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The use of aluminum sulfate (alum) to precipitate phosphorus
in highly eutrophic lakes is increasing (PETERsoN 1979). As this
use increases, the need to study the effects of alum on the biota
also increases. Possible adverse effects of alum on lake organisms
may be due to chemical toxicity from dissclved aluminum compounds
or to physical inhibition of movement, feeding, or reproduction
from the precipitated aluminum hydroxide floc. Lethal and sub-
lethal effects of alum on a wide range of fish and aquatic inverte-
brates described in the literature are reviewed by BURROWS (1977).
There is, however, a lack of information as to the effects of alum
on benthic insects.

Aluminum chemistry in natural water is extremely complex.
Aluminum combines readily with a number of elements and the result-
ing compounds may appear as both solid and dissolved forms. There-
fore, special attention must be paid to other ions found in the
water to which alum is applied and especially how these ions inter-
act with the A1*3 ion and the A](OH)3SS) polymer.

The objective of the present study is to determine the acute
and chronic effects of alum to Tanytarsus dissimilis. T. dissimi-
lis is a representative of the Chironomidae, the family of orga-
nisms which occupies a significant portion of the benthic inverte-
brate community of lakes and which are important fish food orga-
nisms.

MATERIALS AND METHODS

Test water was obtained from Liberty Lake, Washington, three
to four weeks before the start of each bioassay and filtered
(.45 um) as soon as possible. Alum stock solutions were prepared
using standard, reagent grade aluminum sulfate (A1,(S0,);-18 H,0)
crystals and stored in stoppered, acidwashed Erlenmeyer flasks.

Twenty-four hours after solution preparation a procedure was
started to acquire a pH of 7.8 in the acute test solutions and 6.8
in the chronic test solutions. A Tower pH was necessary in the
chronic test to be able to hold it relatively constant over the
test period. The pH was adjusted by adding sodium hydroxide (NaOH)
to each solutjon and Control, every second day for the first six
days after preparation, and every four days thereafter, until the
pH stabilized at the desired Tevel.
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The larval test organisms were obtained from stock culture
tanks fifteen to eighteen hours prior to the start of each test
and measured to get the instar desired. The larvae were held in
Petri dishes containing clean lake water and algae until the start
of each test.

The tests were conducted in 50 mL acid-washed Pyrex beakers
containing 30 mL of solution. Five larvae were transferred ran-
domly to each beaker as soon as the solutions were added and a
pH reading was taken. For the chronic tests a substrate of algae -
was established in each beaker by allowing 40 wL of a culture of
Selenastrum capricornutum to settle and then decanting off the
unwanted media. A1l tests were conducted at 20°C with a 14-10
hour Tight-dark interval.

At the beginning of each test, specific conductance, carbon
dioxide (C0,), and methyl orange alkalinity were measured in the
stock solutions. At the same time a sample of each stock solution
was filtered (.45 um) and analysed for calcium (Ca), magnesium
(Mg), potassium (K), sodium (Na), silicate (Si0,), sulfate (S04),
chioride (C1), ammonia-nitrogen (NH;-N), nitrite nitrogen (NO,-N},
phosphate phosphorus (P0,-P), and total phosphorus (t-P) (APHA
1975). At the conclusion of each test, the beaker contents were
measured for pH and then filtered (.1 um) and acidified for dis-
solved aluminum analysis (PERKIN-ELMER 1977). The dissolved oxy-
gen (D.0.) was checked in the test beakers during Tests #1, #4 and
#5.

A computer model was also used to determine the distribution
of aluminum (A1) and the chemical agents responsible for the ob-
served effects. This program, called REDEQL2 (MCDUFF & MOREL 1973)
uses the Newton-Raphson Iterative Method to calculate equilibrium
speciation given the actual water chemical characteristics.

Acute Tests

The solutions tested in the three acute tests contained alum
concentrations of 80, 160, 240, 320, 400, 480, 560, 720, and
960 mg/L. (Tests #1 and #2 used all these doses; Test #3 used all
except 480, 560 and 720 mg/L). Duplicate beakers were utilized
for each dose tested. Second instar larvae were used in Test #]
and third instars were used in Tests #2 and #3 for easier observa-
tion and handling. These tests followed "Standard Methods"
(APHA 1975) and were run for 96 hours.

