasoning, the link between primary 

production, substrate availability, and methane production is forged. 

Sulfate, another variable that appears to be important in methane concentration 

prediction, shows an inverse relation with methane that is characteristic of wetland 

ecosystems. The zone of sulfate reduction in lake sediments is underlain by the zone in 

which methanogenic bacteria are active. Therefore, if sulfate concentrations are low, the 

zone of sulfate reduction will be shallow and methanogenesis will dominate. The strong, 

positivie relation between carbon dioxide and methane has been discussed previously and 

the inclusion of this variable in predictive equations is obvious. 

Although an independent set of data was not used to test the equations, the high 

adjusted r2 values give confidence of their predictive capabilities. Predictive ability really 

becomes a matter of available data andor choice of variables. I would suggest that model 

"DM (Table 7, Fig. 20) which uses summer calcium, under-ice summer calcium along with 

under-ice potassium and sulfate to predict under-ice methane concentrations holds the 

most promise for this purpose. 



Comparisons with other studies 

Under-ice methane concentrations in the 76 lakes sampled for this study ranged 

from 0.09 to 1334 pM. This range of values is higher than other studies which used a 

similar methodology to obtain under-ice methane samples. This is undoubtedly due to 

the high productivity of the Mackenzie Delta lakes. For the five Colorado Rocky lakes 

studied by Smith and Lewis (1 992), methane concentrations ranged from 0.5 to 80 pM 

just prior to ice-out. Methane concentrations throughout the water column of Lake 

Fryxell in Antarctica show a gradient beginning at < 1 pM in the aerobic region of the 

water column and increasing exponentially to approximately 1000 pM at the 

sedimentiwater interface (Smith et al., 1993). 

Potential fluxes from this study are consistent with the spring pulse range 

estimated for temperate ice-covered lakes containing organic rich sediments 

(Michmerhuizen et al., 1995) (Table 12). The range magnitude is also consistent with 

other ranges reported in the literature (Harriss and Sebacher, 1981; Michmerhuizen et al., 

1995; Whalen and Reeburgh, 1992;) (Table 12). In a study of 19 lakes in four geographic 

locations in northern Minnesota md Wisconsi~, Michmerhuizen et al. (1 995) found that 

the magnitude of the potential spring pulse of methane was dependent upon the nature of 

the lake sediments and the extent of the littoral zone. Lakes with extensive littoral zones 

and soft, organic sediments were likely to be more productive and therefore more likely 

to produce high concentrations of methane in their under-ice water columns. Lakes with 

greater s d a c e  m a s  md non-organic sediments produced lower methane concentrations 

in the under-ice water columns and therefore had a lower potential emission at ice-out. 

Potential methane emission fiom the lakes with organic-rich sediment ranged from 145 to 

3000 mg/m2 whereas potential emission fiom lakes with non-organic sediments ranged 



Table 12. Methane fluxes from a variety of temperate. subarctic, and arctic aquatic ecosystems. Calculated spring melt 
pulses contrast with open water averaged fluxes for several systems. 

Ecosystem Type Mean Range N Sampling No. of Source 
mglsq. mlday mg/sq. mlday Period Sites 

Spring meit pulse: 

Arctic delta lakes 
Temperate lakes 

(organic rich sediments) 
Temperate lakes 

(non-organic rich sediments) 
Temperate alpine lakes 

Northern ocean 

Summer Open Water 

Arctic lakes 
Arctic lakes 
Arctic lakes 

Arctic lakes (small) 
Subarctic Lakes 

Subarctic fen pools 
Subarctic bog pools 

Subarctic coastal fen 
Subarctic interior fen 

Subarctic bog 
Subarctic interior pond 
Subarctic interior pond 
Subarctic coastal pond 
Subarctic coastal pond 

Arctic (Pond margins with carex) 
Arctic (Pond margins with carex) 
Arctic (Pond margins with carex) 

