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ABSTRACT

MOVEMENT AND ACCUMULATION OF APPLIED
COPPER IN A HARDWATER SOUTHEASTERN MICHIGAN RESERVOIR

by Kenneth Ray Roberts

A study was made from January through May, 1965 on the dynamics
of applied copper movement and accumulation in 85-acre Adrian Lake, a
southeastern Michigan hard water water supply reservoir. The lake has
accrued a copper accumulation during more than ten years of intensive
algal control with copper sulfate.

During the study the lake's water dynamics were found to be con-
stantly changing. Analysis of lake water copper profiles resulted in
the conclusion that water movement is a very significant factor in the
distribution of applied copper, Conditions apparently most important in
the mechanism are volume of lake inflow, the rate of copper sulfate enter-
ing the system, and water volume going over the dam and/or through the
sluices. Copper is transported out of Adrian Lake both by direct flow
from the constant-flow source and from the sediments themselves. In each
instance water current is the vehicle which determines the rate of removal.

Total copper values in the sediments were found to be high. A
maximum downlake value of 1,952 ppm. was found two cm. deep at a point
1,145 feet from the point of copper sulfate introduction. Copper con-
tent progressively decreased with increasing sediment depth. This ver-
tical trend apparently reflects the lake's rate of copper sulfate appli-
cation. The data were considered insufficient to accept or reject the
hypothesis of increasing sediment copper concentrations with increasing

water depth in Adrian Lake, Nor did the data provide evidence of a



Kenneth Ray Roberts

strong relationship between sediment copper content and distance down
lake from the constant-flow device. Wave action and intensified inflow,
vhenever they might occur, are attributed to result in continual full or
partial downlake re-distribution of these compounds.

A literature review resulted in the conclusion that the high af-
finity of organic matter for copper ions has gone generally unrecognized
in the field of lake copper ecology. A thorough understanding of react-
ions of copper ions in natural waters is precluded until such a time when
a more ample back,round is established on the form of the copper ion lake
water, the organic and inorganic materials present, their inter~relations,

and relative copper affinities,
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INTRODUCTION

Copper compounds, primarily copper sulfate (CuSQ,.5H,0), but in-

cludin, copper carbonate and copper oxide, have been widely applied to
water areas for varying reasons. ilie most common use is for algal and
bacterial control in water supplies. Other uses include the coantrol of
leeches, higher aquatic plants, fish diseases, and snails (for swimmers'
itch). At least two state conservation agencies (Massachusetts and Ohio)
apply copper sulfate to lakes routinely to stimulate fish movement, and
thus increase the catch of fish in survey nets (Tompkins and Bridges,
1953; Brown, 1964).

Sustained annual programs of copper sulfate application carried
out over lon, periods are not uncommon. Lakes Menona, Waubesa, and
Kegonsa of thie Madison Lakes, Wisconsin have received lar,e applications
of copper sulfate annually for a period of at least nineteen years for
algal control. As part of a swimmers' itch program, Hougliton Lake in
Michigan received 555,400 pounds of copper sulfate from 1344 to 1963. As
part of the same proyram over the same interval, Michizan's Bis and Little
Glen Lakes received 104,900 pounds.1

Documentation of the more immediate toxicity of copper applica-
tions on aquatic fauna is fairly extensive. However, the question of po-
tential long range negative effects of repeated copper applications on

lake ecosystems is meagerly treated in the literature, despite the fact

lFetterolf, Carlos. 1963. Comments on the use of copper sulfate
and the effects on lake ecology. Michigan Water Resources Commission
mimeo raphed report.,
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that widespread speculation on this matter does exist. Hasler (194¢) ex-
pressed concern by writing, '"The question is not how little can be used
to avoid killing fish, but what will be the effect of accumulations of
copper in lake muds.,...'" Hasler cited Frey (1940) who maintained reduc-
tion of the aquatic veietation and molluscan fauna of lakes Menona,
Waubesa, and Kegonsa occurred with the addition of copper. Klein (1957)
and Placak et al. (1950) report that as little as 0.0l ppm. copper has a
marked depressing effect on the B.0.D. of sewage. Rudgal (1946) found
that increasing copper concentration in sludge caused a decreasing rate
of digestion., Although 2,500 ppm. had a negligible effect, 50,000 ppm.
allowed only 5 percent of normal gas production.

Equally meager evidence exists which suggests that hish copper
concentrations accumulated in the sediments does not harm aquatic ecology.
Mackenthun and Cooley (1952) produced laboratory evidence that the copper
accumulation then present in Lake Menona sediments (as high as 430 ppm.)
was not toxic to Pisidium sp. over a 60-day period. They also reported
that extreme concentrations (9,600 ppm.) were needed to kill certain bot-
tom dwelling organisms from Lake Mendota. Domogalla (1935) reported that,
"rooted aquatics grew luxuriantly through all eleven years of copper sul-
fate treatment at Lake Menona.'" Tompkins and Bridzes (1953) reported
that Lake Quannopowitt, Massachusetts, despite a long history of copper
application displayed above average net catches of fish for that state.
Moyle (1949) pointed out that commercial fishing yields were higher for
a group of four Minnesota lakes treated with copper sulfate over a twen-
ty-four year period than for five adjacent untreated lakes.

Obviously, any substance as toxic as copper introduced in suffic-

ient quantities will influence lake ecology. The question of whether



changes caused by accumulations of this heavy metal are of kind and sig-
nificance to warrant concern cannot be answered until many more data are
available,

The general objective of the present study was to measure the dy-
namics of movement and accumulation of copper in a lake receiving annual
applications. Specific objectives of the study were: (1) measurement of
the distribution of accumulated copper in the sediments of a treated hard-
water lake with respect to depth and distance from the point of copper sul-
fate introduction; and (2) periodic analyses of water profiles during the
1964-65 winter and 1965 spring to record vertical concentrations of cop-
per, dissolved oxyzen, and pH in a hardwater lake during these periods,
The water profile data were supplemented with lake discharge estimates to
enable a projection of the amount of applied copper (rezenerated from the
sediments or otherwise) that was carried out of the lake by spring dis-
charge.

Adrian Lake at Adrian in southeastern Michizan was the site of
data collection. It has accrued copper durinz more than ten years of
alzal control with copper sulfate by the City of Adrian. This hardwater,
35-acre, gourd-shaped reservoir was an excellent study site, because of
its small size, relatively unpolluted state, and the mode of copper sul-
fate application, Most of the chemical is introduced by a constant-flow
device located at the lake's stream inlet, although additional treatments
are made by boat, The stationary source of introduction provided a unique
oppontunity to measure copper accumulation in the sediments of a hardwater
lake with respect to (l) distance from the point of copper sulfate intro-

duction and (2) water depth.



Literature Review

Little is known about mechanisms of copper ion reactions in
natural waters. Copper ions react readily with many materials common at
one time or another to lakewater. These substances include both organic
matter (algae, higher aquatic plants, invertebrates, organic colloids,
vertebrates, etc.) and inorganic matter (carbonates, chlorides, clays,
hydroxides, oxygen, etc.).

It seems universally accepted that most applied copper finds its
way to the bottom, although this may not necessarily be true. Several
mechanisms for its course to the bottom have been advanced. As early as
1930, precipitation of copper salts after applications to hardwater west-
ern lakes was observed (Hale, 1954). Prytherch (1934) suggested that
wastes of an alkaline character may cause precipitation of normal amounts
of copper from river water. Prescott (1948) and Nichols et al. (1946)
experimentally confirmed that precipitation of a bluish substance does
occur from water with pH above neutral. Nichols et al. feel that, " . . .
much of the copper added to lake waters of notable alkalinity is precipi-
tated as a basic copper compound, of somewhat variable composition, de-
pending upon prevailing conditions . . ." Hutchinson (1957) points out
that two well-defined basic copper carbonates (malachite and azurite)
are known in nature and the mechanism of basic copper carbonate formation
is likely to be complicated,

Riley (1939) in work on softwater Connecticut lakes cited evidence
which indicates binding with algae and colloidal organic matter is a prime
means of copper deposition. Benoit (1956) reported that Riley later de-
termined that copper added to Lindsley Pond inlet water was rapidly fixed

and that the copper was not precipitated through formation of insoluble



hydroxide, carbonate, phosphate, or sulphide.

It might be noted that the concept of alkaline water precipitat-
ing all applied copper is presently widely held, yet is based on very
limited evidence. Hutchinson cites unpublished data collected by Stecker
in 1933, which compares total copper concentrations of more alkaline to
softwater Wisconsin lakes, Based on measurements from 136 lakes, the
data actually indicate a slightly higher copper concentration in the more
alkaline lakes (32 mg. m'3) than in the softer lakes (29 mg. m’3). Hutch-
inson attributed these results to a tendency for water with more total
solids in solution to contain more copper and came to the conclusion that
Stecker's data gave no indication of copper content of harder waters
with natural concentrations being regulated by precipitation.

