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INTRODUCTION bromine in turn r~acts in a similar manner to fr~
chlorine, form~g bromlnat~d THMs.

Munlclpal water utilities ar~ faring ~wr increasing
demands to improv~ water quality. This situation isTh~ pr~senc~ of bromld~ in a water supply is of
causing many water utilities to initiate new treatmentparticular significanc~ as a THM precursor b~cause
processes or approaches as well as to improv~ th~it is much h~avicr than chlorine and therefore, sinc~
p~rforman¢~ of ~xlsting treatment works. Th~s~th~ THM MCL (maximum contaminant level) is
various improvements ar~ adding to th~ cost ofbased on a mass p~r volume concentration, a
producing a potabl~ and palatabl~ domestic waterbrominat~d THM is a mor~ important species than
supply. Many water utilities ar~ finding thatits ~quival~nt chlorinated.form with r~sp~ct to
increased urbanization and industrialization of theirmeeting the MCL. It also appears that bromine may
water supply watersheds is causing increasedbe a more effective halogenathag agent than ehlorhe
contaminant loads that must be removed in thewith the result that higher THM levels on a molar
treatment works. Both of the above mentionedbasis are formed when bromide is present compared
factors are causing water utilities and water qualityto when it is absent. Bromides are frequently
regulatory agencies to consider the feasibility ofassociated with seawater and brines.. It is therefore
controlling domestic water supply quality byobvious that water utilities with any sources of
controllhag eontaminaat concentrations at the watercontrollable bromide within their raw water supply
supply source. This paper presents an overview ofshould a ~ggressively require control of those sources
the current information on some programs that haveto the maximum extent possible.
been, or could potentially be, successful in improving
domestic water supply raw water quality for those
water utilities that use the Sacramento-San Joaquin
River Delta as a water supply water source. One of the most significant water

quality problems for domestic water
supply utilities that utilize the Delta as

DELTA THM PRECURSOR SOURCES a source is the formation of THMs...
AND TI-IEIR CONTROL

One of the most sigaificant water quality problems
for domestic water supply utilities that utilize theUntil recently, few water utilities determined the
Delta as.a source is the formation of THMs in thebromide concentration of the raw water supply with
¯ waters disinfected by chlorine or otheb strongthe result that there is very limited information
oxidants, such as ozone in the presence of bromide,available today on the pollution of water supplies by
THMs arise from chlorine (primarily free chlorine)¯ bromide. For seawater systems, the chloride to
reacting with dissolved and particulate organicbromide ratio in accord with the law of constant
matter present in the raw water to form a group ofrelative proportions is a fairly well-def’med, ratio of
low molecular weight halogenated hydrocarbons,about 0.003. As a result, for freshwaters
such as chloroform. In the presence of bromide incontaminated with seawater, such as 6ceurs in part of
the raw water, strong oxidants, such as free chlorinethe Sacrament6-San Joaquln River Delta (Delta), it
and ozone, oxidize the bromide to bromine. Theis possible to estimate the bromide concentration of

the water based on the chloride concentration. For
1presidentand2Vice-Preddent, G. Fred Lee &A.~ociates, other sources of bromide, however, such as an oil
27298 g. ElMacao Driv6 ElMacero, ~1 95618-1005. : field brine or other brines, the seawater ratio may ~
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not be applicable to waters contaminated by brifiesthe Canadian River Municipal Water Authority to
from other sources. Caution should therefore becontrol the amount of brine input to the tributaries
exercised in a complex system such as theof the reservoir for the pro’pose of limiting brine, and
Sacramento-San Joaquin River Delta system inspocificatly bromide, input to the waterbody.
assuming that all tributaries of the Ddta have
chloride to bromide ratios the same as seawater.While it has been known for many years that
While this could be the case, since the export ofcontrolling the concentration of organic precursors
Ddta water contaminated with seawater results inof THMs by their removal in treatment works can
some of this water being returned to the Deltacontrol THM concentrations, surprisingly Iittle
through the San Joaquin River system, it isattention has been given to attempting to
important to verify, for this and other similarunderstand, and where possible to control organic
situations, that ch.lofide concentrations can be used.THM precursors at the source. This is an area that
to estimate the bromide content of the water, deserves attention and that could be a potentially

significant approach that could be ut;~;~ed by some
There is considerable justification for Iimiting the water uti!ities for controlling excessive THMs. The
amount of seawater that enters the Delta in order towork of Randtke and his associates (Randtke et al.
reduce the bromide input to this system and to1988) has provided some insight into the potential
reduce the potential for brominated THMsources of THM precursors. Table 1 presents a
formation. In the fall of 1990, the State Watersummary of the Randtke et al. data on the
Resources Control Board Delta Municipal andconcentrations of HM precursors as measured in a
Industrial Water Quality Work Group made astandardized, chlorination test (THMFP--
recommendation to the California Water Resourcestrihalomethane formation potential) in various
Control Board to manage water quality within therunoff waters and samples of effluents, etc. It is
Delta system so that the freshwater outflows fromreadily apparent from this and other work that
the Delta to the San Francisco Bay system will becertain types of land use and wastewater discharges
sufficient to limit the saltwater migration into the are particularly significant sources of THM
Ddta for the purpose of controlling the introductionprecursors. Randtke et al. (1988) found that while
of bromide in the seawater into Ddta waters that areTHM precursor concentration in waters from
exported or useddirecfly for munidpal water supplyvarious sources varied greatly, the THM yield as
sources. This is a highly justified, source-water-measured as THMFP c.oncentration per mg carbon
quality control effort that is under review by thewas remarkably constant. This points to the
State Water Resources Control Board at this time. potential that for many situations controlling the

total organic carbon (TOC) content of the water is a
potentially reliable basis for controlling THM
precursors. Obviously, there is need for additional

There is considerable justification for study of the applicability of the Randtke et al. results
limiting the amount of seawater that to other areas to be certain that the relatively
entersthe Delta in order to reduce the constant ratio that they found between THM
bromide input.., formation potential and TOC is found in other areas.

