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PRECIPITATION DU PHOSPHORE PAR LA CHAUX DANS LES LACS 

T.P. Murphy, K.J. Hall, K.T. Ashley, A. Mudroch, M. Mawhinney et Hj. Fricker 

Perspective—gestion 

On a évalué la précipitation du phosphore par la chaux dans le 

lac Frisken pour déterminer si elle pouvait Etre une technique de remise 

en état des lacs. La zone expérimentale se situe dans la région intérieure 

semi-aride de la Colombie-Britannique. Le lac reqoit une forte charge de 

phosphore par la météorisation naturelle de l'apatite. Avant le traitement 

5 la chaux, moins de la moitié du phosphore dans la couche épilimnique a 

été précipité par le carbonate de calcium. 

En 1983, 1'addition de 23 tonnes de Ca(0H)2 a éliminé 80 p. 100 de 

la chlorophylle 5 et 97 p. 100 du phosphore réactif soluble (PRS)présents 

dans l'épil1mnion. En 1984, l'addition de l6 tonnes de chaux a enlevé 

plus de 90 p. 100 de la chlorophylle 5 et 60 p. 100 du PRS ptésents dans 

1'ép1limnion. Bresque tout le phosphore précipité s'est dissout dans 

l'hypolimnion. Les divers changements chimiques enregistrés dans les 

eaux des lacs permettent d'avancer que le traitement 5 la chaux pourrait 

donner lieu 5 plus qu'une_simple amélioration saisonniére de la qualité 

de l'eau.



RESUME 

Pour renverser le processus d'eutrophisation des lacs 5 alcalinité 

élevée, on a évalué si l'addition de chaux pouvait Etre une technique 

de remise en état des lacs. En 1983, l'addition de 23 tonnes de Ca(OH)2 

a enlevé 80 p. 100 de la chlorophylle 3 et 97 p. 100 du phosphore réactif 

soluble (PRS) présents dans 1'épilimnion. En 1984, 1'addition de 

16 tonnes de chaux a enlevé plus de 90 p. 100 de la chlorophylle 5 et 
60 p. 100 du PRS présents dans l'épilimnion, Presque tout le phosphore 

précipité s'est dissout dans l'hypo1imnion. 

Le traitement 5 la chaux peut favoriser davantage la précipitation 

du carbonate de calcium et, 5 l'avenir, on devrait pouvoir ajouter de 

moins en moins de chaux, Le titrage du pH de 1984 a été beaucoup plus 
efficace que celui de 1983 (14 comparativement 5 8 p. 100). En augmentant 

la concentration de carbone inorganique, on devrait favoriser la 

précipitation du carbonate de calcium. 

On n'a pas observé de réactions du phosphore an contact du fer. 

En grande partie, le fer ne semble pas étre réactif. Ce dernier 

pourrait €tre un oligo-élément qui empEche.certaines réactions.
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T.P. Murphy, K.J. Hall, K.T. Ashley, A. Mudroch, M. Mawhinney, and Hj. Fricker 

Management Perspective 

Lime induced precipitation of phosphorus in Frisken Lake was evaluated 

as a lake restorat.ion technique. The experimental site is in the semi-arid 

interior of British Columbia. The lake receives a high phosphorus loading 

from the natural weathering of apatite. Before the lime treatment, less than 

half of the epilimnetic phosphorus precipitated with calcium carbonate. 

In 1983, the addition of 23 tonnes of Ca(OH)2 removed 80% of t-he 

chlorophyll 5 and 97Z of the soluble reactive phosphorus (SRP) from the 

epilimnion. In 1984, the addition of 16 tonnes of lime removed more than 90% 
of the chlorophyll 3 and 6'02 of the SRP from the epilimnion. Most of the 

precipitated phosphorus dissolved in the hypolimnion. Several changes in lake 
chemistry indicated that lime treatment would produce more than a seasonal 
improvement in water quality.



ABSTRACT‘ 

To ameliorate eutrophication of hardwater lakes, lime addition was 

evaluated as a lake restoration technique. In 1983, the addition of 23 tonnes 

of Ca(0H)2 removed 80% of the chlorophyll 5 and 972 of the soluble reactive 

phosphorus (SRP) from the epilimion. In 1984, the addition of 16 tonnes of 

lime removed more than 90% of the chlorophyll 5 and 60% of the SRP of the 

epilimnion. Most of the precipitated phosphorus dissolved in the hypolimnion. 

Lime treatment can enhance future calcium carbonate precipitation and 

future lime additions should require less lime. The efficiency of the 1984 pH 

titration was much higher than the 1983 titration (14 vs. 8%). The increase 

in the concentration of inorganic carbon should result in enhanced 

precipitation of calcium carbonate. 

Phosphorus reactions with iron were not observed. Much of the iron 

appeared to be unreactive. Iron could be a limiting micronutrient
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INTRODUCTION 

Many studies of calcium carbonate precipitation have led to the hypothesis 

that an induction of calcium carbonate precipitation can reduce 

eutrophication. Calcium carbonate precipitation often occurs naturally in 

hardwater lakes during sumer algal blooms (Kelts and Hsu 1978). This 

precipitation can significantly reduce the productivity'of hardwater lakes 

(Wetzel 1975). Recent studies have reported the coprecipitation of phosphorus 

with calcium carbonate (Rossknecht 1980, Avnimelach 1983, Murphy _et _§l. 

1983a). A Polish group that used lime to reduce the humic content of a lake, 

observed a reduction of the phosphorus concentration (Hillbricht-Ilkowska gt 
El. 1977). These carbonate precipitation reactions are also apparent in some 

lakes on the Thompson Plateau. Naturally eutrophic Wood Lake flows into 

oligotrophic Kalamalka Lake, a marl lake (Clemens gt 51. 1939). Kalamalka 

Lake receives a major groundwater flow of CaS04 rich water that must enhance 

calcium carbonate precipitation in Kalamalka Lake (Liebscher, Geological 

Survey of Canada, Vancouver). 

In this study, lime was added to Frisken 'Lake, British Columbia, to 

induce the precipitation of calcium carbonate and phosphorus. This in—lake 

treatment may have particular utility in areas where diffuse nutrient loading 

cannot be controlled, where tertiary treatment of wastes is too expensive, 

and where treatment with toxins is not appropriate. 

Frisken Lake, is primarily used for recreational fishing. Rainbow trout



grow very quickly, and their quality is excellent. However, intense algal 

blooms interfere with fishing and the fish frequently winterkill. The 

objectives of this study were to suppress the summer bluergreen algal blooms, 

and to indirectly increase the lake oxygen concentration in winter. Several 

researchers have shown that the lake winter oxygen concentration is closely 

correlated to the lake sumer chlorophyll concentration (Babin and Prepas 

1985). 

Although the first local concern was to enhance trout production, this 

research could have widespead use in suppressing eutrophication in hardwater 

lakes. Much of Western Canada is semi-arid and many conflicts exist over the 

use of the limited water supply. Many of the towns and cities in the interior 

of British Columbia have a shortage of good drinking water. Taste and odour 

problems are common in some of the reservoirs such as the Garnet Valley 

reservoir which supplies Summerland (McKean and Lim 1981) and Dragon Lake 

which supplies part of Quesnel (McKean 1981). A new lake restoration 

technique must be better than the current method, copper sulphate treatment. 

Copper sulphate treatments have been used with limited success in 

restricting excessive algal growth (C. Bull, Fisheries Branch, Penticton, 

B.C.). The ephemeral response of copper sulphate treatments requires a large 

comitment of staff to lake monitoring (S. Withler, Fisheries Biologist, 

Kaloops, B.C.). Fisheries biologists in both British Columbia and Alberta 

are concerned about the potential adverse» effects of copper sulphate 

treatment on fish. In Saskatchewan, lake managers often avoid conflicts
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associated with dead fish by not stocking fish in lakes that receive repeated 

copper sulphate treatment. In much of western Alberta and the interior of 

British Columbia, lakes are highly valued for both sources of drinking water 
and fish. Similar concerns about copper sulphate treatment have been 
documented in the United States. Gentile and Mahoney (1969) reported fish 

kills in copper treatments. Taub and Kindig (1984) have reported that the 

killing of zooplankton by copper can result in algal blooms shortly after a 

copper treatment : the algae recover faster than the zooplankton. Moreover, 
copper treatments do not always reduce algal growth (Elder and Horne 1978). 

New management tools are needed. 