A possibly important facet of copper ecology heretofore little
considered in the literature is the importance of dissolved organic mate-
rials such as amino acids, porphyrins, and carboxylic acids in tying up
copper in lake water. Although limited information presently exists on
the dissolved organic fraction of fresh waters, work by Shapiro (1959)
shows the existence of a mixture of hydroxy carboxylic acids in softwater
Connecticut lakes. Vallentyne (1957) indicated the occurrence of amino
acids, polypeptides, and porphyrins in natural waters. Fogg and Westlake
(1955) reported that an extracellular polypeptide produced by Anazbaena sp.
formed a soluble complex with various ions including copper. Saunders
(1957) suggested that dissolved organic substances, acting as chelators,
may influence concentration of trace elements in natural waters.

ihe high affinity of organic matter for copper ions is widely rec-
ognized and documented. Soil scientists have been particularly interested

in copper exchange capacity of the soil organic fraction. Bremmer, et al.



(1946), Coleman, et al. (1356), and Broadbent (1355) all report the exist-
ence of stable complexes between soil organic matter and copper. Broad-
bent and Oh (1357) reported that soil organic matter complexes were found
capable of forming complexes with copper in very dilute solution, and the
amount of complex formed was shown to be dependent on copper concentra=-
tion, pH, and time of contact. Thompson (1950), working on browning re-
actions of foods, calls proteins avaricious copper-grabbers; he reports
that a neutral solution of protein, such as casein or albumen, will satur-
ate iteslf with copper while in contact with an insoluble copper compound,
such as the oxide, in a relatively short time. Corwin (1950) reports that
amino acids will break copper-ammonia complexes to take the copper and
that the affinity of porphyrins for copper is so jreat that they will ex-
tract it from copper sulfide. Assuming the constant presence of dis-
solved (and particulate) organics in both hard and soft water, it seems
that ionic and/or inorganically bound copper would eventually find its
way into the '"avaricious' organic matter,

Obviously, a thorough understanding of copper ion reactions in
natural waters is precluded until an ample background is established on
the form of copper ion in the water, the organic and inorzanic materials

present, their inter-relationships, and relative affinities for copper.



1HE S1UDY AREA: ADRIAN LAKE

Location

Adrian Lake (Figure 1) lies within Sections 26 and 35 of Township
6-S Range 3-E, Lenawee County, Michigan. It is located on the northwest
side and within the corporation limits of the City of Adrian. This 35,5-
acre reservoir lies on Wolf Creek.

Drainaye Area

Wolf Creek is part of the Raisin River Drainage. It flows direct-
ly into the Raisin kiver, which in turn flows into Lake Erie. The land
area draining into Adrian Lake itself is approximately 80 square miles.2
The headwaters of Wolf Creek arise in a series of small lakes in Cambridge
and Franklin townships of Lenawee County., The connecting ditches between
the lakes are intermittent, draining into wolf Creek only during periods
of high water. Wolf Creek itself is not intermittent and receives water
from several tributaries, including Hunt, Ryan, Pouty, Onsted, and Black
Creeks,

Early settlers found Lenawee County to be covered with dense for-
ests, Red, white, and black oaks, sugar maples, and beech were the prin-
ciple species, Little or no virgin timber remains. Presently existing
woodlots are small and largely pastured (Striker and Harmon, 196l).

Wolf Creek's watershed consists primarily of f;rmland. It does
include the very small rural towns of Onsted and Springville. The 1954

census showed the average Lenawee County farm to be 123 acres with major

2Michiovan Department of Conservation Map of Lenawee County
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sources of income listed as field crops, dairy, livestock, poultry and
fruit, in that order. Primary field crops include corn, oats, wheat,
soybeans, hay and sugar beets (Striker et al.).

Geolouy and Soil Types

Bedrock formations underlyinz Lenawee County are flat-lying sedi-
mentary rocks. Glacial action ground up the bedrock and left deposits of
drift, Thus, the surface features of the watershed are a reflection of
the glacial action,

Wolf Creek's drainage area is comprized of three general soil as-
sociations (Striker et al.). The northern-most portion in the headwaters
consist of rollinj to hilly, well-drained loamy sands. The central part
is nearly level, consisting of imperfectly and poorly drained soils de-
veloped from clay loams, silty clay loams and clays. The lower portion
displays undulating and rolling soils developed from limy clay loans,
silty clay loams and clays.

More specifically, a large portion of Wolf Creek bottomlands, in-
cluding the site of Adrian Lake, are of the Genessee and Griffin loam
series, Gennessee soils are well drained and consist of an alluvium made
up of loam, sandy loam and silt loam. Griffin soils are found in swales
and old stream channels, are subject to overflow, and receive fresh de-
posits when flooded. Most Griffin areas are narrow and less than three
acres in size, 1In Lenawee County, they are found in such intricate mix-
tures with the Genessee Series that the two are mapped together. These
soils are fairly fertile and easy to till (Striker et al.).

Erosion
During periods of hizher water, Wolf Creek and Adrian Lake become

visably muddy., Striker et al., report that both of the upper watershed's
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soil associations require special land management practices to control
erosion.

An outstanding example of watershed erosion was observed by the
writer durinyg the study. On February 10, 1965 Adrian City water person-
nel made an entry in the water plant diary which reads, "high water and
mud," followin; a runoff from thawing snow, During late February and
early March, sediment cores were collected through the ice. Examination
of these cores showed a contrasting brown layer of fresh sediment one-
eighth to three-eighths inch thick on the surface phase of each black
core, This sediment was apparently deposited in the lake during and after
the runoff.

Water Quality

The Adrian Lake drainage discharges a moderately hard enriched
water. Bicarbonate alkalinity ranges from 150-350 ppm. The enrichment
is sufficient to cause problem algal blooms in the lake with great fre-
quency. As early as 1946, the Adrian Water Board chemist treated the
lake with copper sulfate to control these blooms.3

Adrian Lake Proper

Adrian Lake displays characteristics common to most stream im-
poundments, including a shallow upstream end, and gradual deepeniny to
the deepest point of 21 feet near the dam. Soundings show that much of
the impounded stream channel is still intact. The lake is gourd-shaped,

and the shoreline is far from regular.

31546 Adrian Lake Survey, Institute for Fishery Research,
Michigan Department of Conservation. August 20, 1%46.
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The dam. The dam was constructed in 1941, and filling occurred in
1942, Approximately 600 feet wide and 30 feet tall, it is comprised of
earthen fill, which is protected from wave action by stone riprap on the
water side. At the extreme south side a concrete spillway, complete with
two 42 X 42-inch sluices, was constructed. Lake outflow occurs at this
point, The concrete dam is 25 feet high, and the spillway is 66 feet
wide., T[hie center 9-foot 4-inch spillway section is two and one-eighth
inches lower than the remaining, forming a low flow weir. The entire
spillway is adapted to receive 1l2-inch high oak planks, which are install-
ed when additional water storage is desired.

The water plant draws raw water for municipal use from an intake
located on the north end of the dam., fihe intake is approximately 5 feet
underwater,

Water level fluctuation. In addition to seasonal fluctuations,

Adrian Lake is subject to certain drawdowns, which are considered condu-
cive to water plant operations and municipal water consumption.

Installation of 12-inch planks at the spillway occurs each spring.
In 1965, installation of the planks with the sluice gates closed brought
the water level up one foot in five days.

The sluice gates are an important cause of fluctuation. The
42 X 42-inch gates are capable of draining 576 million gallons per day
when wide open. In practice they are seldom open more than six inches,
and then only for short periods. Even this partial opening has a signifi-
cant effect on lake level at times.

Dry conditions over the past few years have resulted in low lake

levels, 1In 13563 and 1364, spring rains were sufficient to fill the lake,
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but permitted little or no overflow. During this period, the sluice gates
were never opened.

The lake bottom. The lake bottom is essentially a reflection of the

original stream valley., Bottom slope is varied, being generally low at
the upper end and increasing as the dam is approached. The stream channel
still exists, and there is evidence which shows it is still functional
when the sluice gates are open.

Bottom materials consist primarily of rubble, gravel, sand, silt,
clay and organic detritus. 1he dam riprap contains numerous boulders.
The gravel and sand beds are found almost exclusively on wave-washed areas,
particularly at the areas exposed to north-wind wave action. The deeper
and less exposed bottom areas consist of silt-clay deposits., The deepest
area, which is near the dam, exhibits a black-organic clay bottom. Organ-
ic matter is not present in abundance, because air-drying of this black
clay material yields the characteristic color of grey clay.

Numerous stumps from trees cut prior to inundation are present,
especially in Area A.

