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PREFACE

Acid precipitation effects on the environment constitute a complex 

problem which concerns scientists of many disciplines. Some of these 

scientists work on the details of the problem within particular lake 

basins and others, such as those concerned with regional geochemical 

mapping, are concerned with areas of tens of thousands of square kilo 

metres. From the viewpoint of regional geochemistry, the acid precipita 

tion problem is one which concerns lakes which are likely to become acid 

in the near future. Lakes which are already acid (i.e. pH less than 5.5) 

or those in calcareous terrain with a pH greater than 7.0 are of less 

concern. Unfortunately, pH which is measured as a part of the routine in 

regional geochemical mapping, is not the only important chemical parameter 

involved in the acidification of lakes. Hence the need for a follow-up 

level investigation which could examine relationships between the pH of 

lakes - as measured in the regional geochemical survey - and the problem 

of acid precipitation as it is studied by limnologists and other 

scientists.

A novel approach to the solution of this problem has been adopted 

here. It involves - 1. the use of a general conceptual model for the 

selection of a series of study lakes based directly upon the published 

regional geochemical maps, 2. the standardization of data collected from 

each of the study lakes and 3. the interpretation of the standarized data 

in terms of general principles which can be used for the interpretation of 

patterns on regional geochemical maps outside the small area studied.

To achieve this objective the project was organized as follows. The 

follow-up study aims were first outlined and a generalized conceptual 

model was drawn to facilitate the detailed description of the objective. 

A suitable field area was then selected within which the conceptual model 

could be implemented. The area was studied by a multidisciplinary team 

consisting of a director/geochemist, a coordinator/geochemist, a 

limnologist and a palynologist. The field work was completed during a 

15-day period, and a period of several months then elapsed for the working
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up of the information obtained from each of the disciplines. The project 

coordinator then provided the multidisciplinary data base (Part II of this 

report) and this report was written describing the findings of the 

research.

All concerned have been surprised at the effectiveness of this 

approach, which provided a unique multidisciplinary data base for twenty 

lakes on the basis of only a few days in the field. It is to be expected 

that the approach adopted here will be used for other follow up 

investigations aimed at problems of acid precipitation or other 

applications of regional geochemical data.

Dr. E.G. Pye
Director
Ontario Geological Survey
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ABSTRACT

It has been evident for several years (e.g. Coker and Shilts 1979) 
that the problem of acid precipitation environmental effects in the area 
north of Lake Superior is largely governed by the geological conditions of 
the Canadian Shield. It is also evident that although regional 
geochemical mapping has a role to play in the study of acid precipitation 
effects, a simple pH map of the region does not provide a true picture of 
the problem although it may be a starting point for more intensive - 
followup level - studies of the type described in this report.

This report describes geochemical, limnological, palynological and 
geological investigations which were made concurrently within a 20 km x 
100 km sampling strip located west of Wawa, Ontario, within which 20 lakes 
were studied. The lakes were selected on the basis of the regional 
geochemical survey pH map of the area and a series of conceptual models 
drawn to focus effort within a followup study. This report is in two 
parts; the first describes the research itself and the second the 
multidisciplinary data base which the project generated from 15 days field 
work and associated laboratory and data processing activity.

As a result of this study it was concluded that:

1) The pH pattern in the surface waters of the 20 lakes studied is 
stable and verifiable from year to year even though the absolute 
pH values differ as much as 0.5 pH units.

2) Regional geochemical patterns for elements in lake sediments 
below a depth of 20-25 cm are also stable and verifiable from 
lake to lake.

3) Alkalinity of lake waters is related directly to geological 
conditions within the lake basin. It is low in granitic areas, 
medium in areas underlain by sedimentary, or volcanic 
greenstones and extremely high in areas of carbonate rich 
glacial deposits.

4) A decrease in pH and alkalinity in surface waters of lakes along 
the pH gradient in the sampling strip was accompanied - as 
predicted from theory - by an increase in 504.

5) Small lakes at high elevations have the lowest pH within a given 
area.

6) Amongst softwater (i.e. low total dissolved solids) lakes there 
are two types, one brown in colour due to humic substances which 
is less easily acidified than the other type which is clear.

7) Palynological investigations of lake sediment cores confirmed 
that the Ambrosia rise (1850 - 1890) could be detected in all 20 
lakes studied.





8) Preliminary studies of diatom abundance in lake waters in 1980 
suggested a significant relationship to lakewater pH. This 
observation could lead to a paleo- pH index based on lake 
sediment core material. The procedure was tested out on three 
cores with promising results.

9) Study of plot of the Clarke abundance (KK values) for chemical 
elements in lake sediments below 20 cm revealed that each lake 
has a 'geochemical signature 1 which is stable with depth.

10) As,Pb,Hg and Zn were found to increase significantly in core 
segments in post Ambrosia time which may, or may not be due to 
environmental changes due to modern man's activities.

XI
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MULTIDISCIPLINARY FOLLOWUP OF 
REGIONAL pH PATTERNS IN LAKES 

NORTH OF LAKE SUPERIOR

Chapter I - Introduction and Approach 

Introduction

The problem of acid precipitation in Ontario was succinctly described 

as follows:

"Some of Ontario's most beautiful lakes - those set among 
rocky outcrops in insoluble bedrock - are most vulnerable to 
acidification. In a drainage basin, headwater lakes are the 
most susceptible because their incoming waters have least 
exposure to buffering action by soils and sediments. They can 
become acidic within a few years. Lakes in the middle of a 
susceptible watershed may last a decade and lakes lying on size 
able deposits of glacial sediments can have sufficient buffering 
capacities to hold out a long time, if not indefinitely." 
(Annon. 1979 p.5)

Studies by Likens (1976) and Shaw (1979) have demonstrated that acid 

precipitation, created by the long range transport of air pollutants is 

falling along the east shore of Lake Superior. Our problem was to design 

and complete a project which would bridge a gap between the information 

obtained from regional geochemical surveys on the one hand and the 

detailed investigation of the acid preciptation problem by limnologists, 

chemists and their co-workers on the other. Data from a series of 

regional geochemicl maps of the north shore of Lake Superior (O.G.S. Open 

File Maps P.1805 to P.1818 (1978), P.1819 to P.1832 (1978), and maps 80016 

to 80031 (1979) including maps 80000 to 80015 (1979) provided a general 

background to the acid precipitation problem (for example the summary 

investigation by Coker and Shilts (1979). More specifically, a selection 

of sample points in lakes with low pH (i.e. pH 4.5 to 4.9 and 5.0 to 5.5) 

and high pH (i.e. 7.5 to 7.9 and 8.0 to 8.5) (Figure 2) provided a 

convenient focus on the region. In order to sharpen this focus, it was 

decided to study a strip of country west of Wawa located to include a pH 

gradient from pH 4.5 in the southwest to over pH 8.0 in the northeast. 

This orientation was chosen so that the gradient studied would be in the 

direction of the prevailing wind from the southwest.



- 2 -

Before the field sampling strip was located, the general features of 

the project were incorporated in a conceptual model which was drawn up and 

circulated to the research team. This is shown as Figure 3. The 

conceptual model is 100 km long and 20 km wide. It is located in an area 

of relatively low relief in the direction of the prevailing wind. The 

sampling strip is dotted with lakes, 20 of which, identified as A, B,... 

to T, are selected for study because during the regional geochemical 
survey (Figure 1 A 2) they were found to lie along a pH gradient. This 
was established on the basis of the pH of lake water samples taken during 

the regional geochemical survey when deep grab samples of lake sediment 

were also collected.

49*30^
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Figure 1 - Plot of lake sampling points included in regional geochemical 
surveys north of Lake Superior (from Open File Nos. P.1805-18) 
Sampled lake ——————————.
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Figure 2 - Patterns for pH in lake waters in 1978 (from Open File Nos. 
P.1805-18)

Although a preliminary evaluation of the pH pattern north of Lake 

Superior by Coker and Shilts (1979) suggested that the gradient is 
controlled at least in part, by the geological substate, it was assumed 
that the acid rain itself was pervasive throughout the entire sampling 
strip.
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The conceptual model for the pH gradient in surface waters of the 20 

lakes of interest within the sampling strip is shown as Figure 4. It is 

well known that acid precipitation is associated with fallout of particu- 

late matter. Consequently, another conceptual model (Figure 5a) map was 

drawn to indicate the decrease in fallout of element X present in the 

airborne particulate matter in lake sediments, although it was considered 

unlikely that such a pattern would exist in the area chosen for our 

study. To complete the series it is to be expected that other elements 

will occur in the lake sediment which are not involved in the acid 

precipitation and these are indicated by the model in Figure 5b.

LAKE 
SELECTED 
FOR STUDY

UNIFORM BEDROCK 
GEOLOGY

AREA OF 
LOW RELIEF

Figure 3 - Conceptual model of a hypothetical sampling strip suitable for 
acid precipitation studies.

The choice of the members of the multidisciplinary team relates 

directly to these conceptual models. The choice of the sampling strip and 

the identification of the 20 lakes within it for study involves the 

geologists/geochemists. The study of the biota and the lake water 

chemistry required the services of a limnologist and the detailed study of 

the lake bottom sediments required a palynologist and a geochemist.
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Figure 4 - Model of pH gradient along sampling strip.

When these team members had been identified, the next problem was to 
choose standardized techniques from each discipline which were suitable 

for use at the scale envisaged. This would time provide interlocking 

information of significance in regional geochemistry, limnology, 

palynology and geochemistry.

Model Element Type A Gradient

ABCDEFGHIJKL M N O
^——————————————————1OO km ————————————

r8!1
T

Model Element Type B Gradient

ABCDEFGHI J KLMNOPQRST 
^———————————————————— lOOkm ———————————————————^

Figure 5 - Models for element abundance gradients, (a) for an element 
found within acid precipitation; (b) for an element 
not associated with acid precipitation.

Followed by p. 5a
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INPUTS FROM DISCIPLINES

Each of the four scientific disciplines involved in the acid 

precipitation study was expected to supply information in two ways. 

Standardized, model wide, data and information would accumulate through 

doing exactly the same thing at each of the 20 lakes studied. Additional 

information would be added where required to provide a more complete 
picture of local conditions at certain lakes. Let us consider the inputs 
from the methods, discipline by discipline.

1) Limnology (M. Dickman)

Two sets of water observations were planned, one involving surface 
waters and the other the entire vertical water column. The surface water 
samples were designed to provide interlake comparisons for pH, alkalinity, 
calcium and sulphate gradients based on single samples from each of the 

chosen lakes. Idealized gradients for these data are shown in Figure 6. 
The rationale for the measurement of pH has already been discussed. 

Alkalinity is important because it is a measure of the ability of lake 

waters to buffer the effects of acid precipitation. The curve for this 
parameter is expected to be similar to that of pH except in the extreme 

north where calcium carbonate occurs in the surficial material.

Similarly, the gradient for calcium is expected to steepen toward the 

north. In contrast, the curve for sulphate, like that shown in Figure 
5(a), would decrease towards the north owing to declining effects of acid 

precipitation.

Preceded by p. 5a
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The observations from the water column analyses of each lake are 

generalized in conceptual model Figure 7. These include measurement of 

colour, transparency (i.e. Secchi depth); the temperature; dissolved 
oxygen content and the specific conductivity of the water. Each of these 

measurements is recorded at 1 m intervals to the bottom of the lake. As 

Shindler et al. (1980) noted, the pattern of lake acidification is 
influenced by a lack of oxygen below the thermocline of a lake which 

results in an accumulation of organic matter on the bottom. Consequently, 

depth profiles for temperature of water and dissolved oxygen were planned 

for each lake in addition to specific conductivity. Lakes with low 

specific conductivity usually have low alkalinity and total dissolved 
solids.

ABCDEFGHI JKLMNOPQRST

Figure 6 - Gradient models for the four parameters to be measured in 
surface water samples.

More Detailed Limnological Observations

(i) Diatom Flora - Surveys of the diatom flora from surface sediment 
samples revealed a significant relationship between diatom species 
composition and lake water chemistry. (Nygaard 1956, Brigth 1968, Kovio A 
Ritchie 1978). Recently Froode and Berg (1980) applied this observation 
to the paleoecological analysis of cores from lakes acidified as a result 
of anthropogenic events. By employing pH indicator observations of 
Hustedt (1930) Foged (1947-1948) Foged (1964) Florin (1957) as well as 
Patrick and Reimer (1966) and (1975), Berg (1978) was able to infer the pH 
of a given lake from its dominant diatom assemblage once the relationship
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Depth 
M Temperature Dissolved 

Oxygen
Specific 

Conductivity

LAKE BOTTOM

Figure 7 - Gradient models for the parameters to be measured in water 
column samples.

between the acid indicator species assemblages and the lake pH had been 
established. Berg was also able to infer the pH of the same lake at 
previous intervals of time from the last ice age to the present by 
studying the diatom assemblages in cores taken from the lake. The 
technique of inferred pH based on diatom assemblages holds great potential 
because scientists trained in diatom taxonomy and paleoecology can now 
estimate the rate of lake acidification wherever diatom rich undisturbed 
lake sediments are available.

For these reasons, it was decided to include an investigation of the 
diatom flora in the lake surface sediments from the twenty study lakes.

(ii) Higher Aquatic Plants - Higher aquatic plants of acid lakes the world 
over share certain common characteristics. In these lakes, the 
macrophytes are generally species poor and their growth rates are 
suboptimal (Nilssen 1980). Such acid lakes are frequently characterised 
by the absence of water lilies (Nuphar spp.), pond weeds (Potamogeton 
spp.) and water milfoils (Myriophyllum spp.). Mosses, especially 
Drepanocladus, Fontinalis 4 Sphagnum, as well as, higher plants, Lobelia, 
Juncus bulbosus and filamentous green algae such as Mougeotia spp. 
increase in relative abundance as lakes acidify (Gran et al. 1974, Nilssen 
1980).

(iii) Fish Population - The alteration of a lake's fish population due to 
lake acidification affects the species composition of the lake's 
zooplankton and benthos which in turn will affect the lake's 
phytoplankton. Thus lake acidification affects the entire food chain.
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One of the most striking changes which accompanies lake acidification is 
the shift in fish composition and abundance (Nilssen 1980). The rapid 
disappearance of salmonids from acidifying lakes has been documented 
(Beamish and Harvey 1972, Beamish 1974). Aluminium ions may accumulate on 
the gill lamellae of fish in acidified lakes until toxic levels are 
reached (Drescoll et al. 1980). Ultimately the lake is left with a few 
percids and minnows and even these are not invulnerable to acidification 
(Aimer 1972).

Although it was not planned to take fish inventories during this 
study, some lakes in the region had been previously investigated by the 
Ontario Ministry of Natural Resources fish and wildlife personnel. 
Wherever possible this information is included in our report. As lakes 
acidify, vertebrate predators disppear (i.e. fish and amphibians) and 
invertebrate predators such as Chaoborus and Hetercope saliens play a 
larger and larger role in the lake's predator - prey interactions. This 
may account for the reduced abundance of Cyclopoid copepods in acid lakes 
(Nilssen 1980).

Bearing in mind these considertions, it was planned to examine the 
zooplankton faunas in the lakes chosen for study to discover if they could 
be used as reliable indicators of acid precipitation effects.

(iv) Zooplankton - Another aspect of the lake biota of interest in acid 
precipitation studies is the zooplankton. Typically, acid lakes can be 
characterised by their lack of Daphnia. Daphnia is intolerant of low pH 
(Strom 1926). Pelagic cyclopoids are also rare in acid lakes (Roff and 
Keviatowaki 1977). Nilssen (1974) has shown that a number of littoral and 
semi-littoral zone species become more and more prominent as a lake 
acidifies. Examples being Bosmina longispina, Diaphanosoma brachyuran, 
Scapholeferis muronata, Heterocope saliens and Chydorus sphaericus. The 
trend was also observed in Canada north of Lake Huron by Sprules (1975), 
who noted that the small planktonic copepod, Diaptomus minutus, increased 
in relative abundance as pH fell. Simultaneously, total zooplankton 
density and diversity declined with continued acidification. The latter 
pattern was also observed by Carter (1971) and Salazkin (1971).

(v) Phytoplankton - In our study, a survey of the phytoplankton from depth 
integrating samplers taken in each of the twenty lakes on a single date in 
June was planned in order to determine whether any pH dependent pattern in 
species composition was a function of lake pH. Only the dominant species 
from each of the algal divisions were included in these analyses.
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2) Geology and Geography of Lake Basins

This study was not directly involved with the details of the geology 

and geography of the lake basins to be studied. Nevertheless, it was 
important to include general information of this kind for purposes of 

comparison. A conceptual map model of a hypothetical lake basin (Figure 
8) may be used to describe the parameters of interest. Let us consider 

Figure 8 in detail:

A - The NTS coordinates at the lake sampling point were needed to tie in 
our sampling with that carried out previously during the regional 
geochemical surveys (although no attempts were made to duplicate 
exactly the location of the regional sampling points in the follow-up 
study).

B - The elevation of the lake surface above sea level was of particular 
importance because relationships were expected between lake elevation 
and lake water chemistry.

C - Lake depth at sampling point. This information provides a general 
guide to lake conditions. As time did not allow for a bathymetric 
traverse survey at each lake, it was planned to collect lake water 
column and sediment core information from the deepest part of lake 
basins where this was practical.

D - Lake area is of considerable interest in limnology. Estimates of the 
area of each lake to be included in the sampling plan were made using 
topographic maps.

E - Lake catchment areas were estimated from the topographic contours on 
NTS 1:50 000 scale maps. Although such a procedure is clearly a 
first approximation, the information was considered adequate for the 
follow-up level study.

F - The bedrock geology of the Canadian Shield which underlies the region 
north of Lake Superior is often complex with respect to lithology, 
structure and metamorphism. For purposes of comparison and 
interpretation of the water chemistry and lake sediment core 
geochemical data, some control from geology was required. 
Consequently, regional geological maps, supplemented in some cases by 
locally derived information, were used to map the rock types within 
drainage basins.

G - Much of the area enclosed within drainage basins in the region is 
covered with glacial and glaciofluvial deposits. 
Unfortunately,information on the nature, thickness and extent of 
surficial cover in the region is scanty and the mapping of Quaternary 
deposits in the area is minimal. For this reason, the descriptions 
of glacial deposits surrounding the lake basins is likely to be a 
first approximation only.
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Kilometres

Figure 8 - Conceptual model of a hypothetical lake basin included in the 
sampling strip including the geological and geographical data 
required for the follow-up investigation.

NTS coordinates at lake sampling point
Elevation of lake above sea level (m)
Lake depth at sampling point
Lake area
Lake catchment area
Bedrock Geology (granite/greenstone)
Surficial geological features (if mapped)*
Position of lake in 'Staircase' (here second)
Distance of lake from margin of Lake Superior

* "Surficial geology" included in model but not in data listings
in Part II.
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H - Many lakes in the region drain into one another by relatively short 
channels. Such a series of lakes is called a "staircase". In Figure 
8, the small lake at the top left of the figure is the "top step" of 
the staircase and the lake of interest the second step. Location of 
a lake in a staircase sequence is frequently of considerable 
importance in relation to acid precipitation. The highest lake in a 
staircase sequence is often more susceptible to the effect of acid 
precipitation than those below it even though the variation in relief 
may be only a few tens of metres.

I - The distance from the margin of Lake Superior in the prevailing 
(southwest) wind direction is a possible indicator of the intensity 
of acid precipitation (see Figure 5a).

At the time of planning the follow-up level survey, it was considered 

that description of the parameters just described would be appropriate as 

a basis for the interpretation of the geochemical, palynological and 

limnological investigations. However, it was also realized that more 

detailed geological information might be required from specific lakes 

where conditions merited further study.

3) Palynology (J. Terasmae)

The problem of acid precipitation north of Lake Superior has two 

aspects, one involved with the present state of the lakes (which is 

included in the limnological investigation) and the other which involves 

the history of the sedimentation in the lake which is studied by 

palynology and geochemistry.

The palynology input to the project was planned at two levels. Both 

levels were to be based on the detailed examination of 50 cm, undisturbed 

lake sediment cores collected in duplicate from each lake. Previous work 

in the area had revealed that the sedimentation rate in northern lakes was 

such that within a 50 cm long undisturbed core a pollen record predating 

modern man's entry into the area would be preserved.
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In order to interpret the geochemical history of a lake sediment 
core, it is vital to know the sedimentation rate. Palynological 

investigation of samples collected from 2.5 cm segments of lake sediment 

cores provides a detailed record of the evolution of plant cover types in 
the area. More particularly the location of the "Ambrosia pollen rise" 

marks the place in the core where sedimentation was active as man came 

into the Great Lakes region. From the viewpoint of the acid precipitation 
problem, the Ambrosia rise is important because it provides a datum below 

which changes in pH (and other parameters) in the lake were due only to 

natural causes and above which the natural changes may be affected by 
man's activities. Consequently, the first level of the palynology study 

was to establish the level of the Ambrosia rise in cores collected from 

each of the 20 lakes (Figure 9).
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Figure 9 - Conceptual model of lake sediment core data plot showing pollen 
diagram for arborial and non arborial pollen.
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The second level of study was more subtle. Its purpose was to 

provide a detailed record of fossil pollen down to a depth of 50 cm in 

order to obtain information on the uniformity of lake sedimentation 

conditions during the time period involved. In order to achieve this, 

details of the arboreal and non-arboreal pollen record in each of the 20 

segments in each of the 20 cores would be required in order to produce a 

series of pollen diagrams of the type illustrated in Figure 9. Clearly, 
very variable pollen diagrams might indicate erratic and nonuniform 

vegetation conditions in drainage basins whereas gradual change or 
uniformity of pollen patterns would indicate stable conditions for 

hundreds of years (using a 50 cm core length). Another use of the lake 

sediment core samples relates to the limnological investigation. In this 
case, significant variations in microfossil populations could indicate 

changes in lake pH as described in a previous section.

4) Geochemistry (3. Fortescue, I. Thomson)

Introduction
In regional geochemical mapping samples of surface water and lake 

sediment are collected from each lake. (O.G.S. Open File Report 5248 

(1978)). The surface water samples are used for pH measurement and the 

determination of certain trace elements (eg. F and D). The lake sediment 
samples are collected with a grab sampler which is designed to collect 

material from below the surface of the sediment column. The sediment 

samples are oven dried, ground and the fine material used as a basis for 

chemical anlysis. The chemical tests include a "loss on ignition" and the 

determination of hot acid soluble elements (usually Cu, Zn, Co, Ni, Mo, 
Ag, Fe, Mn) as well as, total U using a separate technique. In order to 

make regional geochemical maps, the data of water pH, L.O.I, of sediment 
and abundance of elements in waters and sediment are plotted as digits on 

an underlay showing the rivers, lakes and geology of the area. (See 
O.G.S. Open File Maps P. 1805-1818 (1978)). The map sets are accompanied 

by a listing of the chemical data and a simple descriptive statistical
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analysis of each parameter. Regional geochemical data bases of this type 

are useful in the initial stages of follow-up investigations aimed at the 
study of the acid precipitation problem for several reasons.

A - Because of the relatively large areas covered and the large number of 
lakes sampled and the uniformity of the sampling schemes adopted 
(eg. Figure 1), regional geochemical maps are suitable for the 
delineation of patterns which can be studied in further detail by 
follow-up investigations of the type shown as a conceptual model in 
Figure 3.

B - Because some of the parameters included in regional geochemical 
mapping (eg. pH determinations) relate directly to the acid 
precipitation problem, they can be used to further guide the location 
of sampling sites for follow-up investigations. For example the map 
(Figure 2) shows the extreme pH values which may be used directly to 
locate a sampling as described in Chapter 2.

C - Because some of the elements included in the regional geochemical 
mapping procedure are of interest in relation to the particulate 
fallout chemistry associated with acid rain (eg. As, Zn) (see model in 
Figure 5a) an inspection of the patterns on geochemical maps for these 
elements in relation to the patterns on the pH map may provide clues 
to the geochemical effects of acid precipitation.

In summary, regional geochemical maps are of considerable importance in 
the early stages of a follow-up project designed to investigate the 

problem of acid precipitation based on a conceptual model of the type 
illustrated in Figure 3. However, once a pH gradient within a sampling 

strip has been selected for study, the importance of the regional patterns 
is minimal. It is not until the combined geochemical, limnological, 

palynological, geological and geographical data base from the follow-up 
study has been interpreted that general conclusions may be drawn regarding 

the further interpretation of data and patterns on regional geochemical 
maps.

