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1.0 SUMMARY 

The aquatic environment in the  Kiggavik project a r ea  has been studied for almost a 

decade t o  determine baseline conditions; t o  identify a reas  and ecosystem components 

t ha t  may be affected by s i te  activity; and t o  provide necessary information t o  facil i tate 

the  design of the  project in a manner t ha t  is most compatible with the  environment. 

The Kiggavik project a r ea  is si tuated in t he  headwaters of the  Aniguq River, a relatively 

small watershed si tuated between t he  Thelon River t o  the  north and t he  Kazan River t o  

t h e  south. The Aniguq River drains into Baker Lake, and eventually on into Hudson Bay. 

Hydrologic studies of the  Kiggavik project a r ea  were carried out in 1988 and 1989 t o  

measure local runoff characterist ics,  which a r e  important in evaluating t he  downstream 

transport  and dilution of s i te  runoff and t rea ted  wastewater. These studies have shown 

tha t  most of t he  annual runoff from the  s i t e  occurs during the  spring snowmelt in June 

and July, with l i t t le  runoff during the  res t  of the  year. Several relationships were 

developed t o  predict hydrologic responses in t he  study a r ea  t o  precipitation and 

snowmelt. Local hydrologic conditions a r e  placed in a regional perspective through 

comparison with Environment Canada monitoring da t a  on t h e  Aniguq system, a s  well as 

with hydrologic information on Baker Lake and Hudson Bay. Other studies of the  

physical a t t r ibutes  of watersheds in the  a r ea  included t h e  determination of t he  

bathymetries of lakes in t h e  project area. 

Water quality conditions were  measured t o  define baseline concentrations of t r a ce  

metals, radionuclides, nutrients and major ions in local watersheds. It was generally 

found t ha t  project a r ea  waters  a r e  relatively low in conductivity and contain relatively 

low concentrations of most dissolved substances. Low nutrient (phosphorus) 

concentrations suggest tha t  local lakes a r e  relatively unproductive. Background 

radionuclide levels a r e  also relatively low, and only appear t o  be affected by t he  uranium 

mineralization in a small s t ream draining t he  o r e  body area.  

The physical and chemical characterist ics of lake sediments were  measured because lake 

sediments act as sinks for metals and radionuclides. Sedimentation ra tes  were  measured 

t o  permit  t he  estimation of future  chemical fluxes from the  water  column. The lakes 

were  found t o  have low but variable sedimentation ra tes  reflecting t h e  general 

unproductive conditions of t h e  aquatic ecosystem. 



Study a r e a  lakes support a wide variety of aqua t i c  life. Studies of plankton and benthic 

communities were  carr ied  ou t  t o  determine baseline conditions and to evaluate  t h e  

ef fect iveness  of monitoring these  communities t o  measure environmental  change. 

Plankton communities in t h e  a r e a  were  found t o  be  ext remely variable in t e r m s  of 

species  composition and numbers of organisms, and probably o f fe r  l i t t le  potential  for  

operational  monitoring excep t  t o  identify gross changes. Benthic communities in 

Kiggavik a r e a  s t r eams  conta in  a var ie ty  of species and, as in o the r  biomonitoring 

applications, can  probably be used as a monitoring tool  in t h e  operational  phases of t h e  

Kiggavik project. 

Fish communities in Kiggavik project  a r e a  lakes a r e  dominated by lake t rou t  and Arct ic  

grayling, with round whitefish, cisco, burbot, ninespine st ickleback and sculpin also 

present  in some waterbodies. Lakes t h a t  f r e e z e  t o  t h e  bot tom and have only l imited 

in le t  and ou t l e t  s t r eams  a r e  fishless. Deeper lakes, such a s  Ridge Lake and Cirque Lake, 

which have t r ibutar ies  t h a t  o f fe r  no potential  for  fish passage, t end  to have limited fish 

communi t ies  due to their  isolation. Shallow lakes with larger inlet  and ou t l e t  s treams, 

such as Pointer  Lake, have  periodic winterkills but a r e  readily repopulated from 

elsewhere  in t h e  watershed. Judge Sissons Lake, t h e  largest  lake  studied, has  a full 

complement  of al l  species found in t h e  area.  No Arct ic  cha r  occur  in t h e  upper Aniguq 

watershed. 

The aqua t i c  baseline conditions described in th is  repor t  provide a foundation for  t h e  

design of a n  aqua t i c  environmental  monitoring program for t h e  Kiggavik project. 

Further,  th i s  information provides a basis for t h e  prediction of t h e  e f f e c t s  of project  

development on t h e  aqua t i c  environment and aquat ic  resources used by local  populations 

living at Baker Lake and elsewhere in t h e  region. 



Urangesellschaft Canada Limited has sponsored extensive research on t he  aquatic 

environment around t he  Kiggavik project si te,  including studies on water  quality, 

hydrology, sediment quality and aquatic biota. This report describes the  baseline 

characterist ics of t he  aquatic environment. 

In t he  mid-1970s, Urangesellschaft Canada Limited discovered a uranium deposit within 

t h e  Kiggavik area. After  extensive mineral exploration, an engineering feasibility study 

for t he  development of a uranium mine and mill a t  s i t e  was commissioned. An 

environmental impact assessment was also carried ou t  t o  evaluate the  e f fec t s  of the  

project, and t o  provide environmental guidance in t he  development. Several years of 

baseline environmental studies on the  aquatic environment were carried out  in support of 

this assessment. This support document provides a review of these studies and of other  

information and da t a  on regional aquatic resources from government and other resource 

sources. 

Aquatic field studies were carried out  in 1979, 1980, 1986, 1988 and 1989 t o  character ize  

environmental conditions and t o  provide baseline da t a  for predicting e f fec t s  from any 

future s i te  development and t o  provide environmental guidance in the  project design. 

The 1979 and 1980 surveys were broad and general in scope, since s i te  development had 

not  been conceptualized in detail. The 1986 studies, which a r e  outlined in a report  by 

BEAK (1988), were carried ou t  as par t  of the  engineering pre-feasibility study, and were 

more focussed on environmental conditions relevant t o  the  initial conceptual project 

design. In 1988 and 1989, field surveys were carried out  in conjunction with the  

engineering feasibility study to  fill information gaps t h a t  became apparent as t he  more 

detailed project design unfolded. In addition, these most recent  studies were carried out 

t o  address some of t h e  concerns and comments  expressed by t he  Regional Environmental 

Review Commit tee  on t he  Project  Concept Description document (BEAK, 1988). This 

report describes t h e  results of al l  aquatic environmental studies carried out between 

1979 and 1989 for t he  Kiggavik project. 

In undertaking these studies, i t  should be pointed out t ha t  t he  type of study and t he  

intensity of study varied from lake t o  lake and watercourse t o  watercourse. Pointer 

Lake was studied in more detail  than other study a rea  lakes, because i t  is t h e  first  large 



waterbody downstream of t h e  mineralized area,  and would almost certainly be a f fec ted  

by the  development of a mine in t h e  area. Other  lakes and watersheds in t h e  a r e a  were  

investigated t o  provide a broad picture of local aquatic conditions, and t o  provide some 

baseline information on a reas  t h a t  may be  a f fec ted  by facil i t ies t h a t  may be developed 

with t h e  mine. As t h e  project evolved and became be t t e r  defined, i t  became possible t o  

b e t t e r  identify those a reas  where aquat ic  studies should be  focussed. This document 

provides an account  of a l l  of t h e  aquat ic  environmental studies carried out  in support of 

exploration and development activit ies at t h e  Kiggavik project site. 



3.0 STUDY AREA 

The Kiggavik s i t e  (64'25l~, 97O37 '~)  is  located in t h e  sub-Arctic tundra of t h e  centra l  

Keewatin Distr ict  in a region drained by Baker Lake, which flows into Chesterfield Inlet 

and Hudson Bay (Figure 3.1). Major wa te r  resources in t h e  region include t h e  Thelon 

River and two  large lakes along i t s  course  - Schultz Lake t o  t h e  north and Aberdeen Lake 

t o  t h e  west. Judge Sisson's Lake is  a relatively large  regional lake t h a t  drains most of 

t h e  Kiggavik project  area.  Sissonls Lake empt ies  into t h e  Aniguq River, which flows 

eas tward into t h e  western end of Baker Lake and follows a course t h a t  is roughly parallel 

t o  t h e  Thelon River s i tuated t o  t h e  north. Numerous lakes and rivers dissect  much of t h e  

region, and tundra wetlands a r e  predominant throughout. Figure 3.2 presents t h e  local 

perspective on t h e  Kiggavik study area. 

The Kiggavik s i t e  is si tuated at t h e  eas te rn  end of t h e  Thelon Basin. The basin is filled 

with a thick deposit  of c las t ics  and small  amounts of felsic volcanics. The pre-Thelon 

c las t ic  rocks a r e  mainly arkosic quartzi tes,  with in tercala ted  orthoquartzi tes and 

chlorite-sericite schist units. Except for t h e  chemically iner t  orthoquartzi tes,  al l  t h e  

metasedirnents a r e  host t o  uranium mineralization. This bedrock influences t h e  

chemistry of t h e  surface  waters  of t h e  region seasonally through seepage from the  

shallow ac t ive  zone, and on a more year-round basis through discharge of small  quanti t ies 

of deep  groundwaters into t h e  deeper wa te r s  of large lakes. 

The surficial mater ia ls  in t h e  study a r e a  c a n  b e  grouped into glacial deposits, including 

t i l ls  and glaciofluvial materials, fluvial deposits, resulting from recent  activi ty,  and 

organic deposits, resulting from gradual accumulation of peats. The s i t e  lies in a zone of 

continuous permafrost ,  with regional thicknesses g rea te r  than 200 m. The ac t ive  layer 

reaches about 0.50 m t o  1.25 m on well-drained tills, and about 0.80 m on we t  peatlands. 

The soils a r e  generally dominated by clay-rich till, although organic cryosols and fibric- 

t o  mesic-peats a r e  present in w e t t e r  areas. A large proportion of t h e  a r e a  is  wetland, 

with t h e  remainder being occupied by lakes and dry upland tundra. Cryogenic processes, 

especially cryoturbated soils, a r e  evident and associated with patterned ground features. 

The region is north of t h e  t ree l ine  and surface  cover  is  composed of a variety of lichens, 

mosses, ericaceous shrubs and heath  species, and by a variety of herbs, grasses and 

sedges. Fur ther  information on soils and vegetat ion c a n  be found in Supporting 

Document No. 2. 





figure 3.2 

Kiggavik Study Area 



Based on da t a  collected a t  Baker Lake (the nearest  Atmospheric Environment Service 

monitoring station), the  a r ea  receives approximately 235 mm a s  precipitation annually 

(30-year normal), of which about 60% occurs as rain. The snow-free period is limited t o  

July and August. The daily mean a i r  temperature  rises above O'C during the  first  two 

weeks of June, and then falls below OOc during the  last two weeks in September. The 

mean annual air  temperature is -12'~. The Kiggavik a rea  is thus characterized by long, 

cool winters, very short transitional seasons, and short warm summers. The climate is 

classified as cold continental, and the  region is dominated by Arctic pressure systems. A 

more complete discussion of c l imate  for the  a r ea  can be found in Supporting Document 

No. 1. 

The Kiggavik s i te  lies at an  elevation of about 180 m and is 75 km west of the  Baker 

Lake meteorological station (elevation a t  12 m). The highest ground between the  

Kiggavik and Baker Lake rises t o  230 m, approximately 30 km due east of the  site. There 

a r e  likely t o  be some differences in the meteorological conditions between the  two sites 

because of the  higher elevation of t he  Kiggavik site, and the  e f fec t  of Baker Lake during 

t h e  ice-free season. The difference in elevation may cause temperatures t o  be slightly 

lower at Kiggavik because of probable slight increases in wind speeds. There may also be 

a slight increase in precipitation at Kiggavik because of low clouds and fogs. 

Baker Lake itself will have a moderating e f fec t  at Baker Lake. The small shallow lakes 

near the project s i te  would not be expected t o  have a s  marked an effect.  Spring and 

summer temperatures would be kept lower at Baker Lake, while fall temperatures would 

likely be higher. 

Runoff and streamflow characteristics in the  region a r e  governed by topography, soil and 

plant communities and meteorological conditions. The cold Arctic climate results in the  

development of a thick layer of ice on surface water for about eight months of the  year. 

By the end of winter in May, ice  thickness in the  project area is generally about 2 m. 

Runoff during these periods is negligible, and streamflow is greatly diminished or ceases 

completely. 

There a r e  generally three major periods of hydrologic activity in the  central  Keewatin 

region: 



o Spring snowmelt  is t h e  largest  source of water  t o  regional watersheds 

(Roulet, 1985). Peak runoff occurs when meltwater exceeds t he  storage 

capacity of upland and lowland (wetland) soils. Snowmelt generally causes 

rapid rises in discharge hydrographs, with peaks reached only a mat te r  of 

days a f t e r  the  initiation of melt. This results because of t h e  very low 

storage capacit ies of soils at this time. 

o Early and mid summer is t he  period when most of the  basin snow cover is 

depleted and evapotranspiration is active. The basin dries out  gradually, 

leading t o  a decrease in t he  permafrost  groundwater table. As the  frost  

table deepens, there  is g rea te r  s torage capaci ty  in t he  ac t ive  layer and so 

streamflow is  reduced. The exception during this period is the  wetlands, 

which undergo slow thawing and usually receive la tera l  inflows t o  maintain 

sa turated conditions. 

o Rainy periods of  l a t e  summer occur when evapotranspiration decreases due 

t o  an increase in cloudiness and a decrease in daylight hours. In low-lying 

areas,. t h e  water table  may rise t o  t he  ground surface,  so tha t  moderate t o  

heavy rainstorms can generate  sporadic high flow events. 

The ponds, lakes and s t reams of t h e  Baker Lake region support communities of aquatic 

life tha t  play important roles in t he  local and regional ecosystem, and provide food and 

employment for members of t he  local population through fishing. Baker Lake and t he  

major tr ibutary s t reams  support fisheries for Arctic char  and whitefish. Other important 

fish, particularly from a sportfish perspective, include lake t rout  and Arctic grayling. 

Fish of t h e  Kiggavik a r ea  a r e  not  known t o  be exploited by residents of the  region, 

because t h e  most significant inland fisheries resources of t he  a rea  occur elsewhere in 

larger regional lakes and rivers, such a s  Baker Lake, the  Thelon River and associated 

large lakes t o  t he  north, and the  Kazan River watershed t o  the  south. 



4.0 SURFACE AND GROUNDWATER HYDROLOGY 

4.1 General Physical Characteristics of Watersheds 

The morphometric character is t ics  of lakes a r e  important in t e rms  of defining habitat  

conditions for aquatic life, determining t h e  potential yield (harvest) of fish available, and 

for determining hydraulic (flushing) characterist ics tha t  a r e  required for predicting 

pathways for t h e  dispersion and dilution of solute discharges released into aquatic 

environments (see Supporting Document No. 7). Accordingly, bathymetric surveys were  

carried out  on several Kiggavik study a r ea  lakes in 1979, 1980 and 1986, including 

Pointer, Jaeger, Scotch, Ridge, Escarpment and Judge Sisson's Lakes. Bathymetric maps 

for these  and other  lakes a r e  presented in Appendix 1, along with notes on other  

morphometric character is t ics  and t he  fish community present. Summary s ta t is t ics  on 

these morphometric characterist ics a r e  presented in Table 4.1. 

Kiggavik study a r ea  lakes in t he  upland headwaters of Judge Sisson's Lake a r e  typically 

small and deep. Intermediate elevation a r ea s  contain both relatively large and small 

lakes, with several of t he  larger lakes ranging between 100 and 400 ha in area. Many of 

these intermediate lakes tend t o  be relatively shallow, with mean depths of less than 2 

m; this morphometry is consistent with t he  more limited relief of the  tundra plain a rea  

t o  t he  south of t h e  escarpment. 