Chronic Tests

Solutions tested in the chronic tests (numbers 4 and 5) in-
cluded 10, 80, 240, 480, and 960 mg/L of alum. Test #4 contained
doses of 240 and 960 mg/L with five and ten replicates respec-
tively. Test #5 contained five replicates each of 10, 80, 240,
and 480 mg/L of alum. Second instar larvae were used for these
tests. These tests ran for 55 days with observations at 24 hours
and a minimum of once a week thereafter. The larvae were periodi-
cally transferred to beakers containing fresh algae and alum solu-
tion when deterioration (yellowing) of the substrate was observed.
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The confidence intervals for the cumulative percent mortality
(>50%) were calculated using the variance among replicates for a
given dose.

RESULTS AND DISCUSSION
Acute Tests

The results of acute bioassays (Tests #1, #2, and #3) indi-
cated that there was no apparent effect of alum on either second
or third instar 7. dissimilis at alum doses between 80 and 960
mg/L. Throughout the 96 hours the larvae, including Controls,
were generally active and they exhibited typical movements and
food searching.

Due to the polymeric, coagulant nature of Al, a white to grey
precipitate (floc) was formed in all alum solutions. In the test
beakers this floc layer varied from a patchy distribution 1 to
2 mm thick to a consistent 3 to 4 mm thick layer. Many larvae
built or extended the tubes they inhabit with the floc material.
A microscopic examination revealed that floc was also ingested by
the Tarvae.

The D.0. measured at the end of 96 hours in Test #1 was 5.5 #
.2 mg/L. The mean pH was observed to drop in all acute tests over
the 96-hour period from 7.71 (£.11) to 6.85 (+.15). Dissolved Al
was <.1ug/L at all alum concentrations.

Of the additional parameters tested in the stock solutions
only Na, SO,, and specific conductance were seen to vary over the
range of alum doses. The variation in Na concentrations was from
a background of 11.2 = 2.7 mg/L (acute test Control solutions) to
118.8 mg/L in the 960 mg/L alum solution (Test #2). Sulfate in-
creased approximately 30 mg/L with each additional 80 mg/L of
alum, from a background of 3.0 to a high of 410 mg/L (Test #1).
Specific conductance was 73 + 14 umhos/cm in the Controls and
840 umhos/cm in the 960 mg/L solution with increases proportional
to the Na concentration.

The following chemical concentrations found in the Control
solutions are typical of concentrations measured in the alum so-
lutions: Ca, 5.0 + .5 mg/L; Mg, 1.2 = .1 mg/L; K, 1.7 = .3 mg/L;
Cl, 1.4 + .4 mg/L; CO,, <1 mg/L; bicarbonate (HCO3), 30 = 5 mg/L
as CaCO;; NH;-N, .019 £ ,008 mg/L; NO,-N, <.01 mg/L; and
NO3-N, .070 = .009 mg/L. Phosphate and total phosphorus in the
Controls were .008 + .007 mg/L and .014 = .006 mg/L respectively
while levels in all alum solutions were <.00] mg/L (P0O,-P) and
<.005 mg/L (t-P). Si0, values in the Controls were 4.3 t .8 mg/L
and .7 = .02 mg/L in a1l alum solutions.

Chronic Tests

Mortalities in the chronic assays were recorded in all alum
doses tested but with widely different rates of dieoff (Figure 1).
The time to reach 50% mortality is shortest with 480 mg/L at
about 4 days. The mortality time for 80 mg/L and 240 mg/L is not
significantly different (o = .05) and occurs between 8 and 10.5
days. At 960 mg/L it took more than 23 days for 50% of the larvae
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to die. The 10 mg/L dose shows less than 37% motality at 55 days
when the test was terminated. There appears to be no difference
in mortality between 10 and 960 mg/L until after about 35 days.
Combined Control mortality (Test #4 and #5) was 5.4%.

As with the 96-hour assays the larvae were generally active;
they also built tubes and were observed to feed on the algae sub-
strate. Prior to death however the larvae were often found in an
"impaired" state characterized by little or no response to prod-
ding.

