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Introduction

Regional geochemical mapping has evolved from geo-

“There is nothing more difficult to carry out, nor more doubtful
of success, nor more dangerous to handle, than to initiate a
new order of things. For the reformer has enemies in all who
profit by the old order, and only lukewarm defenders in all
those who would profit by the new order. This luke-warmness
arises partly from the fear of their adversaries who have the law
in their favour; and partly from the incredulity of mankind, who
do not truly believe in anything new until they have actual
experience of it

Machiavelli, The Prince (1513) as quoted by Stafford Beer
in Decision and Control (New York, John Wiley & Sons, 1966), p.3.

chemical prospecting at the regional level which was
pioneered by Hawkes and his co-workers in New
Brunswick in the early 1950’s. These workers used a
cold extraction test (Bloom 1955) to determine the
heavy metal (i.e. zinc, copper and lead) content of
stream sediments collected systematically within the
area being studied. More recently joint Provincial/Fed-
eral agreements resulting in joint activity including the
Geological Survey of Canada and the Ontario Geolog-
ical Survey have produced reconnaissance geochemi-
cal maps for an area from the east shore of Lake
Superior to the Manitoba border (OGS Open File
Reports 5248, 5249, 5266, 5267, 5284 and 5285) and
in an area of Southeastern Ontario (OGS Open File
Reports No 5227 and 5228). The OGS/GSC reconnais-
sance level maps involved the study of the content of
uranium and other elements in water and lake
sediments using a sample density of one site per 13 sq
km. The aim of the reconnaissance geochemical map-
ping was to assist in mineral resource appraisal, more
specifically, to facilitate the discovery of uranium depos-
its. Inthe western area of these surveys over 6,000 lakes
were sampled for both water and lake sediment.

A new departure in the interpretation of patterns on
reconnaissance geochemical maps was made by Coker
and Shilts (1979). They related the patterns on the
geochemical maps north of Lake Superior to the
problem of “Acid Rain” and pointed out that the pH of
lakes in the area is largely controlled by the geological
conditions of the catchment area within which lakes are
situated.

In 1980 R.B.Barlow and |. Thomson hired the author to
design a followup level research project to study the
geochemical processes associated with change in the
acidity of lakes with special reference to those related to
acid rain. At the time it was believed that once these
processes were well understood it would be relatively
simple to include an “environmental component” in
future regional geochemical surveys undertaken by the
Ontario Geological Survey. Such a component must
yield reliable data pertinent to the problem of Acid Rain
and occupy no more than a few minutes as a lake is
being sampled for mineral resource appraisal purposes.

The Wawa interdisciplinary
project

The starting point of the acid rain project was a close
study of the reconnaissance geochemical map cover-
age of the area along the north shore of Lake Superior
(Figure 1) and more specifically, the patterns for the
incidence of lakes sampled with relatively high or low
pH (Figure 2).

The WAWA project and related research has now run for
four years. Briefly, during the first year (1980) a series of
20 specially selected lakes were studied. The lakes
were chosen to lie along a pH “gradient” within a strip of
country 20km x 100km located to the northwest of
Wawa (see Figure 2). The lakes were selected from 164
sampled in the strip during the reconnaissance geo-
chemical mapping of the area on the basis of lakewater pH.
During the second year of the WAWA poject (1981) the
aim was to discover details of the pH of a series of four
lakes located in each of five catchment areas. The
principal objective here was to provide information on
the behaviour of lakes in catchment areas where the
geological conditions resulted in acid, neutral or alka-
line conditions in lake water at the time of sampling.

The third year’s research (1982) was concerned with
the verification of observations in lakes made during
the previous two years and the study of a small number
of new lakes where the conditions were likely to be
extreme (i.e. at a mine tailings pond). A second aim was
to standardize the methodology developed so far for the
inclusion of an “environmental component”’ in future
regional geochemical surveys.

The 1983 study was a practical application of the use of
the “environmental component” in 70 lakes in the
Sudbury area. Although the data from the fourth year’s
(1983) study is still being compiled highlights from it are
included here because they provide further insight into
the development of an environmental (acid rain) compo-
nent in regional geochemical surveys.

The interdisciplinary team

The researchers involved in the WAWA interdisciplinary
team included J.A.C. Fortescue (Geochemist) coordina-
tor of the project (1982/3), I. Thomson (Geochemist)
coordinator (1980/1), Professor M. Dickman, Depart-
ment of Biological Sciences, Brock University (Limnol-
ogist) and Professor J. Terasmae (1980/2) Department
of Geological Sciences,Brock University (Palynologist).
During 1980 and 1981 J.A.C. Fortescue worked on the
design and implementation of the work as a Consultant
to the Ontario Geological Survey prior to joining the
Ontario Geological Survey as a Research Geochemist
in May 1982. |. Thomson ceased to work on the project
in October 1981 when he left the Ontario. Geological
Survey. The team is grateful to Roger Barlow, Chief of
the Geophysics/Geochemistry Section, Ontario Geol-
ogical Survey for his general comments and encourage-
ment throughout the project.
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Figure 1. Sampled lake locations during the OGS-GSC recon-
naissance geochemical surveys in the area north and
east of Lake Superior.
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Figure 2. Locations of lakes sampled during the OGS-GSC

reconnaissance geochemical surveys having rela-
tively low, or high pH. Lakes with near neutral pH are
notincluded. (The rectangle is the area included in the
Wawa 1980 project described here).