Arctic lakes with macrophytes 
Temperate lakes with macrophytes 

Temperate wild rice bed 
Temperate shoreline fen 

Temperate swamp 

Low boreal beaver ponds 
Temperate beaver pond 
Temperate beaver pond 

Northern ocean 

All seasons 
Temperate swamp 

Temperate beaver pond 
Temperate lakes with macrophytes 

Temperate alpine lakes 
Temperate freshwater estuary 

Temperate lakes 

I month 
1 month 

4 mon:hs 
4 months 
4 months 
4 months 
4 months 
3 months 
3 months 
4 months 
4 months 
I month 
I month 
1 month 
3 weeks 
2 weeks 
I month 
1 month 

6 months 
6 months 
6 months 

I month 

17 months 
22 months 
15 months 
15 months 
15 months 
24 months 

76 This study (Extrapolation to delta) 

19 Michmerhuizen et al., in prep, 1995 

19 Michmerhuizen et al., in prep. 1995 
1 Smith and Lewis, 1992 
6 Lammers and Suess, 1995 

3 weeks Morrissey and Livingston, 199'2 
6 weeks Bartlet et al., 1992 
4 months 6 sites Roulet et al., 1994 

(5 - 15 ponds @ each site) 
Whalen and Reeburgh. 1990 
Fan et al.. 1992 
Roulet et al.. 1994 
Roulet et al., 1994 
Hamilton and Kelly, 1994 
Hamilton and Kelly. 1994 
Hamilton and Kelly. 1994 
Rouse et al., 1995 (Site I ,  1989) 
Rouse et al., 1995 (Site 1, 1990) 
Rouse et al., 1995 (Site 2. 1989) 
Rouse et al.. 1995 (Site 2, 1990) 
Christensen, 1993 (Site 1) 
Christensen, 1993 (Site 2) 
Christensen, 1993 (Site 3) 
Morrissey and Livingston, 1992 
Dacey and Klug, 1979 
Harriss et al., 1985 
Harriss et al.. 1985 
Harriss and Sebacher, 1981 

Roulet et al.. 1992 
Ford and Naimon. 1988 
Ford and Naimon. 1988 

Lammers and Suess, 1995 

Harriss and Sebacher, 1982 
Yavitt et al., 1990 
Smith and Lewis, 1992 
Smith and Lewis, 1992 
Chanton et al., 1989 
Miller and Oremland, 1988 



from 0.64 to 298 mg/m2. When extrapolating fluxes from the sampled lakes to a regional 

scaie j ~ i m e s o t a  N. of 4Y), the potential emission at ice-out ranged from 0.9 Gg 

assuming no lakes have organic-rich sediments to 7.1 Gg assuming all lakes have 

organic-rich sediments. When assuming that the mix of lakes was the same as the 

sample, a spring flux of 2.4 Gg was estimated. The land surface area covered by this 

extrapolation is approximately 213 of the state of Minnesota which is large when 

compared with the Mackenzie Delta, and this difference must be considered when 

comparing tke regionaI fluxes from the two systems. Therefore, even though the high 

estimate from the Minnesota study is within the range of the hjqh potential flux of the 

Mackenzie Delta (Table 9), the flux is from a much larger area which emphasizes the 

potential importance of northern deltaic ecosystems sources of methane. 

En comparing the pulse results from Michmerhuizen et al. (1995) and this study 

with other systems, it can be seen that the values are similar to open water fluxes 

associated with Arctic pond and lake margins with carex, temperate beaver ponds, and 

temperate wild rice beds (Table 12). Because these delta lakes often contain extensive 

macrophyte coverage it is not surprising that the methane pulse generated by the models 

is more representative of aquatic systems containing extensive macrophyte populations. 

Uncertainties associated with extrapolations 

Mackenzie Delta lakes yielded potential methane fluxes at ice-out ranging from 

180 mg/m2 to 2600 mg/m2 (Table 1 1)  for a total spring pulse from the Mackenzie Delta 

of 0.5 to f I Gg (Table 8). This range represents the highest and the lowest flux values 

generated by use of the four methods used to caiculate under-ice lake volumes (Table 7). 

Tnis fiux estimate have a wide range because of uncertainties associated with: 

( I )  Under-ice volumes- 

(2) Total area of lake surface on the delta. 