There is some indication ia the literature that this
may not be the case. Water utiIities and water
pollution control agencies would therefore need to

Another example of a situation where bromidemake an evaluation of this relationship of potentially~
control in a source water was highly justifiedsignificant sources of organic THM precursors in
occurred in the work that the authors did with thetheir watersheds in order to determine if the THM
Canadian River Municipal Water Authority, whichprecursor source control program could be focused
utilized Lake Meredith in West Texas as a domesticon controlling TOC discharge to waters that are
water supply source (Lee and ~Iones, 1983). Thistributary to the water supply source for the water
lake received brine drainage to tributaries. Thisutility.
brine was derived from natural sources in the
Canadian River watershed. It contained elevatedWhile THM organic precursors are derived from
concentrations of bromide which led to elevatednatural sources, such as decaying vegetation, etc., the
brominated THMs in water supplies that use Lakeactivities of man through municipal and industrial
Meredith water as a source. Efforts were made bywastewater discharges and agricultural runoff and
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d~ainage can significantly increase theTHMpotential when corrected for evaporative
precursor concentrations in a water supply. If aconcentration. It is evident from examination of the
much better understanding existed of THMtotal dissol~,ed solids (TDS) in the waters diverted
precursor sources and the amounts of precursorsfrom the channels to agricultural lands and the
derived from various types of land use, then it mightwaters pumped back to the channels from these
be possible to develop approaches that couldlands., that there is about a two- to three-fold
effee.tively reduce precursor input. An example ofevapo’rative concentration of salts on some of the
this type of work is currently underway in the Deltaagricultural lands within the Delta. This could mean
by the California Department of Water Resourcesthat on the order of one-half of the increase in THM
(DW’R) and a paper on the results of this work wasprecursors dlseharged from Delta agricultural lands
presented by Woodard (1991) at this conference,to the channels could be derived from evaporative
The DWR study focuses, on Delta sources of THMconcentration on the agricultural lands. The other
precursors. It, however, does not go far enough backhalf would be derived from leaching from peat soils
into the tributary sources of the Delta to understandand any crOP or other plant residues present in or on
the specific sources of THM precursors that exist inthe soil. It is likely that there is some change in the
the major tributaries to the Delta upstream of thetype of compounds that make up the organic
Delta. It is clear from the Department of Waterprecursors derived from the agricultural lands due to.
Resources monitoring data (DWR 1989) that asorption, microbial transformation, and desorption-
significant amount of THM organic precursors aresolubilization processes; and therefore, the chemical
brought into the Delta from tributary sources to themakeup of the dissolved organic carbon (DOC)
Delta. DWR fotmd that the five-year (1983-1987)added to agricultural lands will likely be different
median (THMFPs) at Greene’s Landing on tlaefrom that discharged from them. This could affect
Sacramento River was 260/~g/L. At Vernalis on thethe relationship between DOC and TI-tM formation
San Joaquin River it was 450 ~g/L, while the five-potential since only a small part of the DOC is
year median at the bank’s export point was 490converted to THMs during disinfection processes
~g/L. While it would be necessary to actuallyinvolving chlorine or other strong oxidants in the
compute input loads of THM organic precursorspresence of bromide.
from the Sacramento and San Joaquin rivers based
on concentrations and flow data, it is dear that a
significant amount of THMFPs are added to the
Delta each year from Delta tributary sources andIt is recommended that an aggressive
that a significant effort should be made toprogram be developed to reduce the
understand the specific contributions of these variousamount of organic THM precursors
sources since it could lead to the development ofadded to Delta waters...
control programs that could influence THM
formation in water supplies that use the Delta as a
water supply source. It is therefore evident that the
DWR current studies in this area should beIt is recommended that an aggressive program be
expanded to include not only the definition of in-developed to reduce the amount of organic THM
Delta sources but also upstream of the Delta sourcesprecursors added to Delta waters from agricultural
of THM organic precursors, as well as other sources. The first step in developing

such a program is to better understand the relative
It has been known for some time from work insignificance of each potentially significant source for
various parts of the United States that waters inthe Delta in each of its major tributaries. This
contact with high organic soils, such as peat, which" program should incinde determination of specific
occur in some parts of the Delta, can have greatlysources of THM precursors that contribute more
elevated concentrations of organic THM precursors:than about 10 percent of the total to a Delta
From a review of the Department of Watertributary as well as within the Delta. These sources
Resources’ monitoring data on waters added to andshould in turn be investigated to understand the
taken from agricultural lands within the Delta, it hasspecific sources of THM precursors within the
been found by the authors that the waters divertedsource and the potential control programs that could
from the Delta channels to agricultural lands andbe developed to reduce the amount of THM
then pumped back to the channels will typically showprecursors present in the raw water supplies for the
a 1,000 to 1,500/zg/L increase in THM formationutilities that utilize water from the Delta. Similar

107

C--0361 48
(3-036148



Table 1

THM FORMATION POTENTIAL IN RUNOFF AND POINT-SOURCE SAMPLES

DOC TOC THMFP
Site Description mg/L mg/L ~g/L

Urban.4Uommcrcia! 17.8 67.0 1,152
Industrial Landfdl 257.0 337.0 1~55
Construction Land f’dl 6.06 19.9 967
Tcrrac~d/’Fdexl Farmland 4.52 203.4 4,329
Non-ten-ac¢d Pazmland 4.92 7.55 400
Burned Bromegrass Land 6.39 7.93 409
No-dll Farmland 4.72 7.09 482.
Cattle Feedlot 64.1 3817 13,482
"I’tll~l Farmland 16.7 29.6 1,651
S~4n¢ Feedlot 13.0 26.5 1,383
Cattle Fe~tlo t 71.1 122.5 4,747
Soybean Field 9.92 13.6 710
Corn Field 3.74 17.2 591
Corn Field 13.4 17.3 1,008
Urban Construction 3.03 22.7 1,486
Urban Re;idcnfial 5.12 6.99 39S
Indus~al Park 4.48 6.72 274
Shopping C~ntcr 3.09 ~2"2 268
Municipal Secondary Effluent 9.15 957 304

(Acth,ated Sludg~)
Municipal Se~’ondary Effluent 16.4 41.4 1,093

(Stabilization Pond)
Municipal Secondary Effluent 3)_7 55.3 926
(Stabilization Pond) .. -,;~-’.>,.. i, . ’ :. ~ ’ ’ -" t:. i ’ ....... / ".

Municipal Secondary Effluent 28.4 ;~2~ ’’ " :"-" ’ "542, ’ 1,027
(Stabilization Pond)

Sanitary Landfill Runoff Pond 3.0 3.6 154
P,~fmcry Effluent 26.9 42.0 2,071
CaIIophane Manufacturin~ Effluent 5.4 8.3 272
Power Plant Cooling Water 7.0 8.4 315
Power Plant Coolin~ Water 7.0 7.8 340
Power Plant Ash Pond Effluent 3.7 3~9 IS1
Power Plant Ash Pond Effluent 4.7 6.1 421
Elect~plating Plant Effluent 9.4 10.7 156
Meat Packing Ho~u¢~ Effluent 16.1 20.8 819
Fe~tilhcr Plant Wast~’ater Pond 112, 16.2 242

THM YIELDS OF RUNOFF SAMPLES

Avemg~ ~
SampI= C_n-oup No.of Samples (,moles/mgt-~
AU Saiapie~ 18 037 4- 014
Ufoan Runoff 6 039 4-. 0.14
A~icultural Runoff 11 0-39 4- 0.11
Fe~dlot Runoff 3 0/S 4- 0.07
Farm!and Runoff 8 0.41 4- 0.12