The interdisciplinary team
approach to research

The WAWA project generated a relatively large volume
of close knit interdisciplinary data and information on
over 50 lakes. This was possible owing to a novel
approach to the organization of the activity of the team.
Briefly, each Spring the team decided on a goal for the
year's activity which was incorporated in a simple
conceptual model. Other conceptual models were used
to focus attention on the data gathering process,
discipline by discipline. During a 2-week field trip each
discipline collected data information and samples ac-
cording to the prearranged plan plus other pertinent
information required from particular lakes included in
the project. The data, and samples were worked on
during the fall and winter and preliminary information
on the project was released during the Ontario Geolog-
ical Survey Geoscience Meetings in December. De-
tailed data listings and descriptions of each annual
cycle of work are included in OGS Open File Reports
No 5342 (1981) and (5483) 1984.

Serendipity from the project

At the time the project was planned in 1980 the study of
the biota in the lakes was considered an important
aspect of the limnological investigation with no direct
bearing on the geochemical processes related to Acid
Rain. It is to Professor Dickman’s credit that he per-
ceived the importance of the relationship he discovered
between the pH of the 20 lakes along the “gradient”
studied in 1980 and the details of the diatom flora in
samples of sediment taken from the bottom of the same
lakes. From this beginning was developed a “Diatom
Inferred pH” method for the determination of the pH
history of lakes on a regional (not local) scale. As time
went on it was realised that the regional approach to
“Diatom Inferred pH” measurements in selected lake
sediment cores provides important information with
respect to the development of an environmental (Acid
Rain) component in Regional Geochemical Surveys
and in the more general field of acid rain studies.

Thepurposeofthisbroadsheet

1. To display highlights of the Wawa project of general interest to researchers into the

problem of Acid Rain.

2. To explain why the problem of Acid Rain is considered a part of regional geochemical
surveys carried out by the Ontario Geological Survey.

Highlights of the research

1. The regional patterns for pH in lakewaters north of Lake Superior are reproducible even
though absolute values vary from year to year for a given lake. Hence regional geo-
chemical surveys can identify areas where lakes susceptible to Acid Rain effects
probably occur.

2. A study of lakewater chemistry of more than 50 lakes indicates, as predicted from theory,
that lakes with a pH of 6.3, or less, may be susceptible to Acid Rain effects. Hence regional
geochemical surveys can identify lakes likely to be susceptible to Acid Rain.

3. Research during 1980, 1981 and 1982 has demonstrated that fossil polien studies aug-
mented by 37Cs measurements of lake sediment cores can establish the sedimentation
rate of a lake. Hence short lake sediment cores are suitable as potential history books for
the study of the pH history of lakes during the past 100 years.

4. The Diatom Inferred pH method as developed during this research can be used to describe
in detail the pH history of a lake during the past 100 years. Hence it is practical to
distinguish lakes with a low pH now which are naturally acid from those which have
changed acidity during the past 100 years due to Acid Rain.

5. Our work has demonstrated that geological conditions within a catchment area determine
to pH of lakes within it. Consequently, the discovery of a single lake susceptible to Acid
Rain during a regional geochemical survey can lead to the discovery of others during
followup activities.

6. The Diatom Inferred pH technique is not practical for routine application to lake sediment
cores collected during regional geochemical surveys. Consequently, more research is
required to provide a reliable substitute for this technique.

7. The fully interdisciplinary team approach used for this project involving the Ontario
Geological Survey staff and university staff under contract working together over a period
of more than one season increased the value of the data gathered. These important
findings may not have been possible without this approach.

General conclusion

This work was demonstrated that it is now feasible to include an “Environmental component”
(Acid Rain) in future regional geochemical surveys designed to identify lakes susceptible to
the effects of Acid Rain.

in Regional Geochemical Surveys

THE 1980 PROJECT

The 1980 project: A Study of
a Lake “pH Gradient”

A: Selection of field area.

inspection of the reconnaissance geochemical survey
data for lakewater pH (Figures 1 and 2) suggested that it
would be practical to study a series of lakes each of
different pH ranging from around 4.5 to 8.0 in an area
located to the northwest of Wawa. In order to do this a
sampling strip 20 km x 100 km with its long axis in the
direction of the prevailing wind was examined. The strip
included 164 lakes sampled during the previous geo-
chemical survey, of which 20 were selected for detailed
study.

The location of the sampling strip is shown in Figure 3.
In Figure 4 details on the pH in the 164 lakes in the strip
are indicated by symbols and the pH of the lakes
selected for study by numbers in circles in the adjacent
map strip. Also on Figure 4 is an indication of the area of
the lakes selected, their code letters which are listed
from south to north and the general geology of the strip
area, which includes both granitic rocks and
“greenstones.”