1. Study Site 

Frisken Lake is located upon the Thompson Plateau in south central 
British Columbia (Fig. 1), 30 km S.So.E. from the junction of the North and 

‘K 

South Thompson Rivers (Kamloops, British Columbia; latitude 50° 27' 30", 

longitude 120° 8' 30"; Fig. 2). The plateau has a temperate continental 
climate that is moderated by the Pacific Ocean ‘and protected from Arctic 
weather by the Rocky Mountains to the east.’ The plateau is in the rainshadow 
of’ the Cascade Mountains which borders the plateau on the west. Rainfall 
varies from 75 cm on the highlands to less than 35 cm in the semi-arid 

valleys (M'a'cMilla_n-Bloedel 1972). More rainfall and less evaporation at 
he-igvher elevation results in runoff that supplies "much of the water 
requirements of the valleys. Frisken Lake has an area of 2-9 hectares, a 

maximum depth of 10 m, a mean depth of 4.3 m, and an elevation of 1138 m.
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1.1 Geology 

The geology of the Kamloops area is very complex. Two periods of marine 
volcanic arc formation with both shallow and deep marine sediment formation 

have been documented (Smith 1974). Microplates from the far east were also 

added to the local geology (Jones gt 31. 1982). Frisken Lake is situated upon 
a poorly defined volcanic intrusion called the Wildhorse Mountain Batholith. 
It formed during the Jurassic or the post-lower Cretaceous period (Cockfield 
1947, 1948). This volcanic intrusion is classified geologically with the more 
intensively studied Iron Mask Batholith. Apatite is found in mwst of the 

rocks of the Iron Mask Batholith (Cockfield 1948) and veins of apatite are 

also found there (Cockfield 1947). These two batholiths are as close as three 
km on the surface. Since the phosphorus concentration of many lakes near 
Frisken Lake is unusually high (Fish and Wildlife Branch, unpublished data), 
and no significant anthropomorphic phosphorus sources exist, apatite deposits 
are likely present near Frisken Lake as well. 

1.1.1 Relationship of Geological and Water Quality Variability
1 

The random distribution of veins of apatite could be the main cause for 
the high variability in water quality that is found in the Frisken Lake area 
(Fish and Wildlife Branch, unpublished data). The three following geological 
processes could contribute to this spatial variability in water quality. 

1) Later volcanic activity in the Miocene period formed Mount Buhmmi. 
This mountain is located south of Frisken Lake and within the watershed of
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Roche Lake. In 1982, the spring runoff from the Mount Bulman area was much 

larger than that of the neighbouring streams. Mount Bulman is a 1000 m higher 

than Roche Lake and presumably the snowpack is substantial enough to result 

in a large runoff of low phosphate water into Roche Lake. The water flow of 

April 28, 1982 into John Franklin Lake (above Roche Lake) was at least 20 

times the flow from Frisken Lake which was about 25 liters a second. 

Volcanic ash deposits may have formed localized groundwater aquifers. 

Nesbitt (1974) has observed this type of aquifer in the Basque Lake area 

which is relatively near Frisken Lake. ~ 

2) Evaporite deposits could also effect water quality. Large deposits of 

sodium sulphate and calcium sulphate are found in the Iron Mask Batholith 

(Cockfield 1947). If these localized deposits were formed in old marine 

environments then similar but probably smaller deposits could be common on 

many of these old coastal batholiths. If these evaporite deposits formed 

recently, they would probably be found mainly in the valleys. Some of the 

large deposits around Beresford are found at intermediate elevation on the 

plateau. 

3) The porosity and depth of glacial debris should influence the ratio 

of surface to groundwater flow. Most of the surface of the Wildhorse Mountain 

Batholith is covered with glacial debris. Northcote (1968) estimated that 972 

of the Guichon Creek Batholith (another neighboring Jurassic coastal 

batholith) was covered by glacial debris. If the glacial debris was deep, the
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buried apatite deposits should have much less of an effect upon surface water 

quality relative to a similar rock covered with less glacial debris. This 

glacial deposit is quite porous; thus, groundwater flow could be quite 

substantial. Some aquifers could be quite rich in phosphorus. 

1.2 Water Residence 

Although the hydraulic data for Frisken Lake is limited, one conclusion 

is obvious : treated lakewater would not be rapidly flushed. By assuming that 
the observed flow on April 28, 1982, of 25 liters a second into Frisken Lake 

lasted for two months, a water residence time of 84 years was calculated. The 

flow observed May 30, 1984 was 150 liters a second after a late snow melt and 

heavy rains. A similar calculation would produce a residence time of 24 

years. These flow measurements were made in years of record rainfall. The 

surface flow into Frisken Lake normally only lasts for a short.period in the 

spring (Fish and Wildlife unpublished data). Although groundwater flows could 
alter these estimates, a good potential for observing long term water quality 
changes exists.
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METHODS 

2.1 Chemical Treatments of Frisken Lake 

Lime was -added to Frisken Lake to induce precipitation of calcium 

carbonate. To distribute lime around the lake a slurry maker was mounted onto 

a barge. The barge was a 2.4 m by 6.1 m plywood deck fastened to two pontoons 
that was powered by a 10 hp outboard motor. The barge could carry 20, 20 kg 

bags of lime, two lime handlers, a driver, and the slurry maker. A large 

water pump (7.6 cm outlet port) directed jets of water into the base of the 

hopper of the slurry maker. The bags of lime were lifted to the top of the 

hopper where they were cut open. The lime fell into the turbulent water which 

then flowed over baffles within an enclosed 1.2 m long plywood mixing chamber 
before falling into the lake at the front of the barge. The slurry was 

applied evenly to all parts of the lake deeper than 3.0 m. To minimize 

corrosion and facilitate cleaning, all metal (especially aluminum) was 

protected with Interlux Viny—1ux primewash, Vitaline aluminum primer, and an 

enamel finish. 

For personal protection rubber gloves, raincoats, goggles, and dust 

masks with particle filters (Safeco model 1200) were used in 1983. The 

interface of the gloves and the raincoat were sealed with tape, but this 

precaution was not satisfactory unless long gloves were worn. Protective 

cream helped. The goggles provided insufficient protection. In 1984, dust 

hoods equipped with dust masks (Safety Supply Canada TD l882).gave excellent
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protection. A defogger solution kept the shield clear of condensation. 

The lime was delivered by a truck that could load and unload 7.2 tonnes 

of lime with a small crane. In this way lime handling was minimized 

considerably and the delivery charge was less than gas would have cost for 

equivalent transportation in..a smaller truck. Unfortunately, the unusually 
intense rains of 1983 made the road impassable. In 1983, lime was added to 

the lake during three relatively dry periods: June 16, 1.2 tonnes; June 17, 

7.2 tonnes; July 26, 4.8 tonnes; July 27, 2.4 tonnes; August 16, 4.8 tonnes; 

and August 17, 2.4 tonnes (total 22.8 tonnes). In 1984, 16.0 tonnes of lime 

was added to Frisken Lake in one period: May 26, 2 tonnes; May 27, 10 tonnes; 

May 28, 4 tonnes. The lake received a total of 38.8 tonnes of Ca(0H)2 over 

the two years. I 

2.2 Sample Collection 

In l983,water samples were collected with a three liter PVC Van Dorn 

bottle from two stations in Frisken Lake which were 100 m apart and both 

within the deepest part of the lake (9.8 m April 1982, 8.8 m Sept. 20, 1983). 
After the first lime addition, samples were collected at 1.0, 3.0, 5.0, and 

8.0 m from the lake surface. Later lime additions were sampled at 1 m 
intervals from the lake surface to a depth of 8 m. In 1984 samples were 
collected from one station with a bilge pump. 

Zooplankton samples were collected from 1 meter intervals with a
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Schindler trap in 1983 and a bilge pump in 1984. All zooplankton samples were 

collected from one site. Samples were preserved with a sugar—forma1in 

solution (Haney and Hall 1973). 

All samples for bacterial enumeration were preserved with a 22 

formaldehyde solution within two hours of sample collection. Samples were 
filtered later and counted with an acridine orange method (Daley 1979). 

Water flow was measured with a Pygmy flow meter that was calibrated at 

the Canada Center for Inland Waters (CCIW). 

2.3 Chemical Analyses Done at the Lake » 

All soluble reactive phosphorus analyses in 1982, 1983, and 1984 were 
done within 24 h with the ascorbic acid method (Strickland and Parsons 1972). 
Oxygen and temperature measurements were made with YSI oxygen meters, In 

1982, 1983, and 1984 pH was measured at the lake with a Corning pH meter. 

Inorganic carbon was analyzed by a gas chromatography method (Stainton et al. 
1977). 