After Randtke e~ al. (1987)
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kinds of programs should be conducted by waterthat while in the past it has been possible to modify
utilities throughout the country that face problemsdisinfection practices to meet THM MCLs, in the
with excessive THM formation, future, this approach will not likely be possible. As a

result, it will become necessary to focus THM
Ultimately, it should be possible to develop THMcontrol on significantly reducing THM precursor
precursor export coeffidents similar to the exportsources for domestic water supplies. For further
coefficients that have been developed by Rast andinformation on .this topic, consult the paper by Glaz~
Lee (1983) for nitrogen and phosphorus where(1991) presented at this conferen~.
certain types of land use or drainage would be
expected to contribute certain amounts of THM
precursors on a unit area per unit time basis. ThisROLE OF ALGAE AS TttM PRECURSOR
would require determining the concentrations ofSOURCES
THM precursors from various types of sources at
fairly frequent intervals of~one to no more than twoIt has been known for many years that the
weeks over at least a one-and preferably two-yearchlorination of laboratory algal extracts can lead to
time period while the flow:0f the source is also beinghigh concentrations of THMs. This has caused a
measured. The objective of such measurementsnumber of investigators, principally Hoehn and his
would be to develop mass THMFP per hectare perassodates (I-Ioehn et al. 1980) to investigate whether
year data for runoff samples. For effluent samples,algae could be a significant source of TPIM
the total mass loading ofTHMFPs per year wouldprecursors for domestic water supplies. Hoelm has
be determined. This could in turn be potentiallyfound high concentrations of THM precursors in the
related to a population equivalent for municipalpresence’of algal blooms in a reservoir in Virginia.
wastewaters which reflects the type and degree ofRaudtke et al. (1988) conducted a series of studies
treatment provided by the treatment wogks. Forspecifically designed to examine the role that algae
industrial wastewaters, it should be possible to.play in serving as THM precursors for the
develop a TI-IMFP equivalent per unit ofwaterbodies that they investigated. They eoncluded
mannfaetured product or some other similar basisthat algae and other aquatic plants are not important
which relates the wastewater loads to industrialsources of THM precursors in these waters. It
activity. It should be readily possible to determine aappeared from their work, that while the algae and
relationship between TOC removal in a wastewaterhigher aquatic plants could serve as a THM
treatment plantfor certain types of wastes and aprecursor source, any precursors developed by or
TI-IMPP removal ratio, from them rapidly disappeared from the water.

It has been reported by Lee (1973)that
eutrophication of Lake Mendota located in Madison,

TI-IM precursors in wastewaters, urban Wisconsin that has occurred over the last fifty years
and agricultural drainage, etc. will or so has not changed the dissolved organic carbon
ultimately be considered pollutants (DEC) of the lake water. For this waterbody at
that have to be controlled through least, the DeC is primarily derived from terrestrial,
discharge permits.., land-based sources rather than aquatle plant sources

(i cludi   gal).

Walker (1983) has reported correlations between the
The development of THM precursor export phosphorus content of domestic water supply lakes
coefficients could be highly instrumental in having and reservoirs and the THMs formed in these waters
regulatory agencies begin to control municipal, upon disinfection with chlorine. The implication is
industrial, and agricultural activities that represent that since the phosphorus content of the lake
significant sources of’THM organic precursors for correlates with algal chlorophyll, the algae are an
domestic water supplies. THM precursors in important source of THM precursors. However, in
wastewaters, urban and agricultural drainage, etc. the opinion of the authors, the correlation of
will ultimately be considered pollutants that have to phosphorus with THMs is spurious. It is likely that
be controlled through discharge permits in much the in many watersheds, phosphorus export from the
same way as other contaminants are being controlled land is correlated with Dec export from the land.
today. This situation will likely arise out of the fact Therefore, Walker’s correlation approach cannot be
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judged as a valid assessment approach forpracticed by holding the water in the dark for a
determining the role that algae play as THMsufficient period of time to allow microbial
precursor sources, transformation of the algal-derived TH2VI precursors.

It is likely that gentle stirring of the water such as
From the information in the literature and thewith large paddles used in flocculation basins could
authors’ experience, it appears now that it isaccelerate the growth of bacteria which would bring
important to distinguish between terrestrial andabout these transformations. It may be desirable to
aquatic plants as THM precursor sources. Whiledevelop a modified version of a rotating biological
both terrestrial and aquatic plants can serve ascontactor used for wastewater treatment as a means
important sources of THM precursors, it appears    of developing sufficient bacterial populations for
that the aquatic plant (algae and many macrophytes)pretreatment of the raw water. Such an approach
produce THM precursors which are transitory-labil.ewould have a high probability of rapidly removing
in aquatic systems. Terrestrial vegetation, on thealgal-derived precursors without stimulating
other hand, tends to produce THM precursors, someadditional algal growth or other raw water quality
of which are ~ refractory-persistent in soils andproblems.
aquatic systems. It has been suggested by Folan
(pers. comm. 1989) that this difference may be
related to the lignin content of terrestrial plants.
Lignin appears to be converted to highly persistent The Delta waters typically would be
DOC. Since aquatic plants normally have little or no classified as moderately to highly
Iignin content, their decay, while initially producing eutrophic and would be expected to
hrge amounts of THM precursors, upon further have...algal-related...problems.
microbial transformations, produce decay products
which do not lead to THM formation.

While the literature on the persistence of algal-Water utilities that have high THM precursor
derived THM precursors is very limited, it appears toconcentrations in their raw water and have algal
the authors that at least under warm waterpopulations of greater than 10 to 20/~g/L planktonic
conditions of 15 o C or greater the algal-derivedalgal chlorophyll in this raw water near the point of
THM precursors decay sufficiently in a period of a intake should determine if a significant part of the
few days to a week to non-precursor compounds.THM precursors are lost upon aeration and/or
This decay would be expected to be somewhat slowerstirring of the water in the dark over a period of
in cold waters. There is obvious need to conductseveral days. If this does occur, then it may be
indepth studies on the formation and decay of algal-possible to devise Systems to accelerate the
derived THM precursors in various types of aquaticdecomposition of labile precursors and thereby
systems’of potential importance to water utilities..~~.~ reduce the precursor load on the treatment works.
Such studies will provide utilities with the ’
information they need to determine for ’theirThe Delta waters typically would be classified as
particular system whether THM precursors are moderately to highly eutrophic and would be
derived at any time during the year to a significantexpected to have a variety of aIgal-related domestic
extent from algal blooms in their raw water supply, water supply quality problems, such as tastes and

odors. It appears that the Contra Costa Water
For the case of a water utility with highly eutrophicDistrict and those whom this district supplies could
raw water supplies, algae will represent a significantexpect that at least part of their THM precursor
source of additional THM precursors, and there will concentrations at some times in the year are derived
be additional justification for controlling algalfrom algae and therefore are potentially labile. This
populations through the use of nutrient (phosphorusis an area that should be investigated since ultimately
and/or nitrogen) input control. Further, it may bewhen the control of THM precursors from peat soils
appropriate for some utilities to develop pro-.and other activities within the Delta is practiced, it
treatment of their raw water by biological means incould be that .algae may become a very important
order to bring about the decay of the algal-derivedpart of the precursor sources for some of the water
THM precursors before disinfection. This could beutilities drawing water from the Delta.
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EUTROPHICATION OFDOMESTICWATER penetration, dissolved oxygen depletion in
SUPPLY LAKES AND RESERVOIRS hypolimnetic (bottom) waters, fish kills, etc., one of