Methods

In our follow-up level study, lake water chemistry and geochemistry 
is described as a part of limnology because of the intimate relationships 
between the living and non-living components of lake ecosystems. In this 
section, we are concerned with the study of the geochemistry of the lake 
sediment cores.
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The following parameters were selected for study in the lake sediment 
cores. For purposes of comparison of sedimentation in space and time all 
parameters are studied on all segments of all cores.

A - Wet weight: The lake sediment cores were carried undisturbed to the 
laboratory from the field sampling site. They were then frozen, 
extruded from sampling tubes and cut into 2.5 cm segments which were 
weighed immediately.

B - Dry weight; The segment samples were freeze dried and the dry weight 
recorded.

C - Loss on Ignition; The wet weight, the dry weight and the loss on 
ignition of the dry material all provide evidence for the uniformity 
of sediment conditions in the lakes sampled. Such uniformity is 
desirable if relatively subtle geochemical changes in lake 
environments due to acid precipitation are to be described. (The 
palynological investigations also provide evidence of this type 
indepent from the geochemistry).

D - Element Abundance; In a sample of lake sediment some elements are 
present in primary mineral particles, some in secondary colloidal 
materials, and still others in organic matter. The lake sediment 
itself is a complex mixture of these three components

The main purpose of the study of the geochemistry of the lake sediment 
cores is to establish if pro and post Ambrosia sedimentation 
conditions have been uniform in the lakes and, if so, whether there 
has been any recent change in the cores due to acid precipitation. 
The choice of elements for inclusion in the followup study was 
governed by these constraints.

The elements selected fall into the following groups

i) Major constituents of minerals (Primary and/or secondary)

Ca,Mg,Na,K,Al,Fe,Mn (and P,Ti, and Zr as accessory minerals) 

ii) Trace elements of rocks and minerals 

Sr, Cu, Cr, Ni , Zn, Co, Th, U, V, As, Pb, Hg

iii) Elements likely to be present in particulate matter associated 
with acid precipitation

Zn(7000)*, A(5,000),V(3,500),Pb(3,500),Cu(2,100),Ni(2,100) 
Cr(UOO) Co(700) and Hg(400).

*Estimate for tons of element released into the atmosphere per 
year by burning of solid fuels (Bertine and Goldberg 1971)
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Descriptive Geochemistry of lake sediment cores

Stumm and Baccini (1978) pointed out that the distribution patterns 
of heavy metals in lake sediment core profiles indicates man's impact on 

the environment since the beginning of industralization. They also noted 
that it is more practical to obtain information of this type from sediment 

cores rather than direct from waters owing to sampling and analytical 
difficulties. As an example, they quoted information from Tschopp 1977 

showing details of heavy metal pollution in sediments in Greifensee after 

1928 (Figure 11.)
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Figure 10 - Sediments as indicators of heavy metal pollution. 
Zn, and Pb, in Greifensee (Tschopp,1977).

Hence the vertical distribution patterns for individual heavy metals, 

and related elements, should augment interpretation of pH data regarding 

inputs of acid precipitation in the region to the north of Lake Superior.

Evidence from regional geochemical surveys based on lake sediments 

collected from the Canadian Shield (Coker, Hornbrook 4 Cameron (1979) 
indicates that the material collected is commonly gyttya with a relatively 

high organic content (i.e. loss on ignition of between 35* and 60So). The 

accumulation of sediment material of this type involves intimate mixing 

and interaction of waters and organic matter often resulting in the 
extraction of heavy metals by the organic material.
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Schnitzer (1980) provided a clear summary of relationships between the 
complexing power of the three principal components of humic material 
(i.e. humin humic acid and fulvic aid). He noted that of all the elements 
tested, Fe3*, forms the most stable complex with fulvic acid at pH 3.0 - 
pH 5.0 and listed the order of complex stabilities for common ions as 
follows:

Fe3"l^>Al3+>Cu2•|">Ni2"|•>Co2+>Pb2+>Ca24•>Zn2 •f>Mn2+>Mg2+ .> He noted relatively 
slight changes between Cu2"1", Co2"1* Ni2"*" with increasing pH. Fflrstner and 
Wittman (1979) listed the order of adsorption by cation exchange on 
organic and inorganic substances as follows:-

PbX:i^NiX^ Zn>iyIn>Ba>Ca>Mg>NH4 >K>Na

and Mitchell (1964) established the following empirical sequence for the 
afinity of heavy metals toward clay minerals.

In general it is likely that cation exchange and complex ing by the organic 
and inorganic components of gyttja will enhance the trace element 
abundance in lake sediments. Thus the chemistry of the sediment material 
and the supply of individual elements will together define the abundance 
of elements in core segments prior to the Ambrosia rise. Since then three 
different processes have been at work. One involves acid precipitation 
which may mobilize elements already present in lake sediments by a change 
in the pH. A second involves the mobilization of ions from geological 
materials within the drainage basin which find their way into the lake and 
the third involves direct fallout of new material into the lake or its 
surroundings.

It is concluded that the detection of effects of acid precipitation 
on the chemical composition of lake sediment may be simple (as indicated 
in Figure 10) or multielement studies may be required to determine subtle 
changes in environmental conditions due to acid precipitation. In general 
the following classes of element behaviour are expected (Figure 11) .

Class A pattern (Figure 11) are explained largely on the basis of 
bedrock, or surficial geology. Generally speaking to the north of Lake 
Superior the most common rock types are granitic rocks and volcanic, 
volcaniclastic and sedimentary rocks, (commonly referred to collectively
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Figure 11 - Conceptual model of lake sediment core data plot showing 
L.O.I, and class A, B, and C element distributions

Class A - Patterns due to natural processes which have not been signifi 
cantly affected by acid precipitation or its associated effects

Class B - Patterns due to natural processes which have been affected by 
acid precipitation or its associated effects

Class C - Patterns which have been modified due to input of elements from 
the atmosphere in acid precipitation.

as greenstones) with other rocks (e.g. iron formations) found here and 

there. The glacial action in the area during the Pleistocene tended to 

blurr these variations and to the north deposits of calcareous drift and 

varved clays deposited during the formation of glacial Lake Barlow-Ojibway 

provided ample natural buffering of any effects of acid precipitation in 

that part of the region.
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Notes on the geochemical behaviour of elements selected For study

Calcium - Calcium is low in granitic rocks, higher in greenstones and 
highest in limestones. In the area to the north of Lake Superior calcium 
is likely to be low in supply near the lake margin in granitic rocks and 
higher in areas underlain by greenstones due to mechanical and chemical 
weathering. Excess calcium is to be expected in areas where significant 
amount of calcarious drift occur resulting in lake water pH levels above 
6.5. Study of the abundance of this element in lake sediment cores in 
granitic or greenstone terrain where pH of lakes is relatively low may 
indicate changes in calcium levels in core segments due to natural 
processes prior to the Ambrosia rise or acid precipitation since then.

Aluminium Iron Manganese and Zinc - Evidence presented by Galloway 
et .al. (1976) for lakes of pH 4.7and 6.7 in the Adirondack Mountains 
showed that in the top 10 cm of cores of the lake with pH 4.7 the content 
of these four elements was greatly depleted compared with lower down. The 
lake with pH of 6.7 did not show this effect. The development of this 
type of pattern along the pH gradient will be looked for during the 
project.

Magnesium and Strontium - are expected to follow calcium in behaviour 
except that the patterns are likely to be more subtle for these two 
elements.

Sodium and Potassium - Some sodium and potassium is likely to be present 
in primary mineral grains incorporated in the sediments. In secondary 
minerals and associated materials potassium is expected to be concentrated 
relative to sodium. The effects of lake water pH on sodium/potassium 
ratios should be checked.

Phosphorus, Titanium and Zirconium - At low pH these elements are expected 
to be present in stable minerals which can be used as indicators of 
uniform sedimentation conditions. At high pH it is to be expected that 
phosphorus and titanium may enter solution and be accumulated in the 
gyttja.

Zinc, Arsenic, Vanadium, Lead, Copper, Nickel, Chromium, Cobalt and 
Mercury - As a group these elements may or may not increase in sediments 
as a result of acid precipitation. For any one sample the value X(in ppm) 
for any of these elements is of the form (Fortescue, Thomson and Barlow 
(1980):-

X - Xgeology+Xpedology+Xecology^technology

Where the subscripts refer to the origin of the different 
contributions to the total value of element x. In acid precipitation 
studies which involve any of the elements listed above the input from the 
atmosphere must be several times that contributed by primary minerals 
(i.e. geology) secondary materials (i.e. pedology) organic matter (ie. 
ecology). It should be noted that if the sedimentation conditions have 
been uniform the average values for the abundance of the element in pre 
Ambrosia sediment may be subtracted from the values for post Ambrosia time
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to discover if x technology is positive or negative. If it is positive it 
is likely that element x has been added to the system in precipitation 
whereas if it is negative it suggests that conditions in the lake have 
changed (i.e. turned acid) which has dissolved element x out of the 
sediment material. The interpretation of the sediment core geochemical 
information must take into consideration these two possibilities. A third 
possibility is that trace element mobilities are sympathetic and that the 
bahaviour of one element may mimic that of another with similar chemistry. 
Tests for this type of behaviour are difficult, or impossible, if ppm 
values are used. This is because of the complexity of sediment materials. 
Consequently, a third approach using the KK (Clarke) tramsform has been 
developed for the interpretation of single and multielement sediment core 
geochemical data as a component of the followup level project.

The KK(Clarke) transform

The Clarke of an element is the abundance estimate for that element 

in the Earth's crust. (on a weight percentage basis). If the total 

abundance of an element is divided by its Clarke the KK (i.e. Clarke of 

concentration) unit is obtained. (Table 1)

Element

Al
Fe
Mn
K
Na
Mg
Ca
P
Ti
Zr

As
Co
Cr
Cu
Hg
Ni
Pb
Sr
Th
U
V
Zn

O.OIK(ppm)

836
633
10.6

184
227
276.4
466
11.2
63.2
1.62

.018

.29
1.22
.68
.86
.99
.13

3.84
.081
.023

1.36
.76

0.1K(ppm)

8,360
6,220

106
1,840
2,270
2,764
4,660

112
632
16.2

.18
2.9
12.2
6.8
8.6*
9.9
1.3

38.4
.81
.23

13.6
7.6

K(ppm)

83,600
62,200
1,060

18,400
22,700
27,640
46,600
1,120
6,320

162

1.8
29

122
68
86*
99
13

384
8.1
2.3

136
76

*ppb

TABLE 1
CLARK VALUES FOR ELEMENTS INCLUDED IN THE FOLLOWUP PROJECT 

FROM RONOV AND YAROSKEVSKIY (1972)
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When absolute abundance data for one or more elements is transformed 

(using the appropriate KK factors) it is quite evident from a table of 

lake sediment core data which elements are below, or near or above average 

abundance in the Earth's crust. Because the KK transformation normalizes 

elements to the datum of the Earth's crust abundance it is practical to 
add, subtract, multiply, or divide, Clarke values and still retain 

relationships to the abundance in the Earth's crust. Another application 
in relation to lake sediment cores is in the addition of KK values for 

elements which are known to behave similarly in the geochemical 
environment during sedimentation.

For example, abundance data for aluminium, calcium, iron and 

manganese, (which have very different absolute Clarke abundance values) 
may be plotted using KK values as a single entity. Similarly, elements 

such as zinc, arsenic, lead and mercury may be combined to provide 
information on effects inputs to sediment cores after the data for each 

element is normalized by subtraction of the mean content values for 

pre-Ambrosia time.

The sediment core geochemical data for pre- or post-Ambrosia time in 

the 20 lakes may be displayed on graphs of the type shown on Figure 5 
(using KK units). Single, or multiple element plots may be used. This 

information indicates the relationships between content of elements and 

space. With respect to time, loss on ignition information plus the 

vertical distribution patterns of abundance of elements in Clarke units 
are displayed as shown in Figure 11. These displays are designed to be 

compared with each other and with information obtained from limnology and 

palynology.
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DISCIPLINE OBSERVATIONS
PAGE IN 
DATA FILE 
(PART II)

LIMNOLOGY
A) Water Chemistry

B) Study of 
Lake Biota

Grab Samples pH, alkalinity 
calcium, sulphate 
Water Column Temperature, 
dissolved oxygen, specific 
conductivity, Secchi depth 
Diatoms (higher aquatic plants, 
Lake fish populations, Zooplankton

(Chapter 3)*

647

445

GEOLOGY/GEOGRAPHY
A) Geological 

Information

B) Georaphic 
Information

Bedrock types underlying
the lake basin, surficial deposits

NTS coordinates of lake, lake 
elevation, catchment area, 
lake area, lake depth 
(Position in lake "staircase" 
distance from margin of Lake Superior)

PALYNOLOGY
A) Lake Sediment

Core Dating
B) Paleo 

Environments

Location of the Ambrosia
rise 
Arboreal and non-arboreal 
pollen diagrams

9 

8

A) General
Information

B) Element 
Abundance

GEOCHEMISTRY (Lake Sediment Cores)
Wet Wt., Dry wt. and loss on
ignition of lake sediment core
segments
Major constituents of rocks
Ca, Mg, Na, K, Al, Fe
(Mn, P, Ti, Zr)
Trace elements of rocks
Sr, Cu, Cr, Ni, Zn, Co, Th,
U, V, As, Pb, Hg
Elements associated with fallout
from acid precipitation
Zn, As, V, Pb, Cu, Ni, Cr, Co, Hg.

11, 13, 15, 16

10, 11, 14, 15

12, 13, 16, 17

12, 13, 16, 17

*This volume 
TABLE 2 

SUMMARY OF OBSERVATIONS PLANNED DURING THE FOLLOW-UP LEVEL PROJECT

Note: The page numbers in the data file refer to listings of information 
and data in Part II of this report. The Listing Plan is identical for 
each lake and the pages in each Lake Data File are coded (i.e. A-1 r 
Lake A, Page 1) for quick reference. Data file page references in this 
volume to volume 2 are always of the form "A-1", etc.
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SUMMARY

The followup project described here was completed within a field area 

selected for the study of the acid precipitation problem north of Lake 

Superior. The general conceptual model of a 100 Km x 20 Km sampling strip 

suitable for the study of a pH gradient is illustrated on Figure 3. 

Inputs to the project designed to produce identical sets of observations 

from each of 20 lakes selected for study are described. The standardised 

sets of limnological, palynological, geochemical and geological/ 

geographical information were planned to be supplimented by more detailed 

information where conditions permit. The standardised and supplimental 

information collection methods are summarised on Table 2. The integrated 

planning of the project ensured that data sets would be truly 

interdisciplinary. This is reflected in Part II where the information and 

data for each lake from each of the four scientific disciplines is 

compiled within a single section.

THE ORGANIZATION OF THE REPORT

For convenience the observations and listed data obtained from the 

project are included in a separate volume which can be consulted 

independently of this text. Part I contains two further chapters. 

Chapter 2 provides information on the choice of the sampling strip and 

details of the methods used to collect the information and data together 

with general information as an introduction to Part II. The data is 

interpreted in Chapter 3 with discussions of findings relating to acid 

precipitation derived from limnology, palynology and geochemistry 

(sediment cores) being discussed separately and in relation to each 

other. The report ends with a series of conclusions and suggestions for 

further research.
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Chapter II - Choice of field area and Description of Method 

Choice of Field area for the followup level investigation

Regional geochemical maps for the area as shown in Figure 1 were used 

to select the 20 km x 100 km sampling strip for the followup 

investigation. The area chosen for study lies between the towns of Wawa 

and White River to the north of Lake Superior (Figure 12). The Sampling 
strip was selected largely on the basis of the regional geochemical map 
for lake water pH which was used as a basis for Figure 2. Bearing in mind 

the constraints of the general conceptual model(Figure 3) and 2) the 
modelpH gradient (Figure 4) the 20 lakes chosen for study were selected 

from a total of 124 lakes included in the 1978 regional survey. 

(Figure 14a) The 20 lakes are identified by the code letters A - T. Some 
limnological studies were also carried out in a further 7 lakes although 
details of this data are not covered by this report. The choice of the 

lakes was based solely on pH considerations in the first instance although

//7 l W*is^ Martini i Bayde.a peatoy \ Lioton o

LOCATION MAP Scale: 1:1,584,000 

or 1 inch to 25 miles

Figure 12 - Location of the sampling strip chosen fo the followup study
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topography, geology and geography were also considered (Figure 14). The 

actual pH gradient in lake waters included in the sampling strip lakes 

chosen for study is shown on Figure 15. When plotted in this way it can 

be seen that the pH of some lakes is higher than expected and related to 
the presence of greenstones in the bedrock (crosshatched area underlying 
lakes E,F and G and Q,R,S, and T). In the area of lakes Q,R,S and T the 

geological control of lake pH waters is further complicated by the 

presence of significant amounts of calcium carbonate (derived from 
Palaeozoic rocks further north) in the layer of surficial (glacially 

derived) material.

Once the location of the sampling strip had been decided upon the 

regional geochemical maps were studied in order to discover if any network 
geochemical patterns in the area would be likely to interact with those 

expected due to acid precipitation or fallout of airborn particulate 

pollution. Regional distribution maps for Cu,Ni,Pb,Zn,Co,Mn,Ag,As,Uand Fe

4.0

ABODE FGHI JKLMNOPQRST

Figure 14 - Plot of the pH gradient along sampling strip (See Figure 4)

were inspected with special attention paid to the patterns for Zn,As, and 

Pb. These are the elements released into the atmosphere in greatest 
amount (Bertine and Golberg 1971) which were also included in the 1978 
regional geochemical lake sediment survey. Because the sampling technique 
collected grab samples of lake sediment below the water/sediment interface



- 28 -

0-1-1-5 -OS--8 10-96 -13-1-3 0-1-2-5-04-1-1

Index Map

Figure 15 - Regional geochemical setting of the sampling strip.



- 29 -

30

20

E
S

Pb

80- 

60-

40- 

20

Cu

\/s s s s

240 
210- 

ISO- 

150 
120-

60

Q. 30-Q,

Zn

"x*88***—•L — — — Jj

30

20

X XX/ XX X X

x/xx
ABCDEFGHI K L M N O P Q R S

Figure 16 - Geochemical sections for trace element levels determined 
in grab samples of lake sediment during the 1978 regional 
geochemical survey
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this data may be expected to provide information on the content of 

elements in sediments laid down prior to the advent of acid rain and 
particulate pollution.

Regional geochemical patterns for Zn,As,Pb, and U in the sampling 

strip area are summarized on Figure 15. These data are taken from G.S.C. 

Open File 746 which forms part of the NCR 1:2,000,000 coloured compilation 
map series derived from the NGR-URP surveys (see Chapterl) of the region. 

In general, Pb tends to decrease in the downwind direction; arsenic is 
relatively low and uniform; Zn is slightly lower in the middle of the

ABCDEFGH l J KLMNOPQRST

80- 

60- 

40- 

20-

L.o.L

ABCDEFGHI J KLMNOPQRST

Figure 17 - Geochemical sections for uranium (water and sediment) and 
L.O.I, in sediment grab samples collected during the 1978 
regional geochemical survey.
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sampling strip than at the ends; and U (which is not expected to relate to 

acid precipitation) increases towards the north (Figure 15). It is also 
of interest to examine gradient geochemical sections (based on the 1978 

regional geochemical data) for the 20 lakes of interest (ie A-T). On 
Figure 16 Geochemical sections for Ni,Co,Zn,Cu and Pb are shown.

As in the case of the pH section (Figure 15) areas underlain by 

greenstones are distinguished from those underlain by granite by means of 

crosshatching of the bar below the graphs (see Figure 16). As expected, 

higher amounts of these elements were found in sediment samples collected 
over greenstones compares with those taken from lakes underlain by 

granitic rocks. The dotted lines on Figure 16 indicates a very poorly 

defined geochemical gradient for Ni,Co,Zn,Cu and Pb along the sampling 

strip. Clearly any effects due to acid rain and/or pollution would be 
superimposed on this pattern. To detect such an effect, undisturbed 

sampling of the lake surface and subsurface sediment material would be 
required. The grab sampler used during the NCR survey in 1978 was n- t 

designed to collect samples of surface sediment.

An even more striking pattern based on the 1978 regional data is 
included as Figure 17. This shows the very close relationship between the 

signatures for uranium in water and in grab samples of lake sediment. 
This is a good example of the close relationship which exists between the 

patterns for distribution of trace elements in lake sediments and in the 
waters which lie above them.

The second plot on Figure 17 is also informative. Although loss on 

ignition is relatively crude measurement of the chemical composition of a 

lake sediment it does 10 indicate the amount of organic matter (plus 
carbonate) in the sediment; 2) provide information on the degree to which 

the information on lake sediment samples is comparable from lake to lake 

(i.e. very low L.O.I, values indicate predominately mineral samples 
compared with very high L.O.I, data which suggests that a sample is almost 

totally organic) and 30 be used as a guide to CaC03 content of sediments. 
Numerical data from the 1978 survey (lakes A - T) is found on Table 3.
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Lake

A
B
C
D
E

F
G
H
I
J

K
L
M
N
0

P
Q
R
S
T

Lake

A
B
C
D
E

F
G
H
I
J

K
L
M
N
O

P
Q
R
S
T

Sample
Number

3216
1777
3415
3365
3417

3283
3287
3113
3203
1075

1073
1019
3019
1025
1109

1144
1140
1114
1138
1178

Lo I

PH

4.6
4.5
4.9
5.9
6.1

6.6
6.9
6.6
6.4
6.4

6.5
6.5
6.5
6.5
6.6

6.7
6.8
7.1
7.5
8.0

U
% ppm

46.4 1
44.2 1
46.0 1
44.0 1
52.0 2

43.6 1
20.4 1
32.2 1
47.2 1
53.6 14

51.2 4
67.2 7
39.4 14
46.8 7
54.4 19

50.2 26
63.0 2
72.6 1
77.0 1
18.8 1

.8 0

.6 0

.3 0

.8 0

.2 0

.6 0

.7 0

.6 0

.4 0

.2 0

.1 0

.3 0

.1 0

.3 0

.3 0

.1 0

.5 0

.1 0

.5 0

.8 0

Zn
ppm

80
102
120
100
162

132
104
84
66
70

62
104
72
82

128

112
188
245
184
34

U-W
ppb

.040

.020

.010

.010

.010

.010

.030

.020

.005

.160

.020

.040

.310

.005

.310

.290

.005

.005

.005

.110

Cu
ppm

36
18
56
50
36

54
22
24
44
22

24
28
18
22
20

24
44
92
16
12

F-W
ppb

40
32
36
28
34

34
46
58
58
36

34
44
40
44
44

32
34
28
34
70

Pb Ni Co
ppm ppm ppm

7
8
5
4

27

4
12
7
5
6

4
3
5
5
3

4
2
1
4
1

Rx.Tp.

Gnss
Gnss
Gnss
Gnss
Gnss

A.Exv
Gnss
Gnss
Gnss
Gnss

Gnss
Dibs
Gnss
Dibs
Dibs

Dibs
Gnss
Dibs
B.Exv
Gnss

12
19
10
16
8

33
15
10
12
12

11
10
10
8

16

10
4

13
6
1

2
8

10
12
34

14
8
6
9
9

7
7
5
7
5

3
2
9
2
3

Lk.Ar

•*1
< 1

Pond
Pond

1

< 1
1-5
tl

Pond
1-5

Pond
^ 1
* 1
< 1
•c 1

Pond
*- 1
< 1
< 1
< 1

Ag
ppm

0.1
0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1
0.1

S. D

25
6

35
35

150

60
20
15
15
30

10
11
20
27
18

13
10
16
10
46

Mn
ppm

75
60
70

215
1200

380
370
140
220
110

45
95
90

115
40

30
30
65
35

785

RIF

1 M
1 M
1 M

H
1 M

1 M
1 M

M
' M
1 M

1 L
L
M
L

1 M

1 M
M
L
M
L

As Mo
ppm ppm

0.5 1
0.5 4
0.5 1
0.5 1
0.5 1

0.5 1
2.0 1
0.5 1
0.5 1
0.5 1

0.5 1
0.5 3
0.5 1
0.5 2
0.5 1

0.5 1
0.5 1
0.5 8
0.5 5
0.5 5

Color

Br-Gn
Br
Br-Gn
Br-Gn
Br-Gn

Br-Gn
Br-Gn
Br-Gn
Br-Gn
Br-Gn

Br-Gn
Br
Br-Gn
Br-Gn
Br

Br
Br
Br-Gn
Br
Br

Fe
%

0.45
0.60
0.80
0.70
3.60

1.65
1.65
0.90
1.10
0.90

0.40
0.55
0.70
1.05
0.30

0.20
0.20
0.45
0.45
1.70

TABLE 3
NUMERICAL DATA FOR THE 1978 REGIONAL GEOCHEMICAL SURVEY 

FOR THE 20 LAKES INCLUDED IN THE 1980 FOLLOW-UP STUDY

^ loss on ignition as ?oof dry weight
r rock type underlying lake
= lake area
r sampling depth (sediment)
r relief
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In summary, the regional geochemical data for lake waters and 

sediment obtained from the region to the north of Lake Superior during the 
1978 NCR suveys provided firm information which was used for the choice of 

the study area for the followup investigation.
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Limnology (contributed by M. Dickman)

General Introductory Statement

Over the past decades numerous lakes near Wawa, Ontario, have become 
acidified (Kerr 1979, 1981). This has been accompanied by a catastrophic 

decease in the diversity and abundance of game fish in these lakes (Kerr 

1981). A causal relationship is generally assumed to exist between the 

increase in the acidity of a lake and the decrease in its biotic 

diversity. The acidification rate of glacial lakes is most pronounced in 

granite and gneiss bedrock basins where carbonate rocks are rare 
(Rosenquist 1977). The present study was characterized by carbonate poor 
bedrock at one end of the sampling strip and carbonate rich glacial tills 
at the other.