Judge Sisson's Lake is t h e  largest  of t h e  Kiggavik study a rea  lakes examined, covering an 

a rea  of 9,550 ha, including t he  large island occupying the  cen t ra l  basin. The lake is also 

relatively deep (mean depth of 4.6 m), with a maximum depth of 20 m. The capacity 

(volume) of Sisson's Lake, a t  440 million cubic metres,  is more than ten-fold greater  than 

Squiggly Lake, t he  second largest  lake studied. Squiggly Lake, so named because of i t s  

highly indented shoreline, i s  a large (638 ha), deep (mean depth 6 m) lake located t o  the  

northwest of t he  mineralized zones, and is t he  only lake studied tha t  drains northward 

into t he  Thelon River system. 

Downstream from Judge Sissons Lake, t h e  Aniguq flows eastward into Audra Lake, also 

known a s  Long Lake, which is  t h e  largest  lake between Judge Sissons Lake and Baker 

Lake along the  watercourse. Bathymetric mapping has not been carried out  for this lake; 

however, based on a low alt i tude helicopter overflight, the  l a k e  appears t o  have a depth 



similar t o  Judge Sissons, relatively shallow with about half of the  lake bottom visible. 

For this study, i t  is reasonable t o  assume tha t  the  mean depth of Audra Lake is about 

4 m. 

Baker Lake itself is large, and covers an a rea  of about 1,890 km2. Detailed bathymetric 

mapping of the  lake is unavailable, although hydrographic char ts  a r e  available for the 

northern portion of the lake along the shipping route between Chesterfield Narrows and 

the  village of Baker Lake. For impact assessment purposes, i t  is assumed that Baker 

Lake has a mean depth of 15 m. 

Baker Lake empties into Hudson Bay through Chesterfield Inlet. Hudson Bay, exclusive 

of James Bay, covers a surface area of some 740,000 kmz, and has an average depth of 

about 120 m (Prinsenberg, 1980). The Bay discharges through Hudson Strait  along the  

surface, as relatively low salinity water, while there is a smaller return of high salinity 

water  a t  depth through the  Strait. 

Lake volumes and drainage areas  (Table 4.1) a r e  used in the  derivation of hydrological 

characteristics in the  following subsection. 

4.2 Local Watershed Hydrology 

4.2.1 Purpose and Objectives 

The purpose of the  following section is t o  provide an analysis of the  surface water 

hydrology for predictive purposes. The objective is t o  carry out such an investigation. 

There a r e  a number of aspects about the hydrology of the Kiggavik area that  must be  

known and assessed. These involve: 

e assessing the  appropriateness of using Baker Lake meteorological da t a  t o  

es t imate  conditions and hydrologic inputs a t  the Kiggavik project site, some 

75 km t o  the  west; 

e determining the  magnitude and timing of the  response of watersheds in the 

Kiggavik project area; 

@ evaluating the proportions of total  available water lost by 

evapotranspiration and runoff; 



TABLE 4.1: MORPHOMETRIC CHARACTERISTICS O F  KIGGAVIK AREA AND 
REGIONAL WATERBODIES 

Mean 
Surface  Lake Water Drainage 

Area Volupe Depth Are9 
(ha) (m ) (m) (km ) 

Ridge Lake 

Cirque Lake 

Crash Lake 

Fox Lake 

Caribou Lake 

Caribou Lake System, at Inlet 
t o  Judge Sisson's Lake 

Felsenmeer Lake 

Escarpment Lake 

Meadow Lake 

Drum Lake 

Lin Lake 

Scotch Lake 

Jaeger Lake 

Pointer Lake 

Sik Sik Lake 



TABLE 4.1: MORPHOMETRIC CHARACTERISTICS O F  KIGGAVIK AREA AND 
REGIONAL WATERBODIES 

Mean 
Surf a c e  Lake Water Drainage 

Area Voluy e Depth Are? 
(ha) (m (m) (km ) 

Willow Lake 

Judge Sissonls Lake 

Skinny Lake 

Kavisilik Lake 

Siamese Lake 

Squiggly Lake 

Audra Lake 

Aniguq River, at Mouth 
(including P i tz  Lake Drainage) 

*Aniguq River Downstream of 
Audra Lake 

Baker Lake 

Chesterfield Inlet 

Hudson Bay 2,456,400 
(land mass) 

810,000 
(water surface) 

Local lake names a r e  as defined on Figure 3.2. 

* Environment Canada monitoring station. 

** Assumed values. 



o determining whe the r  Kiggavik a r e a  watersheds  a r e  interconnected,  so t h a t  

changes  in one  watershed a f f e c t  a l l  others;  

o es t imat ing  t h e  total discharge f rom Kiggavik a r e a  watersheds; and 

o e s t ima t ing  t h e  proportion of t o t a l  w a t e r  input t o  Baker Lake t h a t  i s  

a t t r ibu tab le  t o  runoff f rom t h e  Kiggavik projec t  a rea .  

All of t h e  above determinat ions  may b e  made,  at least in par t ,  with t h e  d a t a  available 

fo r  th is  analysis. Many assumptions h a v e  been made,  which will b e  discussed in a l a t e r  

sub-section. 

4.2.2 Methodology 

The objec t ives  of th is  r epor t  a r e  fulfilled by a deta i led  analysis  of t h e  available da ta .  

o To de te rmine  whe the r  t h e  Baker Lake  meteorological  d a t a  c a n  reasonably b e  

used t o  e s t i m a t e  inputs  t o  Kiggavik, dai ly mean a i r  t empera tu res  measured at 

Baker Lake  in 1982 and  1983 a r e  compared with those  measured  at Kiggavik ove r  

t h e  s a m e  period by Roule t  and  Woo (1986). 

o The sys tem response (i.e., response rat io)  of Kiggavik a r e a  watersheds  i s  

ca l cu la t ed  f rom s ix  watersheds  where  runoff d a t a  a r e  avai lable  (i.e., 1988 and 

1989 d a t a  fo r  Ridge, Pointer ,  Jaeger ,  Cirque,  Skinny and Escarpment  Lakes). 

The  response r a t io  is defined by t h e  r a t i o  be tween n e t  runoff and t o t a l  available 

water .  This equation i s  compl ica ted  because  al lowances have  t o  b e  m a d e  for: 

- discharge  measuremen t s  a t  l ake  outf lows instead of inflows, and 
- rain even t s  t h a t  occurred  during spring and summer.  

Before  hydrologic responses a r e  ca lcula ted ,  t h e  snowmelt  period requires 

definition. There  i s  n o  defini t ive means  of de termining th is  period, so for  this  

repor t  i t  i s  assumed to occur  f rom t h e  t i m e  of f i r s t  hydrograph response (before 

peak flow) t o  t h e  t i m e  t h e  hydrograph recession "levelled off" (i.e., some t i m e  

a f t e r  peak flow). 



The to ta l  available wa te r  (TAW) is  then  computed a s  t h e  sum of: 

- snow-water equivalents (on t h e  basins and lakes), 

- precipitation (only from a f t e r  t h e  t i m e  t h e  snow t ransec t  d a t a  were  

collected), and 

- ac t ive  layer melt. 

The n e t  runoff a t t r ibu ted  to snowmelt  (NR) is  computed by calculat ing t h e  a r e a  

under t h e  hydrographs (for t h e  snowmelt  period) and then by subtracting al l  

precipitation even t s  occurring during th is  period. 

o The proportional losses of to ta l  available wa te r  t o  evapotranspiration and runoff 

a r e  determined by calculat ing a w a t e r  balance for  each  watershed (i.e., by 

comparing to ta l  wa te r  inputs and outputs). Tota l  inputs and to ta l  runoff a r e  

ca lcula ted  as described above. The w a t e r  lost by evapotranspiration (ET) is 

e s t ima ted  using t h e  Thornthwaite method. Although the re  a r e  be t t e r  methods of 

determining ET, none were  developed for sub-Arctic environments. With t h e  

d a t a  available, Thornthwaite offered t h e  best  approach. 

The Thornthwaite method assumes a ce r t a in  amount  of ET based on given air  

temperatures.  Evapotranspiration re fe r s  to wate r  losses from: 

- f r e e  wa te r  bodies, 

- transpiration, and 

- base soils. 

Evapotranspiration in a sub-Arctic environment, such a s  t h e  Kiggavik s i te ,  occurs  

from lake surfaces  and vascular plants. In con t ras t  t o  those a r e a s  where  t h e  

method was developed, no t  a l l  of t h e  Kiggavik a r e a  undergoes wa te r  loss by 

evaporation o r  transpiration. Much of t h e  ground surface,  for example, is 

exposed bedrock. For th is  reason, t h e  ET values computed using t h e  

Thornthwaite method a r e  adjusted t o  represent  t h e  ac tual  amount  of a r e a  t h a t  

undergoes wa te r  loss. In t h e  Kiggavik a rea ,  th is  involves computing t h e  

proportion of to ta l  a r e a  t h a t  is lake and vascular plant. The ET values computed 

using Thornthwaite a r e  then adjusted by th is  fraction. 



The Thornthwaite method requires t h a t  mean monthly a i r  temperatures  be  

available for  t h e  yea r  of interest .  The Thornthwaite equations a r e  given below: 

where: I = annual h e a t  index, and 

Tai = mean monthly a i r  t empera tu re  (OC) for  each  month of  t h e  year. 

where: E t  = uncorrected potential  ET (cm/mo), 

Ta = mean monthly a i r  t empera tu re  f o r  t h e  month of in teres t  (OC), and 

a = coeff ic ient  a s  a function of I. 

The value of E t  must  then be  adjusted t o  account  for  t h e  number of days of 

sunlight in each  month and t h e  length of day, both of which a r e  a function of 

latitude. Correction fac tors  a r e  available in standard hydrologic t e x t s  (e.g., 

Dunne and Leopold, 1978). Water losses fo r  each  month by potential 

evapotranspiration a r e  then computed a s  t h e  product of E t  and t h e  correction 

fac tor .  

o The to ta l  discharge from t h e  Kiggavik project  a r e a  i s  es t imated once t h e  

following d a t a  a r e  computed: 

- drainage a r e a s  for  each  lake in t h e  Kiggavik study area ,  

- to ta l  annual precipitation, and 
- response rat ios for  t h e  area.  



The to ta l  discharge from each  watershed in t h e  Kiggavik a r e a  may be  computed 

by multiplying t h e  response ra t io  by t h e  to ta l  annual precipitat ion to  give a 

volume per unit t ime  per  unit a r e a  (m3 s-I km-2). This value can  then be 

multiplied by t h e  a r e a  of each watershed t o  give a discharge. The t o t a l  discharge 

from t h e  Kiggavik project a r e a  is simply t h e  sum of a l l  individual values from 

each watershed in t h e  area. For comparat ive  purposes, this value is compared 

with measured discharge values at some of t h e  Environment Canada measuring 

locations into which wa te r  from t h e  study region drains (e.g., t h e  Aniguq River 

downstream of Audra Lake). 

4.2.3 D a t a  Analysis 

Representativeness of Baker Lake Data 

The neares t  meteorological  s ta t ion t o  t h e  Kiggavik project  a r e a  is Baker Lake, which is  

abou t  7 5  km west. The purpose of th is  sub-section is t o  de te rmine  whether  t h e  Baker 

Lake d a t a  can  reasonably be  used to e s t i m a t e  conditions/inputs t o  t h e  Kiggavik area.  

For  this  analysis, mean daily a i r  t empera tu res  were  used t o  assess t h e  relationship 

between Baker Lake and Kiggavik a r e a  data .  Hydrologic and cl imatological  d a t a  were 

col lec ted from within t h e  Kiggavik project  a r e a  during t h e  spring t o  fal l  period of 1982 

and 1983 (Roulet and Woo, 1986), and so these  years were  chosen fo r  t h e  comparison. 

Daily mean a i r  t empera tu res  for June  and July of 1982 and 1983 f rom both s i tes  a r e  

listed in Tables 4.2 t o  4.5, respectively. These d a t a  were  compared stat ist ically by 

regression' analysis, and significant differences w e r e  determined by t h e  sample s i ze  and 

correlat ion coefficient .  Both regressions show a significant positive correlat ion (p = 

0.05) in daily mean a i r  temperatures  recorded at  both sites. For both months, t h e  daily 

mean a i r  t empera tu re  recorded at Baker Lake is  approximately 10% lower than t h a t  

recorded at the  Kiggavik site. This is  probably re la ted  t o  t h e  f a c t  t h a t  a i r  temperature  

was measured at t h e  Kiggavik s i t e  over a wetland (i.e., in a topographic low). That  

recorded at Baker Lake was  susceptible t o  winds blowing across  t h e  lake, and so daily 

mean t empera tu res  a r e  slightly higher. 



TABLE 4.2: MEAN DAILY AIR TEMPERATURES MEASURED IN JUNE 1982 
WITHIN THE KIGGAVIK AREA AND AT BAKER LAKE 

June 

Kiggavik Site 
Mean Daily Air 

Temperature (OC) 

Baker Lake 
Mean Daily Air 

Temperature (OC) 

MEAN 

Regression Analysis: 

Constant 1.2 
Standard Err r of Y Estimate S 0.97 
R Squared (r ) 0.96 
No. of Observations 30 

X Coef f ic ientk)  0.87 
Standard Error of Coefficient 0.03 



TABLE 4.3: MEAN DAILY AIR TEMPERATURES MEASURED IN JULY 1982 
WITHIN THE KIGGAVIK AREA AND AT BAKER LAKE 

July 

Kiggavik Site 
Mean Daily Air 

Temperature (OC) 

Baker Lake 
Mean Daily Air 

Temperature (OC) 

MEAN 

Regression Analysis: 

Constant 2.4 
Standard Err  r of Y Est imate  2 1.9 
R Squared (r ) 0.66 
No. of Observations 3 1 

X Coef ficient(s) 0.85 
Standard Error of Coefficient 0.1 1 



TABLE 4.4: MEAN DAILY AIR TEMPERATURES MEASURED IN JUNE 1983 
WITHIN THE KIGGAVIK AREA AND AT BAKER LAKE 

June 

Kiggavik Si te  
Mean Daily Air 

Temperature  (OC) 

Baker Lake 
Mean Daily Air 

Temperature  (OC) 

MEAN 

Regression Analysis: 

Constant  
Standard Err  r of Y Est imate  ? R Squared (r ) 
No. of Observations 

X Coefficient(s1 
Standard Error of Coefficient  



TABLE 4.5: MEAN DAILY AIR TEMPERATURES MEASURED IN JULY 1983 
WITHIN THE KIGGAVIK AREA AND AT BAKER LAKE 

- - - - - -  

Kiggavik Si te  Baker Lake 
Mean Daily Air Mean Daily Air 

July Temperature  (OC) Temperature (OC) 

0 1 8 4.9 
02 6 5.9 
03 5 5.6 
04 5 4.8 
0 5 5 7 
06 5.5 6.7 
07 9 9.5 
08 10 15 
09 11.5 9.9 
10 10 6.5 
1 1  9 5.4 
12 8.5 4.6 
13 9 6.4 
14 9 8.8 
15 10 8.4 
16 10 7.3 
17 10.5 7.2 
18 10.5 8.3 
19 10 12.8 
20 9.5 15.8 
2 1 8 16.8 
22 10.5 18 
23 10 12.9 
24 8.5 13.6 
25 7 14.2 
26 8.5 15.6 
27 8.5 16.2 
28 8 8.8 
29 9.5 9.5 
30 9 10.1 
3 1 8 9.3 

MEAN 8.6 9.9 

Regression Analysis: 

Constant 7.2 
Standard Err r of Y Est imate  2 1.7 
R Squared (r ) 0.11 
No. of Observations 30 

X Coef f icient(s) 0.14 
Standard Error of Coefficient 0.08 



Representativeness of 1988 and 1989 Flow Data 

Since a l l  of t h e  following analysis of surface  w a t e r  hydrology will be  based on t h e  1988 

and 1989 flow measurements,  i t  is  important  t o  know how representative these  yea r s  

were  relat ive to t h e  30-year normals for t h e  region. This c a n  be  assessed by comparing 

t h e  1988 precipitation and air  t empera tu re  records from Baker Lake t o  t h e  30-year 

normals (i.e., f rom 1951 t o  1980) recorded at t h e  same  location. 