the benefits of such programs has been improvement
The eutrophication (excessive fertilization) ofin the domestic water supply raw water quality. With
domestic water supply lakes and reservoirs is a wellincreasing constraints on water utilities’ use of
known cause of water supply quality deterioration,copper sulfate, water utilities should give greater
The growth of planktonic algae in domestic waterconsideration to controlling algal growth in their lake
supplies is known to cause increased tastes andor reservoir water supply by limiting algal nutrients
odors, shortened filter runs, increased chlorineadded to the waterbody from its watershed.
demand, increased turbidty, and, for some situations,
increased trihalomethane (THM) precursors.Lee and Jones (1988a) presented a review of the
Gilbert (1991) reported at this conference thatNorth American experience in eutrophication
surveys taken of consumer satisfaction with thecontrol through phosphorus management. As they
aesthetic quality of a domestic water supply founddiscussed, it has generally been found throughout the
that for the East Bay Municipal Water District aboutworld that, with few exceptions, controlling the
70 percent of the respondents indicated that theyphosphorus input to a freshwater lake or reservoir
found that their water supply aesthetic quali~ wascan, if practiced to a sufficient extent, reduce the
satisfactory. For the San Francisco Bay region as aamount of algae that would develop in the
whole, consumer satisfaction was about 35 percent,waterbody. Since typically algal-related domestic
For the state as a whole it was about 25 percent,water supply quality problems are related to the
Since taste and Odor problems are one of thenumbers of algae present, reducing algal biomass in
primary causes of consumer dissatisfaction witha water supply reservoir is in the direction of
water supply quality and since in California waterreducing domestic water supply raw water quality
supply taste and odor problems tend to be of algalproblems due to algae. There are, however,
origin, algal growth in surface water supplies is asignificant differences in the ability of various types
frequent cause of significa.ut algal-related taste’ andof algae to cause domestic water supply quality
odor problems. For additional information on theproblems. Certain types of algae are well known for
impact of algae on domestic water supply taste andtheir higtfly obnoxious, very potent odors associated
odors and other water quality problems, consultwith their presence in a water; this is espedally true
Palmer (1959). for certain blue-green algae which are known to have

odors that are characterized as"pig-pen-like."
Normally, however, it is found that reducing the
overall nutrient (phosphorus) loads to a lake or

With constraints on...copper sulfate reservoir tends to be in the direction of not only
[use] water utilities should give greater reducing total algal biomass, but also reducing the
consideration to controlling algal frequency and severity of highly obnoxidus algal
growth in their lake or reservoir water blooms (Lee 1973).
supply by limiting algal nutrients...

.~ MANAGEMENT OF EXCESSIVE
FERTILIZATION IN THE DELTA AND IN
WATER SUPPLY RESERVOIRS

Many water utilities cannot or do not practice algal
control through controlling algal blooms with copperA review of the State of California Department of
sulfate, because of the concern about the toxicity ofWater Resources Delta monitoring data for the
copper to aquatic life in lakes and reservoirs used forperiod 1983 through 1989 shows that the amount of
recreational purposes and/or the cost of treatingplanktonic algal chlorophyll present during the
some lakes and reservoirs with copper sulfate. Whileperiod May through July at the Clifton Court
typical ..eutrophication control programs based onForebay averages about 7 to 25/.~g/L. Many of the
reduction of algal hutrient input to a lake orvalues are in the 10 to 20 I.~g/L range with some
reservoir that have been adopted across the U.S.values exceeding 50/~g/L. As discussed below, algal
focused primarily on managing the impacts of algaegrowth within the Delta is about what would be
on recreational use of the waters where the algal-expected based on the aquatic plant nutrients
related problems were floating scum, decaying algae(phosphorus) available for their growth within the
on the beach, malodorous conditions, low lightsystem. Based on the experience of the authors in
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relating planl~tonic algal chlorophyll to domesticamount of algal growth that ~s occurring. Further, as
water supply quality problems, it is typically foundshown ~n the work by the authors (Jones and Lee
that when the planktonic algal chlorophyll exceeds1986) light is not a significant limiting factor in
around 7 to 10 ~g/L that water utilities cancontrolling algal growth within the Delta over the
experience significant algal-related water qualitycontrol that light limitation has in controlling algal

~ problems, growth in other waterbodies, i.e., the color of Delta
waters is not sufficient to significantly affect the

It is well known (see Palmer 1959) that algal-related    biomass of algae that develops in these waters based
domestic water supply problems depend on theon their nutrient content.
specific types of algae present. Some algae at
planktonic algal chlorophyll concentrations in the 20 .It is dear from these results that .the Delta is growing
t~g/L range cause few problems other thanalgae in about the same way as waterbodies located

~ shortening filter runs. On the other hand, some algalthroughout the world grow algae relative to their
~ blooms on the order of 5 to 10/~g/L chlorophyllphosphorus loads. This is not unexpected since the
~ cause severe taste and odor problems. There arestoichiometry (chemical composition) of algae is the

situations, such as are occurring in Lake Tahoe (L~esame worldwide. The fact that some parts of
and Jones 1991), where taste and odor problems areCalifornia have a more arid climate does not, as is
found in water supplies in which the planktonic algalsometimes asserted, cause algae in this area to be
chlorophyll is on the order of 1/~g/L. Situations ofdifferent from algae in other areas of the world. It is
this type appear to be very rare, however. There isalso clear that water utilities that use Delta water as
general agreement that any time the planktonic a/gala raw water source can expect to have algal-related
chlorophyll concentration is above 25/~g/L, waterwater quality problems in their raw water supplies.
utilities can expect to experience significant algal-It would be expected that water utilities using Delta
related water quality problems, waters would experience significant taste and odor

problems and that there would be a potential for
Based on the authors’ discussions on algal growthalgal-derived THM organic precursors in the water.
within the Delta system with various in~viduals, it
has been found that there is considerable confusion
about how well the Delta grows algae compared to
what it should be doing based on its nutrient loads ...the Delta is growing algae in about
and characteristics. It has been found by the authors the same way as waterbodies located
that the amount of planktonic algal chlorophyll--as throughout the world grow algae
measured by the DWR Water Quality Surveillance relative to their phosphorus loads.
Program from 1983 to 1989, at the Clifton Court
sampIing station for the period May through July-is
in reasonably good agreement with the amount of
planktonic algal chlorophyll that would be expectedIn addition to being concerned about algal-derived
at this location based on the phosphorus conte~at oftastes and odors and THM precursors for. those
the water at that location. The predieted~plankto~e, : :u~ties who tak~ water directly from the Delta and
algal chlorophyll is on the,order of 10 ~t~.o 15. ~g/L.: treat it shortly after extraction, concern should also
Th~ measured average values vary f~6m 7 to 25be focused on the development of algae in reservoirs
/~g/L. The predicted values are based onthat are used to store exported Delta water before its
predictions by the use of the Vollenweider-OECD use as a domestic water supply source. Under these
modeling relationship discussed by Jones and I~econditions, it is possible that sever~ algal-related raw
(1986). As discussed below, the Delta appears towater quality.problems could occur as a r~sult of
have about a 30-clay hydraulic residene~ time duringalgae developing in the reservoir before the water is
the summer months, and therefore, there is ampleused for domestic purposes. Some water utilities,"
time for alga~ to develop to the extent allowablesuch as the Santa Clara Water District, have
based on the nutrients available, reported severe algal-related water quality problems