The lakes selected for study included a great diversity of lake 

types. Within the study area, lake water pH values ranged from 4.4 to 8.2 

and alkalinity (as CaCo} alkalinity) ranged from 1 ppm to over 200 ppm. 

Lakes ranged in elevation from 345 m to 760 mASL and they ranged in size 

from .019 km^ to 3.2 km^. Some lakes selected for study were humic while 
others clear lake depth also varied between 2 m and 98 m in the study 

lakes. Some of the lakes had negligible hypolimnetic dissolved oxygen 

deficits while others were nearly anaerobic at the mud/water interface. 
Although all the lake basins are uninhabited (or very sparsely populated) 
some of them have been affected significantly by man's activities. 

Adjacent roads and logging areas were found near some of the lakes while 

the watershed areas of others had been burned over at some time in the 

recent past. None of the lakes, however, could be characterized as 

culturally eutrophic. Has mentioned previously the geology of the lake 
basins was often relatively complex both with respect to the bedrock and 

the layer of till materials. In addition, the climatic gradients, 
including those associated with acid precipitation, were suspected of 

being quite complex. Although the study area is located well outside the 
Wawa iron smelter fume kill area (Gordon and Gorham 1963) the potential 

for enhanced lake acidification in parts of the sampling strip cannot be 
ruled out.
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Beaver and muskrat activity on some of the lakes was noted. Their 

activity is important because it frequently affects lake water level and 

hence the area of the lake's littoral zone. As previously mentioned, none 

of the lakes were anaerobic at their base at the time of sampling in 1980 
although one of the lake D cores was partially laminated suggesting that 

bioturbation there was minimal. About half the study lakes were thermally 
stratified, the remainder were so shallow that they were mixing 

continuously from top to bottom (Figure 18).

The lakes are located in a transition zone between the northern Lake 

Superior biome and the Boreal forest biome. Terrestial vegetation around 
the lakes can be classified roughly into three groups according to their 

arboreal species. (Table 4)

Open areas resulting Wet areas which are

from fires or logging

Mountain ash
Aspen, trembling aspen

Alder
Poplar (rare)

White Birch
Yellow Birch

poorly drained 

Black spruce 
Cedar (Eastern white) 

Willow 

Tamarack 

Alders 
Balsam fir (rare)

Dry, well

drained areas
White pine (rare) 

Red pine (rare) 
White spruce (common) 

Jack pine on sand ridge 

Juniper on very dry soil 
Oak (rare)

TABLE 4 
TYPES OF TERRESTIAL VEGETATION COMMON WITHIN THE SAMPLING STRIP

To sum up, the study area was chosen because it was characteristic of 
a large area of Northern Ontario where lakes are presently undergoing 

rapid acidification. No attempt was made to minimise this natural 
diversity by choosing lakes of homogeneous type. Instead, a variety of 
statistical tests were applied to the observations made in the twenty
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lakes to permit ranking them according to the influence which a variety of

these factors has had in determining their biotic composition as well as
their water and sediment geochemistry, (see Chapter 3)

This diversity of field conditions suggested the use of factor 

analysis to determine which of these complex factors were most influential 
in determining the lake's species composition in terms of its 

phytoplankton, zooplankton and aquatic plants. This study lies outside 

the scope of the present report and will be presented separately. 

Similarly, details of fish stocking history and species composition are 
also planned for the future.

Description of Limnoloqical Methods

A - Field Surveys A standardized technique for lake water temperature, 
specific conductivity, and dissolved oxygen was applied from the 
helicopter which was positioned at the centre of the main basin of 
each of the lakes sampled. These depth profiles were taken at l m 
intervals. The temperature measurements were made using a Brock 
University high sensitivity thermistor. A model 33 YSI specific 
conductivity meter and a model 51A YSI dissolved oxygen meter were 
used for conductivity and dissolved oxygen profiles. These data were 
plotted for each of the 20 lakes as a function of lake depth. 
(Figure 18).

B - Lake Water Sampling A 2.5 litre depth integrating water sampler 
(Brock University Designed) was lowered and raised through the photic 
zone at a constant rate until full. The photic zone was operationally 
defined here as twice the Secchi depth. Where the lake, or pond 
photic zone was coincident with the bottom, the sampler was lowered to 
within 1/2 m of the lakes's bottom.

The sample from the integrated sampler was transferred to three 
containers for later processing. One litre was transferred into a 
plastic bottle for Utermohl sedimentation, 1 litre was transferred to 
a plastic container for storage at 4 0 C and shipment to the Ontario 
Ministry of Natural Resources water chemistry testing laboratory in 
Toronto and a part of the remaining 0.5 liter was tranferred to a 
250 ml glass B.O.D. bottle for field analysis of pH and alkalinity. 
The remainder was discarded.

In Toronto the water samples were analysed using standard methods 
for TIP alkalinity and pH,Ca and SQ^ - - using the M.O.E. recommended 
techniques.
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C - Phytoplankton After Lugol's IKI solution (Lind 1959) had been added 
to the one litre depth integrated sample it was permittted to settle. 
After 2 days the top 750 ml was siphoned off with a "D" shaped siphon 
and the remaining sample was transferred to a 250 ml glass B.O.D. 
bottle. After 24 hours the top 200 ml was siphoned off from the 
B.O.D. bottle and the remaining concentrate was transferred to a 
labelled vial.

Enumeration was carried out using a Leitz-inverted plankton 
microscope equipped with Nemarsky and phase contrast optics. Five ml 
of the concentrate was placed in an Utermohl styled sedimentation tube 
and after 24 hours the bottom of the entire chamber was scanned at low 
power in a search for large, rare species. Smaller species were 
counted at high magnification. A minimum count of 500 cells was 
carried out on each of two replicates. If the estimates of a species 
deviated substantially between these two replicate counts, a third 
replicate was made.

Algae were classified by their relative abundance according to 
the method of Andrews (1972) by categorizing the algae as dominant 
where the species was alway numerous within the field of view at 400X 
magnification (coded as No. 5); abundant where the species were 
numerous in each field (coded as No. 4); frequent where at least one 
specimen was found in every two to five fields of view (coded as 
No. 3); moderate where several specimens were found on the "slide" 
(coded as No. 2) and rare where only one of two specimens were found 
on the "slide" (coded as No. 1). A detailed estimate of the absolute 
algal density was felt to be unwarranted at this stage of the study. 
The reasons for this are based on cost per unit effort as laid out by 
Andrews and Lohman (1972).

The following references were used in the algal identification; 
Bradbury and Winter (1976), Cleve-Euler (1951-1955), Duthie and 
Sreenivasa (1972), Duthie and Mannada Rani (1967), Foged (1964), 
Hustedt (1930), Patrick and Reimer (1966 and 1972), Prescott (1962) 
and Van (1979).

D - Sediment Diatom Analyses In general the surface sediments of lakes 
contain a temporally time integrated sample of the seasonal succession 
of certain thick walled algae including diatoms which settle there 
(Kovio and Ritchie 1978). Thus suface sediment analysis appears to 
provide a more representative sample of the total seasonal diatom 
succession than samples from a series of plankton tows throughout the 
year.

Sediment diatoms were estimated by the technique of Lohman 
(1972), who like Kovio and Ritchie (1978) also advocated Andrew's 
relative abundance technique.

A simple ladle was used to remove the flocculant from the top of 
the mud/water interface of the Ekman grab sample. This sample was 
preserved with Lugol's IKI solution and stored in a labelled plastic 
snap cap vial.
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In the laboratory the sample was homogenized using a sonifier at 
the low end of its output level to avoid breaking up the diatom 
frustules. A 25 ml aliquot of this homogenate was prepared for diatom 
analysis according to the procedure of Andrews (1972).

E - Sediment Core Diatoms The lake sediment core which was collected for 
pallenlo and geochemical investigations was sectioned at 2.5 cm 
intervals. That segment of each core associated with the Ambrosia 
horizon was analysed for diatoms according to the procedures described 
above.

Diatom frustules were concentrated from these sediments and 
cleaned by acid washing the sediment according to the procedure of 
Dickman (1975). The concentrate was then placed in Battarbee plates 
and allowed to settle for twenty-four hours. After two days the water 
had evaporated and the four diatom-coated cover-slips in the Battarbee 
plate were removed and monted on glass microscope slides using Hyrax 
mounting medium (Battarbee, 1973).

Six hundred diatom frustules were counted on one or more of the 
four replicates slides. The Nygaard omega index (Nygaard, 1956) was 
calculated according to the formula : (percent of acidobiontic diatom 
frustules x 5 -H percent of acidophilic diatom frustules x 1) divided 
by the number of acidobiontic and acidophilic taxa. The inferred pH 
was then estimated from a graph of pH vs. the Nygaard omega index 
(Merilainen, 1967). The plankton, omega, diatom inferred pH index was 
calculated as above, with the exception that only planktonic diatoms 
were included. Thus all benthic diatoms were ignored in calculating 
the plankton omega value. Diatoms were identified based on keys by 
Patrick and Reimer (1966), Hustedt (1939) and Cleve Euler 
(1951-1955). Acidophilic/acidobiontic status was assessed from the 
autecological descriptions provided by each of the authors listed 
above.

F - Zooplankton Analysis In order to determine whether the species 
composition of the Copepods, Cladocera and/or rotifiers changed in a 
predictable manner along a gradient of pH (4-8) zooplankton samples 
were collected rom the centre of each of the lakes in the Wawa study. 
Vertical tows were taken using a Birge-Juday closing net (68 u mesh 
size). Net phytoplankton were also estimated from these samples. The 
net was repeatedly towed vertically from the base of the photic zone 
(estimated at X2 the Secchi depth) to the lakes's surface until the 
distance towed equalled 10 m (113 litres of water passed through the 
net during the 10 m tow). The net diameter was 12 cm.
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The zooplankton were enumerated by placing one ml of the 20 ml 
concentrate on a glass depression slide and counting all the 
individuals of each taxa on the slide. This procedure was repeated 
after the entire set of twenty samples had been counted. Where the 
two total zooplankton estimates varied by more than 25?o of one another 
a third and, if necessary, a fourth slide was counted. Zooplankton 
densities for each taxa are therefore felt to be within 255S of the 
sample mean. Additional rigor was not felt to be justified for the 
purposes of this followup level survey because samples at only one 
point in time and one point in each lake's basin permit only a limited 
degree of generalization no matter how carefully they are counted.

The methods of De Costa and Janicki (1978) as well as 
Sprules (1975) were followed in attempting to estimate zooplankton 
density.

G - Littoral Vegetation In order to determine the presence, or 
absence, of selected aquatic macrophytes along the shores of each 
lake, the helicopter flew at low levels around the perimeter of each 
of the smaller lakes. In addition, inflatable raft sorties on some of 
the lakes permitted a better estimate of. the macrophyte species 
composition. Nevertheless, these data must be viewed as a first order 
approximation as only the larger water lilies, rushes, sedges and pond 
weeds were noted.
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Figure 18 - Summary of the lake 
water column limnological data 
from 20 lakes sampled in the 
Wawa study.
[See also Part II Lake Section 
pages 6 and 7].
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Geology and Geography - J. Fortrescue

The general geological setting of the sampling strip is shown on 

Figure 13 where it may be seen that the area is underlain largely by 

granitic rocks which are accompanied by two greenstone areas, one in the 

north and the other to the south. Relationships between these belts and 

the pH and regional geochemistry of lakes sampled during the 1978 survey 

have already been described.

The whole area of the sampling strip is included on O.G.S. 

Compilation Map No. 2220 at a scale of 1 inch to 4 miles, and 1 inch to 

1 mile geological mapping has been completed in the area underlain by 

lakes A,B and E (Bennett and Thurston 1977). The area including 

N,O,P,Q,R,S and T was also mapped on a scale of 1 inch to 1 mile by 

Siragusa (1978). These sources have been used to compile a more complete 

geological map of the sampling strip than was available previously 

(Figure 19).

Bedrock Geology of the Sampling Strip

In the south of the area the topography is characterised by ridges 
and steep sided hills with a relief of some 30-180 m from valley floors in 
the granitic areas and somewhat less in the areas underlain by greenstones 
(i.e. around 60 m). Bennett and Thurston (1977) described the belt of 
greenstones which lies in the vicinity of lakes E,F and G (Figure 19) as 
follows:-

"A second major metavolcanic-metasedimentary belt, the 
Mishibishu Lake belt forms an arc which extends from Dog Harbour 
on the shore of Lake Superior in the east, northwest through 
Mishibishu Lake and then continues westward to the mouth of the 
Pukaskwas River for a distance of about 55 km (35 miles). Three 
stocks of granitic rocks intrude the Mishibishu Lake belt and 
the average thickness of the belt, including the stocks, is 
about 16 km (10 miles)."

Two of these stocks occur within the sampling strip and add 
complexity to the geochemistry of the rocks and surficial deposits of the 
area. (Figure 19).

Further north the second greenstone area (Figure 19) was escribed by 
Siragusa (1978) as follows:-

"Parts of Nameigos and Mosambik Townships and minor areas 
of Cudney and Carney Townships are underlain by an Early 
Precambrian belt consisting dominantly of metramorphosed mi fie 
flows locally interbedded with pyroclastic units and a few thin
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Index to townships in the northern 
part of the sampling strip.

LEGEND

Geology
Granite rocks———————————

Mafic volcanic rocks with 
interbedded sedimentary and 
(or) felsic volcanic rocks—

Greywacke, shale, arkose and 
quartzite——————————————

l ClLJJ. \f ^ ̂  ̂  ̂  ——— ——— ^^.B.^ ——— *^^*B. ̂ .M^.M^.WM.M.

Glacial striae——————————

Large Lake— 

Sampled Lake-

Figure 19 - Geology of the 1980 Wawa 
followup sampling strip including 
an index to townships in the 
vicinity of the northern greenstone 
belt.
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felsic metavolcanic units, and, subordinately, of clastic 
metasediments. The supracrustal rocks were strongly deformed, 
metamorphesed under upper amphibolite and middle greenschist 
facies conditions, intruded and partly assimilated by granitic 
rocks, and, subsequently both the supracrustal and the granitic 
rocks were intruded by numerous diabase dikes.

The metavolcanic-metasedimentary belt has an unusual 
'H-like' shape being formed by two major northwest-trending 
segments jointed at their midpoints by a relatively short and 
wide segment trending northeast. For descriptive purposes the 
two northwest-trending segments and the northeast-trending 
segment of the belt are hereafter referred to as the northern, 
the southern and the central belts, respectively (p.5 4 6)."

Lake Q is situated just to the east of the southern belt, lake R is 
underlain by the central belt and lakes S and T are to the east of the 
northern belt (Figure 19).

Surficial Geology of the Sampling Strip

Information on the Pleistocene and Recent deposits of the area 
enclosed by the sampling strip is scanty. In the south (lakes A,B and E) 
Bennett and Thurston (1977) mention that:-

"A thin blanket of glacial till is the most common surfic 
ial deposit in the map-area. It is generally only a few feet 
thick except on the south slope of some hills where the thick 
ness is probably greater than 15 m (50 feet). The summits of 
most hills may be covered with only a few inches of till or 
devoid of cover except for moss and lichen and a few small areas 
of till confined to depressions in the bedrock.

Most glacial striae were meased in the eastern part of the 
map-area..... Striae directions range from S10E to S45W with a 
general trend of about S20W which probably represents the 
average direction of ice movement.

As the Wisconsin ice sheet withdrew north of the shore of 
Lake Superior, heavily laden meltwater streams deposited large 
amounts of silt, sand, and gravel over the map area..... It can 
be seen that these outwash deposits are particularly widespread 
in the northeastern part of the map-area and are for the most 
part restricted to a low, wide valley wich roughly follows the 
outline of the Kabenung Lake metavolcanic-metasedimentary belt." 
(p.33-35).

Further north, Siragusa (1978) described the glacial cover as follows:-

"The Quaternary deposits consist primarily of silty to 
sandy till containing some lime-rich clay and variable 
proportions of pebbles and boulders. Pebbles of Paleozoic 
limestone and dolostone are found mixed with the predominantly
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granitic coarse fraction of the till and erratic boulders are 
found from hilltop to the water edge. Most of these boulders 
consist of metavolcanic and granitic rocks of local derivation; 
subangular boulders of high-grade metasediments containing 
abundant garnet were noted along the northern shore of a small 
northwest-trending lake in central Nameigos Township. In local 
areas of Carney Township the thickness of the till sheet was 
seen to be 5 m (18 feet) but over most of this township the 
thickness is probably much more. Deposits of sand are found in 
local shoreline areas of the main lakes, in two eskers in Carney 
and Simpson Townships, and in another two in Nameigos and 
Doucett Townships. Local areas of northern Mosambik Townships 
are covered by glaciolacustrine deposits of clay, silt, and sand 
that are a small isolated part of the Ontario clay belt.... 
formed by glacial Lake Ojibway-Barlow about 9,000 to 10,000 
years ago.

Three of the eskers found in the map-area trend northeast 
and one trends north-northeast; the trend of the glacial striae 
in five out of the six localities in which they were found is 
north-northeast, and is north-northwest in the sixth locality. 
The predominance of northeast and north-northeast trends in the 
glacial features agrees with the results of Boissonneau's (1966) 
work on the direction of ice movement in the Cochrane-Hearst 
area. He observed that the trend of the glacial features is 
southwest in the western part of the area which includes the 
present map-area) but southeast in the eastern part of the area, 
thus indicating a regional fan-shaped ice movement over the 
Cochrane-Hearst area." (p.36-37).

In general the glacial deposits are thinner in the south and relate 
in lithological composition to the rocks of the locality in which the 
basins of lakes occur. Further north the picture is more complex with 
deeper layers of surficial material, lower relief and contributions of 
calcareous material characteristic of the Ontario clay belt. 
Consequently, the contributions of bedrock material and glacially 
transported material to lake sediment composition must be expected to vay 
within the same lake and from lake to lake. However, in spite of this, 
the mineralogical and chemical composition of lake material within a 
given, undisturbed, lake sediment core was expected to be constant. In 
particular pollen and mineral matter plus organic matter should be 
constant enough within a sediment core to allow for palynological, 
biological and geochemical interpretation of data obtained form it. Thus 
the chemical composition of the core as a whole depends upon the 
contributions made by locally derived bedrock and glacially transported 
material. However because this is a complex natural homogenization 
process the exact determination of the relative contributions from these 
two sources within a single core lies outside the scope of the followup 
study.
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In summary the geological conditions within the sampling strip 

selected for study are variable with respect the contributions from 

bedrock and from glacially transported material. Although it was not 
practical to estimate in detail the contributions from these two sources 

within a given lake or the general setting and form of the lake basins was 
known. Hence the role of geology in the interpretation of the lake 

sediment core data is general and does not relate to the detailed 
geomorphological conditions of each lake basin.

Description of geological and geographical methods

Geological and geographical information for each of the 20 lake 
basins studied is included in Part II (pages 2 and 3 of each lake 

section). Each description commences with an oblique air photograph of a 
lake plus a paragraph describing its general setting and atributes. Also 

included is a map (see model Figure 8) showing the extent of the lake 
basin and the lake itself. Other pertinent information is included in a 

table alongside the map.

Figure 20 includes a series of reduced maps for each lake basin which 
provieds a more detailed data set for the lakes than that included on 

Figure 13C. Figure 20 is designed to be an index to the information 
included in Part 2 of this report. A discussion of relationships between 

the lake parameters and the limnological investigations appears in 
Chapter III. In general the lakes selected for study were representative 

of those in the sampling strip with respect to lake size and lake basin 
size.
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Figure 20 - Relationships between lake size and drainage basin size for 
the 20 lakes studied during the followup level study 
(for further details see Part II)
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Palynology (Contributed by 3. Terasmae)

The collection of lake sediment cores for detailed palynological 

studies is usually a relatively slow procedure involving bathymetric 

mapping of the lake prior to the selection of a site for sediment core 

collection. In this project the procedure was necessarily abreviated 

because a helicopter was uses for access to all but two of the lakes. 

Experience gained in quick sediment core sampling by the methods described 

below is summarised after they are described.

Description of Palynology Methods

A - Field Methods Two kinds of sediment samples were collected from each 
of the lakes. First, an Ekman Dredge (bucket sampler) sample was 
taken from the sediment surface to provide a sab-sample at the 
water/sediment interface for biological study of the modern sediment 
and to obtain a bulk sample of recent deposition. Second, two 
adjacent sediment cores were collected with a gravity corer using a 
5 cm diameter transparent arylic resin tube about 2 m long.

The Ekman dredge bulk samples were placed in plastic bags and the 
cores in plastic tubes were sealed with rubber stoppers and vinyl 
tape. At the field base the plastic tubes were shortened by cutting 
off the top part because cores did not exceed 1 m in length. This 
facilitated transport of cores to laboratory storage.

All samples were placed in cold storage in the field because, 
fortunately, such a facility was available at the field base.

The sediment sampling was carried out mainly from the float of a 
helicopter by two persons and where possible sampling was completed in 
the middle part of a lake basin.

B - Laboratory Methods In the laboratory the cores were frozen prior 
to subsampling, extruded, and cut into 2.5 cm segments. The 
subsamples were crushed, a small portion removed for palynological 
analysis and the remainder placed in plastic vials. The samples were 
then freeze dried and the wet weight, dry weight and vial weight all 
recorded. All sample vials were properly labelled, packaged and 
submitted for chemical analysis as described in the section following.
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The chemical preparation of the palynological samples, 
preparation of slides for microscopic examination and counting of 
pollen followed routine procedures that are well described by Faegri 
and Iversen (1975) and by Moore and Webb (1978). The data obtained 
from the slides were plotted in the form of pollen diagrams (see Part 
II individual lake sections page 8 and 9). General information on the 
pollen diagrams for each lake is also included in Part II individual 
lake sections page 9.

Comments on Palynological Methods

Because the choice of lakes for study was based on criteria other 

than those usually applied for detailed palynological studies of lakes, 
some comments on the field procedure experience in the followup study may 
be made. These comments should be of importance in planning future 

studies of this type including an input from palynology.

In our study coring locations were usually selected after brief 
aerial observations without prior morphometric data being available on the 
lake basins. Because of practical difficulties stemming from this 
procedure it is suggested that in future studies of this i" v pe, prior study 
of air photographs and available limnological information on sampling 
strips should be made before field sampling commences.

Because of the nature of the project and the relative expense of the 
helicopter use our sediment coring was in almost all cases completed 
within 1/2 hour, or less, per lake. The use of a helicopter float as a 
sampling platform proved most difficult because of the need to keep the 
motor running during the sampling process. This made communication 
between samplers almost impossible and the manipulation of a sampler with 
a total length of over 2 m difficult. On windy days waves can top the 
float and wet operators and equipment alike. These conditions also 
increase the likelihood of loosing equipment overboard, or of personnel 
falling into the water. Another problem is the limited storage space 
within the helicopter which compounds the problems already described.

In spite of these problems, the helicopter can be used for lake 
sediment sampling and it has the advantage that small lakes favourable for 
palynological study can be reached with ease. They could not be visited 
conveniently by any other means.