On Figure 5 relationships between the lake areas and
the catchment areas for lakes included in the 1980 study
are listed. An attempt was made to include lakes of
various shapes and sizes typical of the sampling strip
as a whole. A conceptual model of a typical lake basin
included in the study appears on Figure 6 which also
lists the routine observations made for each of the 20
lakes studied.

The conceptual model for catchment area data (Figure
6) is an ideal one and in practice it was not possible to
collect all the required information. This was the case
particularly for the Quaternary geological information
because the area of the sampling strip had not been
mapped for this parameter. The dotted lines on Figure 5
refer to the approximate location of bedrock not Quater-
nary geological contacts.

General conclusion regarding
the selection of lakes along a
“pH Gradient”

When, during the planning stage of the project, the “pH
gradient” based on the 20 selected lakes was drawn up
(Figure 7) it was found that it departed from the ideal
“gradient” (Figure 8) in two ways. First because the
slope of the “gradient” was steep at its ends and nearly

B: Lake surface water
chemistry (1.T))

The conceptual model for lake surface water chemistry
observations along the “pH gradient” at WAWA is
illustrated on Figure 9a which also repeats the pH

flatin the middle and second because the “greenstone”
bedrock underlying lakes E, F and G resulted in a more
alkaline reaction to these three lakes than expected.
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Figure 3a. General location of sampling strip.
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Figure 3b. Detailed location map of the sampling strip.

THE 1981 PROJECT

The 1981 project: The Study of
“Lake Staircases”

The interpretation of the data and information obtained
during the 1980 activity focused attention on small
lakes located at the highest pointin catchment areas as
being those likely to be most susceptible to the effects
of Acid Rain. This was because they tended to have
both low pH and low alkalinity.

In 1981 the same team planned to update the 1980
methods and apply them to a set of 20 lakes located in
fours in each of five catchment areas. The catchment
areas were chosen so as to have relatively uniform
geological substrate.

An idealized conceptual model of a catchment area
suitable for study was drawn (Figure 22) and a list of
parameters expected to change in each area selected
was also included in the pre-planning process (Figure
24).

The location of the catchment areas selected for study
is indicated on Figure 23 where it is seen that the two
areas (X and Z) with the lowest pH were close to the
Montreal River. The original intention was to take a long
core from each catchment area but for practical rea-
sons this was not possible. A core from Doc Greg lake
(relatively acid), was collected but it proved unsuitable
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The following conclusions were drawn from this study:
nl 1. There is evidence of an increase in the frequency of
acid lakes from northwest to southeast around the F poe +
margin of Lake Superior. This gradient shows a 7.0t '4-%-# t,TF R
L general correlation with precipitation (Figure 13) L9 N st 3
and hence, by inference, exposure to “acid rain”. pH t
Figure 5. Relationships between lake area and catchment area 2. At the local scale, the highest frequency of acid 60
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bedrock (Figure 14) where the geology can provide, A
at best, only minimal quantities of carbonate to lake 5.0} Bip
water systems. )
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Figure 6. Conceptual model of a catchment area studied
including a list of parameters measured at each lake.

3. Alocal gradient is seen north and east of Sault Ste.
Marie with the frequency of acid lakes decreasing
with distance from town. It is suggested that this
pattern may reflect local total, pervasive low level
acidification of lakes due to sulphur emissions from
the steel 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 SO,) with associated fume Kkill. 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.

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 diabase (a rock type somewhat enric-
hed in Ca and ferromagnesium minerals which
weather to yield carbonate complexes) in the west.
These geological substrates are considered to pro-
vide a high carbonate buffering capacity to the lake
water systems. These areas are further character-
ized 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 sys-

NO DATA

Figure 12. Frequency of lakes pH 6.3 or below.
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C: Palynology (J.T.)

As a general rule 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 vegeta-
tion within the lake, near shore vegetation (for example
muskeg around the lake}, and also distant sources.

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, proba-
bly from sources south of Lake Superior. There is no
obvious source of Ambrosia pollen in the immediate
study area which is forested and has no agricultural
land.

The same forest cover is indicated by all pollen dia-
grams with minor local variations and this is typical of
the area to the north of Lake Superior. There are a few
pollen grains of southern tree species present in some
pollen assemblages, probably derived from the same
source as the Ambrosia pollen.

Three examples of Ambrosia rise patterns are depicted
in Figure 16 which includes data from sediment cores
from lakes B, F and T. A comparison with the Ambrosia
rise diagrams (Figure 16) and the Diatom inferred pH
data diagram (Figure 21) focuses attention on the pH
history of three lakes during post Ambrosia time.
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Figure 16. Ambrosia rise diagrams for lakes B,Fand T.
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D: Geochemistry of lake sediment
cores (J.F)

The conceptual model for the vertical distribution of an
element in a lake sediment core is presented in Figure
17. Prior to the commencement of the field work it was
envisaged that some elements would show an increase
in abundance in post Ambrosia time, some a decrease
owing to increased mobility due to Acid Rain and the
majority remain at the same level. (Figure 17).