2.4 Laboratory analysis of Field Samples 

2.4.1 Chemical Analysis 

Phosphorus was measured as total P after perchloric acid digestion. 
Calcium samples were preserved with H01 (1.0 ml of 502 H01 per 100 ml of 

sample) and analyzed later with atomic absorption spectrometry in CCIW with a
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nitrous oxide/acetylene flame. The degree of calcium carbonate saturation was 

determined using calcium and carbonate data, corrected for ionic strength by 
the Debye-fiuckel method (Berner 1971; Stumm and Morgan 1981). Saples for 

chlorophyll 3 analysis were filtered onto GF/C or GF/F (after 1982) filters 

at the lake within 2 h of collection, frozen, and analyzed by DMSO extraction 

(Burnison 1980) in the CCIW lab in Burlington. Iron content in the unenriched 

samples were measured by a modification of the bathophenanthroline method 

(Strickland and Parsons 1972). Samples for nitrate, ammonia, nitrite, 

dissolved organic nitrogen, particulate nitrogen, particulate carbon, 

dissolved inorganic carbon, total inorganic carbon, chloride, sulphate, 

calcium, magnesium, potassium and sodium were prepared in a field lab, and 

shipped on ice to the IWD Water Quality Lab in Vancouver, or Burlington 

(Environment Canada 1979). 

2.4.2 Electron Microscopic Analysis 

Water samples were filtered onto .2 u Nuclepore membrane filters. They 
were dried and later analyzed for elemental composition at McMaster 
University on an electron microscope equipped with an EDAX microprobe for 

elemental analysis. With the larger calcite particles we were able to direct 
the beam at the center of the particle and obtain a semi—quantitative 

analysis. 

2.4.3 Sediment Analysis 

Sediment cores were taken from Roche, and Frisken Lakes with a Williams
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lightweight corer (Williams and Pashley 1978). The cores were divided into 

2.0 cm sections within an hour with the Williams extruder (Williams and 

Pashley unpublished data). The samples awere then frozen and later 

freeze-dried at CCIW. Prior to analysis the samples were ground in a sediment 

grinder, pelletized and analyzed for major elements (Si, Al, Ca, Mg, Fe, Na, 

K, P, and Mn) by X-ray fluorescence spectrometry. Determination of minerals 

present in subsamples was carried out qualitatively by a Philips X-ray 

diffraction spectrometer. 

Sediment samples were extracted with dilute acid to determine the 

,re1ative solubility of phosphorus and calcium in Roche and Frisken Lake 

sediments. Freeze—dried and ground sediment (0.1 g) was shaken with l00 mls 

of 0.1 N HC1 for 12 h. The samples were then centrifuged for 20 minutes at 

1000 g and the supernatant was analyzed for soluble reactive phosphorus or 

calcium.
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RESULTS 

3.1 Source of Phosphorus in Frisken Lake 

Surface runoff is not likely the major source of phosphorus. The stream 

entering Frisken Lake contained less phosphorus than the lake. Phosphorus may 
have concentrated in the lake as water evaporated, but this explanation is 

weak. The most soluble ions (K, Na, Cl, S04) were not significantly 
concentrated in the lakewater, relative to the stream (Table 1). 

Groundwater dissolution of apatite may be the major source of 

phosphorus. A small spring in the northwest corner of Frisken Lake contained 
more than 300 pg P/L. In an area of similar geology, relief, and altitude, 

Chain lake (receives about 60% of its external phosphorus loading from 

groundwater flow (Murphy 1985). 

The combination of geology and hydrology probably accounts for much of 
the large difference between Frisken and Roche Lake (Table 1). Frisken Lake 
is rich in phosphorus and is presumably largely influenced by groundwater 
dissolution of an apatite outcropping. Roche Lake is downstream from Frisken 
Lake. Roche Lake is phosphorus poor and may be more influenced by surface 

runoff from Mount Bulman (section 1.1.1). 

The hydraulic or apatite distribution hypotheses can not fully explain



-13-. 

the juxtaposition of clear Roche Lake to the hypertrophic Frisken Lake. The 

ion content of Roche Lake is much higher than the spring runoff it receives 
(Table. 1). Ions, including phosphorus, may concentrate in the lake by 

evaporation or groundwater flow could be important. Moreover, the phosphorus 

loading from Frisken Lake into Roche Lake must be considerably higher than 

most lakes would receive, and the phosphorus concentration of Roche Lake is 

very low (Table 1). 

A precipitation reaction probably removes phosphorus frmm Roche Lake 

water. Since both Frisken and Roche Lakes are hardwater lakes, calcium 

carbonate precipitation could precipitate phosphorus in both lakes. The 

higher phosphorus and organic carbon content in Frisken Lake should interfere 

with calcium carbonate precipitation (Reddy 1979, Waltor and Hanor 1979). 

Very different carbonate precipitation regimes should occur in each lake. 

3.2 Sediment Chemistry 

The carbonate chemistry of the sediments confirms that carbonate 
precipitation is substantial but quite different in each lake. The carbonate 
content of the sediments of Frisken Lake (Table 2) is much lower than that of 
Roche Lake (Table 2). In Frisken Lake the carbonate content decreases greatly 
with increasing depth while the deeper sediments of Roche Lake are still 

carbonate rich. A distinct peak of calcium and phosphorus at 10 cm in the 

Roche Lake sediments (Fig. 3) is not present in the Frisken Lake sediments 
(Fig. 4). These lakes are similar in that the correlation of total phosphorus
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to calcium carbonate in each lake is strong only in the surface sediments 

(0+16 cm). In the surface sediments of both Roche and Frisken Lake the total 

phosphorus is positively correlated to the total calcium content and 

negatively correlated to the iron content (Roche r=0.80, n=6; r=-0.81, n=6: 

Frisken r=0.9S, n=7; r=—0.86, n=7). Below 16 cm another process appears to 

control phosphorus solubility. 

The change in correlation of calcium to phosphorus near 16 cm may 
reflect a diagenetic reaction that was not resolved. Chemical transformations 

(Berner 1971, 1980) and movement of ions with groundwater (Van Liere and Mur 
1982) could lalter the sediment. Anything that altered the production of 

organic acids or C02 in the sediment could have altered the solubility of 

phosphorus and calcium (Rhue and Hensel 1983). The greater productivity of 

Frisken Lake results in mwre organic matter in the Frisken Lake sediments 

(surface organic C=24Z) than in Roche Lake (surface organic C=l3Z). Organic 

decay should cause more dissolution of precipitated carbonates and phosphates 
in Frisken Lake than in Roche Lake. Thus, the residual calcium and phosphorus 
in Frisken Lake should be more resistant to acid extraction. 

More of the total phosphorus and calcium of the Roche Lake sediments was 
dissolved by acid than in Frisken Lake sediments (Table 3). This result 
indicates that less phosphorus and calcium is regenerated in the surface 

sediments of the less productive Roche Lake and that more apatite forms in 

Roche Lake. Apatite forms slowly (Stum and Leckie 1970, Bremner 1980) ;thus,
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dissolution of P—CaCO3 must suppress the formation of apatite. 

The lower efficiency of calcium extraction of the Frisken Lake sediments 

could also represent the complexation of calcium: by organic matter. The 

higher organic content of Frisken Lake should result in an inhibition of 

calcite precipitation and perhaps apatite formation. 

3.3 Pretreatment Water Chemistry 

Total inorganic carbon (TIC) was used as an index of calcium carbonate 

solubility. Soluble reactive phosphorus (SRP) was used as an index of 

phosphorus solubility. Interference in SRP analysis by ferric precipitation 

as Nurnberg (1984) has observed in hypolimetic samples was not observed in 

Frisken Lake. The SRP concentrations were close to the total phosphorus 

concentrations (93.4%, n=38; post*lime treatment values); moreover, the 

abundant particles in these samples presumably contained the remaining 

phosphorus. Frisken Lake appears to have very little reactive iron to 

interfere with SRP analysis. 

A high correlation of phosphorus to inorganic carbon was found in the 

water column of Frisken Lake. In pretreatment samples significant 

correlations of TIC and SRP were observed in both the epilimnion/metalimnion 

(r=.735, n=21) and in the hypolimion (r=.973, nill). When these two 

pretreatment data sets were plotted two linear relationships were apparent 

(Fig. 5). The lowest TIC and P concentrations were in the epilimnion and the
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highest TIC and P concentrations were in the hypolimnion (Fig. 6). The same 

relationship existed between total inorganic carbon and total phosphorus 

(epilimnion/metalimmion r=.7S3, n=21; hypolimnion r=.955, n=11). The 

similarity of the SRP/TIC and TP/TIC relationships was a reflection of the 

phosphorus chemistry. Most of the total phosphorus was in solution 

(epilimnion/metalimnion 70.6%; hypolimion 73.8%) ad the soluble phosphorus 
was highly correlated to the total phosphorus (epilimnion/metalimnion r=.9l2 

n=T1; hypolimnion r=.959; n=ll). 