The floc layer in the chronic test beakers appeared slightly
more dense than in the acute beakers due to algae being trapped
within it. This layer was also somewhat thicker but was piled up
around the beaker edges in the 80, 240, and 480 mg/L test beakers.
The 10 mg/L beakers contained very little floc in small clumps
scattered over the beaker bottom.

The D.0. in the chronic beakers % hour before the Tights came
on was measured at 4.8 + .2 mg/L. The pH in the stock alum solu-
tions was adjusted to a lower Tevel in the chronic tests (6.8)
as compared to acute tests (7.8) which resulted in an overall
(initial, mid-test and final for all doses) average of 6.63 with
a standard deviation of .32. Soluable aluminum concentrations
were <.1 ng/L except in the 240 mg/L beakers of Test #5 which
measured .139 + .021 mg Al/L.

Available chemical and physical data for Tests #4 and #5 solu-
tions include: C1, 2.3 + .3 mg/L; HCO3, 30 + 1.6 mg/L as CaCOs,
C0,, <1 mg/L; NH3-N, .038 & .02 mg/L; WO3-N, .59 = .44 mg/L; and
NO,-N. <.01 mg/L. The PO,-P and t-P levels determined in the Test
#4 Control were .010 and .011 mg/L respectively. The conductivity
was 60 umhos/cm in the Control and 55, 123, 235, 400, and 615
pymhos/cm in solutions of 10, 80, 240, 480 and 960 mg/L of alum
respectively.

There appears to be some chemical toxicity at alum concentra-~
tions of 80, 240, and 480 mg/L, the effect being most evident at
480 mg/L. Secondly, the heavy alum floc at 960 mg/L appears to
cause a stress by impeding movements and perhaps feeding to an
extent that mortalities occur after an extended time. Addition-
ally there seems to be a physiological stress due to some aspect
of our test conditions which causes an overall lengthening of
larval development time. The accepted 1ife cycle time for this
species is 14 days at 20°C (NEBEKER 1973). In the present study
no Tarvae pupated in 55 days, however, two Control larvae in Test
#4 were determined to in the fourth instar (near maturation) after
78 days.

The results of the chemical analysis performed on the toxi-
cant solutions, particularly for dissolved Al, show no variation
to account for the observed chemical toxicity. As a result, a
chemical equilibrium computer model was utilized to determine a
theoretical distribution of aluminum and other constituents in
these solutions.

Baseline water quality data for the computer inputs was
taken from Test #1. Values for Al, S0, and Na were calculated
from the alum doses and total base added during the pH adjust-
ment. (Alum doses of 10, 80, 240, 480 and 960 mg/L correspond
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to 0.8, 6.5, 19.4, 38.9 and 77.7 mg Al/L respectively.) The pH
input value was 6.8.

The results of this mathematical analysis indicated that alu-
minum is found in seven forms (including A1™) with solid forms
predominating at all alum doses. At an alum concentration of
10 mg/L, 85.6% of the A] was bound with silicate in a compound of
the general formula A1,(Si0;), Other forms present in
order of decreaa1ng concentrat1on wéré (A1(0H), (OHY, ™,
A1(OH)*2, A1(S04)*, and A1(S0,) The most prév31ent dissolved
spec1es, the aluminate ion A]?OH)4 , was found at a concentration

.19 ug/L with the four other dissolved species adding only
7 3 x 107% pg/L. At 80 mg/L a]um, 87.7% of the Al was found as
A1(0H);(s) and only 12. 1% as Al, 5103 2 (OH), The concentra-
tions of Al (OH),~, AT(OH)*2 and A1+ ramainadSabout the same with
A1(s0,)* and A]?SOH ),~ increasing slightly. These patterns con-
t1nued without fluctuation through all remaining doses. At
960 mg/L, Al( OH)3 represented 99.0% of the Al in the solution
with the total d1£ 31ved species representing 1% (~.21 ug/L).

The computer output indicates that after the silicate has been
removed from solution (precipitated) the solid hydroxide controls
the distribution of A1. This has in fact been substantiated ex-
perimentally (ROBERTSON & HEM 1969, HEM et al. 1973). It is un-
1ikely that these solids are the cause of the chemical toxicity
noted.