Adrian Lake inadvertently serves as a stilling basin for Wolf
Creek. The result is that remaining original Genessee and Griffin soil
series of the lake bed are being covered by erosion materials from the
watershed. These foreign materials include gravel, sand, silt, clay and
organic detritus,

In addition, organic matter is contributed by meager beds of

Potamogeton natans, P. pectinatus, and Najas sp., which are found in

limited patches.

Lake margin characteristics. The shoreline slope is a reflection

of the original impounded area. The slope is moderately low at the upper
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end, The lower half of the lake has very little shallow water due to the
dam and high banks, which drop rapidly to the old valley bottom.

Erosion is conspicuous in many places. The higher banks in all
places have been gradually undercut because of their steep slope. Vave
erosion, however, 1is not proceeding at a rapid rate.

Zones of submerged higher aquatic vegetation are historically few
in the lake and are restricted to sheltered areas. Carbine and Cooper4 in
August, 1946 reported, ''silty water made good cover, vegetation scant."

C. M. Taube® in June and September, 1953 reported, ", . . virtually no
vegetation; Najas sp., Potamogeton sp. observed at the Girl Scout Camp

and south." At the time of the current work, only P. natans, P. pectinatus,

and Najas sp. were observed, and then only in scant, isolated beds.

Actually, shore holding capacity due to submerged higher aquatic
vegetation is minimized by this lack of development.

During the early 1964-65 winter, the water level was about two
feet below dam-top level, exposing a two to ten-foot-wide strip of lake
bottom to the snow and air. The effect of such fluctuation on higher
aquatic vegetation development can only be conjectured.

The Fish Population

Survey history. Since filling in 1942, Adrian Lake has received

three fish surveys by biologists of the Michigyan Institute For Fisheries
Research. The first occurred in 1946 and was made by G. P, Cooper and

W. F. Carbine. The second and third surveys were made in 1953 and 1957

41bid.

51953 Adrian Lake Survey, Institute For Fisheries Kesearch,
Michigan Department of Conservation.



14

by C. M. Taube and include net-survey data, 7To provide current informa-
tion on Adrian Lake fishes, a seining and _ill-net survey was made on
June 14 and 30, 1965. Survey effort consisted of approximately fifteen
pulls of a 100-foot seine at various places along the shoreline and four
hours of fishing with an 30 foot 1 1/2-inch mesh ygill net. The results
of the 1265 survey are given in Table 1,

A comparison of species composition for all four surveys is given
in Table 2, Information on fishes in the 1946 survey was limited to the
personal knowledge of Messrs. Smith, Peters, and Munger of the Adrian
City Water Board. The abundance designations assigned to the various
species in the 1953 and 1357 surveys are those of Taube, and the criteria
for assigning these designations are unknown. The 1965 data are expressed
as numbers caught, except in the case of certain minnows, because survey
effort was not geared to suggest estimates of abundance.

Stocking effort, Table 3 summarizes the official stocking history

of Adrian Lake as obtained from the records of the Michigan Department of
Conservation.

Population dynamics. The limited data of Table 2 seem to indicate

that species composition is relatively stable and has been so since at
least 1953. All but two of the species recorded in 1953 were found to be
present in 1965. 1In addition the 1565 survey showed the presence of one
heretofore unreported species, the mottled sculpin,

Insufficient information exists to conjecture on growth rates of
the black basses and northern pike. However, the growth rate of sunfishes

is apparently poor., In both 1953% and 19577, Taube reported the dominant

éIbid.,

71957 Adrian Lake Survey, Institute For Fisheries Research,
Michigan Department of Conservation.
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size for warmouth, green sunfish, pumpkinseed, and longear sunfish to be
"small". He reported the growth rate of pumpkinseed sunfish in 1953 and
1957, based on scale readings from seven and twenty-two fish respectively
to be 'below average'. Although no age-growth work has been done on the
1965 fish collection, the length-frequency of Table 1 supports the prem-
ise of poor growth.

At least one apparent exception is the growth rate of yellow
perch, Taube described the growth rate as '"above average'" in both 1953
and 1957 based on aging of twenty-two and thirty-three perch respectively.

Survey information is also inadequate to evaluate the impact of
the bass and pike stockinyg on the lake's angling. Taube cited angling re-
ports of smallmouth bass catches in both the 1953 and 1957 surveys. He
also wrote of a '"few'" northern pike catch reports between 1954 and 13557.
The 1965 survey showed the presence of both northern pike and smallmouth

bass.
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METHODS

I. COLLECTION AND PROCESSING OF WATER SAMPLES

Initial water sampling efforts were directed at studying the
stratification of copper in Adrian Lake. Two stations (II and III) were
defined and samples were taken at one meter (and sometimes half meter)
depth intervals with a Kemmerer Sampler. As sampling progressed, it be-
came apparent that a knowledge of copper concentrations, as the water
traversed the gourd-shaped reservoir was equally important. Thus Stations
0, I, and IV were eventually established. The stations are marked on Fig-
ure 1 and are located as follows:

Station 0. This station is the Wolf Creek bridge on the Tipton Highway.
It lies approximately one mile above the inlet to the lake. Samples tak-
en here represent copper concentration of water enteriny the lake. Sam-
ples were taken from midstream with the Kemmerer Sampler.

Station I. This station is in Area A, where the reservoir widens from
the inflowing stream. It is approximately 730 yards downstream from the
point of copper sulfate introduction, and lies in the stream channel.

The lake at full pool is approximately two meters deep at this point, and
all samples (save one) were taken at a one-meter depth,

Statlons II and III. These stations represent midlake and downlake areas,

Both lie in the old stream channel. Station II is 4.5 meters deep at full
pool and 1,440 yards from the copper source, while Station III is 6 meters
deep and 1,730 yards from the copper source. Samples were taken at one
meter (and sometimes half meter) depth intervals.

Station IV. The outlet flow is represented by Station IV, which is mid-

stream at the Bent Oak Highway bridge on Wolf Creek 400 yards downstream
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from the Adrian Lake dam.

Samplin: schedule. Water sampling occurred at approximate two-week

intervals during the period January 16 through May 27, 1965, except dur-
ing February, when a great deal of time was devoted to sediment core col-
lection., Dates of sampling were: January 16 and 30; February 6; March
15; April 6, 14, and 29; and May 12 and 27.

Lakewater Fractioms,

Riley (1935) in his more comprehensive study of lake copper ecol-
oy defined four lakewater fractions in which copper is found. His defini-
tions included: (1) sestonic; (2) organic-colloidal; (3) soluble (ionic);
and (4) total fractions. The sestonic fraction was defined as that frac-
tion held back by a 0.6 micron filter and included plankton and organic
and inorganic detritus of sufficient size, The organic-colloidal fraction
was defined as that matter small enough to pass throu;h the 0,6 micron fil-
ter and included bacteria and inorganic and organic matter. Riley does
not specifically mention copper complexed with dissolved naterials. The
soluble or ionic fraction was defined as that copper in a free ionic state.
In lakewater, this apparently would be copper in some form of equilibrium
with copper compounds in the water. Total copper was defined as the sum
of the tnree above-mentioned fractions.

For the purpose of this study, the fractions as defined by Riley
will be used, with some modification of definition and nomenclature. The
sestonic fraction is defined as that lakewater matter, which will not
pass through a 0.45 micron filter. Since Riley's organic-colloidal term

is considered to be a misnomer, the term filtrate fraction will be used

for want of a better term and is defined as small bacteria, viruses, or-

sanic and inorganic particulate matter smaller than 0.45, in diameter,
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dissolved organic and inorganic compounds, and ionic copper. The ionic
fraction will have the same definition as Kiley's. However, the ionic
fraction was not successfully measured and is not pursued further. Since
Adrian Lake water is relatively hard, it is doubtful if any significant
amount of ionic copper ever exists in solution, except after a copper sul-
fate application.

Processing of Total Copper Fraction

Glassware for all copper analysis was washed, rinsed with concen-
trated hydrochloric acid, and then finally rinsed with de-ionized distill-
ed water. One hundred ml. samples of lakewater were placed in 250 ml.
beakers and evaporated to near dryness. Ten ml. of concentrated nitric
acid and 2 ml. of 727 perchloric acid were added to each beaker, and the
samples were again evaporated until dense perchloric acid fumes were
evolved, At this stage the minute amounts of organic material were di-
gested, The digested samples were washed into separatory funnels and
the bathocuproine determinations made.

Processing of Sestonic Copper Fraction

One hundred ml. samples of lakewater were passed through 0.45
micron millipore filters at approximately 30 pounds per square inch pres-
sure. The filters, containing the sestonic fraction, were placed in
clean glass bottles until digestion and copper measurements were possible.

The filters and their residues were individually placed in 250 ml.
beakers and digested with 10 ml. of nitric and 2 ml. of perchloric acids.
Bathocuproine determinations were made immediately after the digestion
step.,

Processing of Filtrate Copper Fraction

The filtrates from 100 ml., samples passed through the 0.45 micron
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filters were transferred to 250 ml. beakers., These were processed in a
manner identical to that for measuring total copper.