The mean monthly a i r  temperatures  for 1988 and for t h e  30-year normals a r e  listed in 

Table 4.6. There is  a significant positive relation between t h e  two s e t s  of da ta ,  

indicating tha t ,  at least  with respect  t o  mean monthly a i r  temperatures ,  1988 is  a very 

representative year  for Baker Lake records. 

The 1988 and 30-year normal monthly ( total)  precipitation records for Baker Lake a r e  

listed in Table 4.7. The 1988 to ta l  precipitation is  approximately 25% higher than t h e  

30-year normals. 

In summary then, 1988 was  a fairly representative year  in t e r m s  of mean monthly a i r  

temperatures,  but in t e r m s  of precipitation, i t  was much higher than normal. 

The 1989 to ta ls  a r e  not  y e t  available t o  ca r ry  ou t  t h e  s a m e  analysis a s  for the  1988 

data.  Total  monthly precipitation from January t o  August is 167.4 mm for 1988, and 

159.4 mm for 1989. This compares  with t h e  142.7 mm for t h e  30-year normals data. 

The Snowmelt Periods of 1988 and 1989 

For  this report ,  snowmelt is defined a s  t h e  t i m e  t h e  hydrographs f irst  reported any flow 

(prior t o  peak flow) t o  t h e  t i m e  t h e  recession "levelled off" (some t i m e  a f t e r  peak flow). 

Discharge hydrographs for each  lake  during 1988 and 1989 a r e  shown in Appendix 2. For  

1988, t h e  snowmelt  period was f rom about  08 June 1988 t o  about 3 1 July 1988. For 1989, 

snowmelt began on 13  June (for Cirque), 14 June (for Skinny, Escarpment and Ridge), 1 5  

June  (for Pointer) and 17 June (for Jaeger). Af te r  31 July 1988, t h e  hydrograph became 

increasingly a f fec ted  by summer rain events. This timing defines t h e  influence t h a t  a n  

accumulated snow pack has  on t h e  hydrograph and not t h e  t i m e  by which t h e  majority of  

snow has  melted on t h e  landscape. 



TABLE 4.6: MEAN MONTHLY AIR TEMPERATURES (OC) RECORDED AT BAKER 

LAKE 

Month 

30-year Normals 

(1951-1980) 

January 

February 

March 

April 

May 
June 

July 

August 

September 

October 

November 

December 

MEAN 

Regression Analysis: 

Constant -0.66 

Standard Error of Y Estimate 1.48 

R Squared (r2) 0.99 

No. of Observations 12 

X Coef ficient(s) 0.96 

Standard Error of Coefficient 0.03 



TABLE 4.7: MEAN MONTHLY PRECIPITATION (mm) RECORDED AT BAKER 

LAKE 

Month 

30-year Normals 

(1951-1980) 

January  

February  

March 

April 

May 
June  

July 

August 

Sep tember  

Oc tobe r  

November 

December  

TOTAL 

Regression Analysis: 

Cons tan t  

S tandard  Error  of Y E s t i m a t e  

R Squared (r2) 

No. of Observat ions 

X Coef f icient(s) 

S tandard  Error  of Coe f f i c i en t  



Hydrologic Data Available for 1988 and 1989 

The Kiggavik study site contains a large number of small lakes. Hydrologic data  a r e  

available for six of these lakes (i.e., Ridge, Pointer, Jaeger, Skinny, Cirque and 

Escarpment). The following data  a r e  available: 

o snow water  equivalents, and 

o lake outflow hydrographs. 

Other available da t a  include: 

o drainage basin and lake area estimates, and 

o Baker Lake meteorological records from 1951 t o  1989. 

Snow water equivalents for 1988 and 1989 a r e  listed for the  six watersheds in Table 4.8. 

Locations of snow surveys a r e  shown in Figure 4.1. Note tha t  in those instances where 

more than one transect was done, mean snow water equivalents a r e  computed. The mean 

water  equivalent for the  whole region is approximately 0.09 m (1988) and 0.12 m (19891, 

which compares well with the 0.10 m 30-year normal recorded at Baker Lake. 

The total  volume discharged from each watershed is determined by computing the a rea  

under each hydrograph (shown in Appendix 2) for the duration of the  snowmelt period. 

The calculated runoff volumes for each watershed a r e  listed in Table 4.9. 

Drainage basin and lake areas  a r e  estimated for each watershed in the  Kiggavik study 

a rea  (Table 4.1). Areal estimates a r e  made from 1:8,000 t o  1:50,000 topographical maps 

available for the  area. 

Baker Lake meteorological da t a  a r e  available from 1951 to  1988. Thirty-year normals 

(Table 4.10), 1988 da t a  (Table 4.1 1) and 1989 da t a  (Table 4.12) a r e  used for analysis in 

this report. 

Calculating Total Available Water 

The method used for computing total  available water (TAW) from each watershed in the 

Kiggavik a rea  is discussed in an earlier sub-section. The following is an outline of how 



TABLE 4.8: SNOW WATER EQUIVALENTS FOR SELECTED WATERSHEDS IN 
THE KIGGAVIK AREA 

D a t e  of 
Transect  Water Equivalent (m) Mean Water 

Eauivalent 
Watershed Transect(s1 1 2 3 4 (m) 

1988 Surveys 

Ridge 01 June 
Pointer 01 June 
Jaeger  01 June 
Skinny 02 June 
Escarpment 02 June 

MEAN 

1989 Surveys 

D a t e  of Transec t l  
Watershed Transect(s) - No. 

Skinny 0 4  June 1 
A 
B 

Jaeger  0 5  June 

Pointer  06 June  M 
N 
P 
Q 
R 

MEAN 

Snow-Water Mean Snow-Water 
Equivalent Equivalent 

(m) - - (m) 

Transect  locations shown in Figure 4.1. 



krn 
FIGURE 4.1 
Location of Snow Survey 
Transects Carried Out 
in 1989 

. . . . 
: :Watershed Boundary . . . . . . .. . .. - Snow Survey Transect Lines 



TABLE 4.9: RUNOFF V O L U M E S ~  FROM DISCHARGE MEASURED AT LAKE 

OUTLETS AT SELECTED WATERSHEDS IN THE KIGGAVIK AREA 

Watershed 

1988 1989 

Runoff Volume* Runoff Volume* 

(m 3> (m 3, 

Cirque 

Pointer 

Jaeger  

Escarpment 

Ridge 

Skinny 

For the  snowmelt period. 

* Runoff volumes represent between 90 t o  95% of t he  to ta l  annual runoff. 





Rain Events Occurring from June to August 1988 

D a t e  

June 03 
09 
10 
16 
29 
3 0 

July 04 
20 
2 1 
2 2 
2 3 
27 
28 
29 

August 02 
04 
0 5 
06 
08 
13 
14 
2 2 
23 
24 
25 
26 

Amount of Rain (mm) 

TOTAL 137.6 



TABLE 4.12: PRECIPITATION AND AIR TEMPERATURE RECORDS FOR 1989 AT 
BAKER LAKE 

1989 Mean Monthly Air Temperatures (OC) 

Jan Feb Mar Apr May Jun Jul Aclg - - - 
-34.4 -30.0 -32.0 -17.0 -8.8 3.6 12 9.8 

Rain Events Occurring from June to August 1989 

Date - 
June 07 

08 
12 
14 
16 
18 
19 
2 1 
30 

July 01 
06 
08 
12 
13 
2 1 
22 
2 3 
29 
30 

August 0 1 
15 

Amount of Rain (mm) 

TOTAL 98.6 

T = t race  amounts. 



TAW is calculated for one watershed (i.e., Ridge Lake) for 1988. TAW is calculated for 

the other watersheds in a similar manner. 

Total available water is calculated as the sum of: 

o snow water  equivalent on the  basin and lake (because discharge was 

monitored a t  lake outflows), 

o precipitation (occurring a f te r  the t ime the  snow surveys were done to  just 

before the beginning of the melt period), and 

o active layer melt from the basin. 

Snow Water Equivalent 

Two snow surveys were carried out on the Ridge Lake watershed on June 1/88 (Table 

4.8). Mean water equivalent for this year is 0.08 m. The total  area of the basin is 2.3 x 
6 2 5 2 10 m and lake is 1.7 x 10 m . The volume of water in the  snowpack was computed a s  

the  product of basin a rea  and mean water equivalent (MWE) (for the basin), and lake a rea  

and MWE (for the  lake). It is assumed here tha t  the snow depth on the  basin is similar t o  

tha t  on the lake. Since the a rea  is generally flat, this is a reasonable assumption. So, for 

Ridge Lake. the  total  volume of water  available from the  basin is 1.8 x lo5 m3, and from 

the  lake is 1.4 x lo4  m3. The total  volume available from the snowpack over the entire 
5 3 watershed is computed simply as  the  sum of these two values, o r  1.9 x 10 m . 

Precipitation 

The snowmelt period is defined here  from 08 June 1988 to  31 July 1988. Since the snow 

survey was carried out a t  Ridge Lake on 01 June 1988 (Table 4.81, only those 

precipitation events occurring a f t e r  this t ime but before 08 June 1988 a r e  included. Only 

one (11 mm) event was recorded at Baker Lake during this period (Table 4.11). T ~ i s  

event was converted t o  a volume of water by multiplying by the basin area (for total  

basin volume) and by the lake a rea  (for total  lake volume). Precipitation from the basin 
4 3 3 3 4 3 is 2.5 x 10 m and 1.9 x 10 m from the  lake, or 2.7 x 10 m from the watershed. 



Active Layer Melt 

Because i t  is not  possible t o  assess wate r  volumes lost from the  ac t ive  layer using the  

available data,  i t  was assumed t ha t  only 3 c m  of  the  approximately I m deep act ive  layer 

would be available for runoff. This was then converted to  a volume by multiplying by the  
4 3 basin area,  t o  give 6.9 x 10 m . 

The available water  from each component within each watershed for 1988 and 1989 is 

listed in Table 4.13. 

Calculating Net Runoff 

The method used for computing ne t  runoff from each watershed is discussed in an earl ier  

sub-section. The following is an outline of how net  runoff is  computed for each of the  six 

watersheds in t he  Kiggavik project a r ea  where da t a  were available. For consistency, 

1988 da t a  for ~ i d ~ e  Lake a r e  given as an  example. Net runoff from all  o thers  a r e  

computed in a similar manher. 

Net runoff was computed as t h e  difference between: (i) to ta l  (hydrograph) runoff (from 

08 June t o  31 July 1988), and (ii) to ta l  precipitation occurring between 08 June and 31 

July 1988. 

The to ta l  volume of wate r  measured at the  lake out le ts  from June 8 to  July 31/88 is 

determined by computing t he  a r e a  under t he  hydrograph curves for this t ime  period. For 
5 3 Ridge Lake, this volume is 3.8 x 10 m . The tota l  precipitation recorded during this 

period was 0.064 m (Table 4.11), which is  converted t o  a volume of water by multiplying 

by t he  basin a r ea  (for t he  basin volume) and by t he  lake a rea  (for lake volume). For 
5 3 Ridge Lake, these  volumes a r e  1.5 x 10 m and 1.1 x lo4 m3, respectively. Table 4.14 

l ists  outflow volumes and calculated precipitation volumes for each of the  six watersheds 

in t he  Kiggavik study area.  

It should be noted at this point t ha t  the  calculated precipitation volumes a r e  probably 

overestimates of what actually reaches the  outflow point. This is because a portion of 

the  incident rainfall will be intercepted or  absorbed by the  vegetation. Interception is  

probably very small because of the  vegetation communities in the  Kiggavik a r ea  (see 



TABLE 4.13: TOTAL AVAILABLE WATER (m3) FROM SELECTED WATERSHEDS 

IN THE KIGGAVIK PROJECT AREA DURING SNOWMELT 

Active Total 

Snow-Water Precipitat ion Layer Available 

Watershed Equivalents Inputs Melt Water 

1988 Data 

Ridge 

Pointer 

Jaeger  

Skinny 

Cirque 

Escarpment 

1989 Data 

Ridge 

Pointer 

Jaeger  

Skinny 

Cirque 

Escarpment 



TABLE 4.14: NET RUNOFF (m3) FROM SELECTED WATERSHEDS IN THE 

KIGGAVIK AREA DURING SNOWMELT 

Watershed 

Precipitat ion 

Outflow Inputs During t h e  Net  

Volumes hlelt Period Runoff 

1988 Data 

Ridge 

Pointer  

Jaeger  

Skinny 

Cirque 

Escarpment 

. 

1989 Data 

Ridge 

Pointer  

J a e g e r  

Skinny 

Cirque 

Escarpment  



Supporting Document No. 2) but, because no reasonable d a t a  w e r e  available on 

interception r a t e s  in this  a rea ,  th is  point i s  simply noted. 

Calculating Water Losses By Evapotranspiration 

Thornthwaite 

The method used for computing evapotranspirat ional  w a t e r  losses using Thornthwaite i s  

discussed in a n  ear l ier  sub-section. Mean monthly a i r  t empera tu res  for  1988 and 1989 

a r e  t h e  only d a t a  required for  th is  exercise.  These a r e g i v e n  in Tables 4.11 and 4.12, 

respectively. 

I ?  

l i ;  

For  mean monthly a i r  t empera tu res  less than O°C, t h e  Thornthwaite method assumes no 

evapotranspiration. The ca lcula ted  annual  hea t  index (I) i s  the re fo re  8.43. The  constant  a 

is  then 0.64 and E t  for  J u n e  and July 1988 is  4.90 c m / m o  and 8.60 cm/mo, respectively. 

The correc t ion  fac to r  for t h e  Baker Lake s i t e  is 1.56 and 1.55 for June  and July, 

respectively (Dunne and Leopold, 1978). Potent ia l  evapotranspirat ional  (PET) losses for  

t h e s e  months in 1988 a r e  the re fo re  7.6 c m / m o  and 13.3 cm/mo, respectively. By similar 

calculations, PET losses for  August and September  a r e  10.8 c m  and 5.1 cm,  

respectively. Total  seasonal  PET losses for  1988 a r e  the re fo re  approximately 37 cm. 

By similar calculat ions fo r  1989, PET losses for  June,  July and August a r e  6.8 cm, 14'cm 

and 11 cm,  respectively, o r  about 32 c m  for t h e  t o t a l  seasonal loss. Note t h a t  September 

1989 d a t a  a r e  no t  y e t  available. 

The proportion of t o t a l  su r face  a r e a  within t h e  Kiggavik projec t  a r e a  t h a t  conta ins  lakes 

and vascular plants  has  been computed.  Approximately 73% of t h e  t o t a l  Kiggavik a r e a  

undergoes w a t e r  loss by evaporation o r  transpiration. ET losses, ca lcula ted  by 

Thornthwaite, will be  adjusted by this  fraction. Tota l  ET losses (cm/mo) a r e  converted 

for  volumes of wa te r  by multiplying with basin areas. These a r e  given for  each  of t h e  six 

watersheds  for  1988 and 1989, in Table 4.15. 