in waters derived from reservoirs that were f’flled
Review of the DWR data shows that nitrogen is notwith Delta water. This district has found a
the limiting element controlling algal growth in thecorrelation between planktonic algal chlorophyll and
Delta. There are significantly surplus amounts oftaste and odor problems in their raw water source.
nitrogen compared to what is needed to support theAccording to Means (1991), several of the
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Metropolitan Water District reservoirs, ,such asPhosphorus Sources for Delta Waters
Perris Reservoir, have experienced significant algal-
related taste and odor problems. Other reservoirs inAs discussed by Lee and Jones (1988a), there are
the Metropolitan Water District of Southernapproximately fifty million people in the world whose
California (MWD) system have, on occasion,domestic wastewaters are being treated for
experienced similar problems, phosphorus removal for control of algal-related

water quality problems in lakes and reservoirs. This
Recently Karimi and Singer (1991) have reportedis a well established technology typically involving
that Silver Lake .Reservoir, which is part of the Losthe addition of alum (aluminum sulfate) as part of
Angeles Department of Water and Power (DWt’)wastewater treatment to remove phosphorus by its
municipal water supply system, has significantlyincorporation into the alum floc. It is also possible
incxeased algal-derlved THMs. This situation arisesto remove phosphorus through the use of biological .
from the chlorination of the reservoir water withinuptake, precipitation with iron salts, or with lime.
the reservoir for the purposes of cont~olling algalAll of these methods are effective and widely
growth. According to Heyer (pets. comm. 1~91), thepracticed.
restrictions on the use of Mono Lake tributary water
as a water supply source for DWP has resulted in
having to use water supplied by the MWD as a
source. While the Mono Lake tributary water had ..;phosphorus removal...is a well
low algal nutrients, th~ MWD water is derived from established technology typically
the Delta and has a high algal nutrient content,involving the addition of Mum
According to Heyer, coincident with the switch from (aluminllm $11lfate) as part of
Mono Lake tributary water to Delta water was an wastewater treatment...
increase in the algal-related water ~quality problems
in some of the DWP reservoirs. Since the algae that
are developing in some of these reservoirs (such as
Silver Lake Reservoir) are not controllable by theOrdinarily, for treatment works treating over one
addition of copper sulfate, this has caused DWP tomillion gallons per day, the total cost of 90-95
initiate chlorination of the whole reservoir for the¯ percent phosphorus removal from domestic
purpose of attempting to control algal growth,wastewaters is on the order of four cents per person
Karimi and Singer (1991) have found a correlationper day contributing wastewater to the treatment
between the THMs in this reservoir water and theplant. It is, therefore, appropriate to investigate
algae present in the water, whether phosphorus present in Delta waters used by

water utilities as a raw water source is derived from
The Silver Lake Reservoir system is unusual becausereadily controllable sources such as domestic
of the whole-reservoir chlorination practice. Underwastewaters discharged to Delta tributaries or within
these conditions, the THM precursors, which arethe Delta.
algal excretory and degradation products and the
algae themselves, are converted in the lake to 27-IMs.In order to estimate whether phosphorus should be
It therefore becomes an issue of how fast the THMsremoved from domestic wastewater treatment plants
present in the lake water dissipate rather than thewhich contribute phosphorus to the Delta via
dissipation of algal-derived THM precursorstributaries or directly, it is necessary to estimate the
discussed above, total phosphorus load that stimulates algal growth in

the exported water. Since in normal precipitation
The algal-related water quality problems associated"years the high winter-spring precipitation runoff and
with the use of Delta water as a raw water source,snow melt flows from the Sacramento and San
including increased algal-derived THMs, raises theJoaquin rivers flush the Delta and since the algal-
question of whether it would be possible to controlrelated water quality problems associated with the
algal growth in the Delta as well as in off-Deltause of Delta water are typically summer problems,
reservoirs filled all or in part with Delta waterthe potential benefits for removing phosphorus from
through the use of nutrient control at their sourcesdomestic wastewaters contributed to tributaries of
for and within the Delta. the Delta should be evaluated for the summer.
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It is estimated, based on DWR data from variousphosphorus load during the summer months of about
sources, that the average residence time of water in5 x 103 kg P/day is needed to account for the
the Delta during the summer months is about thirtyphosphorus present at the Clifton Court Forebay.
days. This is based on an estimated volume of water
in the Delta of 1 X 109 m3 and an estimatedThis approach assumes that all waters exported or
summer inflow of ~5,000 cfs. It is, therefore, evidentdischarged from the Delta are of the same
that during the summer there is ample time for algaecomposition as the waters at the Clifton Court
to develop in the Delta to the extent possible fromForebay. A review of the DWR data shows that the
the nutrients ( .nitrogen and. phosphorus) present inphosphorus content of the Sacramento River water
the river inflows to the Delta. Normally, duringnear Point Sacramento and at Emmaton, both of
summer months, about two weeks is necessary forwhich are just above where the main channel of the
algae to use all the nutrients they wish to use toSacramento River starts to mix with seawater, shows
develop peak biomass based on the daaractcrisfics Ofthat the total phosphorus content of the water at tiffs
the waterbody, point is similar to the phosphorus content at the

Clifton Court Forebay during the summer months.
It is possible that phosphorus added to theTherefore, the assumption that all exported or
tributaries of the Delta during the fall, winter, anddischarged water from the Delta has a composition
early spring, could become important in causingsimilar to the Clifton Court Forebay waters is
algal-related water quality problems during thereasonable.
following summer in a large reservoir that is filled
with Delta waters principally derived from the DeltaAnother approach for estimating the P load to the
during the fall, winter, and spring. Under theseDelta is to determine the loads at Greene’s Landing
conditions, consideration should be given to year-on the Sacramento River and Vernalis on the San
round phosphorus removal from wastewaters andJoaquin River. Using DWR phosphorus data for the
other sources should such removal be shown to havesummer at these locations and typical summer flows
a potential benefit in reducing algal-related waterfor these rivers, it is found that the estimated
quality problemsfor utilities using waters from thatphosphorus load to the Delta is about 6 x 103 kg
reservoir. P/day. Therefore, the Clifton Court P load data and

the Sacramento and San Joaquin River P load data
at Greene’s Lmading and-Vemalis, respectively, are
in agreement. It therefore appears that, at least over

It is possible that phosphorus added tothe summer period, the processes that take place in
the tributaries of the Delta during the the Delta that remove or add phosphorus to the
fall, winter, and early spring could water tend to balance out where the phosphorus load
become important in causing algal- input into the Delta is approximately equal to the
related [reservoir] water quality phosphorus load exported and discharged from the
problems during the...summer... Delta.