Measurement of Ionic Copper

It was felt that no satisfactory way of measuring ionic copper in
lake water has been advanced. Some preliminary work was done with extrac-
tion of ionic copper with a Dow copper-specific ion-exchange resin. How-
ever, the results were not considered sufficiently precise, and the effort

is disregarded herein.

II, SAMPLING SEDIMENT FOR COPPER

Selection of Sampling Stations

Twenty-five widely distributed sediment cores were collected
from February 24 through March 5, 1965 at varying depths ranging from 0.4
to 5.8 meters, The breakdown was: Area A - 6 cores; Area B - 6 cores;
Area C - 13 cores., Locations of the respective cores are shown in Fig-
ure 2,

Core collection stations were selected from a master plan of 300
sample stations laid out prior to collection. The master plan was pre-
pared by superposing a scaled grid with transects (1l unit =« 50 feet)
over a 24 X 30-inch lake map and selecting 300 grid intersections as sam-
ple points by use of random number tables, These intersections comprised
sample stations and were assigned numbers,

Collection was made through the ice, Sample stations were locat-
ed by: (1) laying out a primary transect for each area; and (2) measur-
ing perpendicularly to these transects with a graduated cord to find in-
dividual stations. Sampling through the ice at temperatures below freez-

ing proved to be a very laborious process with the instrument used. When
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Core 2 was collected at
CuSOy4 constant feed site.

Core 1 was collected one mile
upstream at the Tipton Hwy. bridge.

o 600" 1200

@® sample core

Figure 2. A map of the study site, Adrian Lake, showing the sampling
distribution of the twenty-eight sample cores.
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it became apparent that relatively few cores could be collected, the sam-
ple size was reduced to approximately thirty, and sampling stations in
Areas A, B, and the upper half of C were selected from the master plan
with a table of random numbers, Thus, a random sample was literally tak-
en from another random sample, ensuring randomness for most of the sample.

Ohlmacher-Gleason Frozen Coring Device

Cores were collected with a prototype corer, which freezes the
core before the device is lifted from the lake bottom. This type of de-
vice was developed by F. J. Ohlmacher, while a graduate student under the
direction of D;. D. R. Gleason at Central Michigan University. A patent
for the device was received by Central Michigan University during the
course of this study,

The purpose of the device 1is to obtain undisturbed samples of
profundal sediments, particularly at the mud-water interface (Ohlmacher,
1964). Once the corer is seated in the sediment, freezing is accomplish-
ed by rapid injection of an eight-ounce acetonecharge into a chamber
packed with crushed dry ice. The dry ice chamber surrounds the core tube,
which contains the sediment to be frozen. Ohlmacher states that dry ice
reportedly generates a solution temperature of - 80° C and that he con-
firmed temperatures in excess of - 290 C,

Operation of the device is illustrated by the three steps shown
in Figure 3, which have been reproduced from Ohlmacher's thesis. Prior
to dropping the device to the lake bottom, the removable copper core
tube must be inserted and fastened by pinning, the ice chamber packed with
crushed dry ice, and the acetone chamber charged with acetone. The corer
is then lowered into the water and dropped. Gravity imbeds it in the sedi-

ment (it was found to be less successful on gravel and sand bottoms). A
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o

Y,

I A

Figure 3. Position and action in sediment of the Ohlmacher-
Gleason frozen corer, as reproduced from Figure4
of Ohlmacher's thesis.
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brass messenger is then dropped (Stage 1), which trips the spring, driving
the acetone into the dry ice chamber (Stage 2). For the Adrian Lake work,
a five minute freezing period was allowed before pulling the device from
the bottom (Stage 3). At the surface the copper core tube is removed

from the device and warmed (by immersion back into the hole in the ice),
until the core can be extruded easily from the core tube with a wooden
dowel, Adrian Lake core samples were rolled in aluminum foil, along with
a card recording the sample number and depth in meters from which it was
collected. The cores were placed in an ice chest with dry ice, until stor-
age in the Department of Fisheries and Wildlife freezer was possible. The
sediment portions of the cores were 1 1/2-inches in diameter and averaged
about 10 cm, in length,

Miscellaneous Core Collection

Three additional cores were obtained in a much different manner
during July, 1965, The cores were respectively taken: (1) 150 feet be-
low the point of copper introduction in midstream; (2) directly from the
pile of flocculent material surrounding the plastic pipe from which the
copper sulfate is introduced; and (3) from a silt bed in Wolf Creek one
mile upstream from the constant-flow outlet, These cores were collected
by pushing 4-feet lengths of 1 1/2-inch copper pipe into the sediment,
corking the tops, pulling out the cores, and corking the bottoms securely.
They were kept in a vertical position until placed in a walk-in freezer
at the University., They were allowed to freeze overnight, and were then
removed from the pipes for copper analysis by warming the exteriors of the
pipes with tap water, These cores were much longer than the others, rang-

ing from 40 to 85 cm.
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IITI, COPPER ANALYSIS

The literature was reviewed for procedures in the quantitative
determination of copper in lake water and in sediments. Selection of
a method for the oxidation of organic matter in the samples was also nec-
essary. The procedures finally selected represent a mixture of reviewed
techniques.,

An important initial step was the selection of copper specific re-
agents for use in spectrophotometric analysis. Such reagents are numer-
ous and Borchardt and Butler (1vY57) present a comprehensive review and
critique of most of them., Two reagents were selected: 2,5-dimethyl-4,
7-diphenyl-1l, 10-phenanthroline (hereafter called bathocuproine) and 2,9-
dimethyl-1,10-phenanthroline (hereafter called neocuproine). These re-
asents have numerous advantages including (1) formation of copper complex-
es with relatively hi_h molar absorbtivity, (2) freedom from interference
by common cations and anions, (3) simplicity of use, and (4) stability.
The use of bathocuproine is reviewed by Borchardt et al. Neocuproine is
reviewed in the 1560 Edition of Standard Methods.

Structurally, bathocuproine and neocuproine differ only by the
presence of two symmetrically arranied phenyl groups on the bathocuproine
molecule, The net result of this difference is that bathocuproine's molar
absorbtivity (14,160) is roughly twice that of neocuproine (7,950).
Bathocuproine has the hishest molar absorptivity reported in the liter-
ature, making this reagent more desirable from the standpoint of measur-
ing trace amounts of copper found in lake water, On the other hand, such

hizh absorbtivity is not advantageous when measuring lar_e concentrations



of copper in sediment. For these reasons, bathocuproine was used for
water analysis and neocuproine for sediment analysis.

Before spectrophotometric measurement of copper in lake water and
sediment is possible, there is a necessity to free bound copper from or-
ganic compounds in the sample. An orzanic oxidation process is therefore
necessary. Wet-ashing was selected over dry-ashing, because of erratic
results by the dry-ashing technique as reported by Borchardt et al,

Several methods for the wet-ashing of organic matter were review-
el, These included various mixtures of sulfuric acid, nitric acid, hydro-
chloric acid, and perchloric acid. Concentrated perchloric acid digestion
is undoubtedly the most efficient from the standpoint of destroying highly
refractory organic matter (Standard Methods, 1960). However, a mixture of
perchloric and nitric acids was chosen for digestion because this combin-
ation will effectively digest small amounts of hishly refractory organic
matter and yet minimize the explosive hazzard of perchlorate accumula-
tions (Smith, 1954).

Procedure for determination of copper in lake water., All digested

water samples, regardless of the respective copper fraction, were treated
ilentically. All glassware was washed, rinsed with concentrated hydro-
caloric acid, and then rinsed repeatedly with copper-free distilled water
to renove adhering copper ions. Digested solutions were diluted to ap-
proximately 50 ml, with copper-free water and then transferred to separa-
tory funnels.

Each disested sample then received respectively 2 ml, of ,001 M
bathocuproine (dissolved in 1:1 water-hydrochloric acid), 2 ml. 10 percent
hydroxylamine hydrochloride, and enough 40 percent sodium acetate solution

to raise the pH to just above 5 (congo red indicator paper was used). At
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this stage the complexed copper exhibited the red-brown color.