(3) Potential spatial variation of ion concentration in the under-ice water 

columns of the sampled lakes. 

(4) Potential spatial variation of methane concentration in the under-ice water 

columns of the sampled lakes. 

Three other sources of uncertainty, although probzbly of less importance, include: 

(1) Loss of ionic solutes from beneath the ice cover due to the formation of 

white ice. 

(2)  The assumption that exclusion of solutes is complete during the growth of 

black ice. 

( 3 )  Potential exchange of water with ~ l i k  zones which may co-mect lakes 

with other water bodies. 

I expect that the "true" emission of methane from these lakes at ice-out may be 

towards the high end of the calculated flux range. The strong correlation between 

Methods 2A and 2B provides evidence that the average depth model (Model 2) may be 

more representative of under-ice volumes than the maximum depth model (Model I j. I 

was also able to establish that the ion concentration factor is capable of predicting under- 

ice volumes reasonably well (within 5% of actual measured volume in the case of NRC 

lake). Based on this reasoning, I judge that the best estimate of methane flux from 

Mackenzie Delta lakes at ice-out may be about 200 mgfm21d. f also judge f by taking the 

mid-point of Mackay's (1963) estimates) that the best estimate of actual lake coverage of 

the Mackenzie Delta to be closer to 35%. This would give a water surface area of 4200 

km2 on the delta for a spring pulse of 8.4 Gg. 

Does all the methane escape ar ice-out? 

There are three pathways by which methane reaches the atmosphere from the 

sediments: (I) diffusion through the water column, (2) ebullition, and, (3) through rcmted 

aquatic plants. Although it is well established in the literarun: that methane flux is 



enhanced in areas with aquatic macrophytes because of the ability of the plant lacunae to 

act as a gas exchange vehicle between lake sediments and the atmosphere (Flacey and 

Kf ug, E 979, Smith and Lewis, f 991. Sebacher et af ., 1985 j , this thesis is concerned with 

water calumn methane accumulation and its poteniial release to the atmosphere at spring 

turnover and thus macrophytes are unlikely to be an important mode of transport for this 

event. Likewise, ebullition, or bubble formation, which occurs most frequently in peaty 

or less compacted organic sediments having pore spaces large enough to let large bubbles 

exape, may be a major tratspn process during the open water season but is unlikely to 

be dominant during spring tmover. More likely, difhion, a random, chaotic movement 

of gas "Jlraugh water as it spreads from zones of high concentrations to areas of lower 

roxenmrioil, is tk dos-5~11  m e & d  by which the methme reaches &e amosphere at 

ice-~ut, 

Melkrane has very limited solubility in water and, due to the steep concentration 

gradient which exists between the methane in the under-ice water column and the 

atmosphere, it is likely that rapid degassing mill occw once enough of the lake surface is 

exposed so that the wind can mix the water column fully. In the CoIorado lake study, 

Smith and Lewis ( I  992) obsemd methane concentrations in the water column of one 

Iake fall from a high of 99.9 to 2.2 @f over a 24 hour period immediately following 

spring trun-over. They concluded *-it loss of methane from the water column was 

ezentiditly e q d  to loss to the atnrosphere. M e h e  losses to oxidation processes were 

deemed to be comparativeij- small because of the low water temperatures associated with 

ice melt and the rapid nature of the dergming event. 

There are two scenarios most likely describe the fate of the mahane trapped 

ke~i5tl-1 the wher ice ccfver. The f i  scenario is that dl ttre methane contained in the 

under-ice water column w i l l  be released to the atmosphere at spring ice-out. The second 

senaria is that a portion ofthe methane becomes oxidized prior to being e r n i d  at the 



lake surface. ? ~ c h  scenario deminates each lake becomes dependent upon the duration 

of the spring flooding event. 