Even though the calculated concentrations of many components
of these solutions came out very close to actual levels, there
are limitations to the accuracy of these predictions as evidenced
by the difference between calculated and measured dissolved Al
concentrations (.19 and <.1 ug/L) respectively). These differences
are apparently due to both chemical and physical interactions for
which reaction constants are not known. Even though these inter-
actions may be relatively subtle and not change the overall dis-
tribution of Al, they still may lead to changes in the character
of solid (floc) or dissolved species and thus affect toxicity.

Due to the polymeric, positively charged character of the
floc (HEM & ROBERTSON 1967), negatively charged ions and parti-
cles may become adsorbed and removed from solution. As noted
previously algae became trapped during alum solution addition to
chronic test beakers. Other substances removed include phosphate
jon (HSU 1975), colloidal solids, clay particles and organic com-
pounds (CLARK et al. 1977). This adsorption could serve to con-
centrate potentially toxic materials directly above lake bottom
organisms.

Many naturally occurring organic compounds increase the con-
centration of dissolved Al by forming "organoaluminum" complexes
(LIND and HEM 1975). No analyses were performed for organics in
the test solutions, however, it appears that some interaction be-
tween the alum and the algaeor an algae by-product was responsi-
ble for the toxicity because of the discrepancy between the acute
and chronic tests. Algae release a wide range of organic com-
pounds (HELLEBUST 1974) including growth-inhibiting substances
which may affect other organisms. High release rates of extra-
cellular products of algal photosynthesis are related CO,
Timitation, high population density and 1ight intensity
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(WETZEL 1975). A11 of these could be factors associated with the
settled algal substrate in the chronic tests.

We also considered the possible toxic effects or stress
effects of D.0., pH, SO,, depth of water, crowding, and nutrition
but these were found in our tests not be critical factors.

IMPLICATIONS FOR LAKE TREATMENTS

Any attempts to extrapolate information indicated in this
study to impacts of in-lake alum treatments on the biota must con-
sider both chemical and physical effects. Careful consideration
must also be given to the limnological character of the water to
be treated in determining the dose required. Examples {(as re-
viewed by DUNST et al. 1974) include 18 mg Al/L at Horseshoe Lake,
Wisconsin (added as granular A1,(S0,)}s), 12 mg Al/L at Snake Lake,
Wisconsin (as alumnate and liquid alum), 7.3 mg Al/L in Pickerel
Lake, Wisconsin (as liquid alum), and 50 mg A1/L in Langsjon,
Sweden (as granular A1,(S0,)s;). Considerable variation was seen
in two Spokane County, Washington lakes as well. Medical Lake is
a hard water (total hardness 120 mg/L as CaC0;), sodium bicarbo-
nate (730 mg/L total alkalinity as CaCO;) lake which receijved
150 mg/L alum (13.5 mg A1/L) (GASPERINO & SOLTERO 1978). Liberty
Lake is an extremely soft water lake (total hardness averaging
23 mg/L as CaC0;) with Timited buffer capacity (total alkalinity
14-30 mg/L as CaC0;) which received 10 mg/L as granular A1,(S0,);
resulting in an in-Take Al concentration of about 0.8 mg Al/L.
(FUNK et al. 1975).

While some of these lake treatment doses are within the range
causing toxicity in these bioassays (80 to 960 mg/L) there are
other factors which would tend to mitigate toxic effects. The
predominant hardness causing ions for instance, can compete with
A1*3® for both organic and inorganic ligands and decrease the ten-
dency to form solubie complexes (STUMM & MORGAN 1970). If an
algal bi-product particular to Selenastrum is in fact causing
or contributing to mortality it is unlikely that this would be
found in significant enough amounts in a diverse lake system to
be a problem.

The physical toxicity, however, could be a factor regard-
less of dose. The Medical Lake treatment resulted in a floc
layer about 14 cm thick with 0.6 to 1.3 cm being deposited at
Liberty Lake. Since both of these are greater than the depth in
the 960 mg/L test beakers, mortalities might be expected. A
heavy floc layer may not be a problem for already established
Tarvae with a normal development time, but a substantial floc
layer could inhibit pupae from reaching the surface and the de-
posited eggs from reaching the sediments. Thus, the time (season)
when an alum treatment occurs may be an important factor. A late
fall treatment would find most benthic insects dormant or at low
levels of activity. Also, by the time these organisms were re-
turning to activity the floc layer may have settled.