Based on the experience at Wawa we suggest that a lake sediment corer 
be designed and built which is less bulky, suitable for helicopter float 

use and capable of collecting cores 50 cm in length only. Such a sampler 

would provide samples suitable for both palynological and geochemical
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GEOCHEMISTRY (Sediment cores) - 3. Fortescue, I. Thomson

The geochemical study was carried out using the sediment core segment 
samples which had been dried as described above. The methods selected for 

chemical analysis were outlined in relation to the conceptual model 
described previously (Figure 11). Details of the geochemical data for wet 

weight, dry weight and loss on ignition are listed for cores from each 
lake in Part II (individual lake sections page 11,13,15 and 17). Element 

abundance data as parts per million is listed in Part II (on lake section 

pages 10,11,12 and 13) and in KK units in Part II (pages 14,15,16 and 

17). All the chemical data was obtained under a sub-contract awarded to 
Barringer Research, Rexdale, Ontario.*

Description of Geochemical method

1 - Wet Weight Each 2.5 segment of a lake sediment core was weighed 
directly after the subsampling procedure was completed (see above).

2 - Dry Weight The 2.5 segment samples were freeze dried and reweighed to 
obtain the dry weight of the sample. Most dried samples obtained from 
core segments below 20 cm were over 2 g. Problems were experienced in 
samples near the surface of many cores where weights of less than 1 g 
were obtained, (see Part II individual lake sections Page 11,13,15 and 
17.) This accounts for the absence of data for some core segments.

3 - Loss on Ignition A 250 mgm portion of the freeze dried cores segment 
sample was heated to 1,000 0 C for 3 hours and reweighted when cool in 
order to estimate loss on ignition. This was listed as a percentage 
of the freeze dried weight.

4 - Element Abundance
i) Extraction procedure

A 250 mgm portion of the freeze dried lake sediment core segment 
sample material was digested with 8 ml of concentated nitric acid 
plus 2 ml of perchloric acid in a 30 ml teflon beaker. A watch 
glass was used for refluxing until a pale yellow liquid was 
obtained. The watch glass was then removed and 7.5 ml of 
hydrofluroric acid was added and this mass evaporated to dryness. 
The residue was brought into solution with 1 ml of concentrated 
hydrochloric acid and made up to 25 ml with 0.5N hydrochloric 
acid. This solution was divided into four parts for chemical 
analysis as follows:

* The contractor should be contacted directly for further details of 
analytical procedures.



- 50 -

ii) Determination Procedures

A The content of Al,Fe,Ca,Mg,Na,K,Ti,P,Mn,Sr,Zr,V,Cr,Ni,Zn and Cu 
was determined simultaneously in the solution using an 
ARL QA-137 direct reading emission spectrometer with an ICP 
torch source. This procedure also determines Ag,Be,Cd,Mo,Pb,Th 
and Co. In our samples, data for these elements was 
unsatisfactory except in the case of Th and Co which, although 
near the detection limit, were detected in most of the samples.

B Pb and Mo were determined using Atomic Absorption techniques. 
These data were unsatisfactory for Mo which was generally below 
the limit of detention and in many cases the Pb data was found 
to be at, or below the detection limit of 5 ppm. Relatively 
high values for Pb were found in the core segments taken above 
the Ambrosia horizon in most cores.

C A third aliquot of the solution was used for the determination 
of U using a fluorescence technique.

D As was determined by hydride generation and heated quartz tube 
source Atomic Absorption after extraction from the cores 
segment material with nitric and perchloric acids and solution 
of the residue in 0.5N hydrochloric acid. A similar extraction 
procedure was used prior to the determination of Hg by cold 
vapour Atomic Absorption except that the residue was dissolved 
in water instead of hydrochloric acid.

The Scope of the Discussion of Sediment Core Geochemistry in this Report

The original intention was to carry out the interpretation of the 
geochemical data from the lake sediment core segments at two levels of 
detail, one relating to KK units (as a preliminary overview) followed by a 
second, more detailed study based statistical analysis of element data in 
parts per million. Consequently both ppm and KK units are included in the 
listings for the chemical data in Part II (lake section pages 10-17).

Unfortunately the computer listings for the geochemical data were not 
available until March 9th 1981 and the deadline for this report was 
March 31st 1981. Consequently, information on the interpretation of the 
geochemical data in this report is confined to a discussion of KK values 
of selected samples from all 20 lakes and all samples from four represent 
ative lakes (see Chapter III). A more detailed study of the geochemistry 
of the lake sediment cores will appear in Part III of this open file 
report.
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Observation

Al
Fe
Mn
K
Na

Mg
Ga
P
Ti
Zr

As
Co
Gr
Cu
Hg

Ni
Pb
Sr
Th
U

V
Zn

L.O.I.

Number of 
Observations

20
20
20
20-

20

20
20
20
20
20

10
10
20
20
10

20
20
20
20
18

20
20

20

Mean (KK)

.613

.312

.369

.880

.703

.227

.304
1.09
.306
.548

.928

.342

.356

.397
1.260

.217
1.79
.516
1.41
.906

.344
1.038

20.795

St. Dev.

.039

.010

.021

.037

.034

.070

.010

.082

.013

.033

.079

.071

.068

.043

.159

.049

.038

.020

.190

.031

.014

.138

5.98

C/V *o

6.4
3.2
5.6
4.2
4.8

3.1
3.2
4.2
4.2
6.0

8.5
20.7
19.1
10.8
12.6

22.6
2.1
3.9

13.4
3.4

4.1.
13.3.

28.7

TABLE 5
STATISTICAL ANALYSIS OF 20 REPLICATES OF A LAKE SEDIMENT CORE REFERENCE

STANDARD INCORPORATED AT REGULAR INTERVALS DURING THE PREOCEDURE OF
CHEMICAL ANALYSIS USED IN THE WAWA PROJECT. (KK UNITS).

Performance of the Methods of Chemical Analysis

The performance of the analytical methods used for the study of the 

geochemistry of the lake sediment core segments was examined by incorpor 
ating a subsample of a lake sediment reference standard material prior to 
analysis -of each core. In this way values for 20 replicates, of the 
referance standard, spaced at regular intervals, were obtained from all 

of the chemical tests.
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The data for the reference standard was analysed in two ways, one 

statistical and the other graphical. The descriptive statistics (Table 5) 

indicate that the performance of the analytical technique was adequate fro 
an investigation of the type described here. More specifically, the C/V 

values were acceptable for all elements except Co,Mi and Cr. Co dta is 

included in Part II, but is not discussed here. Inspection of data for Ni 

and Cr indicated that these were suitable for plotting (Figure 21) in 
spite of the high C/V's for the reference standard. The high C/V for loss

L.O.I. 2014

Ca 
Mg 
Ti

ABCDEFGH l JKL.MNOPORS

—— Hg
—— As
— Zn
— Sf ~~Cr
—C- Cu 

V
u

ABODE LMNOPQRS

Figure 21 - Plots of the data for the replicate analysis of a 
standard of lake sediment core material. 
(For further details see text.)

reference

on ignition (Table 5) is almost entirely due to one value which was 
probably quoted in error. A few* such errors were noticed in the data 
base in Part II and were omitted during graphical analysis of the data in 
Chapter III. Such errors could not be checked out by further chemical 

analysis owing to lack of availability of sample material.

* Less than 10.
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Figure 22a - The abundance of Ca,Mg,Fe,Mn,K and Na is pre and post
Ambrosia core segments from each of the 20 lakes in the
Wawa sampling strip.
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Although the statistical test results listed on Table 5 indicate that 

the performance of the analytical techniques was remarkably good a further 

examination of the data is required as an aid to the interpretation of 
graphed KK values for lake core segments described later on. As expected 

the precision for the major constituents of rocks (plus Zr)(Figure 21 top) 

was uniformly good and as the KK diagram indicates the abundance of the 

elements in the reference standard is between 0.25 KK and 1.25 KK or at, 
or below, that estimated for the Earth's Crust as a whole for each 

element. The data for minor constituents (included in the lower part of 
Figure 21) are less precise but, with the exception of uranium which was 

found to vary unpredictably in both the standard and the unknowns, the 
performance of the analytical methods was considered adequate. The most 

important conclusion to be drawn from Figure 21 is that, in general, the 
geochemical reference standard data was not inclusive of a significant 

bias, for one or more elements. In general the loss on ignition data 
(also plotted on a log scale on Figure 21) was good within less than five 

percent although the erratic value at R (i.e. in the lake sediment 
reference standard analysed prior to the unknowns of lake R) is an 

exception probably due to an error. The KK diagrams in Figure 21 are 

designed for comparative purposes in relation to the description and 

interpretation of lake sediment core geochemical data. They are plotted 
using the same technique as those lake sediment cores in this chapter and 

the next.

An Overview of the Lake Sediment Geochemical Data

Conceptual models described previously (Figures 4 A 5) and 

information included in the selection of a sampling strip for study 
(Figures 17 and 18) provide a background to the examination of the 

behaviour of particular elements in core segments collected above, as 

compared with those below, the Ambrosia horizon. A study of the lake 

sediment core data base listed in Part II of this report resulted in the 
selection of two core segments from each of the 20 lake cores for 

comparative purposes. These were segment 15 (i.e. 35 cm to 37.5 cm in 
depth) to represent the pre-Ambrosia lake sediment geochemistry and 

segment 02 (2.5 cm-5.0 cm) to represent the post-Ambrosia condition 
(Figure 22 a,b dSc c). The plots for 18 elements in the two core segments
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Figure 22b - The abundance of Al,Ti,P,Zr,Cr and Ni in pre and post
Ambrosia core segments from each of the 20 lakes in the
Wawa sampling strip.
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included in Figure 22 are in KK units plotted on a logarithmic scale, (see 
also Figure 21). The black dots denote data for the 15 (i.e. 

pre-Ambrosia) segments and the open circles for 02 (post-Ambrosia) 
segments. In cases where the values for the two samples are coincident 

only the dot representing the 15 segment is plotted. Where data for 

samples is missing the line joining values for the lower segments is drawn 

to join adjacent points where data is available. The lines are drawn as 

an aid to the identification of the patterns and do not imply that there 

is a cause and effect relationship between data points. Detailed 
information on the abundance of particular elements in particular cores is 

listed in Part II. Where listings include both ppm and KK values for each 
core segment.

Data for Ca,M,Fe,Mn,K and Na are listed on Figure 22a. The roman 

numerals at the bottom of the diagrams refer to the bedrock conditions 
within lake basins. In Group I the lakes are low pH and occur in areas of 

predominantly granitic bedrock. Greenstones of various types underlie the 
Group II lake basins and similar rocks underlie lakes in Group IV. 

Group III lakes are in areas of granitic terrain characterised by 
relatively high uranium values (Figure 22c). The bedrock conditions in 
the vicinity of each lake are indicated on Figure 19 and the extent of the 
lakes themselves on Figure 20. Another factor which affects the 

geochemistry of the lake sediment cores in Group IV is the presence of 

significant content of CaCo3 in the glacial drift. This increases rapidly 

towards the north from lake Q to Lake T (Figure 19).

The pattern for Ca in the lake sediments (Figure 22a) reflects the 
geological conditions just described. The lakes of Group I have low pH 

and alkalinity and also low Ca in the sediment cores. Here also the 

content of Ca in the surface segments of two of the lake cores is 

significantly lower compared with the pre-Ambrosia segments suggesting 
that Ca may have been decreasing in supply recently perhaps due to acid 

precipitation effects. Further north, the calcium increases in the lakes 
located in the greenstone belt (Group II) decreases slightly over the 

granitic rocks of Group III and then increases sharply (due to surficial
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material inputs) in Lake T. The plot for Mg in broadly similar to that 

for Ca (Figure 22a) except that the data is more variable with a peak 

value in Lake J. The similiarilty of the plots for K and Na suggest that 
these elements are to be found in primary minerals, rather than in 

secondary materials. A significant departure from this pattern would 

suggest that K was preferentially incorporated in newly formed clay 

minerals. This is most likely in lake Q where the K content is signifi 
cantly higher than that for Na.

There is a remarkable similiarity between the plot for Al and for 

Fr (Figure 22b). Although these elements are somewhat depleted in the 
post-Ambrosia sediment in general the abundance values are rather close 

for both pre- and post-Ambrosia. With respect to abundance in the Earth's 

crust titanium is significantly lower than aluminium in the lake sediment 

cores along the gradient. This is in contrast to the values for P which 
is close to the Clarke value in nearly all lake sediment samples. The 

pattern for Zr is consistantly lower than Earth's crust and my indicate 
low mobility of the element in the landscape conditions along the sampling 

strip. Cr and Ni were found to have similar patterns with, as expected, 
high values in the group II lakes (Figure 22b). The higher values for Cr 

in lakes M and N is interesting and may relate to local bodies of basic 

rocks which do not affect the Ni pattern.

Values of V and Cu resemble those for Al and Ti rather than Cr and 

Ni. It is to be expected that systematic statistical analysis of the 

geochemical data (to be described in Part III of this report) will reveal 

subtle relationships between rock type and distribution pattern for these 
elements. It is interesting that, (as expected from information on 

Figures 16 and 18), the pattern for D (Figure 22c) is clearly different 
from all the others so far described. In this case the L) values in all 

the cores in Group III (and lakes O and P as well) are over five times 
those measured in the lakes from the remainder of the sampling strip. 
This suggests that either groundwater conditions facilitate drainage of U 
rich waters into lakes O and P from granitic terrain or the fine material 
in the superficial layeris relatively rich in this element.
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Figure 22c - The abundance of V,Cu,U,Zn,As and Pb in pre and post-Ambrosia 
core segments from each of the 20 lakes in the Wawa sampling 
strip.
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The data for zinc, lead and arsenic (Figure 22c) is of a different 
form from that for the other elements so far described because the core 

surface segments are almost always distinctly higher in these elements 
compared with the subsurface segments. This is to be expected from the 

pattern shown on Figure 10 for the Greifensee. Clearly the abundance data 

for these elements is most likely to have been modified by the acid 

precipitation along the sampling strip at Wawa.

SUMMARY

This chapter has described how the sampling strip and the 20 lakes 
within it were selected for the follow up level study. The role of the 

regional geochemical survey data in the selection process was stressed 

with reference to geochemical maps and sections.

The limnological methods selected for inclusion in the Wawa study 

were described and a chart was provided to show variations in water column 

parameters within each of the 20 lakes selected for study. General 

information was provided on the geology and geography of the sampling 
strip supplemented by a map showing the extent of each lake and the 

general conditions of the basin within which it occurs. After a brief 
description of the palynological methods, the methods of chemical analysis 

used for the lake sediment cores were described and general information 
was provided on the abundance of 18 elements in the lake sediment cores.

Chapter 2 sets the scene for the discussion of information obtained 

from the Wawa sampling strip in terms of the acid rain problem in 
Chapter III. Another important function of Chapter II is to provide an 

introduction to the data base listed in Part II. It should be stressed 
that the data in Part II is designed to be consulted in parallel with the 

information in Chapter III.



- 60 -

Chapter III - Discussions and Conclusions 

Introduction

The objective of this chapter is to interpret the data and 

information included in Part II in terms of the problem of acid 

precipitation in the Wawa area. The interpretations are in two parts 

followed by a section of general conclusions and suggestion for further 

work. The first part includes discipline by discipline study of the 

information as it can be related to the acid precipitation problem. The 

second part is more general including a multidisciplinary discussion of 

the 20 lakes included in the sampling strip. It includes suggestions for 

extrapolation of the lake water chemistry information obtained during the 

followup study to the regional scale. Conclusions cover both aspects of 

the discussion.

Limnological Observations in Relation to the Acid Precipitation Problem 

A - Lake Water Chemistry I. Thomson

Data for surface water (O to maximum of 5.0 m depth) water pH, 

alkalinity (total inflection point), Ca, and 804 are presented as 

Figure 23.

These data confirm the presence of a pH gradient along the sampling 

strip, with lakes at the southwest end (lakes A to D) abnormally acid 

(pH 6.0). Alkalinity (as CaCo3), the principal buffering agent in lake 

waters) and Ca show the same trends as pH, while 804 shows evidence of a 

reverse gradient, with values decreasing from southwest to northeast. The 

gradients are not smooth, they show pertrubations related to geology 

similar to those described previously.

The most acid lakes (A to D) occur over granitic rocks in the 

southwest section of the transect. The pH increases rapidly with 

associated peaks in alkalinity, Ca and SG^ in lakes F and G which are 

located in 'greenstone' terrain (Figure 19). The gradient is poorly 

developed between lakes H and N which are underlain by granite.
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Figure 23 - Variation in surface water chemistry of lakes along the 
Wawa Sampling Strip.
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The 504 pattern is considered most significant. The overall trend of 

decreasing 864 values from the southwest to the northeast is thought to 

reflect the introduction of 804 as (^804 in polluted rain brought in by 

the prevailing wind. The increase of 504 in lakes F and G is considered 

to reflect, at least in part, natural input from the 'greenstone' rocks 

which have a higher 50-4 content than the granites. Similarly the rise in 

alkalinity and Ca in these lakes reflects the natural input from rocks 

richer in these materials. The increased levels of 864 in lakes O, P and Q 

are more problematic in that there is no clear relationship with 

greenstone rocks. However it is noteworthy that these lakes lie directly 

in line with, but quite distant from, the fume kill associated with the 

Wawa smelter (Gordon and Gorham 1963). In view of the closely defined 

smelter plume and the character of the windrose at Wawa (Gordon and Gorham 

1963) it is thought possible that the elevated 804 values relate in part 

to pollution from this point source.

In evaluating the data the following points are also of 

significance:-

1 - Lakes A to D have pH values below 6.0 and are thus, by common 
definition acid lakes

2 - Many of the lakes have alkalinity values below 15.0 mg/1
These lakes have very little buffering capacity to mineral acid 
and hence a high susceptability to acidification. This is the 
case in lakes A to D where alkalinity is normally low (1.5 to 
6.1 mg/1 CaCo3) and shows evidence of a loss of buffering capacity 
due to acidification.

3 - In the northeast, lakes S and T have abnormally high alkalinity 
and elevated pH values. These lakes are exceptionally well 
buffered.
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The relationship between pH and alkalinity is further displayed in 

Figure 24. It can be seen that the acid lakes (A to D) have low 

alkalinity and lie in a separate field in the plot. The neutral lakes 

show evidence of a weak, positive, linear relationship between alkalinity 

and pH. Of particular interest are lakes E,I,J and N, which lie off the 

main trend and display slightly depressed alkalinity and pH. These lakes 
appear delicately poised with minimal buffering cappacity. Further input 

of acid precipitation will almost certainly lead to rapid acidification of 
these lakes.

PH

7.0-

6.0-

5.0-

H K*
-4- P j5

4-

0.0 5.0 10.0 15.0
Alkalinity (mg/jt CaC0 3 )

20.0 25.0 30.0

Figure 24 - Relationship between pH and alkalinity (total inflection
point) in surface waters of lakes studied in the Wawa Sampling 
Strip. NOTE: Lake T has high alkalinity which is off scale 
on this figure (see Figures 27 and 28).

In summary, west of Wawa acid precipitation derived from long range 

transport of polluted air masses appears to be causing acidification of 
surface lake waters. The effects of acid precipitation are, however, 

modified by the combined effects of bedrock and surficial geology in the 
catchment areas of individual lakes. These two factors influence the 

primary chemistry of the lakes and hence, their buffering capacity.
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Figures 25-43 - Limnological Interpretation of the Water Chemistry Data

The data also show that, in addition to lakes which have already become

acid, a large area underlain by granitic rocks is probably characterized

by lakes with low buffering capacity. Many of these are probably very

*In Figures 25 - 40 where graphs are paired the upper graph displays all

the data points and the lower graph displays all points except for those

"Out of Bounds" (i.e. off the expanded scale of the lower figures).
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delicately poised, in the manner of the study of lakes E,1,3, and N and 
are thus likely to become rapidly acidified if exposed to further acid 

precipitation.
In figures 25 - 32 the upper graph displays all the data points and 

the lower graph displays all points except for those "out of bounds" 

(i.e. off the expanded scale of the lower figure).

B.-.Lake Water Column Chemistry Data - M. Dickman

Inorganic carbon comprises the major electrolyte in those Wawa study 

lakes which have a pH above 6.3. Below a pH of 6.3, sulphate ions replace 

bicarbonate ions as the most abundant cation. For this reason it is not
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surprising to find an inflexion point at about pH 6.3 in the regression 

line for lake conductivity vs lake pH (Figure 25). A review of pH 

dissociation constants for bicarbonate and free C0.2 indicates that at a pH 

of 6.3 the amount of free CQ.2 in the water exceeds the amount of the 

bicarbonate ion. (Tailing 1973). However, as pH increased, the 

concentration of bicarbonate relative to free CQ-2 increases. At a pH of 
7.0 nearly 80?o of the total inorganic carbon in these lakes is present as
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bicarbonate, while free C0.2 accounts for nearly all of the remaining 

inorganic carbon (Golterman 1969). At a pH of 6.0 this relationship is 

reversed and free CO-2 accounts for over 12* of the total inorganic carbon 
while bicarbonate accounts for only 28X (Hutchinson 1957). The crossover 

point where these two forms of inorganic carbon are roughly equal occurs 

between a pH of 6.3 and 6.5 (Golterman 1969).
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The conductivity/pH relationship between the different lakes in the 

Wawa study should be divided into two classes: Those lakes above and 

those lakes whose pH falls below 6.3. Once this is recognized, two linear 

regressions of pH/ specific conductivity can be generated, one above the 
pH 6.3 inflexion point and the other below.

Unlike pH, the specific conductivity/total dissolved solids (TDS) 

relationship was linear over its entire range (Figure 26). It should be 
noted, however, the TDS was not estimated independently but was generated 

from a table which permits the calculation of TDS based on lake 

temperature and specific conductivity information.

Calcium and bicarbonate ions dominated the chemical composition of 
most of the Wawa soft water study lakes. However, two exceptions to this 

generalization were found. Lakes below a pH of 6.3 were sulphate and not 

bicarbonate dominated, while lakes whith a pH above 8.0 were hard water 
lakes. These lakes had a total hardness exceeding 150 ppm as CaC03, thus 

they were carbonate dominated instead of bicarbonate.

According to Gibbs (1970) the three major mechanisms which control 
lake conductivity (i.e. lake salinity) are bedrock source, atmospheric 
precipitation and evaporation-precipitation processes. This latter 
mechanism was not an important component for the Wawa study lakes as 

evaporites were never observed. Therefore we have concentrated on the 

first two mechanisms in attempting to explain the observed ionic 

relationships in the Wawa study lakes.

Alkalinity refers to the quantity and kinds of compounds which 
collectively shift the pH to the alkaline side of neutrality (Wetzel 

1975). The property of alkalinity is usually imparted by the presence of 

bicarbonate, carbonates and hydroxides, the C02~HC03-C0 
system being the major buffering system in fresh waters (Ibid).



- 69 -

.

* CORREL*TIOW " -0.'3'

R SOU*"E " 1.*057'9 ]

g :

S -
U 395.'

U
w

CQSREL'TION ' -0.60*

R SQL*PE - o.S6*tt6
* 2

- 2

t 9
*

*

'

3/0. (.30. 

LAKE ELEVATION ABOVE MEAN SEA LEVEL (m)

Calcium/Lake Elevation Above Mean 
Saa Level

Figure 33

TOTAL DISSOLVED SOLIDS (rnq/1)

Lake Elevation/Total Dissolved Solids

Figure 34

3*5. j 

0.00

CO"Rtl.*TICN " -O.S19

1.60 
.^J ?.kO

ALKALINITY AS CACOj (mg/1) 

Lake Elevation/Alkalinity

Figure 35

'l i..

coHKCLATtON * o.rra
R SOU4RE ' 0.*'Z*

&-0 10-0 

LAKE ORDER PROM TOP OF WATERSHED (1) TO BASE

3 POINTS OUT CF SOUNDS

2.*
3.6

LAKE ORDER FROM TOP OF WATERSHED (1) TO BASE 

Lake Area/Lake Order in Watershed

Figure 36



- 70 -

*'0.

445.
COMCHTICN - 0.9V .
R SQUARE * 0.90(304

- 430.
i

S
g 3*5.
s :
Cd

. M
. . 5 J70.

2 *
.2 .

2. .
• f. 345.

cosRfL*nat s -0.5"

' Z

. .
*

. . .
*

*

. . .

*

BASIN SIZE (KB )

0.90

0.72

rC 0.54

5

S
S 0.3^
u

5
0.18

0.00

4 POINTS our rr BOUNDS

. t .
.'