According to Rast and Lee (1983),.the typical
Since 1983, the California Department of Waterphosphorus per capita contribution to domestic
Resources (DWR) has been conducting an extemivewastewaters in the U.S. is about 1 kg P/year.
monitoring program of Delta waters and its majorAccording to DWR Bulletin 160, in 1987, the
tributaries (i.e., DWR 1986 and other years). ThisSacramento River basin had about 1.87 million
monitoring program has included measurements ofpeople and the San Joaquin River basin hhd about
various nutrient species and planktonic algal1.18 miIhon people. Therefore, in these two river
chlorophylL Based on review of this data, it is foundbasins there are about 3 ~on people that could be
that typically the concentrations of total phosphoruscontributing phosphorus to domestic wastewaters
in the waters at the Clifton Court Forebay, where thethat ultimately enter tributaries of the Delta. In
waters are principally exported from the Delta, is onaddition, there are about 1.3 mi!lion people in the
the order of 0.1 to 0.15 mg P/L. The typicalTulare Lake basin. However, in many.years, the
tributary flow to .the Delta during the summerTulare Lake bash does not contribute water to the
months, according to various DWR documents, is onDelta system. For the purposes of this review, it is
the order of 15,000 cfs. Using this flow andassumed that the 1.3 million people in the Tulare
phosphorus concentrations, it is found that a totalLake basin do not contribute phosphorus to the
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Delta during the summer mouths. It will also beIn addition to phosphorus contributed to the Delta
assumed that between 2.5 to 3 million people in thetributaries from land runoff and domestic
Sacramento and San Joaquin River watershedswastewater sources, consideration should be given to
contribute phosphorus to the rivers or to tributariesphosphorus sources within the Delta. There are two
of these rivers and ultimately into the Delta. Basedprincipal sources of phosphorus within the Delta.
on this approach about 7 x 103 kg P/day could be ¯One of these is wastewater discharges to Delta
contributed to the Delta from domestic wastewaterchannel waters and the other is drainage from the
sources. AccordingtoArchibald(1991,thisvolume),theagricultural lands within the Delta. According to
average estimated domestic wastewater flows toDWR (1989), there are approximately 200,000
tributaries of the Delta is about 260 mgd (millionpeople living in the Delta system. If a!l of the
gallons per day). Using 2.5 x :t06 people as anpho.sphorus in the domestic wastewaters from these
estimate of the population contributing wastewaterspeople were discharged to the Delta channels, it
to the Delta tributaries and an estimated per capitawould represent an insignificant additional source of
flow of about 100 gpd (gallons per day), it is foundphosphorus for the Delta. It appears, however, that
that there is agreement between the estimateda very small fraction of the wastewaters associated
domestic wastewater flow and the average measm’edwith this population are discharged to Delta channels
domestic wastewater flow. that could represent a source of phosphorus for the

waters exported from the Delta in the State Water
According to ’SWRCB (1990), the Sacramento RiverProject. According to Archibald (1991, this volume),
drains 16,960,000 acres, the Central Sierra areathere are approximately 14,500 people living within
drains 2,432,1100 acres, and the San Joaquin Riverthe Delta who discharge wastewaters to the Delta. It
drains 7,040,000 acres. Therefore, there areis therefore concluded that domestic wastewater
approximately 26 million acres that can contributesources of phosphorus for the Delta are insignificant
phosphorus to the Delta from land runoff above thesources of phosphorus for the Delta.
Delta. As reported by Rast-and Lee (1984) forested
and agricultural lands typically contribute from 0.005
to 0.05 g P/m2/yr. If it is assumed that the export of
phosphorus from land in the Delta drainage basin is,,.about 7 x 10~ kg P/day could be
0.01 g p/m2/yr, it is estimated that about 3 x 102 kgcontributedto the Delta from domestic
P/day could be contributed by land runoff to the wnstewater sources.
Delta tributaries. This approach assumes that the
amount of phosphorus contributed from land runoff
is equally partitioned for each day over the year. It is
well known that this is not the case. According to DWR (1989), there are about 520,000

acres of agricultural land within the Delta. These
Phosphorus contributed from land runoff typicallylands are fertilized for agricultural crop production
occurs during the high runoff period in .the lateIt would be expected that part of this fertilizer would
winter and early spring. It would be expected that,be present in the agricultural drains from the Delta
except for some agricultural drainage, most of theislands. If it is assumed that the phosphorus export
lands in the tributaries of the Delta would contributecoefficients from the Delta island agricultural
very little phosphorus to these tributaries in theactivities is 0.1 g P/mZ/yr (a high value for most
summer months, agriculture), it is found that the Delta island

agricultural activities could potentially contribute on
Another factor that would tend to make thethe order of i x 103 kg P/day to Delta channel
estimated phosphorus loads from land runoff high iswaters.
the fact that many of the headwaters of these
tn’butaries contain reservoirs. Reservoirs tend to beAgee (pets. comm. 1991) provided the authors with
efficient traps for phosphorus. Ordinarily, on thesome DWR monitoring data for the phosphorus
order of 80 percent of the phosphorus entering acontent of agricultural drains from Empire Island
reservoir is trapped within the reservoir and becomeswithin the Delta. This data covered .about 2.5 years
part of the reservoir sediments. It is therefore likelyof sampling during the period 1987-1989. While the
that a large part of the phosphorus that would bephosphorus concentration values in the drainage
derived from agricultural runoff above the reservoirswater were highly variable, the average of the 30
would not be transported to the Delta. values is 0.13 mg P/L. It is therefore evident that, at
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least for Empire Islknd, the amount of phosphorus inreduced algal biomass. It is now well established
the agricultural drainage water is about the same asthat at least this amount of phosphorus must be
the phosphorus diverted from the channels to thisremoved in order to cause a discernible change in
island. Therefore, since the load of phosphorusalgal biomass. It is highly inappropriate to assert
exported at the Clifton Court Forebay andthat, in order to produce an improvement in
discharged from the main stem of the Sacramentoeutrophication-related water quality, it is necessary
River to the San Francisco Bay system isto reduce the planktonic algal chlorophyll to less
approximately equal to the amount of phosphorusthan about 5 #g/L. It is well known from actual
contributed to the Delta at Greene’s Landing andexperience that, in many waterbodies where-
Vernalis on the Sacramento and San Joaquin rivers,phosphorus input control has been practiced,
respectively, and since there are no obvioussigaigicant benefits in both recreational and domestic
pote.atially larg~ sources of phosphorus within thewater supply quality have been found whenever 25
Delta other than agricultural drainage and since the"percent of the total available phosphorus load is
agricultural drainage data does not show highcontrolled. The improvements in water quality occur
phosphorus content compared to the Delta channelindependently of the trophic state (chlorophyI1
waters, it is concluded that phosphorus sourcesconcentration) of the waterbody. The 5 #g/L
within the Delta are insignificant compared tochlorophyll level value is based soleIy on improving
phosphorus sources in the tributaries to the Delta. the algal-related water clarity (Secchi depth) for