Although geochemical precipitation of phosphorus with calcium carbonate 
is the. most appropriate explanation of these observations, biological 
reactions seem, at first, to be as suitable. The "precipitation" of 

phosphorus could have been a coprecipitation of calcium carbonate with algal 
cells that were rich in phosphorus (Comeau 1984, Koschel gt gl. 1983, Shapiro 
1967). This sedimentation would result in a good correlation of P to TIC in 

the epilimnion. The low' pH hm the hypolimnion was presumably produced by 
bacterial breakdown of algal cells. A very large complex community 
(filaments, clumps) that was not amenable to enumeration was observed only in 
the hypolimmion. With bacterial breakdown of organic—P in the hYP0limnion, 
and subsequent dissolution of calcium carbonate, a high correlation of 

phosphorus and TIC would result. 

This coincidence of biological and geochemical reactions weakens the 

common approach of interpreting field data by correlation analysis. Adjusting
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the carbonate equilibria should provide better insight into the relative 

importance of geochemical and biological reactions. If this geochemical 

interpretation is appropriate, lime addition should control much of the 

biological productivity. Biological processes should modify the reactions in 

lime treatment, not control them. 

3.4 CaO Treatment
_ 

In 1982, 0.72 tonnes of CaO were added to Frisken Lake by broadcasting 

quicklime onto an air—water plume created by a diesel air compressor. 

Although the turbulence caused by the lake aeration appeared to mix the lime 

quite well, the initial results of this aeration method were disappointing. 

Calculations with a pH titration curve of Frisken Lake water (Fig. 7), pH 

changes in the lake, and the volum of the lake, indicated that the titration 

was less than 10% efficient. The aerator-mixer appeared quite inefficient. 

However, the results of the 1983 study indicated that a low efficiency in the 

pH titration was caused by enhanced bacterial production of C02 (discussed 

later). The pH data were misinterpreted in 1982. The aeration experiment was 
cancelled too quickly. 

Data obtained much later confirmed that our lime treatment strongly 

influenced the phosphorus concentrations. Independently of our sampling 

program, the Fish and Wildlife Branch had sampled the lake 5 days after our 

quicklime (Ca0) addition in 1982. Although the sampling depths were slightly 

different, the effect of the quicklime was readily apparent. Within this 5



_l8_ 

day period, the SRP decreased in the epilimnion from 260 (1 m) to 115 (0 m) 

ug/L, in the metalimnion from 276 (3 m) or 340 (5 m) to 196 (4 m) pg/L, and 

in the hypolimnion from 889 (9 m) to 591 (9 m) pg/L. Lime applications in 

1983 and 1984 also took more than two days to change phosphorus 

concentrations. 

The decision to use Ca0 rather than Ca(OH)2 may seem inappropriate. The 

use of CaO requires additional safety precautions. CaO may be too dangerous 
for simple lime handling procedures. Two minor- burns from Ca(0H)2 were 
experienced in 1983 and similar accidents with the more caustic CaO could be 
serious. A poor seal between short gloves and the raincoat allowed lime to 

get under the tape and the lime was rubbed into the skin during the lime 

handling. Long gloves are a necessity. Ca0 may be more appropriate for more 
automated water treatment. Ca0 has more titration power and reactivity. At 

some sites, Ca0 is readily available by reprocessing lime wastes. 

Other problems contributed to the termination of the quicklime treatment 
in 1982. Sampling of the treated water in the aeration plunm was very 
awkward. The aeration plume brought hypolimnetic water to the surface, which 
then moved laterally 20 to 30 m, before sinking back down to the top of the 

hypolimnion (5 m from the lake surface). The shape of the plume was greatly 
affected by the wind. After five hours of aeration, the temperature and 
oxygen content of the hypolimnion a hundred meters from the aerator was 
unchanged. Since the oxygen and temperature of the aerated plume rose 2.0 mg
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02/L and 3.5°C within five hours of aeration, a convection cycle must have 

been created with an unknown aount of entrained epilimnetic water, an 

unknown amount of untreated hypolimnetic water, and an unknown amount of 

recycled water. 

It now seems that this combined aeration lime treatment would complement 

the surface additions of lime (presented next), The surface addition of lime 

results in a very nutrient rich anoxic hypolimnion. Treatment of the 

hypolimnion with a combined aeration-lime treatment, a month after surface 

lime treatment, would have these advantages. 

1) Lime could react with the most phosphorus rich water. 

2) A relatively small portion of lake volume could be treated. 
3) The littoral zone of the lake could remain unaltered. 

4) The pH could be titrated high enough to volatilize ammonia. 

5) A high residual carbonate content could be left in the hypolimion 
for future enhancement of carbonate precipitation. 

6) The oxygen content of the lake could increase. 

These aspects would be further enhanced by use of a hypolimnetic aeration 
design. Lime additions via a hypolimnetic aerator in lakes with anoxic 

hypolimnions would not expose fish to lime. This schedule of treatment might 
have many advantages but it offers less imediate treatment of the epilimnion 
than the slurry maker/barge lime addition method that was used in 1984.
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3.4.1 Long—Term Effect of the CaO Treatment 

Before the 1983 experiments began, the phosphorus concentration in the 

epilimnion was much lower than in earlier summers (Fig. 8). In June of 1983 

the SRP concentrations in four samples from the epilimnion were only a 

relatively small percentage of the total phosphorus (14.3, 24.1 53.2, and 

12.8%). The lowest earlier value observed in pretreatment samples was 43.5% 
(mean of all samples 70.6%, n=2l). Earlier and later samples were less 

variable. These changes could have been a result of the quicklime addition in 

1982, If over several months all of the quicklime reacted, the pH of the lake 
could have increased by 0.3 to 0.5 units, and the Ca concentration could have 

increased 0.42 mg/L. The stoichiometry of the microbial CO2 processing or of 
atmospheric C02 exchange is unknown; thus, the final carbonate equilibrium 
cannot be calculated. The quicklime added through the aeratorl in 1982 

probably was responsible for the low phosphorus concentrations observed in 

the spring of 1983. The 1983 and 1984 experiments also support the hypothesis 
that enhanced carbonate precipitation should occur in algal blooms that form 
after lime treatment. ' 

3.5 The 1983 Lime Additions 

A slurry maker/barge was used to improve the lime titration and to 

distribute lime around the lake. Any lime that did not react in the water 
column should have been evenly distributed over the sediments. Lime reactions 
in the sediments could reduce the amount of phosphorus released from the 

sediments into the water column, should result in a long term dissolution of
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lime which would increase calcium and inorganic carbon concentrations in lake 

water, and thus maximize the long-term stimulation of calcium carbonate 

precipitation. ' 

3.5.1 Short—Term Responses 

The first obvious response was a colour change in the lake. At first a 

white plum appeared behind the boat that took about 15 min to disappear. 

Later the treated water become much browner than the untreated water. Streaks 

of brown water formed that later coalesced. The colour change to brown 

occurred faster in each subsequent lime treatment. The lake was clearer in 

July than in June (Fig. 9); however, the chlorophyll 5 content was unchanged 
(Table 4). The increase in clarity could have been caused by sedimentation of 
colloidal calcium carbonate. The surface calcium concentrations were reduced 

by 4 mg/L (Table 5). 

The increased clarity after the second lime addition (Secchi depth of 
4.0 m, Fig. 9) was associated with low chlorophyll 3 concentrations (Table 

4). Observations of sediment traps suggested that enhanced settling of the 
algae was responsible for the greater clarity. The traps after the second 
lime application had 3 layers, a presumed lime layer, an algal layer and a 

greenish white layer. These observations can be further substantiated by 
simple comparisons of neighboring lakes. Algal blooms persisted through this 
period in both John Franklin and Bleeker Lakes.
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3.5.l.1 Biotic Responses in 1983 

The sedimentation of algae in the second lime application had a strong 

influence upon the hypolimnion. Within 48 h the pH of the hypolimnion 

decreased by as much as 0.3 (Fig. 10, Table 6). Some of this pH decrease 

could have been caused by microbial respiration such as heterotrophic 

utilization of decaying algae. In 1984, an increase in bacteria concentration 
in the deeper waters was observed (discussed later). Daphnia pulex appeared 

to move to the same water depth where was observed the greatest decrease in 

pH, presumably to feed upon the carbonate aggregates of bacteria and decaying 
algae (Fig. ll). Daphnia pulex. was not killed by the lime and if the 

bacteria/zooplankton response is verified, zooplankton and thus fish may 
actually be enhanced by lime application. These results contrast strongly to 

the use of copper sulphate to suppress algal growth. Copper treatments can 

kill zooplankton (Taub and Kindig 1984). 