While methane is produced and maintained in an anosic environment under the 

ice-cover of lakes in the Mackenzie Delta. the floodwaters that invade these lakes for 

varying durations each spring are highly oxygenated. The anosic lake water becomes 

concentrated as solutes from the water are eschded into the underlying water column 

during ice cap growth. When the floodwater enters the lake. it often comes in on top of 

the ice cover. The ice then cracks around the edges of the lake or releases its hold on the 

sediments and floats to the surface forming an intact cap over the lake. This cap 

effectively protects the water column from wind. In order for the methane to become 

oxidized G k  floodwater 'vi-odd have $0 mix with the lake water beneath the ice cover. 

L e m k  et al. (1 991 a) have shown that, without exposure to the wind, the denser lake 

water remains separated from the floodwater and, when the floodwaters recede, most of 

the lake water may remain behind. After the ice cover has melted, the first significant 

wind will mix the entire water column which, theoretically, would allow the methane to 

esc-rpe into the atmosphere. 

In a study on NRC Lake which was designed to look at the probability of the 

Mackenzie Delta lake waters mixing with the flood waters at spring ice-out time, Lesack 

et. a/- (1991b) concluded that he  high-elosure lakes of the middle delta (approximately 

If3 o f d  the lakes) are flooded for a sufficientiy short time that the ice cap would remain 

intact and the water column would remain unmixed until after the flood levels had 

reeded. The remaining 2C3 of the lakes are exposed to wind before the flood waters have 

receded and the stability of their vc.ater columns is too weak to resist mixing. Therefore, it  

is likely for the low and no-closure lakes that the influx of oxygen into the water column 

may cause some of the melhanz to be converted to carbon dioxide before it has a chance 

to mss the watedair interhe. For the high-closure lakes, however, such methane 



oxidation may be negligibte. How much of the methane is affected in this manner will be 

investigated in the future. 

Importance of Northern Circumpolar Deltas 

The potential contribution of methane to the atmosphere from lakes on active 

deltas in the northern circumpolar region ranges from 3 to 100 Gg (Table 10). This range 

is generated by using differing estimates of surface water cover and differing averages of 

potential methane flux. Using my best estimates of potential flux per unit area (2000 

mg/m2) and lake surface coverage for all major northern deltas (35%), the methane pulse 

to the atmosphere at ice-out would be about 58 Gg. With the lowest recent estimate of 

annual methane flux fiom northern wetlands being 17 Tg, the single episode flux at ice- 

out from lakes in all the major northern deltas represents 0.3% of the total annual flux 

from northern wetlands. Considering that the majority of the annual flux takes place over 

approximately 150 days, average daily flux from the tundra approximates 1 13 Gg d-l. 

Therefore, the pulsed emissions from the northern delta lakes alone, comprising less than 

1 % of the landmass, would be about 5 1 % of the average daily emission of methane from 

the entire norther wetlands north of 40". 

It is not possible that all lakes experience ice-out and mixing of the water column 

at the same time throughout the northern hemisphere. The freezing and breaking up of 

rivers always has a zonal character which is dependent upon climate, proximity and 

numbers of lakes, permafrost distribution, subsurface temperature and proximity of 

glaciers (Telarig et al. 1991). The rivers of the European part of the Arctic Basin 

(Pechora and N. Dvina) experience ice-out in April and May (Fig. 20). The upper 

reaches of the Ob become ice free in April but the lower reaches are still ice-covered until 

June. The Asian rivers (Lower Lena, Kolyma, Indigirka, etc.) become ice free in May or 

June which is similar to the Mackenzie, Colville and Yukon. Breakup can often take 

place over a period of three months for many of these northern rivers as the mechanics of 



these northward flowing rivers involves thawing in their headwaters with extensive ice 

jamming in the northern portions. The warmer waters associated with river flooding 

enters the delta lakes and aids in the melting of the lake ice caps. Ice-out on the l'akes 

follows shortly after the river channels are clear of ice. Overall, ice-out on the lakes 

corresponds to the timing of increased spring temperatures along a latitudinal gradient 

progressing from the southern Arctic northward. 

Kahlil et al. (1993) conclude that the spring atmospheric methane cycle has a 

remarkable stability associated with the cycle length from year to year (Fig. 25). While 

the days in mid July on which the minimum concentrations occur are very precisely 

defined in the data the maxima are not. The fact that lakes would degas along a 

latitudinal gradient from April to June as ice-out progresses northward may offer a 

potential explanation to the lack of definition of the methane maxima. 