Removal and concentration of the complex from the aqueous solu-
tion was achieved by extraction with re-distilled n-hexyl alcohol., Ini-
tial work involved use of 1.0 cm. cells in the spectrophotometer, and 10
ml, of hexyl alcohol was used for each sample. However, low copper con-
centrations prompted the procurement of 10 cm. cells (to increase the
li:ht path len_th, and thus increase absorption and sensitivity) and 32
ml. volumes of extractant were then used. Extraction was executed by
pipetting the n-hexyl alcohol into the separatory funnels containing the
complexed samples and shaking for two to three minutes. One extraction
was found to be sufficient to remove the colored complex from the aqueous
layer, After five minutes of standing, the colorless bottom aqueous layers
were drawn off and the samples were transferred to clean dry 50 ml, bot-
tles or left in the funnels, 'The samples were kept overnizht before spec-
trophotometric analysis,

A Beckman DK-2A ratio-recording spectrophotometer was used for
measuring absorbance. One cm., and later 10 cm.,, matched silica absorp-
tion cells were used., The maximum absorption wave length for the ba-
thocuproine complex, as measured with the DK-2A, occurred at 473 millimi-
crons, and all readings were made at this wave length,

Before a series of samples were run, the instrument was calibrat-
ed using reagent blanks prepared by running 100 ml. of copper free water
through the procedure., A constant check was kept on reazent blank ab-
sorbance. Immediately after calibration, the reference cell (reagent
blank) absorbance was marked with the servo pen of the DK-2A on the chart
paper using air as reference., The mark was circled with pencil, and peri-

odically during the sample series, the reference cell was replaced into



30

the sample cell compartment and the absorbance was checked against air.
The quality of the instrument and the stability of the reagent blanks per-
mitted little deviation from the initial pen mark after periods as long
as several days,

Procedure for determination of copper in sediment., Sediment cores

were unwrapped from their foil covers. While still frozen, small (0.5-1.0
&.) horizontal chips were sawed from their sides. The chips were individ-
ually dried in acid-washed glass vials in an oven at 100° C. overnight and
then cooled in a desiccator for at least thirty minutes before weighings.
Weighings were made to the nearest mg. on a Mettler single pan balance.
The samples were then placed in acid-washed 250 ml. beakers.

Digestion was done by wet-ashing under a hood at a temperature
near boiling with 10 ml. concentrated nitric acid and 3 ml. of 72 percent
perchloric acid. Fuming was continued until dense white perchloric acid
fumes evolved. 1If a yellow or brown color persisted, a watch glass was
placed over the beaker and digestion was permitted to continue until the
color disappeared. The samples were then removed from the hotplate and
diluted with water to approximately 30 ml.

The samples were suction-filtered through gooch crucibles with
asbestos linings into a clean suction flask. The crystal clear filtrates
were transferred to separatory funnels,

Ten ml. of .00l M. neocuproine, 5 ml. 10 percent hydroxulamine hy-
drochloride, 10 ml. 40 percent sodium citrate, and enough ammonium hydrox-
ide to neutralize the solution to red with congo red paper (pH change in
4-6 range) were respectively added. Extraction of the red-brown copper com-
plex was made with 32 ml. of redistilled n-hexyl alcohol, as with the water

samples.,
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The absorption maximum of the neocuproine complex in visible
lizht was found to occur at 452.,5 millimicrons. However, since maximum
absorption, when working with the expected hijh copper concentrations,
was less desirable, readings were made on the shoulder of the single

peak at 473 millimicrons.

Iv, SUPPLEMENTARY DATA

Copper Sulfate Application Data

All data on copper sulfate applications were drawn from two pri-
mary sources, both of which were available at the Adrian Water Plant.

Monthly water plant chemical records, These records provided data

on total pounds of copper sulfate introduced into Adrian Lake from 1951
to present. They do not differentiate between copper sulfate applied by
boat and that introduced by the constant-flow device.,

Water plant diaries. The 1352-64 diaries contained entries on

pounds of copper sulfate applied by boat each month., These amounts were
tallied and subtracted from the monthly totals obtained from the water
plant chemical records, thus supplying data on boat versus constant-feed
applied copper sulfate.

Lake Discharge and Water Plant Consumption Data

These data were used to project estimates of copper transported
out of Adrian Lake.

Dischar.e over the dam. One objective of the study is to estimate

pounds of copper transported out of the lake during the 1965 spring over-
turn, To estimate the volume of water discharged over the dam required
the construction and installation of a water level measuring device. The

device installed was both simple in design and efficient.
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Description of water level measuring device. A 2-inch free-rolling

pulley was nailed to the 4-inch side of a twelve foot 2 X 4-inch board ap-
proximately six inches from the end. An eight-foot length of downspout was
strapped and metal-screwed to the end opposite the pulley, so that the
board and downspout overlapped about five feet,

The 2 X 4 was bolted vertically to the rail of the Adrian Lake con-
crete dam in such a way that all but two feet of the downspout was sub-
nerged, and the pulley was about three feet above eye level of a person
standing on the dam. A yardstick was nailed vertically along the side of
the 2 X 4 at eye level., A fine diameter copper wire, to which a weighted
plastic float was tied at one end and a lead counter-weight to the other,
was placed over the pulley. The float and counter-weight were lowered
down the downspout into the water, The desired effect was a raising and
lowering of the float with lake level fluctuation without interference
from wave action.

The copper wire was taut and lay flat along side the vertical
yardstick. A tiny white marker was affixed to the wire. The marker trav-
eled vertically with any lake level fluctuation, permitting accurate daily
recordings of lake level,

Period and frequency of lake level observations. Daily readings of

lake level were taken each noon to the nearest quarter inch by water
plant personnel over the interval April 14 through June 17, 1965. Records
were kept on forms prepared for that purpose.

Over the dam discharge projections., The engineering firm, which de-

signed the spillway, provided the water plant with a weir discharge chart.
Estimates in total gallons per day were taken from this table, using the

daily noon water level readings as assumed daily averages. These values
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were graphically plotted on a daily basis to illustrate water level
trends during the measured period. They were also summed to provide
monthly estimates of surface discharge.

Discharze Throuzh Sluice Gates

No plausible means were available for measuring dischar;e through
the sluice gates.

Water Plant Consumption

Daily records of raw lake water intake by the water plant were
available., These data were summed to provide annual water consumption
statistics for the period 1960-64,

Daily estimates for April, May, and June, 1965, were obtained in
order to project total pounds of copper removed in raw water consumption
during this period.

General Water Chemistry Measurements

In addition to water samples for the copper profiles, dissolved
oxygen and pH profiles were obtained on each sanpling trip. Water sam-
ples were collected at one-meter intervals with a Kemmerer sampler. Dis-
solved oxygen was measured with the azide modification of the Winkler
method, H-ion concentration was measured in the field with a Hach A-36-P
wide-range pH kit.

Alkalinity values were determined at Station III from levels of
two and five meters on five sampling trips. Two hundred ml, water samples
were treated respectively with phenothalein and brom-cresol green-methyl
red indicators. Phenothalein never produced a color change, proving a
general lack of carbonate alkalinity. Samples were titrated with 0.02 N
sulfuric acid to the grey end point for brom-cresol green-methyl red to

obtain bicarbonate alkalinity values,



Vertical profiles of water electrical resistance were measured on

the March 15, 1965 water samples with a calibrated conductivity meter,



RESULTS AND DISCUSSION

I. ADRIAN LAKE DURING THE STUDY

During the five-month period of the study (January through May,
1965), Adrian Lake water dynamics can be described as constantly changing.
Dissolved oxygen and pH values were used as indices of stratification and
are summarized in Appendix 1.

H-ion Concentration

On all eight sampling days, pH was found to be constant from sur-
face to bottom, except on February 6, when surface readings were influ-
enced by snow-melt water running into the sample ice holes. There seemed
to be little fluctuation in lake pH from week to week since the values
never deviated from the range 7.0 to 8.0 among the sample days or between
surface and bottom,

Dissolved Oxysen During Under-Ice Sampling

Under-ice sampling extended from January 15 through April 12,
During January and early February, the lake water was very clear, and a
January 15 profile showed dissolved oxygen to be relatively constant from
surface to bottom. Profiles taken on January 30 and February 6 showed
the lake was tending toward chemical stratification with values decreasing
to a low of 8.0 ppm. at the bottom.

During the days February 7-9, rains and a thawing of snow brought
a large silt-laden discharge, which served to mix the lake under the ice,
A March 15 profile showed oxygen concentrations to be high and constant
from surface to bottom. This situation remained constant until the ice

went out on April 12,

35



36

Dissolved Oxygen During Open-Water Sampling

Open-water sampling extended from April 13 through May 27. An
April 14 profile showed dissolved oxygen values to be homogeneous from
surface to bottom. On April 29 the samples revealed a slight lowering
of dissolved oxygen values in deeper water, and on May 12 a clearly de-
fined decrease from 11.0 ppm. at the surface to 3.3 ppm. at the bottom
was recorded. On May 27 there was less than 1.0 ppm, in waters four
meters and deeper at Station III.
Alkalinity

Total alkalinity was measured on five sampling days at depths of
two and five meters. It was found in all cases to consist entirely of
bicarbonate. Values ranged from 102 to 194 ppm. at two meters and from
125 to 228 ppm. at five meters. Values were consistently higher at the

lower level. These data are summarized in Appendix 2,
II. MOVEMENT OF APPLIED COPPER IN THE LAKE

The Constant-Flow Copper Sulfate Device and Its Operation

On October 23, 1956 installation of a permanent copper sulfate
constant-flow device on a high bank over the Adrian Lake stream inlet was
completed. This device was still in operation at the time of the present
study. Copper sulfate is automatically dissolved in water, and the solu-
tion is pumped into a buried polyethylene pipe, which leads downhill and
out into the center of the inlet stream., The operation is normally con-
tinued 24-hours a day for most of the year,

The basic premise of the constant-flow operation is that constant-

ly introduced copper sulfate serves to eliminate troublesome algae and/or
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bacteria from the lake. Barthelomew (1953) reported similar use of a
constant-feed copper sulfate device with success in the Los Angeles
aqueduct,

The monthly rate of copper sulfate application to Adrian Lake
with the device has been variable, with amounts ranging from nothing to
as high as 3,400 pounds per month., During January through May, 1965,
3,400 pounds of copper sulfate were applied.