3.5.1.2 pH Titration of Lake and Biological Buffering 

vAnother implication of the enhanced bacterial activity in the 

hypolimnion is that an evaluation of the efficiency of lime dispersal can not 
be made by pH measurements. Calculations using pH data, a titration curve, 

and the lake volume indicated that the July and August lime additions in 1983 

were only 8.7 and 10.3% efficient. Analyses of sediment from sediment traps 

and the total inorganic carbon (TIC) data demonstrated that these estimates 
of the reactivity of lime are much too low. A titration analysis with 
sediment from our sediment traps indicated that the efficiency of titration
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was 58.9 Z. If atmospheric C02 exchange is ignored, the increase in TIC after 

the second lime addition estimates a dissolution of 36.6% of the lime in the 

hypolimnion. Not enough data were collected in the first lime addition to 

use this approach. 

The TIC did not increase after the third lime addition. Perhaps the lack 
of algae to be sedimented from the epilimnion in the third lime addition 

resulted in much less bacterial activity in the hypolimion. Another 

observation supports this argument- Aggregates of bacteria and algae around 
lime crystals can be easily seen with a microscopic. The bacterial production 
of carbon dioxide must influence the dissolution of the lime. Unlike in the 

second lime treatment, the pH of the hypolimnion did not decrease after the 

third lime addition (Table 6). Since bacterial metabolic activity appeared to 

cause this pH decrease and TIC increase in the hypolimion in the second 
period (Fig. 12), and PH and TIC did not change in the third period, the 

hypolimnetic bacterial metabolism hi the last lime addition. was probably 
unchanged. 

The biological aspects of lime addition, algal sedimentation, and 
enhanced bacteria growth, strongly influence the short term and perhaps long 
term efficiency of lime treatment. Perhaps the optimal time to add lime to a 

lake is in an algal bloom. The last 1983 lime addition had little effect when 
algae were not present.
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3.5.1.3 Effect of Lime Addition on Phosphorus Solubility 

The SRP concentration of the water changed after lime addition but 

initially the ‘response was not strong enough to distinguish geochemical 

reactions and biological phosphorus assimilation. The SRP concentration in 

the epilimnion was already low when the 1983 study began. The small initial 

changes in phosphorus concentrations during 1983 were a reflection of the new 
water chemistry which was probably a result of the quicklime treatment of 

1982. Furthermore, the lime additions had to be split into three periods. 

The SRP concentration in the epilimnion in the first treatment decreased 
(Table 7). The first lime addition resulted in a substantial decrease in 

particulate phosphorus and no decrease in chlorophyll 5. The sedimentation of 
particulate@P (Table 8) could have been sedimentation of colloidal calcium 
phosphorus or calcium carbonate—phosphorus. At this time, the SRP fraction of 
total+P was unusually low for this lake. The only other time that such low 

ratios were observed was in hypolimnetic samples collected during the 

phosphorus and carbonate precipitation of Sept. 83. The first lime 

application removed calcium from the epilimnion (Table 5). The SRP 
concentration also decreased after the second lime addition in the 4.0 m 
samples (Table 7). The third treatment appeared to have little effect upon 
the soluble or total phosphorus distribution or concentration (Table 7, 8). 
The concentrations of sodium, potassium, and magnesium were relatively 
unaffected by our lime treatments (Tables 9, 10, ll).

A
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3.5.1.4 Prediction of Effect of Lime Treatment on P Solubility 

Perhaps the most significant observation is that the pretreatment data 

could predict the posttreatment response. The low phosphorus and TIC 

concentrations in the August 1983 epilimnetic samples agrees very well with 
the value predicted by an extrapolation of the pretreatment TIC-SRP 

relationship (Fig. 5, TIC of 30.6 mg/L and SRP of 0). 

3.5.2 A Delayed Response to the 1983 Lime Treatment 
A large precipitation of TIC and phosphorus occurred in the fall of 

1983 when the lake started to destratify (Table 12) The top of the 

hypolimnion had mixed into the epilimnion (Fig. 13). The earlier dissolution 
of lime in the hypolimnion had increased the TIC (Table 13) and Ca (Table 5) 

content of the hypolimnion. The epilimnion had a high pH (Table 6). Mixing of 
these waters should have resulted in precipitation of calcium carbonate and 

phosphorus. The removal of 57% of the phosphorus (relative to Oct. 31, 1982, 

Tables 13, 7, 8) in the lake was probably caused by carbonate precipitation. 

In spite of this initial enhancement of carbonate precipitation, much of 
this precipitated SRP redissolved in the winter. A simulation analysis with 
the computer program PHREEQE (Parkhurst et al. 1980) and the late summer data 
from 1983, indicated that initially calcium carbonate would precipitate when 
the lake mixed. However, complete mixing of the lake in the winter of 1983-84 
should have resulted in complete redissolution of the calcium carbonate and 
the adsorbed phosphorus. Similar calculations indicate an enhanced carbonate
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precipitation in future summers when the epilimnion warms. 

3.5.2.1 Iron Chemistry 

The iron in Frisken Lake may not be very reactive. The general trends in 

the concentration of iron in Frisken Lake are very similar to the two years 

of iron data collected from iron—limited Black Lake (Murphy gt gl. 1983b). 

The fall destratification of anoxic hypolimnetic water into the oxidized 

epilimnetic water had the potential to precipitate ferric phosphate. 

Particulate iron was quite high in the hypolimnion in midsumer; however, 

only 30% of this iron precipitated from the water column in September, 1983 

(Table 15). Initially most of this iron was retained in the epilimnion. By 

spring most of the iron had precipitated. The slow precipitation suggests 

that much of the iron was not reactive. If all of the precipitating iron 

formed ferric phosphate (Sept. 83 depth integral of 49 pg/L decrease in 

iron), the lakewater would lose only an average of 27 pg P/L. In Frisken 

Lake, this reaction would be insignificant. 

Recent studies in other lakes have shown that iron is rapidly coated by 
humic acids (Tipping 1981, Baccini §£_ 51. 1982). The dissolved organic 

content of Frisken Lake (23 mg/L) was quite high; thus, the iron in Frisken 
Lake could be complexed by organic compounds that limit its reactivity. 

Jackson and Hecky (1980) proposed that the reduction of primary production 
observed by humic acids was achieved by reducing the availability of iron to 

microbes. The 1984 data supports the hypothesis that Frisken Lake has very
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little reactive iron (discussed in section 3.6.2). Although many geochemists 

have stated that iron usually dominates phosphorus geochemistry (Williams gt 
al 1971 Shukla et al 1971) when iron is not reactive calcium reactions P ,g._ ° 3 ! 

will control phosphorus solubility (Bostrum and Petterson 1982, Stauffer 

1985). ' 

3.6 1984 Lime Treatment 

In May 1984, Frisken Lake had a dense bloom of Oscillatoria. Much of the 

phosphorus that had precipitated in 1983 had redissolved. The lakewater was 

too cool for natural carbonate precipitation to have occurred yet. 

In May 1984, lime was added via the slurry maker. Unlike in 1983, all of 

the lime was added during a brief period. Phosphorus concentrations in the 

epilimnion (Table 16, 17) and chlorophyll concentrations were rapidly reduced 

(Figure 14). By observing particles with the EDAX microprobe attachment of an 
electron microscope, particles of calcium carbonate with surface coatings of 

phosphorus were observed only after the lime treatment and only in the 

epilimnion. 

3.6.1 Biotic Responses in 1984 ~ 

The distribution of Daphnia pulex and Keratella guadrata became more 
.yariable after the lime treatment, but the population means were unchanged 
(Table 18, 19). No consistent change in the distribution with depth was 

apparent. After two weeks, both species had increased greatly in density.



-28- 

The distribution of a Polyarthra sp. became more variable after lime 

treatment (Table 20). Initially, its population mean was unaltered. After the 

lime treatment this species was much more concentrated in the bottom of the 

metalimnion (6.0 m). Two weeks later the density of Polyarthra had decreased 

greatly. 

Initially, the mean and the distribution of Keratella cochlearis was 

unaltered by the lime treatment (Table 21). After two weeks the.population 
had greatly decreased in density. 