Although the spring pulse associated with ice-out may be small relative to the 

annual flux from the northern circumpolar region, methane fiiu from these lakes will 

continue through the summer. Even though the lakes do not stratify, and therefore remain 

oxygen rich throughout their water columns, they also contain extensive macrophyte 

coverage and methane flux from anoxic lake sediments through macrophyte vegetation 

should continue at a rate equivalent to those exhibited for other systems in similar 

env~ronments. Open water fluxes for Arctic pond and lake margins with carex stands 

have mean fluxes of 300 to 600 mg/m2/d (Christensen, 1993; Whalen and Reeburg, 1992) 

and other systems such as the Hudson Bay lowlands and the Yukon-Kuskokwirn Delta 

report fluxes between 20 to 200 mg/m2/d (Table 12). Therefore it is not unreasonable to 

estimate that the Mackenzie delta lakes which are organic-rich and dominated by 

macrophyte vegetation would have methane fluxes close to the upper limits of lakes in 

similar systems and may represent an important component of the Arctic methane budget. 



Fig. 25. The seasonal cycle of methane concentrations based on monthly averaged 

concentrations. 90% confidence Iimits have been added to the monthly indices (points). 

The line is from the Fourier decomposition using the three most prominent frequencies 

(12,6, and 4 month cycles) (graph redrawn from Kahlil et al, 1995). 





Chapter 5 

Conclusions 

Summary of ikf~in  Findings 

The results from this study are consistent with the accepted controls on substrate 

availability for production of methane and the relation between pH and redox potential on 

methane production. Lakes with higher relative rates of primary productivity, as 

indicated by various chemical indices, contained higher concentrations of methane in 

their under-ice water columns. Under-ice concentrations of methane can be predicted 

quite precisely from measurement of chemical indices which are related to primary 

productivity. 

Frequency and duration of flooding has a significant effect on under-ice methane 

accumulation among Mackenzie Delta lakes. High-closure lakes have significantly 

higher methane concentrations than low-closure lakes which, in turn, have significantly 

higher concentrations of methane than no-closure lakes. High-closure lakes also have 

high carbon content in their sediments, which is associated with aquatic macrophyte 

populations that dominate primary productivity in the summer growth season. No- 

closure lakes, on the other hand, are turbid environments and have a lower percentage of 

carbon in their sediments. Low-closure lakes also have a water chemistry conducive to 

high rates of primary productivity but the carbon content in their sediments is modified by 

the mineral sediments delivered to these lakes by the Mackenzie River which make them 

not as conducive to methane production as the high-closure lakes. 

Within the sampled lakes, position across the delta has no significant effect on the 

distribution of methane among lakes although a trend exists that shows an increase in 

methane accumulation in an eastward direction across the delta. The trend for higher 

methane accumulation on the Inuvik side of the delta corresponds with decreased 



sedimentation rates and higher sediment carbon content as well as with low sulfate values 

for these eastern lakes. 

On average, spring methane pulse on a per lake basis ranges from about 180 to 

2600 mg/m*/d which translates to a Mackenzie Delta pulse of 0.5 to 12 Gg assuming that 

all the methane produced in the lakes is emitted to the atmosphere. My best estimate for 

a spring pulse contribution of methane to the atmosphere from all major northern deltas is 

about 58 Gg which represents approximately 0.3% of the annual emissions of methane 

fiom northern wetlands. Although the spring pulse of methane associated with these 

delta lakes is small relative to the annual methane budget for the northern wetlands, 

methane emissions which continue through the open-water season have not bet been 

measured. The combined flux from the pulse at ice-out and continued emissions during 

open-water may be a significant component of the tundra methane budget. 