Basin Responses to  Snowmelt 

The watershed runoff response ra t ios  a r e  a good measure  of how responsive t h e  basin i s  

t o  spring melt. Response rat ios a r e  computed.as  n e t  runoff divided by t h e  to ta l  available 



TABLE 4.15: WATER LOSSES FROM SELECTED WATERSHEDS IN THE KIGGAVIK 

AREA BY EVAPOTRANSPIRATION 

Watershed 

Water Losses by Evapotranspiration (m3) 

June July August September 

1988 Data 

Ridge 

Pointer 

Jaeger  

Skinny 

Cirque 

Escarpment 

1989 Data 

Ridge 

Pointer 

Jaeger  

Skinny 

Cirque 

Escarpment 



water.  The to ta l  available water  and net  amounts of runoff a r e  listed, for 1988 and 1989, 

for t he  six watersheds in t he  project area,  in Tables 4.13 and 4.14. Response ratios range 

from 0.28 (for Cirque Lake in 1988) t o  1.4 (for Pointer Lake in 1988). For some 

watersheds during each year, t he  response ra t io  is  greater  than unity. As this is  not 

possible t o  occur, the re  must be errors associated with t he  measured or assumed te rms  

used in computing these ratios. These results simply reflect  the  variable nature of snow 

cover, especially over tundra surfaces. Any discussion of these particular da ta  beyond 

this point must remain speculative. 

If these six watersheds a r e  representative of the  ent i re  Kiggavik region, then an average 

response ra t io  for these watersheds should approximate an average for the  region. The 

mean response ra t io  for 1988 and 1989 combined was 0.78 (Table 4.161, indicating that  

78% of the  to ta l  available water leaves the  region a s  runoff, leaving 22% for 

evapotranspiration or storage. 

Roulet (1985) provided a review of runoff ratios, defined here  a s  to ta l  runoff divided by 

to ta l  precipitation, for Arctic watersheds. He found mean response ratios for the  cen t ra l  

Keewatin were between 0.60 t o  0.75. These ratios a r e  lower than tha t  computed for t he  

1988 and 1989 snowmelt periods in the  Kiggavik study area. The analysis for this report  

has considered only t he  melt  period (as i t  is when most of t h e  water  leaves the  

watersheds), and so calculated response ratios will probably be  higher than those 

estimated by Roulet (19851, who considered the  ent i re  year. Based on this fact ,  t h e  mean 

response ra t io  during the  melt  period (i.e., 0.78) is probably quite reasonable compared 

with those computed by Roulet (1985) for the  region. 

The above calculations have shown tha t  approximately 80% of t he  available water from 

Kiggavik leaves the  region as runoff. I t  is now necessary to  know how quickly this 

volume leaves the  area.  This may be  approximated by the  t ime  i t  takes  for the  

hydrograph to  reach peak discharge, and can be measured directly from the  hydrographs 

(see Appendix 2). The hydrographs show that ,  on average, i t  takes about five days for the  

maximum discharge to  be reached a f t e r  the  onset of spring melt. This suggests tha t  not 

only a r e  very large volumes of water lost  during the  mel t  period, but much of i t  occurs 

within a short period of time. Watersheds in the  Kiggavik project a r e a  a r e  thus highly 

responsive during the  snowmelt period. 



TABLE 4.16: SNOWMELT RESPONSE RATIOS FOR SELECTED WATERSHEDS IN 

THE KIGGAVIK PROJECT AREA 

Total Available Net Runoff Melt 

Water During Melt During Snowmelt Response Rat io  

Watershed (TAW) (m3) (NRO) (m3) (NRO/TAW) 

1988 Data 

Ridge 

Pointer 

Jaeger  

Skinny 

Cirque 

Escarpment 

MEAN 

1989 Data 

Ridge 

Pointer 

Jaeger  

Skinny 

Cirque 

Escarpment 

MEAN 



Proportional Losses of Available Water 

The hydrologic character  of a region may be determined by considering t he  amount of 

available water  lost from the  a r ea  by various pathways. This can best be accomplished by 

calculating water  balances for each watershed (i.e., by comparing tota l  water  inputs and 

outputs). This can be computed for t he  snowmelt period and on a seasonal basis. In most 

natural  systems, and especially in Arctic areas, water  inputs and outputs a r e  generally 

very difficult t o  correlate.  There is a grea t  deal of inherent spatial  and temporal 

variability present in the  system. This is further complicated by water  measurements, 

which a r e  of ten made under extremely adverse conditions. However, water  balances a r e  

calculated for the  Kiggavik a r ea  so t ha t  the  relative proportion of water  loss by each 

process may be estimated. 

Water Balance for the  Snowmelt Period 

The tota l  water  inputs (i.e., t h e  to ta l  available water)  a r e  listed, for each selected 

watershed in the  Kiggavik project a r ea  for 1988 and 1989, in Table 4.17. The results 

show that,  for al l  watersheds during the  snowmelt periods of 1988 and 1989, total  water  

inputs a r e  less than the  to ta l  water  outputs. As this is not possible, there  a r e  errors  

associated with t he  es t imates  of inputs and outputs. Perhaps t he  most obvious source of 

error  is t he  ET estimate. Computed water  losses by ET a r e  almost identical t o  the  

measured water  inputs. The Thornthwaite method is, therefore,  likely giving unrealistic 

es t imates  of ET. This is almost t o  be expected, since this method (or any other method) 

was not designed for use in sub-Arctic environments. A complete  energy balance of the  

system, o r  an aerodynamic approach, must be undertaken. Such effor ts  will likely be 

made during t he  full-scale monitoring program carried out at  the  Kiggavik site. 

Seasonal Water Balance 

Seasonal water  balances can be computed for  each watershed as the  difference between 

to ta l  water  inputs and total  outputs, for the  period of 01 June t o  31 August 1988. 

Although the  thaw period lasts into September, runoff da t a  were only available t o  31 

August, which limits t he  extent  of this analysis. 



TABLE 4.17: WATER BALANCES FOR SELECTED WATERSHEDS IN THE 
KIGGAVIK AREA DURING THE SNOWMELT 

Water 
Inputs (I) Water Outputs ( 0 )  

June and July 
Total  Available Evapotranspirational 
Water at M It  Net Run f f  S Losses Net Cha  e 

Watershed (TAW) (m (NR) (m (ET) (m3) (1-0) (m 'Y 

1988 Data 

Ridge 

Pointer 

Jaeger  

Skinny 

Cirque 

Escarpment 

1989 Data 

Ridge 

Pointer 

Jaeger  

Skinny 

Cirque 

Escarpment 



Total (seasonal) water  inputs t o  t he  Kiggavik a rea  a r e  calculated as t he  sum of snow 

water  equivalent and precipitation occurring through t he  season. Total water  outputs a r e  

by evapotranspiration and runoff. Values for each of these  pathways have been computed 

for  each watershed (Table 4.18). 

The results a r e  similar t o  those computed only for t h e  snowmelt period, in t ha t  seasonal 

to ta l  water  outputs exceed tota l  inputs. The only information tha t  can  be inferred from 

these results is t ha t  total  water  inputs and outputs from the  Kiggavik project a r ea  a r e  

large and probably equal on an annual basis. Runoff demands much of the  available 

water,  although evapotranspirational (ET) losses may also be significant. 

Basin Responses to Summer Rains 

During the  summer period, t he  snow has generally melted and t h e  act ive  layer thaws t o  a 

depth on t he  order of 1 m deep. Evapotranspiration will be reduced because of an  

increase in cloudy skies and a general  shortening of daylight hours. Hydrographs from 

each of the  watersheds show rapid increases towards the  middle-to-end of August 1988. 

The amplitude of these hydrograph rises a r e  very much less than for  t he  snowmelt period. 

The snowmelt response (peak discharge) ranges from 7 times (for Cirque Lake in 1988) t o  

130 t imes (for Jaeger  Lake in 1988) greater  than t he  summer runoff peaks. Snowmelt 

peaks are, on average,  50 t imes greater  than t h e  summer runoff peaks. This is related t o  

t he  much greater  volume of water  available for runoff during the  spring melt  period. It is 

evident, however, tha t  l a te  summer rain events can cause sporadic high flow events 

during this period. 

Mechanisms of Runoff Production 

Although t he  precise mechanisms of runoff cannot be defined, they may be inferred from 

hydrographs and knowledge of s i t e  conditions. The following is a summary of likely flow 

mechanisms operating throughout the  year in t he  Kiggavik region. 

%ring Snowmelt 

During the  spring melt  period, large volumes of water  a r e  rapidly released t o  lakes and 

streams. This is evident by t h e  very large hydrograph peaks recorded at lake outlets. The 



TABLE 4.18: SEASONAL (JUNE TO SEPTEMBER) WATER BALANCES FOR 

SELECTED WATERSHEDS IN THE KIGGAVIK AREA DURING 1988 

AND 1989 

Total  Water Inputs (m3) Total  Water Losses (m3) 

Snow Water Inputs- 

Watershed Equivalent Rain ET Runoff Outputs 

1988 Data 

Ridge 1.9x105 3.4x105 

Pointer 5.1x106 l.lXlo7 

Jaeger  4.1x106 8.1x106 

Skinny l.6xlo7 1 . 7 ~ 1 0 ~  

Cirque 8.7x104 1.6x105 

Escarpment 2 . 3 ~  1 o5 3 . 5 ~  1 o5 

1989 Data 

Ridge 3.0x105 2.4x105 5 . 8 ~ 1  o5 3.3x105 -3.7x105 

Pointer l.oXlo7 8 . 5 ~  1 o6 2 . 0 ~ 1 0 ~  l.6xlo7 -1.8~10 7 

Jaeger  7 . 6 ~ 1  o6 5 . 8 ~ 1  o6 1.4x107 6.6x106 - 7 . 2 ~  1 o6 
Skinny 1.4x107 1 . ~ ~ 1 0 ~  2.8x107 1.5x107 - 1 . 7 ~ 1 0 ~  

Cirque 1.4x105 l . l x l ~ 5  2.7x105 1 . 5 ~ 1 0 ~  -1.7x105 

Escarpment 3.0x105 2 . 5 ~ 1  o5 5.8x105 2 . 7 ~  1 o5 -3.0x105 



almost instantaneous response of watersheds t o  this event suggests tha t  much of t h e  

water  moves from watersheds as overland flow, occurring when t h e  r a t e  of mel twater  

input exceeds the  infiltration capacity (IC) of the  soil surface. Much, if not all, of t h e  

soil i s  frozen, o r  near-frozen, at this t ime, thereby significantly reducing t h e  IC of t h e  

soil surface. Response t imes for subsurface flows a r e  very much lower than for overland 

flows (Dunne and Black, 1970ab), further suggesting an overland flow mechanism for peak 

discharges during spring runoff. 

The recession limb of t he  melt  hydrograph becomes progressively less influenced by 

overland flows as the  act ive  layer mel ts  and t h e  ground stores more water  (i.e., t h e  IC of 

t he  soil increases). During this period, water  infiltrating into t h e  soil can encounter a 

layer of low permeability (i.e., t h e  permafrost surface) and a saturated layer can form. 

Once a cri t ical  depth of water  is reached (defined by Darcyls Law), subsurface 

(saturated) flow can occur from t h e  soil t o  the  lakes or streams. Subsurface flows can 

only occur once t h e  saturated lens develops. Subsurface flows a r e  very much slower than 

surface routes because water  must f irst  percolate into t he  soil and be stored before t he  

saturated lense can  develop. Flow velocities a r e  typically 1/100 t o  1/1,000 of surface 

overland flow. As an increasing amount of water  infi l trates into soils, o r  as the  ac t ive  

layer deepens, t he  subsurface pathway contributes larger amounts of water  t o  surface 

water  bodies. Subsurface stormflow (SSSF) generally contributes t o  much of the  

hydrograph recession. 

Early and Mid-Summer 

During t h e  early-to-mid summer period, there  a r e  no major hydrograph events. The 

hydrograph continues t o  recede a s  less water  is available from the  subsurface pathway 

(because t he  act ive  layer can s tore  a larger amount of water  as i t  deepens). 

La te  Summer 

During t h e  l a t e  summer period, a number of sporadic (but low-volume) hydrograph peaks 

a r e  evident. At  low-lying areas, t h e  capillary fringe (or tension saturated zone) and/or 

t he  water  table a r e  very near t h e  ground surface because of t he  expanding act ive  layer. 

As a result, a relatively small rain event can infi l trate into the  soil and very quickly 

bring t he  capillary fringe and/or water  table  t o  t he  ground surface ( ~ b d u l  and Gillham, 



1984). When this occurs, a seepage face develops along the  ground surface and saturation 

overland flow (SOF) can occur. A seepage f ace  a t  atmospheric pressure results in 

outwardly-directed hydraulic gradients from the soil (Gillham, 1984), thereby causing 

water  from within the soil t o  quickly leave by this route. In addition, any precipitation 

falling directly onto the  saturated a reas  can move a s  overland flow to surface waters. 

The mechanisms of return flow and precipitation onto saturated areas  a r e  known 

collectively as saturation overland flow. 

Summary 

During the spring snowmelt period, overland flow (HOF), initiated when meltwater ra tes  

exceed the frozen soil IC, is responsible for hydrograph peaks, while subsurface 

stormflow (SSSF), initiated a f t e r  a saturated lens develops above an impermeable frost 

surface in the soil, generates the recession limb of the hydrograph. During early-to-mid 

summer, few events a r e  recorded on hydrographs because of evapotranspirational losses 

and because there  is much storage within the system (i.e., in wetlands and the  active 

layer). The rainy period of l a t e  summer can cause sporadic high flows by saturation 

overland flow (SOF), tha t  is, by development of a seepage face  in low-lying areas. All of 

the above mechanisms result in a rather complex, hydrologically responsive system 

within the  Kiggavik area. 

Discharges From the Kiggavik Project Area 

Annual Discharges 

The water budgets of several local watersheds must be known for estimating dilution and 

dispersion of any liquid discharges, and for predicting impacts in watersheds tha t  a r e  t o  

be affected by s i te  development. On an annual basis, water budgets can be  estimated 

using: 

o the total  annual precipitation, 

o the total  watershed area, and 

o the  watershed response ratio. 



The tota l  annual precipitation for 1988 was 312 mm; t he  mean response ratio for 

watersheds in t he  Kiggavik a r ea  for t he  year was calculated t o  be 0.78, and watershed 

a reas  a r e  listed in Table 4.1. Calculated discharges for major watersheds in t h e  Kiggavik 

region a r e  shown (for 1988) in Figure 4.2. 

The to ta l  1988 precipitation from January t o  September was 167.2 mm. The 

corresponding amount for 1989 was 159.4 mm. Total annual precipitation for 1958 was 

312 mm, so assuming a similar relationship between tota l  precipitation up t o  September, 

and to ta l  annual precipitation, an estimated tota l  annual precipitation for 1989 i s  297 

mm. ' k i s  value was used t o  es t imate  discharges from each watershed in t he  Kiggavik 

area.  The 1989 discharges for each watershed a r e  shown in Figure 4.3. For comparative 

purposes, t h e  30-year mean discharges a r e  given for each of t he  Kiggavik a r ea  

watersheds in Figure 4.4. 

An Environment Canada streamflow gauging station is located on t he  Aniguq River just 

downstream of Audra Lake. Estimated mean discharge (using t he  above technique) is  

25.1 m3/s for 1988 and 23.9 m3/s for 1989. These a r e  reasonably similar to t h e  measured 

mean discharge from May to  December of 28 m3/s between 1985 and 1987 (IWD, 

Yellowknife). 