During the first six months of 1965, the device was shut down
from February 12 through March 15 and March 30 through May 4. The two
shut-downs occurred during periods of high water, when copper sulfate
treatment was not considered to be worthwhile.

Reliability of Lake Water Copper Analyses

The accuracy and precision of the copper measurements are con-
sidered to be acceptable. The more important sources of error encoun-
tered were considered to be loss of copper ions through adherence to
beaker surfaces and the very low copper concentrations, which often neces=-
sitated working in the 0-0.1 absorbance range on the DK-2A., The first
error source was minimized through acid washing and rinsing of glassware
prior to and during use. The second error source, although never elimin-
ated, was minimized by replacing the 1 cm. absorption cells with 10 cm.
cells, thus intensifying absorbance ten times.

Final standard curves were readily reproduced, with virtually no
deviation from the straight-line relationships, which in turn indicates
precision in results, This precision was enhanced by the great stability
of the bathocuproine-copper complex and the reproducibility of the Beck-

man DK-2A,
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An example of the precision obtained is shown in Figure 4., Du-
plicate series of 100 ml. samples were processed, and the results clearly
show that either series could independently represent the profiles,

Water Movement and Its Fffect on Lakewater Copper

All estimates of copper concentrations are listed in Appendix 3.
An initial study objective was to relate vertical stratification of cop-
per concentration to under-ice lake stratification. The static conditions
of the 1964-65 winter, however, did not permit advanced under-ice strati-
fication to occur. As a result a factor heretofore not considered as im-
portant was brought to focus., The data indicate that water movement
through Adrian Lake was of prime import in controlling copper profiles
during the entire period studied.

The March 15 data, The March 15 data displayed a copper profile in

which values were highest at the surface and bottom, and low at midwater.
This trend was observable at both Stations II and III. Since water was
being drawn through the sluice gates, there was still ice cover, a large
volume of water was entering the lake, and no water was going over the
dam, it was hypothesized that a density current of inflowing water was
traversing the lake through the old Wolf Creek stream bed.

To test this hypothesis, profiles of resistence were obtained at
all five stations, Examination of the resistence data graphed in Figure
5 shows that a density current did exist. Inflowing Wolf Creek water dis-
played a relatively low resistence and was obviously being pulled through
the lake at depths below two meters and discharged through the sluice
gates. The constant-flow copper sulfate device had been shut down for al-
most a month and the presence of dilute runoff water traversing the lake

explained the lower copper concentrations at midwater. However, it did
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not explain the higher copper concentrations below mid-water, since the
density current extended to the bottom.

A secondary hypothesis was suggested; that the inflowing current
was sweeping particulate matter bearing copper from the bottom and
keeping it in adequate suspension to reach the dam area and perhaps be
carried through the sluices. This hypothesis was tested and supported
through examination of the sestonic and filtrate copper data (Appendix 3).
Profiles at Stations II and III showed filtrate copper was higher at
the surface, but low and constant below two meters, whereas the ses-
tonic fraction increased progressively from three meters to the bottom.
Indeed, wave action must provide essentially the same mechanism to
eventually transport applied copper to deeper waters of lakes, as sug-
gested by Nichols et al. (1946).

Application of the water movement hypothesis to other data. An eval-
uation of the data from all eight water sampling dates was made in light
of the March 15 data, and it was found that the copper profile dynamics
could be largely explained by the presence or lack of water movement.
Factors apparently most important are: (1) volume of inflowing water;

(2) amount of copper sulfate entering the lake; (3) amount of water
going over the dam; and (4) sluice gate discharge. Figure 6 provides
a running account of these factors at Station III. The January 30
profile was omitted from Figure 6 because it reflects essentially the
same picture as the February 6 profile.

On January 30 the sluice gates were open and copper sulfate
was flowing. A resulting bottom density current exhibited high copper
values picked up at the inlet. Sluice gates were closed on February 2
and no water was flowing over the spillway. The February 6 profile

indicates this closure stopped the density current and "froze" the
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lake's copper profile.

On April 14 a large density current was going over the dam (esti-
mated 113 million gallons per day), and the copper sulfate had been shut
off for eight days. In this instance the incoming stream picked up cop-
per in Area A and transported it across the surface of the lake to pass
over the dam. Here, however, the mechanism for picking up copper from
the bottom is uncertain. If it were current action picking up fine cop-
per-bearing material, we would expect to find high sestonic copper values
in the top water density current. However, sestonic copper values were
actually relatively low and constant from surface to bottom, refuting
the idea of physical suspension of particulate copper-bearing matter.
These data indicate the copper was picked up in some other fashion.

On April 29 the volume of water entering the lake was consider-
ably less than on March 15 and April 14, although the dam sluices were
open and an estimated three million gallons of water per day was flowing
over the dam. The copper sulfate was shut off. Dissolved oxygen concen-
trations were constant from surface to bottom, and water transparency
had increased significantly. Copper concentrations were nearly constant
from surface to bottom. It appears that a prolonged gentle mixing of
the lake was responsible for the homogenous concentrations.

The May 12 sampling provided a definite contrast. The sluice
gates were open, the copper sulfate had been flowing for eight days, and
no water was going over the dam, In this instance, copper concentrations
were higher below 2.5 meters and increased progressively to the bottom,
suggestine a density current.

May 27 found the sluice gates closed, no overflow, and the copper
sulfate flowing. About three million gallons of water per day were being
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used by the water plant. Lake copper concentrations were relatively con-
stant, although a slight, yet steady, increase with water depth was re-
corded.

Effect of Copper Sulfate on Lake Water Copper

The introduction of copper sulfate to the lake via the constant-
flow device had a definite effect on copper content at all parts of the
lake, as long as a volume of water was passing through the lake,

January 16, 30, and February 6, which exhibited discharge through
the sluice gates and copper sulfate flowing, exhibited strikingly higher
total copper values, ranging up to 0.177 ppm, on January 30. Further ex-
amination of the data showed the filtrate fraction to be very high and
the sestonic fraction to be relatively low, showing most of the total cop-
per had gone from the copper sulfate pipe into substances such as soluble
inorganic compounds or organic complexes. The applied copper was not pri-
marily tied up with algae, detritus, or clay particles, or it would have
shown up in the sestonic fraction.

A shut down of the copper sulfate flow caused a marked decrease
in the total copper content and a marked increase in the proportion of
sestonic copper. Under this condition, total copper was primarily ses-
tonic in nature on March 15, April 14, and April 29. The inflowing fil-
trate fraction, losing the source of constantly-fed copper-ions by the
shut down, simply remained minute, The form(s) the sestonic fraction
took are unknown. However, the lake was relatively turbid on all three
of the above dates,

The constant-flow copper sulfate operation was re-continued on
May 4. However, the sluice gates were closed on May 12 and no water

traveled over the dam, The only draw on the lake was caused by the
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approximate three million gallons per day consumed by the water plant,
With no significant current to bring the applied copper down the lake,
total copper concentrations increased slijhtly, but not nearly to the ex-
tent of the January 16 through February 6 period.

It is assumed that the introduced copper remained at the upper
end of the lake during the May sampling period. The form of the copper
at this time can only be conjectured. Several alternatives as to what
happens as the copper ions leave the constant-feed pipe include: (1) an
accumulation of copper ions in solution; (2) formation of a soluble cop-
per compound(s); (3) deposition as an insoluble copper compound, and (&)
precipitation through adsorption to clay particles and/or other colloidal
material, Alternative (1) is very unlikely, because of the alkaline
character of the inflowing water, The remaining three are all possible
and probable.

A pile of flocculent material completely covers the constant-
flow pipe in the inlet stream each summer. The accumulated naterial ex-
hibits a bright greenish-blue color on the downstream side, the color of
which is doubtless due to an inorganic copper compound, possibly the car-
bonate. Sediment Core 2 was taken from the center of this pile of floc.
The frozen 35-cm. long core exhibited numerous layers of the greenish-
blue precipitate, while interim sediment layers were brown silty-clay.