In order to facilitate comparisons between the abun-
dance of elements within the same core and from core
to core, the weight percent data as received from the
chemistry laboratory (i.e. in % or ppm) was transformed
to Clarke (K) units by dividing the analytical result (in
parts per million) by the estimate for the abundance for
the element in the Earth’s Crust (also in parts per
million). Data for Lake B, whose water was measured at
a pH of 5.0 and Lake T whose water was measured at a
pH of 8.2, are included here as examples of abundance
geochemistry for typical lake sediment cores. (Table 2
and Table 3). Geochemical data sets for all the elements
listed in Table 1 for sediment cores from all 20 lakes are
included in the Open File Report (No 5342), together
with details of the techniques used.

During the 1980 project the sample interval for all lake
sediment cores was set at 2.5 cm making 20 samples
within a 50 cm core (Tables 2 and 3). In most cores the
top 4 samples were located in the post Ambrosia
portion of the core. Let us consider briefly patterns for
elements in cores from lake B (Table 2) and Lake T
(Table 3).
—Both the wet weight and the dry weight of the cores
tend to increase down core but such variations are
slight compared with the errors involved.

—The Loss on Ignition in samples of both cores
decreases slightly down core as might be expected.

—Aluminium is slightly lower in post compared with pre
Ambrosia material in core B whereas there is an
increased level of this element in the post Ambrosia of
coreT.

—Calcium increases slightly down core in core B and is
extremely high in Lake T as expected.

—Phosphorus increases slightly down core B and
remains relatively constant in core T but is high in the
surface sample from this core.

—Arsenic is enhanced in the top 6 cm of core B with a
sharp positive gradient of concentration. A similar
gradient occurs in core T except that the pre Ambro-
sia material has a higher content than in core B.

—Chromium is slightly higher in core B compared with
core T but both cores show a uniform level close to the
error of the methods.

—Copper is slightly enhanced in the top 5 cm of core B
and this pattern is somewhat more pronounced in
core T.

—Mercury increases slightly upwards in both cores
although the overall level is higher in core B. Both
cores have a sharp increase in mercury, in post
Ambrosia time.

—Nickel is relatively uniform in both cores and at the
same general level of concentration.

—Lead, like arsenic, sharply increases in late pre
Ambrosia time and in post Ambrosia time. This is
considered to be an anthropogenic effect.

—Uranium is relatively uniform in both cores except in
the top sample which has over 2 K in the core T
sample compared with around 1 K lower down and
0.87 K in core B compared 1.5 K lower down.

—Vanadium is relatively uniform in content in both cores.

—Zinc is like Arsenic and Lead in having a positive
concentration gradient in samples laid down in post
Ambrosia time.