. z

6. C 
3.0 9.0

BASIN SIZE (Km2 ) 

Lak* Area/Basin Six*

500. 

460.

i '20.

Z 
O

* 380.

uaf
J J40.

390.

•i

2

' 2

" "

.

i. .
*

.c '.a to. s

Elevation/pH

Figure 37 Figure 38

A significant correlation was observed (in the 20 Wawa study lakes) 

between pH and alkalinity (Figure 27 rrO.65 and p ^ 0.01). As with the 

case of conductivity and pH, an inflection point occurred in the 
alkalinity/pH regression at a pH of 6.3 - 6.5 (Figure 27). It was 
previously noted that sulphate replaced bicarbonate as the major cation at 

this pH in these lakes.
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Alkalinity was also significantly correlated with calcium 

concentration (Figure 29) since calcium was the major divalent anion in 
these lakes. For this reaseon it was not surprising to find that calcium 

was also significantly correlated with pH (Figure 30, r - 0.69) specific 

conductivity (Figure 31, r - 0.97) and TDS (Figure 32, r - 0.98).

Special attention was given to the elevation above mean sea level 

(ASL) of the 20 lakes in the Wawa study area. Those lakes which had no 
others above them were assigned a rank or order of 1.0, if one lake was 

located above them their assigned rank was 2.0 etc. Those lakes with the 

lowest rank were found at the highest elevations (i.e. at the top of the 

staircase) above mean sea level. Lake elevations ranged from 312 to 444 m 
ASL (Figure 33). The higher the lake's elevation the lower its calcium, 

TDS and alkalinity concentrations. (Figures 33, 34 and 35). It was also 

noted that the lower a lake's rank order the smaller its surface area 

(Figure 36). The smaller the area of a lake, the smaller the area of its 

basin (r = 0.95, Figure 37).

Lake elevation was also significantly correlated with pH (Figure 38 

r - -0.59). Lake basin size and lake order were also significantly 

intercorrelated with one another and pH (Figure 40).

The clarity of water in the Wawa study lakes, as indicated by their 
Secchi Disc transparencies, was a function of two principal factors, 
1) light scattering and 2) light absorption. Light scattering was 

largely a function of suspended particles, principally algae and inorganic 

matter. Light absorption was principally a function of the content of 

dissolved coloured substances in the water (e.g. humic substances). A 

statistically significant (P - less than 0.05) relationship between the 

relative amount of humic matter in a lake and its Secchi depth 

(transparency) was found (Figure 41).
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In addition, a significant relationship between the Secchi 

transparency and the amount of dissolved oxygen in the lake's hypolimnion 

(in June) was found (r r 0.71, Figure 42). This correlation may be an 
indirect indication of the amount of inorganic particulate material in 

these lakes. Those lakes with high relative amounts of particulate 
organic matter would have low Secchi values due to high scattering. The 
same lakes would also be more likely to have low hypolimnetic oxygen as a 

result of the decomposition of this organic matter after it had entered 

the tropholytic zone (Wetzel 1975). For this reaseon a rough relationship 
exists between a lake's trohic status and its hypolimnetic oxygen deficit 

(Hutchinson 1957).

Hypolimnetic dissolved oxygen was also correlated with the relative 
steepness of a lake's watershed (Figure 43). Steep sided basins with a 
high degree of topographic relief had significantly lower dissolved oxygen 

in their basins than those lakes with minimal topographic relief. This 

relationship can be explained in terms of the different surface to volume 
ratios exhibited by lakes of differing topographic relief. A lake with 

steep sides, (i.e. high topographic relief) will have a small hypolimnetic 

volume compared with its surface area. From this it follows that the 

smaller a lake's hyolimnetic volume, the smaller the amount of oxygen 
available there for the decomposition of organic matter settling into the 

lakes's tropholytic zone (cornett and Rigler 1980).

The data in Figures 25 - 43 will be discussed in other sections of 

this report. The foregoing comments are therefore provided merely as a 

means of describing the fundamental relationships within the data itself.
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Dominant Zooplankton and Phytoplankton

The twenty most abundant taxa in the Wawa study lakes in mid June 

were chosen for computer plotting. Their plots were organized into five 

basic pH vs. density response patterns (Figures 44 and 45):

1 - Those species present at high density at low pH and low density at 

high pH were Cyclops bixcuspidatus, Diaptqmus minutus, Mesocyclops 
edax, Asplanchna vulgar j,s, Kellicotia longispina and Dinobryon 
bavaricum.

2 - Those species present at low density at low pH and high density at 

high pH wece Asterionella formossa, Ceratium Hirundineila and 

Microcystis aeruginosa (which failed to appear below a pH of 5.6).

3 - Species present at moderate density over the entire pH range of the 

Wawa lakes (e.g. eurytypic spp.) were Bosmina longirostris and 
Polyarthra vulgaris as well as the eurytypic algae Melosira sp. and 

Tabellaria fenestrate.

4 - Species present at low density in lakes of high and low pH and at high 

density in neutral lakes were the neutral stenotypic zooplankton such 
as Diaptomid copepodites and the colonial rotifier, Conochilus sp. as 

well as three algal taxa, Anabaena circinalis, Dinobryon divergens and 
Volvox sp.

5 - Only one taxa, Holopedium gibberum, was found at low density in lakes 

of neutral pH and at high density in lakes of both low and high pH.
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24-

Oaphnia Pu'e.x, 
7 Ctadcr.erar,

Diaptomid Copepodites, 
Juvenile Copspoc's

oigirostris,

! Ho'oped'um Gibbsrun, 
Gel s t: nous C,'jz?cff?n

Figure 44 - Density of eleven zooplankton taxa (no/1) in lakes of 
differing pH, 13-18 June, 1980, near Wawa, Ontario.
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Zooplankton Abundance Patterns.in the Wawa Study Lakes

Zooplankton densities never exceeded 35 individuals per litre. This 

density was only attained by the predatory rotifier, (Asplanchna 
preodonta). The average density was approximately 7 individuals of any 

one taxa per litre.

When zooplankton density of the eleven commonest species was plotted 
as a function of lake pH, three patterns were observed.

1 - Four species (Cyclops bicuspidatus, Asplanchna preodonta, Diaptomus 

minutus and holopediurn gibberum) achieved their maximum density below 
a pH of 5.0 (Figure. 17).

2 - Daphnia, an acid lake intolerant cladoceran species (Strom, 1926 and 

Sprules 1975) was found at low density (about 2 individuals per litre) 
between a pH of 4.8 and 6.8. At a pH of 7 (neutral) the Daphnia 

density suddenly increased to 10/litre (Figure 17). Daphnia pulex was 
the only Daphnid found at appreciable densities in the Wawa lakes. 

Two other taxa failed to occur at low pH, Diaptomid copepodites and 
the colonial rotifer, Conochilus.

3 - Bosmina longlrostris was bimodal in its abundance distribution pattern 

(Figure 17). To a lesser extent Holopedium gibberum and Mesocyclops 

edax displayed similar bimodal patterns.

Phytoplankton Abundance Patterns in the Wawa Study Lakes

Only nine phytoplankton taxa were abundant over a wide pH range, and 
only one of these, Dinobryon bavaricum reached its maximum density at low 

pH. The colonial green alga, Volvox, and the flagellated chrysophyte 
Dinobryon diverqens were absent at both low and high pH. The remaining 

six species were encountered in all the Wawa study lakes but attained 
their highest densities in circumneutral lakes. Absolute densities of the 

phytoplankton were not estimated for the reasons presented by Lohman 
(1972).
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Melosira Sp., 
Diatom

Microcystis Aeruginosa, 
Blue-Green Alga

Volvox Sp.. 
Green Alga

Tabellaria Fenestrata, 
Diatom

Dinobryon Divergens, 
Chrysophyte

Dinobryon Bavaricum, 
Chrysophyte

Ceratium Hirundinella, 
Dinoflagellate

Anabaena Circinalis, 
Blue~Green Alga

Asterionella Formosa, 
Diatom

Figure 45 - Relative density of the nine phytoplankton taxa described in 
the text.



- 79 -

Diatom Inferred pH

Year after year, diatoms growing in a lake die and settle out, 

accumulating in the lake's sediments. Therefore, it is possible to take a 

sediment core from a lake and use it to analyse the change in diatom 

species composition at successively deeper, and hence older, periods in 
the lake's past. It should also be possible to infer the pH of any lake 

at different periods (depths) in the lake's past from the ratio of acid 
loving diatoms (acidophilic species) to acid requiring species 

(acidobiontic species). To test this hypothesis, lake pH was inferred 

from the ratio of acidophilic to acidobiontic diatoms in the surface 

sediments of the twenty Wawa study lakes. These lakes ranged in pH from 

4.6 to 8.2, in elevation from 312-444 m above mean sea level, in surface 
area from 0.03 to 3.0 km^, in depth from 2 to 42 m and in total inflection 
point alkalinity from 1 - 180 microequivalents/litre (Table 6).

Diatom Indicators of Lake pH

The percent compositon of acid and alkaline-loving diatom species 

changes as one travels along the Wawa sampling strip from lakes A to T. 
(Figure 46). In general the more acidobiontic and acidophilic diatom 

species in a lake's surface sediments, the lower its pH. However, lakes K 

and T were obvious exceptions to this generalization. If only the 
planktonic diatoms were used in the calculations of lake pH from the 
Nygaard Index, the correlation between lake pH and diatom inferred pH was 

better than if both benthic and planktonic diatoms were considered 
together (Figures 47 and 48).

Nygaard Omega vs. Plankton Omega

When the pH was estimated from the 20 study lakes, using the Nygaard 

omega formula (Nygaard 1956) the diatom inferred pH was consistantly 
higher than the observed lake pH (Figure 47). When the omega value was 
calculated by omitting the benthic diatom taxa, a significant correlation 

(p 0.05) was recorded for the planktonic diatom inferred pH regressed
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against the observed lake pH (Figure 48). Thus the pH of a lake's surface 
waters is better reflected by its planktonic diatoms than its benthic 

diatoms because the benthic diatoms inhabit a portion of the lake where 
the pH differs substantially from that of the lake's open water 

environment.

Forty-one percent of the study lakes had a summer pH within one-half 
a pH unit of the planktonic diatom inferred pH while only 33 * of the 

study lakes had pH values which fell within half a pH unit of the observed 
pH. (Figure 47). Nearly three-quarters (74?o) of the planktonic inferred 

pH estimates fell within one pH unit of the observed pH of the twenty 
study lakes.

Variance Associated with the estimation of pH from Diatom counts

When six hundred frustules were counted for each of two replicate 

slides, the average pH ranged between ±0.4 pH units of the mean. Although 
the precision of this estimate can be improved slightly by inceasing the 

number of frustules to 2,000 per slide, and the number of slides to five 

(pH r mean ± 0.2 of a pH unit), we feel that the added precision does not 
warrant the enormous incrase in expended effort. In addition, accuracy 
may not improve significantly with incrased replication. For this reason, 
we recommend counting 600 frustules on each of two to three replicate 
slides.
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NYQAARO OMEGA

l
6 
lo
I
Q.

Theoretical (Idealized) 
Regression Line
Correlation Coefficient
= .191
n = 29, p ^ > 0.1
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Observed Lake pH (1980)

7.4 7.8 8.2

Figure 47 - The relationship between lake surface pH and diatom inferred 

pH based on surface sediment diatoms: Nygaard Omega

In conclusion, the diatom inferred pH is roughly 75* efficient in 
estimating the observed summer pH of a lake within one pH unit. The fact 

that lake pH changes substantially from spring to summer helps explain why 
the diatom inferred pH is not more precise. However, the annual mean pH 

of a lake may be estimated by the diatom inferred pH technique if one is 
willing to recognize that the diatom technique will never give us decimal 

accuracy.
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Figure 48 - The relationship between lake surface pH and diatom inferred 

pH based on surface sediment diatoms: Plankton Omega

What the diatom inferred technique does give us is a way of 

estimating the pH of a lake 40 tO 50 years ago, before acid rain was a 

significant problem. From this information, we can estimate how fast any 

particular lake is acidifying.
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DIATOM INFERRED pH FOR THREE WAWA STUDY LAKES

Three lakes were chosen for diatom analysis on the basis of their 

location in the 100 km long transect. Lake B was a clearwater, poorly 

buffered lake at low pH near the start of the transect. Lake F was a 

humic lake of neutral pH in the central area of the transect and lake T 

was located furthest from Lake Superior in a carbonate-rich, clay, 

overburden area.

Cesium-137 data indicated that the top 2 cm of sediment in each of 

the replicated cores taken from these three lakes represents an age of 

roughly 10 to 15 years. Thus, it is evident that during the last 10-15 

years, only lake B was acidifying. The diatom inferred pH has a precision 

of approximately 1/2 a pH unit. Therefore, it is not surprising that the 

diatom inferred pH of Lake B at O cm (4.6) is not identical to the pH we 

observed in the field in 1980 (5.0). In 1978 the observed field pH of the 

lake was 4.5. The precision of the field pH technique was fairly high 

(0.1 of a pH unit). However, seasonal variation in pH may exceed 0.5 of a 

pH unit. The surface sediment diatom inferred pH is based on a composite 

sample of the average pH of the lake over the last five years. For this 

reason it reflects long term trends while ignoring or averaging out short 

term seasonal fluctuations.

Lake B reached its lowest level (pH 4.0 at a depth of 8 cm) roughly 

40 years ago (according to Cesium-137 projections). Possibly a forest 

fire or logging operation caused this decrease in pH at that time. 

Further work is planned to permit us to pin down the changes in pH as 

inferred by diatom analysis and the actual changes have been recorded in 

the lake's watershed.
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Core B Core F CoreT

r
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PH
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Figure 49 - Sediment Depth/Diatom inferred pH for Lakes B, F and T 

Wawa Sampling Strip.

The diatom inferred pH of Lake F based on its surface sediments was 

6.9 (Figure 49). The observed pH was 7.1 (Part II). Over the last 
10-15 years, lake F appears to be becoming less acid. In 1978 the Ontario 

Geological Survey measured a pH of 6.6 in lake F indicating that its pH 
has shifted over half a unit in pH in just two years. The diatom inferred 

pH pattern supports this observation of rapid deacidification. The 

reasons for this shift and those proceeding it (Figure 49) are not known.
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The lowest diatom inferred pH of this humic lake was 5.4 and the highest 

diatom inferred pH was 7.8. Increases in the amount of Humic matter 
generated in and around the alke will act to alter its buffering capacity 

according to recent studies. Further study is clearly needed to better 
understand the reason for the large shifts in pH over the last 200 years 
in lake F.

Lake T ranged in diatom inferred pH from a low of 7.0 to a high of 
8.8. During the last 10-15 years it appears to be becoming more 

alkaline. In 1978 its observed summer pH was 8.0 while in 1980 its summer 

pH was reported as 8.2. The diatom inferred pH at the surface was 8.8 

while at 2 cm it was 7.8 confirming the above trend of increasing pH. The 

fact that even well buffered lakes such as "T" may change 1 - 2 pH units 
over a 200 year history was unexpected. Classically, these lakes have 
been thought to be fairly pH stable due to their huge buffering capacity.

To test the hypothesis that major shifts in pH can occur in even a 
well buffered lake following changes in its watershed (such as droughts or 

floods or fires) a pH baseline is needed. We feel that the efforts of the 

Geological Survey of Ontario to establish a pH baseline data bank for over 

4,000 Ontario Lakes will prove invaluable to future generations.
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CONCLUSIONS

The midsummer phytoplankton and zooplankton standing crop in the low 

pH, clear water Wawa lakes were only somewhat lower than in the other 

lakes. The species richness of these clear water, acid lakes (pH - less 

than 6.0) was significantly lower than the rest of the Wawa study lakes. 

Thus it can be concluded that these acid lakes exhibit a substantial 

reduction in the variety of planktonic life forms inhabiting them.

Rotifers never comprised a major fraction of the biomass of the Wawa 

study lake zooplankton. Even in lakes where the rotifers were numerically 

dominant, they rarely comprized more than 52o of the total zooplankton 

biomass. Lakes with low pH, however, had a tendency to have 

proportionately more rotifer species.

Fishless lakes (e.g. lake B) have been reported to have proportion 

ately more predatory crustaceans than lakes with normal fish assemblages. 

Future studies will be conducted in such a way that data on fish species 

composition will be available. Only three of the 20 Wawa study lakes had 

been previously studied in terms of their fish species.

Zooplankton species composition in the low pH lakes was similiar to 

that described by Sprules (1975). Diaptomus minutus was a common copepod 

in these lakes as were Mesocyclops edax, and Cyclops spp. Bosmina 

longirostris was generally the dominant cladoceran.

A significant correlation between surface sediment diatom inferred pH 

and the observed pH of 20 Wawa study lakes was found, planktonic diatoms 

were better indicators of lake pH than benthic diatoms.

The significant correlation between observed pH and diatom inferred 

pH offered the possibility of an indexof paleo pH. This index was 

employed in extimating the rate of acidification of three of the Wawa 

study lakes.
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PALYNOLOGY - GENERAL DISCUSSION (J. Terasmae)

As a general rule, the fossil pollen found in sediments of small 

lakes reflects the vegetation in the surrounding area commonly some tens 

of kilometres in diameter. In addition, some pollen is derived from 

aquatic vegetation within the lake, near-shore vegetation (for example, 

muskeg around lake), and also from distant sources.

The bulk of pollen is dispersed by wind, although some pollen is 

tranported by streams, surface water runoff, and insects. It must be 

rememberd, furthermore, that plant species vary greatly in terms of their 

pollen production. Therefore, species with high pollen production (for 

example, pine) are overrepresented by their percentage in the pollen 

diagram as compared with their abundance in the vegetation, whereas 

species with low pollen production are underrepresented by their 

percentages in the pollen diagram. Because of this, percentages of pollen 

in a diagram do not necessarily imply egual percentage composition of 

species in the "parent" vegetation.

The construction of pollen diagrams for this study involved the 

following basic principles. In each sample, a total of 200-300 tree 

pollen (arboreal pollen) were counted. This total count comprises the 

"basic sum," and all percentages in the pollen diagram are calculated with 

reference to this basic sum, i.e., the total number of tree pollen counted 

equals 100*. The non-tree pollen (non-arboreal pollen, NAP) counted at 

the same time is also expressed as a percentage of this basic sum.

The Ambrosia (ragweed) pollen found in the top 10-15 cm of lake 

sediment cores is presumed to be derived from distant sources by 

atmospheric transport, probably from areas south of Lake Superior. There 

is no obvious major source of Ambrosia pollen in the immediate study area 

that is forested and has no agriculturally cleared land.
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According to Rowe (1959) the study is in the Superior Section (B.9) 
of the Boreal Forest Region where forests are quite variable, ranging from 
mixed types with luxuriant shrub undergrowth to floristically poor, single 
species coniferous types. A relatively stable mixed forest of white 
spruce (Picea glauca), balsam fir (Abies balsamea), white birch (Betula 
papynfera), and aspen (Populus tremuloides) is characteristic of the 
deep, medium-textured valley soils. On till slopes and the tops of low 
hills, the same associations of species is found but with the birch more 
prominent and some black spruce (Picea mariana) also appearing. Here 
mountain ash (Sorbus decora)is conspicuous as a tall shrub or small tree. 
The higher, more rocky elevations, and sand and gravel in the valleys bear 
jack pine (Pinus banksiana) and white birch, with black spruce of poor 
form. Silts and sands in wet lowlands, where muskeg is common, are 
characterized by spruce, tamarack (Larix laricina), white cedar (Thuja 
occidentalis), and other common species of peatland plants.

This forest section has been subject to forest fires apparently 
throughout postglacial time and fires have favoured an increase in the 
proportion of aspen, white birch and pine.

Some more southern tree species are present occasionally, including 
white pine (Pinus strobus), red pine (Pinus resinosa), black ash (Fraxinus 
nigra), sugar maple (Acer saccha^um) and yellow birch (Betula lutea).

The forest cover described above is generally indicated by all pollen 
diagrams. There are a few pollen grains of southern tree species present 
in some pollen assembleges, probably derived from the same source areas as 
the Ambrosia pollen.

Conclusions

From the viewpoint of acid precipitation the palynological investiga 

tion was of considerable importance because it enabled us to distinguish 

between pre and post Ambrosia lake sediment material in all the cores 

studied. This in combination with data for wet weight, dry weight and loss 

on ignition led us to postulate a uniform sedimentary situation in the 

lakes during both pre and post Ambrosia time.

The series of detailed pollen diagrams provide a data base for study 

of detailed relationships between the pollen deposition and the element 

depostion in the core material. These relationships will be examined 

further in Part III of this report.
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LAKE SEDIMENT CORE GEOCHEMISTRY by (J.A.C. Fortescue)

Introduction

A full statistical analysis and interpretation of the lake sediment 

core geochemistry and its relationships to the limnology data will be 

included in Part III of this report. In this section we are concerned 
largely with general descriptive geochemistry of the abundance patterns 

for pH and chemical elements in the cores. To facilitate comparisons of 
ptterns feom element to element and from core to core KK units are used 

throughout this section. Full listings of the geochemical data (in both 

ppm and KK units) are included in Paret II of this report (pages 11-17) 
for each lake section). The diagrams in this section are drawn from this 

data with minor changes made in order to facilitate the plotting process.

A - The pH data for Lake Waters

The 20 lakes included in the Wawa study were chosen on the basis of 

the pH data included in the 1978 regional geochemical survey north of Lake 

Superior. (OGS Open File No. 5248 A 5249). The first aim of the present

ABCDEFGH JKLMNOPQRS

Figure 50 - The pH of lake water samples collected along the Wawa sampling 
strip in 1978 and 1980.
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study was to compare the 1978 and the 1980 lake water pH data in order to 

detect significant changes in pH during the 2 year period. It was thought 
that such changes might relate directly to the acid rain problem 
particularly in lakes with a pH in 1978 below 6.0.

Comparative plots of the two sets of pH data appear as Figure 50. 

Clearly the pattern of pH values is indentical for the two years although 
the measured values are (with one exception) higher in 1980 compared with 
1978. On the basis of this evidence we conclude that the pH patterns in 

surface lake waters are stable and verifiable from year to year although 

the absolute pH value changes with time. Such time changes may be within 
a season, or between seasons, or a combination of both. We believe that 

information of this type provides a firm foundation for the discussion of 

pH patterns obtained in regional geochemical mapping provided that they 
are synoptic and data is not combined from year to year. The 1980 value 
for pH in lake D is of interest in relation to the problem of acid rain, 

because the lower pH occurred in 1980 and not 1978 as in all the other 

lakes. Perhaps annual measurements of pH of lakes below pH 6 may be used 
for the detection of acid rain effects on a regional scale.

B - Element Data from Lake Sediments in 1978 and 1980

In the 1978 regional geochemical survey a grab sampler was used to 
obtain a sample of sediment material below the water sediment interface in 
each lake. In the 1980 study a more detailed approach was used involving 

the collection and sectioning of lake sediment cores extending downwards 

from the lake bottom for 50 cm. Because we found that the content of 
elements in the pre-Ambrosia sediment within each core to be relatively 
uniform it was decided to compare data for the abundance of copper and 

uranium obtained during the 1978 survey (see Figure 16 and 17) with that 

obtained from the 15 segment (32.5-35.0 cm deep) in the 1980 cores 

(Figure 51).
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Figure 51 - Copper and uranium content of lake sediments collected from
the Wawa sampling strip by different methods in 1978 and 1980,

It is evident from Figure 51 that, in spite of the fact that different 
samplers were used and that no attempt was made to resample in exactly the 

same spot in 1980, the two sets of data for the two elements are similar, 
and the patterns are stable from year to year. Although the data is 
semi-quantitative and the element comparisons are based on results from 

different techniques of chemical analysis it should be noted that the 
uranium content of the most acid lakes (see Figure 50) was found 
consistantly higher in 1980 compared with 1978.
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C - Loss on Ignition Wet Weight and Dry Weight

Loss on ignition, wet (and dry) weights of samples and element 

abundance may all be used to indicate if sediment conditions have been 

uniform within a given lake. The general patterns for the surface 

(Post-Ambrosia) and the subsurface (Pre-Ambrosia) element content of 

samples from all 20 lakes was outlined in Chapter II. In Figure 52 the 

loss on ignition data for the same samples has been plotted in order to 

indicate the variation of this parameter along the sampling strip. The 

open dots indicate variations in surface sample loss on ignition data 

greater than the analytical error to be expected, (see Table 5) It is 

evident that all cores are organic except for Core E which came from a 

lake with a sandy bottom and has a low loss on ignition for both pre- and 

post-Ambrosia sample material.