Considering the effects of the test organism response in
these assays and the lake characteristics which tend to reduce
mortality it seems unlikely that a well planned alum treatment
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would result in significant mortality in benthic insect popula-
tions.

ACKNOWLEDGMENTS

We thank Dr. William Funk for providing financial assistance
and valuable advice and Dr. Richard Richter for assistance with
the chemical equilibria and the complete model.

This study was funded, in part, by a grant from the Environ-
mental Protection Agency (Project No. R805604-01-0).

REFERENCES

AMERICAN PUBLIC HEALTH ASSOCIATION: Standard Methods for the
Examination of Water and Wastewater. 14 ed., Washington, D.C.:
APHA, AWWA, WPCF 1975.

BURROWS, W.D.: CRC Critical Reviews in Environmental Control 7
167, (1977).

CLARK, J.W., W. VIESSMAN, and M.J. HAMMER: Water Supply and
Pollution Control. New York: Harper and Row (1977).

DUNST, R.C., W.M. BORN, P.D. UTTORMARK, S.A. SMITH, S.A. NICOLS,
J.0. PETERSON, D.R. KNAUER, S.L. SERNS, D.R. WINTER, and
T.L. WIRTH: Survey of Lake Rehabilitation Techniques and
Experiences. Madison: Wisconsin Dept. Nat. Res. (1974).

FUNK, W.H., H.L. GIBBONS, D.A. MORENCY, S.K. BHAGAT, G.C. BAILEY,
J.E. ONGERTH, D. MARTIN, and P.J. BENNETT: Determination,
Extent, and Nature of Nonpoint Source Enrichment of Liberty
Lake and Possible Treatment. Pullman: State of Washington
Water Research Center (1975).

GASPERINO, A.F., and R.A. SOLTERO: Restoration of Eutrophic
Medical Lake, Washington, by Treatment with Aluminum Sulfate:
Preliminary Findings. Richland: Batelle/Pacific Northwest
Laboratories (1978).

HELLERBUST, J.A.: Algal Physiology and Biochemistry, W.D.P.
STEWART (ed.) Berkeley: University of California Press 838
1974.

HEM, J.D. and C.E. ROBERTSON: Form and Stability of Aluminum
Hydroxide Complexes in Dilute Solution. Washington D.C.:
U.S. Geo. Survey Water-Supply Paper (1967).

HEM, J.D., and C.E. Robertson, D.J. LIND, and W.L. POLZER:
Chemical Interactions of Aluminum with Aqueous Silica at 25°C
Washington, D.C.: U.S. Geo Survey Water Supply Paper (1973).

HSU, P.H.: Water Res. 9, 1155 (1975).

66



LIND, C.J., and J.D. HEM: Effects of Organic Solutes on Chemical
Reactions of Aluminum. Washington, D.C.: U.S. Geo Survey Water-
Supply Paper (1975).

McDuff, R.E., and £.M.M. MOREL: Description and Use of the
Chemical Equilibrium Program REDEQLZ2. Pasadena: Keck Lab. of
Env. Eng. Sci., Cal. Tech. (1973).

NEBEKER, A.V.: J. Kansas Ent. Soc. 46, 160 (1973).

PERKIN-ELMER INC.: Analytical Methods for Atomic Adsorption

Spectroscopy Using the HGA Graphite Furnace. Norwalk,
Conn. (1977).

PETERSON, S.A.: Limnological and Sociceconomic Evaluation of
Lake Restoration Projects: Approaches and Preliminary Results.
EPA-600/3-79-005 (1979).

ROBERTSON, C.E., and J.D. HEM: Solubility of Aluminum in the
Presence of Hydroxide, Fluoride and Sulfate. Washington,

D.C.: U.S. Geo Survey Water-Supply Paper (1969).

STUMM, W., and J.J. MORGAN: Aquatic Chemistry. New York:
Wiley-Interscience 1970.

WETZEL, R.G.: Limnology, Philadelphia: W.B. Saunder 1975.

Accepted May 9, 1981

67