SAMPLE WET WT.DRY WT. L.O.. Al Ca P As Cr Cu Hg Ni Pb U \'J Zn
1.D. g g % K K K K K K K K - K K K K
B—-1- 1 1243 094 b 03642 0.0959 t.1161 7556 0.2221 0.3379 49070 0.175 6.154 0.870 0.1890 2.0132
B-1- 2 26.91 234 417 04240 0.1302 1.1554 5333 0.1817 03046 5.0930 0.206 3.846 1.087 0.1862 2.1605
B-1- 3 2024 191 404 03992 0.1422 11929 2611 0.2076 0.2672 4.6047 0.191 2308 1.087 0.1700 1.4184
B-1- 4 2246 292 408 03811 01407 1.2464 1778 0.1855 0.2381 43023 0.169 1538 1522 0.1532 0.9711
B-1- 5 2385 215 409 04146 0.1417 13036 1.111 0.1972 02679 4.1744 0.124 1154 1739 0.1496 0.8171
B-1—- 6 2758 283 422 04252 0.1431 13214 0667 01926 0.2481 37791 0.151 0769 1522 0.1403 0.8316
B-1- 7 2540 244 368 04203 0.1494 12670 0444 0.2244 02309 3.3721 0213 0385 0435 0.1480 0.8461
B-—1- 8 2426 252 394 04439 0.1486 13259 0556 0.2242 02813 34186 0.123 0.769 1739 0.1493 09237
B-1- 9 2788 276 388 04439 0.1504 1.3295 0556 0.0934 02597 33721 0.154 0385 1.304 0.1529 0.9000
B-1-10 2816 282 392 04376 0.1631 13018 0444 0.2002 03196 34767 0.192 0.385 1.304 0.1581 1.0276
B-1-11 2728 3.06 37.8 04549 0.1590 1.3214 0444 02081 0.2713 41977 0.195 0.385 1.087 0.1651 0.9684
B-1-12 2649 342 384 04776 0.1676 12955 0.444 0.2214 02538 3.0116 0.160 0.385 1.087 0.1706 1.1250
B—1-13 2466 294 390 04822 0.1783 13089 0333 0.2268 0.2696 3.3256 0.176 0.385 1.087 0.1761 1.0421
B-1-14 29.06 333 263 04646 0.1848 13830 0.444 0.2298 02838 25465 0.202 0385 1.304 0.1791 1.1289
B-1-15 2635 3.09 383 05007 0.1918 1.4420 0500 0.2347 02918 41977 0217 0769 1.304 0.1993 1.2447
B-1-16 2469 285 373 04855 0.1928 14107 0444 02366 0.2943 3.1628 0210 0769 1957 0.1897 1.3803
B—-1-17 2817 357 364 04872 0.1988 14107 0444 02352 0.2903 26047 0218 0385 0652 0.1928 1.1368
B-1-18 2852 394 373 04586 0.1916 1.3482 0.38% 0.2216 0.2871 3.0698 0.216 0.385 1522 0.1824 0.9513
B-1-19 2883 381 379 04632 0.1954 13848 0.389 02366 0.2875 25000 0.196 0.385 1.087 0.1705 0.8803
B-1-20 2594 351 381 04623 0.2086 1.4384 0.389 0.1830 0.3054 2.7558 0.212 0.385 1304 0.1725 1.1132
Table 2. Sample weight data, loss on ignition and element abundance data for each of 20 subsamples for Core B1
SAMPLE WET WT. DRY WT. L.O.. Al Ca P As Cr Cu Hg Ni Pb U Vv Zn
1.D. g g % K K K K K K K K K K K K
T-1- 1 1944 0.87 b 0.1843 25901 1.0893 0.833 0.1213 0.3647 15116 0.172 11538 2174 0.1574 1.2237
T-1- 2 18.01 117 46.5 0.1853 24442 0.8330 9.833 0.1048 0.2651 15581 0.138 5.000 1957 0.1504 1.1276
T-1- 3 2320 1.27 46.2 0.1872 28391 07679 7.000 0.0998 0.2885 1.6628 0.131 4231 1739 0.1503 1.0500
T-1- 4 2306 1.85 476 01344 37082 06634 3167 0.1030 0.1934 1.0930 0.161 2.308 1304 01177 0.6829
T-1- 5 2642 1.84 466 41032 43283 06705 2500 0.0779 0.1601 09302 0.158 1.538 1.304 0.0840 0.4908
T—-1—- 6 2544 1.91 48.6 0.0993 4.3948 0.7339 2.167 00588 0.1774 0.8837 0.186 1538 0870 0.0725 0.3645
T-1- 7 2190 1.98 86.5 0.0658 51781 0.6259 1.444 0.0479 0.2793 06744 0.177 1.154 0652 0.0522 0.1947
T-1- 8 26.81 2.39 47.8 0.0707 5.1030 0.6527 1.167 0.0459 0.1629 0.6744 0.162 0.769 0.652 0.0704 0.1632
T-1- 9 2297 1.76 478 00764 48863 06714 1111 0.0619 0.2440 0.6279 0.169 0.385 0.652 0.0773 0.2053
T-1-10 25.77 3.14 46.7 0.0822 51695 0.6000 **** 0.0589 0.2862 0.6279 0.175 0.385 1.087 0.0699 0.2197
T-1-11 2582 3.10 454 0.0969 5.1545 0.6411 1111 0.0583 0.1687 0.6744 0.155 0.385 1.087 0.0789 0.2026
T-1-12 2498 3.83 454 0.0981 49957 06518 1.222 0.0666 0.2231 0.6279 0.162 0.385 1.087 0.0802 0.2000
T-1-13 23.37 3.49 46.5 0.1014 48991 07009 1.278 0.0795 0.2265 05698 0.188 **+*+* 1739 0.1001 0.2605
T-1-14 27.18 4.28 449 0.1126 47060 0.8179 1.278 0.0936 0.2441 0.5233 0.189 **+ 1522 0.1157 0.2987
T-1-15 26.32 4.69 445 0.1153 47339 07625 1.222 00932 0.1796 05233 0.252 *++ {1522 0.0986 0.2974
T-1-16 28.11 4.79 447 0.1136 49528 0.6643 1.333 0.0809 0.1741 04186 0.190 **  0.870 0.0916 0.2447
T-1-17 2230 4.21 448 01127 51116 0.6402 1.056 0.0780 0.1626 0.3605 0.189 *** 0.870 0.0820 0.2263
T-1-18 3230 7.80 43.8 0.1217 0.0427 0.6545 1.056 0.1467 0.2768 0.3140 0.194 *»* 0870 0.1506 0.5368
T-1-19 2985 6.08 434 0.1108 51760 1.7786 1.222 0.0874 0.1950 0.3605 0.204 ***=* 1,087 0.0976 0.3763
T—1-20 30.20 5.79 434 0.1360 4.6524 0.6893 1.278 0.1012 0.1781 0.5233 0.219 *+= 1304 0.1225 0.3000

Table 3. Sample weight data, loss on ignition and element abundance data for each of 20 subsamples for Core T 1.