Suggestions for Future Research 

In order to further refine this research several avenues should be followed: 

(1) In order to determine how much of the methane actually enters the 

atmosphere as a spring pulse from these ice-covered lakes, it is necessary to measure flux 

rates directly from the water to the atmosphere. Chambers placed on the lake surfaces 

could be used for this purpose. They could be set up on a subset of lakes that represent 

the three closure categories to determine if connection to the main channels has an effect 

on methane oxidation through mixing of the water column prior to ice-out. Initial water 

column values of methane would also have to be determined prior to ice-out. 

(2) The models developed to estimate under-ice volumes should be refined to 

give more accurate representation of "true" volumes. 

(3) Spatial modeling of methane concentrations within lakes would be 

beneficial in determining how representative single bore hole measurements are at 

representing whole lake methane content. 



(4) More accurate estimates of lake area coverage throughout the delta would 

be an asset when calculating potential flux from the Mackenzie Delta. 

( 5 )  More accurate estimates of delta areas in circumpolar regions would be 

helpful in determining the spring methane pulse from northern delta. 

( 5 )  Accurate estimates of per cent lake coverage of all the circumpolar deltas 

would be an asset when calculating potential flux from Arctic delta ecosystems. 

(6)  Cross delta transects representing northern and southern sections of the 

delta should be sampled in a manner similar to that performed for this study to see if the 

same controls on methane production and accumulation operate throughout the delta and 

to see if the methane concentration values are indeed representative of high, low, and no- 

closure lakes on a delta wide basis. 

(7) Tundra lakes in the vicinity of the delta should be sampled for methane in 

order to obtain representative values from these ecosystems. 
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Appendix A - Data Tables and Statistical Summary Tables 

This section includes raw data tables and statistical summaries for the two-way 

and one-way ANOVA tests performed on the three main data sets of spring 1993, 

summer 1993 and spring 1994. The tables are presented in the following order: 

Table A. 1 

Table A.2 

Table A.3 

Table A.4 

Table A S  

Table A.6 

Table A.7 

Table A.8 

Table A.9 

Table A. 10 

Table A. 1 1 

Table A. 12 

Table A. 13 

Table A. I4 

Table A. 15 

Spring 1993 major solutes data 

Spring 1993 Two-Way ANOVA summary statistics 

Spring 1993 One-Way ANOVA summary statistics 

Summer 1993 major solutes data 

Summer 1993 Two-Way ANOVA summary statistics 

Summer 1993 One-Way ANOVA summary statistics 

Spring 1994 major solutes, gases, physical measurements, and 

sediment data 

Spring 1994 Two-way ANOVA summary statistics for major 

solutes 

Spring 1994 One-Way ANOVA summary statistics for major 

solutes 

Spring 1994 Two-Way ANOVA summary statistics for gases 

Spring 1994 One-Way ANOVA summary statistics for gases 

Spring 1994 Two-Way ANOVA summary statistics for physical 

measurement variables 

Spring 1994 One-Way ANOVA summary statistics for physical 

measurement variables 

Spring 1994 Two-Way ANOVA summary statistics for sediment 

data 

Spring 1994 One-Way ANOVA summary statistics for sediment 

data 



Table A.16 Summary sstatistics for Two-way and One-way ANOVAs for 

between data set variation 



Table A. 1 Spring 1993 Major Solutes Data 

Lake K PM Na pfvl Mg PM Ca pM CIpM S04pM Si pM 



Lake K PM Na pM M!3 c~M Ca pM Cl pM S04vM Si pM 



Table A.2. Summary for Descriptive Statistics and Two Way ANOVAs performed on water chemistry for Spring 1993 
Under-Ice Samples. Mackenzie Delta Lake transect. 

LogCa LogMg K Log Na Log Cl Log SO4 Log Si Log Cond pH 

N 
Mean 
Stand. Dev. 
Minimum 
Maximum 
Skewness 
Lilliefors 

Closure 
Anova p = 

:F = 

High 
LS Mean 

S.E. 

Low 
LS Mean 

S.E. 

No 
LS Mean 

S.E. 

Position 
Anova p = 

F = 

lnuvik 
LS Mean 

S.E. 

Central 
LS Mean 

S.E. 

Aklavik 
LS Mean 

S.E. 