The discharge from t h e  Kiggavik project area,  estimated by the  outflow from Pointer 

Lake, averages about 0.66 m3/s on an annual basis. This represents about 2% of the to ta l  

flow of the  Aniguq River at t he  point of discharge into Baker Lake. For most of t h e  

year, the  smaller s t reams and surface soil a r e  frozen and discharges become negligible. 

Most of t h e  streamflow occurs in spring and summer, when t h e  r a t e  of precipitation is 

highest and runoff is f ree  t o  flow overland and through the  unfrozen surface soil, and 

Environment Canada (1986) streamflow da t a  for t he  Aniguq River downstream of Audra 

Lake indicate zero discharges for t h e  mofiths of December t o  May, inclusive. Monthly 

average flows increased t o  about 100 m3/s in June, fell  t o  46 m3/s between July and 
3 September, and then t o  less than 1 m /s in November. Streamflows thus vary widely on a 

seasonal basis. This information on t h e  annual hydrologic response of t he  Kiggavik region 

is cri t ical  in evaluating t h e  e f f e c t s  of any s i t e  development on local and regional water  

quality. 



FIGURE 4.2 
Schematic Representation of Annual 
Drainage at Kiggavik During 1988 

All Figures are in Cubic ~ e t e r s  per Second 
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FIGURE 4.3 
Schematic Representation of Annual 
Drainage at Kiggavik During 1989 

All Figures are in Cubic Meters per Second 
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FIGURE 4.4 
Schematic Representation of the 30 Year Mean 
Drainage at Kiggavik 

All Figures are in Cubic Meters per Second 
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Discharges During The Snowmelt Period 

The preceding analysis allowed for determination of regional hydrology on a n  annual 

basis. It  would be of in teres t  t o  ca lcula te  regional discharges only for t h e  snowmelt 

period, and t o  compare  these  with t h e  annual discharges. 

Total  discharges from t h e  Kiggavik a r e a  during t h e  snowmelt period can be  es t imated 

using the  values of n e t  runoff computed for t h e  six monitored watersheds. By dividing t h e  

ne t  runoff during snowmelt by t h e  watershed areas ,  a mean value of runoff per unit a r e a  
4 3 5 3 can  be calculated. This value is  9.8 x 10 m /km2 (for 1988) and 1 . 3 ~ 1 0  m /km2 (for 

1989). 

The average snowmelt  discharge f rom t h e  en t i r e  Kiggavik region during t h e  1988 and 

1989 snowmelt periods is therefore  7 . 8 ~ 1 0 ~  m3, and represents about  7% of t h e  to ta l  

flow of t h e  Aniguq River at t h e  point of discharge into Baker Lake. This proportion is  

similar t o  t h e  annual proportion largely because t h e  snowmelt period dominates much of 

t h e  hydrologic ac t iv i ty  in t h e  Kiggavik a r e a  for t h e  year. 

Assumptions and Potential Sources of Error 

A number of assumptions were  made for  this  analysis. There  a r e  also potential sources 

of er ror  in t h e  measurement  of various character is t ics  of t h e  sys tem (i.e., basin and lake 

areas,  outflow discharges, etc.). These will be discussed in t h e  following sections. 

Basin and Lake Areas 

One potential  source  of er ror  in th is  analysis i s  t h e  value used for  basin and lake areas. 

Because a l l  water  depths  were  conver ted  t o  volumes by multiplying with basin and lake 

areas, any e r ro r  in est imating these  a r e a s  will be  incorporated into each  s t ep  of t h e  

analysis. As discussed in a previous section, a r e a s  were  es t imated from 1:8,000 t o  

1:50,000 topographic maps available for t h e  region. No specific allowance was  made for 

local snow pack anomalies. Small watershed a r e a s  (such as Cirque Lake) may be 

expected t o  show significant-deviations from t h e  mean for t h e  region. These anomalies 

a r e  useful, however, in t h a t  s i t e  modifications such as building construction, pit 

development, waste  rock piles, etc. will a l l  result  in local  drifting of snow and shift  local 



watershed response from the  Pointer Lake watershed response more toward the  Cirque 

Lake watershed response. 

Baker Lake Data 

Although the  Baker Lake data  have been shown t o  be similar t o  estimates made in the 

Kiggavik site, the  relationships a r e  not 1:l and have been assessed only for 2 months of 2 

years. Roulet and Woo (1986) measured various hydrologic and meteorological parameters 

at a small lake (i.e., Crash Lake) within the  Kiggavik region. The representativeness of 

this one location t o  the entire region has not  been shown. Furthermore, there  were no 

available da ta  with which t o  compare precipitation inputs. These a r e  likely t o  be at least  

as variable between the  Kiggavik area and Baker Lake as air  temperature. Since both air  

temperature and precipitation inputs from Baker Lake were used in this analysis, more 

comparisons between the  two locations should be made in the  future. 

Snow Water Equivalents 

Snow water equivalents for each watershed were, for 1988, generally taken from one 

snow survey. A much greater  number of transects woul,d be required, at least  for the 

larger watersheds, t o  more precisely determine the water equivalent and t o  allow for a 

be t te r  comparison with the  1989 data. I t  would also be useful to  carry out surveys during 

the  melt  period' so tha t  direct comparisons could be made between water equivalents and 

watershed runoff. 

Snowmelt Period and Runoff 

I t  was assumed t h a t  the spring melt period s tar ted when the  hydrograph first responded 

and continued until 31 July 1988. Because discharge was measured a t  lake outlets, a 

significant volume of snow may have melted prior to  the t ime the hydrograph first  

responded. This volume may not have reached the  flow monitoring location because of 

retention on the lake surface. This will introduce a lag time, which will influence the 

time-to-peak and other hydrologic characteristics of the  watershed, such as response 

ratios. Because of these lags, t he  upstream portions of the  Kiggavik study area 

watersheds may even be more responsive than these downstream data  show. 



4.2.4 Predictions of Surface Water Responses During Snowmelt 

The preceding analysis has revealed some interesting aspects of the surface water 

hydrology in the Kiggavik project area. Of particular interest i s  the fact that snowmelt 

generates a large and rapid response, and so controls the hydrologic character of the 

region. This information i s  crit ical for evaluating potential effects associated with land 

use changes. 

In most cases, knowledge of the probable responses to events of varying size and 

recurrence are a necessary prerequisite for planning purposes. That is, engineering and 

geomorphic structures are designed to account for system responses to some large 

infrequent event. Predicting the occurrence of these events, and associated system 

responses, is therefore necessary. 

The following is an exercise designed for predicting surface water responses to snowmelt 

events occurring with a given recurrence interval. Total annual precipitation wil l  be 

used to characterize inputs generating a given snowmelt. The analysis i s  based on sound 

fundamental hydrologic principles, but is extended beyond normal limitations to allow for 

a full interpretation for predictive purposes. 

The analysis i s  carried out by the following logic and assumptions. Earlier sub-sections 

have outlined surface water responses to hydrologic conditions (i.e., snowmelt release) 

dictated by a total annual precipitation of 312 mm (1988) and 297 mm (1989). Assuming 

a direct proportional relationship between total inputs, precipitation and volumes of 

snowmelt, then i f  total precipitation inputs were to change (i.e., from one year to the 

next), system responses (to a different volume of snowmelt) would change accordingly. I f  

it were possible to predict the total annual precipitation responsible for a snowmelt 

event with a given recurrence interval (or probability), then surface water responses to 

these events could be predicted (using the 1988 and 1989 responses as a reference). 

For this analysis, surface water responses to snowmelt events of a given size wil l  be 

defined as the total volume of runoff during the snowmelt period. 



Predicting the Total Annual Precipitation Responsible for a Snowmelt 

Event of a Given Magnitude and Recurrence 

As discussed above, sys tem responses t o  snowmelt  events  of a given s i ze  (and recurrence  

interval)  can  be  determined if t h e  to ta l  annual precipitation, responsible for such events, 

c a n  be  predicted. 

I t  may be  necessary at this point t o  discuss what  is mean t  by a "snowmelt event  of a 

given s i ze  and recurrence  interval". One may wish t o  know t h e  hydrologic response t o  a 

50-year snowmelt event.  This does not  r e fe r  to a snowmelt event  of a given s ize  

occurring once every 50 years, but instead re fe r s  t o  t h e  probability of occurrence  of a n  

even t  of a given magnitude. For a 50-year snowmelt event ,  t h e  probability of occurrence  

i s  2%. Two 50-year snowmelt  even t s  c a n  occur  in successive years, although t h e  

probability i s  ex t remely  low. These mel t  even t s  a r e  genera ted in years  having a given 

t o t a l  annual precipitation. The purpose of th is  exerc ise  is  to be  ab le  to predict the  to ta l  

annual precipitation responsible for snowmelt  even t s  of a given magnitude and re turn  

period. 

For th is  exercise,  t h e  t o t a l  annual precipitat ion is  required for a l l  available years of 

record. The analysis i s  generally reserved for e x t r e m e  value distributions, but may be  

modified for this  exercise. Note  that ,  because to ta l  annual precipitation was  not  ye t  

available for  1989, i t  was  no t  inc1"ded in t h e  analysis. Table 4.19 l ists  to ta l  annual 

precipitat ion recorded at Baker Lake from 1952 t o  1988. The recurrence  interval  (T) of 

e a c h  precipitat ion to ta l  i s  computed as follows: 

o al l  precipitation to ta l s  a r e  ranked by size. The largest  even t  is  ranked m = l  

and t h e  smallest  is  ranked m=n, where  n is t h e  number of years of record; 

o if severa l  precipitation to ta l s  a r e  t h e  same, each  is assigned t h e  s a m e  rank; 

for example, if t h r e e  years have  t h e  same  to ta l  precipitation which should 

have been ranked 4,5,6, t h e  rankings a r e  then 1,2,3,5,5,5,7; 

o a re turn  period (recurrence interval)  is  computed for each  precipitation to ta l  

as: 



TABLE 4.19: TOTAL ANNUAL PRECIPITATION AND RECURRENCE INTERVALS 
FOR BAKER LAKE RECORDS (1 952-1988) 

Year 

Total  
Precipitation 

(mm) 
Rank 
(m> 

Recurrence 
Interval 

(TI 



The recurrence interval and associated precipitation tota ls  a r e  plotted as natural  

logarithm of T vs to ta l  annual precipitation in Figure 4.5. The relationship is a 

significant one (r2=0.91, n=37) although not simply linear. However, a best-fit line can 

be made for predictive purposes. 

Now t h a t  the  annual precipitation inputs generating snowmelt events  of a given return 

period can  be predicted, the  system responses to  these events  can  now be determined. 

The system response was defined as the  tota l  volume of water  released as runoff during 

t he  snowmelt period because snowmelt is the  single largest  hydrologic event  of the  year. 

All o ther  t imes of t he  year a r e  comparatively hydrologically inactive. 

Predicting Watershed Discharges in Response to Snow melt Events 

of a Given Magnitude and Return Period 

Surface water  responses t o  specific snowmelt events  a r e  determined by considering the  

following information about individual watersheds in t he  Kiggavik study area: 

o n e t  runoff (calculated as t he  to ta l  discharge through lake outflows during 

snowmelt, minus any precipitation occurring during this period); 

o to ta l  depth of water  available as snowmelt (calculated a s  the  ratio between 

t he  to ta l  available water  and to ta l  watershed area); 

o to ta l  watershed a r ea  (calculated as the  sum of basin and lake areas); and 

o to ta l  annual precipitation. 

Predictive equations can  be developed for each watershed in Kiggavik where da t a  a r e  

available, and then averaged t o  allow for prediction of hydrologic responses for t he  

en t i re  Kiggavik region. These equations a r e  most useful for predictive purposes if they 

a r e  simplified for unit system characteristics. For this exercise, an equation is developed 

t o  allow for prediction of to ta l  runoff during snowmelt for a unit depth of available 

water;  a unit watershed area,  and for 100 mm of to ta l  annual precipitation. That depth of 

to ta l  annual precipitation was chosen for simplification of la ter  computations. 

For each watershed, the  ne t  runoff, to ta l  available water  and tota l  annual precipitation 

input a r e  tabulated (Table 4.20). The tota l  volume of runoff during snowmelt is 



FIGURE 4.5 
Recurrence of Total Annual 
Precipitation of a Given Magnitude 

Ln of Recurrence Interval ( Years) 



TABLE 4.20: SUMMARY O F  HYDROLOGIC DATA FOR SELECTED WATERSHEDS 

IN THE KIGGAVIK PROJECT AREA 

Total  To ta l  Area  Tota l  

Available (Lake + Annual 

Net Runoff Water Basin) Precipitat ion 

Watershed (m 3, (m 3, (m2) (mm) 

1988 Data 

Ridge 

Pointer  

J a e g e r  

Skinny 

Cirque 

Escarpment  

1989 Data 

Ridge 3.0x105 3.7x105 2.5x106 297 

Pointer  1.5x107 1 . 3 ~ 1 0 ~  8.6xlo7 297 

J a e g e r  5 . 9 ~ 1  o6 9.6x106 5.9x107 297 

Skinny 1 . 3 ~ 1 0 ~  l.8xlo7 1.2x108 297 

Cirque 1 . 3 ~ 1 0 ~  l.8xlo5 1.2x106 . 297 

Escarpment  2.4x105 3.8x105 2.5x106 297 



computed for a watershed a r e a  and for t h e  equivalent depth  of annual precipitation by 

dividing t h e  runoff volume by each  respective term. For example, t h e  Ridge Lake 
6 2 watershed, having an a r e a  of 2.5 x 10 m and 0.312 m of to ta l  annual precipitation, lost 

5 3 2.2 x 10 m of wa te r  as runoff during t h e  1988 snowmelt year. The predictive equation 
3 2 would be: 2.2 x 10~/2.5x10~/0.312,  o r  0.28 m /m /m. The equations for  t h e  o the r  

watersheds a r e  as follows: 

1988 D a t a  1989 Da ta  

o Ridge: 0.28 m 3 /m 2 /m 

o Pointer: 3 2 0.45 m /m /m 

o Jaeger: 0.24 m 3 /m 2 /m 0.34 m 3 /m 2 /m 

o Skinny: 0.27 m 3 /m 2 /m 0.36 m 3 /m 2 /m 

o Cirque: 0.10 m 3 /m 2 /m 3 2 0.36 m /m /m 
3 2 o Escarpment: 0.45 m /m /m 0.32 m 3 /m 2 /m 

The mean coeff ic ient  for these  watersheds (representing a mean for the  en t i r e  Kiggavik 

region) for 1988 and 1989 is 0.35. 

The surface  wa te r  response t o  a 55-year snowmelt even t  may thus be  determined f o r  a 

given watershed in t h e  Kiggavik a r e a  (or for t h e  en t i r e  region) a s  follows. 

A 55-year snowmelt event  corresponds t o  a n  annual to ta l  precipitation of about  370 mm 

(Figure 4.5). Supposing t h a t  t h e  watershed of in teres t  is  Judge Sisson's Lake, t h e  to ta l  
8 2 a r e a  is 6.8 x 10 m . The to ta l  runoff from t h e  Judge Sissons watershed during t h e  

snowmelt period, for hydrologic conditions associated with a 55-year snowmelt event,  is  

therefore  calculated as: 

This value is  similar t o  t h e  es t imated 1988 and 1989 discharges from Kiggavik, suggesting 

t h a t  t h e  snowmelt events  of these  years  were  similar in magnitude t o  a 55-year snowmelt 

event. This is a good assumption as t h e  to ta l  annual precipitation in 1988 and 1989 was 

about 80 mm and 60 mm higher, respectively, than t h e  30-year normals for Baker Lake. 