In summary, the vertical distribution patterns for ele-
ments in 50 cm lake sediment core samples at 2.5 cm
intervals exhibit characteristic shapes similar to those
shown on Figure 17. Elements which appear to be
enhanced in post Ambrosia time include arsenic,
copper, lead, mercury and zinc.

Because the patterns for arsenic and lead appearedto

show an increase in content in late pre Ambrosia as well
as in more recent time, sediment fingerprint diagrams
for the content of both elements (in K units) in all 20
lakes were drawn (Figure 18). This summary of the data
indicates that arsenic has increased gradually in all
lakes during both pre and post Ambrosia time. In the
case of lead a similar increase is seen which is most
marked in the lakes A, B, C and D in post Ambrosia time.
This interpretation should be treated with caution and

Element 0.01K(ppm) 0.1K(ppm) K(ppm)
Al 836 8360 83600
Fe 633 6220 62200
Mn 10.6 106 1060
K 184 1840 18400
Na 227 2270 22700
Mg 276.4 2764 27640
Ca 466 4660 46600
P 11.2 112 1120
Ti 63.2 632 6320
Zr 1.62 16.2 162
As .018 .18 1.8
Co .29 29 29
Cr 1.22 12.2 122
Cu .68 6.8 68
Hg .86 8.6* 86*
Ni .99 9.9 99
Pb 13 1.3 13
Sr 3.84 384 384
Th .081 .81 8.1
U .023 .23 23
Vv 1.36 13.6 136
Zn .76 7.6 76

*ppb

Table 1. Clark Values for elements included in
the follow-up project from Ronov and
Yaroskevsky (1972)

elements in Long Core U3.

Al Mn Mg
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Igor;eh LO.I Elements
om| % | Clss A | Class B | Closs C

Core Depth —>|
(]

Lake Bottom

S

8

(73
(o]

,,,,,, 7

-

Ambrosia
Rise

—

1 KK

T

I KK

| KK

Figure 17. Conceptual model for the vertical distribution of
chemical elements in 50 cm lake sediment cores
sampled at 2.5 cm intervals.

Figure 26. Vertical distribution patterns for Picea, Pinus, and Betula pollen for selected
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THE 1982 PROJECT

for detailed study. Consequently the core from Furnival
Lake (Lake U3) was chosen for detailed study using
both palynology and geochemistry (see Figure 26). The
data and information for the five staircases is not
suitable for discussion in detail here. Instead a diagram
isincluded which shows the vertical distribution of each
of 14 elements in the four cores taken from the Z series
of lakes.

‘STAIRCASE OF LAKES’
connected by streams

Uniform
Bedrock

Uniform cover
of glacial material
of each step

Figure 22. Idealized hypothetical “Lake Staircase” system.

The 1982 project: Verification
and Standardization

As a result of the interpretation of the 1980 and 1981
data it became clear that effort was needed to verify and
standardize the performance of the different analytical
techniques in order to obtain the most reliable data.
Another aspect of this activity was to examine a
relatively small number of new lakes in order to further
clarify the data collection process particularly under
marginal conditions—for example in an old tailings
pond. The lakes sampled during the 1982 project are
indicated in Figure 27.

Perhaps the most important verification study of the
whole project is shown in Figure 28 where the surface
water pH data from the 1978 reconnaissance geochemi-
cal map are plotted with the 1980 data from the same
lakes which are located along the “pH gradient”.

Verification of a different kind is included in Figure 29
where element abundance data together with diatom
inferred pH data (where available) for eight lakes with
different pH of their waters. This diagram demonstrates
that the methodology for multi-element chemicai analy-
sis of small (i.e. 0.5 cm) subsamples of lake sediment
core materials is appropriate for describing details of the
multi-element patterns. The figure also illustrates the
diatom inferred pH history for the lakes and the sample
to sample variation expected in this method.

An example of the advantage of multi-element geochemi-
cal data (transformed to Clarkes) is shown in Core B
(Figure 29) where all elements show effects of compac-
tion of the core. If only calcium had been determined,
one might think the concentration gradient might be
due to the effects of Acid Rain.

Figure 23. Location Map 1981 project.

Scale 1:1 584 000

Table 4. Surface water chemical data for staircase lakes.
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Variations in pH and alkalinity of the staircase lakes are
listed in Table 4 where the Z lakes are seen to have low
alkalinity and a pH range of from 5.17 to 5.64 with the
top lake having the lowest pH. Diatom inferred pH
curves for each lake sediment core taken at 1 cm
intervals from 0 to 20 cm down cores and the asso-
ciated geochemical data for 14 elements are plotted on
Figure 25. The data points for individual elements are
joined to make lines when they are situated close
together and are plotted as points where erratic values
were encountered.

In general, the curves for diatom inferred pH and
element abundance are typical for those encountered
in four of the catchment areas. In the W catchment area
the paleo pH curve and the element abundance curves
for iron manganese and certain other elements are
considerably modified in post Ambrosia time due to
environmental effects of the Wawa smelter. The most
interesting lake in the Z series is Z4 which appears to
have been going acid during the recent past. Note that
the change in pH is accompanied by changes in the
abundance patterns for certain elements.