recreational use and has little or nothing to do with
It is, therefore, evident that the amount ofdomestic water supply quality or, for that matter,
phosphorus contributed from land runoff to themanyof the other "recreational impacts of
Delta tributaries during the summer months iseutrophication, such as the frequency and severity of
imignificant comparexl to the amount of phosphorusobnoxious algal blooms that occur in a waterbody.
derived from domestic wastewater sources which are
discharged to the tributaries of the Delta. WhileIt is important in making the evaluation of P loads to
these estimates are based on general overallthe Delta to focus on the control of those loads that
characteristics of the Delta and its tributaries, it islead to algal available P in the waterbodies where
dear that a substantial part of the summerthere is concern about algal impacts on domestic
phosphorus load to the Ddta could be derived fromwater supply quality. As discussed by Lee et al.
domestic wastewaters discharged to tributaries of the(1980), there are a variety of chemical and biological
Delta. These estimates indicate that domesticprocesses that take place in aquatic systems that
wastewater sources of phosphorus for the Deltaconvert algal available forms of phosphorus into non-
could be a significant part of the total P load.available forms and vice versa. Typical!y, however,
Therefore, it is appropriate to pursue refining thei~ rivers and in aquatic systems such as the Delta,
estimates of the potential benefits of controllingthe net conversion would likely be toward forms not
phosphorus in domestic wastewaters on algal-relatedavailable to support algal growth. It would therefore
water quality problems for water utilities that usebe important to conduct in-depth studies of the
Delta water as a raw water source, aqueous environmental chemistry of phosphorus in

the tributaries to the Delta, within the Delta, the
water export systems from the Delta, and within any
off-Delta reservoirs in order to focus the phosphorus

...significant benefits in both control programs on those parts of the phosphorus
recreational and domestic water suppl �which are responsible for stimulating algal growth.
quality have been found whenever 25 wen established methodologies are available today
percent of the total available to determine algal available phosphorus (Lee et al.
l~hosphorus load is controlled. ~80).

An additional source of phosphorug for domestic
water Supply reservoirs in the central and southern

As discussed by ~Iones and Lee (1986), it is importantpart of the state is the irrigation return water that
to evaluate whether at least 25 percent of the total Penters the aqueduct system that transports water to
load for a particular waterbody is controllable inthe south and directly into some reservoirs that are
order to ascertain whether phosphorus controlpart of this system. At this time the authors do not
programs would likely produce some benefit inhave data on the phosphorus content of the waters
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entering various reservoirs in the southern part. of(1983), the Vollenwelder-OECD and post-OECD
the state where .algal-related water quality problemsdatabase, which now exceeds over 500 waterbodies
have been found. If such data does not now exist, itlocated in various parts of the world, shows that
should be developed in order to ascertain whetherchanging the phosphorus load to a waterbody
there are slgnlfieant sources of algal availableproduces in most waterbodies a readily predictable
phosphorus that could stimulate algal growth inchange in the planktonle algal chlorophyll
reservoirs in the southern part of the state. Ifconcentration that developed in the summer within
sig~eant sources of this type exist, then phosphorusthe waterbody. This relationship holds even though
control programs should be considered for thesephosphorus is not an algal growth rate limiting
.sources. The direct addition of alum to these waters. element in the waterbody, i.e., phosphorus is surplus
may be a highly cost effective way of removingcompared to algal needs. This appears to be the
phosphorus from sources of this type (see Lee 1973).case throughout the Delta system and in down-Delta

reservoirs.
According to Means (1991, this volume), significant
algal populations are found in, the aqueduct systemThere is a relationship between the normalized
transporting Delta waters to the south. As part ofphosphorus loads to a waterbody and the planktonic
developing algal control programs, considerationalgal chlorophyll that develops within the waterbody.
should be given to the role that algae that develop inThe normalizing factors are the waterbody’s mean
the aqueduct play in causing algal-related waterdepth and hydraulic residence time. The
quality problems to the water utilities that usenormalizing term has been found to be
aqueduct waters as a source, approximately equal to the annual phosphorus

concentration in the waterbody. Therefore, the
It is important to understand that the frequently usedrelationship, in its most basic terms, is simply a
approaches for estimating whether nitrogen orstatement of algal stoichiometry in which there is a
phosphorus is limiting algal growth in a l,ake orcorrelation between the phosphorus concentration in
reservoir are often inappropria.te. Attempts to looka waterbody and the algal growth that occurs in the
at total phosphorus/nitrate ratios for estimatingwaterbody. While this relationship is not applicable
nutrient limitations are unreliable for estimating theto all waterbodies, it is applicable to well over 80
impact of altering phosphorus loads to a waterbodypercent of the world’s freshwater waterbodies. Jones
on the planktonic algal growth that occur within theand Lee (1986) provide guidance on how to
waterbody. As discussed by Lee and Jones (1981) indetermine its applicability to a particular waterbody.
an AWWA Quality Control in Reservoirs Committee
report, in order for nitrogen or phosphorus to limit
the biomass of algae that develops in a waterbody,
the concentrations of available forms must be. belowThe DWR monitoring data for the
growth rate limiting concentrations at peak biomassDelta waters shows that nitrogen is not
when there is concern about algal-related waterlimiting algal growth in these waters.
quality problems.

Ratios of nutrients are unreliable predictors of algal
limiting nutrients and can readily lead to erroneousIn order for the growth of algae in a waterbody to be
conclusions about the potential benefits ofproportional to the available phosphorus
controlling nitrogen or phosphorus inputs to aconcentrations in the water, even though phosphorus
waterbody on reducing algal-related water qualityis not limiting their rate of growth, it is necessary
problems, that all other nutrients needed by the algae be

present in surplus amounts, compared to algal needs.
Rast et al. (1983) have shown that even though theThe chemical typically of greatest concern is nitrogen
growth rate of alga.ein a w.aterbody is not controlledin the form of nitrate and/or ammonia. The DWR
by. phosphorus, it is possible to use the Vollenweider-monitoring data for the Delta waters shows that
OECD modeling relationships described by Jonesnitrogen is not limiting algal growth in these waters.
and Lee (1986) to predict the potential benefits ofFurther, sin.ee algal growth in the Delta is about
controlling phosphorus input to a certain degree onequal to what is predicted based on phosphorus
the algal-related water quality of a waterbody. Aschlorophyll relationships for waterbodies located
discussed by Jones and Lee (1986) and Rast et al.throughout the world, it appears that all other
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elements needed for algal growth are present inthat decreasing phosphorus loads to the Delta system
sufficient concentrations to allow growth to theshould not be practiced because of the adverse
extent possible based on the cha.racterLsfics of the effects on the fisheries of the Delta., it is dear that
Delta and the phosphorus loads, the problems of the fisheries of the Delta are not fish