4.2.5 Summary and Implications for Si te  Development 

The preceding analysis has  outlined some important  f ea tu res  of t h e  su r face  wa te r  

hydrology in t h e  Kiggavik project  area.  There  a r e  generally t h r e e  hydrologic periods 

during t h e  yea r  and each  i s  character ized by dist inct  responses and flow mechanisms. 

The most  important  of these,  hydrologically, is  t h e  spring snowmelt  period, in which 

l a rge  volumes of wa te r  a r e  lost f rom watersheds over  very short  periods of t ime,  

probably by overland flow. Response ra t ios  a r e  high at this  t ime,  indicative of a n  

overland flow mechanism. Early and mid summer is  a t i m e  with minimal amounts  of 

runoff because of evaporative losses and wa te r  s torage in t h e  expanding ac t ive  layer and 

in wetlands. L a t e  summer is  a period of sporadic rain even t s  and, because of res t r ic ted  

evapotranspirat ion and thawed soils, surface  wa te r s  c a n  be  responsive t o  these  rain 

even t s  because of sa tura ted  overland flows. 

This discussion of flow mechanisms is speculative because detai led hydrologic 

investigations have n o t  been made in t h e  a r e a  t o  support  such s ta tements .  However, 

t h e y  a r e  based on fundamental  knowledge of s i t e  conditions and measured hydrologic 

responses, and so a r e  probably reasonable est imates.  

A model is presented for predicting snowmelt  runoff in response t o  given annual 

precipitation inputs. This analysis i s  also speculative, but  o f fe r s  approximations in a n  

a r e a  with limited data .  Snowmelt runoff can  b e  predicted if t h e  watershed a r e a  and 

total annual precipitation a r e  known. 

The  rapid response of t h e  Kiggavik study area ,  and t h e  large volumes of wa te r  released 

during snowmelt, suggest t h a t  much of t h e  region is hydrologically connected,  so  t h a t  

changes in one watershed will likely a f f e c t  a l l  others. This is  especially relevant for t h e  

a r e a  just west  of Pointer  Lake, which i s  character ized by a large  number of small  lakes 

and wetlands. In t e r m s  of s i t e  development, the re  a r e  a number of points t h a t  require 

at tention.  Because the  region i s  highly responsive during t h e  snowmelt period, any 

act iv i t ies  t h a t  involve changing su r face  condit ions within a watershed should b e  

evaluated a s  t o  their  e f f e c t  on runoff. If significant changes a r e  made t h a t  a f f e c t  runoff 

during th is  period, hydrologic conditions throughout t h e  region will be  affected.  The 

s a m e  applies, although much less so, for very l a t e  summers, when t h e  su r face  wa te r  

hydrology is responsive to rain events. The most  appropriate t ime  t o  develop s i t e  



conditions is e i ther  a f t e r  t h e  l a t e  summer period o r  during t h e  early-to-mid summer (i.e., 

a f t e r  t h e  snowmelt period). Hydrologic activity is reduced and changes t o  s i t e  conditions 

will probably have only local ef fec ts .  The significant point h e r e  is  t o  avoid significant 

surface  a r e a  changes during t h e  snowmelt period. After  this  period, t h e  Kiggavik region 

is hydrologically much less responsive t o  precipitation inputs and so s i te  development will 

likely have less e f f e c t  than during t h e  snowmelt period. 

Site modifications such a s  building construction, pi t  development, construction of was te  

rock piles, etc. will result  in local drifting of snow. This will contr ibute  t o  runoff peaks, 

although volumes will be reduced, as t h e  snowmelt period is  extended. 

4.3 Flushing Rates for Lakes in the Kiggavik Area 

Flushing ra tes ,  o r  retention t imes,  were  computed for each  lake in t h e  Kiggavik a r e a  

using t h e  bathymetry maps and mean depths  given in Appendix I and t h e  30-year normal 

flow d a t a  outlined in Figure 4.4. Retention t imes  a r e  important  character is t ics  of lakes 

because they a f f e c t  wa te r  quality. Lakes with short  retention t imes  a r e  less likely t o  be  - 
af fec ted  by contaminants than those lakes with long retention t imes  where t h e  wa te r  is  

not  frequently mixed o r  replaced. In t h e  Kiggavik area ,  lakes with a relat ively large  

volume-to-drainage a r e a  ra t io  have longer residence t imes  than lakes with a small  - 

volume-to-drainage a r e a  ra t io  (Table 4.21). Thus, on a n  average  annual basis, Crash Lake 

flushes every 16 days, while Scotch Lake flushes only once every 2.7 years. Judge Sissons 

Lake i s  relat ively large and deep, and flushes only once every 4.7 years. 

4.4 Regional Hydrology 

Discharges from t h e  Kiggavik project  a r e a  can bes t  be  assessed by considering t h e  

magnitude relat ive t o  t h e  regional discharges through t h e  area .  Kiggavik a r e a  drainage, 

approximated by t h e  streamflow at t h e  out le t  of Pointer  Lake, averages about 0.66 m3/s 

on a n  annual basis. Water then flows along t h e  Aniguq River, where  i t  drains in to  Baker 

Lake at about  40 m3/s. The Thelon River a n d  Kazan River also drain into Baker Lake, 
3 with mean annual discharges of 810 m3/s and 410 m is, respectively. Water passes 

through Baker Lake at about 1,300 m3/s and then through Chesterfield Inlet at 1,500 
3 3 m Is, eventually discharging through Hudson Bay at approximately 17,000 m 1s. 



TABLE 4.21: CALCULATION O F  FLUSHING RATES FOR KIGGAVIK AREA LAKES 

Lake 

Surface  Lake Annual Retent ion 

Area Volume 1 ~ i s c h a r ~ e ~  Time 

(ha) (m 3> (m 3/s) (yr) 

Ridge 

Cirque 

Crash 

Fox 

Caribou 

Felsenmeer  

Escarpment 

Meadow 

Drum 

L in 

Scotch 

J a e g e r  

Pointer  

Sik Sik 

Willow 

Judge  Sissons 

Skinny 

Kavisilik 

Calcula ted  as mean wa te r  depth x lake area. 

Using 30-year normals d a t a  from BEAK (1988). 



In summary, t h e  mean annual discharge from t h e  Kiggavik study a r e a  represents about 

2% of t h e  Aniguq River discharge t o  Baker Lake, 0.05% of t h e  t o t a l  discharge into and 

ou t  of Baker Lake, 0.04% of t h e  discharge from Chesterfield Inlet and 0.004% of t h e  

discharge from Hudson Bay. The Kiggavik study a r e a  drainage therefore  represents a 

relatively small  proportion of t h e  regional discharge. 

4.5 Monitoring Implications 

An a c c u r a t e  account  of local hydrologic conditions will be required in t h e  ongoing 

monitoring program carr ied  out  at t h e  mine so t h a t  releases of mater ia ls  t o  t h e  aquat ic  

environment c a n  b e  t r aced  through t h e  system, and compliance with operating l icences 

demonstrated.  For a release of process ef f luent  at t h e  out le t  of Pointer Lake, a s  

planned, hydrologic conditions will require monitoring in t h e  Pointer Lake ou t l e t  

s tream. Runoff should also be  monitored at t h e  Judge Sissons outlet ,  a s  this  is  

considered to be  t h e  in ter face  between t h e  local environment and t h e  regional 

environment. The continuous collection of meteorological d a t a  a t  t h e  project s i t e  will 

also enable t h e  mine opera tors  to b e t t e r  project  t h e  magnitude of runoff from t h e  

project  area .  



5.0 SURFACE WATER AND GROUNDWATER QUALITY 

5.1 Physical Characteristics 

Surface waters  in the  Kiggavik study a r ea  a r e  ice-covered for most of the  year, with ice  

forming in September and disappearing in June (in smaller lakes) o r  July (in larger 

lakes). Judge Sissonts Lake is slower t o  warm and lose i t s  i ce  cover than most Kiggavik 

study a r ea  lakes because i t  is much larger and contains a greater  amount of i ce  on t he  

surface. Based on observations in the  Kiggavik study area,  t he  maximum ice  thickness is  

about 2 m. 

Kiggavik a r ea  lakes a r e  cold, monomictic lakes, t ha t  is, vert ical  mixing occurs only 

during t he  brief ice-free season of two t o  th ree  months in summer. In contrast ,  more 

temperate  lakes become thermally stratif ied in summer, with a warm surface layer 

(epilimnion) forming over a cold, deep layer (hypolimnion), with t he  two layers separated 

by a thermocline. The absence of thermal stratif ication in Kiggavik a r ea  lakes during 

the  summer can  be related t o  the  low hea t  input in combination with the  high winds t ha t  

frequently prevail during the  ice-free season. 

Figure 5.1 provides temperature  and dissolved oxygen profiles for Judge Sissonts Lake, 

and Table 5.1 lists lake temperature  and dissolved oxygen d a t a  for selected Kiggavik a r e a  

lakes. Judge Sissonts Lake may warm t o  as high as lZ°C in summer, while shallower 

lakes, such as Pointer Lake, can  reach temperatures  of 16 '~ .  Temperatures show l i t t le  

variation with depth during the  summer ice-free period. Some degree of thermal 

stratif ication does occur under-ice however, as shown in t he  17 June plot for under-ice 

conditions (Figure 5.1). Water reaches i t s  maximum density at about 4 ' ~  and colder 

water  lying next  t o  the  surface i ce  layer wfloats" on t he  warmer, denser underlying wate r  

mass. 

Kiggavik a r ea  lakes tend t o  be very transparent, reflecting low levels of biological 

productivity and low ra tes  of sediment input. Secchi disk transparencies were  measured 

on several occasions in 1979, and were always found t o  be  g rea te r  than maximum lake 

depths when measured in Pointer Lake, Jaeger Lake and Scotch Lake. Transparencies 

ranged between 7 and 8.5 m in Sissonls Lake during the  same year, reflecting low levels 

of colour and suspended particulates. It should be noted, however, t ha t  in relatively 
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TABLE 5.1: TEMPERATURE AND DISSOLVED OXYGEN DATA FOR SELECTED KICCAVIK AREA LAKES, 1979 AND 1980 

Dissolved Dissolved - Date  Depth Temp. Oxy en  Date  Depth Temp. Oxygen 
Location (1979) (m) PC) ( m g $ ~ )  Location (1 980) (rn) (OC) (mg/L) 

Pointer Lake 21 Jun 
(deep area)  03  Jul 1 1.3 11.3 

06 Jul I 4.9 11.2 
16 Ju l  
19 Ju l  1 10.0 10.2 
24 JuI 1 8.5 11.0 
31 Ju l  1 7.5 10.9 
03  Aug 1 8.5 11.0 
07  Aug 1 8.5 11.3 
25 Aug 1 7.0 11.2 

Pointer Lake I4 Jun 2 0.5 12.2 
(deep a r ea )  10 Jul 1 11.4 11.3 

10 Jul 2 11.4 11.2 
O5Aug I 15.4 10.1 
03 Aug 2 15.4 10.1 

Pointer Lake 28 Jun 5.2 12.3 
(outlet)  05 Aug - 16.3 9.8 

Scotch Lake 27 Aug 1 6.0 11.4 Scotch  Lake 17 Jun I 0.8 12.2 
(deep a r ea )  27 Aug 4 6.0 11.0 (deep a r ea )  17 Jun 6 3.6 6.8 

23 Jul 1 11.5 10.3 
23 Ju l  6 11.6 10.4 
15 Aug 1 14.6 10.1 
I 5  Aug 6 14.4 10.0 

Sisson's Lake 10 Aug I 7.0 10.9 
(deep area)  10 Aug 19 7.0 10.8 

16 Aug 1 8.3 10.8 
16 Aug 18 7.9 11.2 
24 Aug 1 8.3 10.6 
24 Aug 18 8.3 10.6 

Jaeger Lake 27 Aug 1 5.4 11.4 
(deep a r ea )  

Scotch Lake 06 Aug 
(outlet)  

Sisson's Lake 17 Jun 
(deep a r ea )  17 Jun 

14 Jul 
I4 Jul 
12 Aug 
12 Aug 

Kavisilik Lake 18 Jun 
(deep a r ea )  18 Jun 

13 Jul  
13 Jul 
16 Aug 

Kavisilik Lake 29 Jul  - 11.9 11.0 
(outlet)  07 Aug - 16.3 9.4 

Squiggly Lake  19 Jun 1 0.9 12.8 
(deep area)  19 Jun 7 2.8 10.2 

20 Ju l  I 9.7 11.5 
20 Ju l  7 9.2 11.5 
19 Aug 1 12.8 9.9 
19 Aug 14 12.8 9.9 

Squiggly Lake 31 Jul - 10.5 11.4 
(outlet)  08 Aug - 13.4 10.6 



shallow lakes with relatively large wind fetches, such as Pointer Lake, Jaeger Lake and 

Caribou Lake, wind-driven resuspension of bottom sediments was frequently observed 

during t he  ice-free season; these  frequent high-wind events  substantially reduce water 

transparency. 

5.2 Chemical Characteristics 

5.2.1 Dissolved Oxygen 

Dissolved oxygen conditions in Kiggavik a r ea  lakes, based on measurements taken during 

t h e  1979 and 1980 field seasons, a r e  given in Figure 5.1 and Table 5.1. Some depletion of 

dissolved oxygen levels under ice  was evident in 1980, particularly in Sisson's Lake 

(Figure 5.1). This c an  b e  a t t r ibuted t o  respiration by the  aquat ic  community during the  

prolonged season of i ce  cover, when no mixing o r  surface re-aeration occurs. In 

shallower lakes, such as Pointer Lake, t h e  depth of water  under i ce  may be sufficiently 

low tha t  consumption of dissolved oxygen over t h e  long period of ice  cover can  result in 

fish mortality. Evidence of this phenomenon has  been reported by s i t e  personnel during 

i c e  break-up. Under-ice measurements of dissolved oxygen taken in early June 1988 

showed concentrations of about 3 mg/L in Pointer Lake (mean depth of 1.5 m), 4 mg/L in 

Jaeger  Lake (mean depth of 1.6 m), and 10 t o  12 mg/L in Skinny Lake (mean depth of 3.1 

m) and Escarpment Lake (mean depth o f  2.2 m), indicating t ha t  t he  amount of oxygen 

depletion is  g rea te r  in shallower lakes than in deeper lakes. Welch and Legault (1986) 

made similar observations t o  Saqvaqjuac lakes, located east of Baker Lake, and reported 

t h a t  lakes with a mean depth of g rea te r  than 3 m have adequate  oxygen to  support fish 

over winter. Even deep Saqvaqjuac lakes develop thin anaerobic layers near t o  t he  

sediment in terface  in winter. 

5.2.2 Dissolved Ions, Nutrients and Trace  Elements 

Tables 5.2 and 5.3 provide analytical  results  for  wate r  samples collected from selected 

Kiggavik a r ea  lakes in June and July 1989, respectively, while Tables 5.4 to  5.6 provide 

results  for  samples taken in 1988 and 1986. Analytical methods used in this study a r e  

presented in Appendix 3. All lake wate r  samples collected in these  years were 

subsurface grabs taken from t h e  lake outlets. Two snow-core samples, collected in l a t e  

winter (early June 1988 and 1989) were  also analyzed. The results a r e  listed in Tables 5.2 

and 5.4. 