In summary, the 1981 project provided much informa-
tion regarding the pH and geochemical conditions of
the five lake series studied. This information is of
considerable importance in planning further regional
geochemical surveys in the area and is also important
in relation to the acid rain problem.

The possibility of using lake sediment cores for diatom
inferred pH studies in pre Ambrosia time, particularly in
relation to plant cover type changes related to climatic
change since the melting of the ice in the area some
9000 years B.P, was proven on the basis of the data for
palynology and element abundance derived from the
deep core from Furnival lake (Figure 25), where the
increase in copper and decrease in most other ele-
ments studied is associated with a birch-poor and
pine-rich cover type. This study points to further work
combining palynology, geochemistry and diatom in-
ferred pH in the future, although the calibration of the
diatom inferred pH information might be difficult.

1.

. Ingeneral, pH and alkalinity of surface waters of lakes

. Detailed diatom inferred pH measurements and ele-

. Astudy of a deep sediment core which recorded the

Geology underlying the catchment area governs the
pH of lakes within it, unless the lakes are ombro-
trophic (bog-lakes). Variations in pH of surface waters

within 1 pH unit are to be expected within the same
catchment area.

within the same catchment area are similar.

ment abundance data, taken at 1 cm intervals down
lake sediment cores taken from a series of lakes
within a single catchment area, suggest that minor
variations in pH do not affect sediment geochemistry
but significant changes in acidity (e.g. Lake Z4) do
affect the distribution patterns for certain elements.

history of the lake for several thousand years sug-
gests that changes in plant cover type (as evidenced
by palynology) are accompanied by significant
changes in the vertical distribution patterns for
elements. This may provide an opportunity for the
study of acid/alkaline cycles in Ial\e basins in pre
Ambrosia time by diatom inferred pH.
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Figure 18. Fingerprint diagrams for Arsenic and Lead in lake
sediment cores from the Wawa sampling strip.

E: Diatom inferred pH (M.D.)

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 analyze 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 to
acidobiontic) 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 km2, in depth from 2 to
42 m and in total inflection point alkalinity from 1-180
microequivalents/litre.

Diatom indicators of lake pH

The percent composition of acid and alkaline-loving
diatom species changes as one travels along the Wawa
sampling strip from lakes A to T. (Figure 20). 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 general-
ization. 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 19 and 20).

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 consistently higher than the
observed lake pH (Figure 20). 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 against the
observed lake pH. Thus the pH of a lake's surface is
better reflected by its plantonic 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 35% of the study lakes had pH
values which fell within half a pH unit of the observed
pH. (Figure 20). Yearly, three-quarters (74%) of the
planktonic inferred pH estimates fell within one pH unit
of the observed pH of the 20 study lakes.

a0 PLANKTON OMEGA

8.04

Regression Line

=0.63
n=29, p=<0.05

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 increasing the
number of frustules to 2,000 per slide, and the number
of slides to five (pH = mean = 0.2 of a pH unit), we feel
that the added precision does not warrant the enor-
mous increase in expended effort. In addition, accuracy
may not improve significantly with increased replica-
tion. For this reason, we recommend counting 600
frustules on each of two to three replicate slides.
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WAWA LAKES — PERCENT COMPOSITION
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Figure 20. Percent change in composition of lakes A to T with
corresponding inferred pH values.
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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 10to 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 %2 a pH unit.
Therefore, itis not surprising that the diatom inferred pH
of Lake B at 0 cm (4.6) is not identical to the pH we
observed in the fieldin 1980 (5.0). in 1978 the observed
field pH of the lake ws 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
fluctuation.
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Figure 28. Verification of the 1978 reconnaissance geochemical
survey data for surface water samples from lakes
along the 1980 “pH gradient”.
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1. In general, the methodology developed during the
project for surface water chemistry, sediment geo-
chemistry, palynology and diatom inferred pH mea-
surements is suitable for inclusion in regional lake
sediment surveys and is capable of distinguishing
between acid lakes which are natural and those
which have been affected by man’s activities.

. The surface water chemistry and the multi-element

geochemistry of the lake sediment core samples is
relatively simple to carry out and could be incorpo-
rated in future regional geochemical surveys. The
study of palynology and diatom inferred pH are more
complicated and not practical as components of
regional geochemical surveys.