food supply related and therefore controII~g phos-
From the information available at this time, it phorus inputs will have little or no impact on fish
appears that phosphorus should be added to the list production for the fish species of primary concern in
of contaminants of Delta system waters that shouldthe Delta, such as striped bass. Phosphorus control,
be investigated for the possible development ofhowever, will almost ccrtainly have an impact on th~
control programs. There is a potential for suchrough fish population, such as carp.
programs to s~Rr~nt.ly improve the algal-related
tastes and odors and other domestic water supply MANAGEMENT OF EUTROPHICATION
quality problems, includlng THM precursor"
formation, through phosphorus control in the DeltaLee and Jones, through their activities in the AWWA
system and its tributaries. Such control programsQuality Control in Reservoirs Committe�, developed
could affect domestic water supply quality for manya repoit that was reviewed and approved by the
miIHous of people in California. committee and which serves as a guide to water

utilities on the approaches that should be considered
Impact of Phosvhorus Control on Delta Fisheries in evaluating whether phosphorus control from

watershed sources could be a potential benefit’in
One of the potential consequences of phosphorusimproving a water ut~ty’s domestic water supply raw
control for tributaries of the Delta and in the Deltawater quaiity. An example of the application of the
is decreased fish production within the Delta. Jonesevaluation of the potential benefits in controlling
and Lee (1986) have reported a strong, highlyphosphorus loads to a domestic water supply-
significant relationship between the phosphorus. reservoir is provided for Lake Ray Hubbard, a cky of
loads to waterbodies located in various parts of theDallas, Texas water supply reservoir (Arch~ald and
world and the fish production within theseLe¢1981).
waterbodies. Basically, th~ relationship is one of
increased primary production (algae) in lakes and ~
reservoirs resulting in increased ~econdary
(zooplankton) and tertiary (fL~h) production. Since ...it is clear that the problems of the
the primary productivity and algal biomass in manyfisheries of the Delta are not fish food-
lakes and reservoirs, as well as other waterbodies, issupply related and therefore
correlated with the phosphorus concentration withincontrolling phosphorus inputs will
the waterbody, and since phosphorus conccntratiouslikely have little.or no impact on fish
within the waterbody can be correlated with production for the fish species of
phosphorus loads when normalized by theprimary conceru...
waterbodies’ hydrological and morphological
characteristics, it is not surprising that a relationship
is found between normalized phosphorus loads inThere are a variety of techniques that have been
lakes and reservoirs located in various parts of theused with succe~ in some locations for management
world and fish production. Therefore, decreasingof eutrophication of waterbodies. Generally, the
the phosphorus loads to the Delta will likelyutilky of these approaches has been judged based on
decrease the fish production within the Delta. improvement of recreational uses of the water. Thus

far, inadequate attention has been given to the
Using the relationship developed by Jones and Leeimprovement of domestic water supply raw water
(1986), between normalized phosphorus loads andquality. A review of the various tcchnlques that have
fish production, it is found that in the range ofbeen used for managing eutrophication has been
planktonic algal chlorophylls of concern within thepublished by Le� (1973) and by Cooke ¢t aL (1986).
Delta system that a 50 percent reduction in the
phosphorus load to the Delta would be expected toWhile there are several techniques, such as aeration,
decrease fish production by 40 to 60 percentdredging, manipulation of fish and other aquatic
dependent upon the planktonic algal chlorophyllorganism populations, aquatic weed harvesting, etc.,
concentration. While there may be some who assertthat have been used with some success for managing
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eutrophication-related recreational impacts in lakesCONCLUSIONS
and reservoirs, it is questionable whether many of
these techniques have applicability to significantlyIt is concluded that, because of the importance of the
improving domestic water supply eutrophication-Delta as a water supply source for two-thirds of the
related water quality. For example, one of thepopulation of California, a much greater effort
techniques that is often said to be beneficial forshould be devoted to source water quality control for
managing eutrophication related water quality incontaminants that directly (or indirectly, as in the
lakes and reservoirs is aeration-destratification of thecase of phosphorus) cause significant water quality
waterbody. This technique, however, does notproblems for water utilities that use Delta waters as
necessarily improve eutrophication-related watera source of supply. Understanding the speelfie
quality for recreational and domestic water supplysources of various contaminants and investigating the
uses. potential for control of these contaminants at the

source could be significantly beneficial in improving
The value of aeration of reservoirs in improvingdomestic water supply quality for many of the people
domestic water supply quality was reviewed by thein California.
AWWA Quality Control in Reservoirs Committee.
This committee reported that after extensive reviewWith increased attention being given to control of
of the data available, there were serious questions asTHMs in treated waters, emphasis should be placed
to whether aeration of a water supply reservoiron understanding the sources of organic THM
would improve water quality. It was found that inprecursors. A significant effort should be made to
some water supply reservoirs, aeration causeddevelop THM precursor land use-export coefficients.
greater algal-related water quality problems thanWater utilities using Delta water as a source, as well
occurred in the unaerated reservoirs. This situationas regulatory agencies, should determine the
is to be expected in stratified reservoirs where thedominant sources of THM precursors in the Delta
thermodine serves as an effective barrier to nutrientand its watershed and evaluate on a site-specific
regeneration and transport from the deeper watersbasis the potential for control of the most significant
of the lake to the surface waters where the algaesources. THM precursor control programs should
develop. The aeration-destratification of a waterbe initiated in those situations where the collective
supply reservoir, however, should be evaluateddevelopment of such a control program would result
cautiously. It appears that in some instances, but notin a significant lowering of the THMs produced upon
all, there are benefits in domestic water supplydisinfection of the water supply.
quality associated with aeration-destratification of
the waterbody, As discussed by Lee (1973),Municipal water utilities that use the Sacramento-
hypolimnetic aeration of reservoirs in whichSan Joaquin River Delta as a water supply source,
destratification does not occur has been found to beand the regulatory agencies as well, should
an effective method of improving the domestic waterinvestigate the potential benefits of the control of
supply quality of hypolimnetie waters, phosphorus in ddmestic wastewater sources

discharged to tributaries of the Delta. It has been
found that during the summer months, domestic
wastewater Sources are the primary source of

With increased attention being given tophosphorus for the Delta system. Phosphorus
control of THMs in treated waters, control fr0~ these sources with readily available
emphasis should be placed on widely practiced technology could result in a
understanding the sources of organic significant reduction of algal growth within the Delta
THM precursors, and in down-Delta reservoirs as well as in the

aqueduct system. Such reduced growth could
significantly reduce the algal-related taste and odor
problem~ as well as algal-derived THM precursors.

.It is important for water utilities that are facing
eutrophication-related water quality problems toAcknowledgements
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