TABLE 5.2: WATER QUALITY~ IN KIGGAVIK AREA SURFACE WATERS, 
JUNE 1989 

O r e  Body Skinny Pointer 
Creek Snow Lake Lake 

pH 
Conductivity (umhos/cm) 
Alkalinity (as CaCO ) 
Gran Alkalinity (as 2 aC03)  
Dissolved Inorganic Carbon 
Dissolved Organic Carbon 
Total  Hardness (as CaC03)  
Total Dissolved Solids 
Absorbance at 254 nm 
True Colour (Co-Pt) 
Total Suspended Solids 
Sulphate 
Chloride 
Nitrite-N 
Nitrate-N 
Ammonia-N 
Total  Kjeldahl-N 
Total P 
Soluble React ive  P 
Silica (as Si02) 
Fluoride 
A1 
Ag (ug1L) 
As (ug1L) 
Ba 
C a  
Cd (ug1L) 
Co (ug1L) 
Cr  (ug1L) 
c u  (ugIL) 
F e  
Hg (ug1L) 
K 
Mg 
Mn (ug/L) 
Na 
Ni (ug/L) 
Pb  (ug1L) 
Se (ug1L) 
Sr (ug1L) 
Zn (ug1L) 

Concentrations a r e  mglL unless indicated otherwise. 
L = less than. 



TABLE X3r WATER QUALITY I IN KlCCAVlK AREA SURFACE WATERS AND CROUNDWATERS. O4:08 AUGUST 1989 

Fleld Polnter Lake Sirsons 3aeger " Oaker Lake Escarpment Rldge Cirque Skinny 
Blank I 2 Lake Lake I 2 3 Lake Lake Lake Lake * 

pH 
Coductlvlty (umhoslcm) 
Alkalhlty (8s CaCO ) 
Grm Alkalhlty (as &o3) 
Diuolved Inorgmk Cubon 
Dlsaolved Orgmk Carbon 
Total Hardness (as CaC03) 
Total Dlswlved Sollds 
Abmbance at 254 nm 
True Colour (Co-Pt) 
Total Suspndcd Sollds 
kJphate 
Chlorlde 
Nltrlte-N 
Nltrate-N 
Ammonia-N 
Total Kleldahl-N 
Total P 
Soluble Reactlve P 
U l k a  (u Y%) 
nuwide 
Al 
Ag (rgn) 
As (ugh) 
88 
Ca 
Cd (rgn) 
Co (uglL) 
Cr (uglL) 
Cu (ug R) 
Fe 
Hg (uglL) 
K 

2 (ugh) 
Na 
N l  (lrg/L) 
Pb (UglL) 
st (uglL) 
Sr (uglL) 
tn (UgtL) 

Concentrations are mg/L rnless Indicated otherwise. 

L = less than. 



TABLE 5.4: WATER QUALITY~ IN KIGGAVIK AREA SURFACE WATERS, 
02-03 JUNE 1988 

Pointer Jaeger Escarpment Skinny Snow 
Lake Lake Lake Lake Sample 

pH 
Conductivity (umhos/cm) 
Alkalinity (pH 3.8) (as CaC03)  
Gran Alkalinity (as CaC03) ,  
Total  Alkalinity (as CaC03)  
Dissolved Inorganic Carbon 
Dissolved Organic Carbon 
Colour (Co-Pt ) 
Turbidity (NTU) 
Sulphate 
Chloride 
Nitrite-N 
Nitrate-N 
Ammonia-N 
Total  Kjeldahl-N 
Total P 
Soluble Reactive P 
Silicates 
Na 
K 
M g 
Ca  
F e  
Mn 
A1 
Ba 
Cu (ug1L) 
P b  (ug/L) 
Ni (ug/L) 

Concentrations a r e  m g R  unless indicated otherwise. 



TABLE 5.5: WATER QUALITY' IN KIGGAVIK AREA SURFACE WATERS, 28 JULY 1988 

Pointer Jaeger Scotch Ridge Escarpment Skinny Sissons Pointer 

Lake Lake Lake Lake Lake Lake Lake Tributary 

pH 
Conductivity (urnhoslcm) 

Alkalinity (as CaC03) 

Alkalinity (pH 3.8) (as CaC03) 

Dissolved Inorganic Carbon 

Dissolved Organic Carbon 

Total Hardness (as CaC03)  

Total Dissolved Solids 

Absorbance a t  254 nm 

True Colour (Co-Pt) 

Total Suspended Solids 

Sulphate 

Chloride 

Nitrite-N 

Nitrate-N 

Ammonia-N 

Total Kjeldahl-N 

Total P 

Soluble Reactive P 

Silica (As Si02) 

Fluoride 

A1 

Ag (ug/L) 

As (ug/L) 

Ba 

Ca  

Cd (ug/L) 

c o  (ug/L) 

Cr  (ug/L) 

c u  (ug/L) 

F e  

Hg (uglL) 
K 

Mg 
Mn (ug/L) 

Na 

Ni (ug/L) 

Pb (ug/L) 

Se (ug1L) 

Zn (ug1L) 

Chlorophyll (ug/L) 

Concentrations a r e  mg/L unless indicated otherwise. 



TABLE 5.6: DETAILED WATER QUALITY' DATA IN KICCAVIK AREA LAKES, JULY 1986 

Scotch Drum Pointer J. Sisson's Skinny Drill Site Drill Site 
Lake Lake Lake Lake Lake Drainage Control 

PH 5.9 5.6 5.8 6.3 6.1 6.1 6.0 
Alkalinity (as CaCO ) 3 2 3 7 3 6 5 
Total Dissolved solids 13 31/37 28 33 6 117 34 
Conductivity (umhos) I4 18 14 25 16 195 36 
Total Organic Carbon 4.5 8.0 4.5 4.5 4.0 7.5 6.0 
Total Kjeidahl N 0.20 0.45 0.36 0.22 0.38 0.46 0.25 
Total P L 0.001 0.002 L 0.001 L 0.001 0.002 0.0 1 0.006 
Orthophosphate P L 0.1 L 0.1 L 0.1 L 0.1 L 0.1 L 0.1 L 0.1 
C1- 0.29 0.17 0.29 0.50 0.25 46 0.37 
Nitrite-N L 0.1 L 0.1 L 0.1 L 0.1 L 0.1 L 0.1 L 0.1 
Nitrate-N L 0.003 L 0.003 0.032 0.003 L 0.003 0.003 0.36 
F- 0.048 0.048 0.046 0.06 0.126 0.30 0.50 sob2- 0.42 0.28 0.26 0.70 0.40 41 6.5 
Be L 0.005 L 0.005 L 0.005 L 0.005 L 0.005 L 0.005 L 0.005 
Mo L 0.01 L 0.01 L 0.01 L 0.01 L 0.01 0.02 0.02 
Ca 1.30 2.1 1.45 3.0 1.45 25 3.7 
V L 0.005 L 0.005 L 0.005 L 0.005 L 0.005 0.005 L 0.005 
A1 0.02 0.10 0.02 L 0.02 0.04 1.52 0.42 
Mg 0.46 0.62 0.44 0.84 0.54 3.9 1.34 
Ba 0.055 0.050 0.035 0.040 0.035 0.23 0.045 
K 0.15 0.20 0.10 0.35 0.15 3.2 0.45 
Sr 0.01 0.02 0.01 0.02 0.01 0.33 Q.03 
Na L 0.5 L 0.5 L 0.5 L 0.5 L 0.5 2.5 0.5 
Zn L 0.01 0.01 L 0.01 L 0.01 L 0.01 0.01 L 0.01 
Cd L 0.01 L 0.01 L 0.01 L Q.01 L 0.01 L 0.01 L 0.01 
Mn L0.01 LO.01 LO.O1 0.02 L 0.01 0.09 L 0.01 
Co L 0.01 L 0.01 L 0.01 L 0.01 L 0.01 L 0.01 L 0.01 
Cu 0.005 L 0.005 L 0.005 L 0.005 L 0.005 0.01 0.0 15 
Fe 0.09 0.11 0.05 0.04 0.08 1.55 0.19 
Pb L 0.05 L 0.05 L 0.05 L 0.05 L 0.05 L 0.05 L 0.05 
Cr L0.01 LO.O1 LO.O1 LO.O1 L0.01 LO.O1 L 0.01 
Ni LO.01 LO.01 LO.01 LO.O1 L0.01 LO.01 L 0.01 
As (ug/L) L I L I L 1 L I 
Hg (ug/L) L 0.02 L 0.02 L 0.02 0.02 
Se (ug/L) L 0.5 L 0.5 L 0.5 L 0.5 

Ridge Cirque Crash Caribou Felsenmeer Escarpment Meadow Sik-Sik 
Lake Lake Lake Lake Lake Lake Lake Lake 

pH 
Alkalinity (as CaCO 
Total Dissolved solids 
Conductivity (umhos) 
Total Organic Carbon 
Total Kjeldahl N 
Total P 
Orthophosphate P -.- 

All results except pH in mg/L unless indicated otherwise. 

L - less than 

LE - less than or equal to 



Concentrations of nutrient elements, phosphorus and nitrogen a r e  low in Kiggavik a rea  

lakes, and fall  within the range of concentrations expected in oligotrophic lakes. This is 

consistent with the low mid-summer chlorophyll - a concentrations of 0.6 t o  1.6 ug/L 

(Table 5.51, which is at t he  low end of the  chlorophyll concentration range reported for 

dilute Saqvaqjuac lakes (Welch and Legault, 1986). 

Some winter-summer differences a r e  apparent in Kiggavik a r ea  lake water quality, based 

on comparison of Tables 5.4 (sampled under ice  in early June 1988) and 5.5 (open water 

conditions in July 1988). For conservative ions such as NaC, Kt and CI-, lower 

concentrations in open water can be attributed to the  e f fec t s  of dilution by snow melt  

and "freeze-out", o r  cryoconcentration, which tends t o  concentrate these elements in t he  

unfrozen volume of the  lake, as  reported for Saqvaqjuac (Welch and Legault, 1986). 

Similar differences in sulphate concentrations between winter and summer periods 

suggest tha t  substantial sulphate reduction did not occur even in shallow lakes such as 

Pointer. Freeze-out may also account for some of the  increase in nutrient 

concentrations under ice, although phosphorus and nitrogen freeze-out is apparently 

much less efficient than is freeze-out of other ions (Welch and Legault, 1986). Nutrients 

may also be regenerated during organic mat ter  decomposition processes occurring under 

the  ice. 

Chemical analysis of the  snow core sample showed tha t  the snow is acidic (pH 4.3 to 5.5; 

Tables 5.2 and 5.4) and dilute relative to lake water in conductivity, alkalinity, organic 

carbon, colour, calcium, magnesium, potassium and barium. Major ion concentrations 

tend to  be slightly lower in snow than in lake water. Despite the  relatively dilute nature 

of snowmelt, lake water  quality measured during the  peak of the  spring freshet in June 

1989 (Table 5.2) did not differ markedly from lake water quality during the  summer base 

flow period in August 1989 (Table 5.3). Concentrations of some heavy metals in snow 

were much greater  than in lake waters (Tables 5.2 and 5.4); substantial fractions of these 

metals may have occurred in association with t he  high levels of suspended solids found in 

the  snow (Table 5.2). Concentrations of major ions in Kiggavik snow a r e  similar t o  those 

reported at Saqvaqjuac for SO4, C1, K, Mg and Na, but were much lower for Ca. Welch 

and Legault (1986) noted tha t  Ca  concentrations in Saqvaqjuac snow were higher than 

averages reported in other studies. 



The f a c t  t h a t  lake chemistry is less acidic than t h e  snow suggests t h a t  these lakes have 

considerable buffering capacity. This is  particularly relevant with respect  t o  controlling 

optimal conditions for aquat ic  life. 

A small s t r eam draining towards Pointer  Lake draining a mineral exploration a rea  was 

sampled in 1986, 1988 and 1989. Samples of th is  wa te r  showed high concentrat ions of 

to ta l  dissolved solids, chloride, sulphate, calcium, sodium, potassium and several  t r a c e  

meta l s  (iron, manganese, aluminum, barium) relat ive to other  local surface  wa te r s  

(Tables 5.5 and 5.6). Concentrat ions were  higher in 1986 when ac t ive  drilling was  in 

progress than in 1988 when no drilling was  carr ied  ou t  at t h e  site. A major source of ions 

is  probably t h e  s a l t  used as a n  an t i f r eeze  in t h e  drilling operation. None of t h e  

parameters  occurring at high concentrat ions in drainage from t h e  drilling s i t e s  were  

found in Pointer  Lake at concentrat ions above t h e  background levels typical of o the r  

local lakes, indicating t h a t  th is  source is  insignificant in t h e  natural  cycle of  these  

e lements  in Pointer  Lake. ' Water quality in th is  s t r eam during t h e  1989 f reshet  was 

similar to wate r  quality in t h e  lakes sampled during t h e  s a m e  period, reflecting t h e  

longer recovery period a f t e r  t h e  drilling program, as well as t h e  high degree  of dilution 

during t h e  f reshe t  (Table 5.2). 

Baker Lake was sampled for  t h e  f i r s t  t ime  in t h e  Urangesellschaft environmental 

program in August 1989. Three  samples (triplicates) were  collected from t h e  lake f ront  

at Baker Lake (in front  of t h e  Urangesellschaft office), at a wa te r  depth of about  1 m. 

This water  was  relatively high in conductivity (about t e n  t imes  t h e  levels measured at  

t h e  Kiggavik site), and high in major ions, particularly sodium and chloride (30 t o  100 

t imes  t h e  levels measured at t h e  Kiggavik site; Table 5.3). The differences in wa te r  

quality between Baker Lake and t h e  Kiggavik a r e a  lakes c a n  b e  a t t r ibuted to differences 

in runoff wa te r  quality, and to t h e  marine influence in Baker Lake (some intrusion of 

seawater  occurs  into t h e  lake through Chesterfield Inlet) and possibly local runoff f rom 

t h e  Baker Lake town site. 

An analytical  summary of Kiggavik a r e a  surface  wa te r  quality d a t a  for al l  survey years  

(1979, 1980, 1986, 1988 and 1989) is provided in Table 5.7. Also included is a summary of 

Baker Lake chemistry from 1974 t o  1982, collected by t h e  Water Survey of Canada. This 

table also provides comparat ive  d a t a  on Saqvaqjuac lakes east of Baker Lake, t h e  

Experimental Lakes Area (ELA) in a remote  Precambrian Shield region of northwestern 



TABLE 5.7: BACKGROUND SURFACE WATER QUALITY I N  KlGGAVlK AREA LAKES I N  COMPARISON WITH WATER QUALITY I N  OTHER AREAS AND REGULATORY 
LIMITS FOR SURFACE WATER Q U A L I N  

1988 1986 1980 1979 Saqvaqjuac ELA Global Drinking 
Backgro nd Y Backgro nd Backgroyd Backgroyd 'i 1974-1 982 Background Backgrou d A v e r a y  Wateg 

Range Range Range Range Baker ~ a k e ~  Range (approx)' Average2 Rivers HWC 

pH 
Alkalinity (as CaCO ) 
Total Dissolved ~ o l i a s  
Conductivity (umhoslcm) 
Total Organic Carbon 
Total Kjeldahl N 
Total P 
Orthophosphate P 
c1- 
Nitr i te-N 
Nitrate-N 
F- 
so42- 
Be 
Mo 
Ca 
v 
A l  
Mg 
Ba 
K 
Sr 
Na 
Zn 
Cd 
Mn 
Co 
Cu 
Fe  
Pb 
Cr 
N i  
As (uglL) 
Hg (uglL) 
Se (uglL) 

Source: 

: Thisrstudy 
Urangesellschaft (1981) 
Urangesellschaft (1 979) 1: Water Survey of Canada 
Welch and Legault (1986) 
Ar~nstrong and Schindler (1971) 
Riley and Chester (1971) 
Health and Welfare Canada (1979) 
CCREM (1987) 

Water quality objectives for soft-water environments. 
** Sample contamination by Cu and Zn strongly suspected. 
Notes: Background ranges exclude results for snow samples and 

the Pointer Lake Tributary draining a mineralized area. 
Concentrations are mglL unless indicated otherwise. 