Q R S

Figure 52 - Percent loss on ignition for 02 and 15 core segments collected 
along the Wawa sampling strip, (also see Figures 22a, b and c)
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On the basis of geological considerations four lake sediment cores 

were selected for detailed discussion in this section. Cores B-j, F 2 , M^ 

and T-] were selected as being representative of the geological regimes 
(I-IV) along Wawa sampling strip, (see Chapter II).
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Figure 53 - Wet weight, Dry weight and Loss on Ignition for cores 
selected for study along the sampling strip.

As expected the wet weight of all the cores was very similar with a 
slight increase down each core due to compaction. This effect was 
exaggerated somewhat by the drying process. (Figure 53) The loss on
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ignition data indicates that, with the exception of core MI, all segments 

are similar within a given core below the topmost sample. It was noted 

that the loss on ignition was consistently higher in the two cores (M 4 T) 

from the north, compared with those from the south of the sampling strip.

D - Geochemical Signatures

The geochemical data base for the lake sediment cores is bulky and 

difficult to interpret in its entirety. Even when only two samples are 

considered from each core difficulties arise, for example, in Chapter II, 

three pages of figures were needed to present their chemical data. In 

order to get around this difficulty "KK signature diagrams" were drawn to 

provide an overview of the abundance of 20 elements in a single core 

segment. (Figure 54). These diagrams facilitate comparisons of abundance 

for many elements from sample to sample and core to core.
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The "signature diagrams" are constructed as follows. All data for 
the 20 elements is transformed into KK units as described in Chapter I. 

Then the KK values for each element within a core segment are plotted on a 

log scale. Experience has shown that two log cycles are adequate for most 
plots of this type (Figure 54). Visual comparison of element abundance in 

samples with respect to the Clarke (KK) value is simplified by these 

diagrams. When all the elements are considered together the result is a 

"geochemical signature". Such signatures relate to the sum, of the 
geological limnological and ecological conditions in the lake (and lake 
basin) and are unique for each lake.

When we consider the geochemical signatures for lakes B,F,M and T 

(Figure 54) it is apparent that those for lakes B and M (over 
predominantly granitic terrain) are different from those for F and T (over 
predominantly basic rocks). More specifically, the KK plots for 

Al,Fe,Mn,Ca,Mg,Na,K, Ti,Sr,Zr,Cr,Ni and Cu are almost identical in lakes B 
and M., although
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differences are also apparent. For example, V is high in core B compared 

with core M and U is (as expected from Figure 51) exceptionally high in 

core M. Variations in Zr,Pb,As and Hg are also of interest-particularly 

as the signatures on Figure 54 are for the Pre-Ambrosia sample. 

Consequently, there is a variation in the background level of these 
elements in the deep core segments which must be taken into account when 

the post-Ambrosia patterns for the same elements is interpreted.

When signatures for cores F and T are compared the most important 

difference is the calcium abundance which is low in lake F and extremely 
high in core T. This overprints the bedrock geological differences and is 
due to the calcium carbonate associated with the Barlow-0jibway 

sediments. Otherwise the relatively low abundance of Cr,Ni,Cu and V in 
lake T compared with lake F suggests that the nearby granitic terrain 

inputs these elements as well as the greenstones. Geochemical signatures 
for all 20 lakes should be studied as an essential preliminary to further 
interpretations of the pre-Ambrosia conditions along the sampling strip. 
The quantification and statistical analysis of geochemical signature lies 

outside the scope of this report.

In general, we believe that the use of geochemical signature diagrams is 
an important link in the chain of interpretation of the geochemistry of 

lake sediments.

E - Vertical distribution of Elements in Lake Sediment Cores

Each element included within the geochemical signature was determined 

in the 20 sediment core segments from each lake. Vertical plots of this 
data fall into two groups, one in which the element is of relatively 
uniform distribution within the whole core and the other in which there is 
either and increase, or decrease, in content towards the water/sediment 

inferface. As an example, data for Al and P are plotted on Figure 55. 

Phosphorus is an element which was found to vary little within a given 
core. It also has an abundance close to that of its Clarke (Figure 55). 
Although, there are some relatively slight variations, for example, in 
core T there is a slight decrease towards the lake bottom. In many ways 
the data for Al is similar to that for P except that the former is half as
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abundant as in the earth's crust in three of the cores. In the fourth 

core (T) there is a lower level of abundance from the lake bottom to the 

vicinity of the Ambrosia rise and then a gradual increase further down. 

This suggests, but does not prove, that conditions in the lake were gradu 

ally changing (e.g. from basic to acid ?) during pre-Ambrosia time and 

subsequently the change was reversed. Confirmation of this trend might be 

obtained from sediment diatom studies to indicate paleo pH of the lake.

The low Al values in core T are paralled by the opposite pattern for 

Ca (Figure 56). In this case, very high Ca was found in all pre-Ambrosia 

samples for core T with a decrease subsequently. As in the case of Al and 

P the Ca content of cores from lakes B,F and M remained almost constant in 

both pre- and post-Ambrosia time. The content of Mg is relatively high in 

lakes F (i.e. above basic rocks) and T (as an impurity in the glacially 

derived carbonates ?) compared with the other two lakes. When the pat 

terns for Fe and Mn are compared (Figure 56) it is seen that these 

elements are low in lakes located in predominately granitic terrain 

(i.e. B and M) and high in the lakes in areas underlain by basic rocks. 

It may be significant that the Fe content of samples in post-Ambrosia 

samples from lakes F and T are very similar compared to those for 

manganese where the element increased significantly in lake F and 

decreased in lake T. These variations may be found statistically 

significant when the data base for all lakes is examined systematically 

later on.

Let us now consider vertical distribution patterns for four elements 

As,Ph,Hg and Zn, which increase in abundance during post-Ambrosia time 

(Figure 57). The patterns for Hg is interesting because, although the 

element is relatively uniform in vertical distribution in all four cores 

(Figure 57), the overall level of this element decreases along the 

sampling strip from south to north. (Figure 58) It is evident from 

Figure 58, that there is a regional geochemical gradient for Hg along the 
sampling strip length of 100 km. Further, the pattern suggests that the 

increase in the Hg content of the post-Ambrosia sample (open circles on 

Figure 58) is related to the level of the element in the pre-Ambrosia
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material and not to fallout from the atmosphere. Thus both pre

post-Ambrosia samples are required to distinguish natural

anthropogenic gradients on the regional scale.

C 3 -

04-

05- 

05-

07 
tr

C8

, 2 -

01
02-

03-
04-

05-

06- 

07
08-

09-

OT 12 -
UJg*J

|4 -

15 -

16 -

17 -

18 -

19 -

20

01

05

As
KK UNITS

5 I-O

Zn

IO 20

Core

Ol 
02-J 

03
04-

05-

06- 

07
08-

09- 

IO -

!2 -

13 -
14 -

15 -

16 -

17 -

18 -

19 -

20

Ol

01
02-

03-

04-

05-

06-

07 
ir

l 09-
5 10-
UJ

ui
CO

g 13 -l 
o

14 -

15 -

16 -

17 -

18 -

19 -

20

Ol

05 -l

F 2 ...

Ml -

K K UNITS 
5 I-O 5

Pb
KK UNITS

5 IO

Hg

and 

from

JO__20

IO 20

Figure 57 - Vertical distribution patterns for arsenic, lead, zinc and 
mercury on lake sediment cores B-j, F2 , M-j and T-].



- 102 -

The patterns for Zn in the four cores (Figure 57) tend to mimic those 

for Hg, although, in the case of Zn, the pattern in core T is more 

complicated and resembles that for Al (Figure 55). When the Zn of pre- 

and post-Ambrosia samples is examined along the whole sampling strip 

(Figure 22c) the pattern is seen to be similar to that for Hg, although 

the slope of the regional gradient is less pronounced. We conclude that

Hgo u

JKLMNOPQ"S T

Figure 58 - The abundance of Hg in pre- and post-Ambrosia core segments 
from each of the 20 lakes in the Wawa sampling strip.

the gradients in the Zn and Hg data are associated with variations in the 

input of these elements into lakes in both Pre- and Post-Ambrosia time. 

They are not considered to be due to anthropogenic effects, (see 

Figures 22c and Figure 58).

The Distribution of Elements in Both Space and Time

The distribution patterns for As and Pb in the 02 and 15 segments of 

lake sediment cores were plotted on Figure 22c. Inspection of these 

patterns suggests that the content of these elements has substantially 

increased in post-Ambrosia time. In general, the abundence of As appears 

to have been relatively uniform in Pre-Ambrosia time along the sampling 

strip which is in contrast to Pb which increased slightly from south to 

north before man's entry into the area.
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In order to examine these patterns in more detail a "fingerprint 

diagram" (Figure 59) was drawn in which the variations in content of As 

and Pb in space (i.e. along the sampling strip - 100 km) and in time 

(i.e. down the sediment cores from post-Ambrosia to pre-Ambrosia time are 

listed on the same diagram. In order to facilitate interpretation of the 

data it is divided up into four groups based on bedrock geology as 

described previously (see Figure 22).

BEDROCK GEOLOGICAL SUBSTRATE TYPE

Fingerprint diagrams for the distribution of As and Pb in the 
lake sediment cores of the Wawa sampling strip.
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The pattern for As on Figure 59 is surprising. During Pre-Ambrosia 
time the fingerprints for the core segments plotted (i.e. for 5 cm 

intervals) indicate a gradual increase in As content from the deeper to 

the more shallow segments. This trend is small in Groups I, II and IV and 
more marked in the six lakes of Group III. In post-Ambrosia time, the As 

pattern remains the same in Group I but the content increases dramatically 

particularly in Lake B. A similar increase was detected in the cores of 

Group II. In Group III levels of As remained similar to those in the core 
segments just prior to the Ambrosia rise, whereas, in Group IV the content 

of As tended to remain the same in both pre- and post-Ambrosia segments 

with a marked decrease in levels at the top segment, (Figure 59). It is 

concluded that the As pattern is related to the whole fingerprint diagram 
and that both pre- and post-Ambrosia lake conditions must be used to 
explain the variations within one, or all, of the lakes studied.

The fingerprint diagram for lead was drawn using all core segments 

because the chemical data for Pb was not as complete as that for As. 

(Figure 59). The Pb content of cores in Group I is reproducible and 

uniformly low prior to the Ambrosia rise and just after it (Segment 05). 
It then increases dramatically before decreasing again in the topmost 

segment. In Group II the level of Pb is seen to be variable in 
Pre-Ambrosia time and then increases in younger samples. The data for 

Group III lakes (underlain by granitic rocks) is more variable than that 

for Groups I or II but the patterns are generally similar and 

recognizable. (Figure 59). The lakes of Group IV appear to be in two 
groups with respect to Pb. Lakes O,P and Q are associated with relatively 

low Pb until the two topmost segments compared with lakes R,S and T which 
are found to have a consistently higher Pb content in both Pre- and 
Post-Ambrosia time. This difference may be associated with the increase 

in glacially derived carbonates in the layer of surficial material.
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We conclude that the fingerprint diagram is an excellent means of 
scanning the abundance of an element within each of 20 sements collected 

from each of 20 lakes. Experience with As suggests that the patterns for 

specific elements in pre- and post-Ambrosia time will be detected using 

data from alternate core segments, and the plot for Pb substantiated this 
supposition.

The fingerprint diagram focuses attention on the important role of 

geology in determining the abundance of elements within lake sediments of 

a given area. It also indicates that inputs of elements vary consistantly 

within groups of lakes underlain by the same bedrock type.

We conclude that the use of the signature diagrams to locate elements 
of interest and fingerprint diagrams to indicate both pre- and 

post-Ambrosia patterns in the data for elements of interest provides a 

powerful first step towards the description of subtle environmental 
changes in lakes in the region north of Lake Superior.
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INTERPOLATION OF GEOCHEMICAL DATA ON SURFACE WATERS BACK TO THE REGIONAL 

SCALE (I. Thomson)

Introduction

In this section, an attempt is made to extrapolate back into the 

regional geochemical data base using information obtained during the 

follow-up study. The justification for this is seen in the stability and 

reproducability of the distribution patterns for pH in lake waters between 

the 1978 reconnaissance and the 1980 follow-up.(Figure 50).

Key Results from the Follow-up Study

The follow-up study has provided field data in support of theoretical 

and laboratory work which shows that there is a relatively simple 

relationship between pH, alkalinity and calcium in the lake waters. This 

is r jdified by the presence of sulphate in that, at a pH of 6.3 to 6.6, 

carbonate is displaced by sulphate as the dominant anion in the dilute 

shield lakes.

The study has further indicated the role of geological substrate in 

providing carbonate material which gives the alkalinity necessary to 

buffer lakes at neutral (or slightly alkaline) conditions.

In addition, the follow-up has shown that small headwater lakes tend 

to be more acid and have less alkalinity than larger lakes lower in a 

"staircase".

Amongst these findings, the pH/alkalinity/sulphate interrelationship 

is of most immediate interest because of its relevance to the problems of 

acid precipitation. Knowledge of areas where alkalinity is low and 

possibly displaced by sulphate is important since lakes with this 

characteristic are highly susceptible to acidification; indeed they may 

already have suffered acidification.
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Figure 60 - Frequency of lakes at or below the indicated pH levels along 
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The Character of the Regional Data Base

Of the critical water parameters, only pH was determined in the 

(1978) regional survey. However, since the pH/alkalinity/sulphate 

interrelationship has a critical inflection point at pH 6.3 to 6.6, could 
this be applied to the regional data?

The regional data base has the following characteristics:

1 - It is based on a grid pattern of sampling.

2 - The lakes are selected for sampling on a random bais controlled 
by their proximity to the grid network.

3 - There is a bias towards lakes with small catchment areas because 
of the requirements of the regional geochemical mapping.

4 - The lakes sampled comprise a near random mixture of lakes at 
different levels in the "staircase" of catchments.

5 - The lakes sampled comprise a near random selection of clear and 
humic lakes.

The regional data base is thus seen to comprise a near random 

population representative of all lake types. This variability is probably 

responsible for the "noise" or scatter in pH values seen in the regional 

data. Reference to the 1978 survey shows many examples of adjacent lakes 

on the sample network with different absolute pH values which can be 

readily attributed to relative position in the "staircase" of lakes within 
a catchment.

The Working Hypothesis

An alternative approach to interpretation of the data is to recognize 
that the sample population is near randomly mixed and thus the FREQUENCY 
with which an event takes place is a significant way of describing the 
regional character of any part of the data. Thus the frequency of lakes 

below the critical inflection point of pH 6.3 to 6.6 is descriptive of the
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increased sensitivity to acidification. Examination of absolute pH values 
within any area first described on the basis of frequency characteristics 

may be considered a means of estimating the intensity of acidification.

Application of the Working Hypothesis

This approach was first applied on a trial basis to the Wawa sample 

strip. The frequency percent of lakes at, or above, and below various pH 

values was calculated for each 5 km X 20 km segment of the sampling strip 
(Figures 60 and 61).

A general convergence of information at pH 6.0, 6.3 and 6.5 is noted 

which separates a large field of more alkaline lakes from a smaller field 

of more acid lakes. An empirically satisfying optimum is found in the 
curve at pH 6.3. It is seen that the frequency distribution ranges from 

1005o below 6.3 over the granite at the southwest end of the stip to 100* 
above pH 6.3 at the northeast end over the calcareous, carbonate-rich 

drift.
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Figure 62 - Frequency of lakes pH 6.3 or below



- 110 -

In general descriptive terms, it is most interesting to note the 

similarity in symmetry for the pH 6.3 frequency curve along the sampling 

strip and the sulphate pattern in the twenty lakes selected for study. 

(Figure 23). In particular, attention is drawn to the local increase in 

the frequency of acid (pH 6.3 and below) lakes between O and 5 in the same 

general area where the follow-up revealed increased levels of sulphate in 

the lakes selected for study. (It should be noted that the follow-up 

lakes, although enriched in sulphate, all have pH values above 6.3.) This 

convergence of general chemical distribution patterns appears to further 

confirm that frequency is indeed a good measure of the regional condition 

of lake water systems.

The frequency of lakes at or below pH 6.3 was thus determined for the 

entire regional data base. For this, the frequency of lakes at or below 

pH 6.3 was computed as a percentage of the total number of lakes within a 

search area 20 km in diameter. This search area was applied 

systematically across the region with a 75?o overlap jetween successive 

search samples. The resulting data were compiled and are presented as a 

contour plot in Figure 62.

General Descriptive and Evaluation of the Regional Patterns

Examination of Figure 62 reveals numerous small but significant 

differences between the frequency of acid (pH 6.3 or less) lakes as 

opposed the absolute pH as shown in Figure 2. The following points are 

considered most significant at this time:

1 - There is evidence of an increase in the frequency of acid lakes 
from northwest to southeast around the margin of Lake Superior. 
This graient shows a general correlation with precipitation 
(Figure 63) and hence, by inference, exposure to "acid rain".

2 - At the local scale, the highest frequency of acid lakes tends to 
occur over granitic (felsic igneous) bedrock (Figure 64) where 
the geology can provide, at best, only minimal quantities of 
carbonate to lake water systems.
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3 - A Local gradient is seen north and east of Sault Ste. Mane with 
the frequency of acid lakes decreasing with distance from town. 
It is suggested that this patter may reflect local total, 
pervasive low level acidification of lakes due to sulphur 
emissions from the stell mills in the city.

4 - No such clear gradient pattern is noted at Wawa, despite the 
presence of the sintering plant (a known source of S0.2) with 
associated fume kill. It is suggested that the availability of 
carbonate in the greenstone rocks around Wawa provides sufficient 
buffering capacity to reduce the local impact of sulphur 
emissions on the lake water systems.

Mean Annual Precipitation 
in millimetres.

5 - Large areas along the northern part of the regional survey area 
are characterized by a low (5* or less) frequency of acid lakes. 
These areas are underlain largely by calcareous drift in the east 
and central sections and diabease (a rock type somewhat enriched 
in Ca and feromagnesium minerals which weather to yield carbonate 
complexes) in the west. These geological substrates are
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considered to provide a high carbonate buffering capacity to the 
lake water systems. These areas are further characterized by 
lower annual precipitation rates and hence less exposure to acid 
rain.

6 - The frequency of acid lakes within the regional survey area is 
bimodal and positively skewed. The two populations describe 
dominantly alkaline systems (O to 5ft of lakes pH 6.3 or below) 
and more dominately acid lake systems (greater than 20?o of lakes 
pH 6.3 or below); the latter population is positively skewed. 
Using these natural distribution characteristics, it is possible 
to simplify the data further into alkaline lake water regimes 
(O to 5?o frequency), acidified lake water regimes (greater than 
203a frequency) and transitional regimes (6 to 20?o frequency). 
This information presented in Figure 65.
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Felsic igneous, migmatite and metamorphic rocks
( Archaean )

Figure 64 - Sketch Geology
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Particular interest lies in the transitional lake water regimes. For 
much of the area north of Lake Superior, the transitional area is a narrow 

strip marking the boundary between acidified and alkaline regimes and 

appears to be controlled by the contact between contrasting geological 
substrates (the limits of calcareous drift and diabase). HOwever, two 

large areas of transitional lakes are noted when a strong local control is 

anticipated: 1) a large area north of Thunder Bay, underlain by 

greenstones and felsic igneous rocks, b) an area north of Wawa. Further 
consideration is given to the area north of Wawa.

ACIDIFIED

PRINCIPAL LAKE WATER REGIMES
Figure 65 - Principal lake water regimes.

The area of transitional lakes north of Wawa extends 

southwest-northeast cross-cutting the precipitation pattern and extending 
into the areas of known "claybelt" country and other calcareous drift 
cover. The area is, however, down-wind of the Wawa smelter and it is
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suspected that this area is influenced by the strong local source of 

sulphur emissions from the sinter plant which overprint the regional 

pattern.

It is noted that the Wawa follow up strip encroaches on this area of 

transitional lakes between segments O and S, exactly the section in which 

high sulphate was recorded in the lakes sampled in detail. This is seen 

as final confirmation of the strength of the empirical interpolation 

between the follow up and regional survey data sets.

Conclusion

It is indeed possible to re-evaluate the regional lake water pH in 

the light of findings made during the follow up study. This is achieved 

using a working hypothesis based on the character of the regional data 

base and key indicators found in the follow up. The frequency of lakes at 

or below the critical pH of 6.3 is used to reclassify the regional data. 

The resulting map is found to be empirically satisfying, providing a 

readily interpreted descriptive representation of the condition of lake 

water systems across the area. A fair measure of complexity is recognized 

with local features related to the influence of both geological substrate 

and discrete pollution sources. The frequency map is seen to be subtly, 

but significantly different from that produced using absolute pH values.

It is concluded that this approach provides a reasonable first 

approximation of the regional characteristics of lake water systems. It 

is realized that the procedure is essentially descriptive, and relatively 

lacking in an absolute quantifiable sense. However, the patterns produced 

are strong, coherent, interpretable and apparently verifiable.

It is recommended that further consideration be given to the

suitability and efficiency of this procedure and that follow up work be

carried out to verify the nature of the lake water regimes so identified.
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GENERAL CONCLUSIONS 

WATER CHEMISTRY AND LIMNOLOGY

1 - The pH gradient pattern in surface waters of the 20 Wawa lakes is 
stable and verifiable from year to year. This is in spite of the fact 
that pH observations within a series of 20 lakes may differ as much as 
0.5 pH unit between 1978 and 1980. (Figure 50).

We conclude that the measurement of pH in waters used in regional 
geochemical surveying provides an adequate foundation for the 
discussion of pH patterns on a regional scale.

2 - The lowest pH values occur in dilute poorly buffered soft water lakes 
with extremely low alkalinities (less than 10 mg/1 CaC03) developed on 
granitic bedrock. The highest pH values occur in well buffered hard 
water lakes with very high alkalinities (greater than 100 mg/1 CaC03) 
developed on a substrata of calcareous drift.(Figure 19 and Figure 23)

3 - A statistically significant interrelationship was found between the pH 
of surface lake waters, the elevation of the lake surface and the area 
of the lake. Small lakes at relatively high elevations tend to have 
the lowest pH within a given area. These tend to be the headwater 
lakes of individual catchment systems.

4 - Theoretical considerations suggest that in lake waters below a pH of 
6.3-6.6 the dominant anion shifts from HC03 to SQ^. This shift is 
accompanied by a decrease in alkalinity. A study of lake water 
chemistry in the 20 Wawa lakes chosen to include a pH gradient 
provides support for this supposition, because a decrease in pH of 
surface waters is accompanied by an increase in SO^. (Figure 23)

5 - It is concluded that low pH (i.e. softwater) lakes are of two types. 
One type is characterized by a brown colour due to humic materials in 
the waters and the other is clear. Information from one clear lake 
(lake B) suggests that lakes of this type are more easily acidified 
(by acid precipitation) than the brown humic lakes.

6 - Preliminary close study of diatoms in the 20 lakes along the pH 
gradient revealed a significant correlation between pH measured in 
waters in 1980 and inferred pH based on diatom abundance. 
(Figure 48). This is seen to offer a theroetical basis for a paleo pH 
index to measure pH in lake sediment cores and preliminary research 
along these lines in lakes B,F and T was completed successfully. 
(Figure 49)

7 - Extrapolation of pH data obtained during the followup study back to 
the regional scale (1978 data) indicated that strong, coherent and 
interpretable patterns exist in the data which are apparently 
verifiable from year to year. We conclude that these patterns may be 
used as a reliable guide to the condition of the lake water system in 
relation to the problem of acid precipiation. (Figure 65)
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GENERAL CONCLUSIONS 

REGIONAL GEOCHEMISTRY AND LAKE SEDIMENT CORES

1 - Regional geochemical patterns for chemical elements in lake sediments 
collected in 1978 and 1980 were stable and verifiable (Figure 51). 
This is significant because the sampling method and location of 
sampling points within a given lake were different in 1978 compared 
with 1980.

2 - Palynological investigations confirmed that the Ambrosia rise could be 
detected in all sediment cores investigated from the Wawa lakes. It 
is assumed that in the Wawa area the Ambrosia rise is associated with 
the time period 1850-1890. More detailed palynological data combined 
with wet and dry weight data on cores segments and the results from 
the loss on ignition test indicate that the sedimentation rate in the 
lakes has not varied in post-Ambrosia time compared to older parts of 
the cores. (Part II Lake section page 9, Figure 53).