The concentration of Pglyarthra at six meters and the increased variance 

in the distribution Daphnia pulex and Keratella guadrata seemed to be caused 

by the lime treatment. The Bolyarthra concentration at six meters could have 
represented a response to an increased supply to food at this depth or 

settling decaying animals may have become neutrally buoyant at this depth. 

The hypothesis that lime treatment enhances zooplankton feeding by 
aggregating small particles could not be tested (see section 3.5.1.1). The 
increase in bacteria density occurred in the anoxic hypolimion (Table 22), 
and the zooplankton appeared to avoid anoxic water. The changing availability 
of food, and normal seasonal succession of zooplankton populations complicate 
detailed interpretation of the data. Regardless of the subtle effects of lime 
treatment, the availability of zooplankton food to fish was not radically
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suppressed. 

Although initially Gamarus seemed unaffected by the lime, between two 

weeks and a month after the lime treatment many of the pelagic Gamarus died. 
Perhaps the death of the Gamarus was caused by a precipitation of their 

food. The algal blooms were successfully suppressed throughout the summer 

(Fig. 14) and the bacteria numbers were significantly reduced in the 

epilimnion (Table 22). The collapse of the Gammarus Twas not apparently 

directly related to a pH shock. The Gammarus survived the lime application 

period and died when the pH was declining (Table 23). 

This lime addition produced the most rapid pH change of the study. This 

result may have been a product of the increased efficiency of the pH 

titration. The second and third additions of lime in 1983 were 8.7 and 10.3% 

efficient. The 1984 lime addition was 14% efficient. The increased efficiency 
in the titration may have been related to the removal of 50% of the dissolved 

organic carbon in the lake by the 1983 lime treatment. 

The decomposition of the algal bloom resulted in both the reduction of 
the initial high pH (Table 23) and a decreased oxygen concentration (Table 
24). The low oxygen concentration in the deeper water and the high water 
temperatures of the surface water (Table 25) may have stressed the trout, but 
no dead fish were observed. Live trout were observed for two months after the 
lime treatment and in Jauary of 1985. The pH values in these lime treatments
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should not have killed trout (Wright 1984). 

3.6.2 Algal Nutrient Limitation 

Although the phosphorus concentration was greatly decreased the 

dissolved phosphorus concentration remained too high for the algae to have 

been phosphorus limited (Table 16). The suppression of algal growth may have 
been related to a lack of iron in the epilimnion. The epilimnetic 

concentrations of iron after the lime treatment remained lower than was found 

to limit algal growth in a similar lake, Black Lake (Murphy et al. 1983. The 

slight seasonal increase of epilimnetic iron in Frisken Lake (Table 26) was 

matched by a modest seasonal increase of chlorophyll 5 (Fig. 14). 

Iron concentrations increased in the hypolimnion in midsummer, but the 

total hypolimnetic iron was only half as concentrated as in 1983 (Table 15, 

24). The hypolimnion was anoxic prior to and after the iron release. 

Moreover, after the 1983 lime treatment the bottom two meters of Frisken Lake 
looked and smelled like the monimolimnion of meromictic Yellow Lake B.C. 

(clear and rich in H28). The production of a monimolimnion by lime treatment 
is consistent with the chemistry of biogenic meromictic lakes (Wetzel 1975). 
The enhancement of anoxia should enhance pyrite formation. Manning 
(unpublished data) has found that pyrite formation is rapid in Frisken Lake. 
Pyrite formation should reduce the entry of iron into the water column and 

enhance iron limitation.
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3.7 1985 Results 

Y The SRP concentrations in the epilimnion of Frisken Lake were much less 
than pretreatment concentrations (Fig. 8). This result confirms the 

hypothesis that the increase in TIC that lime treatment produced, can result 

in long—term enhancement of calcium carbonate precipitation and 

coprecipitation of phosphorus. The clarity of the lake was greater than 
pretreatment and the chlorophyll concentrations were lower than pretreatment 
(R. Grace, B.C. MOE, Kamloops, unpublished data). The long-term response was 
not as favourable as the immediate response. 

Conclusion 

The Frisken Lake studies demonstrated that calcite precipitation can 
control phosphorus chemistry. The affinity of phosphorus for calcite is weak 
and several processes regulate the adsorption of phosphorus to calcite. Iron 
in Frisken Lake is relatively unreactive and poorly characterized. The 
carbonate lakes of the Thompson Plateau appear to have too little reactive 
iron to influence phosphorus chemistry. Thus, oxygen can have little 
influence on iron reactions and phosphorus solubility. Lime addition may 
enhance iron limitation and decrease the availability of phosphorus.
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MAHAQEHENT IHLICATION$ 

To ameliorate eutrophication of many eutrophic lakes will require the 

use of in situ lake restoration techniques. The immediate effects of lime 

treatment demonstrated that calcium carbonate precipitation can be enhanced. 

The long—term response of the lime treatment supported the hypothesis that 

calcium carbonate precipitation can regulate phosphorus reactions in 

hardwater lakes. Because carbonate precipitation in a lime—treated lake could 

be enhanced for several years and since carbonate precipitation is much 

faster in warm water, lime treatment could suppress summer blue—green algal 

blooms more than the spring diatom blooms. This hypothesis suggests that by 

appropriate management, a eutrophic lake could still sustain a good fishery 

without the problems that are commonly associated with blue~green algal 

blooms. 

4.1.1 Lake Treatments 

The substantial improvements in aesthetics and water quality of Frisken 

Lake for a chemical cost of less than $150.00 a hectare suggests that lime 

application could be a useful lake restoration tool. The water was clearer, 

and better tasting. The chlorophyll 5 and phosphorus concentrations 

decreased. The cost is low enough that recreational lakes of high value could 

be treated. Moreover, some of the poor drinking water supplies in the 

interior of B.C. should respond well to lime treatment. This "in-lake" 

treatment is only suitable for hardwater lakes. Lime application in softwater 

lakes may be able to sediment algae and some phosphorus, but there would be 
little long term enhancement of natural precipitation reactions to in turn
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suppress eutrophication. 

"In-lake" treatments have some advantages over water treatment in a 

water treatment plant. Most lakes have long enough water residence times that 

fine carbonate precipitates can aggregate and sediment. To achieve equivalent 

precipitation in a fast flow through system requires five times as much lime 

and subsequent carbon dioxide injection to reduce the pH (Culp gt El; 1978, 

Ferguson gt El, 1973). Also preventing the formation in a lake of organic 

compounds may be less expensive than removing them in a water treatment plant 
with activated carbon. The activated carbon filters for Regina's drinking 

water cost $1,000,000, regeneration of the filters costs $400,000, and the 

building COSC $15,000,000. 

4.1.2 Local Galcium Sources For Lake Treatment 

Future lake treatments should use whatever local materials appear most 

appropriate. Transportation charges will limit the utility of any product 

that is not locally available. Three local substrates warrant study; calcium 
sulphate, calcium carbonate, and waste lime. Calcium sulphate deposits are 

found near Kamloops (Cockfield 1947), but we are unaware of any commercial 
use of these deposits. Calcium carbonate is locally mined and converted into 

Portland cement. Calcium carbonate may not induce carbonate precipitation as 

readily as lime but if calcium carbonate is inexpensive, it could sediment 
algal cells, and promote long term precipitation of phosphorus; calcium 
carbonate might be a safe alternative for lake restoration. When available in 

large quantities as a waste, calcium carbonate could be a good sealant for
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nutrient-rich sediments. Pulp mills occasionally have to dispose of large 

quantities of calcium carbonate (lime-mud). The lime—mud could be purified by 
incineration in a lime kiln. 

Some resuspension of calcium carbonate may occur after lime treatment. 

Calcium carbonate resuspension can occur naturally (White and Wetzel 1975); 

however, the turbidity could be less opaque and should last for a shorter 
period than that previously caused by resuspended organic matter. Carbonates 

are much denser than organic matter. Resuspended carbonate should enhance the 
sedimentation of algae. 

Waste lime is available from several sources such as fruit co—ops where 
it is used to regulate C02 levels during fruit storage. This lime is lumpy 
and might require grinding to improve its reactivity. About half of the 

calcium hydroxide has been converted into calcium carbonate. The production 
of acetylene is one of several industrial processes that can produce a 

relatively pure waste lime. Occasionally, direct discharge of waste material 
can be used effectively. For example, eutrophication of Onondaga Lake in New 
York State is suppressed by a discharge of calcium chloride from an alkali 
factory (Wodka §t_al. 1985). However, uncontrolled dumping of any lime into a 

lake should not be approved. Testing for contaminants and supervision of the 
disposal of the waste lime by technicians would be required.
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4.1.3 Importance of Magnesium in Lime Treatment 

Another local variable that should alter the precipitation of phosphorus 
is the magnesium concentration. In the very alkaline lakes of B.C., high 

magnesium concentrations may restrict calcium phosphate precipitation 

(Ferguson and McCarty 1971, Gulbrandson gt al. 1984, and Wilson 1979). These 

studies suggest that certain agricultural dolomitic limes that have a high 

magnesiunx content are not suitable for ilime application to a lake. Most 
industrial limes are very low in magnesium (Boynton 1966). 