At least some of the copper ions passing from the pipe through the floc
pile are reacting with components of the lake water, It is also possible
that erosional destruction of this pile during periods of high water con-
tributes greatly to the sestonic copper fraction of the lake at these

times.
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Estimated Amount of Copper Carried Qut of The Lake

A prime objective of the study was to estimate the amount of ap-
plied copper which was carried out of the lake during the spring runoff.
This was done to determine if such loss is actually a substantial amount,

The period surveyed for copper loss was April 14 through June 4.
Table 4 summarizes the computations and gives the various estimates of
copper inflow and loss. An estimated 153 pounds of natural copper was
carried into Adrian Lake by the Wolf Creek during the survey period. An
estimated total of 253 pounds was carried out, theoretically including
105 pounds of previously applied copper.

This estimate is at best crude. However, it does give dimension
to the fact that a significant amount of copper is transported from the
system via high water conditions. Of special significance is the fact
that the greatest amount was carried out over the dam during hizsh water
conditions at a time when the copper sulfate was not being, and had not
been, fed into the lake., 7This was copper picked up from the sediment, as
indicated by the March 15 data.

The total copper values measured on January 16, January 30, and
February 6 at Station III were very high, ranging from 0.067 ppm. to
0.177 ppm. As mentioned before, these high values were due to the fact
that the copper sulfate was flowing. It is apparent that any large vol-
ume of water would carry these copper-rich waters through and out of the
system. Although no discharge data are available, if a conservative sus-
tained sluice gate discharge of twenty-eight acre feet of water per day
containing 0.10 ppm. of copper is assumed, an estimated 230 pounds of cop-
per would be carried out in a month as long as the copper sulfate flow

was maintained. Since there is roughly twenty-five pounds of copper in
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one-hundred pounds of CuSJ4-5i170, this is equivalent to approximately YGO

pounds of copper sulfate.

It is apparent that copper is transported out of Adrian Lake both

by direct flow from the constant-flow source and by carrying it from the

sediments.

tor which determines the rate of removal.

DISTIRIBUTION OF APPLIED COPPER IN THE SEDIMENTS

Bistory and Mode of Copper Applications

In both instances a water current is seemingly the prime fac-

Adrian Lake received copper sulfate applications as early as

1)46., In that year Cooper and Carbined reported the,

Water Board

Chemist treats the lake with copper sulfate for algae control.”" No rec-

ord of poundage applied is available until 1351, when the water plant

diaries were initiated.

Records of copper sulfate application compiled

from the diary and other water plant records are given in Table 5.

Table 5. Pounds of copper sulfate applied to .;drian Lake over the
period 1351-64,
Copper Sulfate Applied by % Applied Total
Year Boat Constant-flow Device by Boat Pounds
1551 6,200 - 100 6,200
1952 4,000 - 100 4,000
1953 10,300 - 100 10,300
1954 4,500 - 100 4,500
1955 5,300 - 100 5,300
15956 4,500 7,500 35 12,000
1957 4,700 13,793 20 23,493
1953 6,400 17,375 23 24,275
1959 700 11,100 6 11,300
1460 11,050 10,600 51 21,650
1%61 9,500 16,100 37 25,600
1262 9,600 13,300 34 27,900
1963 4,700 19,500 19 24,200
1964 3,600 15,300 16 21,300
Total 55,250 137,563 - 142,618

81946 Adrian Lake Survey
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Applications were primarily made by boat until 1356, although
some were made by stretching burlap bags of copper sulfate on a cable,
which was stretched across the inlet stream. In 1556 the constant-flow
device was installed., Table 5 shows that since its installation, most
of the copper sulfate has been applied through this device.

Despite operation of the constant-flow device, algal blooms still
occur on the lower half of the lake, requiring occasional boat applica-
tions. Boat application is achieved with an outboard-powered wooden
boat especially fitted with an open-topped hopper on each side. The hop-
pers are filled manually. With the boat moving, lake water passes freely
through each hopper with dissolved copper sulfate being dispersed behind
the boat and mixed by the churning of the motor.

Reliability of Sediment Copper Analyses

Results are considered to be adequately precise and accurate. Re-
peatedly run standard solutions closely fitted the standard curve.

Precision was tested by running three samples from a volume of
Adrian Lake organic-clay sediment, which to achieve homogeniety was re-
spectively air-dried, powdered with mortar and pestle, oven-dried, mix-
ed by shaking for one hour, and then re-dried overnight., The samples re-
spectively weighed 0,3746 g., 0.1383 g., and 0.2375 g. Results yielded
respectively 1,236.25 ppm., 1,229,50 ppm., and 1,228.69 ppm. total copper.
The average and standard deviation of these three samples were found to be
1,231.48 ppm. and 4.15 ppm., indicating that 95% of any additional deter-
minations would fall within the range 1,231.48 + 8.30 ppm. This is judged
to be adequate precision considering the high values of copper found in

the sediments of Adrian Lake,
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Findings

All values of total copper from sediment analyses are summarized in
Appendix 4., In the lake as a whole copper values were found to be high,
but not nearly as high as had been anticipated. A maximum down lake value
of 1,982 ppm. was found 2- cn, deep in Core 5, which was collected in
Area A, 1,145 feet from the point of copper sulfate introduction.

One specific trend was readily observable in all but five of the
twenty-five cores collected down lake from the copper sulfate source.

This tendency is a gradually decreasing copper content with increasing
sediment depth and is graphically shown in Figure 7. Cores 4 and 6 of
the figure came from Area A, cores 10 and 14 came from Area B, and cores
16 and 17 came from Area C. This trend apparently reflects the lake's
copper sulfate application rate. The available water plant records
(Taeble 5) show that annual applications have generally and progressive-
ly increased since 1951. Thus, at Adrian Lake, it would seem that when
more copper is applied, more is incorporated into the sediments.

One disadvantage of the prototype coring model was that the aver-
age length of core acceptable for analysis was only 10 cm. (or 3.9 inches).
Thus, it was not generally possible to sample deep enough to reach native
values of copper. An estimate of native copper concentration, however,
was obtained from Core 1, which was collected with copper pipe from the
Wolf Creek stream bed one mile upstream from the lake. This core dis-
played total copper values varying from 8. to 33 ppm. at 5. cm. intervals
down to 30- cm., Thus, the rapid decrease of copper content with sediment
depth in the lake indicates that the applied copper accumulation does not
extend far below the sampled 10 cm. depth. This is corroberated by the

fact that the lower parts of several longer cores exhibited values as low
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as 23, 53, 67 and 77 ppm. Assuming each core's lower copper values repre-
sent applications of copper sulfate from the late 1940's and early 1950's,
the 10 cm. depth probably represents the amount of sedimentation in
Adrian Lake over this period.

Cores 17, 21, 23, and 27, all of which were collected in Area C,
did not observably follow the trend exhibited by the majority of cores.
Instead, these cores tended to exhibit constant values from surface to
base, as exemplified by core 17 in Figure 7. It should be noted that cores
17 and 23 were respectively collected from 5.8 and 5.5 meters of water and
are the deepest two samples taken., Cores 21 and 27 also rank among the
deeper samples., It is reasonable to assume that the rate of sedimentation
is greater in the deeper waters, and that the frozen corer simply did not
obtain sufficient length cores to expose the decreasing copper profile
shown by the remainder of the cores.

Copper concentration with respect to water depth. Nichols et al.

(1946) report higher values of total copper in the profundal regions of
treated Wisconsin lakes. Riley (1939) mentions this phenomena, though
not providing data on Lindsley Pond.

The Adrian Lake data were examined to determine if higher concen-
trations of copper existed in the deeper waters of the lake., A linear re-
gression analysis was run upon data from the eighteen cores collected in
Areas B and C, using depth of the sample as the independent variable and
total copper concentration as the dependent variable. The correlation co-
efficient was found to be 0.311 and a test of the hypothesis that the
slope equals zero was found to lack significance at the 5 percent level
(F = 1,719 with 1 and 17 d.f.). Thus, the data provide no evidence of in-

creasing copper concentration with increasing water depth in Adrian Lake.
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Nichols et al. felt the 'matural grading process', wherein fine
material is carried eventually to deeper water, is instrumental in achiev-
ing higher copper values in the deeper sediments of the treated Madison
Lakes, Since Adrian Lake data does not support such a relationship,
there is either (1) a si_nificant difference between the Madison Lakes and
Adrian Lake in the 'matural grading process' or (2) the sample size col-
lected at Adrian Lake is insufficient to portray copper concentration dif-
ferences over the narrow depth range sampled. Although the sedimentation
process will obviously be different between a small reservoir and large
natural lakes, the latter explanation seems more plausible. Lake Menona
has depths exceeding eighty feet, whereas Adrian Lake is not over twenty-
five feet deep. The eighteen Acrian Lake cores compared were collected
from 1.75 to 5.8 meter depths, which is a range of approximately twelve
feet., 1In contrast, samples from Lake Menona were collected from a depth
ranze over five times as great.