. Further studies are required to develop techniques

for the identification and description of lakes affected
by Acid Rain which are as effective as palynology and
diatom inferred pH but are less time consuming and

. The Wawa project data base provides a unique

opportunity to continue this research to a successful
conclusion. Using an approach similar to that used

o 0 .
AT B o Conclusions
2F 1981 OBSERVED pH*7.3 2 1982 OBSERVED pH=5.3
I - (CLEAR)
4r ~ 4 -«
. E Pb-210
— 6 -~ 6 (Circa 1962)
£ | r
(%]
I 8 Lake W4 E 8t
= L o | 2
& 10 |98| w
a8 'r § " Lake CF
a i
WL o 1982
O
(&) o L
14 14 AMBROSIA RISEx
L L (Circa 1890)
16 i6 | ! | 1 | ! ! 3
48 49 50 51 52 53 54 55
18l AMBROSIA RISE _3 DIATOM INFERRED pH
(Circa I890)
R TR > costl.
‘ ‘ ' y : - CESIUM-137 PEAK
DIATOM INFERRED pH 2 (Cires 1963) 4
a-
co —~ 1983 OBSERVED pH= 4.8 80 far.
1983 OBSERVED pH=45 E ~
L E e
2r CESIUM-137 PEAK T T
L (Circa 1963) :1 Lake KH4
=T 4L w L
87 o [ 1983
id
E er &
% s— [-18
w | Lake KN4 L
2 o[ 1983 I
i = 4= AMBROSIA RISE
(Circa 1890)
12+ -
F 18
al- AMBROSIA RISE I
| (Cllrco |89|0) \1’ 1 20 | 1 1 L 1 1 1 1
40 42 44 45 48 50 62 50 52 54 56 58 60 62 64 66

DIATOM INFERRED pH

Figure 30. Diatom inferred pH data for four acid lakes

DIATOM INFERRED pH

a. Lake W4 (1981) situated in The Wawa Fume Kill area.
b. Lake CF (1982) showing a pH change due to natural causes (i.e. a forest fire).
c. Lake KN4 (Sudbury Area 1983) which is going acid naturally due to an accumula-

tion of humic acids.

d. Lake KH4 (Sudbury 1983) which has gone acid since 1963.
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T, Wawa Sampling Strip.

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 that
have been recorded in the lake’s watershed.

The diatom inferred pH of Lake F based on its surface
sediments was 6.9 (Figure 21). The observed pH was
7.1. 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 observa-
tion of rapid de-acidification. The reasons for this shift
and those preceeding it (Figure 21) are not known.

The lowest diatom inferrered pH of this humic lake was

5.4 and the highest diatom inferred pH was 7.8.
Increase in the amount of humic matter generated in

and around the lake 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.

Conclusions: 1980

1. The pH pattern in surface lake waters is verifiable
from year to year even though the absolute pH values
vary from year to year.

2. Regional geochemical element abundance patterns
in sediment collected deeper than 25 cm below the
lake bottom are uniform and repeatable.

3. Alkalinity of surface lake waters relates to geological
conditions within the catchment area. It is low in
granitic areas, medium in areas underlain by meta-
sediments and metavolcanics and high in areas of
carbonate-rich volcanics. Hence, geology usually
determines the alkalinity and pH of lake waters.

4. Palynological investigations of center lake sediment
cores confirmed that the Ambrosia rise can be
detected in lakes in the Wawa area.

5. Arsenic, Lead, Mercury, Zinc and, possibly Copper
levels increase in lake sediment cores in post
Ambrosia time probably due to anthropogenic
effects although some other mechanism may be
involved for some elements.

6. The “Diatom inferred pH” method astried on 3 cores
shows promise of being an important component of
“Acid Rain” research.

7. There is some evidence that small lake basins at the
top of the lake series in a given catchment area are
more susceptible to Acid Rain than lakes further
down in the catchment.

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

Theses relating to diatom
inferred pH measurements

Ciolfi, J.

1983:A Comparison between Diatom Inferred pH
Changes and Diatom Populations in Brownwater
and Clearwater Lakes. Brock University for M.Sc.
p. 194. (July, 1983)

Dixit; S.S.

1983: The Utility of Sedimentary Diatoms as a Measure
of Historical Lake pH. Brock University for M.Sc.
p. 169. (May, 1983)

Yung, Y-K.

1983: A Comparative Study of the Change in Diatom
inferred pH of a Staircase of Lakes in the Algoma
District, Northern Ontario. Brock University for
M.Sc. p. 130 (July, 1983)

CREDITS
Compiled by J.A.C. Fortescue, 1983.

This sheet was compiled from material selected from
OGS Open File Reports 5342 (Fortescue et al., 1981)
and OFR 5483 (Fortescue et al., 1984). Sections of this
sheet written by other members of the team are
indicated beside the titles. The initials I.T. refers to lan
Thomson, J.T. to J. Terasmae, M.D. to M. Dickman and
J.F. to J. Fortescue.

Every possible effort has been made to ensure the
accuracy of the information presented on this map;
however, the Ontario Ministry of Natural Resources
does not assume any liability for errors that may occur.
Users may wish to verify critical information; sources
include both the references listed here, and information
on file at the Resident or Regional Geologist's office and
the Mining Recorder's office nearest the map-area.

Issued 1984

Information from this publication may be quoted if credit
is given. It is recommended that reference be made in
the following form:

Fortescue, J.A.C.

1984: Interdisciplinary Research for an Environmental
Component (Acid Rain) in Regional Geochemical Sur-
veys (Wawa Area), Algoma District, Ontario Geological
Survey Map 80 713, Geochemical Series, compiled
1983.

100