4.2 Future Rese,a_rc_h, Needs 

4.2.1 Formation of apatite 

The literature on phosphorus precipitation in lakes has many conflicting 
hypotheses. It is generally agreed that the initial phosphorus precipitate 
can not be apatite (Koutsoukos gt 21. 1980). However, Brown (1980) suggested 
that hydroxlapatite could form in aqueous calcitic limestone suspensions (ie. 

in lime treatments). Berner and Morse's (1974) model of phosphorus adsorption 
to kinks in the calcite crystal agrees very well with the Frisken Lake data. 
Other authors have proposed that the initial adsorption of phosphorus to 

calcite is followed by surface rearrangement of phosphorus into phosphate 
heteronuclei that ultimately form the mineral hydroxylapatite (Stumm and 
Leckie 1970, Griffin and Jurinak 1974). t 

The formation of calcium phosphate could interfere with the formation of 
apatite. The lime treatment produced an optimal pH for the precipitation of 
calcium phosphate (8.5-9.0, Witteman 1976). Tricalcium phosphate, octacalcium
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phosphate and dicalcium phosphate could also precipitate in lake water 

(Koutsoukos gt al. 1980, Avnimelach 1983). - 

Biological activity could strongly modify the geocheistryi The 

precipitation of apatite could develop via biological precipitation (Voge1 

and Ennever 1971). A resolution of the important factors influencing apatite 

formation could help guide lime treatments of lakes. If time for nucleation 

of apatite from initial precipitates is more important than biological 

precipitation, the treatment of the hypolimnion with lime should produce a 

long-term enhancement of apatite formation (see section 3.4). 

4.2.2 Weathering of Apatite 

A determination of the reactions of phosphorus minerals in the drainage 

basin could quickly lead to better lake management. For example, a study of 

Kaloops Lake showed that apatite in the lake sediments was unaltered 

detrital apatite derived from the drainage basin (St. John gt 31. 1975). The 

Kamloops Lake study showed that this form of apatite was resistant to 

weathering, that much of the phosphorus was not readily available to 

microbial assimilation, and that the total phosphorus loading to Kaloops 
Lake was not a good index of biological growth potential, A very similar 
argument has been made for apatite loading into Lake Erie (Burns gt al. 
1976). 

Both the Lake Erie and Kaloops Lake work does not seem appropriate for 
other areas where apatite does appear to dissolve and is available for algal
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growth (the Yellow Lake area, and the Wildhorse Mountain Batholith). 

Certainly everyone agrees that apatite in a stream will have much less effect 
upon a lake than the stream's soluble phosphorus. A disagreement exists over 

the rate of weathering of apatite in the drainage basin. Thomas (IJC, 

Windsor) has said that apatite in Ontario is completely insoluble (personal 

communication). 

Perhaps the dissolution of apatite is hidden by adsorption of phosphorus 
to iron. Phosphorus is quickly immobilized in many soils in eastern North 
America by complexation with iron (Wood at 31. 1984). Many of the rocks of 
around Kaloops are red from hematite ;thus, similar reactions could have 

influenced St. John's study. However, The Kamloops hematite deposit is not 

typical of much of western North America. Unlike eastern North American 
soils, many of the soils of arid and semi-arid western North America have 

insufficient iron to satisfy plant growth (Brown 1979). The soil science data 
indicates that there may be broad regional differences in iron reactivity and 
phosphorus mobility. 

Perhaps apatite is too general a term. Apatite is a variety of calcium 
phosphate minerals (McConnell 1973) that vary in their solubility (Smith gt 
El. 1978). As more ions substitute into the apatite crystal, apatite becomes 
more soluble (Brown 1966,. Ferguson and McCarty’ 1971). Resolution of the 

mechanism -responsible for regional differences in phosphorus mobility may 
provide lake managers with improved loading coefficients for phosphorus.



-38- 

4.2.3 Management of Apatite Weathering in Lake Basins 

At least three important management decisions require basic 

biogeochemical information on phosphate and calcite biogeochemistry: 

l) What impact would acid rain have on the Thompson Plateau? Apparently 

acid rain has resulted in the alkalization and eutrophication of a hardwater 

lake in Michigan (Kilham 1982). The potential of enhanced weathering of 

volcanic—P by acid rain has not been studied. 

2) How should the forests in important watersheds be managed? Any source 

of acid could dissolve apatite or calcite. The microbial production of 

organic acids and perhaps C02 by decaying vegetation should enhance the 

weathering of phosphorus minerals (Kuznetzov 1970). Forest management could 

influence the solubility of apatite. Wetzel and Manny (1978) demonstrated 

that logging led to enhanced weathering of calcite, enhanced carbonate 

precipitation in the lake, which in turn suppressed algal productivity. 

Likens gt al. (1978) also observed a significant export of calcium from a 

logged forest. Wood gt al. (1984) found that phosphorus was not exported from 

Likens study site in New Hampshire. Similar studies have apparently not been 
done in areas where phosphorus is mobile. 

3) Which rock formations are the preferred sites for land disposal of 

treated sewage wastes? Certain areas with high concentrations of volcanic 

phosphorus bearing rock may not be good sites to dispose of treated sewage. 

Although conventional treatment removes 90% of the biological oxygen demand 

(BOD) of sewage, the remaining BOD can be important. Enhanced dissolution of 

volcanic-P by organic acids and C02 in the sewage could combine with the 

sewage-P to produce very phosphorus rich groundwater (Martinez gt al. 1984).
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Perhaps the organic wastes could stimulate phosphate solubilizing bacteria 
and fungi (Kucey 1983). Land disposal of sewage may be the optimal method if 

the land is low in soluble phosphorus; however, the geology of the Thompson 
Plateau is complex and both low and rich phosphorus rock are present. 

4.2.4 Influence of Weather on Carbonate Precipitation 
Wind is another process that influences carbonate precipitation. The 

amount of C02 exchange between the epilimnion and the atmosphere can regulate 
carbonate equilibria (Loewenthal and Marais 1978). Most lakes are not in 

equilibrium with the atmosphere and if the lake was brought into equilibrium 
by lake aeration, precipitation of calcium carbonate should occur. Carbon 
dioxide exchange is directly related to wind speed (Nishimura et al. 1984). 
Many of the eutrophic lakes in the interior of B.C. are very sheltered from 
wind aeration (e.g. Frisken, Corbett, and Yellow Lakes). 

A determination of the effect of wind on carbonate precipitation would 
be difficult. The effects of wind on lake statification and nutrient cycling 
would make field experimentation difficult. This type of problem might be 
solved by using a computer model; and perhaps by building a model system to 
determine the appropriate coefficients of C02 exchange for various lakes 
found in B.C. Very few studies have measured C02 transfer coefficients, and 
they have almost all been conducted in marine environments (Kanwisher 1963, 
Broecker e£_§l. 1978, and Nishimura gt al. 1984).
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4.2.5 Hydrology 

Hydraulic data is required for any lake considered for lake restoration. 

Lakes with a short residence time will require much more treatment than a 

lake with a long residence time. Groundwater studies are needed in several 

areas. Groundwater is typically quite rich in CO2 (Garrels and Christ 1965) 

and thus is capable of dissolving carbonates and phosphates. The high 

variability in geology discussed in section 2.1.2.1 results in a a highly 
variable groundwater flow and composition. The presence of springs indicates 

that much of the groundwater flow in the Thompson APlateau occurs along 

fractures in the bedrock. This type of flow complicates a study. 

Measurements of groundwater flow could be both expensive and difficult. 

4.2.6 Biological Initiation and Control of Calcium Carbonate Precipitation 
Several biological aspects of lime application and carbonate 

precipitation need clarification. The induction of carbonate precipitation is 

certainly catalyzed by algae, but the classical hypothesis that algae just 
influence the pH may be too simple. Darley (1974) claimed that certain algal 
divisions only precipitate calcite (eg. blue—green algae) and that other 
divisions only precipitate aragonite (another calcium carbonate mineral). 
Algae may act as a surface specific template for carbonate precipitation or 
they could direct the precipitation reaction. Energy is released in the 

precipitation reaction (Snoeyink and Jenkins 1980) ad if certain algae could 
capture this energy, this algae would have an advantage over competing 
species.
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This hypothesis is an old controversy in both geology and biology. 