Closure ' Poslion 
&OM p = 

F = 

Outliers 
Lake Number 

Student. Resid. 
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Table A.10 Summary for descriptive statistics and Two-way ANOVAs performed on 
gases for Spring 1994 under-ice samples, Mackenzie Delta Lakes. 

Sq Rt CH4 Sq Rt C02 Sq Rt DIC 

N 
Mean 
Stand. Dev 
Min 
Max 
Skewness 
Lilliesfor Val. 

Closure 
Anova p= 

F= 

High 
LS Mean 

S.E. 

Lo 
LS Mean 

S.E. 

No 
LS Mean 

S.E. 

Position 
Anova p = 

F= 

lnuvik 
LS Mean 

S.E. 

Central 
LS Mean 

S.E. 

Aklavik 
LS Mean 

S.E. 

Outliers 
Lake No. 

Student. Resid. 
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Tabte A.12 

N 
Mean 
Stand. Dev 
Min 
Max 
Skewness 
Lilliesfor Val. 

Closure 
Anova p = 

F= 

*; 
t ll 

LS Mean 
S.E. 

Lo 
LS Mean 

S.E. 

No 
t S  Mean 

S.E. 

Position 
Anova p= 

F= 

Summay for descriptive statistics and Two-way ANOVAs 
performed on physical measurements for Spring 1994 under- 
ice sarnpies, Mackenzie Delta take transect. 

ice Thick Log Area 1lLog Snow Dep White Ice 
cm kin squ'd Depth (m) cm cm 





Table A.14 Summary for descriptive statistics and Two-way ANOVAs 
performed on sediment data for Spring 1994 under-ice 
samples, Mackenzie Delta Lake transect. 

--- - 

lfSed C Log S N Log S PO4 Sed Rate 
- - 

N 
Mean 
Stand. Dev 
Min 
Max 
Skewness 
Lilliesfor Val. 

Lo 
LS Mean 

S.E. 

No 
LS Mean 

S.E. 

Position 
Anova p= 
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lnuvik 
LS Mean 

S.E. 

Central 
LS Mean 

S.E. 
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Appendix B - Temperature and Conductivity Profiles 

Tkis section includes temperature and conductivity profiles for each of the 

sampled lakes. They are presented sequentially and are subtitled reflecting their position 

on the delta and their closure status. Plotted on each of the conductivity profiles is a 

dashed line that indicates the location of the ice/water interface at the time of sampling. 
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Akawik High-Closure Lakes 
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Appeodix C - Methane, Carbon Dioxide and Dissolved lnorganie 

Carbon Profiles 

This section includes the profiles for the sixteen lakes with N-ater columns 

sufficiently deep to necessitate two sampling Iwations - one just above the 

sedimenthater interfrrce md the second between one third to one half the way down the 

water column. The lakes are presented sequentially with each fake being represented by 

three graphs with the first of the three grdpfrs indicafing the location of the 

sedirnendwatef interface as we!! as the Icebwater interface. 
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Appendix D - Total Lake Volumes and Under-Ice Volumes for 

blacfaenzie Delta Transect takes 

This sectinn includes Table Dl which gives estimated total lake and under-ice 

volumes for each of the lakes on the Mackenzie Delta transect which were sampled in the 

sprilg of 1994. Results from Models 1 and 2 are given as estimated total volumes and 

results from methods A and B applied to each of these models are given as estimated 

under-ice volumes on a per lake basis. 
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Appendix E - Standard Deviations of Low Concentration 

Standards Obtained During Operational 

Analytical Runs 

This section includes Table E! which gives standard deviations of low 

concentration standards obtained during operational analytical runs, Detection limits 

were assumed to be 2 times the standard deviation for each variable. 



Table E l  Standard deviations of low concentration 
standards obtained during operational 
analytical runs. Detection limits were assumed 
to be 2 times the standard deviation for each 
variable. 

Gases Standard Deviation 
PPm clM 

Meihane 0.15 
Carbon Dioxide 0.30 

Major Solutes 

Sodium 
Calcium 
Potassium 
Magnesium 
Cloride 
Sulfate 
Silica 
Phosphate 
Ammonium 