3 - Vertical distribution patterns for most chemical elements studied in 
the lake sediment cores were found to be relatively uniform from lake 
bottom to a depth of 50 cm. Exceptions were As,Pb,Hg and Zn which 
increased significantly in the topmost (le.e post Ambrosia) parts of 
the cores. (Figure 57) Consequently, these elements were selected to 
be of greatest interest with respect to possible anthropogenic effects 
including acid precipitation. However detailed exampination of the 
distribution patterns for arsenic and lead in all 20 study lake cores 
(using "fingerprint" diagrams Figure 59) suggest a natural rather than 
an anthropogenic explanation for these patterns.

4 - Study of the lake sediment cores using 2.5 cm segments indicated that 
this approach was too general for the detection of subtle changes in 
lake sediments during the last 50 years due to acid rain. We conclude 
that a two stage approach is required 1) to collect undistrubed lake 
sediment cores in order to discover if conditions are suitable for 
detailed study (i.e. the presence of layers, or varves in the cores) 
and 2) a more detailed approach which would allow for study of 
individual varves.

5 - We conclude that for the purposes of regional geochemical surveying 
for environmental purposes it is essential to use cores for sampling 
and study a surface (i.e. Post-Ambrosia) and a subsurface (i.e. 
Pre-Ambrosia) lake sediment core segment in each core. This is 
because each lake was found to have a unique "geochemical signature" 
involving the abundance of both major and minor elements. (Figure 54) 
Such a signature would be established on the basis of the deep sample 
and modifications in Post-Ambrosia time would then be apparent.
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RECOMMENDATIONS

1 - That a further followup investigation be completed during the summer 
of 1981 in the region north and east of Lake Superior. This 
investigation will be based on small, high elevation lakes and be 
undertaken to focus attention on Post-Ambrosia sediment in relation to 
limnological conditions. This research would include studv of 
pH/diatom relationships, particularly in relation to ^^Cs and 2lOpD 
dating of the upper 30cm of the sediment column. Deep cores would be 
obtained for combined palynological and geochemical study to discover 
if the pH of lakes has changed naturally during relatively long 
periods of Pre-Ambrosia time.

2 - That in future regional geochemical surveys based on lake sediments 
should involve the routine collection of 50 cm lake sediment cores and 
that at least one surface and one Pre-Ambrosia (i.e. 35-45 cm deep) 
core segment be used for chemical analysis.The chemical analysis 
should include Loss on Ignition and the determination of sufficient 
elements to obtain a reliable geochemical signature for each lake. 
The elements As,Pb,Zn NS Hg should be determined in all core samples. 
This will require the establishment of a new sample collection, 
storage and processing methods.

3 - In the future, regional geochemical surveys should involve the 
collection of surface water samples in duplicate. One sample to be 
used for water chemistry and the other to be stor d for use in 
biological studies later on. The colour and Secchi depth of all lakes 
sampled should always be recorded always. Chemical analysis of lakes 
waters should include determination of alkalinity, Ca, Mg and sulphate 
in addition to pH.

4 - We recommend that an orientation geochemical survey be carried out in 
any region selected for regional geochemical surveying. The 
information from the orientation survey would be used as a basis for 
finalization of the survey technique to suit local conditions.
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ê
09
Coo
cd

*r4

U
A
l-t
.t-*

-*

2t**

cdea
4)•o
oA
E
O
C.

cd
**H
r-4
3
4^

We
b.

+J
U"u
4J
CO
c
ou
cd

•H
Li
cd
rH
•rf
^

2
Cb

CO
4)

co
—4
(•4
rt
C
•rf

u
4)
a
cd

**4
^J

0c
3

Cd

•o

Q
^3
E
O"S
cd•rf

r-4)
3

CO

E
Ct,

3•O
C

CO
3

O
E
O
DI

•rf
.C
Q

icd
b
cd
^
ea•rf •o
M

•rf

S
3

•rf•o
4)
Z

3

cd
o
CO
CO
•H
•rf

CO

u
CO•rf
u
cd
4)
C
•rf 
rH

cd
rH
1-4
4)
U

-rf
u
3en

cd

cd4^
3
C 

•rf
E

cd
rH
i-4
4)
.0
E
O

3co
(4
Cd
^
co

ea- cd
ed 
u

cd
>
4V

S
3

^M

cd
•H
4J
0c

Cd

•M-a
i

rH 
CO

•rf

cd
t*

4-J
3}
0

rH 
4)
S.

ea
rH
•M
c•rf

CM
o
m
rH
3
O

-(H

cd
z

• rH

U

(O
4!
a

cd
Mu
CO
CO

cd•rf
4J
O
c

Cd

l
cd•rf
u
cd

rH
3
C
C 

•rf
O.

••H
co
C 
CO•*"^
3
Cd
XJ
cd
cd•rf
li
id

rH
^
C
c
o.

cd,rf
rH
01
c
4)

U
cd

od
0

.c
Q
O
rH
cd

cd
rH
3

4-*
C
4)•o

.C -4
^

cd
rH
3
O

• rf

cd
z

cd•rf
4,9
oc
3b:

cd
u
4^
4)•o
3
W

cd•rf
4-3
O
C 
3

tden
o

-o 
Sli
cd
rH
3
CJ

•rf

cd
z

cd
4-)
ea
4V
••H
ocd
u
L,
cd

cd
r-4.
3
O
3a
cd
3
U

'rf

cd
Z

CN
m
en•rf
0)
c
o
id
o

cd
cd
o
id•rf
4J

C
C 
3

Cd

ecd
•w
O 
4)
.H
O
C3
4)
E
cd"u
cd
rH
3
^

,~

a.

3
4J

cd m w
c
c
c

a
Ml

4!
C
0u
3a

id
o
c
g
ci

(Hi
C
J^

-rf

oC-1K

cd
CO 4V

ea
^
K
^j
M 

•rf•o
flj
i.

• •4
CI
o
ilz

Q CO
tl) pu si
-rf c
X3 Cd

cd cd
•~4 S

u 4;
cd c

rH Q
3 .C
C Q
C E

-rf o
3- 0

a co
3 CO uO 3 -P .

C rH O C 4J
0.rf-4,C

o a aj:

rH rH O C U

r-l d)
A U

a ai
O 9)
C M-l

	O)
T3 M
iQ Ci,

•H tHx: -H*2
ea 4J
0)•H ty 
u c
5 -H 
ft -Oin M

u•H c•a oc -H

LU

3

1-4 (SI

So

iri

.i .2

CM -* *T IN fi

t* -l JO A
o! a s 4
•* S H H

O >-•

•3 3 s u u s

e s e -Ho c s -rx o x uw i u o•a o .a so — a *2
•H B -H 'ya x a en



LTl

l

ermocline in Lake A, defined as that depth at which there is more 
degree centigrade drop in temperature per metre, was deeper (7m)

x:
4-1 dic
0) O

XI
EH (d

Cidx:
4J

of the other study lakes, with the single exception of Lake F
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x:

o
rH

to
4J
•rt

O
4J

rg
d)
4J
3
X)•rt
^
4Jc
Ou
d)
^id
x:
^
E
to
•rt

H

O 

Q-
l—H

az 
tJ oo
UJo
UJ

LH 

l



CD

CO
—l

*a:t

* e ^ u
-P \
•H CO
> O

O -H fi
•H -P g 
M-l O O
•H P M 
U 13 O 
Q) fi -Ha o sw o *—

GO X
^ O

0) CO

rH dP 
O 
(O 
CO 

•H 
Q

0)

u oo
Du 
6 (U 
EH

O -P
o as
O) (Uw Q

QJ 4J-p as
(O (Us Q

o o o ro m ro a\ 0*1 en CN co "*

o o o o o o co o o o o o vo co

O (N 00 VC "sO CO TT

rr ^r co 01 cy* r-- vo

o H

co

co in vo

u

in

•O
(U
•P 
o
(U

4J 
(O

4J
id -o

•P
•H 
>

4J 
O

C 
O 
O

O•H 
M-l
•H 
O 
0)cu

OD 

l



O
D 

TJ
O 
O

o o a
(O

o 
"5 S?

(D

2
(D 
Q.

l
Q. 
O 
O

CZ)-J
Q-

>- 
Od\—
00

Od 
LU

l

E in

CO



COl

LUtt:
O

LJJ

a
CO

(Mf (Old
loaioqjv-uoN

|0*01

tnuixojj"j*
O/J
*n6
•mum

tt: 
CJDo:

o
Q-

oftnsj. 
xuo~] 
niqv

r~ |o
^ ** "w*o t; m S

Q. o o ~ 00

.2 .o"o^o

5 * i S
E 
l
li
l l* c5 { l l

* I
8 J

l l^
uj o

l l
s 5

i i 
S l

le
t* O 
O f
•g. S;
W H-

I l c* ?
5 3 ft 3 3 X s .g g g s # 5
t&i s t*"^~ t * 4 e? H iif ^ ^
f*uJ ul ?? a s? ^ O 5 .Q-C/f O..J? ^ /5

CO

^ rt -s
CJ

T-T—r

CM 
CM 
CM
*

IO 
CM

^
O
2 
l•5

o! !o| 'JW/S/V/A//')'/''*'///?'//'/}'
o. :o* -J/A// 'A s S 's/ 7 / 's 's S / 7 /S S'i.? ^o: i^K/^v/^^^i;^/?^^^^/^

O*
o

s.

V ///ri
, X XiXx^yl

O 
CM

•O 
CM

O•*
in 
* g

S3JiSUJI{U93 Ut

OO 

l



en 
i

CCL 
CD•a:

LU
GOi—i
CCL

COo
PQ

cC

u

- 0) 
C (O O -H

4-1
-H (O 

CO -H 
O (Oa o 
o A -P
O E (D C•5: .c a)•p -P e m a) -H
O) .C M-l TJ 
M H O 0) 
O (Q 

^^ K

-H C O
Id Q) O 4J
C rH CN 4J
O '-t O•H o aja
tt Q* O 
0) 4J 0) 
M C ^ 

J-i 0) (O 
M d) 45 -H 

4-1 ^ 4J 
O 4J 
0)
-H O
IW CO 
d) 4J g 
t-4 l*-t O -H

OCX 
E -H -H 
(O X 4J E 
W D U) 
ttr-H -H (Unj *w -O

3 C O

C C O 'O -H -H (O

C ^ C tt 
d) O U C

•H C 0) -H
-H -H X -P
O E -P ui 
CX (Od)x:
0) 4J 
X -H
H S

M tt 
tt

CO 3 
H CO

GO
LU

CD 
CZ)

CD

CD 

l



CD
r-H

ft Z*.a
a

* s -e o in* ft. rv rv rv.
*

rv rv rv rv rv ac z *.a
B.

ir -" 
rv rv rv rv rv

•w rv *\ -c t-
fV (Vi rv IV IV

* rv in in rv
* ** rv a r--* in -* in IT
*

o ~ o * 9 ir rv .~ e K\ 
IT tt in vt in

*- Z*- a.a
^ 9 * Al 9 
l* C C K O-
ir ^ in ir 9

CD a Ki c tr
99m**

Q- 
Q.

CO

LaJ

c*: 
CD

5

CD
UJ
CD

00

o aa

o z z a
a

* yz aa

z f
z a

a

Ik Zu. aa.

9 KI O K\ 
O KV Kl Kl

ir — a- *- *
IT V) ^ x IT -* O -4J IV) ^

ir K\ ** rv ivi
-* K\ HI ir i**
W K1. 1^ Kl Kl

a- ir ^ ~. A; .i m ^
ir o v c 
^ r~ ^ -c

•o tt rv* rv a 
ir o- ^ IT c
^ W f- — K*
•A ir ir ir ir

ir r\i -~ 
o 9 f*

•o ir rvi o ^
a -e ir a 9rv — — o *-

o o o o
^. K* KI C
x 9 in K)

ocoee
t" 9 O* f\l *-
e- 9 9 * ir

o e c o9 rv in w
* IT Kl C
rv rv rvi (\i

e o o c oo — ir r* .o

rvi o 9 r- 
rv. rv rv rv 9 ^ ir o •c Ki rv cv — rv

4 Z 
o rxa

e z z ao.

* z z a

z zz a
Q.

o ** ir 9 •* i^
IT 9 9

o- a 9 iv AI
IT K Kl 9 9rvi o- INI m m
•C IT * -* -*

O IT V IT f^
9 IT fi 1*1 *-

K) V IT C 9w* w ixj in 9
M (V) fO 9 IT'

o o o o erv rv c- *- K* ni M **
o o o o o~- e * 9 K!
^- O -* IV W

o o e o civ w r* 9 HI ir ir e- o- ir rv rv rv ~ ~*

o o o o o rv 9 IT iv **- 
9 9 in h- o

9 r-* o ir *i
•* -* -* 4 9

— o o p^ rv
9 9 9 IT *

rv c o 9f*, rv * ***
ir o tr -c ^ 
rv r^ rv ^ ^ 9 f^ rv OD o- a r^ * r*, r-

a o o o o ina rv -t rv ^ rvir r- 9 c; r--
o* 9 rv o o

r* 9 a rv rv o *- f rv -a o r- r- c. or

o o o o
O — — IT 
9 IT *- 9o — — e
rv rv rv rv

iv — K * r-
— o o o rv 
rv rv rv rv rv

o o o o o
IV 9- O (V K) 
9 O to C 9
• ••099
— rv rv — ~

o o o o o
*. f*) f*) M 9
*e ~* o K* rv
* a o o *c*- — rv rv **

•-IV) K) 9 IT ** rv IA 9 ir

-JOa *z *-*
JOa * rv rv rv rv rv rv rv rv rv rv

CD i-H

l



Or T
M o.a

r* — — r^ i* rv o
rv rv rv *V f! fi IV IV f f. ir o c G ir

ex r* fi 9 m ir
* Q 9 9 Q 9

**z r- ^ ^ a ^) o- ^ a — rv 
t-a ir ^ c a rv* *v a — o o

a

a -* a ft o © o rv rv O' o
a h- o in 9 ir rv e ~ -A •A

9 O fi f fi fi ft ft rv Ai

9 *-( fi 9 w o ft 41 in v- 
rv c a o- 9 f* fi 9 ir ir

(9 *. f\j ** *M (M (\J ~* A* (M

IV a l** 
IV IT 9*- -o e- o e

** rv rv rv rv rv rv — rv rv

Q- 
Q.

l 
CO

•* At f^ 9 IT a oOT rw
O a 9^C99 O IT O- C- -*

a cAti^a** cve^v
ir ir ir ir ^ * ir ir ir -o

a oz * LU

O^
O

a *vi a **i 9
^O—M9
f fi

i-" -e r\j o
ox w ir ir 9 ir

99999
ru o a ^
9 f f* 9

za o c o o o o o o c o
a ir — * — a o o o c o

ir — r^ o- — 0^990*-tXi*.wrv rv ~ *~ ru rv

Z ......r...
it a c e e o c o o o o oa. ir ir K* r^ o **^. M fsi** 

c- ry —
v -* IM M

t- tf
UJ

Z . .a -***i
a (^ K)

— o o- — -c fi w
99 99999 Q. o rvi iv rv (M rvi rv rv rv rv rv.

X *
4*-* 11(11 l t l l l
fi

UJZ .*... * .
u. a "C rv o ir *- c ir 

a ivc^cr^ a rv
— rv rv ir r^
CCCCC

04 4*91*9 c o rv rv o
•* ***c* . . . . .
C** * * *- * * .c rv 9 ir f*

* * * 9 9 9 99999

oo
LU

a, e o o o o o o o o o
a rv * * rv — r* fi c fi c

x O O ^* 9- — — * * O
f!9999 IT9999
rv rv rv rv rv rv rv rv rv rv

— rv fi 9 ir

z
V C3 O O
K 
C

rv ^ K fi o- 
90-1^99

r^ fi — 
rv 9 a

^ o ^ e
^ IT " 9

t-u •o -o ir ir ir *- rv — 9 ir 
w *- rv rv rv rv fi rv rv rv rv

— rv fi 9 ir 'G t* *) o- o

a o x *



Csl i—l

l

Csli-H 

l

z * * * *
O. * f*. 9 K
O. * O 9- 0

r" ir r* r* *-
zz ...*. ....
tsO. -* O A, 9 O 9—99

O. 9 — V 4 IT 9 IT 9 9

9 Al 4 C 9 IT C Kt At

>a * o o- * r*- 9 AJ AJ t* *c
O. * Al Al Al Al AJAlAIAIAl

m ir ir ** 9 f- t*- 4 r* —z . . . . . ••••*
a c — *c c ir K* r- 9 AI io
a AtltAIAIAl AIAIAlltlt

a.o.l
CO

311 41
ir IT ir ooiriro

c e 
*

(M ru AJ
z oooirir o ir ir o ira ..*** ..B*.
o. ^ Mv.v*v. A; x •M AI *-

x z*- a
a.

X Z * **- a AI oa — ~

AJ o *^
ft Z *to a. * a **

ftZ CAJCB9 A|wAl9Al 
•9O. *O 9 9 K* Al KI*tfOftf)a

cc z * * * * *
aa * c ir ir c

a. * o o 4 ir
c c ir o ir
9 ft It Al w"

O3 Z * * * . . ' * * * C *
aa. oiriririr ir e * * * a. 9 -o 9 i^ AJ 4M*4***

* * *

*- z
Z Q.

Q.
x O 9 O

^ z . * * - .
z a 9 ir in 9 ina w ~ — — *.

Oo
UJ

S
CO

UJ^3

e ir x aa

r z o a.a

ft Zo a
Q.

O Zc; aa

•} Z^ a.o.

0 ft IT 9
* * c * 

4 O OD 4 
*T 9 Kl 1*1 999

O 9 IT AJ Al Al O O Al 

Ai — — — 9*D940

e c x ao.

2 Z 
OQ.

ir 4 4 Ai 4
ft Z . . . . .
on. AIAIO9*-

0 O *- Al
i * * * * 
Al O V 9 a o *j

K* KS K\ 9 Kl

o- c (\t 'C r- 
— A) Al AJ IM

KI ir Ai
* * * 

M 9 M

f* IT Al *O

c z * . * .
o a * r- * ira * *

w AI — — -*
* a.a.

**Ajft9ir -4* **- o a- o

z *-
4 •o

W* •••II l l l l l
-l O
O. * AIAtAtAiAI A; Al Al Al AJ



zz . . . . . . . . . .
MO. c e c c ir — * 9 * r-*

O. IT 9 IT 9 IT * IT IT IT IT ox r- f* 9 IT IT
* 99999

Z> a a.

9O9CCIT

e e e — AJ fwo-o-c-o
KI ft f* ft m

z ir ir c ir ir o o o o iro. . . . . . . . . . .
a. v ** AJ ~* AI AJ AJ A* AJ *~

9 ** ft 9 CO O ft 4 IT *~ 
A* O O^ C- 9 ft fi 9 IT IT

AI AJ ~ At A;

9 M * KV
*e AI IT 9

x x *- a
a.

ftZ IT X IT IT 4 * 9 9 9 ft 
K Q.a

K- C ^ 9 ft

H- tt "C IT 9 K* ^ 
111 ~ AJ AJ Al Aj
x

tt. O

aa c e ir ir c IT ir * * *a. w* x ** * * ** * *

•-iZ . . . . . * * * . *
Z a OAlf)~*ft 9^flN-4)a — — — *- *. ^.-. AI —-~

OX O IT IT 9 IT 
* 99999 9ltKI99

C9

O-
Q.

I
CO

a:
CZ)

i a — -a K* KI ir o o o a- *-a

-* IT f- 9 AJ ^ CD C -C *-sz ..... . . . . .
U& OO-9-^CD * r^ O- — AJ

a. fi f. fi fi ft ftftft99

•* fU Kt 9 IT -* f^ O O- O

O l\l A* A* IM IV A* l\i A* IM Al

UJ
c.)
O 
UJ

O ^ K* O^ 9 9 IT

o a

C Z
(j a

a

CD Z0 a
a

OOf. Alf) 9 Kl IT Kl 9 
AJ AJ A. Ai At Aj Al A* Aj Aj

O * * ft O* ^ *- * *- CO 
•** ** c****

IT** co — o o- o -*
4 * x — — *. -*
* *

9 A* — AJ a ^ o o * a

Ci O- O 
^ M (V

**9K)9 OOAtAjG

**999 99999

x
' * *

^ o oo
K 
O

IM K K to a
9 C- IT 9 S3

— A) CC •*- *-

a *z t-
*
40

K- o x -c ir ir ir — AJ — o ir
ID w- Al Al Al AJ ft Al Al Al AJ

**A|KI9IT

Q
00 
UJ

tt. O



l
00

UJ

LU

en 
o

l
CJ
O 
UJ 
CD

eoo
UJ

3

z x

9 C
a fi 9 f*
o * ir w

99 O •C 
9 9 IV IV 
IT 9 9 Q

COCO o e o o o

•e c t? e M ^ 9 ~* 9 ir
rv -c *- — o a * o r^ 0

tt it 9 -C IT IT ft (V f . 9 IT *

o o o o o o o o o o

o o o o 
o o o c

o o e e c 
c c e c c

o fi rv -* —*
ir- 0 K* o 0
0 o ^ ^ r*-
o — o c c

V fi O K
0 ir * cr*. 0 o- o
e c o w

99IVIV C f IT 0 0
00iro o- rv c tt- -*
00^0- c rv rv ir crv ** ** v* rv fi ft rv ft

c o c o o

a 9 K ir IPo ** K* ir r- ir -e 9 a K\

• coe

ir ir ^ Kr- ir o i**
K. a — e

•A *i IM 9
• O- KV r-
•e ir ir 9

0 -C
K* C IT 
M — —

— O- ~* 9 C
ir ir fM e a
9 -* * * *^

ft Kt 0 9 9 
9 C ft O C 
ft 4V fX 9 V

e o e o

— ^ 9 -e rv (V — r^ 
ir ir ir 9 
c c o o

c o o c o

o- — r- * ir
4 IV — O- *- 
9 9 9 f* 9
o o e o o

O se — (v * o ir
Z X f* *C O * IV

ir ir ir 9 9 
e o o o o

o e o o o

o- 0 a- ir o-
ft 9 ^- AI ir

o o o o

a O 9 ft 
C ft ^ f*
^ -c o ir

e o e o

0 9 o 9 ir -c f* ir — * 
0 * * r^ * 
e c c o o

ir o r*, ft
ft *" ^ O
9 f IV w-

r^ C ** 0 iv
0 iv ir o eo o- o- o- o-
M O O O O

o o o o o

r^ — 9 r* o 
fi c iv r- ** 
ir ir in ir 9 
c o o e c

o- o — * *
0 0 x 9 K
9 9 ir ir ir o o o o e

o o c o o

o ir ir 9 iv r- *- iv ir ft

o o o o c

IV, ft IV IT *
^ 0 9 ft v
t- t- ac a e

o o o e o

-* ir o
f* ^ O

o- iv 0 ir ir 
ir a r^ iv c

o o c c o c c o c

ir ir ir ir 9 

o o o o o

0 ir 4) ir iv
IM IV a 0 ft
ft ft ft 9 tft

9 ir r* fi
0 f* * IV
0 —— 0 0 
— IV — ~

ir a *v * "-i
— 9 IV -* 0 

ft IV IV

iu se ft ft r- 0 f 
u. se — r* o- 9 o

C fi O- ^ 9
r\j rv* — — ~

o c o o o

•c ir o *v r-
a 9 ^ rv 0
IV IV IV ft ft

o e o o

c fi ir *
9 *- IV 9
9 ir ir 9 
rv iv iv iv

IV — 0 f* IV
* o c- 0 ir 
IT ir ir 9 ^
IV (V IV IV IV

rv ^ 9 ft r^ 
rv rv rv rv "*

o o c o o

^ 0 -x a iv
IV 0 O' IV 0 
IV IV ft 9 *- 
IV (V fV IV (V

o o o o

— iv ft 9 ir ^ p- 0 a o ~* rv ft 9 ir * ̂  0 a o

O.z *-*
rv iv rv rv (V rv rv iv rv rv



9 f*- t* IT 9 ^-CO—^
o ^) r- -o — o o- o w r-*

a sr 9 -c o r^ a o r*i c o *c

o o o o o c o o o o

e o o ir * o-ir t^ rv
t*- tt 9 IT IT 9 9 ~* 9 9 
44999 49944

vitr^vo m 9 * ~ fM
*- se c — rv 9 a a 9 r^ ir ir

o c o o o o o o o o
ooooo o o o o o

*- 9 -* ft 9 O Ott^ir*-K ru o o- o- 9 tttt9irir
V (9 — fM — — AI fM fM ** fM fM
K 
C

a. z '*
•j

j *a. oz *

LO i—i
i

se 90099 -* -c
ax KI eo * o ir * 9— ir c a c K9

tt IM (V ** (M — -"

e ^ 9 m ru * 9 IM 9- 
*- * o- o o o ^ IM ir

f\l CM v* (M IM

O C- O

4 SC
o se

-A x O O- O
**VKt rv o ^ ir o-

IM IV IM fM Kl

o o o c c o c o o o

O. Os *

l
GO

ULJ

csse o- tt r\j c f- * ** r^ c- *
Z se CM ft 9 * a ot^-r^t^ao

99999 IT9999
OOOOO OOOOO

OOOOO OOOOO

ox w ir ir 9 ir ru o a -*
* 94999 4f*rt9

o—5 
^

KOTC9X — 9 — IT
* O- f^ K) O- * t*.
cococ o e o —
COOOC OOOOO

sese v* * a ^ a- o r^ O- e c- e -"