1989 Protection 
Backgro nd Y of Aquatic ~ f e  

Range CCREM k' 



Ontario, and global average values for rivers. Regulatory criteria for drinking water and 

for protection of aquatic life a r e  also given. 

In general, Kiggavik a rea  lakes tend to  be dilute in comparision with t he  global average 

for river water and, for many parameters, tend t o  be more dilute than Saqvaqjuac and 

ELA lakes. In general, lakes situated on watersheds of granitic surficial geology tend t o  

be dilute, softwater lakes. This is t rue of the lakes covering the  vast a rea  of the 

Canadian Shield. The inland location of t he  Kiggavik development a rea  isolates i t s  

watersheds from the e f fec t s  of marine aerosols tha t  tend t o  introduce solutes t o  

Saqvaqjuac a r ea  lakes. Also, permafrost in the Arctic may decrease the  effects  of 

weathering of soils and rock surfaces by decreasing the surface a rea  available for 

weathering (Welch and Legault, 1986). These factors influence surface water quality 

throughout t he  Keewatin District. 

All parameters measured in water collected from Kiggavik a r ea  lakes were below 

maximum acceptable concentrations s e t  by Health and Welfare Canada for drinking 

water  supplies. Three metals - copper, cadmium and chromium - occurred in some 

samples at concentrations above the CCREM (1987) water quality guidelines for the 

protection of aquatic life; however, all concentrations of these metals, with the 

exception of some apparently contaminated samples collected In 1979, fall within ranges 

identified as  background for unpolluted Canadian surface waters by CCREM (1987). . 

Samples of groundwater were collected from several areas  t o  provide baseline da ta  on 

groundwater chemistry (Table 5.8). Samples were collected from two seeps in the act ive 

zone - one on the  "Main Zone" ore  body and at a reference s i te  near Sauna Lake. These 

samples were small-volume subsamples decanted from 180-L samples collected for 

radionuclide analysis. During geotechnical studies for the erection of structures a t  the 

Kiggavik site, an opportunity arose t o  collect samples of permafrost from depths several 

metres  below the ground surface. These samples were thawed, filtered and analyzed for 

t r ace  metals and major ions and cations. As shown in Table 5.8, the  composition of  

groundwater varies substantially around the  Kiggavik s i te  and, for the most part, 

groundwaters have higher concentrations of major ions than do surface waters. The Main 

Zone o re  body contained relatively high concentrations of manganese, lead and cobalt 

relative t o  other samples, possibly reflecting higher concentrations of these metals in the 

mineralized matrix. 



TABLE 5.8: CHEMISTRY OF GROUNDWATER FROM THE ACTIVE ZONE AND FROM PERMAFROST IN THE KlGGAVlK AREA 

- 

Concentrations mglL unless Indicated otherwlsc 
ACTIVE ZONE (August 1989) PERMAFROST ZONE (Au~ust 1988) 
Main Zone 

Sauna Ml l l  Mll l  Rldge v k e  Clrque Ifke Skinny v k e  Pointer $ake 
1 2 Lake site 1' ~ l t e  2' Area Area Area ~ r u r n l i n ~  Area 

pH 
Conductlvlty (umhoslcm) 
Alkallnlty (as CaCO ) 
Gran Alkalinity (as &CO ) 
Alkallnlty, pH 3.8 (as cado3) 
Dissolved Inorganic Carbon 
Dissolved Organlc Carbon 
Total Hardness (as CaC03) 
Total Dissolved Sollds 
Abwrbance at 254 nm 
True Colour (Co-Pt) 
Total Suspended Solids 
Sulphate 
Chlorlde 
Nitrite-N 
Nitrate-N 
Arnmonia-N 
Total Kjeldahl-N 
Total P 
Soluble, Reactlve P 
Silica (as SO2) 
Flwride 
A1 
Ag (uglL) 
As (uglL) 
Ba 
Ca 
Cd (uglL) 
c o  (uglL) 
Cr (uglL) 
Cu (uglL) 
Fe 
Hg 
K 
Mg (uglL) 
Mn 
Na 
Ni 
Pb 
Se 
Sr 
Zn 

less than. ' iroundwater from bedrock. 
Groundwater from till. 



TABLE 5.9: CONCENTRATIONS OF RADIONUCLIDES IN SURFACE WATER SAMPLES COLLECTED IN KIGGAVIK AREA LAKES 

Water Body 

0C08  August 1989 

Cirque Lake 
Jaeger Lake 
Ridge Lake 
Sissons Lake - preconcentrated 
Sissons Lake - whole-water 
Pointer Lake - preconcentrated 
Pointer Lake - whole-water 
Baker Lake - preconcentrated 
Baker Lake - whole-water 

03-10 June 1989 

Skinny Lake 
Orebody Drainage 
Snow 

24-26 July 1988 

Scotch Lake 
Jaeger Lake 
Pointer Lake 
Sissons Lake 
Pointer ~ r i b u t a r y '  
Snowmelt 

31 May t o  01 June 1988 

Pointer Lake 
Escarpment Lake 
Skinny Lake 
Jaeger Lake 
Snow Sample 

25-30 July 1986 

P o i n t y  Lake 
D-S-S M - E F ~  
R-C 
c c 2  
Skinny Lake 
Sissons Lake 
Pointer ~ r i b u t a r ~ ~ :  
o upstream 
o downstream 

August 1980 

Scotch Lake 
Jaeger Lake 
Pointer Lake 
Sissons Lake Inlet 
Sissons Lake Outlet 
Kavisilik Lake 
Crash Lake 
Squiggly 

August 1979 

Lin Lake 
Scotch Lake 
Jaeger Lake 
Crash Lake 
Unnamed ~ a k e ~  
Sik-Sik 
Sissons Lake Inlet 
Slssons Lake Outlet 

Pointer tributary drainlng mineralized area. 

Composite samples: D-S-S = Drum, Scotch, Sik-Sik; M-E-F = Meadow, Escarpment, Felsenmeer; R-C = RidgcCirque;  C C  = Crash, 
Caribou. 

Pointer tributary, upstream and downstream-of mineralized area. 

Unnamed Lake draining into north end of Caribou Lake. 

Whole-water and preconcentrated sampling is discussed in Appendix 3. 



5.2.3 Radionuclides 

Levels of radionuclides in surface waters from the Kiggavik area a re  listed in Table 5.9 

for individual unfiltered samples collected in 1979, 1980, 1986, 1988 and 1989. A 

summary of da ta  is provided by year and by radionuclide in Table 5.10, along with 

comparative values for Saqvaqjuac and global averages. Criteria set  by regulatory 

agencies for drinking water quality, protection of aquatic biota and mining effluents are  

also listed in Table 5.10. 

Prior to  1988, levels of most radionuclides were a t  or below analytical detection limits 

for unconcentrated water samples. Detectable levels for most radionuclides a r e  reported 

for 1988 and 1989, owing to  the  analysis of samples pre-concentrated from large water 

volumes in the  field (see Appendix 3). Radium-226, which could be analyzed only by Rn- 

emanation due t o  the  Ba-133 t racer  and stable Ba carrier used in sample pre- 

concentration, was undetected in 1988. This lackof  detection can, in part, be attributed 

t o  the relatively high detection of the  Rn-emanation method (0.02 Bq per sample of 

precipitate; see Section A5 - Appendix 3). 

In general, to ta l  uranium concentrations were higher and Th-232 levels lower in Kiggavik 

a rea  surface waters 'than in Saqvaqjuac surface waters. With the exception of an 

unusually high uranium value for Jaeger Lake in 1988 (8.6 ug/L), uranium concentrations 

found in 1988 and 1989 were close to  those reported in earlier years a t  Kiggavik. Other 

radionuclides in the U-238 decay chain occurred a t  levels tha t  a re  generally similar t o  

those found at Saqvaqjuac, although differences in detection limits for some 

radionuclides preclude close comparisons. 

The da ta  on radionuclide levels in the Pointer Lake tributary draining an a rea  of surface 

mineralization are  noteworthy. This stream showed higher concentrations of most 

radionuclides analyzed than found in any lake samples. The 1988 sample, collected 

downstream of the mineralized area, was collected a t  a t ime when no exploratory drilling 

was being carried out in the  watershed. The samples collected in 1986 were taken both 

upstream and downstream of the ore  bodies. The conclusions tha t  can be drawn from 

these da t a  a re  tha t  radionuclides a r e  mobilized from the mineralized area t o  the 

watershed. 



TABLE 5.10: BACKGROUND RANGES O F  RADIONUCLIDE CONCENTRATIONS AND ACTIVITIES IN KlGGAVlK AREA SURFACE WATERS, COMPARATIVE DATA FROM 
OTHER LOCATIONS, AND REGULATORY OBJECTIVES FOR WATER Q U A L I N  

1989 1988 1986 1980 1979 Saqvaqjuac Global Mine Drinking Protection of 
Background Background Background Backg royd  Backg rond  Backg rond  Averagf Effluent Watef Aquat icLif  

~ a n ~ e '  ~ a n ~ e l  ~ a n ~ e '  Range Range Range 
5 Rivers ~ a x i m u m ~  HWC Env. Canada  

Sources: 

This study - note: 1988 d a t a  based on July samples for all  parameters  except  Po-210. 

Urangesellschaft  (1981) 

Urangesellschaft  (1979) 

Brunskill gt (1986) 

Riley and Ches ter  (1971) 

Environment Canada (1977) 

~ e a l t h  and Welfare Canada (1988) 

Environment Canada  (1987) 

Note: 1986 and 1988 background excluding Pointer Lake tributaries draining mineralized areas. 



A sample of groundwater collected from t h e  "Main Zone" o re  body in August 1989 showed 

very high concentrations of U-238 decay chain radionuclides relative t o  a background 

control groundwater sample collected from a seep at t h e  toe  of t h e  cliff bordering the  

north side of Sauna Lake, and relative t o  surface water  samples collected in the  Kiggavik 

a r ea  (Table 5.1 1). Because there  were relatively high concentrations of suspended solids 

(30 t o  32 mg/L; Table 5.3), i t  was f e l t  t h a t  radionuclides associated with t he  suspended 

particles might tend t o  increase t he  to ta l  radionuclide concentrations measured in the  

unfiltered sample. A sample of t he  fine silty-clay deposits, found at t h e  bottom of each 

groundwater seep, was also analyzed for radionuclides, as i t  was fe l t  t h a t  this material  

would be representative of t he  suspended solids in t he  whole water  sample (Table 5.1 1). 

I t  is noteworthy t ha t  t he  very high concentrations of U-238 decay chain radionuclides in 

groundwater from the  exposed ore  body do not result in obviously higher concentrations 

of the  same radionuclides in Pointer Lake, which drains the  area ,  relative t o  other lakes 

in t he  vicinity (Table 5.10). This indicates t ha t  the  flux of groundwater from the  0.25 

km2 a r ea  of the  o r e  body into Pointer Lake is insignificant relative t o  the  surface water  

runoff and groundwater flux from t h e  82 km2 drainage basin of the  lake. 

5.3 Monitoring Implications 

Water quality monitoring will be required t o  measure t he  effectiveness of environmental 

controls at t he  Kiggavik project site, and will be included as conditions of the  N.W.T. 

Water Board and Atomic Energy Control Board operating licences. Important a r ea s  t o  

monitor include waters  downstream of t he  point of effluent release (the out le t  of Pointer 

Lake), and upstream reference locations unaffected by t he  project. Dissolved oxygen 

levels in Judge Sissons Lake should be measured t o  t r a ce  t h e  e f fec t s  of t rea ted  sewage 

on t he  lake, particularly under ice. Heavy metals and t r a ce  elements should be 

monitored t o  document any changes resulting from s i t e  activities, and t o  evaluate the  

accuracy of impact predictions. Rddionuclides should be monitored downstream t o  t race  

t h e  quantities transported downstream (versus t h e  quantities lost t o  lake sediments). For 

those parameters  predicted t o  be affected by mining activities, monitoring should extend 

from the  local level (e.g., Judge Sissons Lake) t o  the  regional level (Aniguq River), with 

t h e  frequency of monitoring determined according t o  t he  likelihood of measuring change. 



TABLE 5.1 1: RADIONUCLIDE ~ONCENTRATIONS~ IN GROUNDWATER FROM THE MAIN ZONE ORE BODY AND A NEARBY 
REFERENCE SITE 

Main Zone Groundwater 

o Unfiltered t o t a l  conc. (ugh o r  B ~ I L ) ~  

o Inferred dissolved conc. (ug/L or  B ~ / L ) (  

o Solids conc. (ug/g o r  Bq/g) 

o Inferred par t icula te  conc. (ug/L or Bq/L)' 

Sauna Lake Craundwater 

o Unfiltered t o t a l  conc. (ug/L or  Bq/L) 

o Inferred dissolved conc. (ug/L o r  B ~ / L ) ~  

o Solids conc. (ug/g o r  Bq/g) 

o Inferred particulate conc. (ug/L o r  B~/L) '  

ug/L o r  ug/g for U, Bq/L or  Bq/g for other  radionuclides. 
From a seep located at  the  t oe  of t he  cliff bordering t he  north shore of Sauna Lake. 
Unfiltered to ta l  concentrations based on analysis of pre-concentrated samples of 180 L original volume. 
Dissolved radionuclide concentration = unfiltered to ta l  concentration minus inferred particulate concentration. 
Inferred par t icula te  concentration is t h e  contribution t o  t he  to ta l  radionuclide concentration in unfiltered water,  based on 31 mg/L of 
suspended solids in t h e  Main Zone sample, and 16 mg/L in the  reference s i t e  sample. 
Uranium concentrations in whole (unconcentrated) water  samples. 



6.0 SEDIMENT QUALITY 

6.1 Physical and Chemical Properties 

Detailed physical and chemical properties of surficial sediments collected from Kiggavik 

a rea  lakes in 1988, 1986 and 1979 a r e  provided in Tables 6.1, 6.2 and 6.3, respectively. 

Ranges in sediment quality conditions reported for each survey year a r e  summarized in 

Table 6.4. 

In 1979, sediments were collected using a KB corer a t  various lake stations, and both 

surface and subsurface samples were analyzed for metal concentrations in whole 

sediments (Table 6.1). Samples were collected in 1986 from apparent depositional areas  

within each lake surveyed. The 1986 Sisson's Lake sample was collected from a depth of 

about 5 m offshore from t h e  mouth of the Willow Lake watershed. Samples were 

collected from areas  near the  deepest parts of smaller lakes, although for very shallow 

and relatively large lakes such as Pointer, Caribou and Boulder, zones of soft  sediment 

accumulation were difficult t o  find, and repeated at tempts  were generally required 

before samples could be recovered. Sediment samples were collected in 1988 from the 

deep parts of each lake surveyed, with the exception of Pointer Lake. In Pointer Lake, 

samples were collected in t he  northern finger of the lake a t  two locations - Station 1 

located in mid-lake 800 m south of the northern end of the lake, and Station 2, 800 m 

south of Station 1. Substrates in the main body of Pointer Lake consisted of sticky clay, 

sand and rock, and did not appear t o  be indicative of depositional conditions. 

Kiggavik area lake sediments a re  generally light brown, and consist of varying amounts 

of sand, silt and clay-size particles (Table 6.3). Silt was the  dominant particle size 

category in all lakes except Sisson's, which had nearly equal amounts of fine sand, very 

fine sand, silt and clay. Differences in sediment texture between smaller lakes and 

Sisson's can be attributed t o  the  much greater depth of Sisson's and the different 

depositional environment provided in deep lakes. 

Lake sediments consist of organic and inorganic mat ter  introduced through erosion of 

soils and other geologic materials in the watershed, and through the deposition of 

particulate mineral mat ter  and organic material produced in the  lake, generally by 

planktonic organisms. Lake sediments act as sinks for many elements, including 






























































































































































































































