Copper concentration with respect to distance from the point of

introduction. Since 71.3 percent of the 192,813 pounds of copper sulfate

applied to adrian Lake over the 13952-64 period were introduced by the con-
stant-flow device, an excellent opportunity was afforded to analyze the
importance of proximity to the point of introduction on copper accumula-
tion in sediments. Theoretically, relatively fast precipitation of cop-
per as insoluble inorganic salts and/or organic complexes, could result

in very high copper concentrations in the upper end of the lake. The
highest total copper values from all twenty-seven cores are shown plotted
in Figure 8 arranged in order of distance from the constant-flow copper

sulfate source, Although no regression analysis was done, it is evident



54

151, 000 ppm at pile of

s floc by CuSOy4 pipe
AREA A—stew—-AREA Bt AREA (o
2000 uplake midlake downlake
e 1500 " |
£ I '
Q, I
& |8 :
s —
O o :
= =
£1000|¢
o §
©)]
£
o
3]
500 | £
n
o
>
-::;
«
4
Inlet Upstream Dam|

Figure 8. A graphic presentation of Adrian Lake sediment core
copper concentration with respect to distance from the
point of copper sulfate introduction.
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that these data indicate no very strong relationship between copper con-
centration and distance from copper source,

Actually, little supporting evidence even exists, wnhich might sup-
port such a perumanent trend in Adrian Lake. Distribution of applied cop-
per at the lake inlet and in Area A is obviously static. Despite the
fact that becalmed and low-inflow conditions result in copper compound
accumulations at the inlet, wave action and intensified inflow, whenever
they might occur, result in full or partial re-distribution of these com-
pounds. This re-distribution is of course ultimately down-lake. Support-
ing evidence of '"re-distribution'" by currents is provided by the March 15

water sampling data.



1.

SUMMARY

A study was made of the dynamics of movement and accumulation of ap-
plied copper in Adrian Lake, an 85-acre southeastern Michigan hard-
water water supply impoundment. The lake has accrued a copper accu-
mulation during more than ten years of intensive algal control with
copper sulfate by the City of Adrian. Applications occurred as early
as 1946, Available records show that from 1951-64, 192,818 pounds of
commercial grade copper sulfate were applied, and approximately 70
percent of the total entered through a continually operating constant-
feed device located at the lake inlet.

The study extended over the period January through May, 1965. Spe-
cific objectives were: (a) to evaluate the accumulated copper dis-
tribution in the sediments with respect to water depth and distance
from the point of constant-feed copper sulfate introduction; and

(b) to evaluate vertical and horizontal copper profiles of lake

water with respect to how they affect the movement and distribution
of applied copper in Adrian Lake.

During the study Adrian Lake water dynamics were found to be con-
stantly changing. Under-ice dissolved oxygen profiles showed a
gentle progression towards stratification. A snow-melt and rainy
period in early February resulted in a thorough under-ice lake mix-
ture., Open-water sampling from April 13 through May 27 showed a
gradual progressive development to stratification after the overturn.
Dissolved oxygen values below 1,0 ppm. were found at the deeper

levels during the latter half of May.
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An evaluation of water copper profiles for the eight sampling dates
resulted in the conclusion that water movement is a very significant
factor in the movement of applied copper through and out of adrian
Lake., The measured copper profile dynamics can be larygely explained
by the degree of water movement. Factors apparently most important
in the mechanism are: (a) volume of lake inflow; (b) presence, or
lack, of copper sulfate entering the system; and (c) water volume go-
ing over the dam and/or through the sluices.

On March 15 a strong density current was traversing the sub-
merged Wolf Creek stream channel to pass out through the dam sluices.
Copper sulfate constant-feed was shut down and the residual or stag-
nant water layer above the density flow maintained relatively high
copper values from some prior currentless period, when the copper
sulfate was flowing. With no artificial source of copper the dilute
density current exhibited low natural copper values with the excep-
tion of the bottom one and one-half meters. Examination of the ses-
tonic copper profiles indicated that the density current was sweep-
ing copper-bearing particulate matter into the seston from the bottom,

Introduction of copper sulfate via the constant-flow device had
a definite effect on lake water copper content at all parts of the
lake, as long as a volume of water was traversing the lake. With cop-
per sulfate flowing and a sluice gate discharge, the proportion of
filtrate copper soared and the sestonic fractions were low, indicating
most applied copper had combined into soluble substances. With low
inflow and no water going out the dam, and thus no current to bring
the copper down lake, the data indicate that the introduced copper

remained at the upper end of the lake. The forms are assumed to be
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deposited insoluble copper compounds and/or copper-colloidal
material complexes.

During the period April 14 - June 4 an estimated 105 pounds of

applied copper was transported out of Adrian Lake. A crude estimate
at best, this statistic does give dimension to the fact that a sig-
nificant amount of copper is carried from the system via high water
conditions. Of special significance is the fact that the greatest
amount of the estimate was transported out at a time when copper sul-
fate was not being, and had not been for some time, fed into the lake.
Copper is transported out of Adrian Lake both by direct flow from the
constant-flow source and by carrying it from the sediments. In each
instance water currents are the vehicle which determines the rate of
removal,
Total copper values in the sediments were found to be high, but not
nearly as high as anticipated. A maximum down lake value of 1,582
ppm. was found two cm. deep in Core 5, 1,145 feet from the point of
copper sulfate introduction.

A specific trend was found in the vertical distribution of cop-
per in the cores. Copper content progressively decreased with in-
creasing sediment depth. The available records show that annual cop-
per sulfate applications have generally increased since 1951, and the
vertical trend apparently reflects the lake's rate of copper sulfate
application. It seems that when more copper is applied, more is in-
corporated into the sediments. Assuming each core's lower copper
values represent applications of copper sulfate from the late 1940's
and early 1950's, the 10 cm. depth probably represents the approxi-

mate depth of sedimentation in Adrian Lake over this period,
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1he data provide no evidence of increasing sediment copper con-
centration with increasing water depth in Adrian Lake. However, it
was concluded that the sample size was insufficient to portray copper
concentration differences over the narrow depth range sampled
(12-feet).

Nor does data provide evidence of a strong relationship between
sediment copper concentration and distance down lake from the constant-
flow copper sulfate device., Little evidence even exists, which might
support such a permanent trend at Adrian Lake, since the water sampl-
ing showed the distribution of applied copper at the lake inlet is
static. Wave action and intensified inflow, whenever they might occur,
are attributed to result in continual full or partial down lake re-dis-
tribution of these compounds.

The literature review resulted in the conclusion that the important
high affinity of organic matter for copper ions has been generally
unrecognized in the field of lake copper ecology. A thorough under-
standing of copper ion reactions in natural waters is precluded until
such time as a more ample background is established on form of copper
ions in the water, the organic and inorganic materials present, their
inter-relationships, and relative copper affinities.

A review of the existing fish population records and a cursory seine-
gill net survey was done. The limited data seem to indicate that spe-
cies composition has remained relatively stable since at least 1553.
All but two of the species recorded in 1553 were found to be present
in 1965. 1In addition the 1965 survey showed the presence of one here-
tofore unreported clean-water species, the mottled sculpin. Sunfish

growth has traditionally remained poor.
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Appendix 2, Alkalinity values recorded from Adrian Lake, 1965

Depth Sumple Collected

2 meters 5 meters
Date Carbonates Ricarbonates Carbonates Bicarbonates
January 30 0 ppm. 136 ppm. 0 ppm. 2238 ppmn.
February 6 0 ppm. 154 ppm. 0 ppm. 214 ppm.
Adarch 15 0 ppm. 102 ppm. O ppm. 125 ppm.
April 295 0 ppm. 173 ppm. 0 ppm. 182 ppm.

day 27 0 ppm. 189 ppm. 0 ppm. 212 ppm.
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Appendix 4. Sediment core copper values recorded at Adrian Lake,
1965 (Cu expressed as mg/kg dry sediment).

Core No. 1 2 3

Water depth (m.) 0.3 0.3 0.3

cm, down from
mud-water

interface Total Cu in wy/ks dry sediwment

U 16 151,571 176

5 33 22,566 121

| 10 13 32,391 139
15 8 34,465 5
20 11 31,225 56
25 12 13,081 33
30 33 24,542 21
35 - 29,610 13
40 - 14,382 -
45 - 17,406 63
50 - 37,471 14
55 - 138,208 17
60 - 144,897 33
65 - 646 -
70 - 423 -
75 - 73 -
30 - 193 -

35 - 732 -
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