OOOOO O i

z se o trir
Z ST o rv cc ir a

9 Kl *^ K* Kl

OOOOO OOOOO

tt 
o

i- o
bJ

z *
* t-f 
n

•* fM tt 4 ir ** ^ o a o

(MfMfMAlftl fM CM fVt (M

CJ

Enz
CJo
LU 
CD

LU
tux 
te.se

o r^ o — m 9 O1 *
t**i*-" * o f^ o o

999KI9

oocoo oocoo

ir o — ^ i^ 4 m
V C —0999

(MfMfMfMfM

o o o o o o

* * 9 KI 9 c o rvj ru c
OK * * r^ .c * 4)fM9irtt
'* **944 49444

ru r- r- tt a -o r- tt — * 
9 a ir 9 9 ^ rv 9 a t^

s- o o
(K 
O

t- t^ O * O 9 AJ a IT rt X

*- t9 
W
X

ir ir ir *-(N*-.9ir. 
rt fM fM fM fM

LU 
00

LU 
^^•a:

LA 
r-H

l



CD 
rH

l

z se

i oo

LU
-J 
UJ

Odo

z x 
*- se

C X
a st

IV w IV Pt 4C*^4Cv*
K* 4 f* o 4ir*cir^
— 9 4 f* ir- rv 9 — 4
9 rv ** o 0 t- ^ 4 4

ir — rv 4 ir ir 9 ^ K ir
9 rv 9 rv* o 9- rv K) te 9
4 9 C C 4 Ki^f^9K

Z St 4V9094 4 4 IT 4 4
*4 SC . * . . . v****

**M*MOO OOOOO

Kt9f-tr iv 4 9 ir ir
9904 9 ir r^ — **.
9~***9 f^44f^C
**rvrV'M vM^Mv^varv

* K* r^ ir— o- i^ *

oooo ooooo

ir ir ^ ^ o 
— ir ir ir K* K* *D o *-

coco e c — — c

-c r- 
^ o

rv rv rv rv ~ ** rv rv rv rv
ooooo ooooo

i c rv rv o fv

c c e c

••4**** C19ITO4
ir 4 r^ * ir 9 ir 9 ir

o f\* ^i o-
iriram 
— — e c o o- o- *c- *

x C O C O

o o e o

AJ CC O -C 
O-KIC9
4 ir o to o KI -c ir —

c 4 ir *^ *- oci\)9ivto-**9 — ^ 9 — ir o- ir
o- — c c *- CKCCC*
O*****^O O O O O O

o o o o o o o o o o

— o 9 o a
^^•IM*. *, Mmv.c 

O O O O O O O O O

fD o f^ 9 rv c: — r--9 ^iro49*- rv K 9 -, r^
ir o *^ *- ir 4iro99

use rv ir 9 — 4 4ir*-94
XSC . . . . . c****

ir it *t Kt K)

2 se

o se 
x se

oooe ooooo

* * * * *

o
UJ 
CD

aoo
UJ

Z! SC
o x

ft
o

C x
u se

iv iv Kt ir o-* rv **o ~ e *— iv 4
ir ir ir ir 4 ir ir ir ir 
oooo eeooo

9 9 rv -* o 9 9 f^ rv 
0949 ^-oir^ir

ir 9 ir K* 4

4*^499 f^ 4 O 9 9

9 rv CD 4 c 9 9 w o r*-
r? se 9 4 ir ir ir 9 ^ ir 4 iruse . . . . . * * * * *

eoooo o o c o o

r*99ft~* 4 o rv 4 9

e c o c ooooo

r- o rv rv 
a o 4 ir 
cc o c ir

oooo

o o — o- r- ir 4 o — rvat sr -. — ^.^^. M M *. rv rv
oooeo o o c- o c

4 9^ ^ f^ 4t ^ V 91 V 4* — *

h^ rv o — — K* o 4 9 *
4IVC*-^* ftClT9^

•Jse — h- o *- — * ir o 9 f^
*- — — O O 

*- IV Kt 9 IT 4*^ O 9- O

C se 
use

•9 se
4 X

* o * o * * o * *
* c *

IU * 
-10ft. *z ~

iu * ru rv rv rv rw rv rv rv rv rv

LO 
rH

l



9 O tt **N l** *~ tt IT IT w-
r- ir -* o ^ tt o 9 9 -e

HI iv 9 9 —

o o o o o o o o o o

i-i ir o o o ir ^ 9 IT t*- iv
O** f-- H* 9 IT IT 99—99

ir r- ir -* o o IT *e ** c
K^ O 1*1 HI 9 IV 0 HI r- 4
fVfVI (V H* l* 9 *- -- O (VI
(V (vi *M *vi ivj (vifvi (v (V (v••••* . . . . .
ooooo o o o o o

(V) (vi o (vi r* o e o o (Viir ir r^ ir e r^r*.^^ir
^i ^ t -o o o o v o -^••••* * * * * .

Ov* OOOOO

9 ** Kt 9 O O *^ * IT -* 
fVI O C O- 9 K* Kl 9 IT IT

— 9 irm ir *
O- IT ^ ^ K 9

O ~" fMotfWv'

m fti nirw AI

IT ojo it r-

tt X 
•9 If

^ 9 9 ** a
99-OOK-

a a O" o- a 9 c; o- o- c 
ooooo ooooo

K 
fi

^ B •A 9 fi CM A 9 fVi 9- M 
X — * ̂  O O C •C Aj tfl 9

*- (9 ^ ir

kij * a. o

— At t*\ 9 ir* o r- d a o

o- ir ir a irir * * *
C * * 4CK****

f^ r^ K* K* 1^ Kt to * * *
. . . . . *****

ooooo o o * * *

M O * IM Al * 9 IV 0

o** o ir ir 9 ir M o a -* f\j
V 99999 9 *0 KV 9 9

l
00

LU 

LU

ooooo ooooo

irir —— * 9 9 9 ir IT
Kl * O- O- C 9 9 9 X C
IT 9 r^ r- 9 *^r^t^94)
9 O r^ ^ *D v**.**Ol')

VM fV m 9 IT 9 O

z: x

tt X 
CI X

— -*— 99 9 M IV 9- Oir o Q a (M 9irit"*9
r-~ 9 tt 9 .6 4)IT^*"*-i
iTiTiririT IT ir ir -* -c

•* o ^- o o ^ 9- ir
oo-ottfu 901^
r^ 4 9 tt 9 9909-9

ooooo

ao (vi (\i fvi (si (vi (vi (M ivi (vi
z *
* t-t t l l * ( llft
•J

O (VI (VI O

9 * * (VI 9 9 W 9 *^ 9-
(Vi * * * ir t^ tt — tt *
^ * * tt f* O999O

CX — * * (VI Kl 9 *^l rO K1 9

o * * o o ooooe
* *

tt *" — *^ O ^* -C 4 9 O
r^ * ^- * o **iriT9o 

•)x r^ ^ -c -c ir ^i ir ir 9 ir
ooooo ooooo

M IV HI 9 IT * f- tt 9 O

OX

*- IV ** l-HI 9 * f* H* -* C 
Z 99^99 * IV 9 9 ^

VC3 O O — — *- V.MW*.
ae 
o
* 

H- l" O * O 9 (Vj 9 IT HI

^) * ir ir ir -- (vi *- 9 ir
taJ •*(V(V(V(V *n (VI (VI (VI (VI

~ IV K* 9 IT -C r- tt 9 O

(-J
1——4

LU

o
UJ 
CD

LU

i
CO

LU

5

a. oz *





IV
CD

CDx:
Q



CSI

l

Q-
1——4

o^
GO
LU

Od 
LU

i-l
•O
M 
0)
^
4)
W

f
*J 
•H
'

C
•H
m
J
xu o
M

41
PM
fli-(

•O
C•t
co•H
4J
10

•H

C

8
c•H

•H 

S*

3m

o•-i
(O

4J
C
4) 
•O
•H
^
4)

•jJ

g

41

a
m +J

•H
O)

1V

^
M•H
U

In
M
4)
4J

S
41

4J

C •H

10
9
O
3

•H
•P
C

tt
•H•o
4)
M
4

•H 10

4 -O

U) Q 4-1 4)
•H O) t4

(O I O

" 'g l "S

5 J fi1 4.
fl 3 g 5

CD

LU 
GO

UJ 
CD

Cvl 

l



vo tn
(O
i fs vo •v

A
* l O) 

O* -rt
m c
o 2
r-l IT

8
8
^

id in 
Q) 6

•M
VH 4

S 4J ^ s-
lo -0
> atat M
H IBH J

l 8

H a -o•p c
M U 41at-o c .c
C -H 4J

0) O
^ M m
81 ^5

o

Odo

CD 
D- 
LU 
CD

CD 
CD
—l 
CD 
UJ 
CD



cr 
i

vO WNC^COOO vAvO vO OO 00 r-t 00 v/VO 00 OD 00 CO 00 CO OD
flfl \r\O\OCW fVO *AC^-flf^ *AC*M^fl fi O.* fi f! Ofl ft r* fi r* fi r* r*

•XHOCSIVO

fi .4- CD OD CD O CM r-OCOOOOO CM t* J- f^.^ fi fi O r\ CM CM fi fl rt r"tf| rt rt fi ft fi f) rt)

CO

5

l
CO

flu
fl)
ei
fi
fi
tt
•P

Cd CO

5 d
fi

W tt
CO 4**
•rt O
0 --I
Ccl U
a. >
w o

d 
s.
o
c
d
fi
3
U 

•rt

d
z

d

2
ea
ttc tt•i-
d
Li
dft
fi 
tt
J3
d
E-

CO

i **
DI

•o

ZLi

0)
o
tt
E

d
J
CO
ea

^4

3
J3
3
ea
dfi
3
U

d
z

d

2tt
I
i-4

d
fi
tt
o
rt
O
>u

ea
0
o
u
*M
J3

d
u
dfi
3
C
C
•rt
0.

dfi
de*
a
o

•rt
JO

dfi
u

d
z

d
0

Cd•o 
o

J3

d
fi
tt
ofi
u
o

d
4-*
CQ

i
d
d
rt
3 
U
•M

d
z

a
•*4
Li

ra
3
U
d

CO
3

O

O

2
r* 
tt

fr4

d
•M

O
u
d
^4
tt

O

u
o

di
u
ea
tt
f]
•rt
ea
LI
d

d
3
C •rt
B
d

•H

|
o

d
CO
o
irt
3
O
U
o
w
d
LI
d
fi
tt
d
6-

d
E

•rt
CO
CO"2
V
d
fi
dfi
3

d
z

d
t
d
Q

Li
d

d
CO
o
•o
f?Li
d
3

dz

d
4^
d
•H
rt
d**
COpLi

(4
d

d
3"S
Li

>
d
3
•rt

d
z

d

tt
CO
•rt

JC

d
u
d

Jo!

CO

dtu 
w
w
d

•rt

Oc
3
U

di
+J
0)
C
01•^

(4
d

d
"d

tt
0
o+J 
o
6
u
d
irt
3

•rt

d
z

d
o
2
V
2|4
O

d

oc
3
U

••4
•rt
C
o
0

Li
d

d
u
4-*•3
E
d
irt
3
•rt

d
z

d
CO
o"i
2
d
fi
3

d
z

actt
g•u
CO
c o
u
d'u
dfi
t;
2
b.

co
0
^3
d 
x
V

JC

d
•rt

Ocs

d 
U
tt
tt •f*

2M
0)5

c/)

d
fi
o
w
os
ft
U
d
^

CO
"H

COc
tt
CO

d
d

4-t

d
ft
3

d
z

d
"•4•o
ttl
tt
c
rt

Li
d

!
d
C
ft
d
CO

dfi
3

>
d
z

Q
CO

o
V

\c
-C
u
<

ea
S
Li
o
CO

CO

ttc
oo
E
O

<

d
4J
d
3

i
JO
3ea
dr-"
3

d
z

di
-H
d
a
C?
o
8
u

••4

e
a

v-4
r*

^
B

O

CO

ft
1-4
O

w
V

o
91

B
O
•c

d
+J
d
4J
•H
a
d
CI

Li
d
^
ea
tt
ts
rt
O

g o
Li
d
f;
3

ae
Ob

d
C9
t*

3 
U

d— '
o
c
3

d us
oc

a-*

3
U

Ho
d
E
d
LI
d•H
3

•rt
a.

d
c
irt
d 
o
d.rt
f
c
CO
M

.rt
Z

COca
4-1
en

•rt•o

2M
CQ
ofi 
tt
X

E
3
d
C'e
3
u
d
d
tt
c
0

a
o
o

du
coxdea
Li
d
^
CO
tt•o
•H
Q
j3

O

d•r*
^
**
COg
b

O CO 
•H 3 CO U
4J 0 3 ^ rt
C rt o C **

X. o .rt rt tt C
a: -rt jc -rt u o
O JO O. .C ,tt -t

a: -4 rt o *i o e- d d -o rt -c
^e je j* rt -o -H

Z 1 1 1 1 l

*

fi 0)•38
O, g
0 "w

4)
"O M

mg2 ji

i **
o^P |

m
u 
0
H

"
3 b
U U
V 01

J3 0
A U

1|| w
a S 5 1" *
•S3 S
Ckrt M

.3 3 ^ 
S^ S;

Mi

c
m rt 01 rt aa Z

M
W

**

01 '
- 3wa

B i

2: ! 1
O,O M
C. ( 4J . 1-4s. s- - a
O rt - O, 
O 0 CO

M
Su.
H
S

S,
O rt r^ rx irt Q
ci d c,* rt ^ l

1
rt
41
w 
0
H

41

c art

O Od 00

at art 5 H

rt 2 ** JS 
rt O O U M.e g u i* cd
0 4 rt 41 M

i-art-J g

g
o
22
d

pa

L iirt Mtirt Z

r i
1.sĝ̂
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ĉ
f^
c.
f

c

o. c —
2 *
* — l
er

i i i
tr. v. tr.

C * * CC
f- * * r*

i i i i i
cr *r cr. tr cr

* * — *
* * X *

C **

i
CO

LJJ

cc: 
o

•sC 

<C

ivo-^-*— c^9irw 
•f- ^ f- O O l^ K\ rv ir r*-

IV — A. IV *- ~

— rv f, 9 ir ,c r- * o e

rv rv iv iv rv 
l l i l l

* 41 * a. c
* * 4r * *
* * * O O* * * ir -c

ivivivrvrx. 
i t l i i

cr w cr tr, tr

* * * *
* * * ** * * *

CD
UJ 
CD

C ST
o x

CO

UJ

JC C -45 — ~
^ c i/ — •-
ivcir — —

IV IV o *-

rv KI 9 ir

e c o o i\i

•v o — ir e ^ a *c ir *-- 
rv.Kt^tLcr K- a — rv 9
— K-KO-KI ^^^90
*r KI KI rv (V ivrvrvrvK1

X *-
4
W

en co to to to to to ton to
a. oz *
4 M
to

•s tn tn te to

l 
CO





00

CD*:o



eg
i

O
K- 
Q.

IT)
LU

CD

n

e *k -o

V 
f-4 Ct;n PH;i
rH M 
H Wi :.

v m -o

2

n
M i-tid aw -H
D) O
CM **4

H
O 0)

s f
x o 
X g)

^f vi

^ J
S
l

•rt 4 "
o. S 'S
X d4j di

o
-U -5n o
g g S
v -H n
CO fi 4J

O 0) 
4J -O

UJ 
CO

eel

UJ 
CD

CM

l



•-t B
D* C
m o1 am oin i-t
ft V O

•P 
C •H

8,
0) 

rH
0,

g 
10

w
**

M-l
O
to
0)4J
S•H'S
0

3
sg

rH 
(U

rH

10
0)n
u

Jiq
0)
x ns

o

g•H
JJ 
10

4)
rH 
H

4J
C•Ha
o*

•H
•H
E*
iQn 

fl
^+J o.
0)•o
V

a

fl
0)
M
(O 
4J 

0)c
r*

S y 4J
M M
4 U
4) 01
M Id 
M M

•H 
(0

0) 

10
rH

0)

c
3

1o
0)o*
x
14•o
0) 
PQ

01 
10au
M •H

Sm
G•H

4)
a

rH

•M
O

g•H
•H
a

sampling strip

IM 
O
"c
0)

A•P
3
S 

g
IH
Ou
C
4J
n•H 
Q

O l—l

•EC

CD

en 
CD CD
UJ 
CD

CD 
CD 
—l 
CD 
UJ 
CD



3-H
(0

-l
O
d
co

c/2 tt
S -*
O —lS .2
5 i
. ea
J^ 3as o
S 1-~ Ma is

••-r *" z "t
u— *H w "
1 —— *-J M U
0 If 3 2
t—" ex Sj i
rY^ O a. a
g t/3 co e-

a
Li
d
^

d
3

E

d
rH
rH 
tt

JSe
rj

^
CJ

2
•O

(^
cd
**

d
d

e*H
tt
+J

E 
0 
CJ

d
rH
rH
tt
-U
0

U
^

d
X!
o 
tt 
u

—4 
J3

d
rH
3
U

J,
d
z

2
o
E
O

d
rH
rH
V

o
rH
U

0

d
*H
O
d
oa
CO

d
•*4 
Li
d

Cc
•*4
o.

d

os
-4
Li
tt
0

en 
tt
o
9 

i
O
C<

m
—4•o
-4 
Li
•rt

E 
3 
•ri•o
0
Z

cr:

•(J
c

•r4

e
•-4•o
rt
d

d
C
d
0

LI
d
^

d
CO
o
-o
2
d
rH
3 
U

Jy
d
z

*
•r4
•H
C
o

d
d

•rH
Li
•P
CO
o
Li
d 

d
rH
3 
U

^
d
z

dc
d

•*4
Ci!
c

•rt

4J
3
X

d
HH

o
CO

+J
•H
z

CO
CO

••H
J3
d)
(4
jO

V4
u
d 'LI
d
rH
3

C

O.

e
u•^
co
rH

dn
o

rH
3
U
U
o

rH
CM

d 'u
d

rH
rH 
tt

JO
d

*4

d
**

2M
4-*
CO
tt
c w

V4

d 'LI
d
rH 
rH 
tt
.0
d
t"

2
V
M

~4
rH
rH
tt
•U
ra
d
rH

tt
t*
O 
rH
O
^
o

^
tt
0

(4
d
CO
O

—4
T3

2
d
3 
O 
•H
>
d
z

d
r*

tt
C

V4

d
E

•0
tt
Z

no e
u

•r*

n
•H
(4
d

d
•H
ea 

1d 
d

rH
rH 
V 

JSl
o

c

3
m 
d

rH
rH

2'C
3
M

U
d

d
c

c
o 
u
d
3 
U

>
d
Z

die
d
rH
3
O
CO'c
'e

dLI•o
tt
^
(A

CO
CO
,*H
rH 

A

CO

d
rH
3 
U

^
d
z

CO
3

d
d
"H 
4J

i
3

(x!

din
r- 
•rt

0

3
u

••H
Cso

-M
c
(4
d

e
dc'a
rH
3

d
rH
3 
O

>
d
z

3
4-"
d 
u
rH

ea 'a

E
~4•o
tt
Z

o
2
di

(M

C

2
V
fc
tt
u

CO
o
tt
u
•ri
ft
d 'u
d
r4 
3 
C

,*^

cu

•*4
c
tt
o
Q

CO 

tt
C

2
ti

+J
00

d
rH
3•o
C
3

3a
rt
d

E
2

d
CO
o
•ri•o 
o

CM 
U

d
rH
3 
O
'^

d
Z

oc
e

O O 
CO E

d d
•*4 -- 1 
Li Li
d d

rH r4 
3 3

II
cucC

CO

a
n

•*4
rH
d
3 
O 
Wc
•rt

d
rH
rH 
tta
E

CJ

C
W•n
rj

A

d
d

•*4
Lt
d
rH
3

g
**4
O.

ea
d—t 
LI
d
rH'S
d
(4
h

C
PLi
tt

d
d

d
a
2
V
d 
o
d

o
3
U

rH
3

jCa
to 
d
rH
3
U

>
d
z

c
tt
c

•••4
c
eu
o
Q

ea 
e
c
2
3
d
*U
w

w
rH
d
3

CO
.*4e
o
V*
—4
n
E

U

d
rH

V

E

O

E
3
*J

91
a
tt
o 
d
co
-4 
tt
C

2
3
d
+J
w

d
uc
2**
d
E 
tt
C
O

o
E
O
u

0tt
d
(rt

tt
rH

C

2
E

•H•o
ttz

x̂. 
ocu
6-

o
"S

*

4)

d d

K
•C CXo
*^ H
*C **H
J 4)

U 4J
41

•H O^
O C
W *H
Ql iQ
U Li

d
o d ?! ST

~4 3 n o t. r
*J O 3 **-H d H
C rH 0 C ** P -
o-" -H a c -2s

• rt C. "4 U Q 12 9 
^ O.X tt -H 5 TJ
~4~4 O.Vl^ ^ *J 
rH rH O *H O m 9d d TJ -n -o 2 r
J* J* -* "O -H -S H
rHrH O C O E -2•SK *e.-K: ^ *g 
rH eg o j- *n * -H

*
4

^ -* -H M. . . at
00-4 Z

Q

r4
4 w
^

a
-4
b
w
O 
b -4 M
ea V M
5-3 1~t e. K
25 a
H 3
33 35

V)

2
Cd
flu
S

•f **l CO CO

*4 **?d d

ou
•ri
•W

g.-
2.oo
S 2
W -H"la
••4 w o. 4 (X a o *q * e a Ma in o
0.0.
'aa 0
4 i d *3 a o o K
O U 4J Oi; fs- s ssst

. E •' I

rH

W

.2

!
O) 
td
M

g
M

S
S
M

g

41

OB Ok rH xrjfM S

odd dlw s
1 3

rH

W

. *
25.
fi Ob-rto a u 
3 lo ft

' tt C r4

3 J3 2 s
i U O U M 
jB fi 0 U M
U 4 -4 4 M 
O r4, r4 X U 
JCXrH rH Cd 

322 Z

\o
3
5

S
**l -HT VCklftS *

1hi1
B 0) v

•ri M 10a* o a a -4 c er
•H rH -4 M
r4 -H 00 
(B > 3 S 
B 41 U O 
•n U 4) .H 
U 00 4 WH
h H•H a a a S
U O) -1 -ri 3a u u z
4 A M We o x x en 4 o o y w
-3 8 22 q
q X u O W
3-t23S 8;

^
a.
S
5

M

M B i 1 s
i?
Ma
h

|

|
n en•a M

•H M

1 8
2 S

*s
go
M

3
M

3

8
i- 1•n en CM n, z

'S
00
4 
M
V
S

4 w
b
w 
0
S

i a*4 S••j i
4 4 U
b r4 4 M 
•H 3 *H td
4 O r4 M 

-S*.? S*2A 55

-e
E
cu
s
Ok

Cd
U

L 1
•*N* zr^ 3

"S
00
4
M

|
-H 
oH

1 

1
hi H

1
•H M
W M

Z 2
S S3

<

a.

gae
u

Cd

cMlr? zr i
o
00
u
V

^

au
•4 
b

i i
e zo
X M 
b Cd

1 1a M

VI

2o

S
J

~ 1



LH 

l

2 

) was the most northerly of the Wawa study lakes.

B

in
•H

t
Ô̂
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