Kuznetsov (1970) reviewed several studies of "calcitic" bacteria and 

dismissed the hypothesis because all of the responses could be explained 

chemically. Apparently only correlation analysis has been used to prove or 

refute the hypothesis. Morita (1980) also reviewed several studies of 

"calcitic" bacteria. Morita presented data to support the. bYPOthesis of 

biological mediated calcite precipitation. He demonstrated that the ability 

to precipitate calcite was limited to 20% of his isolated marine bacteria. He 

suggested that bacteria initiated calcite precipitation by excreting calcium 

and by concentrating calcium from seawater. Novitsky (1981) disputed Morita's 

work but Danielli and Edington (1983) and Krumbeih (1967) reported evidence 

that supports Morita's work. 

4.2.7 Zooplankton Relationships to Calcite Precipitation a 

The effect of zooplankton on precipitating carbonates and the effect of 

lime treatment on zooplankton should be better resolved. Bacteria were 

associated with crystals of lime ;thus, bacteria may also be concentrated 
upon naturally occurring carbonate debris. Zooplankton could feed on these 

clumps. Many blue—green algae are thought to be a poor food item for 

zooplankton (Porter and Orcutt 1980, McNaught gt al. 1980,). Some zooplankton 

may be able to selectively eat bacteria on carbonate clums, but many 
zooplankton might feed nonselectively and still not be poisoned by these 
decomposing blue—green algae. Bacteria growing in association with blue*green 
algae are known to decrease the toxicity of bluesgreen algae (Carmichael and 
Gorham L977).

i
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Figure 6 A depth distribution of SRP and TIC in Frisken Lake 
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Figure 10 Biotic modification to lime titration
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Table 3 ». Sediment P and Ca Extraction # 

Depth P Ca 
(cm) (H8/gm) (mg/gm) Z P* Z Ca* 

Frisken Lake 
O - Z 971 
0 — 2 991 
4 — 6 927 ~ 

10 - 12 655 
38 - 40 364 

Roche Lake 
0 - Z 373 
O — 2 372 
4 — 6 374 . 

10 — 12 429 
Z8 — 30 869 

94 
101 
83 
80 
10. 

191 
184 
285 
237 
I01 

.6

4 

28.8 77.1 
29.4 82.8 
34.8 76.8 
48.4 82.7 
59.6 44.6 

61 99.2 
60.8 95.6 
42.8 108.3 
49.4 99.7 
99.5 81.0 

* Z P and Z Ca are the percent extracted of the total ion as 
measured by X—ray fluorescence. 

# 0.1 N HC1 extract.
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TABLE 10 Potassium # in Frisken Lake 1983 

Depth 
(m) - 

June 16 July 25 July 27 Aug. 16 Aug. 18 Nov. 

1 2.9 0.2 3.0 0.1 2.8

2 

3 2.8 0.1 3.9

4 

5 3.8 0.1 3.9 0.1

6

7 

8 4.2 0.1 4.7 0.3 4.6 

3.9 0.1 

3.9 

3.7 1 

4.0 0.2 

5.4 0.1 

4.4 1 

3.6 0.3 

0.3 

4.5 0.1 '4.9 

3.5 

3.7 

3.2 1 

3.2 1 

3.6 1 

4.7 

4.7 

0.3 

0.4 

0.1 

3.3 

3.3 

3.3 

3.6 

3.8 

0.3 3.3 

0.1 

3.3 

When two stations were sapled the mean 1 standard deviation is 
displayed. Single values were from the aeration station. 

# (mg/L) 

TABLE ll Magnesium # in Frisken Lake 1983 

Depth June 16 July 5 July 25 July 27 Aug. 
() 

Aug. 18 Nov. 9 

1 9.6 10 0.1 8.2 0.2

2 

3 9.7 0.1 10.6 0.2

4 

5 10.5 0.1 12.0 0.1 8.7 0.2 

6
,

7 

8 10.9 12.7 9.9 0.2 

8.4 10.6 

10 

10.5 

10.6 

8.7 11.1 

12.0 

11.8 

8.9 11.9 

10.3 

10.8 

10.4 

10.5 

11.0 

11.9 

12 

12.1 

0.1 

0.3 

0.1 

0.1 

0.1 

0.2 

0.1 

10.5 
A 

10.7 

10.6 

10.5 

10.7 
A A 

10.7 

.0 

11.0 

*.

# 

Aeration station, other data is 
stations 
(mg_/ L) 

mean 1 standard deviation of 2
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Table 13. -1-om. moncmlc cAn3oN# IN FRISKEN LAKE, 1983 
Depth 
(m) July 25 Aug. 16 Aug. 18 Aug. 25 Sept. 20

1

2

3

4 

5

6 

7

8 

32.3 
30.7 
32.9 
31.8 
37.9 
40.5 
43.5 
43.7 

33.0 
30.5 
31.4 
35.5 
43.6 
49.8 
52.7 
50.1 

31.9 
32.3 
33.0 
34.2 
41.4 
47.2 
49.4 
50.6 

30.5 
29.7 
28.5 
31.1 
39.7 
47.7 
49.7 
44.7 

30.6 
31.6 
29.3 
30.5 
28.9 
29.6 
44.5 
45.6 

# (mg/L)
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Table 17 
TOTAL PHOSPHORUS IN FRISKEN LAKE 1984* 

Depth July 17 August 5 

1 100 

2 106 

3 118 

4 165 

5 290 

6 465 

7 630 

8 800 

80 

77 

V90 

208 

440 

590 

830 

910 

*vg/L
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Table 22 
BACTERIA IN FRISKEN LAKE 

nAc'r'1;R_1AL nmmzns (105 ¢e11..£n1*1) 
Depth 4» A 4 -- » ~ 

, 
~“ - 

Hay 24 Hay 25 Hay 29 Hay 31 June 15 

1m 

2m 

3m 

4m 

Sm 

6m 

7m 

8m 

2.44 

3.22 

2.76 

2.90 

2.80 

2.42 

2.59 

3.13 

3.00 

2.68 

2.88 

2.46 

4.18 

3.48 

2.84 

2.30 

2.40 

2.64 

2.27 

2.40 

2.05 

2.43 

3.33 

4.13 

2.63 

2.57 

2.66 

2.85 

2.31 

3.34 

3.58 

3.80 

2.18 

2.17 

1.77 

1.95 

1.59 

3.60 

4.57 

4.67 

'2 (integral) 2.75 2.96 2.53 2.77 2.35
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TABLE 24. Oxygen in Frisken Lake — 1984* 

Date 

Depth May 26 June 

(m) 

15 July 5 July 16 Aug; S 

S 15.9 » 10 

1 16.1 10 

2 14.9 10 

3 13.2 10 

4 10.2 7 

5 8.2 .3 

6 1.8 0 

7 0 0 

8 0 0. 

9 0 

8 7.2 

7 7.2 

7 6.5 

7 6.3 

9 2.2 

8 0.4
A 

S 1 0.4 

3 0.4 

2 0.4 

2 '0.4 

10.2 
4 

9.4 

0.0 10.2 

s.1 7-.1 

5.1 3.9 

1.3 1.3 

0.6 1.0 

0.5 1.0 

0.4 1.0 

0.4 1.0 

0.3 1.0 

Time 13:30 15:00 17:00 6100 10:30 

'k "8/L



Table 25 
TEMPERATURE IN FRISKEN LAKE 1984 - 

Depth Hay 26 Hay 30 June 15 July 5 July 16 August 
(01 ) -

S

1 

2

3

4

5

6

7

8 

9.9 17.0 

9.9 16.0 

9.7 14.5 

8.0 12.5 

7.0 10.0 

5.1 9.0 

4.1 8.0 

4.0 7.0 

4.1 6.5 

6C5 

10.0 

10.0 

1.5.0 

14.0 

13.0 

10.0 

a.0 

1.0 

1.0 

6.5 

20.0 

20.0 

1a.a 

11.0 

11.-.0 

11.9 

9.0 

1.2 

1.0 

6.0 

21.0 

21.0 

20.6 

19.0 

15.0 

12.0 

9.0 

8.0 

7.1 

1.0



TABLE 26. Total Iron* in Frisken Lake — 1984 

Depth (m) June 15 July 16 Aug. 5 

1 15 18 41 

2 19 24 41 

3 25 17 48 

4 16 23 49 

5 18 38 52 

6 .65 84 233 

7 186 104 311 

8 185 194 625 

*ug/L


